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Preface

Energy demand has been rising remarkably due to increasing population and
urbanization. Global economy and society are significantly dependent on the energy
availability because it touches every facet of human life and its activities.
Transportation and power generation are major examples of energy. Without the
transportation by millions of personalized and mass transport vehicles and avail-
ability of 24�7 power, human civilization would not have reached contemporary
living standards.

The first international conference on “Sustainable Energy and Environmental
Challenges” (SEEC-2017) was organized under the auspices of “International
Society for Energy and Environmental Sustainability” (ISEES) by the “Center of
Innovative and Applied Bioprocessing” (CIAB), Mohali, from February 26 to 28,
2017. ISEES was founded at the Indian Institute of Technology Kanpur in January
2014, with the aim of spreading knowledge in the fields of energy, environment,
sustainability and combustion. The society’s goal is to contribute to the development
of clean, affordable and secure energy resources and a sustainable environment for
the society and to spread knowledge in the above-mentioned areas and awareness
about the environmental challenges, which the world is facing today. ISEES is
involved in various activities such as conducting workshops, seminars and confer-
ences in the domains of its interest. The society also recognizes the outstanding work
done by the young scientists and engineers for their contributions in these fields by
conferring them awards under various categories.

This conference provided a platform for discussions between eminent scientists
and engineers from various countries including India, the USA, South Korea,
Norway, Malaysia and Australia. In this conference, eminent speakers from all over
the world presented their views related to different aspects of energy, combustion,
emissions and alternative energy resource for sustainable development and cleaner
environment. The conference started with four mini-symposiums on very topical
themes, which included (i) New Fuels and Advanced Engine Combustion,
(ii) Sustainable Energy, (iii) Experimental and Numerical Combustion and
(iv) Environmental Remediation and Rail Road Transport. The conference had 14
technical sessions on topics related to energy and environmental sustainability and a
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panel discussion on “Challenges, Opportunities and Directions of Technical
Education & Research in the Area of Energy, Environment and Sustainability” to
wrap up the three-day technical extravaganza. The conference included 2 plenary
talks, 12 keynote talks, 42 invited talks from prominent scientists, 49 contributed
talks and 120 posters. A total of 234 participants and speakers attended this
three-day conference, which hosted Dr. V. K. Saraswat, Member, NITI Aayog,
India, as a chief guest for the award ceremony of ISEES. This conference laid out
the road map for technology development, opportunities and challenges in this
technology domain. The technical sessions in the conference included Advances in
IC Engines and Fuels; Conversion of Biomass to Biofuels; Combustion Processes;
Renewable Energy: Prospects and Technologies; Waste to Wealth—Chemicals and
Fuels; Energy Conversion Systems; Numerical Simulation of Combustion
Processes; Alternate Fuels for IC Engines; Sprays and Heterogeneous Combustion
of Coal/Biomass; Biomass Conversion to Fuels and Chemicals—Thermochemical
Processes; Utilization of Biofuels; and Environmental Protection and Health. All
these topics are very relevant to the country and the world in the present context.
The society is grateful to Prof. Ashok Pandey for organizing and hosting this
conference, which led to the germination of this series of monographs, which
included 16 books related to different aspects of energy, environment and sus-
tainability. This is the first time that such a voluminous and high-quality outcome
has been achieved by any society in India from one conference.

The editors would like to express their sincere gratitude to the authors for sub-
mitting their work in a timely manner and revising it appropriately at short notice.
We would like to express our special thanks to Prof. Ashok Pandey, Dr. Jitendra
Saini, Dr. Ruchi Gaur, Dr. Manali Kapoor, Dr. Tirath Raj, Dr. Sandeep Sharma,
Dr. Anil Patel, Dr. Nisha Singh, Dr. Mukund Adsul, Dr. Sindhu Raveendran,
Dr. A. Sabu, Prof. K. Jayachandran, Dr. Suresh P. V., Dr. Bharatiraja B.,
Mr. Chozhavendran, Dr. Kartik Rajendran, Mr. Sivarathanakumar S., Mr. Raja
Sathendra E., Mr. Vinoth Arulraj J. and Dr. Shanmugaprakash, who reviewed
various chapters of this monograph and provided their valuable suggestions to
improve the manuscripts. We acknowledge the support received from various
funding agencies and organizations for successfully conducting the first ISEES
conference SEEC-2017, where these monographs germinated. These include
Department of Science and Technology, Government of India (special thanks to Dr.
Sanjay Bajpai); TSI, India (special thanks to Dr. Deepak Sharma); Tesscorn, India
(special thanks to Sh. Satyanarayana); AVL, India; Horiba, India; Springer (special
thanks to Swati Mehershi); CIAB (special thanks to Dr. Sangwan).

In this era of technology development, it is inevitable to find eco-friendly and
sustainable solutions for waste-to-value-added product conversion. With the advent
of biotechnology, it is possible to utilize waste for the benefits of mankind.
Bioenergy from biomass or algae lipids, bioelectricity from municipal waste, bio-
char application for agriculture and various agricultural residues’ utilization for
getting valuable products have been made successful which helps in handling the
waste as well as getting value out of it.
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This monograph is intended for biotechnologists who practice in the area of
waste conversion, and we hope that the book would be of great interest to the
professionals and postgraduate students involved in finding advanced eco-friendly
sustainable solutions for waste handling and its value addition. The main objective
of this monograph is to promote a better and more accurate understanding of the
possible ways to tackle waste generated from various streams, its possible utiliza-
tion for the benefit of mankind and the challenges that need to be tackled.

Faridabad, India Reeta Rani Singhania
Kanpur, India Rashmi Avinash Agarwal
Tiruvannamalai, India R. Praveen Kumar
Thiruvananthapuram, India Rajeev K. Sukumaran
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Introduction

With the increasing population, dwindling resources and rapidly deteriorating
environment, it is becoming increasingly evident that sustainable development is
the only way to move forward and for the very survival of the human species on
this planet. Stress on the environment due to human activities has increased to an
alarming level, and the increase in the atmospheric carbon dioxide levels has
already started showing its effects on global temperatures. If such relentless
exploitation and degradation of nature and its resources continue, it would not be
long before we start experiencing the serious consequences of global warming and
environmental deterioration. About 2 billion tonnes of municipal solid waste
(MSW) is generated annually besides the 7–10 billion tonnes of urban solid waste
from households, commerce, industry and construction as the 2015 United Nations
Environment Programme (UNEP) report summarizes. Worldwide, the generation of
waste is increasing and the MSW generation is projected to double in another 15–
20 years. While there has been significant progress in waste collection and disposal
in the developed nations, a large fraction of the population in developing nations do
not have access to solid waste collection; accumulation of the same is a major
public health concern. Waste management is considered as a basic human necessity
and often can interfere with provision of other essential services including potable
water, health care, energy and other basic needs and has to be seriously looked
upon. There has been umpteen number of case studies where unmanaged waste has
created problems concerning public health, choking of water bodies and streams,
environmental and atmospheric pollution and even navigation. There are even
instances of hazardous wastes impacting public utilities like water supply and
agricultural produce creating serious implications. Hence, it is the need of the hour
to take quick action for waste mitigation and organized management of waste
following the principles of the three R’s—Reduce, Reuse and Recycle. While the
earlier attempts on waste management were primarily focused on treating waste
after it was generated, the modern approach is to address this at the source itself.
Preventing the generation of wastes, reducing the usage of substances wherever
feasible, use of environmentally benign materials for consumer products that will
reduce the management efforts after their designed lifetime, separation of waste at
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source for its effective reuse and recycle and even designing products with the aim
of recycling them are now being proposed/implemented. The target has now been
shifted to integrated waste management, which incorporates a radical rethinking of
wastes as resources against waste disposal and treatment. This necessitates con-
certed efforts to identify the resource potential of wastes, be it MSW, agricultural,
industrial or even domestic wastes, and find avenues for their value addition as part
of a “circular economy.” The monograph is hence an attempt to catalogue various
approaches to sustainable development, creating “wealth” from waste, primarily
looked upon from the angle of organic wastes, be it MSW, agricultural wastes,
domestic wastes or wastes from industries that handle organic feedstocks like food
and feed processing or biomass-based resources.

While a comprehensive coverage of all waste valorization prospects is not the
intention, the monograph describes organic waste valorization to generate chemi-
cals, biopolymers, bioactives, fertilizers, etc., and even bioelectricity, management
of wastewaters and wastes through microalgae with co-production of high-value
metabolites and biomass, and conversion of lignocellulosic wastes/residues into
fuels and chemicals. Organic wastes are generated by food and feed industries,
besides agriculture and aquaculture. Highly perishable wastes include those
generated from hotels and restaurants, vegetable and kitchen wastes and sewer
wastes, fish and meat processing rejects, animal excreta. Often the categorizations
overlap and so do the methods of their valorization. While in several cases, treat-
ment of the wastes becomes a primary concern as for the sewer wastewaters, there
are also options to generate value from these before, during or post-treatment of
such wastes. These include algal cultivation in wastewaters which yields algal
biomass from which oils and biomass itself can be recovered and used. Similarly,
food and feed wastes can serve as raw materials for the generation of products
through microbial fermentation. These can also be used to generate biogas and
energy through various means including but not limited to methods like combus-
tion, pyrolysis or through microbial action. Crude glycerol generated as a
by-product of biodiesel industry is now increasingly finding applications in pro-
duction of various high-value compounds through microbial fermentation.
Microbial conversion of glycerol has been used successfully for the production of
single-cell proteins, organic acids like citric acid, platform chemicals like succinic
acid, DHA, 1, 3-PDO, etc. Organic waste streams/residues from a range of different
industries have also been explored as feedstock for the production of such com-
pounds. Apart from several such relatively smaller molecules, waste streams have
also been used for microbial production of biopolymers and complex class of
compounds like biosurfactants and bioactives.

Biopolymers are one of the main waste components in agricultural and industrial
processes. There is a huge variety of biopolymers that can be recycled from these
wastes, primarily polysaccharides, proteins, bioplastics, polyamides, polyesters and
others. The functional advantages of biopolymers over synthetic polymers include
biofunctionality (stereoselectivity and enantioselectivity), bioinertia, biocompati-
bility, bioactivity, biostability, biodegradability and restricted molecular weight.
Also, biopolymers have a wide spectrum of mechanical and chemical properties
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with the advantage of being biodegradable, very cheap and biocompatible in many
cases. Finding novel applications for these materials involves reconverting
biopolymer wastes into value-added products. Different types of biopolymers, their
properties and their potential uses in biomedicine such as drug delivery, tissue
engineering and regeneration and other health-based applications are being
explored. One of the highlights of the monograph includes the discussions on
recovery of biopolymers from organic wastes like meat and fish processing resi-
dues, food and feed industry wastes and rejects, agrowastes, etc., and their potential
applications in medicine. Biomedical applications of biopolymers are discussed in
detail in the chapter by Bayon et al.

Biopolymers from food and feed resources like fish processing have a direct
value in many applications. This includes compounds like chitin and chitosan
recovered from shellfish processing industry, collagen and gelatin from meat pro-
cessing, pectin from fruit processing, etc. The residues from such food processing,
which are largely underutilized, are now being considered as high-value resources.
Residues left after the processing for main product(s) are processed to recover such
biopolymers. Depending on the level of purity, such compounds command very
high value and are used even in biomedical and therapeutic applications. Food and
feed processing waste is an important resource, which is rich in carbon (often as
carbohydrates) and sometimes protein, and could serve as an excellent feedstock,
not just for recovery of biopolymers, but also for fermentative production of
chemicals and metabolites, and also for anaerobic digestion to generate methane
(biogas). There are also some unique applications of such wastes—e.g. the use of
fish bone waste for generation of hydroxyapatite used in biomedical applications.
This includes generation of coatings for transplants and prosthetics which are
biocompatible, and by incorporation of silver nanoparticles, applications also exist
in treatment of wounds and burns where the silver nanoparticles can act as
antimicrobial and the matrix can serve as a biocompatible scaffold.

Similar to biopolymers, another important product that can be recovered and
used from wastes is biosurfactants. Biosurfactants find applications in various fields
ranging from medicine to environmental pollution management (e.g. clean-up of oil
spills), and production of biosurfactants is a rapidly growing industrial proposition.
A wide spectrum of feedstock has been tried for the production of glycolipid
biosurfactants which include molasses, cassava flour wastewater, wheat bran, waste
glycerol, cashew apple processing waste, waste oils and oil cakes, etc. Industrial
wastes like whey from dairy industry, distillery wastes, etc., have also been
employed for the production of biosurfactants through fermentation. Production of
surfactants from such wastes or residues would require different fermentation
conditions than those normally used for classical media. An understanding of the
process parameters and biology of the organism can be important in the production
of biosurfactants using waste streams. A description of the various waste feedstocks
used for the production of such biosurfactants and their method of production are
described in the monograph.

The conversion of food waste to high-value products is now practiced on a larger
scale, and there are numerous examples of generation of unique products. Enzymes
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are one of these product possibilities, and worldwide, there are several examples
of the use of food waste being used as substrate for the production of enzymes. The
monograph includes very promising examples of such possibilities where the
potential to use coffee husk waste for the production of tannase, cellulase, phytase,
polygalacturonase, etc., is described. Citrus fruit waste has been converted into
antioxidents through solid-state fermentation techniques. A concept for biorefinery
mode of operation is presented where hemicellulose from avacado residues is used
for production of high-value compounds. One of the finest examples of a
near-complete utilization of food process waste is presented in one of the mono-
graphs in the form of seafood waste utilization. Fish processing wastes have
enormous potential for utilization, which is highlighted here. Possibilities of
products from such wastes include—fish meals, silages, etc., which can serve as
additives to aquaculture and animal feeds; oils, biopolymers like chitin and chi-
tosan, lipids and fatty acids that have applications in both food and feed industry;
enzymes from the gastric content of fishes and shellfishes; pigments, flavouring
agents and even calcium and other minerals. Needless to say, there are also the
possibilities to do anaerobic fermentation to generate biogas, volatile fatty acids and
biohydrogen. Emerging possibilities include generation of bioelectricity through
microbial fuel cells, especially using wastewaters containing high organic load.

Wastewater treatment using microalgae is a mature technology practiced
worldwide, but the recent attention has shifted towards its valorization through
cultivation of algae. One of the most commonly advocated uses of microalgae is in
the generation of oil that can be converted into biodiesel. The low cell densities
achieved in large-scale freshwater cultivation of algae, low photosynthetic effi-
ciencies and the need for added nutrients often become limitations in algal bio-
diesel. Heterotropic or mixotrophic cultivation of microalgae in wastewaters rich in
minerals and organic content at least partially addresses this issue by achieving high
cell densities and cheaper cost of production. Since this also serves to treat the
wastewater, it possesses dual advantage. Algal biomass generated in wastewater
phyco-treatment facilities can serve as a source of oil for biodiesel, and the residues
generated are a rich source of cheap protein and biomass that may be converted by
other means into fuels and chemicals. The section on waste valorization through
algae discusses these aspects, especially in the context of waste utilization. There
are also elaborate discussions on the range of products possible through algal
cultivation in waste streams, which include oil, polyunsaturated fatty acids, algal
polysaccharides, chlorophyll, pigments, bioactives and a lot more.

Biorefinery mode of operation for lignocellulosic (LC) waste conversion to fuels
and chemicals is the accepted way forward for second-generation fuels. Conversion
of lignocellulose to bioethanol typically involves several unit operations like pre-
treatment, hydrolysis, fermentation and distillation. Each of these steps generates
by-products and waste streams, especially wastewater with high organic load which
can create an effluent treatment nightmare. However, lignocellulose process
wastes/residues have great potential to be converted into high-value chemicals and
fuels. There is now a huge amount of literature on such possibilities which include
separation and use of lignin for multitude of applications, generation of fuels and
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platform chemicals like HMF, furfural, 1, 3-PDO, etc., through catalytic biological
route. Key to the effective utilization of such resources is a proper understanding
of the processes involved in biomass conversion and the technologies for
by-product conversion. The monograph describes the various technologies or
pretreatment including some novel approaches using auxin, and the enzymes for
hydrolysis of biomass. The latter is especially important, considering the fact that
enzymes contribute majorly to the cost of bioethanol. The section on LC residue
conversion also describes consolidated bioprocessing as a potent method for bio-
conversion of biomass to fuels. In addition to the biochemical route for LC biomass
conversion, the section also describes pyrolysis technology for biomass conversion
to fuels and chemicals, along with an economic analysis.

While there is specific literature on handling MSW and solid wastes in general,
some of these manuscripts do describe the conversion technologies available,
including vermicomposting and thermochemical methods. Biochar, which is one
of the products of such conversion, and its value as a soil-quality modulator are
discussed. Finally, there is also a section on the economics of solid waste man-
agement which gives valuable insights into the economics of such processes which
will help to make learned decisions on the route to be taken for waste valorization
or whether to do it at all.

The research monograph covers a range of topics in waste valorization or
organic wastes. This describes the state of art in conversion of organic wastes by
various technologies, range of products and the applications. It even discusses the
economic balances in waste to value-added products so as to allow learned deci-
sions before embarking on a particular route to convert waste streams into
value-added products. The specific topics covered include the following:

• Types of organic wastes, their features and potential for generating value-added
by-products

• Value-addition propositions for organic wastes and the range of products pos-
sible from given wastes/by-products

• Potential for utilization of specific streams and the technologies available to do
so

• Food waste conversion—waste parameters and how to handle them in the
context of value addition

• Organic wastes as fertilizers and soil-quality enhancers
• Non-conventional waste conversion and value-addition strategies—bioelectric-

ity and biochar
• Agricultural wastes and agricultural applications of conventional waste streams

and novel waste streams
• Algae as effective source for treatment of wastewater and its value addition
• Range of products from algal cultivation
• Lignocellulosic biomass conversion technologies—pretreatment and hydrolysis
• Enzymes for lignocellulosic biomass hydrolysis
• Consolidated bioprocessing
• Thermochemical conversion of biomass to fuels and chemicals—pyrolysis
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Chapter 1
Biopolymers from Wastes to High-Value
Products in Biomedicine

Bernardo Bayón, Ignacio Rivero Berti, Ana M. Gagneten
and Guillermo R. Castro

God forgives, men sometimes, Nature never
Los Piojos (2007)

Abstract Biopolymers comprise a large variety of molecules with diverse chemical
structures involving from polysaccharides to proteins, bioplastics, polyamides,
polyesters, among others. Also, biopolymers are very abundant in nature and one
major wastes of industrial and agricultural activities contributing to the environmental
pollution. On the other side, the recent advances in micro- and nano-technologies in
the biomedical field open a new window for their use in drug delivery, tissue engi-
neering and many health-associated technologies. The production and physico-
chemical properties of the main biopolymers used in biomedical applications reported
in the literature are reviewed in this chapter.

Keywords Biopolymers � Biomass wastes � Green chemistry � Highly added
value products � Biomedical applications

1.1 Introduction

Since ancient times, biomass wastes have been reused as structural materials and
fertilizer or have been burned to produce heat in households and some industries.
However, based on the intensive and extensive use of natural resources and on the
rapid expansion of man-made materials in the last century, e.g., plastics and synthetic
rubbers, a huge number of biomaterials are now being discarded and converted into
pollutants. Biopolymer is one of the main waste components in agricultural and
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industrial processes. However, there is a huge variety of biopolymers that can be
recycled from these wastes, principally polysaccharides, proteins, bioplastics, poly-
amides, polyesters, and others. The functional advantages of biopolymers over syn-
thetic polymers include various “bios”: biofunctionality (stereoselectivity and
enantioselectivity), bioinertia, biocompatibility (i.e., most of them are non-toxic),
bioactivity (specific tailored residues), biostability, biodegradability (non-toxic
degradation products), and restricted molecular weight. Also, biopolymers have a
wide spectrum of mechanical and chemical properties with the advantage of being
biodegradable, very cheap, and biocompatible in many cases. Thereby, billions of
tons of potentially useful materials are discarded and contribute to the world con-
tamination. Besides, green chemistry has already demonstrated examples of the
so-called life cycle innovation, that is, improvements at all stages of the product or
process life cycle. The best way to solve this issue is finding novel applications for
these materials and reconverting biopolymer wastes into highly added value products.
Biomedicine including medical and pharmaceutical applications brings plenty of
opportunities to be fulfilled. Different types of biopolymers, their properties, and their
potential uses in biomedicine, such as drug delivery, tissue engineering and regen-
eration, and other health-based applications, will be discussed in the present chapter.

1.2 Biopolymers: Environmental Aspects

From the beginning of life in Earth, life works by itself; now, human beings are
realizing that instead of wondering how to manage huge quantities of wastes, organic
matter from biological origin (dead bodies of animals and plants) can be reconverted
into useful materials to improve human being quality both by reducing the amount of
discarded materials and by taking advantages of them. In the middle, there is a need of
knowledge to be developed on biotechnological processes to achieve this goal at a
large scale. They must be promoted, explored, and tested. The present chapter will
deal with environmental aspects of biopolymers and some proposals to fill these gaps.

The continuing growth population and goods consumption imply the increase in
global food demand for at least another 40 years (Godfray et al. 2010). Food waste
production raises with the increment of population, as does new demands for
materials. Parfitt et al. investigated the potential of food waste by considering the
demand to feed nine billion people in 2050 (Parfitt et al. 2010). They observed that
post-harvest wastes are higher in developing countries, while post-consumption
wastes are higher in developed countries.

One of the main objectives in the society is to achieve sustainable development.
It involves the rational use of resources and the maintenance of ecosystem services
(Millennium Ecosystem Assessment 2005). Along these lines, it is necessary to
improve the efficiency of production methods to make industrial development
compatible with social welfare and environmental protection, to apply environ-
mentally friendly and low-impact methodologies in manufacturing processes, and
to reduce the maximum wastes produced together with the design of new methods
to convert waste into valuable products (Catalina et al. 2012).
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As was pointed out by Dhillon et al. (2011a), a serious problem at the global
level is the management and disposal of food and agro-industry wastes. Most of
these wastes contain vegetal or animal biopolymers. Methods currently in use
include landfill, incineration, cattle feed, or land farming. All these methods can
generate environmental impact by the production of greenhouse gases or unpleasant
odors, aquifer contamination by infiltration or runoff, and health effects on human
health by the dissemination of vectors of diseases. On the other hand, these methods
generate high costs related to their treatment and transportation.

The type of waste produced by the society reflects its culture: What and how
much each human being consumes daily in developed and in developing countries
are indicative of cultural differences in the quantity and quality of the garbage: For
example, annual plastics consumption in the USA, Europe, and India is approxi-
mately 150, 20, and 5 kg, respectively (Nayak and Swain 2002). The EU produces
more than 67 million tons of packaging waste per year—a third of urban waste—
and in the UK, it is equivalent to more than 12% of total household waste
(Klingbeil 2000; EC Packaging 2004; Davis and Song 2006). By contrast, devel-
oping countries generate more organic wastes, which is also related to the pre-
vailing climate of the different regions worldwide (e.g., countries in could organic
garbage decomposes slowly than in humid and warmer areas).

There is strong scientific evidence that emissions of greenhouse gasses (GHGs),
such as carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O), arising from
fossil fuel combustion and land-use change because of human activities, contribute to
the upset of the Earth’s climate (Piemonte 2011). In this scenario, the overgrowing
environmental pressure caused by the widespread consumption of petroleum-based
polymers and plastics has hastened the development of biodegradable and envi-
ronmentally acceptable materials. In contrast, biopolymers derived from various
natural resources such as proteins, cellulose, starch, and other polysaccharides are
regarded as the alternative and useful materials. Biodegradable polymeric materials
derived from renewable sources are the most promising materials because of their
easy availability and cost-effectiveness (Kumari et al. 2010).

The term “biopolymer” generally refers to polymers that have been fully syn-
thesized by cells, and there are three main subsets: polysaccharides, polynu-
cleotides, and polypeptides. Indeed, ASTM D6866 defines biopolymers as
polymers produced by living organisms, that is, polymers synthesized in nature by
enzyme-catalyzed chain growth polymerization reactions by cell metabolic pro-
cesses during their growth cycles (Chandra and Rustgi 1998).

Biopolymers can disintegrate over time through biological degradation and
mineralizing completely into carbon dioxide or methane and water. The
biodegradable containers are made up of polymers and biopolymers depending on
whether a synthetic polymer or biologically derived polymer predominates. Among
commercially available biodegradable packaging materials based on natural raw
materials, those based on polysaccharides (e.g., starch and its derivatives) are
currently the front runners. This is mainly attributable to the facts that starch is
annually renewable and is abundant around 15 million tons/year in Europe and
about 50% is used for non-food applications (Löckes 1998) and inexpensive—
around 0.5–1.0 kg−1 (Petersen et al. 2001).
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Developed countries look with interest the high production of biomass generated
by the less developed ones, especially biopolymers such as cellulose, starch, pectin,
sugarcane, wood, chitin/chitosan (i.e., exoskeletons of crustaceans), and derivatives
of industries linked with the processing of raw material of vegetal and animal
origins. The increasing interest aroused for two reasons:(1) for being sources of
energy almost inexhaustible, e.g., products with C finally motorized by solar
energy; (2) to give added value to the enormous amount of waste annually produced
that is contaminating soils, oceans, and inland water bodies with negative conse-
quences for the aquatic and terrestrial biota included human beings.

Some biopolymers especially selected by worldwide abundance and relevance as
wastes will be discussed below. Gautam et al. (2010) affirmed that polysaccharides
are the “material of the future.” What is this strong statement based on? Since they
are the most abundant and diverse molecules on planet Earth. Basically, it is
renewable and biodegradable biomass. Few molecules—if any—meet these con-
ditions. They constitute the cell walls of plant cells where they also reserve energy
in the form of starch or glycogen in the liver cells of animals. Due to its abundance,
availability, and permanent renewal, it is logical to assume that given the depletion
of non-renewable resources, attention should be focused on reusing and/or modi-
fying polysaccharides for specific applications

A notable feature of polysaccharides is the tendency to be very bioactive. In
general, they are derived from agro-industrial wastes, such as cellulose, starch, and
pectin, or from crustacean shells, such as chitin and chitosan. Chitin, after cellulose,
is the most abundant polysaccharide, available in more than 10 gigatons per year
(Sahoo and Nayak 2011).

1.3 Biopolymers from Animal Wastes

The article 3 of Regulation (EC) 1069/2009 of the European Parliament and the
Council of the European Union restricts the use and controls the disposal of animal
by-products. Such wastes include catering waste, used cooking oil, former foodstuffs
and butcher waste, blood, feathers, wool, hides, shells and skins, and fallen stock,
among others. These wastes are given three categories for disposal of which Category
3, low-risk materials, includes the remains of animals, which are approved for human
consumption, after passing through slaughterhouses. These parts are not eaten, and
some inedible by-products are treated for animal feed, fertilizer, or protein-based
adhesives. Some tissues are used to produce composite bone-cum-protein meals or
individual products such as bone meal, meat meal, and blood meal. The total amount
of waste is 10–15% of the live weight killed (LWK) animal (Verheijen et al. 2013).

In 2011, the worldwide meat production reached 244 Tg, where 42% corresponds
to pork, 35% to poultry, and 23% to beef (USDA 2012). Approximately 25 Tg of
Category 3 meat waste is produced annually in the world. Proteins from animal
sources include collagen which is composed of different peptides, mainly glycine,
proline, hydroxyproline, and lysine. They are enzymatically degradable and can be
obtained from animal waste such as bones and skin (Vroman and Tighzert 2009).
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Associated with meat production is the leather industry, one of the most pol-
luting using chromium salts in the first process of elimination of fat, collagen, and
cow hair, thereby producing a lot of waste that is dumped to the river with little or
no control. Effluents from tanneries can generate strong decrease in biodiversity, as
previously reported (Gagneten and Paggi 2009). Leather processing includes the
tannery process, which generates a large amount of waste that can be revalued as
collagen biopolymers to make fibers, gels, films, etc., by techniques such as
cross-linking with various compounds. In this way, biopolymers have been
obtained with improved application properties in cosmetics, medicine, or veterinary
applications (Catalina et al. 2012). Chitosan can be recovered in large quantities
from wastewater from meat, dairy, and seafood-processing plants. These proteins,
followed by drying and sterilization processes, are used as dietary supplements on
farms (Sahoo and Nayak 2011). On the other hand, it was found that chitin and
chitosan can decrease aquatic contamination by their high affinity for dyes, which
are very resistant to degradation (Crini 2006). Another use of chitosan is the sta-
bilization of municipal and industrial sludge which results in great economic
advantages (No and Meyers 2000).

1.3.1 Chitin and Chitosans

Regarding seafood, the shellfish catch consists approximately of 30% of crus-
taceans and 70% of mollusks. Crustacean processing waste compromises 40% of
exoskeletons (shell), while the mollusk processing waste consists of 65% shells.
Several industries of seafood discarded crab and shrimp shells in Chile, Japan,
Norway, Mexico, and USA. In 2010, 20.8 Tg of mollusk and 11.8 Tg of crus-
taceans were caught, producing 18.2 Tg of shell waste (FAOSTAT 2013). This
type of wastes contains approximately 10% of chitin on dry weight
(Thirunavukkarasu et al. 2011). The a-chitosan is the most commonly obtained
form of chitosans that present in approximately 70% of the organic compounds
obtained from the residues of shrimp and crab shells. Finally, the peptide-modified
chitosan derivatives obtained by tyrosinase should be environmentally friendly and
biodegradable (Aberg et al. 2002; Wu et al. 2002). Chitin and chitosan are natural
polymers composed by amino-polysaccharides that present mostly in crustacean’s
shells. Chitin is widely distributed in marine invertebrates, insects, fungi, and yeast
(Aberg et al. 2004; Dhillon et al. 2012a, b).

In particular, chitin is a linear cationic heteropolymer of (1–4)-linked N-acetyl-b-
D-glucosamine. Because chitin has an intractable character and very poor solubility,
its direct use as a macromolecular material is very limited. However, it can be
chemically modified by partial alkaline N-deacetylation at high temperatures which
generates the corresponding primary amine groups. The percentage conversion of
acetylglucosamine into glucosamine is described as the degree of deacetylation.
This influences the physical, chemical, and biological properties and consequently
their applications (Hirano et al. 1989).
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From structural point of view, chitin is associated with proteins and, therefore, is
high in protein content. The industrial way of producing chitin is an acidic extraction
of the polymer from crustacean’s shells, and the next step consists in an alkaline
extraction to make proteins soluble. Moreover, the result is decolorized to obtain a
colorless product. These treatments are dependent of the chitin source. The resulting
chitin needs to be meticulously separate from residual protein because they can
produce an allergic response in biomedical applications. Under alkaline conditions,
the chitin is deacetylated, thereby producing chitosan that is one of the most important
and useful chitin derivates in biomedical applications (Peniston and Johnson 1980).

Other authors (Muzzarelli 1997; Younes and Rinaudo 2015) report that the shell
of crustaceans is composed of 30–40% protein, 30–50% calcium carbonate, and
calcium phosphate, and 20–30% chitin.

Among the major chitin producers of the hydrosphere—marine, freshwater, and
brackish water—are arthropods. Therefore, a correct valuation of its contribution as
a source of chitin is of utmost importance for the rational exploitation of chitin for
industrial and commercial purposes. Chitin is between 3 and 16% of total crus-
tacean body dry weight. It is estimated that the annual production of chitin is
approximately 1011 tons (Elieh-Ali-Komi and Hamblin 2016).

Interestingly, Abeg et al. (2004) inquires: “Why incur waste management costs if
investments in manufacturing could yield salable by-products?” The authors examine
how by-products from food-processing wastes can be converted into value-added
functional polymers. The main source of chitin is from seafood-processing waste
which produces around 18 Tg of shell waste.

Chitosan, the N-deacetylated product of chitin, is only accepted when the degree of
deacetylation permits its solubility in acidic media. At 40% level of acetylation, the
polysaccharide chains become moderately soluble, forming stable aggregates in
which the N-acetyl groups are unevenly distributed. When it is higher than 60%, it
becomes insoluble and acquires structural flexibility (Franca et al. 2011). Chitosan can
make high-quality films on glass, quartz, metals, and other hydrophilic surfaces and
was recently used with novel applications. An easy procedure for the preparation of
high-quality, large area, single or few-layer N-doped grapheme using chitosan as
precursor a valueless biomass waste that acts as simultaneous source of C and N was
reported (Primo et al. 2012). The new procedure is based on the unprecedented
finding that chitosan forms films of excellent quality of nanometric dimensions and
sub-nanometric roughness on hydrophilic surfaces by spin coating of aqueous solu-
tions of this biopolymer. The method is derived from the ability of chitosan to form
high-quality, conformal thin films and the ease of carbohydrates to undergo car-
bonization. Chitin and chitosan have singular structures and a wide range of appli-
cations in biomedical and other industrial fields (Sashiwa and Aiba 2004; Elnashar
and Kahil 2014). These polymers are considered of great interest not only as an
underutilized resource, but also as a functional material with a huge potential in
various fields, which is the reason why research on chitin and chitosan has increased
exponentially in past years (Pillai et al. 2009; Cheung et al. 2015; Usman et al. 2016).

Chitin, a natural polymer, is a nitrogenous polysaccharide (poly(b-(1–4)-
N-acetyl-D-glucosamine)). It is composed by 2-acetamido-2-deoxy-b-D-glucose
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bounds by a b (1–4) linkage. This biopolymer can be found mainly in the shells of
two marine crustaceans, shrimps and crabs; and is the second polymer, in order of
abundance, in the world after cellulose and is really like its structure, with hydroxyl
at position C-2 replaced by an acetamide group. Chitin also is present in nature as a
structural component in arthropods exoskeleton or in fungus cell walls and pro-
duced by many other organisms, and always with structural functionality, it may be
compared to the protein keratin. Chitin can be degraded by chitinase, a hydrolytic
enzyme that breaks down glycosidic bonds (Fig. 1.1).

Chitosan is produced by the N-deacetylation of chitin, although this deacetyla-
tion is hardly ever complete. Chitosan is a natural linear polymer composed by b-
(1–4)-D-glucosamine with deacetylation degree between 60 and 100% and average
MW of 3.8–20 kDa (Rinaudo 2006).

Amino groups are found in chitin and chitosan which are protonated in acid
media and converts them in the only cationic polymer found nature (Hench 1998).
As a cationic polymer and water soluble, chitosan has an extremely good adhesion
to mucosal membranes that are negatively charged (Islam et al. 2015).

There are many procedures to obtain chitin, and the most common way to obtain
it is by processing crabs or shrimps shells. There are two alternative ways: enzy-
matic or chemical treatments for the step of deproteinization. The most common
procedure involves the dissolution of calcium carbonate, present in crustacean
shells, after deproteinization. One of the most common ways for chitosan synthesis
is the deacetylation of chitin by sodium hydroxide aqueous solutions. The alkali
removes simultaneously proteins and deacetylates chitin (Ravi Kumar 2000).
Generally, chemical treatments have many disadvantages: It changes chemical and
physical properties of chitin and also produces variations in molecular weight and
degree of deacetylation. Another drawback is the presence of several chemical
wastes produced by the chemical treatment of chitin which seriously contribute to
contamination. On the other hand, enzymatic synthesis is a simple, safer, and
greener option, all with an excellent reproducibility. Besides, it is more expensive
and difficult to scale-up (Younes and Rinaudo 2015). The main enzymes used in
enzymatic processing are chitinases, deacetylases, and proteases. Besides, there are
many applications of chitin and chitosan that have been reported in the last years.

Fig. 1.1 Chitin deacetylation to chitosan through an enzyme deacetylase
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These biopolymers have unique structural properties and could be modified
chemically and/or mechanically to generate different polymers with novel proper-
ties. These properties are biocompatibility, absence of toxicity, low allergic
response, bioadhesivity, antimicrobial activity, and good biodegradability. One of
the major disadvantage of using chitin is the poor solubility, even though many
types of chitin and chitosan have a great number of biomedical uses (Ravi Kumar
2000; Sashiwa and Aiba 2004; Younes and Rinaudo 2015).

1.3.2 Collagen

Collagen is the most abundant protein in the animal organisms, comprises
approximately 30% of the whole body, and has principally a structural role in
connective tissues. On the other hand, collagen is absent in plants and unicellular
organisms where it is functionally replaced by cellulose or other polysaccharides.
Many tissues, with clearly different properties, are made of collagen as bone, ten-
don, or cartilage. The polymer is usually in the form of elongated fibrils, but
different dispositions and complex organization of these fibrils make it possible to
be adapted to many different types of tissues as muscles, bones, blood vessels,
cartilage, tendons, teeth, etc. The fibroblast is the principal type of cell that pro-
duces collagen (Ramshaw et al. 2009; Yamada et al. 2014; Silvipriya et al. 2015).

Gelatin is the result of collagen hydrolysis and used in a myriad of industrial
products. Collagen and gelatin are extensively used in the food, pharmaceutical,
and cosmetic fields. Collagen is biodegradable, has no toxicity, rarely can produce
immune response (depending of the polymer source), and has a good adhesion and
interaction with cells (Naito et al. 2013). Collagen may also be processed into a
variety of formats, including porous sponges, gels, and sheets, and can be
cross-linked with chemical reagents to make it stronger or to alter its degradation
rate. Applications of collagen are numerous; it has been explored for use not only in
various types of surgery, cosmetics, and drug delivery, but also in implants and
tissue engineering (Ramshaw et al. 2009; Silva et al. 2014). One of the most
important characteristics of collagen is that cells can be grown on collagen surface
and sometimes with a similar behavior they have in the organism, which is the
reason why collagen is so important in tissue engineering field.

Collagen could be extracted from several sources, including wastes from animals
for human consumption mainly bovine and porcine, but also fish (Catalina et al.
2013).

The primary structure of collagen protein is recognized by three amino acid,
collagen protein is recognized by the characteristic pattern of amino acid Gly-Pro-X
or Gly-X-Hyp, where X could be any other amino acid residues. The basic struc-
tural unit of collagen is tropocollagen, and many of these units form larger collagen
aggregates, called fibrils. Tropocollagen is composed of three polypeptide strands
called alpha peptides, and these strains are ordered in a triple helix with two
identical chains and the third which has minimal chemical differences. In case of the
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tertiary structure, the alpha chains are linked to each other, building the charac-
teristic left-handed triple helix of types I, II, and III collagens. In the triple helix, the
glycine residues are positioned around a central axis, while larger amino acids
belonging to the X and Y residues (usually proline and hydroxyproline) occupy
outer positions (Brinckmann 2005; Ramshaw et al. 2009; Sherman et al. 2015).
These three left-handed helices are twisted together into a right-handed triple helix,
a cooperative quaternary structure stabilized by many hydrogen bonds. So, the
quaternary structure of collagen finally forms the collagen fibrils (Fig. 1.2) (Ferreira
et al. 2012).

Today, approximately 28 different types of collagen have been reported. All the
different types have the triple helix but differ in the length, size, and nature of the
residues portion (Miller 1984; Brinckmann 2005; Ricard-Blum 2011). The main
types are listed below with their respective tissues of the organism where they are
found:

• Collagen I: It is the principal type and found in the human body such as tendons,
muscle fibers, bones, teeth, skin, and cartilage.

• Collagen II: It is found in hyaline cartilage and vitreous humor of the eye.
• Collagen III: It is found in skin, muscle, blood vessels, and mainly in reticulate

fibers.
• Collagen IV: It is found principally in basal lamina, eye lens, and with filtration

function in capillaries and renal system.
• Collagen V: It is found in hair, cell surfaces, and placenta.

The function of collagen is the main supporting structure of the extracellular
matrix in almost every tissue. It is present characteristically in connective tissue, as
it has considerable tensile strength; thus, it is the main compound in skin, tendons,

Fig. 1.2 Collagen structure
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bones, cartilage, fascia, etc. It has an important role in tissue wound healing or
tissue regeneration (Buehler 2006).

The major sources of commercial collagen are:

– Bovine are one of the most important industrial sources of collagen from leather
and bones of cow. Besides, a lot of other cow tissues is generally used, such as
tendons, placenta, and nasal or articular cartilage. Sometimes depending on cow
diseases, like “mad cow” epidemic, the use of collagen from cow is discon-
tinued. Nevertheless, it helps to control contamination as it used rests of animal
after meat processing (Paschalis et al. 2001; Silvipriya et al. 2015).

– Porcine tissues are like human, collagen is not the exception, and porcine source
is widely used to obtain collagen for industrial purpose. Pigs skin and bones are
utilized to obtain collagen, and one advantage is that it does produce almost
non-allergic response (Browne et al. 2013). It is also compromised with pig
diseases (Zheng et al. 2004; Yang and Shu 2014).

– Collagen obtained from marine sources is considered as an interesting alterna-
tive. Presently, it is one of the safest ways for obtaining collagen, considering
religious restrictions as pork consumption in Muslim and Jews societies, and
animal diseases as mad cow disease. Based on this collagen extraction from
marine sources, it is an interesting alternative to obtain the polymer. As a marine
source of collagen, there could be used the wastes of many sea living products,
from fishes skin or skeleton to prawn, in order to reduce environmental pollution
(Dong et al. 2010; Krishnan et al. 2012; Mahboob 2014; Kittiphattanabawon
et al. 2015). Notwithstanding the collagen extraction from marine sources, it is
easy, cheap, and safe, but it has some disadvantages such as low structural
denaturation (Subhan et al. 2015).

The chemical treatment to obtain collagen from animal sources is based on a
purification of the polymer using acid or alkaline solutions to eliminate no useful
molecules. The next step consists in an acid hydrolysis using organic acids such
acetic, citric, or lactic acids, but also hydrochloric acid could be used. After this, the
solution is filtered and the collagen is precipitate with NaCl, ending with a dialysis
procedure (Schmidt et al. 2016).

In case of enzymatic extraction, the crude material that can have some residue of
acidic extraction is added to a solution containing selected enzymes such as pro-
tease. The mixture is continuously stirred for about a couple of days and followed
by filtration (Wang et al. 2014). The filtrate is subjected to precipitation and dial-
ysis, as for chemical extraction. In general, waste products are used in the manu-
facture of fertilizers, feed, and fuel, but are currently being used to obtain protein
and collagen hydrolysates. Obtaining those products, which have a high added
value, is a better alternative to use these wastes, which would otherwise be dis-
carded (Morimura et al. 2002). Moreover, enzymatic processes generate less waste
and may reduce the processing time, but they are more expensive.
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1.4 Biopolymers from Food Industry

New biocompatible and biodegradable biopolymers are produced from plants,
microbes, animals, renewable agricultural wastes, and feedstocks (Niranjan Raj
et al. 2010). The food waste generated annually is approximately 1.3 Pg. It contains
raw material that could be diverted to materials production as the mineral oil price
rises, incurring no conflict over land use and providing new wealth-creating
opportunities for food-producing countries.

Among food wastes, polysaccharides are of the utmost importance, the most
abundant natural biopolymers (Annarita et al. 2011) compared to about 140 M tons
of synthetic polymers. Huge amounts of debris such as shells, seeds, and pulps are
generated as products from the manufacture of juices and canned goods. Between 5
and 30% of the raw material of fruits and vegetables is discarded for not meeting the
standards established by an increasingly demanding market. The management of
such waste generates costs—in strictly economic terms as well as in environmental
ones—by the high content in organic matter. Most by-products from the food
industry could be reused by applying modern, eco-compatible technologies to
extract high-value-added chemicals such as polysaccharides, pigments, flavors, and
antioxidants with multiple industrial applications (Annarita et al. 2011).

1.4.1 Potato

Potato (Solanum tuberosum L.) is particularly popular in Europe, South America,
and China. Approximately 25% of the input to a potato processing plant emerges as
waste, consisting of a portion of the peel and whole or cut potatoes discarded due to
size, blemishes, or failure to meet quality standards. China is now the biggest potato
producer at 72 Tg per year, and almost one-third potatoes are harvested in China
and Russia. Starch is the main resource at 68% based on dry weight and used in
polymers and as a precursor to furan derivatives.

Large amounts of starch as a residue from potato chips industry are discarded
daily. Moreover, potato wastes are left in open fields to decompose and some are
used to feed cattle which can consume up to 12% of their body weight of fresh
potatoes daily: Potato delivers four times the energy value of cereal grain for beef
cattle. Enzymatic hydrolysis of potato processing wastes was proposed as a possible
source of a fermentable substrate to produce the plastic biopolymer polyhydroxy-
butyrate (PHB). After this procedure, potato starch waste could be converted with
high yield to a concentrated glucose solution (Rusendi and Sheppard 1995).

Several novel projects have addressed the opportunities provided by the
extensive availability of potato waste. Digested potato waste may enable a biogas
plant to provide electricity to the public grid and to preheat industrial dryers.
Another application is the use of potato waste as a medium to produce xanthan
gums (Bilanovic et al. 2010), a thickening agent used in food products and oil

1 Biopolymers from Wastes to High-Value Products in Biomedicine 11



recovery which is currently obtained expensively from sugars. Polylactic acid
(PLA) has also been produced from potato waste which can be used as a
non-petroleum-based polymer (Sanchez-Vazquez et al. 2013).

1.4.2 Corn

Corn has been a dietary staple in the Americas since prehistoric times. In 2009,
819 Tg of corn were harvested and the world’s corn production (USDA 2013)—per
country production/Tg—was 333.0 (40%) in USA; 164.1 (20%) in China; 51.2
(6.3%) in Brazil; 20.1 (2.5%) in Mexico; 17.6 (2.1%) in Indonesia; and 16.7 (2.0%)
in India, followed by 15.3 (1.9%) in France and 13.1 (1.6%) in Argentina
(Sanchez-Vazquez et al. 2013; Food and Agriculture Organization, the United
Nations 2017).

Corn waste (or corn stover) compromises five parts: nodes, leaves, shell, core,
and sheath. At harvest, the grain represents only 15% of the weight; the rest is
treated as food waste. This means that around 696 Tg of total corn waste is pro-
duced each year. Corn stover is the most abundant lignocellulose renewable
resource in the world due to its chemical composition and the enormous quantity
that is produced annually worldwide: 70% of the total corn stover is composed of
lignocellulose corresponding to 487 Tg.

The main application of corn stovers is as fertilizer, but new opportunities for its
use are emerging, among them research on enzymatic hydrolysis and solid-state
fermentation (Hongzhang et al. 2011) and as a renewable source for ethanol pro-
duction using Pichia stipitis, a cellulolytic extremophile (Zambare et al. 2011) or
with biocatalysts (Ryu and Karim 2011). Another potential application is in the
production of biopolymers. Polyhydroxyalkanoates (PHA) and polylactic acid
(PLA) can be produced from corn grains, but there are attempts to produce it in
combination with corn stover (Dale and Bruce 2005).

1.4.3 Pectin

Citrus waste provides interesting potential precursors for materials manufacture
such as pectins. The world citrus production is divided into four categories: orange
(Citrus sinensis), mandarins/tangerines (Citrus nobilis), grapefruit (Citrus par-
adise), and lemon (Citrus limon)/lime (Citrus aurantifolia). The total production of
citrus in 2009–2010 according to the United States Department of Agriculture
(USDA) was 82 Tg (FAOSTAT 2013).

The world orange production is mostly attributed to five countries which con-
tribute 71% of all world production, Brazil being the largest producer (33%). For
mandarin/tangerine production, 64% is produced by China. Grapefruit and lemon/
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lime have a lower worldwide production. Even though Brazil only produces orange,
the quantity of 16.2 Tg makes it the second biggest producer of citrus (20%).

The citrus peel represents about 15% of the total fruit weight, meaning that the
worldwide production of total waste from citrus crops is potentially of the order
12.3 Tg per year. According to USDA (2013), China produces per year 3.4 Tg of
citrus waste, while Brazil produces 2.4 Tg followed by EU-27 with 1.6 Tg, Mexico
with 0.9 Tg, and Turkey with 0.5 Tg. The main source of commercial pectin is the
residue of the citrus and apple industry for the extraction of juices. This is one of the
main food industries, producing annually between 3.0–4.2 � 106 and
15.6 � 106 M tons of waste (Thibault and Ralet 2003).

Pectin is a complex mixture of polysaccharides that make up about one-third of
the cell wall of dry matter of higher plants and is commercially used as a thickener
in processed foods (May 1990). Commercial pectins can be extracted from citrus
peel or apple pomace. Both sources are common wastes from juice and cider
manufacturing, which in many cases represents the mayor destination of those fruits
production. However, a significant part of these wastes ends up in a landfill anyway,
regardless of the possibility of taking advantage of processing them (van Heerden
et al. 2002). Other sources of pectin drew interest over the past years and were
searched for alternative industrial exploitation. However, at present time, the pro-
vided results so far do not show any significant commercial use. Some examples
include pectins obtained from sugar beet pomace, raw papaya peel, sunflower head
residues, and olive pomace (Fissore et al. 2014)

In recent years, pectin has been used and studied for high-value medical and
pharmaceutical applications due to the biopolymer characteristics and properties
(see below). This could increase their demands and the market value of pectin and
reduce to a minimum biomass waste of citrus and apples (Srivastava and Malviya
2011).

From a molecular point of view, pectin has large linear segments of poly(1 ! 4)
a-D-galactopyranosyluronic acid with some of the carboxyl groups esterified with
methanol and side branches or “hairy regions” with either 1,4-linked b-D-galactose
or 1,5-a-linked L-arabinose. The molecular weight and proportion of each residue
will differ from molecule to molecule (polymolecular) and from sample to sample
depending on the source and the conditions of isolation and purification (Rolin
1993).

All pectin molecules contain linear segments of (1 ! 4)-linked a-D-galacto-
pyranosyluronic acid units with some of the carboxyl groups esterified with
methanol and 1,2-linked rhamnose with side branches of either 1,4-linked b-D-
galactose or 1,5-a-linked L-arabinose. However, the structure of pectin is not
completely understood and one possible structure is depicted in Fig. 1.3.

A typical average molecule weight for a commercial pectin sample is in the order
of 100 kDa, but large differences may exist between samples and between mole-
cules within a sample, and estimates may differ between methods of measurement
(Rolin 1993). Also, some companies are providing pectin for specific uses and
defined molecular weight.

1 Biopolymers from Wastes to High-Value Products in Biomedicine 13



In nature, about 80% of the carboxyl groups of galacturonic acid are esterified,
although this proportion can change in the process of extraction of pectins. The
ratio between esterified/non-esterified galacturonic acids gives pectin different
behaviors, so pectins are usually classified as HM (high methoxylated), MM
(medium methoxylated), or LM (low methoxylated) depending on whether they
possess more than half of their esterified carboxyl groups.

MM and LM pectins undergo ionotropic gelation in the presence of polyvalent
cations such as Ca(II) or Zn(II), but other factors such as pH, sugar co-solutes, and
temperature determine whether gelation can occur and influence the characteristics
of the gel. HM pectin gelation involves several kinds of intermolecular interactions,
which are promoted in high concentrations of sucrose and low pH; unlike MM and
LM pectins, HM pectins do not undergo ionotropic gelation in the presence of
polyvalent cations because of the lack of free carboxyl groups.

Pectins are soluble in pure water. Solubility in aqueous systems is affected by the
same molecular and environmental factors that affect gelation, but in the inverse
manner. Pectins (like other gel-forming polymers) are not soluble in an aqueous
system in which it would have formed a gel under the same conditions. Dilute
pectin solutions possess Newtonian behavior, but at moderate concentration, they
exhibit the non-Newtonian, pseudo-plastic behavior characteristics. Similarly, the
viscosity of a pectin solution is related to the molecular weight, degree of esteri-
fication, concentration in solution, and the pH and ionic strength (including the
presence of counterions in the solution). Viscosity, solubility, and gelation are
generally related. For example, factors that increase gel strength will increase the
tendency to gel, decrease solubility, and increase viscosity, and vice versa (Rolin
1993)

Fig. 1.3 Typical model of pectin structure. In addition, pectins from some sources have some of
the hydroxyl groups of the galacturonosyl units esterified with acetic acid
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Production of pectin involves extraction and purification processes, which differs
significantly between laboratory and industry. The processes of extraction and
purification of pectin differ significantly in the laboratory from the industry. Pectin
extraction in the laboratory and for research purposes usually implies soft experi-
mental conditions and more specific steps than those required at the industrial level.
The harsh conditions of extraction at industrial scale generally involve an erosion of
the “hairy regions” of the molecules and the consequent loss of neutral sugar side
chains and molecular mass.

Purification at laboratory scale involves two main methods: direct boiling and
microwave heating. Direct boiling is the conventional method of pectin extraction,
which involves heating the plant tissues under acid aqueous solutions (pH up to 2)
incubated for two to four hours, followed by precipitation with cold isopropyl
alcohol. Many conditions and additives, such as EDTA and CDTA, have been
tested to improve the yield of this simple method, but due to a relatively long period
of direct heating, the extracted pectin undergoes thermal degradation anyway. The
other method, microwave heating, takes normally fifteen minutes, and because of
that, it normally gives a better yield and quality. The chelating agents can be used in
both procedures (Srivastava and Malviya 2011).

Large-scale pectin production begins with the dried citrus peel that is mainly
obtained from the juice industry. Before the pectin extraction, the peels are dried
below 110 °C. The world largest producers of this raw material are in Argentina
and Mexico, but producers are located also in Peru, Spain, and Bolivia. In
Germany, on the other hand, pectin is usually extracted from apple pomace
(Pagliaro et al. 2016). Regardless of the type of raw material, the current manu-
facturing procedures are based on extraction via acid hydrolysis in hot water;
following the separation from the spent peel, the pectin extract is filtered and
precipitated with isopropyl alcohol that can be recovered by distillation later. Later,
the pectin is washed, dried, and sold in powder form.

This conventional method of extraction has a great disadvantage, which is the
cost of eliminating the waste produced by it. This cost proves to be so high that,
when in the USA the Environmental Protection Agency passed new regulation in
the early 1990s, the last US-based pectin production plant was relocated from
Florida to Mexico (Hui 2006). New methods have been developed recently, and at
lower economic and environmental costs (Fidalgo et al. 2016), this will prove to be
of great importance in the future, since it is estimated that the production of pectin
will be a business of U$ 2.4 billion by 2020.

1.4.4 Grape Waste

The total world production of grapes (Vitis vinifera) is around 15 Tg per year, and
the main producers are listed in Table 13. According to the Organisation
Internationale de la Vigne et du Vin (OIV, France 2007), 65% is used for wine and
juice (9.8 Tg), 23% as fresh fruit (3.5 Tg), and 12% as dried fruit (1.8 Tg). The
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main wine producers (2010 data) are France, Italy, and Spain, sometimes known as
the “Big Three” of wine (Sanchez-Vazquez et al. 2013). Approximately 30 kg of
waste is produced in the production of 100 L of wine, and each liter of wine needs
on average 1.3 kg of grapes so that 23% of the grapes used become available waste.
From the available information, during 2009, 2.6 Tg of wine residue was produced
for which a range of uses has been proposed (Arvanitoyannis et al. 2006).

1.4.5 Sugar Bagasse

Sugarcane (Saccharum L.) is mainly cultivated for sugar and ethanol production,
and world production in 2010–2011 was 130 Tg, with Brazil and India being the
main producers with 50% of total production. The sugarcane process is divided into
two steps: milling and refinery. The industrial waste from milling is the sugarcane
remaining, known as sugar bagasse, and represents 28% of the dry weight of the
original. The main constituents of the sugar bagasse are cellulose (40–45%), lignin
(20–30%), and xylan (30–35%) (Cardona et al. 2010). Annual production of
bagasse is thus approximately 36.5 Tg and much is currently used in distillery
plants as a source of energy for pulp and the paper industry to produce particle
board, fiber board, cardboard, furfural, microcrystalline cellulose, hydrolyzed
bagasse, predigested pith, molasses-urea-pith, furfural cement, and compost
(Almazan et al. 1998).

Sugarcane is a lignocellulosic material and hence an attractive feedstock for
ethanol production. The world production of sugarcane during 2010/2011 (Country
Production/Tg) was 39.40 in Brazil, 11.72 in China, and 25.70 in India
(FAOSTATS 2013).

1.4.6 Banana Waste

Banana (Musa sapientum) is one of the most popular tropical fruit in the world
available throughout the year. The peel represents 40% of the banana fruit gener-
ating annually around 22 Tg of peels, much of which is domestic waste (Agri-Food
Business Development Center via Nation Master 2000). The four main producers
are India, Brazil, Ecuador, and China who generate 27 Tg of bananas per year.

1.4.7 Avocado Seed

Avocado (Persea Americana) is the fruit of a native Mexican tree and is mainly
cultivated in tropical climates. According to FAO, the world production is around
3.9 Tg per year where 76% of the total production is controlled by 10 countries. As
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it originated in Mexico, this country is the biggest producer with 32% of world
output.

1.4.8 Apple and Apple Products

The increase in the human population generates a greater demand of fruits. World
production of apple and its products exceeded 69,603,640 tons (Food and
Agriculture Organization of the United Nations 2017). The processing industries to
produce juices and jams generate enormous amounts of residues in the form of
shell, pulp, and seeds (Dhillon et al. 2013). They are biodegradable (Shalini and
Gupta 2010; Dhillon et al. 2011b), so their elimination represents an environmental
problem, since only 20% is recovered as animal feed. The rest is used in com-
posting or incinerated, generating greenhouse gases. The technological advance
offers alternatives for the direct extraction of bioactive compounds and the bio-
production of products of highly added value, such as enzymes, organic acids, and
biofuels, among other products (Singh et al. 2014).

1.4.9 Carrot Waste

The carrot (Daucus carota) after the potato is globally the second most popular
vegetable. The world carrot production is 33.6 Tg, China being the main producer
at 36%. Approximately 40–30% of carrot pulp is produced after the extraction of
juice, leaving a high potential total world production of by-product. The leaf has the
major quantity of crude protein and carbohydrates, while the pomace contains more
than 60% of fiber. Lipids and ash are present in similar amounts in each of the carrot
by-products, and the by-products are being studied to produce antioxidants
(Bardiya et al. 1996).

1.4.10 Peanut Husk

Peanut (Arachis hypogaea L.) is widely harvested and used in most cultures. The
worldwide production of peanut in 2011 reached 34 Tg. The grain constitutes about
30%, indicating that 10 Tg of total residues is produced in the form of husks. The
annual production totals approximately 29 million metric tons (http://www.
soyatech.com/peanut_facts.htm), being (14.6 Tg), India (6.0 Tg), USA (1.8 Tg),
and Nigeria (1.6 Tg) the main producing countries. Nepote et al. (2002) investi-
gated the extraction of antioxidant components from peanut skins.
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1.5 Biopolymers from Agricultural Wastes

Nowadays, agricultural production generates wastes produced annually in such
amount that it turned to be named as “agricultural waste industry.” However, the
agricultural wastes depend on regions, countries, and cultures which manage dif-
ferent crops and provide different types of rich polymers sources. Typical examples
are USA, India, Brazil, China, and Argentina.

1.5.1 Cereals Straw

According to FAO in 2011, the worldwide production of cereals was of 2.6 Pg.
This category includes the production of wheat, rice paddy, barley, maize, popcorn,
rye, oats, millets, sorghum, buckwheat, quinoa, canary seed, mixed grains (mixture
of cereal species that are sown and harvested together), and minority cereals (cereal
crops that are not identified separately because of their minor relevance at the
international level). The top producer countries are as follows: China is the main
producer with 20% of the world production, followed by the USA and India with 15
and 11%, respectively. These three countries produce 42% of worldwide
production.

The cereal crop residues after harvesting comprise 50–75% of the total pro-
duction (Bauder 2013). This indicates that at least 2.6 Pg of residues is produced
after harvesting the crops. As an example, wheat straw mainly contains fiber,
cellulose, and hemicelluloses that could be used for biotechnological applications.
The country production/Tg in 2011 was 520.9 in China; 386.8 in USA; 285.5 in
India; 91.8 in Russia, and 83.4 in Indonesia. Some of this residue is left on the soil
to reduce its erosion. I also fertilize the soil through the incorporation of organic
matter. Post-harvest losses include crop losses that could not be harvested (due to
technical constraints, a proportion of the crop left in the field) as well as losses
associated with drying, storage, and transport (FAO 2017).

Stubble is composed by the stems and leaves that remain on the ground after
cutting a crop. Stubble is often confused with remains of little value. However, the
stubble is a very good resource to protect the soil from the impact of erosive
precipitation and the consequent runoff. The presence of stubble on the ground is
like a water trap, which facilitates infiltration and reduces evaporation losses by
keeping the surface of the soil cooler and protected. This conception is the core of a
correct system of cultivation with zero tillage. However, this system may or may
not involve the retention of high amounts of stubble, or only enough to protect the
soil.

The amount of stubble remaining on the crop soil varies by crop. Cereals in most
cases contribute considerably more stubble than oilseeds. Crops such as maize,
wheat, sorghum, and barley provide more stubble than soy, rape, or sunflower. As
an example, Menéndez and Hilbert (2013) estimated 12–43 mill Ton/ha corn
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stubble after 2.5 mill hectares sown in 2008–2011 in Argentina. The huge amounts
of stubble could be used for biotechnological purposes with the incorporation of
highly added value.

Another usual practice of farmers was burning stubble to acidify the soil. In the
last years, diverse studies recommend the maintenance of the stubble to avoid
erosion and loss of much organic matter. After the cereal harvest, the volume of the
residual dry material is huge: 5.50–11.0 Tn/hectare (Moreno et al. 2014).

Crop residues are an important source of fodder and energy (Fischer and
Schrattenholzer 2001; Montico 2010). However, the use of these materials as inputs
of biorefineries to obtain energy is under permanent questioning by global and
regional decision-makers because of the concern for the conservation of soils (Lal
et al. 2007; Montico 2010). The work of Sheehan et al. (2004) estimates that in
Iowa (USA), approximately 40% of the maize residue could be used for energy
production, while maintaining the risks of erosion below tolerable limits. However,
novel biotechnological applications could be more profitable and less aggressive for
the environment. An important aspect to be considered in the final balance for the
different alternatives of biomass utilization is the return of the necessary amount of
the wastes to the productive system/soil.

1.5.2 Starch

Starch is one of the most abundant of plant products and also a major food reserve
which provides bulk nutrients and energy source since the beginning of human
civilization. Starch is produced from agricultural plants, mainly from potatoes, rice,
maize, and wheat in the form of hydrophilic crystallites with dimensions ranging
from 1 to 100 lm (BeMiller 1993). It appears as a food waste, however, mainly in
potato and to a lesser extent mango seed. It is a hydrocolloid biopolymer comprised
of two types of a-glucan: amylose (poly-a-1,4-D-glucopyranoside), a linear polymer
and amylopectine (poly-a-1,4-D-glucopyranoside and a-1,6-D-glucopyranoside) as
shown in Fig. 1.8. Depending on the botanical source, the percentage of each
polymer varies, as well as the morphology and molecular structure.

A polysaccharide-based biopolymer has been produced recently from the starch
extracted from mango seed waste. Mango (Mangifera indica) is a native tropical
fruit from southern Asia which is now cultivated in most frost-free tropical and
warmer subtropical climates. Seven countries are responsible for almost 74% of the
entire world production of mango. India is the largest producer with 13.6 Tg
equivalent to 39% of world production. During the processing of mango, peel and
almond are generated as waste materials and they represent around 40–50% of the
total fruit weight so that the total world production yields approximately 15.7 Tg of
mango waste per annum (Nilani et al. 2010).

Starches from whatever source are composed of one or more glucans and are
water-soluble polymers that produce viscous dispersions, solutions, or gels at low
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concentrations and are used extensively in practical applications. They are normally
extracted in the form of granules that can be used to identify the source of the starch
because of its characteristics, i.e., size and morphology. Starch is a hydrocolloid
biopolymer comprised of two types of a-glucan: amylose (poly-a-1,4-D-gluco-
pyranoside), a linear polymer, and amylopectine (poly-a-1,4-D-glucopyranoside
and a-1,6-D-glucopyranoside) as shown in Fig. 1.4. The molecular weight of
amylose is reported to be 1.6 � 105 to 2.6 � 106 Da with degree of polymerization
(DP) in the range of 1.0 � 103 to 1.6 � 104], depending on the source and method
of preparation and to some extent on the maturity and growing conditions of the
plant (Whistler and BeMiller 1993). In the solid state, it probably exists most often
as a left-handed, sixfold helix. In solution, it seems to be a loosely wound and
extended helix that behaves as an almost spherical random coil (Hsein-Chih and
Sarko 1978). The amylose helix has a hydrophobic interior that enables the
molecule to complex with nonpolar molecules, including fatty acids and their salts,
mono- and diglycerides, and various detergents (Bulpin et al. 1982).

Amylopectin molecules contain clusters of branches (Fig. 1.5). The molecular
weight of amylopectin is reported to be 5.0 � 107 to 4.0 � 108 Daltons (DP
3.0 � 105 to 2.5 � 106), depending on the source and method of preparation and to
some extent on maturity and growing conditions. It is claimed that amylopectin
molecules in aqueous solution are two-dimensional, which is consistent with the
coating and other properties of starch (BeMiller 1993).

Native starch occurs mostly in the form of semicrystalline granules, which have
a very complex hierarchical structure. Starch granules are generally composed of an
amorphous bulk core area surrounded by concentric semicrystalline growth rings
alternating with amorphous growth rings. When starch is heated in the presence of
water and subsequently cooled, the disrupted amylose and amylopectin chains can
gradually reassociate into a differently ordered structure in a process termed as
retrogradation (Wang et al. 2015). Retrogradation is only one of the many structural
and chemical modifications that have been studied in starch to improve its char-
acteristics. For use in its natural form, it should be modified to overcome the poor
thermal, shear, and acid stability as well as high rates and extents of retrogradation.
It has two available functional groups for modification: the nucleophilic hydroxyl
groups and ether bonds. Starch can be chemically modified; for example, partial

Fig. 1.4 Haworth projection of amylose composed by linear a-1,4 glucose units
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acid hydrolysis on the amorphous regions of the starch granules generates starch
nanocrystals (Angellier-Coussy et al. 2009), or it can be physically modified by
hydrothermal treatment, where the starch structure and properties are changed
without destroying its granular structure (Hoover 2010).

Starch in its native form should be modified for its applications as a material,
unless used as a filler. One of these modifications is the restructured starch. To
produce this material normally, starch is hydrated and heated. Because of this
process, the organization of the granule is destroyed, most of the hydrogen bonds
are disrupted, and the starch forms a gel. With this procedure, both melting tem-
perature (Tm) and glass transition temperature (Tg) decrease, and by decreasing the
moisture content (20 wt%), the melting temperature tends to be close to the
degradation temperature. Thermoplastic starches were synthesized by the addition
of exogenous molecules such as PEG or sorbitol; or nitrogen compounds like urea o
amines. In this way, Tm is decreased without the inconvenience of being too
proximal to the degradation temperature (Avrous 2004).

TPS has enormous advantages such as cheap, abundant, and biodegradable, but
it has two major disadvantages such as poor mechanical strength properties and
high moisture sensitivity. There are some solutions to this: TPS can be mixed with
appropriate fillers such as nanoparticles, the surface can be chemically modified, or
it can be blended with a hydrophobic polymer, such as polyvinyl alcohol, poly
(ethylene-co-vinyl alcohol), PLA, polycaprolactone (PCL), poly(butylene succi-
nates) (PBS), polyhydroxybutyrate (PHB), and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) (Sanchez-Vazquez et al. 2013).

As stated above, pure native starch has multiple applications. But for biomedical
applications, starch is seldom used alone or without any previous modification. PLS
materials have some promising properties: They are very cheap compared to
fossil-derived plastics, are fully compostable, and can be processed using traditional
plastic process such as injection molding and extrusion. However, PLS materials
have several disadvantages such as poor mechanical properties and moisture

Fig. 1.5 Haworth projection of amylopectin composed by linear a-1,4 glucose units and a-1,6
glucose unit in the branch points
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sensitivity (Kaseem et al. 2012). To overcome this difficulties, chemical modifi-
cation of starch has been made in the past, water resistance was achieved, and some
industrial applications were proposed (Fringant et al. 1996). However, these
modification forms involve additional purification steps and alter the mechanical
properties due to a decrease in molecular weight caused by the chemical reactions.

As compostable and biocompatible materials with good mechanical properties,
PLS hybrid materials were developed to obtain low production costs. Two different
materials can be associated with PLS to obtain compostable materials: biodegrad-
able polyesters (other non-biodegradable materials can be blended but not will be
treated in this book) or agro-materials (lignins, cellulose, etc.) (Avrous 2004). In
addition, these hybrids can be mixed in at least three different ways: blends,
composites, and multilayers.

Blending consists in mixing different polymers in an intimate way without any
organization. It is the simplest way to associate polymers and a powerful tool to
improve materials in both performance and cost. Besides, blends can also be used to
test the compatibility and interactions between different polymeric phases.

1.5.3 Cellulose

Cellulose is an organic compound, which minimum formula is (C6H10O5)n, and is a
polysaccharide consisting of a chain with many thousands of b(1 ! 4)-glycosidic
bonds. Cellulose is characterized by its poor solubility due to the strong intra- and
intermolecular hydrogen bonds within and among the individual chains (Fig. 1.6).

Fig. 1.6 Cellulose
polysaccharide chains and its
bonds. Source image from
Wikimedia commons GNU
FDL
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It has several hydrogen bonds between chains form microfibrils that plenty con-
tribute to tensile strength in cell walls (McNamara et al. 2015).

Cellulose is a polysaccharide composed by glucose molecules in a linear chain,
and the glucose molecules are connected using acetal linkages between the C1 and
C4 carbons of the glucopyranose rings (Fig. 1.6), thereby forming a high molecular
weight polymer. This complex structure gives cellulose some properties as
hydrophilicity, biodegradability, and chirality, among others. It is a relatively stable
polymer because it has many intra- and interhydrogen bonds between polysac-
charide chains; that is the reason why cellulose is the main structural component of
many plants. The polymer has a highly ordered polymer region (crystalline) but
also an amorphous region.

Cellulose is the principal natural polymer that presents on the Earth: Not only
plants synthesize this polymer, but also many bacteria produce it as an extracellular
component with structural functions. The cell walls of plant generally have cellu-
lose as the main component. Cellulose is present, apart from plants, in several other
organisms such as algae, fungi, bacteria, and in some marine animals called tuni-
cates. The main cellulose sources are listed and briefly summarized here: Plants are
the principal cellulose source, and due to its biomass, it is mostly composed of
cellulose and its costs of production are relatively low, using mainly wood and
cotton. The polymer could be also obtained from sugarcane bagasse and cereal
plant wastes.

Cellulose is an important component of algae cell walls. Many types of algae are
commonly used in cellulose production. The different species of algae produced
different types of cellulose. Bacterial cellulose is produced by certain species of
bacteria, and one of the most popular is Komagataeibacter xylinus, commonly
found as contaminant during vinegar fermentation. This bacterium produces a
cellulose flat membrane on the interface between air and growth medium (Rajwade
et al. 2015; Jozala et al. 2016). The cellulose membranes are composed by pure
cellulose along with a large amount of water. Bacterial cellulose has unique
properties over plant/algae cellulose:

• It is unique and more intricate nanostructure.
• There is no hemicellulose or lignin to be removed, and it has high purity.
• It has stronger and longer fibers, and higher stability.
• It could be shaped in any form, depending on the container where the bacteria

have been grown.
• It has higher water swelling.
• The bacteria could use several substrates to grow and produce cellulose.
• Membranes properties and yields could be varied depending on which substrate

and which bacteria strain are used.

Microbial cellulose and plants cellulose are identical in molecular formula and
polymeric structure, but differs in the way the glycosyl units are positioned,
modifying the crystallinity. In comparison with plant cellulose, bacterial cellulose
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has a high degree of polymerization and better mechanical properties. Besides, there
are some issues that have stopped the increase of bacterial cellulose production:
high price of production (about 50 times higher than vegetal cellulose), low yields
of production, low scale production, and longer times (Stephen 1995).

It is a water-insoluble polymer and the most relevant in maintaining the structure
of cell walls in plants, because of its toughness. Other interesting properties about
cellulose are its biodegradability and biocompatibility (George and Sabapathi
2015). The reactivity of cellulose is affected by the morphology and degree of
crystallinity, which varies according to the origin and pretreatment of the material
(Krassig 1990).

Various industries such as wine, textile, paper, and fruit have cellulose as waste.
The whole world is imploring biodegradable materials with low toxicity. Natural
cellulose is mainly used to produce paperboard and paper. Cellulose-based mate-
rials have been exploited by human for thousands of years as construction mate-
rials, textile fibers, combustible sources, etc. In biofuels field, the ethanol produced
from cellulose is an important alternative energy source. Cellulose filter is a modern
application of this polymer (McKinnon and Avis 1993), e.g., additives in paints and
coatings, biomedical applications (Lavoine et al. 2012; Mondal 2017), food addi-
tives (Stephen 1995), and renewable energy (McNamara et al. 2015).

The strong mechanical properties, its flexibility, and biocompatibility are
intrinsic properties of cellulose materials; however, they have some complex bio-
engineering applications that need different forms of cellulose as nanocelullose and
bacterial cellulose that are acquiring much importance (Moon et al. 2011).

It is a relatively stable polymer because it has many intra- and interhydrogen
bonds between polysaccharide chains; that is the reason why cellulose is the main
structural component of many plants. The polymer has a highly ordered polymer
region (crystalline) but also an amorphous region (George and Sabapathi 2015;
McNamara et al. 2015).

1.5.4 Soy Hull

Agro-food production, which characterizes developing countries such as Argentina
and Brazil, has undergone extraordinary changes in productive modes in the last
two decades, through the unleashing of unprecedented technological advances, and
brought mainly by bioengineering and new agricultural techniques, besides
mechanical, computer, and chemical tools. Consequently, the agricultural frontier
continues to expand, especially for soybean monoculture with an increase of
185.3% in the area sawn (INTA 2015). Then, the high availability of soy residues
could be an abundant and cheap source of pectin (approximately 25%), in amounts
like that recovered with citrus (Kalapathy and Proctor 2001).

24 B. Bayón et al.



1.5.5 Lignin

Lignin is a three-dimensional network formed by three types of monomers:
p-coumaryl, coniferyl, and sinapyl alcohols. Lignin is a complex highly branched
structure and irregular macromolecule in which basic blocks can be defined as “C9”
units; however, the structure varies according to the vegetable source. In ligno-
cellulosic materials, lignin is the matrix that surrounds cellulosic fibers. Lignin is
viewed as a waste material, available in large quantities from peanut husks, citrus
peels, sugar bagasse, and corn stover, and is also derived from wood
pulp. Commercially, lignins are available as co-products whose main derivatives
are lignosulfates and kraft lignins (Lebo et al. 2001). Their main structure is based
on lamellar macromolecular complexes which link through non-covalent interac-
tions (Rouilly and Rigal 2002).

1.6 Biopolymers Produced from Fermented Wastes

Polyhydroxyalkanoates (PHAs) are polyesters produced by microbes in nature or
by fermentation of sugar and/or lipids. In general, PHAs are commercially pro-
duced using expensive carbon sources: sucrose (Biomatera in Canadá), sugarcane
(Biocylce in Brazil), and corn (Telles in the USA and Tanian in China) (Shen et al.
2009). Besides, some reports demonstrated that PHAs can be produced from several
sources of waste-related, such as olive mill wastes (Morganti et al. 2016), residual
banana (Naranjo et al. 2014), residual vegetable oil (Song et al. 2007), and other
agro-industry wastes (Oliveira et al. 2004).

Furthermore, wastewater from municipal, pulp paper, starch, and dairy
wastewater treatment plants was used as carbon source for PHA’s production (Yan
et al. 2006). The utilization of alternative carbon sources not only responds to be
environmental-friendly but reduces the costs of production that today halts the
widespread utilization of this plastic materials in oppose to those derived from
petroleum (Koller et al. 2010).

Originally, the main purpose of PHA’s industrial developments was the
replacement of polypropylene or polyethylene in plastic bags and containers,
because of its thermoplasticity. All types of containers were made of PHAs. But the
great biocompatibility, plus the biodegradability of PHA’s plastics and their com-
posites, has been used in the development of materials for biomedical applications,
for tissue regeneration and hard tissue replacements.

PHAs are lineal polyesters that comprise a complex class of polyoxoesters. The
majority of prokaryotes synthesize polyhydroxybutyrate (PHB), a biopolymer first
isolated and characterized in 1925 by French microbiologist Maurice Lemoigne
(Lemoigne 1926).

PHA is large family of hydroxyalkanoic acids comprising more than 150 dif-
ferent polymers because of the substrate promiscuity of one of the key enzymes, the
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PHA synthases. Different PHAs exhibit a wide variety of mechanical properties
from hard crystalline to elastic, depending on the composition of monomer units
(Rudnik 2008). The generic formula for PHAs is displayed in Fig. 1.7, where R can
be hydrogen or hydrocarbon chains of up to C15 in length.

The value “n” can vary from 100 to 30,000 depending on the organism used to
produce the bioplastic (Lee 1996). The table exemplifies some of the variety around
PHAs, their names, and common abbreviations and also indicates the PHA type
referred to the side chain (Table 1.1).

Short-chain-length polyhydroxyalkanoates (scl-PHA), such as poly
(3-ydroxybutyrate) (P(3HB)), are highly crystalline materials. The melting point of
P(3HB) is around 177 °C, close to that of polypropylene, showing other similar
properties such as thermoplasticity and UV resistance, although the biopolymer is
stiffer and more brittle. P(3HB) is water insoluble and relatively resistant to
hydrolytic degradation. This differentiates P(3HB) from most other currently
available biobased plastics which are either moisture or water soluble. Because of
the crystallinity of this material, one of the largest uses of biodegradable polymers,
the application to a flexible film, cannot be achieved. To improve the characteristics
of this bioplastic, attempts have been made to copolymerize PHB with several
different copolymers. When the copolymerization occurs with other hydroxy acid
units, the mechanical properties can be improved. For example, the addition of
3-hydroxyvalerate co-monomer (3HV) enhances the impact strength and the
polymer becomes more flexible.

Fig. 1.7 Cartoon of chemical structure of PHAs. Source http://www.polyfermcanada.com/pha.
html

Table 1.1 Classification of polyhydroxyalkanoates based on their R-groups

PHA type R group PHA name Abbreviation

PHA-scl R = H Poly(3-hydroxypropionate) P3HP

R = CH3 Poly(3-hydroxybutyrate) P3HB

R = C2H5 Poly(3-hydroxyvalerate) P3HV

PHA-mcl R = C3H7 Poly(3-hydroxyhexanoate) P(3HHx)

R = C5H11 Poly(3-hydroxyoctanoate) P(3HO)

PHA-lcl R = C15H31 Poly(3-hydroxyoctadecanoate) P3HOD

scl short chain length; mcl medium chain length; lcl long chain length. Source (http://www.
polyfermcanada.com/pha.html)
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As the size of the chain length of the monomer increases, the material becomes
softer and rubbery. So, medium-chain-length PHAs (mcl-PHA) are normally
elastomers and sticky materials. This way, the addition of monomers of medium or
long side chain length have a range of properties depending on composition, being
hard, with some elasticity when the percentage of 3-hydroxyhexanoate (3HHx)
co-monomer is low, too soft, and rubbery when the 3HHx percentage is higher.
Consequently, a copolymer PHB-P(3HHx) combines properties normally associ-
ated with synthetic plastics, such as the strength and flexibility of polyethylene and
chemical compatibility of polyesters (printability, dyeability) (Rudnik 2008;
Bugnicourt et al. 2014).

From microbial physiological point of view, PHAs are storage compounds
produced in large quantities in the presence of culture media with carbon excess
(Fig. 1.8), and it is natural for microorganisms to have an enzyme to degrade it and
to recover this stored carbon source when in the surrounding environment it is
scarce, so PHAs work as functional carbon depot that can serve as a source of
carbon and/or energy for microorganisms during periods of fasting or nutritional
stress.

1.7 Biomedical Application of Biopolymers

Bioconversion of industrial and agricultural wastes in useful compounds like
biopolymers not only gives some additional value to products but also reduces
pollution creating, virtuous circles. However, sometimes, the value of the recycled
products is not enough to economically support biotransformation and downstream
processes at large scale. In these cases, specific applications of such molecules can

Fig. 1.8 Micrograph of
wild-type Bacillus
megaterium strain uyuni S29
isolated from Uyuni salt field
(Bolivia) containing PHB’s
granules after 21-h
fermentation. Source
Rodríguez-Contreras et al.
(2013)
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bring high-value output for the commercial processes and social benefits. Typically,
this is the case of biomedical uses of biopolymers in biomedicine such as regen-
erative, curative, and preventive medicines, drug delivery, and tissue engineering,
among others. In the present section, some relevant biomedical applications of
selected biopolymers will be displayed.

1.7.1 Biomedical Applications of Cellulose

The most relevant applications of cellulose in biomedical uses are described below:
Artificial cornea: Several cellulose biocomposites have been described to fully

adapt the material’s properties for eye therapeutics. Distinct functionalization is
reported to produce tridimensional structures more adequate to cell growth to be
employed as artificial cornea or relieve glaucoma. Thus, many related cellulose
composites can support the growth of corneal stromal cells while preserving a full
vision to the patient; these materials present a great potential to be used as eye
scaffolds and replace the less biocompatible systems currently utilized in the clinic.
Moreover, cellulose lenses could be loaded with drugs to maintain adequate con-
centrations during the treatment of eye infections and allergies (Jia et al. 2009;
Fadel Picheth et al. 2017).

Cartilage or meniscus implants: The bacterial cellulose has mechanical
properties like those of the cartilage, even more than the collagen which is the
material that is usually used for the manufacture of scaffolds. In the case of damage
to the meniscus of the knee, which is a common injury, the menisci are removed
and do not regenerate again. For this reason it is necessary the development of
implants to replace them (Bodin et al. 2007; Rajwade et al. 2015).

Dental implants: The development of new materials for bone and soft tissue
regeneration has been changed by research in the field of biomaterials. Cellulose
has a structure that permits cell growing and is also biocompatible with the damage
tissue. Usually, the cellulose matrix is functionalized and combined with other
materials as ceramics or other biopolymers, in order to change mechanical prop-
erties for this application (Grumezescu 2016).

Drug delivery applications: Cellulose-based drug delivery systems attracted
attention as a promising material in the biomedical field because of their out-
standing properties such as hydrophilicity, biocompatibility, biodegradability, and
high surface area. Cellulose has an internal structure that allows the loading of some
molecules such as pharmaceutical drugs. Drug delivery nowadays has been
accepted as a promising strategy to prolong the residence time and to improve
specific localization of drug delivery systems on various biological membranes
(Yordanov et al. 2013; Almeida et al. 2014; Cacicedo et al. 2016). Another
advantage of these drug delivery systems is their potential to extend the residence
time at the site of drug absorption, and thus, they can reduce the dosing frequency
in controlled release drug formulations. These dosage forms can also intensify the
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contact of their drug contents with underlying mucosal barrier and improve the
epithelial transport of drugs across mucus membranes, especially in the case of
poorly absorbed drugs. Moreover, cellulose is a green material that is innocuous for
the human body (Edgar 2006; Dash et al. 2012; Shokri and Adibki 2013; George
and Sabapathi 2015).

Filtration: One of the oldest and most common uses of cellulose is to use thin
layers of the biopolymer as filters. It takes advantage of the intricate fiber structure;
in biomedicine, cellulose filters are used to remove microorganisms from solutions
(McKinnon and Avis 1993).

Wound dressing: Following the same reasoning as in filters, cellulose mem-
branes (plants or bacterial) maintain a physical barrier that not allow the passage of
bacteria due to its microfibrillar structure that provides flexibility, high water
retention capability, and gas exchange. These properties are extremely important in
skin burn/wound treatment. The cellulose membranes also could be loaded with a
drug to treat the injured tissue. Currently, the main commercial utilization of BC
membranes is as wound dressing devices, commercialized under several trademarks
(Portal et al. 2009).

1.7.2 Biomedical Applications of Chitin and Chitosan

Chitin and chitosan have excellent properties for biomedical applications because of
high biocompatibility and biodegradability, non-toxicity, molecules adsorption
properties, antimicrobial activity, water absorption, ecological safety, etc. The most
relevant application of chitin and chitosan is summarized below:

Antimicrobial agent: As it was previously discussed, chitosan has interesting
antimicrobial properties; it was proved that it inhibited the growth of E. coli, S.
aureus and also some fungi organisms (Martins et al. 2014).

Contact lens: The antimicrobial properties of chitosan along with the possibility
of making clear thin films makes chitosan an adequate material for the development
of ocular dressings or contact lens (Silva et al. 2016; Anirudhan et al. 2016).

Cosmetics: Lots of cosmetics must be dissolved in acid medium, and chitosan
has the unique property of being a cationic polymer that could be dissolved under
acid conditions. That is the reason why chitosan is used as thickener in creams and
lotions, and also as an antimicrobial agent (Jimtaisong and Saewan 2014).

Drug delivery systems: Many polymers are used as a material for drug delivery
and controlled release devices. Chitosan as a cationic polymer allows the encap-
sulation of molecules with negative charge. The drug delivery concept is the pre-
dictable and controlled release of molecules (antibiotics drugs, antineoplastic drugs,
enzymes, etc.) in specific environmental conditions, during a determined period at
established concentrations. This procedure can minimize secondary effects of
several drugs and the dose numbers and maximize the treatment efficacy.
Something that is usually pursued in this field of research is a biodegradability of
the material and a low toxicity. All these interesting properties of chitosan make this
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natural polymer an ideal candidate for controlled drug release formulations (Janes
and Alonso 2003; Duttagupta et al. 2015).

Enzymes, bacteria, and cells immobilization: As alginate, collagen, and oth-
ers, chitosan could also immobilize biological systems, such as enzymes, bacteria,
and cells. This is really useful in bioreactors or bioprocess where the biological
compounds must be collected and reutilized after production (Trabelsi et al. 2014;
Rana et al. 2014; Rangel-Rodríguez et al. 2014).

Sutures: Chitin is a convincing material for wound sutures because of its
elasticity, biocompatibility, biodegradability, and low toxicity in combination with
its antimicrobial activity and low immunogenicity, points to immense potential for
future development of absorbable sutures (Medovent 2016).

Wound dressing: Chitin and chitosan materials for wound healing are in con-
tinuous research. Several wound dressing polymeric membranes were developed,
with combination of diverse polymers including gelatin and alginate. Chitosan
shows an excellent adhesion to skin. It was found that skin regeneration is promoted
in the contact area of the dressing. Other advantage of the chitosan in a wound
dressing is the antimicrobial activity (Upadhyaya et al. 2013; Patrulea et al. 2015).

1.7.3 Biomedical Applications of Collagen

Cosmetic surgery: Collagen has been widely used in cosmetic, as a healing aid for
burn patients, for reconstruction of damage tissues, and for surgical purposes. Both
human and bovine collagen are widely used for the treatment of skin aging. When it
is used as a cosmetic, there could be a redness caused by allergic reactions; how-
ever, this can be tested before using the cosmetic (Gomez-Guillen et al. 2011; Liu
et al. 2015).

Tissue regeneration: Collagen scaffolds are used in tissue regeneration, whether
it adopts several forms of sponges, thin sheets, or gels. Collagen has really good
properties that look for in tissue engineering materials, such as porosity, perme-
ability, hydrophilicity, and biocompatibility. Collagen scaffolds are also ideal for
the seeding of cells, such as osteoblasts and fibroblasts, allowing normal growth
once inserted in the tissue. Biomaterials based on collagen are widely used in tissue
engineering such as injectable matrices and scaffolds intended for bone regeneration
(Hoyer et al. 2012).

Collagen scaffolds play an important role in helping tissue regeneration, mainly
skin, bone, and cartilage (Bomhard et al. 2013). The scaffolds are implanted when
the tissue damage is severe, and the organism is unable to heal it.

Reconstructive surgical uses: Collagens are widely employed in the con-
struction of the artificial skin substitutes used in the management of severe burns
and wounds and also in the reconstruction of the skin tissue after a surgery (Chvapil
et al. 1973; Lazovic et al. 2005). These collagens may be derived from bovine,
equine, porcine, or even human sources and are sometimes used in combination
with silicones, polysaccharides, fibroblasts, growth factors, and other substances.
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Wound treatment: Collagen is one of the skin tissue components so it can
plenty benefit the wound healing and cicatrization process. Collagen is a natural
product; therefore, it is used as a natural wound dressing and has properties that
artificial wound dressings do not have. There are some works that show that col-
lagen avoids bacterial infections which is relevant in a wound dressing material.
When collagen is used as a burn dressing, collagen fibers serve to guide fibroblasts
causing formation of fibrillar structures and helping it to heal rapidly
(Chattopadhyay and Raines 2015).

Pharmaceutical industries: Collagen is used in pharmaceutical industries as
microparticles, injectable dispersions, membranes, and materials for drug delivery
systems. Its application in the pharmaceutical as well as biomedical field is due to
its characteristics such as low toxicity, cell adhesion ability, biodegradability, and
biocompatibility (Leitinger and Hohenester 2007; Pamfil et al. 2015).

Drug delivery: Collagen has been used in drug delivery systems: for example,
collagen shields in ophthalmology, mini-pellets and tablets for protein delivery, gel
formulation in combination with liposomes as controlling material for transdermal
delivery, and nanoparticles for gene delivery (Kittiphattanabawon et al. 2015).

1.7.4 Biomedical Applications of Pectin

Since its discovery, pectin has been extensively used as a food additive. The main
use of pectin remains as a gelling agent, thickening agent, and stabilizer in foods.
However, pectin applications in other fields such biomedicine and health care could
provide the necessary market value to make its recovery from plant wastes
profitable.

Food additive: It is recognized that consumption of pectin as a dietary sup-
plement provides many health benefits. There is clear evidence that pectin can
lower cholesterol levels (Brown et al. 1999) and glucose serum levels (Behall and
Reiser 1986). Intake of pectin also reduces food intake because of its properties to
extend the residence time in the upper digestive tract, so it has been used to treat
overeating. Pectin and its degradation products have also showed apoptosis
induction activity in colonic adenocarcinoma cells, and this could explain the
protective effect of fruits in colorectal cancer (Olano-Martin et al. 2003).

Drug delivery: In the pharmaceutical area, pectins have been used as a binding
and blending agent for controlled release matrix formulations (Sriamornsak et al.
2007; Costas et al. 2012; Dini et al. 2014; Islan et al. 2015). In nasal drug delivery,
the conventional formulations have a residence time around 15 min; hence, gel-like
formulations have been tested and pectin fentanyl spray was proven to improve the
analgesic onset, treatment efficacy, and acceptability to treat breakthrough cancer
pain (Fisher et al. 2010). Ocular drug delivery fronts similar obstacles; therefore, an
alternative approach was the application of pectin systems for an in situ gel for-
mation where pectin is applied in a liquid form and then gels in the eye. The
gelation is mainly triggered by the pH of the tears and by the presence of
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electrolytes in the tear film. Pectin piroxicam microspheres have been tested in this
sense (Giunchedi et al. 1999).

However, it is in the development of specific site-directed formulations in which
pectin has truly promising pharmaceutical applications, for example, in
colon-specific drug delivery, for systemic action, or topical treatments of diseases
such as ulcerative colitis, Crohn’s disease, and colon carcinomas (Costas et al.
2012). The development of smart hybrid pectin alginate microspheres to release
antibiotic and destroy microbial biofilms in the intestine was reported successfully
(Islan et al. 2015). The rationale for the use of pectins is based in the degradation by
the pectinolytic enzymes produced by colon flora, which will delay the cargo
release and protect the active component in the upper digestive tract due to its
insolubility in acid medium and the absence of enzymes capable of degrading it in
the stomach and the small intestine in humans. For this use of pectins, several
articles were published, for a variety of active compounds, i.e., antioxidants
(Bermúdez-Oria et al. 2017), water-soluble and water-insoluble drugs (Glinsky and
Raz 2009; Liu et al. 2003), enzymes (Bourgeois et al. 2006; Islan et al. 2015),
probiotics (Anal and Singh 2007), and SPIONs (Dutta and Sahu 2012).

Wound dressing: The medical research on pectin does not end here, because its
biocompatibility and gel-forming ability that functionalized biomaterials based in
pectin have been tested in wound dressing (Munarin et al. 2012) and tissue engi-
neering (Coimbra et al. 2011).

Also, pectin- and pectinate-based systems were developed in other areas of
research. Pectin gel beads were used to remove cadmium and copper from aqueous
solutions (Cataldo et al. 2013). Pectin-synthetic polymers were developed to gen-
erate biodegradable films and packages (Cavallaro et al. 2013; Nesic et al. 2011).

1.7.5 Biomedical Applications of PHBs

PHAs are generally well tolerated by the mammalian immune system, PHB fibers in
particular were tested to suture wounds, and the physiological reaction was equal to
silk, a completely biocompatible polymer and used in the development of tissue
scaffolds (Volova et al. 2003; Zhao et al. 2003).

The immense variety of mechanical properties, and the biodegradability and
biocompatibility of the PHA have made that in the last 20 years various applica-
tions have been developed in the field of medicine. Changing the PHA composition
can provide for materials with different degradation times within desirable time
frames under specific physiological conditions (Chen and Wu 2005). For example,
in surgical devices such as sutures, meniscus repair devices, screws, bone plates,
repair patches, and orthopedic pins (Dai et al. 2009), PHAs have been used also for
the replacement or scaffold for damaged tissue in tendon repair devices, nerve
guides (Bian et al. 2009), vein valves, bone marrow scaffolds, skin substitutes, and
wound dressing (Wang et al. 2008).
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Another homopolymers and copolymers such as poly(lactic-co-glycolic acid)
(PLGA) or poly(glycolic acid) (PGA) are widely used in commercially available
sustained release products for drug delivery. However, lactate and glycolate
copolymers are degraded by bulk hydrolysis; hence, drug release cannot be fully
controlled. Instead, PHA is hydrophobic and can be molded into a variety of forms
such as films, microcapsules, nanoparticles, and porous matrices. This way, several
drugs have been trapped in PHA matrices, antibiotics, antitumoral agents, vaccines,
and hormones (Nobes et al. 1998; Orts et al. 2008).

In 2005, Peters and Rehm demonstrated that formation of PHA granules was not
affected by GFP fusion with the N-terminal PHA synthase (Peters and Rehm 2005).
This opened the door to PHA modification to allow functionalized PHA particles to
acquire new properties, including target delivery. PHA particles were surface
modified to provide ligand–receptor specificity, for example, mannosylated human
1-acid glycoprotein (hAGP) and human epidermal growth factor (hEGF) for tar-
geting cancer cells or macrophages, respectively (Yao et al. 2008).

1.7.6 Biomedical Applications of Starches

Application of starches in biomedicine is based on blends within other polymers to
provide specific properties for designed purposes. Blends with agro-materials like
pectin for drug release in colon were reported (Fishman et al. 2000; Dimantov et al.
2004). Nevertheless, the patents and literature on starch blending with biodegrad-
able plastics are more diverse and abundant. Poly(vinyl alcohol) (PVA) blends have
demonstrated good biodegradability (Ishigaki et al. 1999) and excellent mechanical
properties in the formation of films encapsulating drugs or proteins for biomedical
applications (Jayasekara et al. 2004; Kenawy et al. 2014). Hydrogels can be pro-
duced with starch and PVA for its use in wound treatment (Kunal et al. 2006).
Results on blends using different polyhydroxyalkanoates (PHA) and starch were
compiled by Shogren 2009, but the applications developed for these materials target
disposable containers, textiles, and adhesives or coatings.

Starch composites and nanocomposites containing cellulosic or lignin and cotton
fibers were included in PLS in order to improve the mechanical properties, such as
tensile strength and water intake, but their biocompatibility was not evaluated (Wan
et al. 2009; Prachayawarakorn et al. 2010; Grande et al. 2009).

1.8 Conclusion and Final Remarks

In synthesis, although there are many agricultural species which yield food pro-
duction and industrial wastes, the raw materials that issue from them are few,
principally fatty acids and terpenes, sugars, celluloses, starches, lignin, proteins,
polyphenols, and fibers. The limited range is, however, compensated by the high
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tonnage of food wastes available annually worldwide from the food-processing
industry.

Finally, although biopolymers from renewable sources are friendlier to the
environment than synthetic ones, it should be kept in mind that they can also leave
an important environmental footprint. For example, the growing of agricultural
crops may involve the use of huge quantities of pesticides. Unless proper man-
agement practices are used, depletion of soil nutrients and microbes may occur. In
addition, the preparation and purification of biopolymers requires chemical and
biochemical processes, with the use of water, energy, and chemical or biological
additives. Green chemistry is full of examples of the so-called life cycle innovation,
which implies to achieve improvements at all stages of the product or process life
cycle (Anastas and Lankey 2000). The challenge, then, is to convert natural
biopolymers of discard into useful materials that can be used in the pharmaceutical
industry and in biomedicine, keeping in mind the environmental integrity.
However, designing a molecule that avoids one type of toxic mechanism of action
without increasing the likelihood of initiating any of the others is a very big
achievement (Anastas and Zimmerman 2016).

In each case, it should be considered the desirability of applying a biotechno-
logical process through a life cycle analysis (LCA). The LCA allows to evaluate the
interactions that a product or service has with the environment, considering its
whole life cycle that includes the preproduction points (extraction and production of
raw materials), production, distribution, use (including reuse and maintenance),
recycling, and final disposal. In brief, the activity throughout the entire life cycle
involving all the stages of the product chains is considered. The concept was
summarized in the phrase “from cradle to grave” (Gentil et al. 2010; Piemonte
2011; Guo et al. 2013).

If we want our economy to rest on a sustainable basis, an urgent replacement of
fossil carbon as chemical industry feedstocks must be done (Andrady and Neal
2009; Pei et al. 2011). Humans are concerned about the availability and real cost of
oil, the accumulation of waste in natural environments, including the sea with
negative effects on marine fauna through plastic ingestion, the leaching of plastic
products with the potential to transfer chemicals to human beings and wildlife
(Thompson et al. 2009).

Valorization of waste to valuable products (e.g., materials, chemicals, and
energy) holds a significant sustainability potential for future generations. Apart
from being an interesting alternative for waste disposal or landfilling, it will also
increase its value through the production of highly added value products, resulting
in a great progress in both environmental and economic terms (Catalina et al. 2012).
The use of food and agro-industrial wastes for bioproduction of valuable bio-
products is economically important and can minimize various environmental haz-
ards. In this scenario, environmental biotechnology is emerging as a good option to
tackle adverse impacts.

However, the transition from a fossil fuel-based economy to a biobased economy
requires the exploitation of synergies, scientific innovations and breakthroughs, and
step changes in the infrastructure of chemical industry. Sustainable production of
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chemicals and biopolymers should be dependent entirely on renewable carbon
(Koutinas et al. 2014). Particularly, the novel trends in biomedicine are potential
applications for biopolymers such as scaffolds, controlled drug release, surgical
sutures, gauzes, bandages, bone plates, and wound care and structural materials in
personal hygiene products and packaging. Also, by combining emerging micro- and
nanotechnologies with biopolymers, novel platforms to develop hybrid biopoly-
meric systems usable in many industries will be created for specific applications and
highly added values.

Finally, human beings have the key. The reuse of biopolymers will depend on
developing technologies and the responsibility of human being toward himself and
the environment. That in turn will partly depend on how strongly society is com-
mitted to the concepts of resource conservation and reuse, environmental preser-
vation, restoration, and the use of sustainable technologies. There are growing signs
that people indeed want to live in greater harmony with nature and leave future
generations a healthy planet.

In this line, we can agree with Trevors and Saier (2010a, b), who pointed out:
“Social rules can be broken, but the laws of nature can’t.” All agree that human
activities are the cause of most of our environmental problems. Educate, manage
humans and their damaging actions -not just manage the environment- and we have
a chance for sustainability and species survival.
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Chapter 2
Biosurfactants from Processed Wastes

Seba George and K. Jayachandran

Abstract Better waste management and economic biosurfactant production have
been achieved when scientific studies were piloted concentrating on the three ‘R’
principles: Reduce, Reuse, and Recycle. Waste products from various industries
and processes when selected as low-cost substrates having proper nutrient balance
for biosurfactant production, biotechnological research contributed a substantial
share to its environmental preservation strategies. Utilization of a variety of natural
waste materials as alternative cost-effective carbon sources for the economic pro-
duction of biosurfactants generates a high-value biotechnological product with the
potential industrial application and, moreover, a process that can contribute to
decreasing the disposal of wastes into the environment. Even though it is a fact that
these biosurfactants derived from renewable raw materials are coming progressively
on to the market, their growth and development need extensive cooperation across
disciplines in order to fully characterize them and identify their potential uses in
various sectors and industries.

Keywords Biosurfactants � Rhamnolipids � Agrowastes � Bioprocess

2.1 Introduction

Even as nature is ultimately the provider of all his resources, modern man tends to
treat it as the ultimate bin for all his waste. In this scenario as well, science does its
magic by taking advantage of both these facts and shows that waste can be applied
as a resource, through the application of biotechnology for the production of one of
the most versatile process chemicals used in industry: biosurfactants, an
environmental-friendly green chemical. They are microbiological compounds that
exhibit high surface activity, emulsifying activity, low toxicity, biodegradability,
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ecological acceptance and stability at extremes of temperature, pH, and salinity. To
spread the application of microbial surfactants by making them competitive with
their chemical counterparts, many efforts have been done which mainly concen-
trated on the use of alternative low-cost substrates. This research is mainly centered
on tropical agro-industrial crops and residues and the waste generated by the oil and
fat industries. Processed agro-industrial wastes reported to be found as substrates
for biosurfactants production are: starch-rich waste from potato processing industry
and potato peels, cassava flour wastewater, wheat bran, grape marc, distillery and
whey waste, orange peelings, carrot peel waste, lime peelings, coconut oil cake, and
banana waste, paneer/cottage cheese whey waste, and rice straw. Oil-derived waste
materials reported as similar substrates are olive oil mill effluent, soybean oil
refinery wastes, used olive oil, waste lubricating oil, vegetable oil refinery waste of
canola, soybean and corn oil, waste frying coconut oil, and groundnut oil refinery
residue. Industrial waste has attracted considerable interest from researchers as
low-cost substrates for biosurfactant production, as the substrate—accounts for up
to 50% of the final production cost. Accounts of the studies of the waste material
usage for biosurfactant production indicate that the two categories (i) the
agro-industrial wastes with high contents of carbohydrates or lipids and (ii) the
hydrophobic wastes are being extensively concentrated for this purpose.

2.1.1 Biosurfactant Production on Agro-Industrial Wastes

Potential substrates for biosurfactant production are made available in the potato
processing industry. A study by Fox and Bala (2000) highlighted the potential
environment threat and economic liability of starch-rich wastes from potato pro-
cessing industries. An established potato medium, simulated liquid and solid potato
waste media, and a commercially prepared potato starch inmineral salts mediumwere
evaluated in shake flask experiments to establish growth, surface tension and car-
bohydrate reduction capacities. A drop in surface tension to 28.3 from 71.3 mN/m in
simulated solid potato medium from a methylene chloride extract of the biosurfactant
was observed. Thompson et al. (2000) used high solids (HS) and low solids
(LS) potato effluents as substrates for surfactin production. They used effluents diluted
1:10, unamended and amended with trace minerals or corn steep liquor. Bacillus
subtilis 21332 grew on all three potato substrates regardless of the addition of
exogenous nutrients. Das and Mukherjee (2007) produced lipopeptide biosurfactants
using two thermophilic strains of B. subtilis grown on a substrate derived from waste
potato peels.

Another available agro-industrial waste used for biosurfactant production was
molasses. It is one by-product of the sugar industry, rich in various nutrients and a
major raw material for the production of baker’s yeast, citric acid, feed yeasts,
acetone, organic acids, and amino acids. Makkar and Cameotra (1997) used
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minimal medium supplemented with molasses as a carbon source for biosurfactant
production by two strains of B. subtilis and observed maximum biosurfactant
production in late stationary phase and exhibited good emulsification index.
Production of rhamnolipid was studied by growing Pseudomonas aeruginosa
EBN-8 mutant on varying concentrations of clarified blackstrap molasses as a sole
carbon and energy source and biosurfactant yield were observed as 1.45 g/l (Raza
et al. 2007a). Wide spectrum of comparative studies on different sources of
molasses like sugarcane, beet and soy molasses using for a range of biosurfactants
was reviewed by Banat et al. (2014).

Nitschke et al. (2004) have evaluated and compared cassava flour wastewater as
a potential alternative culture medium for biosurfactant production and Veenanadig
et al. (2000), reported the surfactant production by Bacillus subtilis cultivated on
wheat bran. 46 g/l rhamnolipid yield was reported by Neto et al. (2008), by
P. aeruginosa UFPEDA 614 in a solid-state culture using a 50:50 mixture of
sugarcane bagasse and sunflower seed meal, supplemented with impregnating
solution containing 10% (v/v) glycerol as substrate. They reported the production of
rhamnolipid in solid-state culture (SSC) for the first time in the journal literature. In
another study, B. subtilis LAMI008 strain isolated from the tank of chlorination at
the wastewater treatment plant in Brazil was screened for surfactin production in
mineral medium containing clarified cashew apple juice (MM-CAJC). Surfactin
concentration of 3.5 mg/l was obtained when (MM-CAJC), supplemented with
yeast extract was used, indicating that it is feasible to produce surfactin from
clarified cashew apple juice. Same authors reported the use of natural cashew apple
juice, a by-product of the cashew nut industry, as fermentation medium for bio-
surfactant production by Acinetobacter-calcoaceticus (Rocha et al. 2006). In our
work, we carried out the fermentative production of rhamnolipid biosurfactant from
P. aeruginosa MTCC 2297 using various cost-effective waste materials such as
orange peelings, carrot peel waste, lime peelings, coconut oil cake, and banana
waste. The orange peel was found to be the best substrate and was utilized by
P. aeruginosa MTCC 2297 as a very effective carbon source generating 9.18 g/l of
rhamnolipid biosurfactant (George and Jayachandran 2009).Carrot peel waste, lime
peelings, coconut oil cake, and banana waste were also tested as low-cost carbon
sources (George and Jayachandran 2009; Rane et al. 2017). Products such as straw
of wheat, straw of rice-(Zhu et al. 2013), hull of soy, -corn, -rice, -rice water
(by-product-from-domestic-cooking-and rice-processing-industry) are representa-
tive candidates of agro industrial wastes (Banat et al. 2014).

Industrial wastes such as distillery and whey wastes were—utilized successful
for batch kinetic studies on rhamnolipid biosurfactant production by
Sudhakar-Babu et al. (1996) and Dubey and Juwarkar (2001). Another good sub-
strate for biosurfactant production is lactic whey which is composed of high levels
of lactose (75% of dry matter), 12–14% protein, organic acids, and vitamins. Koch
et al. (1988) used the lactose-utilizing capability of Escherichia coli by cloning the
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lactose gene Lac ZY from E. coli in P. aeruginosa, which then grew on whey for
biosurfactant production. Daniel et al. (1998) achieved production of high con-
centrations of sophorolipids using a two-stage cultivation process: first, depro-
teinized whey concentrate (DWC) was used for the cultivation of the yeast
Cryptococcus curvatus ATCC 20509; cells were then disrupted, autoclaved and the
resulting crude cell extract containing the single cell oil served as a substrate for
growth of Candida bombicola ATCC 22214 and for sophorolipids production in a
second stage. A recent report shows that 4.8 g/l rhamnolipid biosurfactant, which
was detected to be nontoxic against mouse fibroblastic cell line L292, was produced
by P. aeruginosa SR17 using paneer (cottage cheese) whey waste as substrate
(Patowary et al. 2016).

Grape marc, a useless agricultural residue from wineries, is produced after
pressing the crushing grapes in white wine-making technology or after fermentation
and maceration on red wine-making technology. Grape marc is usually distilled in
wineries to recover ethanol, further used to produce spirituous liquors, giving huge
amounts of distilled grape marc without an efficient use after the wine-making
process. This distilled grape marc was used to obtain sugar solutions by diluted acid
hydrolysis, which after nutrient supplementation was used to efficiently convert
monomeric hemicellulosic sugars into lactic acids and biosurfactants by
Lactobacillus pentosus (Rivera et al. 2007). In this study, they observed the pro-
duction of 4.8 mg/L of intracellular biosurfactant, measured as biosurfactin, by
L. pentosus.

2.1.2 Biosurfactant Production on Oils
and Oil-Containing Wastes

Vollbrecht et al. (1999) investigated the production of biosurfactant using domestic
vegetable oils in order to convert renewable resources into higher value products. In
their study with Tsukamurella species DSM 44370, they obtained the best growth and
glycolipid production using natural vegetable oils rather than complex media and
hydrophobic carbon sources. Of the vegetable oils tested, oleic acid-rich oils and
rapeseed oil gave the best results. On sunflower oil, a yield of around 5 g/l glycolipid
was obtained. Sarubbo et al. (1997) evaluated the production of bioemulsifiers by two
strains of Candida lipolytica using media supplemented with 5% BabaCu oil and 1%
glucose as carbon source. They observed the production of bioemulsifiers as sec-
ondary metabolites at the end of the exponential growth phase and beginning of the
stationary growth phase. Mercade et al. (1993) reported the use of olive oil mill
effluent (OOME) as a new substrate for rhamnolipid production by Pseudomonas
sp. JAMM. OOME is black liquor containing the water-soluble fraction of ripe olives
andwater that is used in the process of olive oil extraction, and it is amajor pollutant of
the agricultural industry in Mediterranean countries. Of the 22 strains tested, only 15
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showed growth. In another study using Pseudomonas strain 42A2 and a subproduct
from the distillation of non-specific mixtures of vegetable oils, the same authors
observed the production of a new biosurfactant 7, 10—dihydroxy—8E—octade-
canoic acid. Abalos et al. (2001) have reported the use of soybean oil refinery wastes
for the production of new rhamnolipid by P. aeruginosa AT10. They reported a final
production level of 9.5 g/l of rhamnolipids, which was reached in two main stages.
Rahman et al. (2002) reported rhamnolipid biosurfactant production by strains of
P. aeruginosa using low-cost raw materials. An oil-degrading strain, P. aeruginosa
DS10-129, produced maxima of 4.31, 2.98, and 1.77 g/l rhamnolipid using soybean
oil, safflower oil, and glycerol, respectively. Marsudi et al. (2008) reported the use
of palm oil as the sole carbon source for the simultaneous production of PHAs
and rhamnolipids using P. aeruginosa IFO3924. The highest yields of PHA were
0.086 g/g and rhamnolipid was 0.063 g/g at 6.9 g/l palm oil. A marine bacterium,
P. aeruginosa BYK-2 (KCTC 18012P), was immobilized by entrapment in 10%
polyvinyl alcohol beads and optimized for the continuous production of rhamnolipid.
A modified basal salt medium containing 1% fish oil (Pollack–liver) was utilized as a
carbon source in a bioreactor, and about 6 g/l rhamnolipid was obtained after 8 days
(Jeong et al. 2004). Meat processing industries such as food and leather produce
significant quantities of animal fat. Demand for animal fats is considerably less
than vegetable oils, and hence the huge unspent amount of animal fat becomes a
problem-for-utilization-as-well-as-for-their disposal. Using animal fat and corn steep
liquor, Santos et al. (2013) achieved maximum glycolipid production by the yeast
C. lipolytica UCP 0988. The authors also report that the product has uses in biore-
mediation as well as oil mobilization and recovery. P. aeruginosa J4 isolated from
wastewater of a petrochemical factorywas used to produce rhamnolipid from a variety
of carbon substrates, including hydrophilic substrates, vegetable oils, and mineral
oils. The P. aeruginosa J4 strain was able to assimilate in the seven carbon substrates
examined (namely glucose, glycerol, olive oil, sunflower oil, grape seed oil, diesel,
and kerosene), but it grew less efficiently inmineral oils (especially kerosene). Among
the seven carbon substrates examined, olive oil was the most efficient one for rham-
nolipid production at a concentration of 10% (Wei et al. 2005). Rapeseed oil
(Trummler et al. 2003), palm oil (Pornsunthorntawee et al. 2008), and soybean oil
(Abdel-Mawgoud et al. 2009) were utilized as substrates for the production of
rhamnolipids by different strains of P. aeruginosa. The yeast strain CLOA 72 isolated
from the effluent of an aeration tank at an activated sludge wastewater treatment plant
of a dairy industry, in Brazil and identified as Trichosporon-montevideense, was able
to grow and produce a glycolipid biosurfactant when cultured on a mineral medium
(MM) with sunflower oil as the carbon source (Monteiro et al. 2009). Sobrinho et al.
(2008) described a low-cost medium for the production of a surfactant by the yeast C.
sphaerica. The medium was formulated only with distilled water supplemented with
5.0% groundnut oil refinery residue plus 2.5% corn steep liquor as substrates. The
isolated biosurfactant was formed with a yield of 4.5 gl.
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Frying oil is produced in large quantities for use both in the food industry and at
the domestic scale. After being used, cooking oil changes its composition and
contains more than 30% of polar compounds (Kock et al. 1996) depending on the
variety of food, the type of frying and the number of times it has been used. Haba
et al. (2000) compared the composition of used olive and sunflower oils with the
standard unused oils and screened 36 microorganisms for the production of bio-
surfactants in submerged culture with waste olive or sunflower oil as carbon
sources. Same authors reported the simultaneous production of rhamnolipids and
polyhydroxy alkanoates when grown with residual or low-value oils as carbon
substrate (Haba et al. 2007). In another study, Raza et al. (2007a, b) produced
rhamnolipid by using distant carbon sources and four varieties of substrates, viz
hydrocarbons (paraffin, kerosene, n-hexadecane); waste frying oils (canola, soy-
bean, corn), vegetable oil refinery wastes (canola, soybean, corn), and molasses
under single- and fed-batch cultivation setups. Hydrocarbons and waste frying oils
gave good rhamnolipid production, whereas vegetable oil refinery wastes and
molasses promoted poor yields. Soybean and corn waste frying oils were observed
to be preferred carbon sources followed by kerosene and paraffin oils. The waste
frying oils gave the highest production of rhamnolipids ranging from 2.1 to 4.1 g/l
and the best results were obtained with soybean waste frying oil as carbon source
producing 4.1 g/l rhamnolipids at seven days of incubation. The possibility of
waste frying coconut oil to be used as a very effective alternate substrate for the
economic production of rhamnolipid by a newly isolated P. aeruginosa D was
reported by George and Jayachandran (2012). Used olive oil was a better substrate
for cell growth as well as for rhamnolipid production. Growth and biosurfactant
production by various Bacillus strains were not as good as with Pseudomonas
strain. A new lipopeptide biosurfactant produced by Klebsiella sp. Y6-1, isolated
from waste soybean oil, utilized crude oil as the sole carbon source, and inoculated
to the medium with waste soybean oil suspension. The final concentration of crude
biosurfactant produced was 100 mg/m (Lee et al. 2008). Spent oils are usually
abundantly available oils that are quite difficult to dispose of due to environmental
concerns including persistence and resistance to biodegradation. They include
waste vegetable oil, used motor oil, lubricating oils, jet fuels all of which can act as
a cheaper source for microbial processes such as biosurfactant production. Usage of
such kind substrates is usually encouraged as a pollution control strategy (Banat
et al. 2014). Recently, Saravanan and Subramaniyan (2014) isolated P. aeruginosa
PB3A strain from oil-contaminated soil and examined biosurfactant production on
various substrates namely, castor oil, coconut oil, rapeseed oil, corn oil, motor oil,
sunflower oil, olive oil, olein, barley bran, rice bran peanut cake, potato waste, and
wheat bran instead of routine carbon sources. Corn oil and cassava waste flour were
found to be highly effective.

Waste or used lubricating oils have become a serious environmental problem.
Mercade et al. (1996) reported the screening and selection of microorganisms
capable of utilizing waste lube oil for producing biosurfactants. Only 10% of the
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strains isolated, produced biosurfactants. Further characterization of these strains
showed production of Trehalose glycolipids from Rhodococcus species and
lipopeptide from Bacillus species. Antarctic marine bacterial isolates of genus
Rhodococcus isolated from the Ross Sea were able to utilize diesel fuel as the sole
carbon and energy source for the biosurfactant production (Pini et al. 2007). Qiao
and Shao (2010) reported the isolation and characterization of a novel linear
lipoamino biosurfactant produced by a marine oil-degrading bacterium
Alcanivoraxdieselolei B-5 growing with diesel oil as the sole carbon and energy
source. Thermophilic bacterial culture isolated from a hot spring environment
(sulphataric hot springs in Viterbo, Italy) was identified as P. aeruginosa AP02-1
and was tested for the ability to utilize a range of hydrocarbons both n-alkanes and
polycyclic aromatic hydrocarbons as sole carbon source for the production of
rhamnolipid. Strain AP02-1 had an optimum growth temperature of 45 °C and
degraded 99% of crude oil 1% (v/v) and diesel oil 2% (v/v) when added to a basal
mineral medium within seven days of incubation (Perfumo et al. 2006). Bento and
Gaylarde (1996) observed the production of surfactants by Pseudomonas in the
presence of mineral salts and glucose medium with an increase in emulsifying
activities of the surfactant by the addition of sterile diesel oil to the medium. In a
similar study, Muriel et al. (1996) observed the production of extracellular bio-
surfactants by Cladosporium-resinae when growing on jet fuel JP8. Soap stock is
the residue from oil refinery that is generated in large quantities by the vegetable oil
processing industry. Sunflower oil soap stock was assayed by Benincasa et al.
(2002) as the carbon source for rhamnolipid production by P. aeruginosa LBI strain
giving a final surfactant concentration of 12 g/l in a shaker and 16 g/l in bioreactor
experiments. Thus, producing biosurfactant from vegetable oils, used vegetable oil,
and used motor oil is a sound strategy of waste management for the food and auto
industries to reduce the generation of waste. Although these biosurfactants derived
from renewable raw materials are coming progressively on to the market, their
development needs extensive cooperation across disciplines in order to fully
characterize them and identify their potential uses.

The cost-effective substrates, a microbial source, biosurfactant type with their
yield are listed in Table 2.1.
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Chapter 3
Synthesis of Value Added Biomimetic
Material of Hydroxyapatite Using
Aqueous Calcareous Fish Wastes

M. Sutha, K. Sowndarya, M. Chandran, D. Yuvaraj, B. Bharathiraja
and R. Praveen Kumar

Abstract Hydroxyapatite is the natural bone mineral found in abundance in human
bones and teeth. Fish and bovine bone also have the same property as human
hydroxyapatite. Thus, it can be replaced by bovine bones and fish bones. The gel of
Aloe vera naturally has wound healing property. The main objective is to produce a
cost-effective biomimetic material using hydroxyapatite with a natural wound
healing agent for biomedical purposes. The objective is to be accomplished by
producing a thin film of HAp scaffolds using fish bone as a source of hydroxya-
patite and Aloe vera as a natural wound healing agent. Combining these two
properties is expected to improve wound healing and faster bone growth. In this
work, hydroxyapatite was obtained from fish bone waste. It is then added with
natural Aloe vera gel of different concentration. The thin scaffold was prepared
using sodium alginate and calcium chloride. The obtained scaffold is to be tested
using SEM and XRD. A further test is to be done to check wound healing and bone
ingrowth.

Keywords Hydroxyapatite � Aloe vera � Biomimetic � Calcareous waste

3.1 Introduction

Hydroxyapatite powder (HAp) a natural bone mineral of human beings can be
synthetically prepared and derived from natural sources of bones of bovine, pigs,
fish, etc. Hydroxyapatite is a preferred biomimetic and biomaterial for orthopedic
treatment due to its biocompatibility, bioactivity, osteoconductivity, non-toxicity,
and non-inflammatory nature. Aloe vera naturally has wound healing property, and
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it is known to promote the renewal of healthy and noncancerous cells; it is being
expected that those properties of Aloe vera gel may increase the efficiency of
hydroxyapatite in acting as a perfect and effective bone transplant. Synthesis of
HAp from chemical sources is a complicated or biologically unsafe process (Guo
et al. 2003).

Therefore, people turn to the other option from natural sources like fish bones
(Ho et al. 2013), bovine bones (Bahrololoom et al. 2009), and teeth and bones of
pig (Russias et al. 2006). Chemical analysis has shown that these products are
bio-wastes with abundant resources of calcium in the form of carbonate and oxide
(Guo et al. 2003; Russias et al. 2006). Extraction of HAp from these wastes not
only considered as economically beneficial but also environmentally-friendly.
About 50% of the total weight generated by the fish processing industry is a waste
(Mohamadi et al. 2007). Fish processing industry is one of the world’s largest
industries; several tons of fish were processed for food every year. As India is
having large coastal area, it is one of the largest producers of fish with a contri-
bution of 5.43% in global production. In 2009–2010, fish production was around
78.51 lakh tones. Every year a billion tons of fish are utilized for edible purpose;
waste non-edible parts include head, viscera, dorsal fins, tail, skin, and liver. These
waste non-edible parts are considered to be worthless garbage and discarded
without any recovery of valuable products by dumping on land or hauling into the
ocean.1 India alone generates 2 million metric tonnes of fish waste while pro-
cessing. These wastes may pose adverse environmental effects such as generation of
toxic hydrogen sulfide gas, increased gathering of scavengers in discharge loca-
tions, and noxious conditions caused by odors, bacteria and waste decomposition
(FAO and WHO 2013), when not managed properly. These wastes should be
managed properly, as it has valuable organic compounds; they may be used for the
production of value-added products. The most important environment-friendly and
profitable option for utilization of fish waste includes animal feed supplements,
aquaculture feed, fish meal, and fish silage, renewable energy in the form of bio-
diesel and biogas (Tanimu et al. 2014), composting for production of organic
fertilizers, extraction of natural pigments, extraction of novel and industrial
enzymes like proteases (Kumaran et al. 2013), cosmetics, pharmaceutical industries
such as collagen, fish protein hydrolysate, fish bone extracts, and polyunsaturated
fatty acids (Bimbo 2011; Tanwar et al. 2013).

There are several types of calcium phosphate salts formed in fish bones and
scales as a biological response to their extreme physiological environment and
surprisingly, these salts can be used as starting material in producing HAp (Hsu
et al. 2005). The preparation of HAp from fish scale was first reported by Sankar
et al. (2008). According to Huang (2007) and Sadat-Shojai et al. (2013), HAp can
be prepared at low temperature (90–100 °C) as well as after heat treatment at higher
temperatures of 500 °C and above (Zandi et al. 2010; Shiny et al. 2000).
Unfortunately, most methods involve very elaborate and cost-effective process

1http://lipidlibrary.aocs.org/processing/marine/index.htm (Accessed on January 30th, 2014)
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since usage of many varieties of organic chelating agents (Pradeesh et al. 2005). In
2004, Santos was able to synthesize the HAp just at room temperature but the
obtained HAp reported was not pure (Zandi et al. 2010; Pradeesh et al. 2005).
Calcination at high temperature improves the properties of HAp which promoted a
better packing of the ceramic grains and promoted more fluidity capabilities (Zandi
et al. 2010; Gopi et al. 2012). The temperature must be high enough to overcome
the activation energy and to improve CaO or Ca(OH)2 dissolution which is con-
sidered as impurities (Gopi et al. 2012; Gleeson et al. 2010). These impurities will
affect the HAp crystal structure, crystallinity, and solubility, thus limiting the
application of HAp, especially in biomedical applications (Simon et al. 2007;
Tanaka et al. 2017). Considering these wastes as a potential source, the present
research aims to extract HAp from unexplored bio-wastes of fish which are abun-
dant in nature. In this paper, the effects of various calcination temperatures were
studied on the features of HAp.

Recent researches have shown that the hydroxyapatite has immense potential in
the field of bone tissue engineering, as it has a natural tendency to develop tight
binding with bone tissue.

Moreover, this biomimetic material has no adverse effects (Guo et al. 2003)
thereby preventing immune rejection for successful transplantation. In our current
work, Aloe vera gel is employed to produce a combination of hydroxyapatite and
Aloe vera gel. Since Aloe vera has properties of wound healing (Ho et al. 2013) and
it is known to promote the renewal of healthy and noncancerous cells, it is being
expected that those properties of Aloe vera gel may increase the efficiency of
hydroxyapatite in acting as a perfect and effective bone transplant. The main
application of HAp is to be used as a coating material for bone implants, used as
scaffolds for inducing osteoblast proliferation and differentiation, and quick healing
of bone tissue injuries can be achieved and also provides a biological environment
for cells thereby promoting the success of the transplant.

3.2 Preparation

Fish bone wastes, Aloe vera, HCl, NaOH, sodium alginate, calcium chloride
(CaCl2). Composites of Aloe vera and hydroxyapatite can be prepared in four steps,
after collection of calcareous waste (fish bones) deproteinization, precipitation, and
scaffold preparation.

3.2.1 Calcareous Waste

Fish bones (catfish) were collected from a local market. Collected bones were
washed with water and ethanol and dried in hot air oven at 100 °C.
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The sample is deproteinized by external washing with 1 N HCl solution for 24 h
at room temperature (35 ± 2 °C). Then it is rinsed with water. Then the samples
were crushed into a fine powder using a grinder. The precipitate was filtered and
treatment with 5%(w/v) NaOH for 5 h at 70°. Then these samples were calcined at
a temperature of 800–1000 °C using muffle furnace. The resulting hydroxyapatite is
mixed with different concentrations of Aloe vera gel, and its mixed ratio is opti-
mized for the best result.
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3.2.2 Preparation of Scaffold

About 3% of sodium alginate was added with 20 ml distilled water. Then 2.5%
HAp was added with 1% Aloe vera gel. This mixture is added to the
above-prepared sodium alginate solution by continuous mixing using a magnetic
stirrer for 45 min. Then the mixture is poured in the casting plate and dispersed
with 2% calcium chloride solution to produce a thin scaffold of Hap.

3.3 Conclusion

The scaffold obtained should be further characterized using SEM, XRD for physical
characterization. This could enable to gain more scientific knowledge on the
scaffold which might give better result in further studies. A test for cell proliferative
activity and wound healing activity may be done to know the efficiency. If the
biomaterial is successfully produced and characterized, the product will be made
useful for medical purposes after proper testing. This is expected to improve wound
healing and faster bone deformation.
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Chapter 4
Utilization of Crude Glycerol
from Biodiesel Industry for the Production
of Value-Added Bioproducts

S. Chozhavendhan, R. Praveen Kumar, S. Elavazhagan,
B. Barathiraja, M. Jayakumar and Sunita J. Varjani

Abstract The rapid economic development and industrialization mainly depends
on fossil fuels for their energy sources. Diminishing oil reserves, high cost and
other environmental problems lead the researchers to ripen carbon-unbiased and
sustainable alternative to fossil fuels. When compared with other alternate fuels,
biodiesel gained its popularity. The dynamic growth of biodiesel production results
in colossal generation of glycerol as a waste by-product of about 10% of the total
biodiesel production. Disposal of crude glycerol tainted with salt, methanol, free
fatty acids, etc., causes severe economic and environmental challenge. However,
high cost of crude glycerol purification and market saturation urges the biodiesel
producers to look for new, cheaper, and alternate solution for utilizing it. Presence
of impurities and its composition in crude glycerol can have a negative influence in
the fermentation process by inhibiting microbial growth and product formation.
Microbial fermentation of crude glycerol represents a notable alternate and com-
petitive to add value for the biodiesel producers. Hence, pre-treatment of crude
glycerol becomes requisite before using it as carbon source. The higher degree
reduction of carbon atom in glycerol confers that it could be used as a sole organic
carbon and energy source for the production of higher value chemicals such as citric
acid, ethanol, DHA, glyceric acid.
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4.1 Introduction

World’s anticipated energy prerequisite in the year 2030 shall be 50% more than it
is today. On one hand, the rapid economic development and industrialization
mainly be contingent on fossil fuels for transportation of goods and services
(Bhaskar et al. 2014). In fact, 96% of the shipping sector are reliant on fossil fuels
(Yahaya et al. 2014). Increasing human population has also utilized the superfluous
amount of world’s diminishing oil resources for transportation and other purposes
which has led to the confronting energy crisis for the last two decades. The global
energy demand in the transportation sector is anticipated to grow by 2% per year
(Wilson and Lee 2012). Significant increase in energy demand and emission of
unburned hydrocarbons from fossil fuels forced the researchers to work on
renewable energy (Noshadi et al. 2012). The renewable sources of energy,
including wind, ocean, solar, hydropower, geothermal, and biomass, have the
competency to afford unconventional sources of clean energy (Schiermeier et al.
2008). These renewable energy sources which are place-specific and hence can be
utilized only at locations are suitable for their harnessing. The limitations and
drawbacks in other forms of renewable energy paves the way for higher quantity
of biofuel production, in particular biodiesel gained attention worldwide owing to
its reliability and sustainability which can contribute to reduce pollution (Quispe
et al. 2013).

4.1.1 Production of Biodiesel and a By-product Glycerol

Biodiesel is produced from a wide variety of raw materials (comprising of triglyc-
erides as major component) by either esterification or transesterification or both,
depending on the acid value of the feedstock and the type of catalyst (acid or
alkaline) used for its synthesis (Sun et al. 2010) Three different types of catalyst play
an important role, namely alkalis, acids, and enzymes (Fjerbaek et al. 2009; Laque
et al. 2008; Sharma et al. 2008). During biodiesel production process by transes-
terification reaction, approximately 10% wt of glycerol was collected as by-product
(Teng et al. 2014). The transesterification reaction is reversible and takes place in
step-wise conversion of triglycerides into diglycerides and diglycerides into
monoglycerides and finally as glycerol. To favor the forward transesterification
reaction, sufficient quantity of alcohol is usually added in the process. Figure 4.1
shows the chemical equation for glycerol production by transesterification of
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triglycerides (Ngo et al. 2011). As per stoichiometry, the reaction necessitates 3:1
alcohol-to-oil molar ratio, but in practical up to six molecules of alcohols are added
(Sivasamy et al. 2009; Vincente et al. 2004). However, an excess amount of alcohol
is generally added to drive the equilibrium in the direction of the product side
(Mythili et al. 2014). It is assessed that biodiesel market will reach 40 billion gallons
by 2020 with the annual growth of 42%, which indirectly producing 4 billion gallons
of waste glycerol stream as a by-product. Thus, waste glycerol stream can also be
called as raw glycerol, waste glycerol, and crude glycerol (Chozhavendhan et al.
2016). Figure 4.2 shows the diagrammatic representation production of biodiesel
and crude glycerol from vegetable oils and animal fats.

4.1.2 General Properties of Glycerol

Glycerol is a simple, cheap, and abundant alcohol with the molecular formula of
C3H8O3. It is also known as propane 1, 2, 3, triol (Andre et al. 1991). When
glycerol concentration is above 95%, it is commercially known as glycerin and
many commercial grades are also available. The chemical composition and phys-
iochemical properties of glycerol vary from other fuels (Agarwal 1990;
Chozhavendhan et al. 2014). The hydrophilic hydroxyl groups of glycerol make it
miscible in water, and it is a colorless, odorless, highly viscous liquid. Glycerol is
very viscous at room temperature and remains as viscous liquid even at absolute
concentration without crystallizing. Its melting point and boiling point are 17.9 and
290 °C, respectively. Its high calorific value finds varied application and used as
supplementary fuel in boilers.

Glycerol can be produced either by microbial production or chemical synthesis
from petrochemical feedstocks or as a primary co-product obtained during trans-
esterification of fat and vegetable oils. It is used as a major carbon source in the
culture medium for the cultivation of microorganism in the industrial fermentation

Fig. 4.1 Equation shows transesterification of large branched triglyceride molecule to biodiesel
and glycerol
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process. Many organisms are able to convert glycerol into a series of metabolic
intermediates to the one obtained by using sugar as substrate. In particular, platform
chemicals such as glyceric acid, tartonic acid, and dihydroxyacetone are obtained
by simple oxidation or fermentation process (Solomon et al. 1995; Barbirato and
Bories 1997; Colin et al. 2001).

4.1.3 Glycerol Market Scenario

The glycerol comes from conversion actions based on vegetable oil, fat, animal
tallow, and biorefineries. Worldwide consumption of glycerol in 2008 was about
750 thousand tons and forecasted as 2 million tons in 2018. Till 2004, the glycerol
production and prices were stable and in 2005, the firm market has been radically
transformed by the biodiesel industries, and the prices of glycerol were shrunken. In
2006, the price of refined glycerol in Asian market is around 1200–1800 US $ per
ton. It has faced strong falling trend and sold at 440–660 US $. Meanwhile, crude

Fig. 4.2 Production of biodiesel and crude glycerol from vegetable oils and animal fats
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glycerol prices around 200–220 US$ (Erin et al. 2016). Volatile commodity
glycerol’s market in worldwide is unpredictable, and it can be stabilized by the
subsidy policy and regulation posed.

The saturated growth of biodiesel industry faced a great demand of glycerol.
Europe and the USA are the largest importers, and now China also surged into the
market of the glycerol. Brazil, Malaysia, and Indonesia are the largest exporters of
glycerol. Glycerol market is expected to recover and will ensure the sustained
growth in upcoming years. In addition, utilization of glycerol in various new fields
is expected to improve the glycerol ultimatum in future.

4.1.4 Limitation of Crude Glycerol

The surplus production of crude glycerol in biorefineries leads to deterioration of
pure glycerol value (Yazdani and Gonzalez 2007). Crude glycerol obtained from
biodiesel or oleochemical plant is generally occurring in dark brown color liquid,
faulty smell with higher pH (Ayoub and Abdullah 2012). Crude glycerol consists of
copious amount of impurities such as methanol, soap, oils, and other solid organic
materials depending upon technology imposed by various biodiesel plants as well
as the nature of the oil utilized as the starting material (Wen et al. 2009). NaOH
commonly used as a catalyst during the biodiesel manufacturing process causes
harmful effect to the biotic civics. High alkaline condition of crude glycerol creates
an unpleasant odor, which leads to air pollution (Vasudevan and Briggs 2008).

The glycerol can be easily transformed into glucose for the energy production in
the animal liver because of its high absorption rate. Hence, crude glycerol was an
excellent energy source and can be used as animal feed. The surplus glycerol in the
animal diet may disturb the normal physiological metabolism. Different chemical
composition and the varying impurity level have distracted the attention of animal
producers to utilize crude glycerol as feed for animal food (Kijora and Kupsch
1996; Schieck et al. 2010)

Crude glycerol, when directly assorted with the microbial culture as substrate for
fermentation process, soap precipitates to form bubbles in the liquid media, which
have been found as destructive to cell growth by reducing the oxygen transfer rate
(Stelmachowski 2011). Free fatty acids or phospholipids provide a deleterious
effect on the transesterification procedure and make downstream processing work
dreary on recovering the final product (Leung et al. 2010). Methanol, which is
considered as hazardous waste, non-biodegradable, it can also exert an inhibitory
action on microbial growth (Sneha et al. 2009; Taconi et al. 2009).

High viscous, high self-ignition temperature and formation of acrolein on
burning of crude glycerol restrict its usage as alternate to fossil fuel. The high salt
content in crude glycerol causes corrosion problem in metal contacts which sorts to
avoid its usage as co-firing in thermal energy processes (Bohon et al. 2011).
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Presence of water and methanol in crude glycerol makes it incompetent of main-
taining firm flame in the conservative burners. Pure glycerol is sold as an important
commodity because it is the vivacious raw material for food, pharmaceuticals, and
cosmetic manufacturing industries (Guerrero-Perez et al. 2009). Crude glycerol
cannot be disposed without treatment process as it creates several environmental
concerns. The low-level purity and presence of ample amount of impurities in crude
glycerol limit its usage as feedstock in various industries and reduce its market
value (Pagliaro et al. 2007; Waala et al. 2016). Therefore, it is necessary to establish
various purification processes to use it as an important feedstock in food and
cosmetic industries.

4.2 Step-Wise Purification Process

At present, numerous techniques are adapted for purification of crude glycerol to
commercial grade which is energy intensive and economically challenging (Isahak
2010). A simple purification process such as distillation, acidification, adsorption,
centrifugation, and other physiochemical treatments helps to remove major impu-
rities or combination of these techniques to achieve a high purity level of about 50–
60%, which can be used as a sole carbon source for the production of high-value
chemical products. Yield and recovery of products are the two important aspects
which directly affect the economic viability of the product.

4.2.1 Distillation

Distillation is a process of using thermal energy for separating the component or
substances from a liquid mixture by selective evaporation and condensation.
Distillation may result in essentially complete or partial separation of selected
components of the mixture. Usually, excess methanol is used as alcohol in the
transesterification process for the production of biodiesel. The methanol reacts with
triacylglycerol to give three molecules of biodiesel and one molecule of glycerol.
Excess unreacted methanol settles in the glycerol phase which can be distant by
controlled simple distillation process and reused in the same in biodiesel production
(Canakci and Sanli 2008). The boiling point of methanol is 65 °C which is far less
than boiling point of water and glycerol. Hence, biodiesel manufactures habitually
make an effort to convalesce excess non-reactive methanol because rescuing
methanol is economic than using new one.
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4.2.2 Acidification

In the chemical reaction, the term acidification/neutralization is used in a reaction
between an acid and a base or alkali. During the course of reaction, salt is formed
when a cation (positive ion) of an acid forms a compound with the anion (negative
ion) of a base. The neutralization (neutral pH) with a pH of 7 was achieved with a
strong acid and a strong base. Crude glycerol was acidified with different mineral
acids, such as hydrochloric acid, sulfuric acid, and phosphoric acid. When any of
these acids reacts with soluble soap molecules present in the crude glycerol, it
forms insoluble free fatty acids and sodium/potassium salts according to their
reaction. In this process, phase separation time, precipitation time, and amount of
acid consumed play a vital role. At pH in the range of 4–5, glycerol liberation is
more when compared with other pH. Three distinct layers were formed during
phase separation: top layer as free floating fatty acids, middle layer as glycerol-rich
phase, and bottom layer as precipitated inorganic salts (Nanda et al. 2014).

4.2.3 Adsorption

It is the adhesion of ions, atoms, or molecules from a liquid, gas, or suspended
solid to a surface. Adsorption creates a film of the adsorbate on the exterior of
the adsorbent. The process of adsorption is quite different from absorption, in
which a fluid (the absorbate) is dissolved by or pervades a liquid or solid
(the absorbent), respectively. This process of adsorption was usually carried out
with activated charcoal in order to reduce the color and absorb some unwanted
amino acids which causes smell. Then the samples were filtered using Whatmann
filter paper 1 to remove oversize solids in the fluids (Christy Mathelin et al. 2015).

4.2.4 Centrifugation

This process comprises the application of the centrifugal force to accelerate
the sedimentation process of varied mixed compounds. This process is used to
separate two miscible substances, which results in the formation of two distinct
phases like sediment and centrifugate. After series of purification steps, the glycerol
phase was centrifuged at 5000 rpm for 5 min to remove some traces of precipitated
fatty acids and suspended solids based on different densities (Zhanyou et al. 2007).

In most commercial applications, the quality of glycerol needs to be enhanced
until it has an acceptable purity that is entirely different from those attained from
biodiesel industries.
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4.2.5 Microbes Used in Bioconversion of Crude Glycerol

As discussed earlier, disposal of crude glycerol causes many environmental prob-
lems because of impurities present in it. The plummeted crude glycerol can be
reduced by utilizing in the production of high-value compounds through biotech-
nological processes (Shen et al. 2009). A variety of unicellular and multicellular
microorganisms have the promising ability to utilize crude glycerol as a only or
appendage carbon source for the production of superfluity metabolic products such
as single-cell protein (SCP), organic acid, solvents, and alcohols. Initially, the
fermentation of glycerol was witnessed in pathogens such as Klebsiella and
Citrobacter (Homann et al. 1990). Later, many organisms such as Clostridium
butyricum (Wilkens et al. 2012), Citrobacter freundii from the Enterobacteriaceae
family (Metsoviti et al. 2012a), Ustilago maydis (Liu et al. 2011), Kluyvera cry-
ocrescens (Choi et al. 2011), Zobellella denitrificans (Ibrahim and Steinbüchel
2010), Actinobacillus succinogenes (Vlysidis et al. 2011), Yarrowia lipolytica
(Auta et al. 2014), Saccharomyces cerevisiae, E. coli (Mattam et al. 2013),
Klebsiella pneumonia were found capable of utilizing glycerol in the production of
other highly valuable metabolic products.

4.3 Production of Value-Added Products

Bioconversion of crude glycerol offers safer, more viable, and more economical
than any other process involved in treating it (Leoneti et al. 2012; Schultz et al.
2014). Biological metabolism of glycerol is shown in Fig. 4.3. The properties of
glycerol have fashioned to a handy range of products. Reduced nature of glycerol
can yield series of metabolites with yields which are comparable to the ones
attained from using glucose as substrate. Till the year 2000, there were more than
fifteen hundred end uses of glycerol in the chemical industry (Soap and Detergent
Association, 2000). On the contemporary, now it is assessed that there are more
than two thousand end uses of glycerol in industries. However, it is used in small
quantities in majority of the products and only in few needs used as large amount.

4.3.1 Ethanol

Ethanol (EtOH) is a straight-chain alcohol with the molecular formula of C2H5OH.
It is mainly used as a substitute fuel for conveyance and can be used as a chemical
intermediate. Industrial production of ethanol was mainly focused on fermentation
process by utilizing baker’s yeast as a sole microbes and sugarcane sucrose or corn
starch or cassava as a substrate (Gray et al. 2006). An extensive study was made on
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the lignocellulosic feedstock to reach maximum yield of ethanol (Trinch et al. 2008;
Yamano et al. 2008). Despite of the reduced nature of glycerol as a sole or a
complementary carbon source, purification cost, commercial price, and biocon-
version cost permit the production of ethanol by various microbes such as S.
cerevisiae, E. coli, K. oxytoca, Kluyvera cryocrescens, Zymomonas mobilis (Hong
et al. 2010).

Fig. 4.3 Value-added products obtained from bioconversion metabolism of glycerol
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4.3.2 Dihydroxyacetone (DHA)

Dihydroxyacetone is a non-chiral and non-toxic three carbon sugar (C3H6O3) with a
colossal quantity of commercial applications (Mishra et al. 2008). DHA is com-
monly used in cosmetics as an artificial browning agent (Green et al. 1961) and also
serves as a building block for fine chemicals such as 1, 2 propylene glycerol and
methotrexate. DHA can be produced from glycerol via either microbial or chemical
route. The microbial bioconversion was more competent when compared to the
chemical method of DHA production. The chemical method of DHA production is
expensive and produces more side chain and requires more safety measurements
(Pagliaro et al. 2007). Various microorganisms such as Gluconobacter oxydans,
Acetobacter aceti, Gluconacetobacter xylinus, Schizochytrium limacinum, Pichia
membranifaciens are capable of utilizing the crude glycerol for the production of
DHA through fermentation process. Due to its common use, the global demand for
DHA is successively increasing and its application is still emerging (Lidia et al.
2014).

4.3.3 Citric Acid

Citric acid (C6H8O7) is also known as 2-hydroxy-1, 2, 3-propane tricarboxylic acid.
It is most versatile, natural chemical produced and consumed throughout the World
(Soccol et al. 2006). Citric acid is extensively used as organic acid in the field of
food (70%), pharmaceuticals (12%), and other applications (18%) (Vandenberghe
et al. 1999; Shah et al. 1993). In 1874, citric acid was first isolated from the lemon
juice by Karls Scheels in England. It is a weak organic acid that is commercially
produced from fungal fermentation with sucrose or molasses (Anastassiadis et al.
2008). A wide variety of microorganisms, including bacteria, yeasts, and fungi,
have been employed for citric acid production. Glycerol is appraised as an
impending substrate for the production of citric acid when cultured with Y.
lipolytica yeast strain (Rymowicz et al. 2006; Imandi et al. 2007; Kamzolova et al.
2011).

4.3.3.1 1, 3-Propanediol

1, 3-Propanediol or 1, 3 PDO (C3H8O2) is colorless, water miscible liquid with
boiling point 214 °C, an emerging commodity chemical and renewed interest in the
expansion of new polypropylene terephthalate, polyester (Reynaud et al. 2003,
Gonzalez-pajuelo et al. 2006). Products obtained by 1, 3-PDO polymerization are
considered as good biodegradability, better specificity, and higher industrial safety.
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The present scenario of 1, 3-PDO production is expensive and hazardous as derived
from acrolein, a detrimental agent obtained from petroleum fuels. Hence, 1, 3-PDO
production was carried out by the fermentation process using microbes such as
Klebsiella, Clostridium, Enterobacter, and Citrobacter which were also studied
(Reimann et al. 1998; Hirschmann et al. 2005). Glycerol and many other carbon
sources were used in the production of 1, 3-propanediol.

4.3.4 Glyceric Acid

Glyceric acid with molecular formula C3H6O4 (GA) (2R, 3 hydroxy propanoic
acid) is naturally occurring organic acid (Handa et al. 1986). Glyceric acid serves as
a building block for numerous chemical compounds used in pharmaceuticals and
cosmetic industries (Rosseto et al. 2008; Elina et al. 2013). The usage of glyceric
acid is restricted due to the high cost of chemical synthesis. Glyceric acid is
obtained as the outcome of metallic oxidation of the primary hydroxyl group of
glycerol or by microbial fermentation process (Bianchi et al. 2005). It is produced
as a by-product of dihydroxyacetone. Glyceric acid has shown to confer propitious
effects on liver stimulation and cholesterolytic actions in dog.

4.3.5 Succinic Acid

Succinic acid or butanedioic acid is a dicarboxylic acid with the molecular formula of
C4H6O (Millard et al. 1996). Purified succinic acid is produced from amber by
Georgius Aaricola in 1546; hence, it is also known as amber acid. Succinic acid is
widely used in food and pharmaceutical industry. The linear saturated dicarboxylic
acid of succinic acid is widely used as a transitional chemical for the conversion of
n-methyl pyrrolidone, tetrahydrofuran, 1, 4-butenediol, and linear aliphatic esters
(Zeikus et al. 1999). At present, succinic acid is produced from butane via maleic
anhydride; the natural succinic acids produced by fermentation process are vended in
the food market. The most documented succinic acid producers are wild strains of
Actinobacillus Succinogenes, Mannheimia succiniciproducens, Anaerobiospirillum
succiniciproducens, Corynebacterium glutamicum recombinant E. coli, Lactobacillus,
S. cerevisiae, which utilize crude glycerol and other carbon source (Min et al. 2014;
Beauprez et al. 2010; Song and Lee 2006). The production of succinic acid is
expensive through chemical route, and hence, bioconversion route is a better choice.

Apart from the above-mentioned products, lot of other high-value bioproducts
such as butanol, propionic acid, lactic acid can be obtained from crude glycerol
fermentation process by a variety of microorganisms and few shown in Table 4.1.
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4.4 Conclusion

Increasing awareness of environmental pollution, diminishing oil resources, and
high-cost petroleum products leads to production of biodiesel. Glycerol is an
ingenious carbon as well as energy source employed in the production of
high-value chemicals. For the same low cost, high degree of reduction and avail-
ability makes glycerol as an attractive carbon sources for the production of fuels and
high-value chemicals such as ethanol, butanol, citric acid, glyceric acid. Wild-type
natural producers and genetic engineered strains are proficient and sustainable on
utilizing crude glycerol as a carbon source for the bioconversion process. The major
drawback with the bioconversion process is the inability of microorganism to use
crude glycerol directly due to the various major and minor impurities and low
product specificity. Utilization of crude glycerol will greatly benefit not only the
economy of biodiesel industry, but also the bio-based industries completely. If
biodiesel industries itself proceed for purification process, the amount invested on
purification process was very less and economical when compared with the market
value of product produced by bioconversion process. Also, those industries enjoy
numerous benefits such as self-disposal of crude glycerol, zero liquid discharge, and
elimination of the risk contamination followed by legal sanctions. This technology
will have great substantial impact on economic and environmental sectors.
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Chapter 5
Utilization of Citrus Waste Biomass
for Antioxidant Production by Solid-State
Fermentation

Ramón Larios-Cruz, Rosa M. Rodríguez-Jasso, Hector A. Ruiz,
Arely Prado-Barragán, Jorge E. Wong-Paz, Raúl Rodríguez-Herrera,
Julio C. Montañez and Cristóbal N. Aguilar

Abstract Citrus fruits such as lemon, orange, grapefruit, and tangerine are con-
sumed for their flavor, low cost, and human health benefits. However, citrus juice
extraction generates by-products that are mostly unused and is discharged in
landfills. In this study, the by-products of lemon, orange, grapefruit, and tangerine
were subjected to solid-state fermentation (SSF) using Fusarium oxysporum,
Penicillium purpurogenum GH2, Trichoderma harzianum T1-04, and Aspergillus
niger GH1 to enhance their antioxidant activity. After fermentation, ethanol extracts
were obtained and tested for their antioxidative activity by employing three tech-
niques, 2,2-diphenyl-1-picrylhydrazyl (DPPH˙), ferric reducing antioxidant power
(FRAP), and lipid oxidation inhibition (LOI). An increase in antioxidant activity
from 33.13 to 41.62 mg/gmsi of antioxidants after fermentation of tangerine
by-products by A. niger GH1 was observed. Major compounds present in ethanol
extracts obtained after fermentation by A. niger GH1were identified by HPLC-MS,
and their m/z corresponded to chlorogenic acid, didymin, naringin, and hesperidin.
These results indicated that SSF is a suitable method to enhance antioxidant activity
of citrus by-products.
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5.1 Introduction

Worldwide, the most important citrus fruits are lemon, orange, grapefruit, and
tangerine. These citrus fruits are consumed in different ways such as fresh fruit,
juices or beverages derived from concentrate juice (Li et al. 2006b; Liu et al. 2012).
Currently, Mexico is the fifth largest citrus producer of the world (Liu et al. 2012),
and the national production of orange is more than 50% of total citrus production,
followed by lemon, grapefruit, and tangerine (Table 5.1). Among the states of
Mexico, Veracruz is the major citrus producer, and in 2015 recorded 50% of the
National production in orange, grapefruit, and tangerine (SIAP 2016).

The fresh fruit consumption in the word is over 75% of total production; in
Mexico, almost 80% of the total citrus production is for internal market con-
sumption (SIAP 2016). These citrus fruits are characterized by high carbohydrates
content and presence of important nutritional elements such as fiber, organic acids,
protein, lipids, micronutrients, vitamins, and compounds with antioxidant activity
(Liu et al. 2012). The citrus juice has phenolic compounds which offer benefits due
to its antioxidant capacity. However, juice extraction process generates
by-products, which are underutilized or unused and there is potential presence of
bioactive compounds such as antioxidants, which can add value to these
by-products (Li et al. 2006a; Wang et al. 2011). Citrus by-products have several
applications including production of ethanol, methane, limonene, pectin
(Pourbafrani et al. 2010), pectinases (Biz et al. 2016; Tao et al. 2011), endoglu-
canase, b-glucosidase, and xylanase (Tao et al. 2011). Extraction of bioactive
compounds from citrus by-products is important as it enhances value and further
generates employment. Several methods have been developed for extraction, and
extraction from citrus by-products mostly involves liquid–solid extraction, in which
diverse solvents at different concentrations are used (Barros et al. 2012;
Lagha-Benamrouche and Madani 2013; Tounsi et al. 2011), and in some cases only
water is used (Xu et al. 2008). Ultrasound (Dahmoune et al. 2013; Sun et al. 2013),
microwave (Dahmoune et al. 2013; Sun et al. 2013), enzymatic processing (Li et al.
2006b), and SSF (Correia et al. 2004; Yang et al. 2013) are some other extraction
methods employed.

The SSF is considered as an alternative for by-products utilization and to add
value by recovering its biological compounds and/or activity (Ng et al. 2014) or

Table 5.1 Production of the principal citrus fruits in Mexico

Types Production (t)a

2011 2012 2013 2014 2015

Lemon 2,132,921.78 2,055,208.89 2,187,257.20 2,120,612.50 2,326,068.34

Orange 4,079,677.74 3,666,789.65 4,533,427.86 4,409,967.62 4,515,520.33

Grapefruit 397,266.70 415,470.85 424,678.08 425,432.97 424,315.36

Tangerine 231,167.16 272,426.07 297,326.45 323,617.37 291,078.27
aServicio de Información Agroalimentaria y Pesquera (SIAP 2016)
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enzyme production (Mohseni et al. 2012). Bhanja Dey and Kuhad (2014a)
employed SSF using Rhizopus oryzae RCK2012 to enhance the antioxidant activity
of wheat grains and reported that the recovery of antioxidants with different sol-
vents were improved after the fermentation process. Later, Bhanja Dey and Kuhad
(2014b) reported enhancement of the antioxidant content in cereals by SSF with
filamentous fungi. Total phenolic content was found to be enhanced after fer-
mentation of cereals and also reported an increase of antioxidants, which indicated
that SSF is a suitable technique to enhance the content of antioxidants. Analysis of
ultra-performance liquid chromatography of unfermented and fermented extracts
showed that the profile of phenolic compounds was different in both samples, some
of the compounds are unknown, and most of the unknown were present in the
fermented extracts. Hence, the suitability of SSF to increase the value of citrus
by-products by way of enhancing the presence of antioxidant compounds in the
extracts obtained after fermentation was evaluated, along with identification of
polyphenols present in fermented citrus extracts.

5.2 Materials and Methods

5.2.1 Chemicals

2,2-diphenyl-1-picrylhydrazyl (DPPH˙), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ),
linoleic acid, and (±)-6-hydroxi-2,5,7,8-tetramethylchromane-2-carboxylic acid
(Trolox) were purchased from Sigma (St Louis, USA). All others chemicals were
analytical grade.

5.2.2 Citrus by-Products and Microorganisms

Citrus by-products from lemon, orange, grapefruit, and tangerine were used as the
substrates for SSF in order to extract biological compounds with antioxidant
capacity. Citrus by-products were donated by a juice producer at the Fruit Market in
Saltillo, Coahuila, Mexico. By-products (peel and bagasse) were collected imme-
diately after juice extraction. The material was dried in an oven at 60 °C for 48 h.
Then, samples were pulverized in a mill to a mesh particle size between of 40 and
100 (420–150 lm) and stored at room temperature (27 ± 3 °C) in dark until used.

Four fungal (Fusarium oxysporum, Penicillium purpurogenum GH2, Aspergillus
niger GH1, and Trichoderma harzianum T104) strains were used in this study. The
first three strains were obtained from the DIA–UAdeC microbial collection
(Saltillo, México), while T. harzianum T104 was obtained from the UAAAN
microbial collection (Saltillo, México). Each fungal strain was stored at −20 °C in a
medium-containing glycerol-skimmed milk. Potato dextrose agar (PDA) was used
as a medium for activation of the fungal strains.
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5.2.3 Solid-State Fermentation

5.2.3.1 Radial Growth

To determine fungal growth on citrus by-products, 3 g of sample was placed in a
petri dish and distributed uniformly along the plate. To achieve 70% (W/V) of
humidity, the substrates were supplemented with distilled water in one treatment
and in another with minimal medium (Czapek-Dox). The minimal medium was
prepared as follows: K2HPO4 (1 g L−1), MgSO4 (0.5 g L−1), KCl (0.5 g L−1),
FeSO4 (0.1 g L−1), and 1 mL L−1 of oligo-elements solution (Na2B4O7�10H2O,
0.1 g L−1; MnCl2�3H2O, 0.05 g L−1; Na2MO4�2H2O, 0.5 g L−1; CuSO4�5H2O,
0.25 g L−1). Inoculation of citrus by-product was done at the center of the petri dish
(1 � 105 spores g−1), and the fungal growth was measured at four points at every
8 h during a fermentation time of 120 h. Citrus by-products were not sterilized prior
to inoculation. All experiments were done in triplicate.

5.2.3.2 Antioxidant Capacity of Citrus by-Products by Solid-State
Fermentation

To determine antioxidant activity of the extracts, fermentation was performed again
with distilled water supplement and sterilized before inoculation (2 � 106 spores
g−1). A. niger GH1 was the fungus selected for fermentation of all citrus
by-products. The fermentation time was also selected, based on the results of a
preliminary experiment where A. niger GH1 elicited the highest antioxidant
capacity on each different citrus by-products, 96 h for lemon and grapefruit and
120 h for orange and tangerine. Samples were taken at every 24 h during a total
fermentation period of 120 h. For extraction of biological compounds, 15 mL of
70% ethanol was added to the fermented by-products and agitated at 320 rpm for
15 min. Afterward, the samples were pressed to obtain the extracts and the extracts
were then filtered through cotton and filter paper (Whatman 41). The filtered
extracts were stored in amber bottles against light at −20 °C until its analysis. All
experiments were done in duplicate.

5.2.4 Antioxidant Capacity Assays

5.2.4.1 DPPH˙-Scavenging Capacity Assay

Ethanol extracts were analyzed for their antioxidant capacity according to the
method mentioned by Meléndez et al. (2014). About 193 lL of 60 lM DPPH˙
radical was added to 7 lL of ethanol extract, and the mixture was left in dark for
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30 min, and then absorbance was read at 517 nm in a spectrophotometer (Tecan
Sunrise, Grödig, Austria). Ethanol was used as blank. Trolox was used as standard
compound. Trolox equivalents of extracts were calculated with the standard curve
and expressed in lM of Trolox g−1 of initial citrus by-product in dry weight.

5.2.4.2 Ferric Reducing Antioxidant Power (FRAP) Assay

The FRAP assay was done according to the method described by Benzie and Strain
(1996). Briefly, 10 lL of sample were placed in a 96-well microplate with 290 lL
of freshly prepared FRAP reactive. FRAP reactive was prepared by mixing 10 mM
2,4,6-tris(1-pyridyl)-5-triazine diluted in 40 mM HCl, 20 mM FeCl3, and 0.3 M
acetate buffer (pH 3.6) in a proportion of 1:1:10 (TPTZ:FeCl3:Acetate buffer).
Reaction was incubated for 15 min at 37 °C. Then, absorbance was read at 593 nm
in a spectrophotometer (Tecan Sunrise, Grödig, Austria). Distilled water was used
as blank. FeSO4�7H2O was the standard compound. The ferrous sulfate equivalents
of extracts were calculated with the standard curve and expressed in lM of Fe
(II) g−1 of initial citrus by-product in dry weight.

5.2.4.3 Lipid Oxidation Inhibition (LOI) Assay

The LOI assay was done according to the method reported by Martínez-Ávila et al.
(2012). The linoleic acid solution was prepared with 560 mg of linoleic acid in
8 mL of 96% ethanol and 1.5 g of Tween 20. For the reaction, 50 lL of extract was
mixed with 100 lL of linoleic acid solution and 1.5 mL of 0.02 M acetate buffer
(pH 4.0). Distilled water was used as control. After homogenization and incubation
(37 °C, 1 min), 750 lL of 0.5 mM FeCl2-EDTA 1:1 (Rhee 1978) was added to the
reaction mixture in order to induce oxidation of linoleic acid and incubated at 37 °C
for 1 and 24 h. After that 250 lL of the reaction mixture was added with 1 mL of
0.1 M NaOH in 10% ethanol and 2.5 mL of 10% ethanol. This step was performed
to stop the oxidation process. Samples were read at 232 nm against 10% ethanol as
blank. The percentage of antioxidant activity was calculated according to the
equation described by Toivonen and Sweeney (1998), which is as follows:

%LOI ¼ DDcontrol � DDextract

DDcontrol

� �
� 100 ð1Þ

where ΔDcontrol is the difference in absorbance between 24 and 1 h of reaction time
in the controls and ΔDextract is the difference in absorbance between 24 and 1 h of
reaction time in the samples.
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5.2.4.4 Total Antioxidant Activity Calculations

Results of DPPH˙, FRAP, and LOI assays were expressed in mg gidw
−1 (idw corre-

sponds to initial dry weight) to display three graphs in one. For DPPH˙ and FRAP
assays, molar concentration was calculated, the following Eq. (2) was used to
determine antioxidant activity of ethanol extracts. For LOI assay, the percentage
was expressed in (g) (100 gidw)

−1. After mg gidw
−1 was calculated, all assays were

added up to a total antioxidant activity of extracts (mg) based on initial dry weight
of citrus by-products (gidw).

Aa ¼ M � v �Mw
w

ð2Þ

Where Aa is antioxidant activity (mg gidw
−1 ), M is molar concentration

(mmol L−1), v is volume of compounds (L) extracted, Mw is molar weight of
standard compound (mg mmol−1), and w is the initial dry weight of citrus
by-products (g).

5.2.5 High-performance Liquid Chromatography–Mass
Spectrometry (HPLC–MS) Analysis

Ethanol extracts for HPLC–MS analysis were selected according to their total
antioxidant capacity.

5.2.5.1 HPLC–MS Procedure

Analyses were performed using an HPLC–MS system, which included an
autosampler (Varian ProStar 410, USA), a ternary pump (Varian ProStar 230I,
USA), and a PDA detector (Varian ProStar 330, USA) set at 280 nm and coupled to
Workstation Multi-Instrument (V. 6.2) for data acquisition. For mass spectrometry
analysis, a liquid chromatography ion trap mass spectrometer (Varian 500-MS IT
Mass Spectrometer, USA) equipped with an electrospray ion source was used.

The column employed was a C18 5 lm (150 mm � 2.0 mm) and was main-
tained at 30 °C. The mobile phase consisted of 3% acetic acid (A) acetonitrile (B).
The flow rate was 0.3 mL min−1 with an injection sample volume of 5 lL. The
elution gradients for A were as follows: initial 97%, 5 min 91%, 15 min 84%,
45 min 50%, 48 min 10%, 55 min 97%, and 60 min 97%. The whole effluent
(0.3 mL/min) was injected into the source of mass spectrometer, without splitting.
All mass experiments were carried out in the negative mode [M-H]−1. Nitrogen was
used as nebulizing gas and helium as damping gas. The ion source parameters were
spray voltage (3.5 kV), capillary voltage (90.0 V), and temperature (350 °C). Data
were collected and processed using MS Workstation Software (V 6.9). Full scan
spectra were acquired in the m/z range 50–2000.
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5.2.6 Statistical Analysis

The ANOVA was done with a significance level of p < 0.05. When needed, the
Tukey’s multiple range test was used for treatment means comparison. All statis-
tical analyses were performed using Statistica 7.0 (Stat Soft, Tulsa, OK, USA)
software.

5.3 Results and Discussion

5.3.1 Radial Fungal Growth

Of the four fungal strains tested, A. niger GH1 presented the highest growth on
citrus by-products, followed by T. harzianum T1-04, P. purpurogenum GH2, and
F. oxysporum (Fig. 5.1). All fungi presented the same growth behavior on the
different citrus by-products, which reflected their ability for growth on all tested
substrates. On the other hand, a long lag phase especially for those two fungi with
less growth could be due to the low quantity of spores used for inoculation. Similar
to A. niger GH1, T. harzianum T1-04 was the fungus with a high invasion capacity
on the petri dish completely with its growth in 120 h.

Fig. 5.1 Fungal growth on citrus by-products. Results are after a fermentation time of 120 h.
Not supplemented medium Supplemented medium. a F. oxysporum, b P. purpurogenum

GH2, c T. harzianum T1-04, and d A. niger GH1 in combination with all citrus by-products. Lines
over the bars represent the standard deviation
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Results showed that citrus by-products contained enough quantity of macro- and
micronutrients for suitable fungal growth, since there was no significant growth
difference between the treatments supplemented with water and minimal medium.
Hence, supplementation with minimal medium was discarded for fermentation and
could also aid in bringing down the cost of fermentation. Liu et al. (2012) reported
that citrus contain sugars in abundance and various macro- and microelements
important to improve the fruit nutritional characteristics (Li et al. 2006a). Elements
such as potassium, the most abundant, calcium, magnesium, and others microele-
ments such as copper, iron, manganese, and zinc are found in citrus. Those ele-
ments could be present in peel (Xu et al. 2008) and pulp. They are reported in more
quantities in peel than in pulp (Cano and Bermejo 2011) and in more quantity in
flavedo than in albedo (Barros et al. 2012). Citrus seeds also have minerals
(El-Adawy et al. 1999) and most of them remain in enough quantity in citrus
by-products and could support fungal growth.

5.3.2 Increase in Antioxidant Capacity of Citrus
by-Products After SSF

Growth of all tested fungal strains on each citrus by-product was observed during
SSF. Liberation of compounds with antioxidant capacity from the citrus by-products
after SSF was also observed (Fig. 5.2). Extracts from tangerine by-products were
found to possess the highest antioxidant activity. and this was observed with all
tested fungi. However, it should be noted that tangerine extracts always presented
higher antioxidant activity (before and after fermentation) than the other citrus
by-products, but it was with grapefruit the recovery of antioxidants was higher than
tangerine after fermentation. On the other hand, lemon presented the lowest
antioxidant activity, whereas orange by-products lost most of the antioxidants at the
end of the fermentation process. Li et al. (2006a) determined antioxidant activity of
lemon, orange, grapefruit, and tangerine peels after extraction with different sol-
vents. They also reported that they obtained the highest antioxidant activity with
grapefruit citrus extracts, followed by tangerine, lemon, and orange. Further, they
observed that the most suitable solvent for extraction of these compounds was
ethanol at 72%. A similar behavior was observed in the present study: with
exception that tangerine by-product recorded the highest values. This could be due
to tangerine cultivar, environmental conditions of tangerine cultivation, degree of
fruit ripeness, which could have affected the final chemical composition of the fruit.

Fungal enzymes hydrolyzed cell wall of citrus by-products over time and
released more compounds with antioxidant activity. Then, recovery of these
compounds was enhanced with ethanol solution after fermentation with three out of
the four tested fungal strains. With A. niger GH1, F. oxysporum, and
P. purpurogenum GH2, the increment in antioxidant activity of extracts was almost
similar to that of during the fermentation (Fig. 5.2). Among these three, A. niger
GH1 recorded the highest enhancement of antioxidant activity. Whereas,
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T. harzianum T1-04 showed a decrease in antioxidant activity at the end of the
fermentation, and it could be due to consumption or biotransformation of antioxi-
dant compounds during fermentation. Distribution of compounds with antioxidant
activity is higher in citrus peel than in pulp (Barros et al. 2012; Xu et al. 2008).
Similarly, it was reported that flavedo contains more antioxidant compounds than
albedo (Cano and Bermejo 2011). These results suggest that the increase in
antioxidant activity of citrus peel extracts is due to fungal enzymatic activity during
SSF.

It can be inferred that enzyme production by the tested fungi hydrolyzed and
degraded citrus by-product, which has been demonstrated earlier with different
agro-industrial by-products (Pandey et al. 1999). Li et al. (2006b) applied com-
mercial enzymes to increase antioxidant activity in citrus peel extracts. A similar
behavior was also expected in the present work, and it was observed that nearly half
of the initial substrate (on weight basis) was degraded by A. niger GH1 at the end of
fermentation. Thus, enzymatic activity could be applied as pre-treatment in the
recovery of antioxidants. The SSF used in the present work was a pre-treatment due
to the enzymes produced by the microorganisms. However, different factors could
affect the fermentation process and not all the fungi enhanced the production of
antioxidants. The metabolism of the microorganism with initial presence of
antioxidants may play an important role in the differences with T. harzianum T1-04.

Fig. 5.2 Antioxidant activity of four citrus by-products after SSF. Lemon, orange, grapefruit,
tangerine. a F. oxysporum, b P. purpurogenum GH2, c T. harzianum T1-04, and d A. niger GH1

in combination with all citrus by-products. Lines over the bars represent the standard deviation.
T Antiox Act: total antioxidant activity
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The effect of fungal strains tested in increasing the antioxidant activity of the
obtained ethanol extracts after SSF was determined based on calculations men-
tioned earlier in methods section. Results showed that SSF with A. niger GH1
yielded the highest increase in antioxidant activity of all citrus by-products, and
hence this strain was selected for further studies. In contrast, the extracts obtained
after fermentation with T. harzianum T1-04 recorded the lowest antioxidant
activity.

5.3.3 HPLC–MS Analysis

Extracts of unfermented and fermented citrus by-products were analyzed using
HPLC-MS. Profile of antioxidant compounds presented in both unfermented and
fermented citrus by-product extracts is presented in Fig. 5.3. It was observed that
some compounds decreased in their absorbance units during fermentation, while
others appear only at the end of fermentation process. These changes could be due
to consumption or biotransformation of phenolic compounds by fungal metabolism
(Barz and Hösel 1975; Cao et al. 2014). Hence, it is possible that some of the
compounds observed at the end of fermentation could be metabolites formed from
others compounds (Li et al. 2006b).

Polyphenols are widely present in most of the citrus fruits, and principal
polyphenols in lemon are didymin, hesperidin (Peterson et al. 2006a), narirutin
(Nogata et al. 2006), pinoresinol, and medioresinol (Peñalvo et al. 2005; Peterson
et al. 2010). In the case of orange, didymin, hesperidin (Peterson et al. 2006b),
narirutin, eriocitrin (Nogata et al. 2006), pinoresinol, medioresinol (Peñalvo et al.
2005; Peterson et al. 2010), ferulic acid and chlorogenic acid (Kelebek et al. 2009)
are the major compounds. While in grapefruit, naringin, hesperidin, narirutin
(Peterson et al. 2006b; Sameer et al. 2013; Xi et al. 2014a), didymin (Xi et al.
2014a; Sameer et al. 2013) have been reported. Whereas, tangerine has been
reported to contain hesperidin, narirutin (Nogata et al. 2006; Peterson et al. 2006b),
didymin (Peterson et al. 2006b), pinoresinol (Milder et al. 2005), and chlorogenic
acid (Xi et al. 2014b; Zhang et al. 2014). In the present study, most of these
polyphenols were identified in both unfermented and fermented ethanol extracts.

Polyphenols identified in ethanol extracts were chlorogenic acid with m/z of 353
[M-H]−; didymin, m/z of 593 [M-H]−; apigenin 7-O-apiosyl-glucoside (apiin), m/z
of 563 [M-H]−; pinoresinol, m/z of 357 [M-H]−; medioresinol, m/z of 387 [M-H]−;
hesperidin, m/z of 609 [M-H]−; naringin, m/z of 579 [M-H]−; and an unknown
compound with m/z of 289 [M-H]− (Fig. 5.3). It is important to mention that a
compound with m/z of 289 [M-H]−, which is similar to epicatechin standard was
observed in all citrus by-products after SSF. However, the UV-vis spectrum and the
retention time were completely different (data not shown). Further studies are
needed to obtain a clear identification of this compound with m/z 289 [M-H]−.
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Fig. 5.3 HPLC–MS analysis of ethanol extracts of citrus residues after SSF. Figures with number
1 (left) are from zero time and figures with number 2 (right) are at the end of fermentation time.
a Lemon (0 and 96 h), b orange (0 and 120 h), c grapefruit (0 and 96 h), and d tangerine (0 and
120 h). The m/z is presented in negative mode [M-H]− in top of each HPLC peak. All citrus
by-products were inoculated with A. niger GH1
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5.4 Conclusions

All citrus by-product extracts obtained after SSF showed antioxidant activity, and
the increase in antioxidant activity was maximum using A. niger GH1. Whereas,
T. harzianum T1-04 recorded consumption or biotransformation of these com-
pounds. Extracts obtained after SSF of tangerine by-product showed the highest
antioxidant activity. It was also observed that SSF changed the profile of antioxi-
dant compounds without reduction of antioxidant properties and could be due to
release or metabolites formed during fermentation. HPLC–MS analysis confirmed
that some of phenolic compounds were conserved during the SSF, but other
compounds with low molecular weight appeared after fermentation. Further studies
are required in order to identify some of the compounds formed during the fer-
mentation, which can the explain changes in the content of polyphenols of the
obtained extracts after SSF of citrus by-products.
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Chapter 6
Coffee Husk: A Potential Agro-Industrial
Residue for Bioprocess

Swaroop S. Kumar, T. S. Swapna and Abdulhameed Sabu

Abstract Agro-industrial processing always generates waste materials. Coffee is one
of the largest commodities in the world, and its processing yields coffee husk as waste
by-product. Its disposal without proper treatment can cause serious environmental
problems. Coffee husk contains carbohydrates including fermentable sugars,
polyphenols such as tannins, lipids. Various microorganisms including filamentous
fungi are reported to grow on it despite the presence of antimicrobial compounds.
Chemical nature of coffee husk makes it a suitable and inexpensive source for
solid-state fermentation. Several studies have been reported on the application of coffee
husk in bioprocess. It acts as a substrate as well as carbon source during fermentation.
Production of various enzymes such as xylanases, cellulases, polygalacturonases,
polyphenol oxidases, tannases in high titers can be achieved by fermentation using
coffee husk as substrate. Apart from production of enzymes, bioconversion of coffee
husk is also achieved during bioprocess which in turn favors sustainable utilization of
waste products. Production of citric acid, gibberellic acid, gallic acid, polyhydrox-
yalkanoates (PHA), and bacterial cellulose is reported by fermentation using coffee
husk as substrate. Mass production of microorganisms is another advantage of using
coffee husk in bioprocess. It is excellent for the growth of various biocontrol agents
such as Trichoderma sp. Besides economic production, prolonged shelf life of bio-
control agents multiplied on coffee husk makes it more attractive. Biopesticides such as
Bacillus sphaericus and B. thuringiensis can also be produced by solid-state fermen-
tation on coffee husk. The sustainable management of agro-industrial waste like coffee
husk through bioprocess makes it as an attractive source of wealth.
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6.1 Introduction

Processing of agricultural products in agro-industries generates huge amount of
waste materials. These waste materials include husk, straw, leaves, peel, pulp,
bagasse. Either burning or usage as animal feed is the common practice for elim-
ination of these agro-industrial wastes which is not adequate for proper eradication.
These wastes are generated throughout the year and contain sugars, proteins, pectin,
tannins etc. This makes agro-industrial residues suitable as raw materials for pro-
duction of value-added compounds while reducing the production cost. But most of
the agro-industrial waste also contains materials with toxic potential such as phe-
nolic compounds which when released to environment is hazardous, and some of
them are not suitable to be used as animal feed. Thus, recycling these wastes has not
only acquired environmental benefit but also has got great economic potential.

Coffee is one of the highest selling agro-industrial commodities, and major
producers include Brazil, India, Mexico, Indonesia, Ethiopia, Colombia. Waste
generated while processing coffee is much higher as about 50% of the processed
coffee (Matos 2008). Coffee husks and coffee pulp are agro-industrial residues
obtained during its processing. Elimination of these residues is a major environ-
mental issue to be addressed. They are known to contain carbohydrates, lipids,
proteins, and polyphenols. Hence, besides the environmental perspective of suc-
cessful waste management, the economical point of view for development of
value-added products also plays a crucial role. Extraction of bioactive compounds
such as pigments, production of absorbents (Baquero et al. 2003), ethanol pro-
duction, biomethanation, and enzyme production are some of the successful use of
coffee husk as raw material for value addition through sustainable development.
Their reuse in fermentation is not only an excellent alternative for the bioremedi-
ation but also reduces the production cost during the process. It becomes eco-
nomically feasible when coffee husk is used in solid-state fermentation (SSF),
where it serves as solid support as well as source of carbon and nitrogen for
microbial growth. In this chapter, we are focusing on recycling coffee
agro-industrial residues through fermentation for value addition in compliance with
sustainable development. First of all, generation of coffee agro-industrial wastes
and their chemical composition are explained followed by its potential usage fer-
mentation process (Fig. 6.1).

6.2 Chemical Composition of Coffee
Agro-Industrial Wastes

First of all, we will begin with a brief understanding of coffee processing. The
coffee cherry contains two cotyledons (beans) covered by testa (silver skin) which is
again covered by parchment. This is surrounded by mucilaginous pulp called
mesocarp which in turn covered by outer skin called exocarp (Fig. 6.2). The cherry
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Fig. 6.1 Ripened coffee berries

Fig. 6.2 Cross sectional
view of coffee cherry. (Image
is taken from http://www.
yara.in)
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is processed to obtain fine coffee. Generally, two types of processing exist, i.e., dry
and wet processing. In dry processing, the cherries are dried either by natural
method (sun drying) or artificial method. After drying, the de-hulling of the cherries
is carried out in a de-hulling machine where beans get separated from the covering
material and the residues generated are called coffee husk (CH), whereas in wet
processing, exocarp and mucilaginous pulp are detached mechanically leaving the
residue as coffee pulp (CP).

CHs and CPs are rich source of nutrients and organic matter. They contain
carbohydrates including fermentable sugars, proteins, caffeine, tannins, and
polyphenols. Tannins are usually considered as antinutritional factor and thus
making coffee by-products less suitable for its reuse as animal feed. They contain
almost 50–85% total carbohydrates of which 14–24% is reducing sugars. Besides, it
contains 4–12% proteins, 0.5–3% lipids, 3–10% minerals, 1–9% tannins, and
approximately 1% caffeine (g/100 g dry weight). Composition varies for CHs and
CPs method of processing, storage conditions. Also, they vary according to the
species and geographical distribution of coffee plants (Gouvea et al. 2009; Adams
and Dougan 1987; Clifford and Ramirez-Martinez 1991; Navya and Pushpa 2013).

6.3 Reuse of Coffee Husk in Fermentation

Coffee pulp and husk are known to harbor many microorganisms including bac-
teria, yeasts, and fungi; filamentous fungi especially basidiomycetes are more
suitable for cultivation upon them. Among the microflora, coffee husk showed
predominant fungal population, whereas coffee pulp shown mixed population of
fungi, bacteria, and yeast in similar proportions (Roussos et al. 1995; Pandey et al.
2000). One of the most efficient ways to recycle coffee agro-industrial by-products
is by utilizing them in fermentation. It can be used for bioremediation of waste
materials as well as development of value-added compounds.

6.4 Production of Enzymes

Microbial production of enzymes is best obtained through fermentation. Industrial
production of enzymes often requires decreasing the cost of fermentation process
which can be achieved by using cheap raw materials. Coffee husks and pulps are
excellent sources of carbon and other nutrients which makes them suitable for
fermentation process and economical production of enzymes. Some of the enzymes
produced by microorganisms by using coffee husk for fermentation are discussed
here. b-1,4-xylans are present in lignocellulosic materials, and xylanases are
enzymes required for hydrolysis of them. These enzymes are used in food pro-
cessing along with cellulases. They find applications as clarifying agent in fruit
juices and wines, biopulping, degumming of plant fibers etc. (Christov et al. 1999;
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Lemos and Pereira Junior 2002). Coffee husk, pulp, spent coffee, and silver skin
known for lignocellulosic materials were used as sole source of carbon for pro-
duction of xylanase from Penicillium sp. CFR 303 by SSF. All coffee
agro-industrial residues were found to be respectable as carbon source and coffee
pulp pre-treated with steam produced maximum xylanase enzyme (23,494 U/g)
from the fungus (Murthy and Naidu 2012). P. glabrum using brewer’s spent grain
as substrate yielded xylanase under solid-state fermentation (Knob et al. 2013).

Gluconacetobacter hansenii UAC09 has known to produce different enzymes,
viz. exopolygalacturonase, tannase, and polyphenol oxidase by submerged fer-
mentation while using coffee husk extract as sole carbon source. These enzyme
causes transformation of polyphenols and pectin from coffee husk and thus its
effective removal (Rani and Appaiah 2012). Rhizopus stolonifer is another fungal
species which was able to utilize coffee husk as sole carbon source during
solid-state fermentation. The strain was effective in producing b-glucosidase
enzyme (Navya et al. 2012). P. verrucosum was able to grow on coffee pulp while
used in SSF and produces tannase enzyme. This is also another application of
fermentation for biotransformation agro-industrial waste and value addition (Bhoite
et al. 2013).

Aspergillus niger was known for its potential to grow on coffee industrial waste.
They are one of the predominant fungal strains isolated from coffee waste. Various
strains of A. niger produce pectinase enzyme. A. niger C28B25 when cultivated on
coffee pulp yielded high pectinase production (138 Units/g dry pulp), and its mutant
shown hyper production of about (228 Units/g dry pulp) (Antier et al. 1993).
Penicillium sp. isolated from coffee by-products also shown comparable pectinase
production to Aspergillus while SSF was performed using coffee pulp as substrate
(Boccas et al. 1993).

Coffee by-products were found excellent for production of a-amylase from
Neurospora crassa CFR 308 by SSF. Fermentation yielded a-amylase with an
activity of 7084 Units/g dry substrate (Murthy et al. 2009). A. oryzae CFR305
isolated from coffee residues yielded protease by SSF while using coffee cherry
husk as substrate. A total production of 12,236 Units/g dry substrate was achieved
from the strain (Murthy and Naidu 2010). b-fructofuranosidase is an enzyme
responsible for production of fructooligosaccharides (FOS) from sucrose.
Under SSF, A. japonicas produced b-fructofuranosidase enzyme with an activity
(71.3 U/ml) using coffee by-products as substrate (Mussatto and Teixeira 2010). As
coffee husk can harbor many organisms, its potential for production of other
enzymes is yet to be exploited.

6.5 Production of Other Value-Added Products

During fermentation using coffee by-products, apart from enzyme, microorganisms
also produce other substances making sustainable development more practical.
Gallic acid, a phenolic antioxidant produced from tannins, finds application as
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adjuvants, food supplements etc. Acid hydrolysis of tannic acid yields gallic acid.
Microbial tannase enzyme also produces gallic acid. The fungus P. verrucosum
produces gallic acid while performing biotransformation of coffee pulp tannins
(Bhoite et al. 2013).

Another important finding is the production of bacterial cellulose (BC) by
Gluconacetobacter sp. while using coffee husk for fermentation. Bacterial cellulose
is superior to plant cellulose as the latter is often associated with hemicellulose and
lignin. BC is highly crystalline in nature and shows stability toward temperature
and chemical treatments. It also shows high mechanical strength. Production of BC
is of great demand because of its use as artificial skin (Krystynowicz et al. 2002),
scaffold for tissue engineering of cartilages (Svensson et al. 2005), etc. But bacterial
cellulose production is not economically feasible because of lower yield by bac-
terium and high cost of the production medium (Moon et al. 2006). Instead of using
synthetic media, coffee husk extract was used for fermenting Gluconacetobacter
hansenii UAC09 for bacterial cellulose production and conditions were optimized
for maximal production of BC. It was found that while using coffee husk extract for
production, a threefold increase in the yield of BC was observed (Rani and Appaiah
2013). Thus, by substituting the synthetic media with agro-industrial waste resi-
dues, the cost of production for BC can be reduced.

Use of biopolymers as an alternative to petroleum-based plastics attracted
environmental perspective due to its biodegradable nature. Polyesters of hydrox-
yalkanoates called polyhydroxyalkanoates (PHAs) are produced by microorganisms
as an intracellular carbon and energy source. PHAs are used as biopolymers and
used in making disposable razors, cups, surgical stitches, etc. Biopol, Nodax, Degra
pol are some of the PHAs available commercially (Anjum et al. 2016). However,
the cost of production is the limiting factor for industrial application of these
polymers. Bacterium Enterobacter aerogenes is able to produce PHAs by using
coffee husk extract for fermentation. Thus, coffee husk serves as a cheap substrate
for PHA production and, thereby reducing the cost of production of biopolymers as
well paving the way for bioremediation of coffee by-products (Chandrika et al.
2015).

Citric acid is an organic acid with high commercial value due to its large market
potential. It finds application in cosmetic, pharmaceutical, and food industries.
Production of citric acid can be achieved by solid-state fermentation. Coffee husk
was used as substrate for the first time to produce citric acid from A. niger CFTRI
30. Higher citric acid production as high as about 1.5 g/10 g dry coffee husk was
obtained from the strain (Shankaranand and Lonsane 1994). 187.54 g citric acid/kg
dry coffee husk was obtained from a mutant of A. niger (A. niger RCNM 17), when
basal coffee husk medium was used for SSF (Ramachandra et al. 2013).

Production of flavoring and fragrance substances by bioprocess is quite
demanding nowadays and finds its application in food and cosmetic industries.
Microbial production of aromatic compounds has been reported from various
sources. A fungal strain Ceratocystis fimbriata was used for aroma production
using coffee husk as substrate for SSF. During the fermentation ethyl acetate,
ethanol and acetaldehyde were produced (Medeiros et al. 2003). Few of the other
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microbial producers includes Kluyveromyces sp. (Jiang 1995; Fabre et al. 1995),
Neurospora sp. (Pastore et al. 1994; Yamauchi et al. 1989), Zygosaccharomyces
rouxii (Sugawara et al. 1994), Aspergillus sp. (Ito et al. 1990), Trichoderma viride
(Gervais and Sarrette 1990), and R. oryzae (Bramorski et al. 1998). Most of these
strains are known to grow on coffee agro-industrial residues. Gibberellic acid
(GA) often called gibberellins is a pentacyclic diterpenoid acid which is growth
regulators of plants. They are produced by both plants and fungi. A large variety of
gibberellic acid is known of which GA3 is more popular. It is used for regulation of
plant growth in agriculture field but yet expensive. Industrial production of GAs is
achieved by SSF. Production of GA3 was achieved from fungus Gibberella fuji-
kuroi LPB-06 under SSF using coffee husk as substrate. The final yield was about
492.5 mg of GA3/kg of dry coffee husk (Machado et al. 2002).

Development of prebiotic products is a promising area, and fructooligosaccha-
rides (FOS) are one of the prebiotic products characterized by its low-colorific value
and bifidobacterial growth promotion in colon. A.japonicus under SSF conditions
produces FOS with a yield of 128.7 g/l (Mussatto and Teixeira 2010).

6.6 Production of Biocontrol Agents

Biocontrol agents are used for pest and disease management. Trichoderma sp. is
biocontrol agents used for management of fungal diseases and growth promotion in
plants (Inbar et al. 1994). A wide variety of Trichoderma sp. are identified and
known to show antagonistic activity against various pathogens (Paulitz and
Bélanger 2001). Rhizoctonia, Fusarium, Alternaria, Ustilago, Venturia and
Colletotrichum, Pythium and Phytophthora are some among them. Most widely
used species are T. harzianum and T.viride. Trichoderma formulation based on
coffee husk was developed to manage phytophthora foot rot of black pepper
(Sawant et al. 1995). Most of these fungal strains have ability to grow on acidic pH.
Coffee husk normally shows acidic pH, and hence, they can mass multiply in coffee
husk. Another advantage of coffee husk-based Trichoderma formulation is its
increased shelf life up to 18 months compared to other formulation thus making this
formulation more suitable for economical production and distribution.

Mosquito vector control programs have always been relied on chemical insec-
ticides but with the development of biocontrol agents scenario changed. Bacillus
sphaericus (Bs) and B. thuringiensis subspecies israelensis (Bti) are two
well-known mosquitocidal biocontrol agents. Coffee husk waste filtrate was used to
culture Bti H-14 (IPS-82) and Bs (IAB-59) under submerged fermentation. The
bacteria produced in coffee husk filtrate medium was analyzed for its activity
against larvae of major mosquito vectors Culex quinquefasciatus, Aedes aegypti,
and Anopheles stephensi and found to show insecticidal activity (Poopathi and
Abidha 2011). It was found that toxins produced by them in this medium are
comparable with that of synthetic medium. Thus, it shows another effective uti-
lization of coffee agro-industrial waste.
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6.7 Production of Biogas (Biomethanation)

Biomethanation is the conversion of organic matter into biogas (mainly methane)
by anaerobic digestion. It is an excellent method for sludge and other waste
treatment. Coffee husk rich in polyphenols and acid in nature (pH 4.3), and this
makes coffee husk unsuitable for biogas production. Coffee husk was pre-treated
with thermophilic fungus Mycotypha. Coffee husk was fermented for 15 days and
later inoculated with methanogenic inoculum. The anaerobic digestion caused
production of biogas from coffee husk treated with Mycotypha (Jayachandra et al.
2011).

6.8 Production of Ethanol

Bioethanol is ethanol produced by fermenting sugar from plant and agro-industrial
residues and considered as renewable energy source. Decreasing amount of fossil
fuels demands alternate energy sources. Bioethanol is considered as a substitute for
these non-renewable fossil fuels. But currently, the production cost and yield are
two major limiting factors for industrial production of these biofuels. Sugarcane,
cereal grains, sugarcane bagasse, etc., are used for fermentation to produce ethanol.
A large amount of carbohydrates in coffee industrial waste makes it a suitable
substrate for fermentation. Apart from producing energy source, it is also a good
practice to remove the waste materials. Dry sticky coffee husk was used for pro-
duction of ethanol from baker’s yeast Saccharomyces cerevisiae, and about 13.6 g
ethanol/L was obtained which was reasonable (Gouvea et al. 2009). According to
Kefale et al., baker yeast yielded 7.4 g ethanol/L when coffee pulp was used for
fermentation under optimal conditions (Kefale et al. 2012). Bioethanol production
based on coffee husk as substrate has to be explored more for developing new
techniques for biofuel synthesis.

6.9 Detoxification by Fermentation

The presence of antinutritional factors and toxic substances in coffee agro-industrial
residues demands the need of detoxification. Detoxification method involves
physical, chemical, and microbial methods (Shiono et al. 2017). Here, detoxifica-
tions by fermentation using microorganisms are discussed. Previously discussed
fermentation strategies often involve the bioconversion of coffee husk apart from
production value-added compounds and thus aiding detoxification. Also, detoxified
coffee wastes are more suitable as substrate for bioprocess. One of the toxic
compounds in these wastes is caffeine. Decaffeination is one of the challenges in
these detoxification methods. Many of the fungal and bacterial species are known to
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use caffeine as energy source and degrade them. Few of the microorganisms for
caffeine degradation are Penicillium sp., Aspergillus sp., Pseudomonas sp. etc.
(Asano et al. 1993; Hakil et al. 1999). P. roqueforti and Stemphylum sp. degrade
caffeine in liquid medium (Kurtzman and Schwimmer 1971). Aspergillus sp. LPBx
was able to degrade 90% of caffeine and by SSF (Brand et al. 2002). Fungal strain
Rhizopus delemar was able to degrade caffeine in packed bed column bioreactor
using coffee husk as substrate (Tagliari et al. 2003). Under optimum conditions,
caffeine was degraded to theobromine by Pseudomonas putida with a total yield of
92% (Asano et al. 1993). These detoxifications reduce the toxicity of these waste
materials which can be used as animal feed after processing. Reducing the pollution
caused by these waste materials is the primary concern for development of these
methods (Table 6.1).

Table 6.1 Some of the cultivated microorganisms on coffee agro-industrial residues with
products obtained or its functional application by fermentation

Microorganism Product obtained/Function References

Aspergillus niger Pectinase Murthy and Naidu (2011)

Penicillium sp. Pectinase Boccas et al. (1993)

Neurospora crassa Amylase Murthy et al. (2009)

Paecilomyces variotii Tannase Battestin and Macedo
(2007)

Gluconacetobacter hansenii Tannase Rani and Appaiah (2012)

G. hansenii Exopolygalacturonase Rani and Appaiah (2012)

Penicillium verrucosum Tannase Bhoite et al. (2013)

G. hansenii Polyphenol oxidase Rani and Appaiah (2012)

Rhizopus stolonifer b-glucosidase Navya et al. (2012)

A. oryzae Protease Murthy and Naidu (2010)

Penicillium sp. Xylanase Murthy and Naidu (2012)

P. glabrum Xylanase Knob et al. (2013)

A. japonicus b-furctofuranosidase Mussatto and Teixeira
(2010)

Ceratocystis fimbriata Flavoring agents (Aroma
compounds)

Medeiros et al. (2003)

Kluyveromyces sp. Flavoring agents (Aroma
compounds)

Jiang (1995), Fabre et al.
(1995)

Zygosaccharomyces rouxii Flavoring agents (Aroma
compounds)

Sugawara et al. (1994)

Fusarium moniliforme Gibberellic acid Machado et al. (2002)

Gibberella fujikuroi Gibberellic acid Machado et al. (2002)

Aspergillus niger Citric acid Shankaranand and
Lonsane (1994)

A. japonicus Fructooligosaccharides Mussatto and Teixeira
(2010)

(continued)
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6.10 Conclusions

Coffee by-products disposal is major problem faced by coffee producing countries,
and though many of the disposal mechanisms are proposed, lack of adequate dis-
posal and economic usage remained as a challenge. Effective utilization of these
by-products was done for isolation of bioactive compounds, production of mush-
rooms, development of adsorbents, as raw material for production of enzymes,
value-added products, biofuels, aroma, etc. In this chapter, only fermentation aspect
of coffee waste was focused. Coffee husks and coffee pulp are rich in organic
matter, and this makes it suitable for fermentation. Significant cost reduction was
achieved by the use of these agro-industrial wastes for production of enzymes and
other products such as flavoring agents, citric acid, gibberellic acid. Also, it is very
much helpful in reducing the waste removal by bioconversion of the toxins in these
wastes. Solid-state fermentation turns to be one of the best methods for effective
utilization of these agro-industrial residues. Antinutritional and toxic substances
such as caffeine and tannins restrict use of coffee husk as animal feed. However, the
detoxification by fermentation achieves bioconversion of this organic matter
making it suitable for use as feed. However, the detoxification strategies sum up the
cost of feed produced. Still, it is considered significant as the direct release of these
toxic substances into environment increases the risk of pollution. Coffee husk as
alternate renewable source of energy by production of bioethanol is quite
promising. Further, extensive research is needed for the economical production and
commercialization of biofuels. Biomethanation of coffee husk was performed for
gas production. But it still does not seem to be economical. Cost-effective

Table 6.1 (continued)

Microorganism Product obtained/Function References

G. hansenii Bacterial cellulose Rani and Appaiah (2013)

Enterobacter aerogenes Polyhydroxyalkanoates Chandrika et al. (2015)

Saccharomyces cerevisiae Bioethanol Gouvea et al. (2009)

Methanogenic consortium Biogas Jayachandra et al. (2011)

P. roqueforti Detoxification Kurtzman and
Schwimmer (1971)

Stemphylum sp. Detoxification Kurtzman and
Schwimmer (1971)

R.delemar Detoxification Tagliari et al. (2003)

Pseudomonas putida Detoxification Asano et al. (1993)

Trichoderma harzianum Biocontrol agents Sawant et al. (1995)

T. viride Biocontrol agents Sawant et al. (1995)

Bacillus sphaericus (Bs) Biocontrol agents Poopathi and Abidha
(2011)

Bacillus thuringiensis subspecies
israelensis (Bti)

Biocontrol agents Poopathi and Abidha
(2011)

106 S. S. Kumar et al.



production of biogas from these wastes has yet to be technically developed.
Biocontrol agent production is another greatest advantage of using coffee husk in
fermentation with increased shelf life and economic feasibility of mass production.
Though many of the aspects are discussed here for reuse of coffee by-products in
fermentation, they are yet to be exploited for production of newer compounds and
development of more economically feasible techniques.
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Chapter 7
Sustainable Valorization of Seafood
Processing By-Product/Discard

P. V. Suresh, Tanaji G. Kudre and Lidiya C. Johny

Abstract Seafood is one of the major food products for human consumption and is
an important part of the diet in many countries. However, huge amount of
non-edible by-products (viscera, head, skin, scales, bones, etc.) are generated from
the seafood processing operations annually. Generally, some of the seafood
by-products are utilized as low-price ingredients through the mass transformation
into a single product such as fish meal, fish oil, fertilizer/manure, fish silage, fish
sauce, and protein hydrolysates, but the main bulk is dumped at sea/river or landfill,
creating both disposal and pollution problems. It has been noted that these
by-products contain valuable components including bioactive peptides, collagen
and gelatin, oligosaccharides, fatty acids, enzymes, calcium, water-soluble miner-
als, vitamin, carotenoids, chitin, chitosan, biopolymers. These seafood-derived
components have potential application in food, cosmetic, pharmaceutical, envi-
ronment, biomedical, and other industries. Other than that, they are promising
source for biofuel production. Thus, present chapter summarizes and highlights the
need for an efficient by-product/discard reduction strategies and by-product/discard
valorization that can provide viable and profitable options for seafood by-product/
discard processing.

Keywords Seafood � Seafood processing � Seafood by-products
By-product valorization

7.1 Introduction

Seafood is one of the major food products for human consumption and is an
important part of the diet in many countries. In 2013, approximately 17% of animal
protein and 6.7% of all the protein consumed by humans came from seafood was
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reported (FAO 2016). In addition, seafood provided more than 3.1 billion people
with almost 20% of their average per capita consumption of animal protein (FAO
2016). A significant portion of the seafood meant for human intake is disposed of as
by-product/discard throughout the supply chain of seafood, beginning with har-
vesting and finishing with consumption. Further, industrial processing of seafood
generates an enormous amount of non-edible portion (50–80%, w/w, of the total
weight) as by-products depending on the type of seafood and level processing,
which is wasted or many parts of the world. In addition, huge amounts of total
catches are discarding every year from the fish farm as well as capture fishing as
bycatch or unintentional catches fish species. Several approaches (physical,
mechanical, chemical, and biological) have been attempted by seafood industries to
treat or minimize the disposal of seafood by-product/discard (Guerard 2007;
Bhaskar et al. 2011; Suresh and Prabhu 2013; Sachindra and Mahendrakar 2015).
In general, these by-product/discard are rich sources of various valuable compo-
nents with significant commercial applications in the different area. In this chapter,
the scope for the sustainable valorization of the enormous quantity of seafood
processing by-product/discard is exploring.

7.2 Seafood and Seafood Processing By-Products

The term ‘seafood’ generally defines a group of biologically divergent edible ani-
mals (excluding mammals) consisting both finfish (species of bony and cartilagi-
nous fish as well as hagfishes and lampreys) and shellfish (species of Arthropoda,
Mollusca, Cephalopods, and Echinodermata) from aquatic sources whether of
freshwater, estuarine, or marine (Venugopal 2006; Suresh and Prabhu 2013;
Sachindra and Mahendrakar 2015; FAO 2016). This term is applied to both edible
animals (excluding mammals) collected from aquatic sources by fishing and pro-
duced by aquaculture. In addition, aquatic animals such as frogs and turtles that are
served as food and eaten by humans are also considered as seafood (FAO 2016).
Edible seaweeds and other aquatic plants are also considered as seafood, and they
are widely consumed as sea vegetables around the world, especially in Asian
countries (Suresh and Prabhu 2013; FAO 2016). Throughout this chapter, the term
seafood is considered with a broad sense that comprises both finfish and shellfishes.

In recent decades, the fisheries and aquaculture have been evolving rapidly as
food production industries. Seafood is now the most internationally traded food
product, with some 37% by volume traded across national borders (FAO 2012a, b).
Seafood is one of the essential food products for human consumption and is a
significant part of the diet in many nations. Apart from rich in high-value protein,
seafood is usually low in saturated fats, carbohydrates, and cholesterol and also
provides a board range of essential micronutrients (FAO 2012a, b; Suresh and
Prabhu 2013; FAO 2016). Thus, even in small quantities, provision of seafood can
be useful in addressing food and nutritional security among the poor and vulnerable
populations around the world (FAO 2012a, b; World Bank 2013). Many millions of
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people all over the world find a source of income and livelihood in the fisheries and
aquaculture field. The very recent evaluations indicate that 56.6 million people were
involved in the primary sector of capture fisheries and aquaculture in 2014. Of this
total, 36% involved full time, 23% part-time, and the remainder was either occa-
sional fishers or unspecific status (FAO 2016).

According to Food and Agriculture Organization of the United Nations (FAO
2016), world seafood production (by capture fisheries and aquaculture) was
167.2 million tonnes (MT) in 2014 (excluding aquatic plant), of which 146.3 MT
(87.5%) is used for direct human consumption. The remaining (20.9 MT, 12.5%)
were intended for non-food goods such as fish meal and fish oil. In 2014, 46%
(67 MT) of the seafood for direct human consumption was in the form of live,
fresh, or chilled fish. The remaining of the production for edible purposes was in
different processed forms, with about 12% (17 MT) in dried, salted, smoked, or
other cured forms, 13% (19 MT) in prepared and preserved forms, and 30% (about
44 MT) in frozen form. Freezing is the primary method of processing seafood for
human consumption, and it accounted for 55% of total processed seafood for
human consumption and 26% of total seafood production in 2014 (FAO 2016).
Large portions of seafood landed for human consumption are processing due to
some reasons in some ways or the other, all over the world in the food supply chain.
This processing of seafood creates a huge volume of non-edible portion (50–80%)
as by-product/discard/visceral waste, which is thrown away or underutilized in
many parts of the world (Guerard 2007; Bhaskar et al. 2011; Suresh and Prabhu
2013; Ghosh et al. 2016). Subsequent capture or harvesting and processing is the
primary phase in the supply chain of seafood where most by-product/discard take
place. In general, seafood is processing immediately after harvest either in onboard
processing facilities of fishing fleets or in offshore processing factories. Since the
seafood includes various kinds of aquatic animals, the non-edible part produced
varies significantly in their volume and composition (Table 7.1). Finfish processing
generates 10–50% of total weight as non-edible part, which comprises gut (vis-
ceral), head, bone, skin, scales, fin, and flesh remaining on the bone (Fig. 7.1).
However, shellfishes, mainly crustaceans processing, produce up to 80% of raw
material as non-edible parts, which include head, shell (carapace), viscera, and
appendages (Bhaskar et al. 2011; Suresh and Prabhu 2013). The major crustacean
such as shrimps/prawn, crabs, and lobsters constitutes shellfish species that pro-
cessed commercially. India is one of the leading processed shrimp-exporting
countries and annually generates >1 lakh tonnes of solid by-products from shrimp
processing (Bhaskar et al. 2011: Suresh and Prabhu 2013). Although no detailed
estimate of non-edible by-products is available, a calculation (based on the amount
of processed seafood for human consumption, 63 MT in 2014) indicated that
between 31.5 and 50.4 MT (equivalent to 50–80% of processed seafood for human
consumption) with an average of 40.95 MT are produced in 2014, globally. It was
reported that about 20 MT of seafood by-products are produced worldwide by the
various seafood processing operation (Guerard 2007; Bhaskar et al. 2011; Suresh
and Prabhu 2013).
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Various kinds and quantities of by-product/discard are produced throughout the
supply chain of seafood, beginning with harvesting and finishing with consumption
(Ghosh et al. 2016). Seafood by-product/discard are formed through bycatch,
onboard processing, other processing, transport, storage, retailers, and consumers
(Sharp and Mariojouls 2012). In addition, huge amount of seafood is discarded
during wild catching (fishing operation) as bycatch or accidental catching species.
This problem has extensively studied, and despite environmental and business
guidelines, there is still no effective solution to bycatch waste (Ghosh et al. 2016). It
is projected that globally about 17.9–39.5 MT of whole seafood is discarded every
year by commercial fishing operations (Ghosh et al. 2016). Also, a significant
amount of the total catch from aquaculture is disposed of each year. In reality, not
only does the by-product/discard disposal have a high cost, but also it has a sig-
nificant environmental impact.

Concerning seafood processing, there are different terms such as by-product,
coproduct, fish waste, fish offal, fish visceral mass, fish discards that are applied to
describe the non-edible body part of seafood. According to Guerard (2007) and
Sachindra and Mahendrakar (2015), ‘by-product’ specifies something that is not
regarded as an ordinary saleable product but can use after treatment and the term
‘waste’ refers to products that cannot be used for feed or food but has to be
composted or destroyed. Further, observed in the scientific literature that the most
frequently used and appropriate term to describe the non-edible portion generated
during seafood processing is ‘by-product.’ Hence, throughout this chapter,

Fig. 7.1 Finfish processing by-products
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‘by-product/discard’ are considered in a broad sense that comprises
above-mentioned different terms. The composition and percentage of these
non-edible parts in the total volume of by-products vary widely with the type of
seafood and method of processing (Lee 2011; Bhaskar et al. 2011; Suresh and
Prabhu 2013; Sachindra and Mahendrakar 2015; Ghosh et al. 2016). The major
non-edible parts of finfish processing include head, gut (visceral), skin including
scales, bones, frame, and flesh attached to the bone of processed fishes, while
shellfish by-products, especially from crustaceans, principally comprises head
(cephalothorax) and shell (carapaces) and also discolored and imperfectly processed
whole animal.

The disposal route for seafood by-product/discard is not as straightforward as
grains and other crops produced. It is because the disposal of seafood by-product/
discard involves stringent hygiene, safety, and management of environmental issues
during its disposal, and in many cases, its disposal is regulated by government
organizations (Ghosh et al. 2016). Further, to reduce the disposal of a large quantity
of seafood by-product/discard formed worldwide, some alternative strategies have
developed to improve commercial value of these biomaterials. In general, two
different approaches such as mass conversion/transformation and sorting/
segregation have developed to increase the market value of seafood by-product/
discard (Linder et al. 1995). In mass conversion/transformation, the seafood
by-product/discard are converted into a single product. The converted seafood
by-product/discard products comprise fish meal, fish oil, fertilizers, and hydro-
lysates such as protein hydrolysate. On the other hand, sorting/segregation involves
utilizing various by-product/discard (seafood body parts) such as bones, visceral,
and fins separately to enhance their economic value (Ghosh et al. 2016).
Furthermore, sorting/segregation allows the extraction of commercially significant
components from seafood by-product/discard such as peptides, oil and lipid, pig-
ments, flavors, enzymes, chitin, collagen and gelatin, vitamins, minerals (Figs. 7.2
and 7.3). Widespread recognition and adoption of both methods could lead to
significant reductions in by-products going to landfill or ocean dumping and reduce
the damaging impact of seafood by-product/discard on the environment (Suresh and
Prabhu 2013; Ghosh et al. 2016). At present, most seafood by-product/discard
about 59% of all seafood go to landfill or dumping in the sea, and only about 39%
are reused or incinerated (Jespersen et al. 2000; Ghaly et al. 2013). The traditional
methods (landfill or dumping in the sea) of disposal of seafood by-product/discard
not only create environmental pollutions but also losing various valuable
components.

Moreover, it was observed that seafood by-product/discard processing could be a
hard business in many nations owing to some problematic issues such as hygiene,
safety, and environmental hazards (Ghosh et al. 2016). The most important factor
that any commercial operation needs to consider is the economic viability of sea-
food by-product/discard processing (Hwang and Hansen 1998). It is noted that
current seafood by-product/discard management in India is found to be inefficient
and non-profitable (except in the case of chitin and chitosan production
from crustacean by-products). It is highlighting the need for efficient by-product/
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discard reduction strategies and by-product/discard utilization that can provide
viable and profitable options for seafood by-product/discard processing. As stated
by Ghosh et al. (2016), there are some good economic and environmental reasons to
process seafood by-product/discard and produce valuable products. However,

Fig. 7.2 Finfish processing by-products and possible valuable bioactive components
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additional research is required to make effective and efficient methods of handling
seafood by-product/discard at an economically viable and commercially acceptable
scale with as minimal ecological issues as possible.

In many developed countries, the chief drivers for food by-product/waste
management strategies are government legislation concerning to safety, handling of
hazardous waste materials, and the environmental influence of the business working
practices, while, in emerging countries, factors such as food type, processing
facilities, storage facilities, transport, and even climatic conditions are the primary
drivers in food waste management strategies (Rutten 2013; Ghosh et al. 2016).
Further, in the case of seafood by-product/discard utilization, the drivers are health
safety and hygiene risks associated with the processing of these materials.
Therefore, by-product/discard processing approaches must be optimized to
encourage production efficiency and cost-effectiveness so that the final products are
competitive in the marketplace (Ghosh et al. 2016). In a report, Ghosh et al. (2016)
stated consumer is the most important factor for a food waste utilization strategy
that targets to produce value-added products; further, without consumer acceptance
of food waste reduction approaches, no sustainable, eco-friendly food waste uti-
lization and management strategy can succeed.

Fig. 7.3 Shellfish specifically shrimp processing by-products and possible valuable bioactive
components
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7.3 Treatment of Seafood By-Products by Mass
Conversion/Transformation

7.3.1 Seafood By-Products/Discards into Fish Meal
or Fish Oil

Fish meal is a natural feed component used in diets for farmed fish and crustaceans
and as a nutrition supplement of pigs and poultry, as well as in pet food. Converting
seafood by-product/discard into fish meal has been progressively increasing in
recent years with many nations transforming their seafood by-product/discard using
cost-effective reprocessing technologies (Shepherd 2012; Ghosh et al. 2016). In
spite of the recycling costs connected with processing seafood by-product/discard
into fish meal, fish meal’s price as a feedstock for aquaculture has to balance the
recycling costs. At present, there are only about ten major nations converting
seafood by-product/discard into fish meal products, that is, Canada, Japan, Chile,
Denmark, Iceland, Mexico, Norway, Thailand, Russian Federation, and the USA
(Ghosh et al. 2016). However, these countries on average are only using around
25% of their seafood by-product/discard to produce fish meal products (Shepherd
2012). An estimate of about 15–25% of the global fish meal is currently produced
from seafood processing by-product/discard (Shepherd 2012; World Bank 2013).
Worldwide production of fish meal in 2030 is projected to be around 7.6 MT
(World Bank 2013). It is reported that India increases imports over the period

Table 7.1 Major seafood processing by-product/discard (values shown in the table are compiled
from various authors mentioned somewhere else in the text)

Seafood
(100%)

Type of seafood By-product/discard % of by-product/
discards (w/w)

Finfish

Boney, cartilage, other
finfishes

Gut 15–20

Skin 1–3

Head 15–20

Trimming 2–5

Bones 10–15

Shellfish

Crustacean Shrimp Shell and head 60–80

Crab Shell and viscera 60–70

Lobster Shell and head Up to 60

Crayfish Shell and head Up to 85

Krill Shell and head 70–75

Mollusca Oyster, mussel, clam,
scallop, etc.

Shell and various
non-edible portion

60–80

Cuttlefish, squid,
octopus, etc.

Ink bag, gladius, other
non-edible organs

10–35
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(2010–30) and becomes the third largest net importer of fish meal in 2030, after
China and Southeast Asia (World Bank 2013). Fish meal usage over a period of 50
years (1960–2010) reveals its increased use in aquaculture, while its use in both pig
and poultry feeds has declined (Gunasekera et al. 2002; Ghosh et al. 2016). The
demand for fish meal and fish oil likely becomes higher, given the accelerated
expansion of the global aquaculture and slowness of the global capture fisheries that
supply their constituents (World Bank 2013). Many of the species used to manu-
facture fish meal and fish oil are small, bony, not very palatable, or unfamiliar to
consumers. However, globally in 2009, about 25% of fish meal and fish oil were
produced from by-products, and this proportion has been rising steadily in recent
years, by about 1–2% per annum. Conventionally, fish meal factories have often
been located alongside canning and freezing plant to process and pack seafood for
human consumption. Currently, aquaculture (63%) is the biggest consumer of the
fish meal followed by the pig (25%), poultry (8%), and other animal (45) farmings
(Chamberlain 2011; Ghaly et al. 2013).

Fish oil is the primary natural source of the long-chain omega-3 polyunsaturated
fatty acids (eicosapentaenoic acid, EPA, and docosahexaenoic acid, DHA). There is
an increasing market for fish oil as a human nutritional supplement in the form of
oil capsules and as a food additive (Ghaly et al. 2013; Suresh et al. 2015; FAO
2016).

7.3.2 Converting Seafood By-Products/Discards
into Fish Sauce

Fish sauce is a traditional fermented fish product, which is used as an important
source of protein in several Southeast Asian countries and also consumed in Europe
and North America. For example, such products are nam-pla in Thailand, nuoc-
mam in Vietnam and Cambodia, patis in the Philippines, ngapi in Burma
(Myanmar), and yoshoku in Japan (Suresh et al. 2015). Fish sauce is a clear liquid
product, and it is produced from small pelagic fish or seafood processing
by-products by the hydrolysis of fish protein in the presence of a high salt con-
centration (Salt fermentation). It is prepared by adding 20–30% marine salt to fish
(small and commercially unimportant fish) such as anchovies, sardines, or round
scad and permitting them to hydrolyze in closed containers (Shahidi and Kamil
2001). For complete hydrolysis of fish tissue and flavor development, the fer-
mentations were carried out for 3 months to 2 years at 30–35 °C. During incuba-
tion, endogenous halotolerant enzymes present in the muscle gradually degrade the
fish tissue in order to form a clear, amber-colored liquid with a high content of free
amino acids and excellent flavor (Shahidi and Kamil 2001; Suresh et al. 2015). Due
to the high salt content, in general, the growth of bacteria is negligible. It can be
used as a condiment on vegetable dishes and is very nutritious due to the presence
of essential amino acids (Ghaly et al. 2013).
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7.3.3 Converting Seafood By-Products/Discards
into Fish Silage

Fish silage is an excellent protein source with high nutritional properties for animal
feeding. Fish silage can be made from spoiled fish, subutilized species, and seafood
by-product/discard. It is a liquid product prepared from whole seafood or their
processing by-product/discard that are liquefied by the activity of endogenous
enzymes in them with added acid. During liquefaction, seafood proteins are broken
into soluble units (amino acids), while acid accelerates the enzyme hydrolysis as
well as prevents bacterial spoilage (Disney et al. 1977; Vidotti et al. 2003; Ghaly
et al. 2013; Mahendrakar and Rathina 2015).

Lactic acid fermentation is also used in the preparation of fish silage, in which
minced whole seafood or their by-product/discard are mixed with sugar or
molasses. Further, a lactic acid fermentation is subjected by inoculating with a
culture of Lactobacillus sp. The inoculated material incubated at a particular tem-
perature for a desired period is a sealed vessel (Ghaly et al. 2013). According to
Gildberg (1992), many bioactive products including peptone, oil, and pepsin can be
obtained from fish silage.

7.3.4 Production and Utilization of Seafood Protein

Seafood processing by-products are rich sources of functionally active and nutritive
marine proteins with various potential applications (Okada et al. 2008). Proteins
from seafood by-products are recovered mainly in the form of protein hydrolysates,
which are derived from proteins as peptides of various sizes after chemical and
enzymatic hydrolysis as well as lactic acid fermentation (Guerard 2007; Kristinsson
and Rasco 2000; Suresh and Prabhu 2013). Protein hydrolysate with specific
functionalities and biological properties can be prepared by using specific enzymes
and hydrolysis conditions (Kristinsson 2007; Sachindra et al. 2011). The protein
hydrolysates have a broad range of potential applications including use of flavor
enhancers, functional ingredients, or nutritional additives to foods of low protein
quality (Sachindra et al. 2011). Recently, protein hydrolysates extracted from
marine by-products have become popular in the food industry due to its high
biofunctional action (Cordova-Murueta et al. 2007). Marine protein hydrolysates
are widely used as feed for a variety of farmed animals as well as cultured food fish.
Marine protein hydrolysates are rich sources of biologically active peptides, with
considerable potential in pharmacology and as growth-stimulating agents in animal
feed (Gildberg and Stenberg 2001).
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7.4 Chemical Extraction of Seafood Protein

The most common extraction method used for the fish proteins is the solvent
extraction process. A standard protocol for the solvent extraction of proteins has
reported by Sikorski and Naczk (1981). The whole fish is first minced, and the
protein is extracted with isopropanol. After grinding, the supernatant is collected
and extracted three times. The first extraction is carried out at 20–30 °C for 50 min
in isopropanol. The second extraction is performed at 75 °C for 90 min with iso-
propanol. The third extraction is carried at 75 °C for 70 min with azeotropic iso-
propanol. The final supernatant fraction is collected, dried, milled, and screened to
separate out bone particles. Hermansson et al. (1971) reported that the fish protein
concentrate could also produce at a temperature of 50 °C, but it will have lower
emulsifying properties and poor solubility. The disadvantages of this method are
reduced functionality, off-flavors, the high manufacture cost, and traces of the
solvent in the final product, making it commercially unsuccessful. Batista (1999)
reported on the extraction of proteins from hake and monkfish wastes using a
chemical method. The extraction was carried out with HCl in the acid phase and
with NaOH and Ca (OH)2 in the alkaline phase. Further, Nurdiyana et al. (2008)
optimized the extraction process of proteins from freeze-dried fish waste using
response surface methodology.

The enzymatic processing of seafood by-product/discards could be helpful in
producing a wide range of food ingredients and other products for a variety of
applications (Kim and Park 2006; Suresh et al. 2015). Hydrolysis of the protein of
seafood by-products can be achieved by both the digestive enzymes of fish itself
and addition of enzymes of external sources (Rustad 2003). Most commercial
proteases used for seafood protein hydrolysate preparation include those from
microbial sources such as Alcalase, Neutrase, Flavourzyme, Umamizyme,
Protamex; from plant sources such as papain, bromelain, ficin; and from animal
sources such as pepsin, trypsin, chymotrypsin (Guerard 2007). Alcalase, an alkaline
enzyme produced from Bacillus licheniformis and developed by Novozymes, has
reported to be one of the most useful enzymes to hydrolysis fish proteins (Aspmo
et al. 2005; Bhaskar et al. 2007a). By-products from several finfish and shellfish
species have exploited for the commercial production of protein hydrolysate, with
the most common source being fillet by-products (Gbogouri et al. 2004; Mukhi and
Novikov 2001; Bhaskar et al. 2007a). Arctic and Antarctic krill has also reported as
sources of protein and protein hydrolysate (Moren et al. 2006; Sountama et al.
2007). In addition, lactic fermentation has attempted to produce protein hydro-
lysates from processing by-products of shellfish such as crayfish (Bautista et al.
2001) and shrimp (Lopez-Cervantes et al. 2006; Bhaskar et al. 2007a, b;
Bueno-Solano et al. 2009).
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7.4.1 Treatment of Seafood By-Products by Sorting Methods

Seafood processing by-products are potential sources of some valuable components
with a broad range of possible applications in the field of food, feed, biomedicine,
fine chemical, and pharmaceuticals (Suresh and Prabhu 2013; Suresh et al. 2015;
Sachindra and Mahendrakar 2015). As mentioned above, sorting method of seafood
treatment enables the extraction of commercially significant components from
by-product/discard such as specific protein, the bioactive peptide, oil and lipid,
pigments, flavors, enzymes, chitin, collagen and gelatin, vitamins, minerals.
However, the composition of these components varies according to the type of
species, sex, age, and nutritional status, time of year and health, as well as a method
of processing. The valuable components from by-products of finfish processing
include bioactive peptides, enzymes, minerals, collagen, lipid, and long-chain
omega-3 polyunsaturated fatty acids (n-3 or x-3 PUFAs), while shellfish processing
by-products especially from crustacean processing are the primary sources of chitin
and chitosan, pigment, bioactive peptides, minerals (as calcium), etc. Recovery of
these valuable components from seafood by-products is projected as a possible
interim solution for the treatment of solid by-products of seafood processing since it
provides additional profit for the processing plant and minimizes environmental
hazard. Seafood industries across the world adopt different types of processing
methods for treating their by-product/discard, and generally, they are grouped into
different categories such as chemical, mechanical, and biological processing.
However, in the past few decades, majority of the processing methods are of
chemical and mechanical, due to the lack of adequate knowledge in the biological
processing methods. Presently, due to the advancements in biotechnology, bio-
logical process is gaining much importance as sustainable processes and is on the
edge of replacing the chemicals and mechanical processing of seafood by-products.
It is well recognized that the biological processes are eco-friendly and sustainable,
as well as provide the possibility to recover additional useful components than
target component from the raw materials (Rustad 2003; Guerard 2007; Bhaskar
et al. 2011; Suresh and Prabhu 2013). But, to date, very little has been done to fully
develop and commercialize these types of products (Gupta et al. 1997).

7.4.2 Oil, Lipids, and Fatty Acids from Seafood Processing
By-Products

The potential beneficial effects of fish oils on human health care are well docu-
mented (Berge and Barnathan 2005; Venugopal 2009). The fish oil consists of two
primary polyunsaturated fatty acids, EPA and DHA, and is classified as omega-3
fatty acids. Marine oils are attractive from the nutritional point of view because they
are thought to deliver specific physiological functions against thrombosis, choles-
terol buildup, and allergies (Kimoto et al. 1994). The lipid-based compounds that
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can be obtained from seafood processing by-products include oils, polyunsaturated
fatty acid (omega-3 fatty acids, n-PUFAs), phospholipids, squalene, vitamins,
cholesterol (Amit et al. 2010). The occurrence of especially EPA (20:5 n-3) and
DHA (22:6 n-3) in fish oils is responsible for the health benefit (Shahidi and
Alasalvar 2011). Fish oils are still considered to be the least expensive natural
source of n-PUFAs and the n-3PUFA content, and EPA/DHA ratios in marine oil
tend to vary with season and species in both quality and quantity (Guerard 2007;
Shahidi 2007a; Amit et al. 2010; Ghaly et al. 2013). Also, liver oil is a potential
source of vitamin A and squalene (Shahidi and Alasalvar 2011). Various methods
have attempted to extract oil from seafood by-product/discard including chemical,
enzymatic, and microbial fermentation.

Fish oil can be extracted from fish and fish waste chemically using Soxhlet or
Goldfisch, Folch, Bligh, and Dryer methods and acid digestion method with various
solvents such as diethyl ether, petroleum ether, chloroform/methanol, and hexane
(Shahidi 2003). Folch et al. (1957) described a chloroform/methanol lipid extraction
procedure in which 1.5 g of fish tissue is mixed with 30 mL of 2:1 chloroform/
methanol. Aryee and Simpson (2000) and Zhong et al. (2007) extracted lipids from
seafood by-product/discard by Bligh and Dyer methods using a different solvent
mixture. Xiao (2010) extracted lipids from seafood by-product/discards using acid
digestion method.

The enzymatic processes utilized for the oil recovery from seafood by-products
can be classified into two categories such as (i) protease-catalyzed hydrolysis and
(ii) lipase-catalyzed hydrolysis and esterification (Guerard 2007; Wanasundara
2011; Suresh et al. 2015). Protease-catalyzed hydrolysis method is used to extract
the polyunsaturated fatty acids from the starting material. It is documented that oil
from seafood processing by-product/discard with enzymatic hydrolysis is similar to
that produced by conventional methods (Linder et al. 2002, 2005; Dumay et al.
2004). To concentrate n-3 fatty acids, the lipase-catalyzed hydrolysis and esterifi-
cation of existing oils can be applied (Shahidi and Wanasundara 1998; Shahidi and
Kamil 2001; Guerard 2007). It is reported that all of the enzymatic processes used
for the production of n-PUFA concentrates are safer and more efficient than any
other methods, since the enzymatic reactions, regardless of whether they involve
hydrolysis or esterification, can conduct under ambient temperatures, normal
pressure, and nitrogen-protected environment (Wanasundara 2011).

7.4.3 Enzymes from Seafood By-Products

Since the marine organisms adapted to drivers’ extreme environmental conditions
(high salt concentration, low or high temperature, and high pressure), enzymes from
these organisms may differ from those of terrestrial organisms in their characteristic
(Shahidi and Kamil 2001; Venugopal 2009; Sachindra et al. 2011). Hence, enzymes
derived from marine sources have received much attention for their potential
applications in various fields (Suresh and Prabhu 2013). It is stated that extraction
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of the enzyme from seafood by-products could help in the environmental and
ethical anxieties surrounding the discards and improve the bottom line for seafood
industries wishing to exploit new technologies and markets (Morrissey and Okada
2007). It is well documented that seafood processing by-products particularly
viscera can serve as one of the cost-effective and viable sources for marine-derived
enzymes. Some strategies such as ensilage, membrane technology, ohmic heating,
precipitation, aqueous two-phase systems, and chromatography have applied to
isolate enzymes economically from processing by-product/discard of seafood
(Morrissey and Okada 2007; Sachindra et al. 2011; Suresh and Prabhu 2013).
Recovery of enzymes from seafood by-products primarily depends on the local-
ization of the target enzymes such as extracellular (located in the extracellular fluid)
or intracellular (located inside the cell) (Morrissey and Okada 2007). Extractable
enzymes in the seafood processing by-products include extracellular gastric pro-
teinases, digestive proteinases, lipases, chitinases, phospholipases, transglutami-
nases, polyphenol oxidase. Among the various enzymes from seafood by-products,
digestive proteolytic enzymes have received considerable interest past two decades
owing to the availability of raw materials such as viscera and their high rate of
enzymatic activity (Morrissey and Okada 2007; Sachindra et al. 2011). Overall,
marine proteases possess particular characteristic properties such as higher catalytic
efficiency at low temperature and greater stability at border pH range (Simpson
2000). These unusual catalytic activities of marine proteases have been used for
their applications in many food processings (Vecchi and Coppes 1996; Swapna
et al. 2011). In addition to digestive enzymes, a number of commercially significant
enzymes have been isolated from seafood by-products such as chitinases, lipases,
alkaline phosphatase, hyaluronidase, and b-acetyl-D-glucosaminidase (Fange et al.
1979; Matsumiya et al. 2002; Gutowska et al. 2004; Sachindra et al. 2011; Suresh
and Prabhu 2013).

7.4.4 Collagen and Gelatin from Seafood Processing
By-Products

Collagen is one of the major structural proteins in animal body and constitutes
about 25% of total protein, while gelatin is a class of protein fractions that have no
existence in nature, but are derived from the parent protein collagen by denaturation
(Sachindra et al. 2011; Suresh and Prabhu 2013; Pal et al. 2015). The functional and
structural features of collagen create it a desirable target for biomedical and food
applications. The current healthcare demands depend on the collagen-based food,
cosmetics, pharmaceutical, and other biomedical products. The international market
regarding collagen was >3 billion US$ in 2015. Precisely, Asia-Pacific would be
evolving as the most promising region for the international collagen market by
2022. Further, a Compound Annual Growth Rate concerning collagen is predicted
to be >7% from 2016 to 2023. Regarding its commercial application, collagen has
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mainly bovine and porcine origins, which have been a matter of concern in the last
years. In fact, partially due to religious constraints related to avoidance of porcine
and bovine products and the recent outbreak of bovine spongiform encephalopathy
(BSE) in bovines, other collagen sources are being discussed (Regenstein and Zhou
2007; Pal et al. 2015). In this regard, the use of collagen with marine origin is being
considered highly attractive by the industry as an important alternative source. With
this, the aquatic sources, especially seafood processing by-products, are considering
as a promising source of safe and realistic collagens (Pal and Suresh 2016).
Collagen can be isolated from skin, scale, bone, cartilage, swim bladder, and fins of
finfish processing by-products and various by-products of shellfish such as cuttle-
fish, octopus, squid, jellyfish, and sea urchin (Regenstein and Zhou 2007; Suseela
et al. 2015; Pal and Suresh 2016, 2017a, b).

Extensive research has carried on isolation of different collagens (salt-soluble
collagen, acid-soluble collagen, and pepsin-soluble collagen) and gelatin from
processing by-products of seafood using different strategies (Nagai et al. 2001;
Nagai and Suzuki 2002; Arsesen and Gildberg 2002, 2007; Liu et al. 2010; Suseela
et al. 2015; Pal and Suresh 2016, 2017a, b; Pal et al. 2015; 2017). In general, most
of the collagen produced is converted to gelatin, owing to its wider industrial uses.
Gelatin is usually manufactured by the acid treatment process (for type A gelatin) or
the alkaline treatment process (type B gelatin) (Zhou and Regenstein 2004). In
addition to food and pharmaceutical applications, collagen and gelatin are used in
cosmetics, photographic industry, paper manufacturing, printing processes, and
various other fields (Regenstein and Zhou 2007; Suseela et al. 2015).

7.4.5 Flavor from Seafood Processing By-Products

The complex flavor of seafood is composed of equally important taste and
aroma-active components (Kim and Cadwallader 2011; Suresh and Prabhu 2013).
Volatile aroma constituents are the key to flavor perception, and in seafood, aromas
can form via several mechanisms including enzymatic conversion of lipid and other
precursors to volatile aroma constituents, auto-oxidative degradation of free fatty
acid to volatile aroma components, and thermal decomposition of precursors during
processing and cooking (Josephson 1991). Extraction of flavors from seafood
by-products is considered as an important method of valorization of seafood pro-
cessing by-product/discard (Suresh and Prabhu 2013). The production of natural
seafood flavor extracts from the seafood by-products has been a commercial
practice in France and Japan (Lee 2007). These seafood flavors are being used in
seafood sauces, chowders, soups, bisques, instant noodles, snacks, surimi-based
products such as crab and shrimp analogues, and cereal-based extrusion products.
Flavor extracts derived from seafood by-products are very popular items, particu-
larly in Asian markets, and good quality seafood flavors are in high demand (Lee
2007). Processing by-products from finfish such as anchovies, salmon, cod, tuna
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and from shellfish such as clams, crab, squid, scallops, shrimp, krill, oyster, and
lobster are excellent raw materials for the extraction of food flavors. In addition to
the flavor extracts from seafood materials, the extracts of fermented fish (fish sauce)
are also used as umami-giving seafood flavor (Lee 2007; Suresh and Prabhu 2013).

7.4.6 Pigment from Seafood By-Products

The chief pigments found in the by-products of seafood processing are the car-
otenoids. Shellfish by-product/discard, especially from crustaceans such as shrimp,
lobster, crabs, crayfish and krill, are the important sources of natural carotenoids
mainly astaxanthin (Sachindra et al. 2005, 2007, 2011; Sawmya and Sachindra
2015). The carotenoids extracted from crustacean by-product/discard have potential
commercial application as a source of pigmentation in aquaculture. Also, to use in
aquaculture feeds, carotenoids are used as colorants for food, drugs, and cosmetics
(Simpson 2007; Sachindra et al. 2011). It is estimated that the global market for
carotenoid pigments is about 935 million US dollar (Fraser and Bramley 2004).
The carotenoid materials have also been incorporated in poultry feed to impart
desirable coloration to egg yolks of various poultry animals (Suresh and Prabhu
2013). Some studies have been reported to recover the carotenoids from crustacean
processing by-product/discard using different methods both chemical and biologi-
cal. To extract carotenoids as stable carotenoprotein complex, biological methods
using enzymatic techniques have been evaluated by various researchers (Simpson
and Haard 1985; Cano-Lopez et al. 1987; Klomklao et al. 2009). It has been
reported that biological approaches either enzymatic or fermentative methods are
more desirable for the isolation of carotenoids from crustacean by-products as
carotenoprotein (Sachindra et al. 2011). Recovery of carotenoids from silage of
shrimp by-products by lactic acid fermentation followed by extraction with the
solvent mixture and refined oil has attempted (Sachindra et al. 2007).

7.4.7 Chitin, Chitosan, and Their Derivatives from Seafood
Processing By-Products

Chitin and its derivative chitosan are fascinating polysaccharides with unique
properties that offer a wide variety of biological and industrial applications. They
are widely used in textile, cosmetics, pharmaceuticals, agrochemicals, biomedicine,
food, and environmental applications (Tharanathan and Kittur 2003; Synowiecki
and Al-Khateeb 2003; Nidheeesh and Suresh 2015). Owing to the biodegradability,
non-toxicity, and biocompatibility, chitin and chitosan have found several appli-
cations in food and related industries (Shahidi 2007b; Venugopal 2009; Nidheeesh
and Suresh 2015).
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Chitin is an amino polysaccharide of b-1,4-linked N-acetyl-D-glucosamine and is
considered as the second most abundant and renewable biopolymer on earth, next
only to cellulose and available to the extent of over ten giga tonnes annually
(Tharanathan and Kittur 2003; Shahidi 2007b). Crustacean’s by-product/discard from
shrimp, crab, lobster, krill processing are currently the primary source for industrial
production of chitin (Synowiecki and Al-Khateeb 2003; Suresh and Prabhu 2013).
Commercial chitin preparation from shellfish by-product/discard involves removal of
minerals using a strong acid (demineralization) and proteins using strong alkali
(deproteinization) and pigments (decolouration) (Shimahara and Takiguchi 1988;
Synowiecki and Al-Khateeb 2003; Nidheesh and Suresh 2015a, b). However,
chemical chitin preparation process is extremely hazardous, energy-consuming, and
damaging to the environment by high concentrations of strong acid and alkali (Healy
et al. 2003). Alternative methods of chitin extraction from crustaceans by-products
using biological processes such as enzymatic and fermentation have attempted
(Simpson and Haard 1985; Rao et al. 2000; Shirai et al. 2001; Chaussard and
Domard 2004; Bhaskar et al. 2007b). Chitosan is a linear copolymer of b-1, 4-linked
GlcNAc and D-glucosamine (GlcN) derived from crustacean chitin by N-deacetyla-
tion. Most manufacturers produce chitosan, instead of chitin from crustacean
by-products, owing to the variety of biological and industrial applications of chitosan
than chitin. Chitosan is produced industrially by deacetylation of chitin extracted
from crustacean shell by-products by treatment with a concentrated alkaline solution
(up to 40%) and at very high temperature (up to 140 °C). To produce chitosan with
consistent quality and to avoid the extreme alkali deacetylation process, an enzymatic
method using microbial chitin deacetylase has attempted. However, at present, there
is no commercial process available for the production of chitin deacetylase and its
use in chitosan production (Suresh et al. 2011).

N-acetyl chitooligosaccharides (N-acetyl COSs) and chitooligosaccharides
(COSs) are a hydrolytic derivative of chitin and chitosan, respectively. Chitin and
chitosan oligomers have extensive uses in medicine, food, agriculture, and
biotechnology owing to its water-soluble and biofunctional properties such as
antimicrobial, antitumour, and immune-enhancing effects (Harish and Tharanathan
2007; Suresh et al. 2011; Nidheesh and Suresh 2015a, b). They are produced by
partial hydrolysis of chitin and chitosan or crude crustacean processing chitinous
by-products using acid or enzymes (Suresh et al. 2011). These oligomers may be
more advantageous than polymer chitin and chitosan (Guerard 2007; Suresh and
Prabhu 2013).

N-acetyl-D-glucosamine and D-glucosamine are the primary components of
chitin and chitosan. These molecules have attracted much attention due to its
potential therapeutic and health benefits (Venugopal 2009; Suresh and Prabhu
2013; Nidheesh and Suresh 2015b). Commonly, N-acetyl-D-glucosamine is pro-
duced by acid hydrolysis of chitin with concentrated HCl at high temperature
(>80 °C) (Kuk et al. 2005). Biological methods (enzymatic and fermentative) have
attempted for the production of N-acetyl-D-glucosamine from crustacean
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by-product/discard (Aloise et al. 1996; Sashiwa et al. 2002; Sukwattanasinitt et al.
2002; Matsumiya 2004; Kuk et al. 2005; Jung et al. 2007; San-Lang et al. 2009;
Suresh and Kumar 2012; Suresh 2012).

7.4.8 Calcium, Other Minerals, Vitamin, Etc., from Seafood
Processing By-Products

Calcium is an essential element required for numerous physiological functions in
the human body including the strengthening of teeth and bones, nerve function, and
many enzymatic reactions that require calcium as a cofactor (Kim and Jung 2007).
Deficiency in calcium will cause hypocalcemia symptoms and other serious calcium
malnutrition diseases such as osteoporosis. Phosphorous is the second major
component of bone and teeth, is also important as a major regulator of energy
metabolisms, and also plays a structural role in the formation of nucleic acids (Kim
and Jung 2007). Fish bone contained a significant part of seafood by-product/
discard and is considered as prospective sources of minerals, especially calcium.
The inorganic mineral portion of fish bone (69.46% on dry basis) was mainly
composed of 59.69% of calcium and 35.81% of phosphorus with the mole ratio of
Ca/P of 1.67 (Kim and Jung 2007). Calcium powder prepared from the fish bone
also contains traces of Cu, Mn, Zn, Se, and Fe in addition to calcium and phos-
phorus (Venugopal 2006; Suresh and Prabhu 2013). Enzymatic modification and
fortification of bones from processing by-products of different seafood species
toward use as a functionally active calcium supplement or fortifier and other
minerals have attempted (Kim and Jung 2007).

Marine fish oils are rich sources of several vitamins such as A, D, and E (Suresh
and Prabhu 2013). Vitamin A is concentrated mostly in fish liver oils (Venugopal
2006). Halibut and cod liver oils are rich sources of vitamins like A and D. Even
though halibut and cod liver oils are rich in n-3 PUFA, they are used primarily as a
vitamin A and vitamin D source. It was reported that sardine oil contains vitamins
A and D with an average of 125 lg/g oil (Venugopal 2006; Suresh and Prabhu
2013).

Squalene is a natural polyunsaturated hydrocarbon (C30H50) and is important
for the synthesis of steroid hormones, cholesterol, and vitamin D in the human body
(Suresh and Prabhu 2013). It has several therapeutic potentials such as antioxidant,
stimulate immune function, oxygenate the system, etc. (Kelly 1999). It is more
commonly used in personal care products as a natural skin softener and lubricant
(Shahidi and Alasalvar 2011). Squalene is one of the main components of shark
liver oil, and its concentration (50–80%) is varying with species (Michael and Peter
1995). Squalene and foods containing squalene like shark liver are consumed
widely as health foods (Zdenka and Slavomira 2007).
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Shark cartilage is a kind of flexible connective tissue present in the animal’s
skeletal system. Shark cartilage has received significant commercial attention as
therapeutic agent based on the incorrect notion that sharks do not get cancer. It is
prepared from the fins, heads, and skeleton of shark (Shahidi and Alasalvar 2011;
Suresh and Prabhu 2013). Chondroitin sulfate is a glycosaminoglycan, which has
interactive roles in cell–cell recognition and cell growth as well as a crucial com-
ponent of human cartilage that is essential for joint health (Uebelhart et al. 1998;
Thomas et al. 2009). It is the principal bioactive component of shark cartilage and
ideally obtained from shark cartilage. In finished shark cartilage, the content of
chondroitin sulfate is about 21.3% (Sim et al. 2007).

7.4.9 Bioactive Peptides and Amino Acid from Seafood
Processing By-Products

Amino acids can produce by hydrolyzing seafood proteins. Chemical (acid or
alkali) and biological (enzymatic) methods are the most commonly used for the
hydrolysis of seafood proteins. Microwave-induced hydrolysis of protein is also
reported. The objective of the hydrolysis method is to liberate amino acids and
recover them without changing their properties. The variables affecting the
hydrolysis of proteins are time, temperature, hydrolysis agent, and additives, and
these factors affect the quality and yield. Acid hydrolysis is the most commonly
used process for the hydrolysis of proteins. The process itself is very harsh and hard
to control but is still the preferred method for hydrolyzing proteins (Ghaly et al.
2013). Acid hydrolysis is performed by using HCl and in some cases with H2SO4.
Hydrolysis of proteins can be carried out using NaOH, KOH, or BOH. The alkaline
treatment is primarily utilized for the determination of tryptophan. It is also applied
to the samples which have a higher percentage of carbohydrates as in the case of
foods and formulation of pharmaceutical solutions which have a higher percentage
of monosaccharides. The main drawback of this approach is that serine, threonine,
arginine, and cysteine are destroyed, and all other amino acids are racemized (Ghaly
et al. 2013).

Kim and Wijesekara (2010) reported that enzymatic hydrolysis of seafood
proteins with enzymes such as alcalase, pronase, collagenase, pepsin, papain,
protamex, bromelain, chymotrypsin, and trypsin allows for the preparation of
bioactive peptides made up of a specific length of amino acids. The main advantage
of enzymatic hydrolysis of proteins is that it allows quantification of asparagine and
glutamine and other sensitive residues, which are usually destroyed by acid and
alkali hydrolysis, and does not cause any racemization during digestion (Ghaly
et al. 2013).

Food-derived bioactive peptides have potential regulatory roles in the human
bodies beyond its core functions as nutrient sources (Hartmann and Meisel 2007).
These peptides may be present in food or can release from different dietary proteins
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during gastrointestinal digestion, food processing, or fermentation processes
(Venugopal 2006; Suresh and Prabhu 2013). Seafood proteins have gained much
importance as an attractive source of bioactive peptides, due to the abundance of
raw materials in the form of processing by-product/discard and underutilized spe-
cies (Guerard 2007; Samaranayaka and Li-Chan 2011). Peptides can produce by
hydrolyzing seafood proteins. Chemical (acid and alkali) and biological (enzymatic
and fermentative) methods are most commonly used for the hydrolysis of seafood
proteins. Enzymatic hydrolysis is the most common approach of producing
bioactive peptides from seafood protein (Samaranayaka and Li-Chan 2011). It has
been recognized that seafood by-product/discard are rich sources of various active
peptides, specialty polypeptide, and other molecules such as angiotensin-converting
enzyme (ACE) inhibitory peptides (Vercruysse et al. 2005; Murry and Fitz-Gerald
2007; Liu et al. 2011), protamine (a naturally occurring cationic polypeptide with
30–65 amino acid residues) (Samaranayaka and Li-Chan 2011), elastin (a
cross-linked protein in the extracellular matrix that provides elasticity for many
tissues), squalamine (a cationic water-soluble steroid) (Losse 2007).

7.4.10 Biodiesel and Biogas Form Seafood Processing
By-Products

Biodiesel and biogas have drawn greater attention recently as they are made from
renewable resources and giving many environmental and sustainability benefits
(Suresh and Prabhu 2013; Ghosh et al. 2016). Fish oil and other seafood
by-product/discard are considered as a potential source of renewable biofuels such
as biodiesel and biogas (Zhang and El-Mashad 2007). Features of fish oil are
determined by many factors, including species of origin, the season, and the unit
operations used by the processors. In general, fish oils do not have significant
differences among species in caloric content, but they do differ in the content of
essential fatty acids. Many studies have been carried out to evaluate the potential of
using seafood by-product/discard for biodiesel and biogas production (Zhang and
El-Mashad 2007). Different methods are applied for converting oils and fats into
biodiesel, such as micro-emulsions, thermal cracking, and the most commonly
transesterification (Zhang and El-Mashad 2007). Enzymatic processes using lipases
are also reported for converting oils and fats into biodiesel. However, application of
enzymatic catalysis on an industrial scale may not be feasible because of the high
cost associated with enzymes (Fukuda et al. 2001; Zhang and El-Mashad 2007).
Also, many attempts have been made for methane production from seafood
by-product/discard by different approaches (Rodenhizer and Boardman 1999;
Achour et al. 2000; Mdhandete et al. 2004).
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7.5 Aquatic Plant-Based By-Products

Aquatic plant foods such as algae have been used for both human and animal
nutrition for thousands of years. Many aquatic plants are very rich in protein and are
a highly nutritious food that can offer many beneficial advantages as a food sup-
plement as well as having significant medicinal properties (Venugopal 2006;
Kumar et al. 2008; Evans and Critchley 2014; Ghosh et al. 2016). Marine seaweeds
such as kelp, Irish moss, and laver are important food sources in many Asian
countries like Japan, China, and Korea, and production and consumption of edible
aquatic plants had a long tradition in these countries (Senanayake et al. 2011;
Suresh and Prabhu 2013; Ghosh et al. 2016). This long-standing practice has
resulted in the widespread incorporation of aquatic plants into the global food
supply. Instead of just trusting on marine capture, presently >95.5% of the total
global production of aquatic plants is supplied by aquaculture (Ghosh et al. 2016).
This compares to around 0.44 MT of marine capture and about 12 MT being
produced by aquaculture in 2014 (FAO 2016). World aquaculture production
aquatic plants were contributing 27.3 MT with the value of US$ 5.6 billion in 2014
(FAO 2016).

Reports have shown that the majority of aquaculture production, around 9 MT,
was destined for human consumption. Phycocolloids were extracted from the
remaining aquatic plants to be used as nutritional supplements in various forms of
farm animal and aquaculture feedstock (Tacon and Metian 2013). So far, there has
been very little data reported in the literature, and by-product/discard levels formed
from aquatic plant food industries remain relatively unknown. Similarly, the
treatment of wastes produced during processing remains largely unknown (Ghosh
et al. 2016). Many attempts have been made to extract various bioactive compounds
from seaweed (Pal et al. 2014). Bioactive substances from seaweeds currently
receive more attention from the pharmaceutical companies for the drug develop-
ment as well as the researchers. Seaweeds are receiving more attention from sci-
entists because of its phenomenon bioactive compounds and its properties like
antiviral, antitumor, anti-inflammatory, and antilipidemic and may more properties
(Kumar et al. 2008; Pal et al. 2014).

7.6 Conclusion

Commercial seafood processing generates huge amount of non-edible by-product/
discard every year, and it demands an efficient disposal method to minimize
environmental issues. Thus, utilization of seafood by-product/discard for the
development of high-value materials would be an effective approach for the sus-
tainable use of unexploited seafood resources while minimizing environmental
hazards. Various approaches have attempted by seafood industries to minimize the
disposal of seafood by-products. Conventionally, methods of utilization of seafood
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by-product/discard include the mass transformation into a single product such as
fish meal, fish oil, fertilizer/manure, fish silage, fish sauce, and protein hydrolysates.
Although various kinds of products have been developed by mass transformation of
seafood by-product/discard, their commercial value is comparatively small and thus
discourages the use of seafood by-product/discard by employing these approaches
in the different parts of the world. Alternatively, seafood by-product/discard can be
utilized for the production of various high-value-added products such as oil, amino
acids, minerals, enzymes, bioactive peptides, chitin, chitosan, collagen, and gelatin.
Recently, due to the development of biotechnology, identification of biologically
active products and their potential application in growing fields such as functional
food, health care, nutraceutical, cosmetic has brought a new perception to seafood
processing by-product/discard. Thus, comprehensive investigations on identified
potential compounds/molecules and development of commercially acceptable and
economically viable as well as sustainable processing methods for isolation and
extraction will facilitate a successful journey of seafood processing by-product/
discard in food and biomedical fields.

Despite advances in fisheries and aquaculture, as mentioned above, current
seafood by-product/discard management in India is found to be inefficient and
non-profitable (except in the case of chitin and chitosan production from crustacean
by-products), thus highlighting the need for an efficient by-product/discard reduc-
tion strategies and by-product/discard utilization that can provide viable and prof-
itable options for seafood by-product/discard processing.
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Chapter 8
Bioeconomy and Biorefinery: Valorization
of Hemicellulose from Lignocellulosic
Biomass and Potential Use of Avocado
Residues as a Promising Resource
of Bioproducts

Anely A. Lara-Flores, Rafael G. Araújo, Rosa M. Rodríguez-Jasso,
Mario Aguedo, Cristóbal N. Aguilar, Heather L. Trajano and Héctor
A. Ruiz

Abstract Biorefineries of second generation (2G) are receiving more attention
nowadays as an option for the development of bioeconomy all over the world. One
of the main pretreatments utilized in this type of facilities for the conversion of
lignocellulosic biomass is the use of hydrothermal processing using only water/
steam as catalyst under different forms of heating (steam, electric heating jackets, or
microwave radiation) at different temperatures. Currently, biorefineries are focused
on obtaining feedstocks to produce biofuels, but the current position of these on the
market shows that the new biorefineries must be integrated systems and so there is a
need to focus on the valorization of the whole coproducts. One of them is hemi-
cellulose, from which for instance oligomers could be derived and used in different
areas as pharmaceutical products, food ingredients, fuels, chemicals, and bioplas-
tics. In Mexico, avocado represents an important source for agro-industrial residues.
These residues are in a process of valorization under the biorefinery concept, to
obtain different types of bioproducts. This chapter describes the concepts usually
utilized for the definition and understanding of biorefinery, especially the utilization
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of hydrothermal pretreatments. It focuses also on linking the concept of bioecon-
omy with biorefineries, and it introduces the utilization of avocado residues as an
example of a Mexican residue with potential importance in the global market.

Keywords Autohydrolysis � Oligomers � Biomass � Hydrothermal processing
Lignocellulosic biomass � Severity factor

8.1 Introduction

For years, the population of the world was concerned about commercial relation-
ships and economic development with few concerns about what this represented for
the environment. Now, major problems have been emerging from this: Climate
change, global warming, and hunger are correlated with the depletion of natural
resources and environmental contaminations. Due to overpopulation, the list of
challenges for the upcoming years is increasing. This potentially propagates
instability of the economic models and of the relation between countries. The main
challenge for the society today is a sustainable way of living, meaning the imple-
mentation of economic changes such as bio-based industries, to mitigate pollution
and damages that have been caused to the environment since industrial revolution.

The Rio Declaration on Environment and Development about 20 years ago was
the first step to change this chaotic scenario for the years to come. During this
meeting, the matter for social, scientific, and technological development for several
countries was discussed. One of the strategies that impact in all the fields is the
valorization of agro-industrial residues (Morais and Bogel-Lukasik 2013). This
valorization comprehends the implementation of biorefineries. A biorefinery
implies the conversion of biomass by diverse technologies to obtain a broad
spectrum of products from the processing of a bio-based feedstock. Originally
biorefineries are related to the production of bioethanol. However, to implement
new biorefineries, the organization must be able to be further optimized and the
production of biofuels and their derivatives alone is not enough. The integration of
high value-added products in the process of production has become essential to
make biorefineries sustainable for the investors and institutions involved (Ruiz et al.
2017a; Ruiz 2017b).

8.2 Bioeconomy

The twenty-first century has been in a period of economic transition, and the classic
industrial activities are now endangered due to the abusive use of the natural
resources. Internet and communications have brought major economic changes:
expanding the perspectives of markets, decreasing market tariffs, and increasing
international economic activity. Business also had a different change of command:
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In 1950, the exportations were mainly about agriculture and manufacture; by 2004,
agriculture had a reduction of 7%, manufacture reduced to 59%, and services
increase up to 20% (Gilpin and Gilpin 2000; Dicken 2003). This is a clear example
that business is in constant modification. The way of making business has changed
and today the focus is on delivering information and merchandises, with the
associated negative effects being the increased need for transportation, fuel, food,
water as well as other elements for living.

World population is in deep need for solutions, to recover the balance with
nature and develop in sustainable ways with high ranges of profitability and min-
imal damages. Taking this into account, the bioeconomy concept is developed with
the idea of economy based on a sustainable profile.

But what is bioeconomy? As defined by the European Commission, one of the
promising developers of this concept, bioeconomy comprises of the production of
renewable resources from a biological source and the conversion of these in the
form of foods, feed, bio-based products or bioenergy (https://ec.europa.eu/research/
bioeconomy/index.cfm). The main feedstock utilized for this end is biomass; this is
the point where biorefinery is widely appreciated in bioeconomy. Biorefinery is
described as the generation of products, from different biomass, using different
technologies in a combined form (Ruiz et al. 2013a). Bioeconomy involves the
development of modern, viable, competitive, and powerful societies to produce
food, materials, or energy as the result of a smart, sustainable, and inclusive growth
by including areas of economy that rely on the use of renewable sources (Styhre
and Sundgren 2011).

Franck Dumeignil mentioned that the European Union is working on redefining
the concept of biorefinery in the countries that conform this political and economic
union as EuroBioRef, a new highly integrated, diversified, and sustainable concept
that involves all the biomass sector stakeholders. The potential of all the fractions
issued from the various types of biomass is used to yield as high a value-added
product as possible in sustainable and economical way (Dumeignil 2012). The
concept previously mentioned unites the concepts of biorefinery and bioeconomy.

The economical aspect has defined for decades if an initial business goes ahead
or is dismissed. It is an important task to take care of the world resources and
exploit them in an intelligent sustainable form. Professor Lene Lange from the
Technical University of Denmark (DTU) pointed out that “For the sake of the
climate we need to use nature’s own degradable and renewable resources to sub-
stitute the fossil resources and synthetics that we rely on today” (http://nordicway.
org/2015/06/keyroleforbiorefineriesinthecircularbioeconomy/#.WJkF1hjmG8o). In
2011, humanity reached 7 billion persons. The number keeps increasing every day
and by 2025 is expected to reach 8 billion (https://esa.un.org/unpd/wpp/DataQuery)
and 9.8 billion persons by 2050 (https://esa.un.org/unpd/wpp/Publications/Files/
WPP2017_KeyFindings.pdf). Based on this demographic information, it is crucial
for the actual governments to anticipate the impact in terms of resources, pollution,
and environmental perspectives. This growth represents an overuse of land and
oceans just to produce feed. Added to this, water supplies, raw materials, and
services need to be considered urgently. The utilization of residues, sidestreams,
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and wastes is not executed to their full potential at the present day, that is, where the
use of biorefineries will be essential for a proper management of residues.
Therefore, biorefineries appear vital to bioeconomy.

8.3 Integrated Biorefinery

New technologies to obtain compounds from a single feedstock are one of the new
trends of investigation in research groups around the world. Biorefineries are an
analogous and environmentally friendly form of oil refineries (Aguilar et al. 2017).
In oil refineries, the process is designed to obtain a wide spectrum of compounds
from petroleum by different processes. The initial concept of biorefineries was first
implemented in the 1990s’. Until 1997, biorefinery integrated the concepts of
sustainability, environmental consciousness, and the use of green technologies for
this process (Maity 2015). To perform its operations, biorefinery uses different
types of biomass waste (agricultural wastes, algae, organic residues to name a few)
as raw material. Figure 8.1 represents the analogy between oil refineries and
biorefineries, and some products that are obtained.

Biorefinery products are subdivided into two broad categories: material products
and energy products. Energy products include biohydrogen, bioethanol, bio-
methane, biodiesel, pellets, lignin, charcoal (Cherubini and Jungmeier 2010;
Aguilar-Reynosa et al. 2017a). Material products comprise of high value-added

Fig. 8.1 Comparison between traditional oil refineries and biorefineries
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products, build chemicals, fine chemicals, bulk chemicals, organic acids, polymers,
furan resins, phenol resins, pulp, paper, cellulose, food supplements for animal or
human consumption, fertilizers, coatings, packaging, and pharmaceuticals (Hansen
and Plackett 2008; Bergeron and Carrier 2012). Some examples of chemicals
obtained from hemicellulose are ethanol, furfural, xylitol, 2,3-butanediol, lactic
acid, citric acid, aspartic acid, succinic acid, fumaric acid, xylo-oligosaccharides,
and xylitol (Bajpai 2015). Table 8.1 presents a summarized view of companies that
take into consideration the biorefinery concept in its operations. A beneficial aspect
of integrated biorefineries is the reduction, reutilization, and recycling of biomass
that is involved in the process. By using biomass, the emissions of CO2 are sub-
stantially reduced, since the CO2 produced during the biorefinery process is cap-
tured again by growing biomass leading to a continuous cycle; with this, the
complete process is recycled with focus on the reduction of waste, emissions, and
the sustainability of the process (Kitani et al. 1989).

8.4 Biorefinery Generations

Different generations of biorefineries have been developed, each of them being
particularly different from the others due to the feedstock utilized (Nigam and
Singh 2011).

Table 8.1 Biorefineries established in the world and products obtained by the processes
established

Company Country Products

Lenzing AG Austria Cellulose-based textiles, fibers, and polymers

Zellstoff
Stenday

Germany Pulp production, biofuel, electricity

Ensyn Canada Liquid fuels and chemical from biomass and agricultural
residues

Cristal Union France Alcohol, ethanol, natural, antioxidant products, dehydrated
products

Abengoa
Bioenergy

USA First- and second-generation bioethanol, sugar, electricity, and
animal feed

Neste Oil USA Renewable fuels, lubricants, diesel fuel, base oils

Pacific
Ethanol

USA Biofuel refineries, animal feed, yeasts

Beta
Renewables

Italy Bioethanol, energy, aromatics, theraphatic acids, phenols,
N-butanol, isobutanol, butanediol, fatty alcohols, ethylene
glycol, lactic acid, green diesel, succinic acid

Champolis Finland Ethanol, paper, board, packaging, hygiene products, acetic acid,
furfural

Borregard Finland Vanillin, contrast media, cellulose, intermediates for
pharmaceutical products
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First-generation biorefineries use mainly grain foods as raw materials; some
examples of these are as follows: corn, wheat, barley, sugarcane, sorghum, and
sunflower (Azad et al. 2015). Despite being commercially applied in different parts
of the world, mainly in Europe, the USA, and Brazil, it is still unpliable in other
countries with limited resources for farming (Morais and Bogel-Lukasik 2013).
This biorefinery has a controversial history of approval due to the use of food
resources and the exploitation of land for agriculture (Dutta et al. 2014). However,
the benefits of these biorefineries lay on the engineering and recovery aspects.
Biofuels obtained from first-generation biorefineries could be blended with petro-
leum. Fuels could also be used in facilities already constructed without the risk of
corrosion, transported in existing pipelines, and used in flexible fuel vehicles (Naik
et al. 2010). Flexible fuel vehicles are those in which ethanol could be used in
mixture with gasoline in up to 10 or 15% (https://www.fueleconomy.gov/feg/
flextech.shtml).

The second-generation biorefinery takes a more sustainable approach, due to the
use of residues from feedstock instead of the cereals, also known as lignocellulosic
materials. Some examples of these are straws, forages, bagasse, stover, municipal
solid waste, animal fat, etc., wastes that can be converted into either fuels or high
value-added products (Geddes et al. 2011; Azad et al. 2015; Zanuso et al. 2017).
Examples of the agricultural wastes used are cotton seed, forestry residues,
switchgrass, wood wastes, and biomass residues from corn, rice, cane, agave to
name a few (Dutta et al. 2014). These biorefineries coexist with first generation, but
currently are not widely established due to the special requirements in the infras-
tructure for the processing of the feedstock utilized. Despite of this,
second-generation biorefineries have been the best option for the development of a
society as more sustainable and economically viable, without affecting other critical
points such as the use of land to produce crops and competition for food resources
(Dutta et al. 2014; Azad et al. 2015).

First- and second-generation biorefineries are gaining territory in business all
over the world, with the principle of producing products, already established and
new ones, with diverse characteristics to adapt the requirements of the Customers.

Third-generation biorefinery is based on the use of aquatic biomass, in the form
of algae, as feedstock. This biomass is characterized by having a high content of
oils, proteins, and carbohydrates (Martín and Grossmann 2012; Ruiz et al. 2013a;
Ruiz et al. 2015a, b; Cervantes-Cisneros et al. 2017). The classification of this
biomass is constituted by three groups: microalgae, cyanobacteria, and macroalgae.
Microalgae correspond to prokaryotic or eukaryotic microorganisms able to accu-
mulate biomass. Cyanobacteria also known as blue-green algae are prokaryotic
microorganisms that have a metabolism similar to macroalgae. Finally, macroalgae,
eukaryotic photosynthesizing organisms, are divided into green, brown, or red algae
(Das 2015). For the better understanding of each generation and which feedstocks
are considered, Fig. 8.2 summarizes the raw materials previously mentioned.
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8.5 Lignocellulosic Materials as Feedstock
for Second-Generation Biorefineries

Lignocellulosic biomass is an example of renewable materials rich in cellulose,
hemicellulose, and lignin, which are polymeric compounds (Ruiz et al. 2013a). The
sources of biomass are mainly agricultural residues, and the average composition of
lignocellulosic materials is presented in Table 8.2. The main composition of these
materials is cellulose (38–50%), followed by hemicellulose (23–32%) and lignin
(15–25%) (Chávez-Sifontes and Domine 2013). Depending on the type of mate-
rials, the amounts of these three components are variable, due to the species, but
also to seasonal variations and environment characteristics of cultivation.

8.5.1 Cellulose

Cellulose is the main polymer of natural origin, present in all lignocellulosic
materials and thus highly available. In its native form, it is a crystalline and
insoluble homopolysaccharide, composed of anhydrous glucose linked by
b-1,4-glycosidic bonds. Cellulose could be obtained by the use of acidic or alkaline
solutions (Saini et al. 2015). Cellulose has been used in the production of paper and
textiles for hundreds of years; in recent times, the study on this polymer revealed its
potential to be used as a substitute of plastic and for the obtainment of bioethanol
(Siró and Plackett 2010; Michelin et al. 2015).

Fig. 8.2 Biorefinery generations first to third classified by feedstocks utilized
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8.5.2 Hemicellulose

Hemicellulose is a hetero-polysaccharide, branched by pentoses or hexoses mainly
composed by D-xylose, L-arabinose, D-mannose, and glucose. The link between the
monomeric units is a bond between acetate groups, ester linkages, and hydroxyl
groups in the sugars. These units form glucoronoxylans (GX), galactoglucomannans

Table 8.2 Percentages of cellulose, hemicellulose, and lignin found in different lignocellulosic
materials on a dry matter base

Raw Material Cellulose (%) Hemicellulose (%) Lignin (%)

Corn cobs 38.8 33–36.4 13.1–18

Corn stover 34.32–36.5 20.11–31.3 11.9–13.55

Wheat bran (unmilled) 39.06 10.68 4.98

Wheat bran (milled) 38.99 10.91 5.08

Wheat straw 33–38 26–32 17–19

Coffee husks 43 7 9

Rice straw 28–36 23–28 12–14

Rice husk 33.43 20.99 18.25

Sugarcane 41.1–45 22.7–25.8 19.1–31.4

Sugarcane bagasse 34.1–49 15.79–29.6 19.4–27.2

Barley straw 31–45 27–38 14–19

Sorghum straw 32 24 13

Sweet sorghum bagasse 34–45 18–28 14–22

Sorghum stalks 27 25 11

Sunflower stalks 33.8 20.2–24.27 14.6–19.9

Cotton 80–95 5–20 –

Grasses 25–40 25–50 10–30

Switchgrass 41.2–32.97 25.95–31.1 17.34–19.1

Alfalfa stems 24.7 14.7 14.9

Hardwoods 45 30 20

Hardwood barks 22–40 20–38 30–55

Aspen 43.8 18 20.8

Hybrid poplar 48.95 21.73 23.25

Eucalyptus 44.6 21.4 30.1

Softwoods 42 27 28

Softwood barks 18–38 15–33 30–60

Pinus radiata 45.3 22.5 26.8

Spruce 43.8 20.8 28.83

Newspaper waste 60.3 16.4 12.4

Recycled paper 60.8 14.2 8.4

Chemical pulp 60–80 20–30 2–10

Taken and adapted from Gírio et al. (2010), Ruiz et al. (2013a, b), Kumar et al. (2015)
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(GGMs), arabinoglucuronoxylans (AGXs), arabinoxylans (AXs), and xyloglucans
(XGs). Those structures form covalent bonds with lignin and hydrogen bonds with
cellulose in the plant, and they constitute a physical barrier that surrounds and
protects the cellulose (Scheller and Ulvskov 2010). Because of these characteristics,
hemicellulose is less stable and degrades easily in thermal pretreatments than cel-
lulose or lignin.

8.5.3 Lignin

Lignin is a complex structure that works as a web between cellulose and hemi-
cellulose (Le Floch et al. 2015). Its native structure is still a theme for debate since
it is usually modified by the extraction methodologies. Lignin is a polymer con-
stituted by phenylpropanoid structures: p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol. These polymerized units form complex biopolymers that increase
the strength of the plant cell wall. Lignin is a hydrophobic structure which is very
resistant to degradation by chemicals or biological agents (Carrot and Carrot 2007;
Potumarthi et al. 2013).

8.6 Oligomers and Potential Uses in the Biorefinery
Context

Traditionally, second-generation biorefineries were only related to the obtainment
of biofuels from cellulose with some side products during the process such as lactic
acid or glycerol. However, the process itself develops the production of other high
value-added products such as hemicellulose oligomers. These oligomers are defined
as carbohydrates with high or low molecular weights, and such compounds are
available in natural sources such as honey, fruits, or vegetables. They may be
obtained from lignocellulosic materials; for example, as the result of the pretreat-
ment of lignocellulosic materials in a hydrothermal pretreatment, oligomers are
solubilized in the liquid fraction recovered (Moura et al. 2015; Singh et al. 2015).
Oligomers could be used in different areas with significant economic value, i.e.,
materials, pharmaceuticals, foods, paper products, agriculture, textiles, building
blocks, and fuels by obtaining the monomeric sugars from oligomers. Food and
pharmaceutical industries are particularly important: These compounds may be
used in the development of novel products or as ingredients in prebiotics, fortified
foods, sweetener with low caloric effect, or symbiotic products. Several pharma-
ceutical uses and benefits are reported in the literature: treatment and prevention of
several diseases such as infections in the gastrointestinal tract, constipation, colon
cancer, hepatic encephalopathy, osteoporosis, otitis, skin and hair disorders,
antibiotic therapy, absorption of minerals, immunomodulatory effects, lipid
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reduction, production of short chain fatty acids, and antioxidant properties (Gullón
et al. 2009; Samanta et al. 2015). Due to the increased commercial value of these
high value-added products in the USA, Europe, and Japan, the current applications
of these products are still in the constant development, and for now, these oligomers
are the raising stars in the biorefinery development.

8.7 Pretreatments for Lignocellulosic Materials
to Solubilize Hemicellulose

The process for first- and second-generation biorefineries is structured already: It
begins with the obtainment of raw materials, and it follows with the pretreatment.
For second-generation biorefinery, the pretreatment begins with delignification,
then the hydrolysis of cellulose and hemicellulose to obtain sugars. Pretreatments
can be physical, chemical, physicochemical, or biological. Physical pretreatments
include comminution, extrusion, and ultrasound. Chemical pretreatments comprise
of ionic liquids, inorganic or organic acids, alkalis, solvents, or a mixture of them
such as organosolv (solvents and organic acids). Physicochemical pretreatments are
usually related to hydrothermal pretreatments including different forms of heating,
i.e., conventional, microwave, or steam explosion. Biological pretreatments corre-
spond to the use of enzymes from brown, white, or soft rot fungi (Mosier et al.
2005; Agbor et al. 2011; Sarkar et al. 2012; Ruiz et al. 2013a; Zheng et al. 2014).
Figure 8.3 summarizes the pretreatments for second-generation biorefineries.
Pretreatments are reviewed in detail in the following sections.

8.7.1 Biological Pretreatment

Microorganisms such as fungi produce enzymes that are an alternative of pre-
treatment for lignocellulosic materials with an environmentally friendly approach.
A great variety of brown, soft, or white rot fungi are used to hydrolyze the com-
ponents of different types of feedstocks. Brown fungi such as Serpula lacrymans,
Coniophora puteana, Meruliporia incrassate, Laetoporeus sulphureus, and G.
trabeum are used for the pretreatment of wood. Soft rot fungi cause degradation by
erotion of the substrate; some examples of these fungi are the ones compelled in the
genera Daldinia, Hypoxylon, and Xylaria. Unfortunately, brown and soft rot fungi
consume almost immediately cellulose and hemicellulose during the invading
process. For white rot fungi that are mostly applied, this group has shown effec-
tiveness in the conversion of several lignocellulosic materials; thus by a delignifi-
cation process almost without consuming the cellulose and hemicellulose present,
some examples of these fungi include Phanerochaete chrysosporium, Ceriporia
lacerate, Cyathus stercoreus, Ceriporiopsis subvermispora, Pycnoporus
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cinnabarinus, Pleurotus ostreatus, or P. chrysosporium. However, the pretreatment
by biological agents in larger scale still seems uncertain, due to the high operational
cost detached from the sterile conditions required, the long times of procedure for
the pretreatment process, and also the hydrolysis of cellulose and hemicellulose in
some cases (Narayanaswamy et al. 2013; Larran et al. 2015; Maurya et al. 2015;
Rouches et al. 2016a, b; Sindhu et al. 2016).

8.7.2 Chemical Pretreatments

Chemical pretreatments are characterized using catalyst to treat the lignocellulosic
materials. Some of the chemical pretreatments used are as follows: ionic liquids,
inorganic or organic acids, alkalis, or solvents.

Ionic liquids (ILs) are a group of organic salts only available in liquid form at
temperatures under 100 °C; ILs under these temperatures are usually called
room-temperature ILs. ILs are usually nonvolatiles, nonflammables, stable, and can
also be easily modified by changing the structure of anions and cations in the salts;
the first ones are usually organic, and the anions could be either inorganic or

Fig. 8.3 Pretreatment performed in second-generation biorefinery
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organic. Besides its use in biomass pretreatment to dissolve the components of the
lignocellulosic materials, ILs are also used in extractions, catalysis, electrochem-
istry, and organic synthesis (da Costa Lopes et al. 2013; Luo et al. 2013; Abe and
Ohno 2014; Wang et al. 2014; Perez-Pimienta et al. 2016).

In acid pretreatments, different concentrations of acid are added to hydrolyze the
lignocellulosic materials. Commonly, the acids used are H2SO4, SO2, HCl, H3PO4;
these acids lead to the obtainment of aliphatic carboxylic acids, phenolic com-
pounds, furans, or oligomers from cellulose or hemicellulose. Concentrated acid
allows a high production of monomers of cellulose at low temperatures. However,
the hydrolysis rate in hemicellulose is faster, and consequently, the hydrolysis in
one step increases the risk of producing degradation compounds such as furfural or
hydroxymethyl furfural. Other associated disadvantages are the corrosion of the
equipment, production of degradation compounds, and also an additional use of
energy for the recovery of the acid utilized (Jönsson and Martín 2016;
Rabemanolontsoa and Saka 2016).

Alkali pretreatments normally utilize sodium hydroxide mainly for the deligni-
fication of the material, and so to allow the solubilization of polysaccharides. In this
procedure, the temperatures are low, but the solubilization times are larger, ranging
between hours or even days. The pretreatment is successful in lignocellulosic
materials such as hardwood or agricultural residues with lower contents of lignin,
besides sodium hydroxide, calcium hydroxide (lime pretreatment) at low temper-
atures showed a good performance as a pretreatment agent solubilizing hemicel-
lulose and lignin, it is also the least expensive per kilogram, also it is possible to
recover the calcium with carbon dioxide (Kumar et al. 2009; Agbor et al. 2011;
Karimi 2015).

The use of organic acids represents a solution for the problems mentioned above
such as corrosion and degradation compounds. In these pretreatments, maleic,
succinic, oxalic, monocarboxylic acids can be used. These acids are better for the
pretreatment of plant materials with high percentages of cellulose and low amounts
of hemicellulose (Rabemanolontsoa and Saka 2016).

The organosolv process uses solvents such as ethanol, methanol, acetone, or
ethylene glycol to extract lignin and so to increase the pore volume and surface area
available in cellulose. When compared with other chemical pretreatments, it has
many advantages: (i) easy recovery of the solvent, (ii) environmentally friendly, and
(iii) efficient lignin recovery as a high-quality product. But the detrimental point is
that the operational costs of using solvents in big amounts hinder the development
of the process (Sun et al. 2016).

8.7.3 Physical Pretreatments

Physical pretreatments include extrusion, ultrasound, milling, or heating. In these
pretreatments, the effect is directly on the material; no other corrosive intermedi-
aries are added to the process.
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Comminution of the lignocellulosic materials is achieved after milling or chip-
ping by using hammer mills, choppers, chippers, shredders, or disk mills, in order to
reduce the particle size and to increase the available specific area in the material
(Agbor et al. 2011). Both processes are commonly used to reduce the crystallinity
of cellulose. Crystallinity of cellulose has an important impact on the physical
properties in the fibers and on the chemical performance (Krässig 1993). Milling
produces a particle size of 0.2–2 mm, and it is recognized as inexpensive and also
as extremely effective for a posterior application of pretreatments (Karunanithy
et al. 2012). For the chipping process, the size of the material is between 10 and
30 mm and the mechanical comminution is conditioned by the characteristic of the
lignocellulosic material LCM (Sun and Cheng 2002; Cuevas et al. 2015).

Extrusion is another form of physical process used for lignocellulosic pretreat-
ment; in this process, the LCM is passed through an extruder barrel, a high shear is
exerted by the screw of the material, also high pressure and temperature are pro-
duced by the mechanical action, and this causes defribration, fibrillation, and
shortening of the fibers. The speed, temperature (between 40–200 °C), screw speed/
profile, and pressure are believed to cause an important effect on the structure of the
material, as it is assumed that the correlation between all of them is the key of the
complexity in the process (Karunanithy et al. 2012; Karunanithy and
Muthukumarappan 2013; Liu et al. 2013).

Ultrasounds are ultrasonic radiations used to break the polymeric network
contained in the lignocellulosic biomass by disrupting the cell wall structure and to
increase the specific surface area. Ultrasounds lead to cavitation in liquids, pro-
ducing bubbles that collapse with the structure of the LCM produced by hydroxyl
radicals and hydrogen atoms. This facilitates the dissolution of cellulose and
compounds contained in the LCM (García et al. 2011; Zheng et al. 2014).

8.8 Physicochemical Pretreatments

Another form of pretreatments is when a chemical agent and a physical factor,
normally temperature and pressure, are used to treat the LCM. The main example of
this type of pretreatment is the hydrothermal processing; this type of pretreatment
can be heating by conduction–convection, microwave, or steam explosion
(Cherubini and Jungmeier 2010; Menon and Rao 2012).

8.8.1 Hydrothermal Pretreatment and Heating Sources
for the Obtainment of Hemicellulose Oligomers

Hydrothermal pretreatments are also referred to as: autohydrolysis, hydrothermal
treatment, hot compressed water, hydrothermolysis, liquid hot water, aquasolve
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process, aqueous processing, or pressure-cooking in water (Ruiz et al. 2013a; Ruiz
et al. 2017a). In these types of pretreatments, the use of acids or bases is replaced
with water at elevated temperature and pressure. Often, this type of pretreatment is
used to enhance the efficiency at enzymatic hydrolysis (Tekin et al. 2014; Cuevas
et al. 2015) but recent works claim that the use of this pretreatment is enough to
obtain high value-added products. Figure 8.4 shows a scheme of a physicochemical
pretreatment, specifically hydrothermal pretreatment performed in agricultural
residues and the products delivered by the pretreatment.

Hydrothermal pretreatments are an excellent alternative to the use of chemicals
for the pretreatment due to the unique characteristics of water: It is an environ-
mentally friendly solvent, it does not generate toxic compounds, it is relatively
inexpensive and readily available, and it could be adapted to different types of
biomass without a need for an initial drying operation. From an operational per-
spective, there are no major corrosion issues due to the media pH and economic
studies have shown that the use of water is advantageous compared to alternative
technologies (Nigam and Pandey 2009; Tekin et al. 2014; Aguilar-Reynosa et al.
2017b). Another benefit of hydrothermal pretreatments is the production of
low-lignin solids that can be enzymatically hydrolyzed to produce bioethanol or
another biofuels (Shafiei et al. 2015).

Hydrothermal processes can be conducted under isothermal or non-isothermal
conditions. Under isothermal conditions, after the desired temperature is reached a
residence time is applied during which the temperature is maintained. Under
non-isothermal conditions, the desired temperature is reached and then the system
is immediately rapidly cooled to reduce the amount of energy used (Ruiz et al.
2015a, b).

Fig. 8.4 General representation of physicochemical pretreatment and products
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The hydrolysis process (Fig. 8.5) occurs at temperatures from 150 to 230 °C and
begins with the weakening of hydrogen bonds; this allows the autoionization of
water to produce a catalyst in the form of acidic hydronium ions (H3O

+) and
hydroxide ions (OH−). The hydronium ions initiate the formation of acetic acid and
other organic acids via the hydration of acetyl groups and uronic acids in hemicel-
lulose (Ruiz et al. 2013a; da Silva and Chandel 2014). These acids cause the chains
of hemicellulose to progressively break down producing soluble products, mainly in
the form of oligomers. Cellulose and lignin remain in the solid fraction without,
however the fractions showed considerable alteration in structure such as degree of
polymerization and crystallinity, but giving a solid ready for enzymatic hydrolysis
(Gullón et al. 2006). Hydrothermal pretreatments are usually performed in a con-
ventional form in different types of reactors for a conventional form of heating, but
recently in another form of heating such as microwave or steam explosion systems.

Recent hydrothermal pretreatment studies have employed novel forms of heating
such as microwave to achieve the solubilization of hemicellulose in the form of
xylo-oligosaccharides which are summarized in the following lines
(Aguilar-Reynosa et al. 2017a, b).

Xiao et al. (2015) conducted autohydrolysis of bamboo culms under
non-isothermal conditions to produce xylo-oligosaccharides with a degree of
polymerization of 2−6 units; the experiment was performed at temperatures from
152 to 208 °C, with reaction times of 1.72–58.28 min. Xiao et al. (2015) found the
optimum process conditions to be 182 °C for 31 min; this produced a
xylo-oligosaccharide yield of 36.4% with scavenging activity equivalent to the
founded in commercial antioxidants for superoxide and hydroxyl radicals. Moniz
et al. (2014) used hydrothermal pretreatment to recover xylo-oligosaccharides from
rice straw; the highest concentration of xylo-oligosaccharides (12.86 g L−1 of
xylo-oligosaccharides with 3.95 g L−1 of gluco-oligosaccharides) was achieved by
non-isothermal treatment at 210 °C. Another successful example of

Fig. 8.5 Autohydrolysis process in lignocellulosic materials
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xylo-oligosaccharide production by hydrothermal pretreatment was reported by
Nabarlatz et al. (2007). In this study, a 10 L batch reactor at 179 °C for 23 min was
used, in a ratio of 1–6 obtaining 17.4 g/100 kg of dry almond shells, this corre-
sponds to the 57.0% of the potential material (Nabarlatz et al. 2007). Based on these
studies, it is correct to infer that the recovery of oligomers with commercial value is
achievable through hydrothermal pretreatment in a variety of configurations.

Microwaves are electromagnetic waves with frequencies between 0.3 and
300 GHz and can be used as an alternative form of heating for the solubilization of
biologically active compounds in a selective, efficient, and in an environmentally
friendly manner avoiding the excessive use of energy in traditional forms of
heating. The heating provided by the microwave is achieved by two mechanisms:
dipolar polarization and ionic conduction. When the irradiation takes place, the ions
or dipoles in the reaction media are aligned with an electric field created by a
magnetron; this electric field is in oscillation; thus, as the dipoles and ions realign
with the field, there is a loss of energy that is expressed as heat. The amount of heat
produced is determined by the polar properties of the solvent as well as the material
properties of the material. This helps to promote autohydrolysis in the lignocellu-
losic material, and by the effective heating in the material, degradation compounds
are decreased in the media, and the energetic consume of energy decreases (Zheng
et al. 2014; Aguedo et al. 2015; Aguilar-Reynosa et al. 2017a).

The most relevant solvent property to determine the performance of pretreat-
ments by microwave is the dissipation factor (tan d); this is the energy absorbed
from the microwave and converted into heat. Water’s dissipation factor,
1.570 � 10−4, is much lower than other solvents for solubilization such as ethanol
or methanol, but it can work as a “green” solvent that could convert efficiently
microwave energy into heat by also using the water available in the feedstocks
(Delazar et al. 2012).

Tsubaki et al. (2010) applied microwave-assisted hydrolysis to extract polysac-
charides and phenolic compounds from pickled and native Prunus mume stone. In
this study, powdered stone was suspended in distilled water at temperatures of 110,
140, 170, 200, or 230 °C for 2 min. The results show that solubilization from native
and pickled stone was successful at 230 °C with 37.7 and 55.9% of the total solu-
bilization, respectively. The total yield of polysaccharides was 48% from native
stone and 60.8% from pickled stone. Phenolic compounds were also recovered from
84.1 to 97.9% of the total raw material at 200–230 °C. These experiments are a clear
example of the amount of sugar that can be recovered from lignocellulosic material
without a subsequent enzymatic treatment (Tsubaki et al. 2010).

Microwave heating has also been combined with another pretreatment to enhance
the solubilization yield. Wang and Lu (2013) obtained xylo-oligosaccharides from
wheat bran by microwave-assisted enzymatic hydrolysis (1400 W for 120 s). To
improve the production of xylo-oligosaccharides, three microwave pretreatments
were performed, and then a subsequent enzymatic hydrolysis was conducted in
series resulting in the recovery of 3.2 g of xylo-oligosaccharides from 50 g of wheat
bran powder; this is compared with just an enzymatic pretreatment (Wang and Lu
2013).
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Another hydrothermal pretreatment for the solubilization of hemicellulose is
steam explosion; this is the primary heating system used for pretreatment at the pilot
plant and industrial scale due to the volumes of production. This approach is
characterized by using high-pressure steam and a rapid decompression of the
system to create an explosion that fractionates the material (Fig. 8.6). Typical
temperatures for this process are between 160 and 260 °C at pressures from 0.7 to
4.8 MPa for reaction times ranging from seconds to minutes. Steam pretreatments
have been successfully applied to a wide range of residues including hardwoods
(aspen, white birch, red maple) or agricultural residues without adding a catalyst to
the media. In the case of softwoods (jack pine, Japan cedar, white spruce), a catalyst
such as H2SO4, CO2, or SO2 is recommended to be added (Agbor et al. 2011). In
terms of profitably, the steam explosion pretreatments is effective for a ton of
material 0.5–1.0 of steam is consumed, also the pretreatment condition allows the
separation of cellulose, hemicellulose and lignin into different value-added product
with commercial value, also the production of degradation compounds could be
reduced under optimal process conditions, also there are reports of pilot plants using
this pretreatment in Sweden, Italy, and Canada (Chen 2005).

8.9 Important Parameters in Hydrothermal Processing

To control and analyze in a better form, a hydrothermal pretreatment variables must
be considered such as severity factor, particle size, and viscosity; these are reviewed
in the following points.

Fig. 8.6 General scheme of different steam explosion pretreatments in lignocellulosic materials
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8.9.1 Severity Factor

The severity factor (R0) was first introduced in the 1987 by Overend and Chornet
primarily for the use in pulp processing but was adapted to describe hemicellulose
solubilization during hydrothermal processing. The parameter captures the inter-
action of temperature, time, and pH; it can be applied to isothermal or
non-isothermal processes, making it one of the most versatile mathematical models
in recent history.

The severity factor facilitates comparison of pretreatments by assuming a
homogenous reaction with an Arrhenius dependent rate law and linearization of the
temperature function by Taylor series (Overend et al. 1987; Lam et al. 2013;
Chornet and Overend 2017).

R0 ¼ Zt

0

exp
T � 100
14:75

� �
dt ð8:1Þ

In subsequent work by Overend and Chornet, the severity factor was used to
describe scaling-up pretreatment from batch conditions (R0, Batch) to a continuous
process (R0, Continuous) (Montané et al. 1998):

logR0;Batch ¼ 1:50� logR0;Continuous � 1
� � ð8:2Þ

Romaní et al. (2014) adapted the severity factor to describe a non-isothermal
process by considering the heating and cooling periods. In the model, tmax is the
time needed to achieve the highest temperature in the system, and tf is the total time
required for heating and cooling. T’ (t) and T (t) are the temperature profiles for the
heating and cooling, and x is an empirical parameter (Romaní et al. 2014).

logR0 ¼ log R0Heating þR0Cooling
� � ð8:3Þ

logR0 ¼ ZtMAX

0

T tð Þ � 100
x

" #
dtþ ZtF

tMAX

T 0 tð Þ � 100
x

dt ð8:4Þ

During the hydrothermal pretreatment, there is a decrease in the pH due to the
ionization of water and the formation of organic acids. This can be accounted for by
using the combined severity parameter (Overend et al. 1987; Galbe and Zacchi
2007)

CS combined severityð Þ ¼ logR0 � pH ð8:5Þ
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8.9.2 Particle Size

Particle size represents a point of interest for the successful recovery of components
from lignocellulosic materials. Particle size is closely tied to heat transfer. For very
large particles, the exterior may begin to overcook resulting in the production of
degradation products, while the interior may not efficiently react at all. However,
large particle sizes may be required to achieve processing goals. For example,
Ballesteros et al. (2000) reported the effect of the particle size during steam
explosion pretreatment. They used particles sizes of softwood in the range from
2–5, 5–8 to 8–12 mm at 190–210 °C for 4–8 min; the highest recovery of cellulose
and hemicellulose from the pretreatment was obtained using the 8–12 mm as well
as enzymatic hydrolysis. In this study, the use of very small particles was found to
be detrimental (Ballesteros et al. 2000).

Ruiz et al. (2011) reported the effect of particle size, temperature, and time on the
production of fermentable products from wheat straw. Particle sizes (1, 0.5, 0.3,
0.15 mm) were mixed in different frequency blends; after this, the hydrothermal
process was performed at different temperatures (160, 180, 200 °C) and residence
times (10, 30, 60 min). It was found that the size distribution did not affect the
extent of sugar degradation during pretreatment but did affect the total sugar
recovery; the highest glucose yield was found to be 21.1% at 160 °C and 10 min
using a blend containing primarily 0.3–0.5 mm particles, while the highest xylose
yield, 49.3%, was achieved using a blend containing primarily 0.15–0.3 mm par-
ticles and small amounts of 0.5–1 mm particles at 180 °C and 10 min (Ruiz et al.
2011).

8.9.3 Viscosity

The severity factor may also be related to the viscosity of the system. Yanagida
et al. (2010) reported that the severity factor could be used to predict viscosity.
Dewatered sewage sludge was heated to different temperatures (150, 175, 200,
225 °C) in a tube-type reactor from 0 to 75 h, and then the viscosity (µ) was
measured. The severity factor was calculated according to Eq. 8.6, and then two
correlations were developed to predict viscosity as a function of severity factor.
Equation 8.6 is valid for R0\2:0� 107, and Eq. 8.7 is valid for R0 [ 2:0� 107

(Overend and Chornet 1987; Yanagida et al. 2010).

lA ¼ 2:755� 105 � R�0:8250
0 ð8:6Þ

lB ¼ 0:2611� expð�1:655� 10�7Þ � R0 � 2:0� 107
� � ð8:7Þ
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8.10 Avocado as a Valuable Agro-industrial Residue
in Mexico

8.10.1 Avocado

Avocado (Persea americana Mill) is a tropical and subtropical fruit native to
Mexico and Central America; the first evidence of avocados was dated from the
presence of avocado seeds in the Coxcatlan Cave, Tehuacan Valley Puebla, Mexico
(Zafar and Sidhu 2011), and there is evidence of their consumption in Mexico for
the last 10,000 years (Gutiérrez-Contreras et al. 2010). Avocado has a high
worldwide acceptance, wide distribution and marketing, and with many benefits for
human health (SIAP 2015; Chel-Guerrero et al. 2016; López-Cobo et al. 2016). In
2014, global avocado production exceeded 5 million tons with more 5.47 � 105

hectares dedicated to avocado production and Mexico, the largest avocado pro-
ducer, produced 1.5 million tonnes (FAO 2014). Other key avocado producers are
Israel, the USA, Colombia, and Dominican Republic, but avocado production is
adaptable a variety of tropical regions (FAO 2014; Chel-Guerrero et al. 2016).
Currently, there are more than 500 varieties of avocado but a very few are marketed
or produced due problems such as production time, quality of the fruit in terms of
protein and fat content, and susceptibility to damage during transportation (Yahia
and Woolf 2011). The Hass variety is the most produced and dominates the
worldwide market due the quality of the fruit, productivity, ease to commercial
management, and consistent availability (Rodríguez-Carpena et al. 2011a, b;
Cowan and Wolstenholme 2016).

8.10.2 Avocado Residues

Avocado is an unusual fruit with two stages of maturation, one on the tree named
physiological maturation where the avocado is ready for harvest but not for con-
sumption and can be kept on the tree for many months, and the normal maturation
that starts two days after harvest (Blakey et al. 2009; Yahia and Woolf 2011;
Alvarez et al. 2012). Avocado processing to guacamole and oil produces residues
composed of seeds and peels from the fresh fruit. The peels represent 21–30% of
fresh fruit and the seed represents 13–16%, depending on the variety of avocado
(Wang et al. 2010; Rodríguez-Carpena et al. 2011a; López-Cobo et al. 2016;
Perea-Moreno et al. 2016). The use of avocado residues is not well-developed, and
for this reason, they are discarded thus generating problems of accumulation and
contamination (Camberos et al. 2013). Table 8.3 shows the average composition of
avocado seeds and peels from Hass, Utz, Booth 8, Panchoy, and Shupte varieties.
The carbohydrate composition was studied in Drymifolia and Fuerte seeds and was
determined to be: 1.2–1.9% sucrose, 4.1–4.5% arabinose, 4.5–7.3% total sugars,
and 57.2–59.9% starch on a dry basis (Dominguez et al. 2014).

160 A. A. Lara-Flores et al.



Avocado residues are a potential source of bioactive compounds that can be used
in the alimentary, cosmetic, or pharmaceutical industries. For example, the
antioxidant capacity is several fold greater than that of blueberries, which are
known for high antioxidant capacity (Ayala-Zavala et al. 2011; Agnieszka et al.
2012; Gómez et al. 2014; López-Cobo et al. 2016). The bioactive compounds are
produced by the plant’s secondary metabolism(Guzmán-Rodríguez et al. 2013).
Avocado residues are rich in many polyphenolic compounds such as catechin and
polymeric compounds such as proanthocyanidins (Soong and Barlow 2004;
Agnieszka et al. 2012; López-Cobo et al. 2016). Recent reports about phenolic
compounds in avocado residues demonstrated the presence of quercetin glycosides,
catechin, caffeoylquinic acid, coumaroylquinic acid, procyanidin dimers of type A
and B, and procyanidin trimers of type A (Agnieszka et al. 2012; López-Cobo et al.
2016). These compounds are associated with the bioactivities reported for avocado
residues such as larvicidal, antifungal, antimicrobial, antioxidant, antiprotozoal,
antidiabetic, antihypertensive, hypocholesterolemic, antimycobacterial activities,
and inhibition of lipid and protein oxidation (Morton 1987; Leite et al. 2009; Yasir
et al. 2010; Dabas et al. 2013; Jiménez-Arellanes et al. 2013). These activities and
others yet to be discovered demonstrate the importance and need to recover avo-
cado residues and make value-added products.

8.10.3 Bioproducts Recuperation and Applications

Several disadvantages are associated with the use of agro-industrial biomass such as
avocado residues; these disadvantages include low energy density, high moisture
content, and costs associated with transportation and storage. Preliminary results on
the use of thermal processes with avocado seeds indicate significant high potential
to commercially produce charcoal and liquid fuel by torrefaction and pyrolysis, and
also the study showed that incorporation of avocado seeds into a porous media
reactor with methane/air mixtures alters the process temperature, flame propagation
velocity, and gas composition and increases the concentration of syngas

Table 8.3 Chemical composition of lyophilized avocado seeds and peels, average of Hass, Utz,
Booth 8, Panchoy, and Shupte varieties (% dry matter basis) according Bressani et al. (2009)

Avocado seeds (%) Avocado peels (%)

Moisture before lyophilization 58.82 67.17

Moisture 8.75 10.09

Carbohydrates 62.82 27.98

Proteins 4.98 4.93

Lipids 5.72 5.91

Crude fiber 3.43 48.3

Ashes 3.43 4.19
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(Dominguez et al. 2014). By one estimate in the processing of this fruit, avocado
seeds could generate more than 3.7 million MWh (Perea-Moreno et al. 2016).

Rodrigues et al. (2011) demonstrated the use of avocado seeds to produce
activated carbon to remove phenol compounds from wastewater with high
adsorption capacity. The seed fibrous residues were studied by Barbosa-Martín
et al. (2016) and reported yields of extraction about 45 and 48% (w/w), with two
methods of extraction. Table 8.2 summarizes the composition of this fibrous resi-
due as an initial point for a further valorization of the residues (Table 8.4).

The value-added compounds with bioactivity are primarily recovered from plant
and fruit waste. Currently, there are a variety of methods to obtain these compounds
but technological and economic viability differs given the kind or conditions of the
residue, the compounds that will be obtained, and the final application of recovered
compounds. Methods commonly used for value-added compounds extraction are
solid-liquid extraction, ultrasound-assisted extraction, microwave-assisted extrac-
tion, supercritical fluid extraction, pressurized solvent extraction, pulsed electric
field extraction, and enzyme-assisted extraction (Galanakis 2012; Chan et al. 2014;
Dietrich et al. 2016). Hydrothermal processes such as microwave-assisted and
ultrasound-assisted extraction are considered green and safe technologies for the
extraction of compounds such as polyphenols and polysaccharides such as pectin
and starch (Galanakis 2012). Segovia et al. (2016) demonstrated that temperature
and ultrasound power were more effective than conventional extractions on the
extraction of polyphenols from avocado seed; a linear relationship between total
polyphenol content and antioxidant capacity was found when using water as the
solvent.

Microwave-assisted extraction is the most common alternative to traditional
extraction methods to recover secondary metabolites from plants for use as essential
oils, antioxidants, aromas, food colorants, pharmaceutical, and nutraceutical com-
pounds (Zhang et al. 2011; Routray and Orsat 2012). Microwave-assisted extraction
is associated with short processing times higher extraction yields, and reduced
solvent consumption. The technology is used at industrial scales to obtain active
compounds, mainly antioxidants, oils rich in carotenoids, or polyphenol extracts
from plants or residues and is sometimes combined with other techniques such as
ultrasound and pulsed electric field (Zhang et al. 2011; Chemat and Cravotto 2013).

Table 8.4 Total, insoluble, and cellulose in avocado seed fiber residues extracted with two
methods (A and B) (g/100 g sample) according (Adapted and modified from Barbosa-Martín et al.
2016)

Component Method A
(NaHSO3)

Method B (NaHSO3, NaCl and
trishydroxymethyl-aminomethane)

Total dietary fiber 47.84 ± 0.78 47.41 ± 0.14

Hemicellulose 19.81 ± 0.18 18.45 ± 0.22

Cellulose 7.64 ± 0.28 7.74 ± 0.25
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The major compounds of interest with added value in avocado residues are the
polyphenol compounds, pigments, fibers, and starch (Lacerda et al. 2015;
Barbosa-Martín et al. 2016). Currently, there are no reports about the use of
innovative methods of extraction to recover value-added compounds from avocado
residues and only a few reports using solid-liquid extraction to obtain polyphenolic
compounds (Rodríguez-Carpena et al. 2011a; Agnieszka et al. 2012; Ramos-Jerz
et al. 2013; Gómez et al. 2014; López-Cobo et al. 2016). There are some reports
about starch extraction from avocado seed but only with conventional technology
and a low yield of 20% (Builders et al. 2010; Lacerda et al. 2014; Chel-Guerrero
et al. 2016).

Another vision is the production of bioethanol from seeds as the seeds contain a
high quantity of polysaccharides, starch, and hemicellulose that could be converted
into sugars via hydrothermal pretreatment and then subjected to fermentation
(Davis et al. 2006; Zhang et al. 2013; Tanimura et al. 2015; Yang et al. 2015).

Additional study is needed to determine the effect of hydrothermal processing to
produce oligomers for use in food, chemical, and pharmaceutical industries (Ruiz
et al. 2013a, b).

Avocado residues can be a new source of biocompounds and biomaterials with a
large variety of applications; the following diagram (Fig. 8.7) summarizes the
potential valorization routes.

Fig. 8.7 General scheme of products and processes of products from avocado residues
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8.11 Conclusions and Future Remarks

The development of second-generation biorefineries to upgrade lignocellulosic
materials by obtaining high value-added products and fuels along with the imple-
mentation of hydrothermal pretreatments is promising. Hydrothermal pretreatment
can help overcome the challenges associated with conversion of lignocellulosic
materials. Biorefineries represent a new business model for the twenty-first century,
one in which social, environmental, and economic benefits are incorporated.
Avocado residues have a number of characteristics that make them an extremely
interesting biorefinery feedstock, and further study is needed. Phenolic compounds
have a wide variety of biological applications as functional food, nutraceuticals, or
cosmetics, and the fibrous content could be used for renewable fuel. A biorefinery
designed to promote the integrated use of avocado residues would be a significant
technological advance.
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Chapter 9
Land Applications of Biochar:
An Emerging Area

Anil Kumar Patel

Abstract In recent years, there has been increasing interest on land application of
biochar for improved carbon sequestration, pollutants removal, and soil ameliora-
tion. The biomass conversion into biochar and subsequent land application of
biochar significantly stabilizes the ecosystem via GHG emission reduction and
carbon sequestration, thus leading to the climate change mitigation. Biochar
properties (e.g., surface area, microporosity, and pH) significantly improve the soil
physiochemical (e.g., water-holding capacity, O2 content, moisture level, nutrient
adsorption/desorption, pollutants immobilization), and biological properties
(e.g., microbial abundance and activity) improves the soil health. Current research
mainly aims to exploit biochar to recover nutrients from waste matters and utilize
the resulting nutrient-enriched biochar as a source of micronutrients especially in
nutrient-depleting soils to sustain the crop productivity. This chapter compiles the
recent advances of biochar in land application, focusing important physiochemical
attributes and mechanisms pertinent to soil amelioration and plant growth promo-
tion. Moreover, biochar application rate and methods of land applications are also
outlined.

Keywords Biochar � Adsorption � Nutrient � Agriculture � Environment
Pollutant

9.1 Introduction

There are several challenges toward developing sustainable agriculture, improving
the poor economies in rural areas, and decreasing climate change, e.g., soil, water
and atmospheric pollutions, desertification, soil eruption, and nutrient leaching.
Increasingly, adaption of agrochemical usage in agriculture practices since green
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revolution and non-regulated disposal of industrial wastes into environment has
considerably increased the persistence of organic and heavy metal contaminations
in the food chain and the surrounding environment. It has been raised a serious
public concern for the protection of the environment and human health (WHO
2017). These challenges have driven researchers to investigate an effective solution
to mitigate the rising greenhouse gas (GHG) emissions in atmosphere, remove the
organic and inorganic contaminants from environment, prevent the transfer of
toxicity of pollutants from land to crops, and improve the health of the soil. In the
recent year, application of biochar has been extensively examined to cope up these
challenges. Land application of biochar to improve soil fertility, however, is not a
novel concept, and it has been used as anthropogenic soils or Hortic Anthrosols
(IUSS 2006) in ancient age, in which carbon content has been elevated from
charcoal residues and termed as ‘Terra Preta.’

Biochar is coproduced from thermochemical (e.g., pyrolysis, gasification) and
hydrothermal processes from various biomass, e.g., agriculture residues, forest
residues, energy crops, animal manures, waste sludge, at temperature range of 250–
850 °C under O2-limiting condition (Kambo and Dutta 2015; Lehmann et al. 2009).
Biochar has attractive characteristics for soil amelioration, e.g., high surface area,
microporosity, water-holding capacity, cation exchange capacity (Brewer and
Brown 2012; Mohanty et al. 2013). Biochar has been more popular for remediation
applications in recent years and emerged as cost-effective substitute of activated
carbon to remove numerous organic pollutants such as agrochemicals (e.g., pesti-
cides, herbicides, insecticides), antibiotics/drugs, industrial chemicals including
polycyclic aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs),
cationic aromatic dyes, and a series of inorganic pollutants from soil, aqueous and
gaseous phases (Ahmad et al. 2014). The mechanisms for organic pollutant removal
are sorption through hydrophobic, electrophilic, electrostatic attraction/repulsion
via p-p electron donor–acceptor (H-bonding), partitioning, and chemical transfor-
mation (Tong et al. 2011; Ahmad et al. 2014), however, for inorganic pollutants,
ion exchange, surface complexation, precipitation, and cationic and anionic inter-
actions between pollutants and active functional groups (−COOH, R–OH, and
−OH) on the biochar surface (Lu et al. 2012). These interactions also have large
implications to reduce pollution and metal toxicity of contaminated land and later in
soil health improvement through biological activities.

Biochar application as soil additive is an emerging area for environmental and
agricultural research mainly to remove various pollutants from environment and to
sustain agronomic production as well as nutrient quality of the grains. Soil
amendment of biochar improves physiochemical and biological properties of the
soil such as aeration, moisture content, water-holding capacity (WHC), cationic
exchange capacity (CEC), microbial proliferation, pollutant immobilization and
degradation, heavy metal toxicity reduction, carbon sequestration (Ameloot et al.
2013; Gul et al. 2015). These biochar characteristics finally contribute to soil carbon
sequestration (Malghani et al. 2013), greenhouse gas (GHG) emission reduction
(Stewart et al. 2013) and thus contribute to an overall improvement in soil health
and agricultural productivity (Zhang et al. 2013). Land application of biochar also

172 A. K. Patel



restricts heavy metals and herbicides mobility into the crop (Bolan et al. 2014).
Deficiency of micronutrients in the soil and crops has been raised, which steadily
reduced the crop yield across worldwide (David et al. 2016). Researchers are
foreseeing nutrient-enriched biochar could play a critically important role to sup-
plement micronutrient to the nutrient-deficient soil to sustain crop yield.

This chapter focuses on various aspects of biochar for land applications and soil
amelioration and does not cover the details of biochar for removal of organic and
inorganic pollutants from soil, water, and gaseous media, for which readers may
refer to the recent publications (Ahmad et al. 2016). The focus of this chapter is to
address how the biochar characteristics play a crucial role to alter the physio-
chemical properties of soil for enhancement of crop yields and lead to changes in
microbial abundance, community structure, and activities, moreover, also demon-
strating the land application methods and application rate of biochar.

9.2 Biochar Mechanism in Soil Amelioration and Plant
Growth Promotion

In the recent years, the mechanism of biochar to improve soil fertility has been
greatly studied (Woolf et al. 2010). Various attractive properties (e.g., pH, surface
area, microporosity, O/C and H/C ratios, biodegradation, WHC, CEC) of biochar
are explored in several environmental and agriculture applications. These biochar
characteristics critically affect the physiochemical characteristics of the soil.
Figure 9.1 shows various biochar characteristics, exploited in suitable applications
during last decades. Biochar effect has been examined on various soils through pot
and field studies. In the tropical soil, biochar amendment has been attributed to
prevent nutrient leaching from the soil (Steiner et al. 2008), whereas in arid and
semiarid soil (Mediterranean area), where nutrients are poor due to low organic
concentration, soil amendment of biochar enhanced the total soil organic matter
(SOM) (Lehmann et al. 2009). Moreover, biochar found to reduce the rate of SOM
mineralization and works as slow-release fertilizer (Thies and Rilling 2009).

The pH attributed as the most governing factor for the regulation of soil prop-
erties (Ameloot et al. 2013; Stewart et al. 2013). Ash content of the biochar
attributed to play a major role for resulting biochar pH, which also provides
inorganic minerals to plant (Mengel and Kirkby 2001). The effect of alkaline
biochar for the enrichment of soil quality and crop productivity has been evident in
acidic soils mainly due to biochar-mediated pH enhancement and buffering capacity
of biochar–soil mixture (Curtin and Trolove 2013). Biochar blending with other
solid soil amendments, e.g., organic fertilizers, manure, compost, or lime, has also
been tested prior to the soil application. Biochar exhibited significant reduction of
nutrient leaching when amended with compost–sand mixtures (Iqbal et al. 2015),
sandy soils (Yao et al. 2012) and swine manure (Laird et al. 2010) prior to land
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application in midwestern USA. Role of biochar pH in charge distribution of soil
improves cation exchange capacity of the soil through binding of cationic groups of
soil organic matters (SOMs). Hence, CEC of biochar-amended soil is highly
dependent on SOM content in sandy soil (Basso et al. 2013). Surface charge density
of biochar also enhances the CEC of the soil and thus facilitates cations retention,
which plays crucial role to control soil pH (Liang et al. 2006).

Biochar has unique ability to adsorb various nutrients via adsorption on its
porous surface and interaction through surface functional groups (COOH, OH,
ROH, etc.). Interactions of nutrients with these radical groups prevent leaching
process, and hence, it provides prolonged benefits to the soil by the mechanism of
slow nutrient diffusion (Major et al. 2009; Novak et al. 2009). These functional
groups enable biochar to adsorb other organic molecules and associated nutrients
such as N, P, K, Mg, Ca, S which is readily available to plant uptake with the
release of acidic legends by the plants to solubilize them prior to uptake.
Mineralization process through various microorganisms also facilitates solubiliza-
tion of bound complex organic compounds at biochar surface into bioavailable
minerals to the plant. Moreover, biochar also contains various nutrients, and
nutrient content is highly depended on feedstock type. For example, animal
manure-derived biochar (at 400 °C) contained high N (3.2%) and P (6.1%) (Tsai
et al. 2012), whereas agriculture residue (Arundo donax)-derived biochar pyrolyzed

Fig. 9.1 Biochar characteristics and utilization for various applications
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at 400 °C comprised low N (0.69%) and P (0.13%) contents (Zheng et al. 2013).
Moreover, poultry litter-derived biochar at 350 °C had high ash content of 30.7%
(Cantrell et al. 2012) and then ash content (1.5%) of pinewood chip-derived biochar
at 350 °C (Spokas et al. 2011).

One of the possible mechanisms for yield improvement in biochar-amended soil
may be the augmentation of soil water-holding capacity (Jeffery et al. 2011). Due to
high total porosity of biochar, it can hold water in small pores and thus increase
WHC, which may be increased over 22% (Peake et al. 2014). Moreover, it con-
tributes pore-mediated water infiltration from the ground surface to the topsoil after
heavy rain (Asai et al. 2009).

Apart from the direct implication of various biochar characteristics in soil
amelioration and plant growth promotion, indirect mechanisms have also been
reported. Biochar can also modify microbial and nutritional status of the soil at
rhizosphere through changing the soil physical properties (e.g., porosity, bulk
density, particle size distribution, CEC, WHC). Due to optimum moisture content,
nutrients availability, and unique porous structure for microbial habitation, biochar
promotes the microbial proliferation in the rhizosphere; thus, increased microbial
activity improves the O2 content or aeration of the soil (Gul et al. 2015). Increased
O2 content greatly supports oxidation or biodegradation of complex organic com-
pounds into bioavailable minerals to improve the nutrient contents of the soil. Due
to alteration of these soil parameters, the fertility of soils is significantly improved,
which are attributed to increase in nutrient availability, water use efficiency, and
crop productivity. A study revealed that land application of rice husk biochar has
increased soil pore structure parameters by 20% and shear strength as well as
decreased soil swelling parameters by >10% (Lu et al. 2014).

Quorum sensing is known mechanism of interaction between soil microorgan-
isms and plant–microbe (among intra- and interspecies) for signaling, cell–cell
detection. Biochar derived from wood is recognized to hinder cell interaction
between gram-negative soil bacteria through N-(3-oxododeca-noyl)-L-homoserine
lactone. Moreover, hindrance process further increased with biochar produced at
higher pyrolysis temperature (700 °C) as compared to biochar produced at lower
temperature (300 °C) (Masiello et al. 2013). Through these mechanisms, biochar
elicits a collection of effects on gene expression dependent on intercellular sig-
naling, connecting with the parameter used for biochar preparation so that it can be
tuned to control microbial-dependent soil processes, such as nitrogen fixation and
pest attack. This ability of biochar was attributed to increasing surface area of
biochar, which increases with increasing pyrolysis temperature. Soil-amended
biochar interacts with several organic and inorganic substances; therefore, inter-
ruption magnitude of microbial signaling depends on free space on biochar sur-
faces, where it can be adsorbed.
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9.3 Factor Affecting Biochar Characteristics in Land
Application

Each biochar exhibits different physiochemical properties such as surface area,
microporosity, pH, macro- and micronutrients compositions. These variations in
biochar characteristics resulted mainly due to feedstock type and pyrolysis tem-
perature used for biochar production. However, pH is another affecting factor,
which is correlated with biochar and resulted after pyrolysis of carbonaceous bio-
mass. At higher pyrolysis temperature, resulting biochar mainly has higher pH.
During pyrolysis, feedstock is thermally broken down and forming three major
products: biochar, bio-oil, and non-condensable gases, e.g., CO, CO2, CH4, and H2

(Ahmad et al. 2012; Suliman et al. 2016). At high pyrolysis temperature (>500 °C),
removal of C, H, O elements into gases and other volatile compounds results in
changing O/C and H/C ratios in biochar (Brewer et al. 2012). The O/C and H/C
ratio in biochar correlates directly with aromaticity, biodegradability, and polarity,
which greatly affects its physiochemical properties and thus the application such as
pollutant removal, organic matter immobilization, and microbial proliferation
(Crombie et al. 2013). Biochar produced from seaweeds, animal manure, and
agro-residues has higher pH, and they are richer in nutrients and less in nitrogen and
carbon contents than that of the lignocellulosic rich feedstocks, e.g., wood chips,
wood bark (Brewer and Brown 2012; Novak et al. 2013). Moreover, at high
pyrolysis temperature, the effect of feedstock has been evident, and biochar derived
from woody biomass and crop residues has higher surface area compared to that of
the solid municipal wastes- and animal manure-derived biochars (Ahmad et al.
2014). Furthermore, biochar produced at higher temperature exhibits lower H/C and
O/C ratios than that at a lower temperature, indicating a gradual increase in aro-
maticity and decrease in polarity with increasing temperature (Suliman et al. 2016).
A fully carbonized biochar produced at a higher pyrolysis temperature (>500 °C)
has greater surface area and hydrophobicity and exhibits more affinity for organic
pollutants. On the other hand, partly carbonized biochar produced at a lower
pyrolysis temperature (<500 °C) contains a higher content of dissolved organic
carbon and O-bearing functional groups and hence is more appropriate for removal
of inorganic pollutants (Ahmad et al. 2014). These biochar attributes have high
implications toward remediation of polluted agriculture lands based on the types of
pollutants.

Biochar pH has significant role in removal of polar organic and charged inor-
ganic pollutants from the soil. Alkaline pH of biochar positively correlated with
higher pyrolysis temperature and feedstock types is used for its production.
Wood-derived biochar results in more alkaline than biochar derived from agricul-
ture residues and animal manures. Moreover, the presence of anionic radical groups
(OH, COOH, ROH), silicates, carbonates, and bicarbonates on biochar surface also
affects the biochar pH, which bind H+ ions from soil microenvironment and reduce
its concentration, thus increasing the soil pH (Brewer and Brown 2012). The degree
of ionization of soil pollutants is affected through biochar pH, and thus, application
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rate is highly crucial for the regulation of soil pH. At higher pH, the H-bonding
occurs between anionic organic pollutants and COOH or OH group of biochar. At
lower and neutral pH, p-p electron donor–acceptor interactions, as well as cation
exchange, are the dominant mechanisms between biochar and anionic organic
pollutants (Teixido et al. 2011; Vithanage et al. 2014). The metal removal efficiency
is also mainly dependent on pH (Lima et al. 2010; Uchimiya et al. 2011). High
adsorption efficiency of these biochars is attributed to have high C and O contents
as COOH groups, high O/C molar ratio, and polarity index (Bogusz et al. 2015).
Biochar pH also has great role in nutrient desorption process. From study of Zheng
et al. (2013) revealed that the release of PO4

3− and NH4
+ were pH-dependent and

their release were decreased with increasing pH between pH 2–7, whereas the
release of K+ and NO3

− was not depended on biochar pH.

9.4 Benefits of Biochar Application

There has been significant interest on land application of biochar for soil amelio-
ration and plant nutrition in the recent years. Numerous characteristics of biochar
found to be relevant to use biochar not only for soil remediation but also as carrier
substrate to provide nutrients for long time in the soil. Biochar enhances soil quality
by improving water permeability, cation exchange capacity (CEC), water-holding
capacity (WHC), mineral accumulation, mineralization and release, improving
fertility thus facilitate in improved crop productivity. Biochar offers numerous
environmental benefits such as climate change mitigation, nutrient cycling,
bioremediation.

9.4.1 Biochar Role in Climate Change Mitigation

Biochar has numerous unique properties found relevant to play role in climate
change mitigation. It is non-biodegradable carbonaceous material that carries sev-
eral nutrients and also adsorbs numerous organic pollutants from the soil. It persists
thousands of years in the soil and supports microbial proliferation and activity.
Microbial activities play crucial role in nutrient cycling in rhizospheric soil, thus
facilitating slow nutrient release (Lehmann 2007). Retention of nutrients in soil
leads to significant reduction in fertilizer application, thereby reducing the process
costs and chemical fertilizer-related net GHG emissions during its production,
transportation, and application and thus contributing in climate change mitigation
and toward more sustainable agronomy (Wang et al. 2015). Widespread use of N
fertilizers in agriculture is responsible for two-thirds of global N2O emissions. N2O
is the most important ozone-depleting compound emitted to the atmosphere with an
increased concentration of 270 ppb by volume (ppbv) in the preindustrial era to
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324 ppbv by the year 2011 (Cayuela et al. 2014). Agriculture is the main sector of
these emissions, largely due to the extensive consumption of synthetic fertilizers
(Laird et al. 2011). Reducing N fertilizer inputs may help for widening the amount
of N assimilation by crops with better N management that can be attained by
biochar usage. Biochar can decrease emissions of N2O and CH4 from soil via biotic
and abiotic mechanisms (van Zweiten et al. 2009). Biochar has potential to store
carbon in a stable form for long duration and acts as atmospheric CO2 sink in
terrestrial ecosystems by reducing N2O and CH4 emissions (Rutherford et al. 2012;
IBI 2013). Decrease in N2O emissions up to 54% can be achieved by the appli-
cation of biochar in agricultural land (Cayuela et al. 2014). With sustainable con-
cept of biochar usage, emissions of N2O and CH4 can be circumvented by adapting
pyrolysis of waste biomass.

Carbon sequestration could be another effective strategy for climate change
mitigation. The CO2 captured by plants during photosynthesis would eventually
return to the atmosphere during decomposition or burning and available for pho-
tosynthesis, hence completing the carbon cycle (Lal et al. 2007; Lehmann and
Joseph 2015). By converting this biomass into biochar, the CO2 absorbed by
photosynthesis would no longer be released and bound to the final structure of the
biochar; moreover, it can significantly help to control the climate change, thus
remitting the threat of global warming (Lal et al. 2007; Lehmann and Joseph 2015).
It has been estimated that 373 metric ton (Mt) yr−1 of biochar production can
sequester CO2 about 0.55 billion Mt yr−1, which would be equivalent to 1.5% of
total annual CO2 emissions (Windeatt et al. 2014).

9.4.2 Energy Production

Biochar is coproduced with bio-oils and biogas during thermochemical of
hydrothermal treatment of biomass. It could be an alternative to fossil energy with
low CO2 emissions (Ahmad et al. 2014). Biochar production can be tailored to suit
its potential application while generating energy. A critical control of the thermo-
chemical process and conditions utilized for biochar production will vary the yield
of biofuel, especially syngas or bio-oils (Ahmad et al. 2014).

Syngas is a mixture of H2 and CO, CH4, CO2, H2O and several other low
molecular weight volatile organic compounds. Syngas can be used to generate the
heat and electricity needed to run the pyrolyzer (Laird et al. 2011). Bio-oils
coproduced with biochar are acidic in nature and are not stable, resulting as
non-suitable transportation fuel. However, it can be converted into synthetic
transportation fuels through Fischer–Tropsch (FT) catalytic synthesis (Laird et al.
2011). Constraints as a high capital investment required to establish a FT facility
and a relatively low-carbon conversion efficiency of FT refineries are the major
challenges in the coproduction of bio-oil with biochar (Laird et al. 2011).
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9.4.3 Biochar as Potential Soil Amendment

Application of biochar as soil additive ameliorates the amended soil and elicits
several positive responses to the plants. Soil amendment of biochar improves
physical (e.g., O2 content, moisture level, water-holding capacity, nutrient sorption,
pollutants immobilization), chemical (e.g., carbon sequestration and slow nutrient
release), and biological (e.g., microbial proliferation, diversity and activity) prop-
erties of soils (Gul et al. 2015). The physiochemical properties of biochar prevent
nutrient leaching from soil and provide microbial habitat at porous surface by
immobilizing organic substances, whereas biological activities result in mineral-
ization of biochar as well as other recalcitrant soil organic substances, which pro-
motes phytoavailability and efficient uptake of nutrients by the plants (Ameloot
et al. 2013; Gul et al. 2015). Moreover, it facilitates nutrient bioavailability by
increasing soil’s WHC and the adsorption of compounds for better CEC (Verheijen
et al. 2010), increasing soil pH to buffer against soil acidity (Van Zwieten et al.
2010), remediation of pollutants, and plant–microbial interactions in the soil.
However, its response varies with soil type, feedstock quality, pyrolysis condition,
application rate, and type of crop (Lehmann and Joseph 2015).

Most of biochars carry basic pH; therefore, they find large application as liming
agent to neutralize acidic soils. Improved soil pH of acidic soil and facilitate
bioavailability of the minerals Ca2+, Mg2+, and K+ to promote nutrient retention for
microbial and plants growth (Laird et al. 2011). The liming effect varies based on
feedstock type and pyrolysis temperature. Paper mill waste-derived biochar pyr-
olyzed at 550 °C has liming effect approx 30% of CaCO3 due to its basic pH (van
Zweiten et al. 2010). This pH-based mechanism has high implication to alter the
pollutant properties where biochar finds wider remediation applications in the soil
system. Alkaline biochar reduces bioavailability of pollutants by reducing their
solubility; hence, their accumulation is prevented by plants. In contrast, biochar
blending in neutral or alkaline soils has limited effect; for example, phosphorus
(P) availability is affected in the presence of alkaline metals, and they inhibit
Ca-driven P uptake (DeLuca et al. 2015). Blending of paper mill waste-derived
biochar in these soils altered the effect of alkaline metals by precipitation and
surface complexation and makes P bioavailable to plants; however, blending in
acidic soil facilitates phosphate binding with free cations, e.g., Mg2+, Ca2+, Al3 +,
and Fe3+, and hence, P is slowly released to plant uptake (Xu et al. 2014a).

The C/N ratio of biochar greatly affects its inorganic mineralization and long-
evity in the soil. C/N ratio less than 20 is desirable for soil amendment; however,
higher ratio promotes the inorganic N immobilization and results in N deficiencies
in plants (Uras et al. 2012). Higher pyrolysis temperatures (>500 °C) derived for
lignocellulosic biochars usually have more C/N ratio than the biochars produced at
lower temperature (Purakayastha et al. 2016). Biosolids and manure-derived bio-
chars contain lower C/N ratio, but they are rich in ash content as compare to the
lignocellulosic biochars (Gonzaga et al. 2017). Ash content is a rich source of
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inorganic minerals, and hence, soil blending with biosolids and manure-derived
biochars improved the agricultural yields. High ash containing biochar usually
contains lower amount of recalcitrant carbon. Hence, biochar from biomass with
higher ash content could be a beneficial nutrient source, which may lead to a
possible reduction in fertilizer application rate (Gonjaga et al. 2017).

Biochar has great capacity to raise net nitrification in acidic soils, and biochar
blending in this soil improves nitrification by sorption of phenolic compounds,
which normally suppresses nitrification. Biochar application promotes the nitrifying
bacteria and suppresses ammonia-oxidizing bacteria (DeLuca et al. 2015). Biochar
blending improves the biological N2 fixation and NH3/NH4

+ adsorption and also
greatly affects the associated processes such as N-leaching, ammonification, nitri-
fication–denitrification, NH3 volatilization, and nitrous oxide (N2O) emissions
(Wang et al. 2015; Bruun et al. 2012). Nitrogen loss reduces the fertilizers potential
and economic value of the end product, thus also causing the environmental pol-
lution (Chen et al. 2015). For stimulation of nitrification, biochar derived from
Douglas-fir, pinewood, bark, brazilian pepperwood, and peanut hull at pyrolysis
temperature 300–800 °C was greatly exploited (Gundale and DeLuca 2006; Yao
et al. 2012).

The effect of biochar varies with the soil types. Soil texture has high correlation
with soil organic matter retention. Fine textured soils are able to retain more carbon
and nitrogen than those of coarse textured soils at equal SOM, which is correlated
with the role of clay for better protection of organic carbon (Ganjegunte et al.
2009). In this context, biochar would be more effective for controlling nutrient
dynamics in coarse-grained soils. Physical structure and surface property of biochar
provide a framework for building a slow-release fertilizer. Biochar is rich in
nutrients and also binds nutrients from fertilizer, thus it not only retains the fer-
tilizer’s nutrition in the soil but also works as slow-release fertilizer (Major et al.
2009). Moreover, ash content of biochar has numerous cations, which are acces-
sible as dissolved salts and thus readily available to the plant (Glaser et al. 2002).
Cao and Harris (2010) used dairy manure as a feedstock to develop biochar-based
slow-release phosphorus fertilizer. Moreover, NPK slow-release biochar fertilizer
has been developed by Day et al. (2005).

Recent studies have addressed declining drift of nutrient deficiency in crops and
in cropland (David et al. 2016; Emmalea 2016). At present, most of the provided
fertilizers contain several nutrients together for plant growth and its application is
considered as very important preventative measure to retain the crop yield in the
near future. Plants absorb nutrients in its inorganic forms such as NH4

+, H2PO4
−,

NO3
2−, SO4

2−. Thus, they must be readily present in these forms prior to meet the
crop nutrient requirements (Brady and Weil 2013). These are usually very less
abundant in agriculture soils than that of organically bound forms (Bohn et al.
1986). Current studies on biochar system are mainly focused on remediation
applications. Recent trends are shown in biochar research for nutrient recovery from
waste and application of resulting biochar for plant nutrition. Figure 9.2 shows the
recent trend of biochar application for plant nutrition. Little information is available
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on the land application and dynamics of nutrient transformations, e.g., N, Ca, Mg,
K, and P by biochars (DeLuca et al. 2015; Laird et al. 2011), Recently, H2S-laden
biochar research is being examined to facilitate SO4

2− availability and their effect
on plant growth in pot experiments (Kanjanarong et al. 2017). H2S-adsorbed bio-
char contains S on its surface in SO4

2− and other forms of mineral precipitates (Na,
K)2SO4 (Xu et al. 2014b), which are bioavailable and can be easily up taken by the
plant roots. Biochar derived from rice hull is used for H2S removal from gaseous
stream. Such biochar with adsorbed S may have great potential for application as
soil amendment, especially on S-depleted soils to provide the S for plant health.

9.4.4 Biochar Mineralization

From various studies, biochars have been examined as source of bioavailable
nutrients for plant nutrition. Biochar is a rich source of plant nutrients, e.g., P, K,
Mg, Ca, Fe, Cu, Na, Zn, and Cl (Crombie et al. 2015; Spokas et al. 2012). Biochar
mineralization is a collective process of biotic/abiotic by which insoluble organic

Fig. 9.2 Biochar use in nutrient recovery from waste and its application as fertilizer
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complexes upon biochar surface and/or at rhizospheric soil are solubilized into
bioavailable simple nutrient forms. Mineralization process improves after soil
amendment of biochar and is attributed as positive priming effect of the biochar.
Soil microorganisms play a crucial role in the mineralization process (Novak et al.
2010). Mineralization process is greatly depended on labile simple organic matter
(SOM) content of the biochar. Labile SOM is dregs of condensed volatile and
semi-volatile organic compounds (e.g., acids, hydroxyls, phenols, diols, triols) on
biochar surface (Graber and Elad 2013), which accelerates microbial growth and
thus mineralization process by microbial activities (Ameloot et al. 2013; Wardle
et al. 2008). Improved b-glucosidase and b-N-acetylglucosaminidase activities
confirm the microbial activity, which has direct correlation with sum of labile
matters. Biochar obtained from fast pyrolysis contains more labile organic fraction
(up to 40%) and supports better microbial activity (Bailey et al. 2011).

After soil amendment, several favorable changes take place upon biochar sur-
face, which affect microbial abundance and activity in the soil and result
improvement in soil physiochemical properties and organic carbon. These changes
facilitate numerous benefits to plants, importantly suppress toxicity of pesticides
and allelochemicals, consequently promote rhizobacteria followed by arbuscular
and other mycorrhizae and intervention of plant–microbe signaling, and protect
microbes from grazers (Qiu et al. 2009; Kothamasi et al. 2006).

Due to recalcitrant carbon of biochar, it is not very likely for better microbial
growth on it. But longer incubation time may facilitate biphasic biochar degrada-
tion. Primarily, labile SOM is important for initial microbial growth and biochar
mineralization; however, for further mineralization, more microbial colonization is
required which can access recalcitrant biochar components. Several fungal sapro-
phytes can utilize these components by secreting several extracellular enzymes,
e.g., lignin peroxidases, laccases, manganese peroxidase, and phenoloxidase;
moreover, reactive phenoxy and peroxy radicals are also required to degrade the
aromatic structures (Hockaday 2006; Atkinson et al. 2010). Fungi basidiomycetes
and ascomycetes (Hofrichter et al. 1999) are able to utilize biochar carbons.
Moreover, Mycobacterium sp. and Beauveriasul furescens are also known to utilize
aromatic biochar compounds (Novak et al. 2010). Due to these microbial activities,
biochar mineralization is likely to be changed. Fundamental benefits of biochar
application on environment and plants are summarized in Table 9.1.

9.5 Biochar Characteristics and Land
Application Methods

9.5.1 Biochar Forms and Application Rate of Biochar

Biochar application in soil has been reported for several agronomic benefits such as
increased seed germination (30%), shoot heights (24%), biomass production (13%),
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Table 9.1 Positive effects of soil application of biochar on environment and plants

Benefits Description References

Influence soil pH pH of biochar is affected with the
pyrolysis temperature, feedstock types,
and biochar application rate; it is apparent
in acidic and alkaline soils

Liu and Zhang
(2012); Chintala
et al. (2014)

Provide microbial
habitats

Biochar contains nutrients and is also
adsorbed from surrounding, thus
facilitating microbial growth and activity

Steiner et al.
(2008);
Jaafar et al. (2014)

Increase soil cation
exchange capacity
(CEC)

Biochar increases CEC of soil through
COOH, OH, and ROH groups on its
surface, and the efficiency increases
depending on pH, O2, and moisture
content of the soil

Cheng et al. (2006,
2008)

Priming effect Mineralization of biochar improves with
soil amendment, and it is attributed as
positive priming effect of the biochar. Soil
microorganisms play a crucial role in
mineralization process

Novak et al.
(2010); Kuzyakov
et al. (2000)

Influence N cycle Soil amendment of biochar affects
microbial processes, increases
ammonification, and reduces
denitrification

Yanai et al. (2007)

Reduce soil salinity Biochar adsorbs salts and mitigates salt
stress to the plants, and this property
explains biochar application to mitigate
salinity in agricultural soils

Thomas et al.
(2013); Lashari
et al. (2015)

Increase earthworm
activity

Increased growth of earthworms has been
recorded in soils amended with biochar
than the soils with no biochar addition

Topoliantz and
Ponge (2005);
Van et al. (2006)

Increase arbuscular
mycorrhizae activity

Biochar interferes with the soil microbes
and plant–fungus signaling, detoxifies the
allelochemicals, and protects refugia from
fungal grazers. Due to such alteration of
soil properties, biochar indirectly affects
positively onarbuscular mycorrhizae
growth and activity

Warnock et al.
(2007); Solaiman
et al. (2010)

Remove pollutants and
reduce toxicity

Biochar removes series of organic and
inorganic pollutants from soil. It also
immobilize several toxic heavy metals
and reduce their mobility to the plant

Ahmad et al.
(2014)

Reducing greenhouse
gas emissions

Biochar decreases emission of N2O and
CH4 due to high surface area and
microbial activity from agricultural soil
and greatly helps in climate change
mitigation

Rondon et al.
(2005); Feng et al.
(2012)

(continued)
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and crop yields (up to 200%) on highly degraded sites (Kimetu et al. 2008).
Therefore, there has been significant interest recently spiked for biochar land
application; however, application rate, application method, and size of biochar
application were not precisely addressed to guide the farmers. Moreover, these
parameters also differ with the type of soil and soil organic content.

One of the challenges for biochar field application is linked with right particle
size to improve soil moisture retention. Biochar has been used as soil additive in
pellets and dust forms using numerous applications methods: topdressing, deep
banding, blending, layering (more discussion is in the next section). Biochar in
pellets is appropriate for field application and transportation, and it has been used in
nursery planting with peat moss at a ratio of 1:1; however, other ratios (e.g.,
0.5,0.75. 1.25, 1.5) have exhibited lower yields (Dumroese et al. 2011). Moreover,
pelleted biochar needs mechanical tool to spread in the soil, especially pneumatic
systems, which are designed for granular material, e.g., seeds and granular fertilizer
(Kilicken and Guner 2006).

Land application of biochar in dust form is more challenging task. Biochar in
dust form has been negatively attributed for transportation and soil application due
to particle’s median aerodynamic diameter about 10 µm (US Bureau of Mines
2008). However, after moisturization of dusted biochar, 10–50% (depends on soil
condition) has been applied in soil using topdressing and layering methods (Tom
2008). Land application of biochar is smooth with the larger particles, whereas
management of fine dust biochar is tricky during wind and rain incidence
(Gómez-Rey et al. 2012). Fine biochar is lost during soil application, which is
unaffordable (Major 2010). To avoid such loss in farming, biochar has mixed with
compost, manures, and organic or chemical fertilizers (Tom 2008).

Table 9.1 (continued)

Benefits Description References

Carbon sequestration Instead of burning biomass, its use for
biochar production in O2-limiting
condition reduces CO2 emission notably
and carbon is bound in biochar structure.
Hence, biochar amendment in soil
increases the soil carbon

Van Zwieten et al.
(2010)

Influence soil organic
matter (SOM)

Due to high surface area, it adsorbs SOM
and prevents their runoff, and it is
influenced by the combinations of soil,
climate, and management factors

Marschner et al.
(2008)

Improve soil
water-holding capacity
(WHC) and aeration

Soil blending of biochar significantly
affects the soil water retention and
aeration through high surface area and
physiochemical interaction via radical
groups found on its surface, and WHC
also depends on the soil type

Sohi et al. (2009);
Cheng et al. (2006)
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Application rate of biochar is very important to get maximum benefits and avoid
detrimental effect of over dosage. Biochar application rate 0.5–5 kg m−2 and proper
nutrient management have resulted in better productivity (Tom 2008). The wheat
yield has been increased by 58% by altering soil pH 4.5–6.0 through 76.5 t ha−1 of
biochar application (Collins 2008). Radish yield increased from 42 to 96% when
dosage of poultry litter biochar increased from 10–50.5 t ha−1, with respect to
non-amended control (Chan et al. 2008). Likewise, 51 and 109% maize yield
increased with 10 and 50.5 t ha−1 biochar application, respectively (Van Zwieten
2007). The yield of maize grain increased by 150 and 98% with the application rate
of 15 and 20 t ha−1 of biochar, respectively (Uzoma et al. 2011). However,
decrease in grain yield by 23.3, 10, and 26.7% is also recorded with the biochar
application rate of 4, 8, and 16 t ha−1, respectively (Asai et al. 2009). Decreased
crop yield in this study was attributed to high-volatile matter and toxic substance of
biochar, which may have reduced nutrient uptake as well as plant growth. Thus, it is
noticeable, and enhancement of crop yield and plant growth may be based on the
properties of biochar and soil, moreover biochar suitability for land application also
depends on soil type. Hence, it is very crucial to characterize the biochar and
understand the mechanisms, which may induce changes on soil after biochar
application. Apart from the application of native biochar (as above studies), some
studies have also been carried out utilizing fortified biochar with single or multiple
nutrients. A brief report upon the effect of sulfur-enriched biochar application
(42.5–171 mg kg−1 soil) derived from digested dairy manure (at 850 °C) elicited
better corn growth response (about 31–49%) than unamended control in pot studies
(Zhang et al. 2016). In these studies, biochar has been treated with H2S and SO2

gases at high moisture (>80% wt) and pH (>7.0) to adsorb sulfur on biochar
surface.

It has been recorded that crop yields enhanced significantly when biochar is
applied together with other inorganic or organic fertilizers (Glaser et al. 2002).
Improvement in beans yield is recorded with biochar–fertilizer blend, compared to
biochar alone (Van Zwieten 2007). Dosage of 11.25 t ha−1 of forest wood biochar
and mineral fertilizer has improved rice and sorghum yield by 2 times; however,
1.4 times stove yield improved when biochar blended with compost or fertilizer
(Steiner et al. 2007). Table 9.2 shows effect of various biochar applications on crop
yield improvement. All these studies mainly are carried on pot experiment; how-
ever, results from field application of biochar are limited to understand the efficacy
of biochar for soil amelioration and enhancement of crop productivity. Soil
amendment precision also needs numerous field data with respect to biochar
characteristics (e.g., pH, ash content), soil types, and crops varieties; these infor-
mation would be crucial to fill the knowledge gaps prior to exploit biochar on field.
Deleterious effect of biochar due to organic and inorganic contamination must be
evaluated. Apart from contaminants, their detrimental effect also arises due to the
application mode. A potential detrimental effect of biochar includes contaminant,
for instance PAHs, heavy metals, and dioxins; moreover, negative effects also
raised due to high rate of biochar application (Verheijen et al. 2010).
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9.5.2 Methods of Land Application

In conventional cropping method, biochar application in the soil can be managed
jointly with lime. Lime is frequently applied as a fine solid and homogeneously
mixed into soil. This method can be implemented using traditional farm machinery
and added into routine field operations. These approaches give lower cost input to
use biochar as soil conditioner. Following four methods are well accepted under
conventional cropping:

Table 9.2 Effect of biochar on crop yields in different soil

Biochar type Application
rate (t ha−1)

Soil type Crop Yield rise
over control
(%)

References

Hardwood 19 Midwestern
mollisol

Maize 10 Rogovska
et al. (2014)

Wheat straw 40 Upland red
soil

Rapeseed 36 Liu et al.
(2014)

Dairy manure (pot
studies)

0.7
(171 mg/kg)

Professional
Potting soil

Maize 49 Zhang et al.
(2016)

Black carbon 20 Oxisol Maize 28 Major et al.
(2010)

Wheat straw 40 Paddy soil Rice 14 Zhang et al.
(2010)

Eucalyptus wood 30 Inceptisol Rice 294 Noguera
et al. (2010)

Cow manure 15 Sandy soil Maize 150 Uzoma et al.
(2011)

Greenwaste 100 Alfisol Radish 266 Chan et al.
(2008)

Peanut hull + fir
bark

76.5 Quincy sand
soil

Wheat 58 Collins
(2008)

Orchard pruning 22 Sandy clay
loam

Grape 20 Genesio et al.
(2015)

Poultry litter 50.5 Alfisol Radish 96 Chan et al.
(2008)

Paper mill sludge 50.5 Ferrosol Maize 109 Van Zwieten
et al. (2008)

Forest residue 137 Xanthic
Ferrasol

Cowpea 100 Glaser et al.
(2002)

Forest
residue + fertilizer

11.25 Xanthic
Ferrasol

Rice and
sorghum

2 Steiner et al.
(2007)

Charcoal 0.5 Delhi soil Moong 22 Glaser et al.
(2002)
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9.5.3 Broadcast and Incorporate Method

It is most popular and practically adapted method for biochar application in the soil
(Steiner et al. 2007; Asai et al. 2009). Broadcasting is manually used on small
scales; however, larger scale is carried out using lime/solid manure spreaders or
broadcast seeders. Land application of moisturized biochar is appropriate with
manure spreaders than that of the lime spreaders. Biochar can be mixed in soil by
several plowing methods at any scale, including animal draft, hand hoes, rotary
hoes, disk harrows, chisels etc. (Blackwell et al. 2009).

9.5.4 Deep Banded Method

It is similar to routine banding operation of seeds and fertilizers and well adopted in
mechanized agriculture. Such method involves biochar addition in a narrow band
via tools or hands that forms hole without disturbing the entire soil surface, and
biochar is placed inside the soil. Biochar is added into 50–100 mm broad and 200–
600 mm spacing depth, compatible with the particular cropping system. For deep
banding, usually pneumatic system is used in industrialized agriculture. Biochar is
applied up to 1 t ha−1 for whole field with 100 mm bands and 300 mm spacing by
belt-driven feed from supply hoppers. This method is applicable when crop is
established. Wheat yield was significantly improved by adopting banding biochar
application method in Western Australia (Blackwell et al. 2007).

9.5.5 Blending with Solid Manures

Biochar can be blended with other solid soil amendments, e.g., organic fertilizers,
organic manure, compost, or lime prior to land application. Biochar has potential to
adsorb and shield nutrient leaching and facilitate prolonged slow release of these
nutrients into the soil (Major et al. 2009; Novak et al. 2009). Such blending may
save several field operations and improve manure efficiency. Combined effect of
biochar and N-P2O5-K2O (NPK) fertilizer at proportion of 20 t and 60–175–
120 kg ha−1 has shown better yield in three soybean varieties as compared to
control with no biochar and fertilizer (Mete et al. 2015).

9.5.6 Blending with Liquid Manures

Biochar can also be mixed with liquid manures and can be applied as slurry. Fine
biochars would likely be best suited to this type of application through existing
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application equipment, which may solve dust application drawbacks. Biochar can
also be mixed with manure at holding ponds and potentially may reduce the gas-
eous nitrogen losses. This method is normally being practiced prior to soil appli-
cation (Yanai et al. 2007). Main aim of such application includes the odor reduction
(Kleegberg et al. 2005), P retention in liquid manure, and dust reduction (Lehmann
2007). The application rate of biochar 25, 50, and 150 g kg−1 of local fertilizers,
compost blend, liquid compost, and lake sediment is used in the potting medium
(Carter et al. 2013).

9.5.7 Case-Specific Application Methods

9.5.7.1 Subsurface Banding

Poultry manure has been applied to perennial grassland, adopting the subsurface
banding method (Sistani et al. 2009). It was accomplished using the prototype
equipments to mix biochar into the soil, which has significantly reduced the
leaching of manure from the soil during raining. This method is attributed to be
effective to reduce potential losses of biochar via wind and water erosion and may
be suitable on slopes even for fine biochar materials. The large pieces of litter or
biochar are crushed into fine powder, and then, it was gravity fed into furrows
opened by equipment disks; furthermore, the furrows were closed with wheels and
cover the biochar material with the soil.

9.5.7.2 Surface Application or Topdressing

This application method is suitable for conditioning matter to spread on no-till
cropping system, pasture system, and perennial vegetation. It needs proper pre-
treatment of biochar prior to land application to ensure the health risks (Vassilev
et al. 2013) and losses. Therefore, usually manures, compost, and synthetic fertilizer
are mixed with biochar to restore fertility in perennial systems. Biochar can be
top-dressed on perennial plants upon spaces between plants manually by using disk
or rotating hammer spreaders. Such practices on perennials were made effectively
without significant losses of biochar in England (Gathorne-Hardy et al. 2008);
moreover, biochar mixing was facilitated by earthworms into the soil. Activities
such as subsequent leaf fall, macro-faunal action, and water infiltration may help to
add biochar into the topsoil.

9.5.7.3 Localized Applications

In this method, biochar can be applied in radial ditches that would spread and
utilized from the base of established trees in the later phase. Biochar could also be
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placed into the soil using “air excavation apparatus.” Instead of removing soil
around the tree roots, it can be placed into several small ditches between the trees.
Such treatment has been practiced for old trees in Japan (Japan Biochar
Association). This method would be suitable when the field soil is harsh due to high
or low pH; biochar placement in radial ditches can improve from resulting unstable
trees with poor root structures. Nursery plants grown with biochar soil in the field
could benefit from biochar on early stage, but roots will usually grow outside the
biochar-amended area in a while.

9.5.7.4 Broadcast and Uniform Mixing with New Topsoil Applications

Biochar can be blended with sand, compost, new topsoil, or turf grass prior to use in
various fields especially in the landscape. Spreader can be applied to mix biochar to
the whole area mechanically using hand or draft animals during primary and sec-
ondary tillage. Offset disk plow generally provides better mixing. The influence of
deep tillage on the soil structure varies based on types of tillage and soil type
(Coulouma et al. 2006). This may be used in bulk applications in topdressing soil in
flowerbeds. In important places such as golf court and sport turfgrass, moreover,
places where vital facilities are desirable such as decompression and quick drainage
in artificial rooting zones. Blending biochar with sand can facilitate the fast drai-
nage and resistance to sand compaction while increasing moisture retention and
availability to turf. The benefits of uniform topsoil mixing mainly increase the soil
fertility, improvement in CEC and WHC, adsorption of leachable herbicides, and
reduction of GHG emissions.

9.5.7.5 Future Perspectives

There has been growing interest on biochar application in soil since green revo-
lution for contaminants removal and heavy metal toxicity reduction. Current
interest of biochar application in soil is mainly focused to examine its efficacy as
slow-release fertilizer to improve single or multiple nutrient transformations to the
plants. The effect of biochar application on improvement of soil quality and crop
yields mainly in alkaline and nutrient-rich soils is still unclear. Research is needed
to standardize biochar characteristics based on different feedstocks and pyrolysis
conditions prior to gain insights for their specified applications such as contaminant
adsorption and desorption of nutrients via mineralization. Moreover, further
research is required for biochar surface chemistry regarding interaction with soil
constituents, especially micronutrients’ binding, preferred forms of binding on
biochar, and their exchange mechanisms. Most importantly, these researches are
being carried out independently with limited parameters; however, it needs to cover
wider range of each parameter and preferably in collaborative manners to fill the
information gaps. These approaches will help to find complete information about
the characteristics of biochar pertinent to targeted applications and would be
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reliable to replicate into the fields. Methods of application are also important to
extract maximum benefits from biochar; therefore, more research should be cen-
tered to develop effective method and the timing of application with respect to plant
stage or cropping season to elicit better response.

Role of microbial communities for plant growth especially for nutrient trans-
formation in biochar-amended soil has not been well characterized. Moreover,
correlation of microbial community with respect to biochar properties (e.g., pH,
particle size, microporosity, nutrient content) has not been examined. With growing
challenge of nutrient deficiency in soil, biochar application for scrubbing nutrients
from wastes could open up new opportunity for application of resulting
nutrient-bound biochar as a source of micronutrient in nutrient-depleted soils.

Apart from the biochar applicability in environmental and agriculture sectors,
industrial domains also need deep insights for specified biochar applications to
economies their processes and attain the waste management standards to deliver
sustainable technology to the society. In situ removal of key toxic compounds, e.g.,
furfural, HMF, H2S, SO2, NH3, CO2, Cl, Pb, Cr, is required in several industries,
e.g., biofuel, oil and mining, pharmaceutical, leather, textiles, during primary and
later stage of their processes; therefore, research directions must be set, focusing
these red areas to exploit biochar technology effectively. Moreover, utilized biochar
for above-mentioned applications can also be explored for soil amelioration and
plant growth promotion. Various studies have shown that numerous toxic com-
pounds have underwent significant structural changes after biochar binding and
converted into bioavailable nutrients. Biochar associated with microbial activities
would be another key factor in chemical transformation of toxic compound into
nutrients during weathering process of biochar in later stage of the soil applications.

9.6 Conclusion

Recent trend of biochar application has been aimed not only in remediation of
various organic and inorganic pollutants in soil system, but also as soil amendment
and source of nutrients for plant growth promotion. Recent interest on biochar
research significantly spiked toward biochar-mediated single or multiple nutrients
recovery from waste matters and application of resulting nutrient-enriched biochar
for plant nutrition. Notably, biomass conversion into biochar and its subsequent
land application has other series of benefits toward ecosystem sustainability via
GHG emission reduction and carbon sequestration, thus leading to climate change
mitigation. Various dissolved organic compounds and simple organic compounds
adsorbed on biochar surface provide a favorable microbial habitation, thus affecting
microbial abundance, microbial activity, and mineralization process in soil system.
The interaction between biochar and soil improves soil physiochemical properties,
facilitates nutrient bioavailability by increasing water-holding capacity, adsorbs
inorganic compounds to improve cation exchange capacity, increases soil pH to
buffer against soil acidity, detoxifies the allelochemicals, etc. These changes bring
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the favorable environment for microbial proliferations and activities, which sig-
nificantly improve mineralization and nutrient transformation to the plants and thus
the agricultural productivity.
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Chapter 10
Vermicomposting: A Green Technology
for Organic Waste Management

Kavita Sharma and V. K. Garg

Abstract Population growth, urbanization, industrialization, intensification of
agriculture and food production have considerably contributed to solid waste
generation in recent times. To dispose this burgeoning solid waste, destructive
techniques such as landfilling and incineration are used. These methods wipe out
various nutrients present in the solid waste which otherwise can be recycled using
other methods. Solid waste is heterogeneous in nature, and any single method is not
sufficient for its management. But Non-toxic fraction of the solid wastes can be
used as feedstock for various biological processes to recover or produce
value-added products from solid wastes. Such biological processes include
biomethanation, composting and vermicomposting. Among these, vermicompost-
ing has been reported as a practicable, economical and swift technique for proficient
management of the solid wastes. In this process, earthworms convert compostable
fraction of the solid wastes into stabilized, finely divided peat-like material called
vermicompost that can be used as manure in agricultural fields to improve soil
health. Different waste residues like animal excreta, agricultural residues, domestic
waste, sewage sludge, industrial wastes etc. have been used as earthworm feedstock
in various research trials. In this chapter, solid wastes, vermicomposting process,
various feedstocks, vermicompost quality etc. have been discussed in detail.

Keywords Vermicomposting � Waste management � Green technology
Maturity

K. Sharma � V. K. Garg
Department of Environmental Science and Engineering, Guru Jambheshwar
University of Science and Technology, Hisar 125001, India

V. K. Garg (&)
Centre for Environmental Sciences and Technology, Central University of Punjab,
Bathinda 151001, India
e-mail: vinodkgarg@yahoo.com

© Springer Nature Singapore Pte Ltd. 2018
R. R. Singhania et al. (eds.), Waste to Wealth, Energy, Environment,
and Sustainability, https://doi.org/10.1007/978-981-10-7431-8_10

199



10.1 Introduction

Solid waste from agricultural, domestic and industrial sectors contributes to envi-
ronmental pollution and may cause health hazards. Various studies have reported
that solid waste generation is alarming and should be dealt immediately to avoid
further environmental degradation (Lim et al. 2016; Soobhany et al. 2015). These
studies conclude that solid waste generation, at global level, is likely to be increased
in near future. However, quantity of waste generation may differs from country to
country depending on population, industrialisation and economic growth. Problems
associated with waste generation are enormous and demand for sustainable and
decentralized waste management (Kumar et al. 2017).

Globally, current solid waste disposal methods are not eco-friendly and have
higher operating and capital costs. Unscientific and improper disposal methods
release large amounts of carbon dioxide in the atmosphere leading to global
warming and climate change. According to WHO (2000) in the developing coun-
tries, 10% population is severely affected, with intestinal worms, due to improper
waste and excreta management. Still, unscientific landfilling and open dumping of
solid wastes are commonly practised for waste disposal. These practices are a
source of water pollution, air pollution and soil pollution in different ways. In
developing countries, significant quantities of solid waste are disposed by these
ways which affect human health with increased incidence of diseases (Joshi and
Ahmed 2016). Other solid waste disposal techniques like incineration, gasification,
digestion are also not sustainable. So it is essential to use sustainable waste disposal
method or some suitable alternative for waste recycling and its conversion into
valuable products.

One of the most suitable biological solid waste recycling methods is vermi-
composting. This is a bio-oxidation process used for waste stabilization exploiting
mutual interactions between earthworms and microorganisms. Due to high nutrient
content and biodegradable nature, organic fraction of solid wastes can be an ideal
and suitable feedstock for the earthworms. Various authors have reported the use of
different solid wastes including animal dung (Garg et al. 2006); food waste (Sharma
and Garg 2017); municipal solid waste (Soobhany et al. 2017); weed (Hussain et al.
2016a, b, c); agricultural waste (Pigatin et al. 2016) and sewage sludge (He et al.
2016) as feedstock for earthworms. Different species of earthworms have been
utilized for the vermicomposting depending on the climatic conditions and their
ecological niche. Eisenia fetida; Eisenia andrei; Eudrilus eugeniae and Perionyx
excavates are commonly employed worm species for vermicomposting (Sahariah
et al. 2015). Vermicomposting can convert the organic fraction of non-toxic solid
wastes into valuable vermicompost. Vermicompost is porous, homogenised,
humified, nutrient-rich manure that is a good quality plant growth promoter. In
recent years, farmers are attracted to vermicompost as a sustainable alternative to
chemical fertilizer. The reasons for the adoption of vermicompost by farmers may
be increased demand of organic food products and consumer awareness to food
quality. Vermicompost as fertilizer maintains soil health and fertility, removes
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adverse effect of agro-chemicals and also economical to farmers (Lim et al. 2016).
This present chapter focuses on the use of vermicomposting for organic waste
management, process of vermicomposting and also presents an overview of dif-
ferent parameters used to evaluate vermicompost maturity and stability.

10.2 Solid Waste Generation

Solid wastes are unwanted organic and inorganic materials, which are not of
immediate use, generated from various anthropogenic activities. Solid waste can be
classified in several types based on the origin, toxicity and content (Fig. 10.1).

Solid waste generation at global level is expected to be approximately 27 billion
tonnes per year by 2050. In Asia, China and India will be the major contributors to
burgeoning solid waste generation (Modak et al. 2010). In India also, waste gen-
eration is likely to increase by 5% year−1 attributed to increase in population,
industries and lifestyles. Per capita solid waste generation in India may be 0.7 kg/
person/day by 2025 which is 4–6 times elevated as compared to 1999 (Kumar et al.
2017).

10.3 Composition of Organic Fraction of Solid Waste

Organic waste forms largest fraction (46%) of solid waste at global level
(Hoornweg and Bhada-Tata 2012). In India, about 41% portion of solid waste is of
organic nature and 19% is of recyclable materials. The organic waste mainly
includes:

• food and vegetable waste
• yard waste
• human and animal excreta

Classification of solid waste

Based on origin - 
• Industrial 
• Domestic
• Construction
• Commercial or institutional

Based on contents- 
• Organic 
• Glass
• Metal
• Plastic 

Based on toxicity- 
• Toxic 
• Non-toxic
• Infectious
• Radioactive

Fig. 10.1 Classification of solid waste
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• municipal waste (organic residue)
• leaf litter
• sewage sludge
• weeds
• agricultural and agro-industrial waste

It is evident from available literature that solid wastes are a promising resource
(feedstock) for bioenergy and nutrients in agriculture.

10.4 Current Waste Management Systems

Solid waste management is one among the major issues that affects both developed
and developing economies. Waste management practices used in a nation are lar-
gely dependent on its climatic conditions, socio-economic status and political
issues. Other factors which influence waste management system include population
growth, consumption pattern and technology (Lim et al. 2016). Currently, several
methods/techniques are in use for the waste management. A comparative overview
of various methods used for the organic solid waste management is encapsulated in
Table 10.1.

Inappropriate and unscientific disposal of waste can lead to environmental,
economic and health issues. So it is essential to use appropriate waste disposal
method for waste recycling and its conversion into valuable products. Biological
methods like composting and vermicomposting involve utilization of organic waste
and convert it into valuable manure (Lim et al. 2016). Vermicomposting is pre-
ferred over composting due to certain good qualities in the final product such as
higher nutrients, lesser heavy metals and pathogens.

10.5 Vermicomposting: A Green Technology for Organic
Waste Management

Vermicomposting is one among the most suitable green technologies that have long
been in use for the organic waste management. Vermicomposting has increasingly
been used for recycling of different types of organic waste from urban, industrial
and agricultural sites (Reinecke et al. 1992).

Vermicomposting is the process of transformation of organic waste into stable
form through the mutual action of earthworms and microorganisms. Earthworms
modify organic waste physico-chemically and enhance aeration and decomposition
of organic substances. However, microorganisms present in the earthworm guts
help in biochemical degradation of waste (Aira et al. 2007). This is a biological

202 K. Sharma and V. K. Garg



Table 10.1 Various waste management methods prevalent worldwide

Treatment
method

Type Process Advantage/disadvantages

Open
dumping

Physical It is indiscriminate and
uncontrolled dumping of solid
waste on land

No environmental and health
concerns, uneconomical use of
the available space, produces
unpleasant odours. It is not a
sustainable and eco-friendly
practice. It is susceptible to
open burning and also acts as
disease vectors

Landfilling
a Operated
b Sanitary

Physical Oldest and most prevalent form
of solid waste disposal

Promotes greenhouse gas
effect, require proper
maintenance and continuous
care. Leachate cause
groundwater contamination

Pyrolysis Thermo-chemical Thermal degradation of waste
in the absence of air to produce
syngas, pyrolysis oil or solid
(char, mainly ash and carbon)
takes place between
temperature 400–1000 °C

Reducing and avoiding
corrosion and emissions by
retaining alkali and heavy
metals

Gasification Thermo-chemical This is the process of
converting organic waste into
CO, H2 and CO2 at higher
temperatures (1000–1400 °C)
in a controlled amount of
oxygen

Incineration Thermo-chemical Combustion of wastes under
controlled conditions at 850 °C
in an enclosed structure and at
last waste is converted to
carbon dioxide, water and
non-combustible materials with
solid residue state called
incinerator bottom ash (IBA)

It is suitable for
non-biodegradable waste with
low moisture content and
reduced waste volume of up to
90%. Also offers recovery of
energy
Ash produced from incineration
contains hazardous substances.
High capital, technical and
operation costs. Less positive
energy balance

Anaerobic
digestion

Biological Biological decomposition of
organic materials in the absence
of oxygen to produce a biogas
and digestate

Biogas and slurry are produced
during the treatment process

Composting Biological Aerobic degradation of organic
wastes through microorganisms
to produce an end product
‘compost’

Risk of heavy metals in the
compost, may have chances of
pathogens, compost is coarser
textured

Vermi
composting

Biological Bio-oxidation process for
stabilization of organic waste
using earthworms to produce
‘vermicompost’

odourless, cost efficient, free of
toxic waste and its resultant is a
valuable end product

Source (Kumar et al. 2017; Lim and Wu 2016; Singh et al. 2011; Patidar et al. 2014)
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process which occurs under mesophilic conditions further aided by biochemical
action of microorganisms (Dominguez and Edwards 2010). Earthworms are most
critical for the process as they do aeration and fragmentation of the substrate. This
fragmentation increases surface area of the waste which provides more substrate to
microorganisms for microbial activity and decomposition (Dominguez and
Edwards 2011). Vermicompost is the end product of vermicomposting process
which is a sustainable source of macronutrients and micronutrients, humic sub-
stances, hormones and enzymes (Ravindran and Jonathan 2016). Vermicompost is
an efficient growth promoter for plants as it contains available nutrients.
Vermicompost has low toxicity, pathogens and heavy metals and also protects
plants against pests and diseases.

Earthworms are terrestrial invertebrates representing major animal biomass
involved in various activities in soil such as ploughing, nutrient turnover decom-
position, stabilization. At present, more than 4000 species of earthworms are known
at global level (Edwards and Bohlen 1996). The classification of earthworms on the
basis of their natural habitat and physiology is given in Table 10.2.

Table 10.2 Ecological categories of earthworms

Category Biological
characteristics

Habitat Feeding habit Examples

Anecic – Large size
– Dorsally
pigmented

– Low reproductive
rate

Live in
permanent
burrows in deep
soil layers and
bury organic
matter, forms
vertical burrows

Phytogeophagous,
excrete
organo-mineral
faeces

Lumbricus
terrestris,
Lumbricus
polyphemus and
Aporrectodea
longa

Endogeic
◦ Polyhumic
◦ Mesohumic
◦ Oligohumic

– Small to large in
size

– Medium life cycle
– Moderate
reproduction rate

Lives in top soil,
made horizontal
burrows

Geophagous,
excrete
organo-mineral
faeces

Aporrectodea
caliginosa,
Aporrectodea
trapezoides,
Aporrectodea
rosea,
Pontoscolex
corethrurus,
Allolobophora
chlorotica

Epigeic – Small size
– Short life cycle
– High reproduction
rate

Lives in
superficial soil
surface, litter
dwellers

Phytophagous,
excrete holorganic
faecal pellets

Eisenia fetida,
Eudrilus
eugeniae,
Perionyx
excavatus
Lumbricus
rubellus,
Bimastus eiseni,
Dendrobaena
veneta

Source (Dominguez and Edwards 2011; Edwards and Bohlen 1996; Lavelle et al. 1992; Edwards 1998)

204 K. Sharma and V. K. Garg



Epigeic earthworms are extensively used for the vermicomposting of solid
wastes. E. eugeniae, E. fetida and P. excavates have great potential as waste
decomposers. Some of the desirable characteristics of earthworm species which
make them suitable for decomposition are as follows:

• higher rate of waste consumption
• digestion and assimilation of organic matter
• tolerance to a wide range of environmental factors
• short life cycle and high reproductive rate
• endurance and resistance to handling

10.6 Process of Vermicomposting

Main biotic component of vermicomposting process is earthworms assisted by the
microorganisms (bacteria, fungi, actinomycetes). Vermicomposting process
involves different steps starting from waste collection to vermicompost production.
First requirement for vermicomposting is suitable organic waste that should be
non-toxic and biodegradable. Second step is pre-treatment as some of the raw
materials can directly not be used as worm feed. They need to be mixed with some
suitable organic materials before use in vermicomposting. Pre-treatment is followed
by pre-composting to make the feed palatable to worms and remove foul odour.
Period of pre-composting is variable from 7 to 30 days. Then, earthworms are
introduced into the semi-composted waste mixture and left for the vermicompost-
ing. During this period, earthworm processes organic waste and convert feed into
vermicompost. Processing of organic waste via vermicomposting occurs in two
major phases:

(a) Gut-associated process or active phase or direct phase—During the active
phase, earthworms modify physical properties of waste by various metabolic
activities like ingestion, digestion and assimilation (Lores et al. 2006).

(b) Cast-associated process or maturation phase or indirect phase—These chan-
ges takes place during earthworms movement toward fresh layers of organic
waste. This process is mainly taking over by the microorganisms and involves
vermicompost preparation. Finally, earthworms are harvested and vermicom-
post is stored for further use as organic manure.

10.6.1 Factors Affecting Vermicomposting

Vermicomposting depends on several abiotic factors including feedstock, bedding
material, pH, temperature, moisture, aeration and also on biotic factors such as
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earthworm species used. Table 10.3 encapsulated optimum range/quality of the
factors affecting vermicomposting process.

Feedstock—Success of vermicomposting process largely depends on
physico-chemical properties of the waste used as feedstock for the earthworms.
Several types of organic wastes have been used as feedstock for vermicomposting
such as animal dung, sewage sludge, fruit and vegetable waste, paper waste,
agro-waste. But for successful vermicomposting, suitable feedstock is crucial which
would increase efficiency of worms (Yadav and Garg 2011).

Feeding rate—Various factors which affect feeding rate include organic content
moisture, particle size of the feedstock, type of feed, pre-treatment and method of
preparation (Wright 1972).

Bedding material—Material which provides suitable habitat to earthworm is
bedding material such as animal dung, crop residues, wood chips, saw dust, paper
waste. Suitable bedding material must have high absorbency and C/N ratio with
excellent bulking potential.

pH—Generally, feeds having pH in the range of 5–9 are acceptable to worms
(Edward 1998), but 7.5–8.0 pH is considered optimum.

Moisture—Moisture in the range of 60–80% is basic requirement for vermi-
composting. Excessive moisture combined with poor aeration may render anaerobic
conditions, and low moisture content can delay sexual development of earthworms.

Temperature—The optimum temperature range for the vermicomposting pro-
cess is 15–28 °C. Higher temperatures may lead to the reduction of oxygen level
and may result into mortality. Low temperatures reduce metabolic activities of
worms which cease reproduction (Hand et al. 1988). However, tolerances and
preferences range of temperature vary from species to species.

Stocking density—Ndgewa et al. (2000) reported that for vermicomposting,
stocking density of 1.60 kg worms/m2 is optimum. Furthermore, stocking density

Table 10.3 Optimum range of various process parameters for vermicomposting

Parameters Quality/optimum range Source

Bedding
material

• Good bulking potential Edwards and Bohlen (1996), Edwards (1998),
Ndgewa et al. (2000), Ali et al. (2015)• High absorbency

• High C/N ratio

Moisture 60–80%

Temperature 10–35 °C

pH 4.2–8.0

Stocking
density

1.60 kg worms/m2

Microbes • Diverse type

• Present in earthworm
gut

• Helps in biochemical
degradation of waste
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of earthworms is influenced by feedstock quality and quantity, temperature, pH,
moisture etc. (Lee 1985).

C/N ratio—C/N ratio of feedstock in the range of 30 is consider optimum for
vermicomposting, but it is evident from the literature that organic wastes having
higher C/N ratio are also used as feed by the worms (Edwards and Bohlen 1996;
Pramanik and Chung 2011).

10.7 Types of Vermicomposting Process

Researchers have proposed several variants of the vermicomposting process to
improve the efficiency of process starting from simple vermibin to large cement
rings. These vermicomposting systems are divided into continuous flow system,
batch mode system and wedge system. Vermicomposting process is divided into two
categories on the basis of scale, i.e. domestic scale and commercial scale. A domestic
system of vermicomposting requires a vermibin (container), bedding material
(bedding material), worms and appropriate process conditions. On the basis of
technology, vermicomposting process has been categorized into three types: low
technology, medium technology and high technology systems. Windrow and batch
systems are considered as low technology system required large land area and more
labour. Any type of container is suitable for the batch vermicomposting. Medium
and high technology vermicomposting consist of physically operated or fully
automated continuous flow systems. These are economical due to low operating
cost, and they can run for several years without any extra efforts (Edwards 1998).

10.8 Vermicomposting of Organic Substrates

For vermicomposting, organic waste can be utilized in two ways: (i) as feedstock
for earthworms and (ii) as bulking agent. Animal excreta has been cited as most
favourable organic substrate for vermicomposting and considered as nutrient-rich
feedstock for earthworms (Garg et al. 2006). Several environmental problems are
associated with the disposal of raw animal manure such as foul odour, pathogens,
greenhouse gas emission, nitrogen losses and water pollution. Conversion of animal
manure into vermicompost provides it fertilizer value and helps in reduction of
environmental pollution. Vermicomposting potential of animal excreta is given in
Table 10.4.

A number of solid wastes alone or after mixing with suitable organic amendment
have successfully been converted into vermicompost. Benefits associated with the
use of bulking agents in earthworm feed during vermicomposting are as follows:
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• makes the waste more palatable to earthworms
• reduces the negative effects of toxic compounds present in waste such as sewage

sludge
• provides acceptable chemical composition to the waste and hence enhances the

efficiency of the process
• reduces the moisture content of waste
• acts as microbial inoculums
• initial C/N ratio of the feed stock is improved.

Mixing of cow dung with industrial wastes enhances vermicomposting process
by providing nutrients and microorganisms (Mupambwa et al. 2016). Some of the
toxic and complex wastes such as sewage sludge are mixed with some organic
waste to reduce the negative effects of various contaminants (Garg et al. 2012).

Table 10.4 Animal excreta as organic substrate for vermicomposting

Sr.
No.

Animal waste Earthworm
species

Refs.

1. Cow dung Eisenia fetida Aira et al. (2011)

2. Cow dung Perionyx
ceylanensis

Karmegam and
Daniel (2009)

3. Cow dung Eisenia fetida Contreras-Ramos
et al. (2005)

4. Cattle manure Eisenia
Andrei

Lazcano et al.
(2008)

5. Cattle manure Eisenia
andrei

Elvira et al. (1998)

6. Goat manure Eisenia fetida Loh et al. (2005)

7. Rabbit manure Eisenia fetida Molina et al. (2013)

8. Rabbit manure Eisenia fetida Gomez Brandon
et al. (2013)

9. Pig manure Eisenia fetida Aira et al. (2007)

10. Cow manure and poultry droppings Eisenia fetida Lv et al. (2016)

11. Cattle solids, pig solids, horse solids and
turkey waste

Perionyx
excavatus

Edwards et al.
(1998)

12. Cow dung and biogas plant slurry Eisenia fetida Yadav et al. (2013)

13. Cow, sheep, pig and chicken
Wastes

Eudrilus
Eugeniae

Coulibaly and Zoro
Bi (2010)

14. Cow manure and poultry droppings Metaphire
posthuma

Bisht et al. (2007)

15. Cow, buffalo, horse, donkey, sheep, goat
and camel wastes

Eisenia fetida Garg et al. (2006)

16. Pig dung, poultry dung, rabbit dung, cattle
dung, sheep dung

Eisenia fetida Vodounnou et al.
(2016)

17. Lion, hippopotamus, elephant, horse, rhino Eisenia fetida Perez Godinez et al.
(2017)
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Some organic wastes like industrial sludges have higher moisture content so need
some bulking material to reduce the moisture content. Due to higher carbon content,
lignocellulosic biomass usually mixed with such waste having low carbon content.
Waste with low C/N ratio, e.g. tannery wastes is mixed with leaf litter (Castillo
et al. 2013). Various studies have inferred that physico-chemical properties of
feedstock significantly affect the fecundity of the earthworms (Xie et al. 2016).

Although animal excreta is commonly used organic amendment, but vegetable
waste, fruit waste, crop residues (straw, husk) and paper waste have also been used
as organic amendments as well as feedstock in vermicomposting process (Lim et al.
2012). Recently, use of matured compost and vermicompost (Huang et al. 2014) as
organic amendment has been suggested because compost provides initial habitat for
earthworms and also act as microbial inoculums (Castillo et al. 2013). Animal
manure-based vermicomposting is easy, but vermicomposting of phytomass con-
taining feedstock is complicated as it require pre-composting, supplementation and
has low vermicomposting efficiency. To overcome this, high-rate vermicomposting
technique to use phytomass as feedstock without any pre-composting or supple-
mentation has been developed (Abbasi et al. 2015). In high-rate vermicomposting,
the rate of feedstock decomposition is 3–4 times faster than usual.

Management of variety of organic waste using composting and vermicompost-
ing offers recycling of nutrients and can be beneficial to agriculture. Table 10.5
gives an account of vermicomposting studies carried out for the stabilization of
diverse organic wastes.

10.9 Modifications in the Organic Waste After
Vermicomposting

To assess maturity and stability of vermicompost, any single parameter is not
sufficient; so it is better to evaluate it on the basis of different parameters. These
parameters may be physical, chemical or biological (Bernal et al. 2009). In addition
to these, vermicompost maturity can also be evaluated using Fourier transform
infrared spectroscopy (FTIR), gas chromatography–mass spectrometry (GC-MS),
thermogravimetric analysis (TGA), differential scanning calorimetry analysis
(DSC) and scanning electron microscope (SEM). These parameters are useful to
compare the quality of vermicompost prepared from different feedstocks and also
measure organic matter degradation. Figure 10.2 presents various properties of
vermicompost studied by different authors to evaluate its maturity and quality.
Modifications in waste characteristics after vermicomposting of different types of
organic waste have been summarised in Table 10.6.
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10.9.1 pH and EC

pH and EC of organic matter play an important role in vermicomposting efficiency
and also affect survival and growth of earthworms. Vermicomposting of different
organic wastes produces different intermediate species, leading to pH shift either
acidic or alkaline approaching neutrality. Lv et al. (2016) reported lowering in pH
during vermicomposting of cattle dung and pig manure. Many other studies have
also reported that pH of vermicompost is lesser as compared to feedstocks (Bhat
et al. 2015; Parthasarathi et al. 2016). Contrary to this, Lim and Wu (2016) reported
that pH (8.37–8.75) of the vermicompost was more feedstocks (decancter cake and
rice straw). Singh and Kalamdhad (2016) have also reported an increase in the pH
after vermicomposting of Salvinia natans weed. Regulatory factors of pH of ver-
micompost are mineralization of nitrogen and phosphorus, formation of ammonium
ions and humic acids (Pramanik et al. 2007). Lowering of pH of feedstocks after

Physical
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• Temperature
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Fig. 10.2 Various parameters studied for vermicompost maturity and quality
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vermicomposting is attributed to the production of carboxylic and phenolic groups
in humic acids; however, production of ammonium ions causes increase in the pH.
Electrical conductivity (EC) is measured to evaluate soluble salts in an organic
amendment and used as an indicator to evaluate its applicability for agricultural
purposes. Generally, EC is higher than feedstocks due to release of soluble salts
(phosphate, ammonium and nitrate) and availability of mineral salts by organic
matter decomposition (Dominguez and Edwards 2010). Some studies have reported
reduction of EC after vermicomposting as compared to the initial feedstocks
(Pramanik et al. 2007). The decrease may be due to the leaching of soluble salts,
decomposition of organic acids and higher pH.

10.9.2 Organic Carbon

Total organic carbon (TOC) of feedstock is reduced during the vermicomposting
process. Reduction in TOC is mainly attributed to carbon loss from initial feedstock
through microbial respiration in the form of carbon dioxide. Earthworms’ metabolic
activities like excretion (ammonia and urea) and secretion (enzymes and mucus)
promote microbial communities which further fasten the organic matter decom-
position and production of carbon dioxide.

During vermicomposting, about half of the organic compounds present in the
feedstock are converted to CO2 and rest of the organic compounds are converted to
more stable compounds. Total organic carbon reduction after vermicomposting was
found to be higher in vermicompost as compared to compost (Song et al. 2014).
Various studies have evaluated changes in TOC after vermicomposting which are
given in Table 10.6.

10.9.3 Nutrient Content (NPK)

Vermicomposting improves nutrient status of the solid wastes that depends on
several factors such as constituents of feedstocks, initial nitrogen content, C/N ratio
(Garg et al. 2006). In the vermicompost prepared from coconut husk mixed with
animal excreta, nitrogen content was 300% more. Significant increment of 841%
was recorded for phosphorus content with pig slurry substitution (Swarnam et al.
2016). Parthasarathi et al. (2016) also reported enhanced levels of NPK in the
vermicompost obtained from organic waste.

Hanc and Pliva (2013) have reported that when pre-composted kitchen waste
amended with woodchips and paper waste subjected to vermicomposting resulted
into increased N (15%), P (20%), K (18%), Ca (18%) and Mg (31%). Lim and Wu
(2016) also reported higher nutrients content in the vermicompost and control as
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compared to feedstocks. Increase in nutrient content during vermicomposting has
largely been attributed to loss of weight and organic matter decomposition.
Nitrogen increment may also be due to loss of dry matter as carbon dioxide and
nitrogen addition by earthworm mucus (Karmegam and Daniel 2009). Plant
nutrients, present in feedstock, whilst passing through worm gut are converted into
available from (Garg et al. 2012).

10.9.4 C/N Ratio

The C/N ratio is an important factor employed to characterize the quality and
maturity of the vermicompost. C/N ratio depends on qualitative and quantitative
nature of organic waste used as feedstock. Composting of organic waste by
earthworms usually decreases C/N ratio with time due to losses of carbon as carbon
dioxide that stabilizes at 15–20 (Golueke 1981). C/N ratio of vermicompost pre-
pared from different organic wastes is given in Table 10.6.

10.9.5 Humification Ratio

Vermicomposts prepared from organic wastes have higher humic acid content as
compared to the parent materials (Soobhany et al. 2015). Various activities of
earthworms (feeding, burrowing and digestion) accelerate humification process and
increase the humic acid content (Song et al. 2012, 2014 ). Song et al. (2014)
reported that humic acid fraction carbon increased from 15.33 to 56.23 mg/g at the
end of vermicomposting. Humification rate and index also increase in similar
fashion. However, fulvic acid fraction carbon changed slightly from 33 to 34 mg/g.
Fornes et al. (2012) found that humic acid content gradually increased but fulvic
acid decreased during vermicomposting. Parthasarathi et al. (2016) also reported
higher humic acid content in the vermicompost prepared from cashew leaf litter and
animal excreta. Increase in humic acid contents after vermicomposting may be due
to the microbial action and various gut-associated processes of earthworm.

Busato et al. (2016) reported linear increase in humic acid content after 120 days
of vermicomposting. Humic acid of filter cake was 29.7% higher as compared to
cattle manure which was increased by 116.8%. Gomez et al. (2015) found that after
vermicomposting of organic waste (debris + sludge), humic acids increased by 15–
16%. Further, the humic acid isolated from vermicompost has low C, H and N
content and higher S, O, C:N, C:H and O:C ratios as compared to waste humic acid.

Humification index achieved during vermicomposting reflects transformation of
initial waste into a highly humified and stabilized product. Most of the studies
concluded that humification index value less than 5 confirms humification of waste
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and vermicompost maturity (Zbytniewski and Buszewski 2005). Hussain et al.
(2016a, b) reported reduction in the humification index of ipomoea weed from 7.74
to 1.90 and lantana weed from 8.38 to 2.03 after vermicomposting.

10.9.6 Heavy Metals

Fate, translocation and compartmentization of heavy metals, during the vermi-
composting process of various organic wastes, have been studied by several
authors. Generally, total heavy metal quantity increases after vermicomposting due
to reduction of organic matter and decrease in weight and volume of the feedstock
(Sharma and Garg 2017; Malinska et al. 2016).

Singh and Kalamdhad (2016) during vermicomposting of Salvinia weed found
that total concentration of heavy metals increased after vermicomposting. Sharma
and Garg (2017) also reported that heavy metal content was higher in the vermi-
compost prepared from vegetable processing waste.

Some studies have found lesser heavy metal content in vermicompost than
parent material that may be attributed to their bio-accumulation in earworm tissues
(Soobhany et al. 2015). He et al. (2016) reported that Cu, Ni and Zn content of
feedstock was reduced by 81.9, 60.2 and 38.5%, respectively, after vermicom-
posting. Earthworms have been found to accumulate heavy metals in their chora-
gogen cells which result in reduction in heavy metal content present in the waste
(Huges 1980). Vermicomposting process mainly reduces the bioavailable fraction
of heavy metals (Singh and Kalamdhad 2013). Earthworms’ activity and chemical
nature of bulking agent play a synergistic role in sequestration of heavy metals
during vermicomposting (He et al. 2016). Lv et al. (2016) studied the speciation and
mobility of heavy metals during vermicomposting and inferred that total heavy
metals content was higher in vermicompost than substrate (animal manure).
However, mobile fraction of heavy metal reduced because vermicomposting
retarded the migration and availability of heavy metals.

10.9.7 Spectroscopic Analysis

Spectroscopic properties reveal changes in the texture and structure of organic
waste after vermicomposting. Most commonly used techniques are SEM, FTIR,
TGA, GC-MS, UV-vis spectroscopy etc. (Lim and Wu 2016; Bhat et al. 2017).
A SEM image provides vital information on surface morphology of a substrate and
offers comparative study before and after vermicomposting. Most of the studies
have revealed that vermicompost is more fragmented, porous with smaller particle
size as compared to compost and initial feedstock (Hussain et al. 2016a, b; Kumar
et al. 2014).
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Kumar et al. (2014) used flower waste as feedstock for vermicomposting and
compared the surface morphology, functional groups and chromatographic prop-
erties of compost, vermicompost and feedstock. Surface area of vermicompost
exhibited single particles packed together to form aggregates and numerous surface
irregularities which confirm compost maturity. Furthermore, protein and lignin
matrix appeared disaggregated in vermicompost due to earthworms and microbes
activities. SEM micrograph showed two distinctive morphologies between initial
feedstock and vermicompost of rice straw amended palm oil mill effluent. Initial
waste mixture contained long fibres whilst the vermicompost was fragmented and
porous which revealed its suitability as an organic fertilizer (Lim et al. 2012).

Lim and Wu (2015) linked BET surface area with the vermicompost maturity
and found that surface area of the vermicompost (1.2303 m2/g) was higher as
compared to initial feedstock (0.4882 m2/g) and control (1.0728 m2/g). Rationale
behind this is the earthworm activities during vermicomposting which increase the
surface area of the organic wastes resulting into waste stabilization. Hussain et al.
(2016a) subjected ipomoea weed to vermicomposting and evaluated vermicompost
maturity on the basis of spectroscopic properties. SEM images of vermicompost
reflected disaggregated materials which indicate progressive degradation of the
weed. After vermicomposting, FTIR spectra revealed reduction in the alcoholic and
phenolic content which indicates removal of allelopathic effect of weed.
Disappearance of the peak at 1738 cm−1 and shortening of the peak at 1652 cm−1

after vermicomposting of weed revealed degradation of lignocellulose and lignin
content. TGA analysis revealed that maximum mass loss in the vermicompost
(53.6%) was lower than the maximum mass loss in the ipomoea (82.9%). GC-MS
of vermicompost verified lower number of fatty acids, alcohols, alkanes, alkenes
and nitrogenous compounds as compared to feedstock. This indicates conversion of
complex compounds of ipomoea to simpler compounds in the vermicompost
(Hussain et al. 2016c).

Soobhany et al. (2017) subjected municipal solid waste to composting and
vermicomposting and characterized respective compost and vermicompost using
spectroscopic, thermogravimetric and structural analysis. SEM images of compost
exhibited packed fluffy and floc-like structure whilst vermicompost was more
scattered and less fragmented. This reflected strong fragmentation and
intra-structural degradation of municipal solid waste after vermicomposting. TGA
of vermicompost showed lesser mass loss when compared to compost indicating its
stability. FTIR spectra revealed flattening of bands between 2918–2639 cm−1 and
missing peak between 1500 and 1600 cm−1 which may be due to decomposition of
methylene groups and degradation of lignocellulose, respectively, in both compost
and vermicompost (Hussain et al. 2016c).

228 K. Sharma and V. K. Garg



10.10 New Perspectives in Vermicomposting Field

Significant research work has been undertaken in the field of vermicomposting
especially for the waste management and sustainable agriculture. In recent years,
few studies have reported the use of vermicompost in pollution control.

Vermifiltration technique involving earthworms and microorganisms has also
been developed for wastewater treatment and a few such plants are in operation too
(Sinha et al. 2008). Li et al. (2009) used vermifiltration to process wastewater using
vermicompost prepared from swine manure. Authors have also worked to develop
different form of vermifiltrations. Lourenc and Nunes (2017) carried out a study to
compare single stage vermifiltration with four-stage vermifiltration. Results
revealed that four-stage sequential vermifiltration significantly reduced biological
oxygen demand, chemical oxygen demand, total suspended solid and ammonia
(99.1%).

Vermicomposting can also be employed as cost-effective bioremediation tech-
nique for metal and dye removal from the waste. Vermicompost has been used as an
adsorbent due to its greater capacity for cation exchange and larger surface area
(Zhu et al. 2017; Dey et al. 2017). Zhu et al. (2017) investigated ability of cattle
manure and cattle manure vermicompost to remove Pb2+ and Cd2+ from aqueous
solution through a series of batch experiments. Results verified that vermicompost
adsorbs heavy metal more effectively. High adsorbtion capacity of vermicompost
also confirmed through SEM images.

Rorat et al. (2016) used earthworm for the vermiremediation of heavy metal and
polycyclic aromatic hydrocarbons present in sewage sludge. Results revealed
accumulation of heavy metal in the earthworms’ body in the order of
Cd > Cu > Zn > Ni > Cr > Pb. Polycyclic aromatic hydrocarbons content also
reduced after vermicomposting in the sewage sludge.

For on-site organic waste management, a vermireactor fed with cow dung,
kitchen waste and vegetable market waste has been developed to receive organic
wastes up to 0.263 m3 and was controlled similar to vermibins (Taeporamaysamai
and Ratanatamskul 2016). Findings of the study suggest that this reactor could be
monitored and operated on-site with greater hygienic. It was so designed that liquid
vermicompost, solid vermicompost, vermiwash and earthworms can be harvested
easily.

10.11 Environmental Impacts of Vermicomposting

The impacts of vermicomposting on the environment mainly in terms of greenhouse
gas emissions have also been studied in yesteryears. Emission of CH4, NH3 and
other volatile compounds during vermicomposting is lesser as compared to other
waste disposal methods like landfilling, incineration and composting (Lim and Wu
2016; Lleo et al. 2013). Luth et al. (2011) also reported that earthworms reduce
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emissions of ammonia; hence, earthworm could be used to depress the greenhouse
gases’ production. The greenhouse gas emission can be diminished by adding
mature compost, carbon-enriched bulking agent prior to composting or vermi-
composting process (Lim and Wu 2016).

10.12 Conclusion

Modernization, urbanization and technological advances have lead to development
but have significantly contributed solid waste generation. It is well documented that
large quantities of organic wastes generated all over the world, especially in
developing countries, cause environmental problems. Solid waste management has
become one of the biggest challenge that call for some sustainable and green
approach for its management. Over the last two decades, vermicomposting is
favoured for the organic waste management diverting energy of waste towards
agri-production and soil conservation. Several researchers have employed vermi-
composting for conversion of different types of organic wastes into vermicompost
and earthworm biomass. Use of vermicompost as organic manure is an alternative
to chemical fertilizers since it favours microbial biodiversity and improves soil
structure and fertility along with crop production.
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Chapter 11
Microbial Fuel Cell Technology
for Bioelectricity Generation
from Wastewaters

Surajbhan Sevda, Pranab Jyoti Sarma, Kaustubha Mohanty,
T. R. Sreekrishnan and Deepak Pant

Abstract Bioelectrochemical system (BES) has made significant advancement in
last decade indifferent modes for converting organic waste material into bioelec-
tricity. In this chapter, we review the basic aspects of a microbial fuel cell (MFC) that
produces bioelectricity through the biodegradation of organic waste present in
wastewaters and study the influencing factors such as membranes in MFC, elec-
trodes, pH and temperature. A classic MFC subsists of cathode and anode electrode
chambers separated by a cation or anion exchange membrane. Various substrates
such as synthetic wastewater, municipal wastewater, biowaste, and industrial
wastewater rich in organic content can be treated in MFC for removal of organic
content with bioelectricity generation simultaneously. In this chapter, the effect of
various substrate (biowaste) and configuration on the MFC performance on bio-
electricity generation is presented. Also, this chapter demonstrates the improvements
made in MFCs in recent years with summarization of their advantages and possible
future applications. Different key influencing factors affecting bioelectricity gener-
ation on MFCs are elaborated, and these key parameters are fully discussed.
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11.1 Introduction

Fossil fuels such as petroleum, coal, natural gas were formed millions of years ago
by natural processes. These fossil fuels are extremely efficient sources to produce
power. In the past several decades, human civilization has been utilizing these fossil
fuels for power production and other activities such as heating of houses. However,
these fuel sources are not infinite, since their underground levels are attenuating at a
startling rate. In addition, many of these fossil fuels such as oil may no longer be
available in coming decades. Hence, it is indispensable to look at different sources
of energy for the continuation of the industrialized civilization at the present rate
(Sevda et al. 2013a). Renewable energy is produced from natural processes which
are continuously provisioned and cannot be exhausted soon unlike fossil fuels. This
includes water, sunlight, geothermal heat, wind, tides, and various forms of bio-
mass. Recently, the generation cost of renewable energy has come down extremely
due to technological uplift and research activities in this field (Lund 2007).

MFCs represent a standard and rising technology where microbial catalytic
reactions at the anode result in electric power generation from waste and renewable
biomass (Inglesby et al. 2012; Rosenbaum et al. 2005). MFCs also assist in the
bioremediation of specific pollutants and nutrients in wastewaters (Mathuriya and
Yakhmi 2014). Recovery of heavy metals, decolourization of dyes, production of
bioenergy such as biomethane, biohydrogen, and even biomass are other applica-
tions of MFCs (Mathuriya and Yakhmi 2014; Mohan et al. 2014). Thus, MFCs
have the dual benefits of power generation and wastewater treatment by which the
process becomes as a whole more eco-friendly and economically feasible (Logan
et al. 2006).

The electrical energy production through MFC using microbes is one such
sustainable and renewable accession which is now well thought-out to be most
capable (Hao et al. 2007; Salgado 2009; Elmekawy et al. 2017; Sevda et al. 2013b).
MFCs act as bioreactor where chemical energy is being transformed using elec-
troactive bacteria as a biocatalyst through the oxidization of accessible
biodegradable substrates. Therefore, the MFCs can be used for biological
wastewater treatment and production of bioelectricity (He et al. 2017; Sevda and
Sreekrishnan 2012; Mathuriya and Sharma 2009; Mohan et al. 2008). Wastes,
especially wastewaters (when treated at source and having no transportation costs),
are inexpensive and can be processed conventionally. Therefore, generation of
electrical energy from such wastes using MFC can offer a reliable and cheap
solution for addressing the environmental pollution and energy catastrophe issues in
the near future. The important components of MFC are proton exchange membrane
(PEM), electrolyte medium, anaerobic microbes (anodic chamber), anode and
cathode electrode which are connected with an external resistances (Cheng et al.
2006a, b; Mathuriya 2014; Ma et al. 2017; Sevda et al. 2016). In a MFC, microbial
community endures in the anodic chamber. The microbes generate protons and
electrons by employing organic substrates as fuels to generate electrons (Rabaey
and Verstraete 2005; Sonawane et al. 2017). These electrons are passed through
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electron transport chain by nicotinamide adenine dinucleotide (NADH). These
electrons are further shifted to the final electron acceptor such as nitrate, oxygen and
then translocated to the outer membrane proteins (Logan et al. 2006). The protons
are transferred from anodic chamber by membrane to cathodic chamber. The
produced electrons are transferred through an external electrical circuit, thereby
producing bioelectricity (Salgado 2009). PEM helps to diffuse the produced protons
to the cathodic chamber where it combines with the O2 and electrons to form water.
As oxygen inhibits electricity production, therefore, anaerobic stipulation is strictly
maintained in the anode compartment. However, the cathode is exposed to oxygen
to help in the formation of water.

11.2 From Microbial Fuel Cells to Bioelectrochemical
Systems (BESs)

BES represents one of the modern approaches of generating electricity by using the
inherent capacity of electroactive microorganisms. This represents one of the simple
forms of energy generation process where microorganisms breakdown organic
products and harness the chemical energy stored in it into electricity. This tech-
nology in recent times has gained much importance as any kind of biodegradable
waste can be converted into electricity, in turn creating an environment which is
green and healthy at a very reasonable cost especially when treatment takes place
on-site of wastewater generation (no transport cost) and the cost of energy used can
be generated on-site from MFCs. In BESs, the energy produced by microorganisms
is harnessed by placing two electrodes, i.e., anode and/or cathode into the system
where electrochemical reactions take place through microbial interactions with the
electrodes leading to electricity generation.

The term “BES” in broader sense covers different domains based on the mode of
operation and biocatalyst used and has many applications, viz. wastewater treatment
and renewable energy recovery, generation of energy carriers, such as H2 or CH4,
biosensors for remote devices, bioremediation of recalcitrant compounds, and
production of valuable products, a few to name (Pant et al. 2012). As compared to
conventional fuel cells, BESs are not energy-intensive and can utilize wide variety
of organic substrates without generally requiring expensive catalysts. The BESs in
its nascent stages have got the future potential to become a source of power for our
coming generation. In recent times, a lot of research has been carried out for the
development and use of various alternative materials to be used as electrodes,
membrane separators, and catalysts along with innovation in system designs, and
therefore, BESs are becoming a very promising technology for our future (Mohan
et al. 2009).
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11.2.1 Principle of Microbial Fuel Cell

MFC technologies are one of the latest ways for producing bioelectricity in situ
from biodegradable substrate metabolism using various microbes without requiring
any added supply of energy from outside, whereas a conventional electrochemical
cell requires external source of energy supply for power generation (Imhoff et al.
2004). A typical MFC system consists of anode and a cathode compartments
together either as single chamber or as two individual chambers. Figure 11.1
illustrates a two-chamber MFC system. On the anodic compartment of the fuel cell,
the microbes use its cellular respiratory pathways to transfer the chemical energy
stored in the organic substances into electrical energy. Under anaerobic conditions
in the anodic chamber, the sugar substrates are converted into carbon dioxide,
protons, and electrons (Logan 2008). These electrons, produced at the anode, flow
through the external load toward cathode surface and get reduced at the cathode
upon interaction with protons and oxygen. Hence, a potential difference is gener-
ated between the cathode and the anode, resulting in the generation of electrical
power. The reactions that take place at the electrode surfaces are shown below:

At Anode: C12H22O11 þ 13H2O ! 12CO2 þ 48Hþ þ 48e� ð11:1Þ

At Cathode: 6O2 + 24Hþ + 24e� ! 12H2O ð11:2Þ

Fig. 11.1 Schematic diagram of a two chamber microbial fuel cells (MFCs) (PEM: proton exchange
membrane, R: external resistance; M: multi-meter)
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11.3 Use of Ion Permeable Membrane
in Bioelectrochemical System

Membranes play a very crucial role in the BES. These membranes provide a
support to the MFC for separation of anodic and cathodic chambers and also
provide a route to transfer the protons from anodic chamber to the cathodic
chamber. In BES system, mainly three different membranes are used. These
membranes manufactured by different companies have different characteristics.
These membranes such as Nafion membranes (DuPont Co., DE), CMI-7000
membranes (Membranes International Inc., NJ), and forward osmosis
(FO) membranes (Hydration Technology Innovation, AZ) are used in different
BESs. Bacterial processes can be combined with chemical processes, but are often
segregated to separate chambers to reduce limiting factors, such as troublesome by
product synthesis and competitive inhibition (Logan et al. 2006; Rabaey et al.
2009). In a single-chamber system, the anode and cathode, and relevant reaction
components, are contained in a homogenous environment. Dual-chamber BESs are
constructed with the cathode and anode chambers separated by a PEM membrane
(Kim et al. 2007). The type of membrane used depends on the overall function of
the BES and the desired components that are required in one chamber or another.
Most BESs confide on microbial metabolism and the alteration of electrons on the
anode electrode, while using either an air or water cathode. Regardless of the
solution composition used within the cathode chamber, the use of membranes
allows the two chambers to function simultaneously without mixing or contami-
nation. Effectively separating the anode and cathode chambers can expand the
system potential to include both reverse and forward configurations. Using both
reverse and forward configurations involves combining a biologically driven
reaction in one chamber, typically oxidation within the anode, with either a
chemically driven reduction reaction or a biologically driven reduction reaction
(Logan et al. 2006; Rabaey et al. 2009). Membrane performance and viability are
mainly vulnerable on the level of interpenetration of the membrane and the pH of
the solution to which the membrane is exposed. One challenge associated with
selecting the ideal membrane for system efficiency is the supplementary
charge-carrying chemicals, such as potassium (K+), calcium (Ca2+), and sodium
(Na+), that may be present due to the waste stream or bacterial medium utilized in
the anode (Rozendalet al. 2006). The accumulation of protons, which can be
induced by flux of alternative charge-carrying chemicals, can create a disadvanta-
geous environment for microbes in the anode, which can dramatically affect the
efficiency of the system.
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11.3.1 Anion and Cation Exchange Membranes Used
in BES System

PEMs and cation exchange membranes (CEMs) are charge-selective, nonpolar, ion
exchange membranes that selectively transfer positively charged ions, like larger
cation bodies and protons, from aside of the membrane to the other. The
semi-permeable membranes selectively function by appropriate immobilized
charged groups docking the polymer network to allow flux of oppositely charged
ions while dispersing or blocking similarly charged ions from moving across the
membrane. This conception follows the Donnan law, where charged ions that are
incapable to move across a semi-permeable membrane, whether due to size stip-
ulation or immobilization, discombobulate equilibrium of the solutions on either
side of the membrane (Harnisch et al. 2007; Ng et al. 2013; Cheng et al. 2003).

Selectivity of a membrane can be compromised by the unavoidable permeability
by neutral species, such as electrolyte salts, gases, and organic compounds. The flux
of neutral species leads to the concentration gradient between the cathodic and
anodic compartments.

Nafion-117 membranes (Dupont Co., DE) are encompassing of a chemically
stabilized perfluorosulfonic acid (PFSA) polymer that allows for the selective
transport of cations (Dupont 2017). PEMs, like Nafion-117 membranes, are well
suited for sustaining autonomous cathode and anode chambers while allowing the
flux of protons (H+) between chambers. The selective transfer of protons from the
anode can be used to abutment product synthesis in the cathode, such as water
(H2O) or methane (CH4). Nafion-117 membranes are said to be chemically resis-
tant, durable, stable in mildly acidic environments (pH 4–7). Pretreated membranes
are applicable, but untreated, dry membranes are the most common form, as they
can easily be cut to fit the custom dimensions of a system before treatment.
Pretreatment of the membranes commences membrane expansion and assists with
membrane selectivity.

CEMs function in the equal manner as PEMs, but require a less arduous pre-
treatment process. CMI-7000 is produced by Membranes International, Inc., which
has a similar structural content to that of the Nafion-117. The polymer structures of
the CMI-7000 are gel polystyrene cross-linked with divinylbenzene and with a
sulfonic acid functional group (Membrane International 2017), and CMI-7000S
membranes are chemically stable in strong acidic to weak basic environments,
ranging from pH of 1.0 to 10.0. CMI-7000 membranes include a coated woven
fabric 18 for stability, creating a rigidity that is not seen with the Nafion-117
membranes. There are very few manufacturers producing PEMs and CEMs, which
may cause differences between membrane types. Major differences include actual
selectivity versus reported selectivity, stability and durability, and longevity of
membrane life. Nafion-117 membranes are reportedly used in a majority of pre-
vious and ongoing BES research and have been tested extensively.
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11.3.2 Forward Osmosis (FO) Membranes

Generally, FO membranes are not used in MFC and BES research, but are peri-
odically seen in water treatment technology development. FO membranes, exclu-
sively produced by Hydration Technology Innovation (HTI), are only selective for
water molecules (HTI 2017). The flux of water across the membrane is driven by
osmotic gradient between a chamber, which naturally drives the flux of water in
order to settle equal dissemination and concentration between the chambers sepa-
rated by the FO membrane. Due to the driving force of the osmotic pressure
gradient, FO technologies do not require energy input to trigger and maintain
filtration. The main disadvantage of using FO membranes in BESs is the require-
ment to a draw solution in either the anode or the cathode, which limits the cus-
tomizability of the system to one chamber (Qin et al. 2017).

11.3.3 Membrane Fouling

Membrane fouling is prevalent after membranes were used in functioning reactors
with frequent treatments. Considering the configuration of the reactors, membrane
fouling could have been due to bacterial degradation and growth. Each potential
cause of membrane fouling may influence a reduction in system efficiency. While
microbial growth may not be unfavorable to the membrane, it may alter the charge
or osmotic gradients along the surface of the membrane, which may influence a
change in selectivity. If fouling affects the selectivity of the membrane, unwanted
ionic species may not be blocked from moving across the membrane. Additionally,
microbial growth on the surface of the membrane may be an indicator that one
microbial species from the consortia is benefiting from an accumulation of charged
ions on the membrane surface.

11.4 Microbial Culture, Medium, and Electrode Material
Used in MFCs

The selection and enrichment of the microbial source are significant for optimizing
the performance of MFCs. The enrichment of anaerobic culture is carried out in the
anodic chamber of MFC in closed circuit mode. In the higher power mode, exo-
electrogenic bacterial community are developed, and this is similar to the anaerobic
digestion where methanogen bacteria are enriched. Even the source of bacteria for
MFC and anaerobic digestion is same but due to the process difference, enrichment
of culture is different from each other. Generally, in MFCs mixed culture is used;
normally, they are collected from the wastewater treatment plants. It has been
observed that specific class of bacteria such as Geobacter is dominant in the anodic
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chamber of MFCs (Li et al. 2013) . These bacteria donate their electron to the anode
electrode. In mixed culture, specific class of Proteobacteria (e.g., Geobacter,
Shewanella, and Pseudomonas) is found. Some researcher also used pure culture of
Geobacter, but the MFC performance is greater with mixed culture Osman et al.
2010) (Table 11.1).

11.4.1 Electrode Characterization in Full MFC

Electrode characterization is the most important aspect to evaluate the performance
of a working MFC. It helps us to understand the behavior of electrode and hence the
potential of a MFC for electricity generation. Electrode output can be measured in
terms of cell voltages as volts (V) against time, which can be evaluated directly
from the potential difference between the anode and cathode electrode. The elec-
trode potential of anode and cathode electrode is measured separately by the use of
the reference electrode (Ag/AgCl). The power density is measured with reference to
the surface of electrode, while volumetric power density is determined by the use of
the volume of anodic chamber of MFC (Bard and Faulkner 2000).

Table 11.1 Comparison of MFC performances in systems that employed different inoculum,
substrate, and designs

MFC
configuration

Inoculum source Substrate used in
anodic chamber

Obtained
power density
(µW/cm2)

References

Dual-chamber Anaerobic sludge Acetate 10 g L−1 13.5 Passos et al.
(2015)

Dual-chamber Anaerobic sludge Glucose 3 g L−1 1.0 Yusoff et al.
(2013)

Dual-chamber Anaerobic sludge Glucose 3 g L−1 4.2 Yusoff et al.
(2013)

Dual-chamber Pure culture of
Shewanella
oneidensis MR-1

Lactate 1.6 g L−1 1.0 Manohar
and
Mansfeld
(2009)

Dual-chamber Anaerobic sludge Pretreated activated
sludge

5.6 Xiao et al.
(2011)

Single-chamber Pre-acclimated
bacteria from MFC

Acetate 1 g L−1 240 Logan et al.
(2008)

Single-chamber Effluent from MFC Fermented primary
sludge with 15.5 g
L−1sCODa

32 Yang et al.
(2013)

Single-chamber Effluent from MFC Fermented primary
sludge with 15.5 g
L−1sCODa

103 Yang et al.
(2013)

aSoluble COD (chemical oxygen demand)
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11.4.2 Polarization Curve

For the effective analysis of MFCs, polarization curve is used, and this is also
known as power curve. The easiest approach to obtain the polarization curve is
through changing the external resistance from higher to lower (10,000 X to 1 X) in
a 20-min time interval (Fig. 11.2). The voltage and current are measured with
reference to change in the external voltage (Logan 2008).

Current density and power density can be calculated using Eqs. 11.3 and 11.4,
respectively.

I ¼ V
aR

ð11:3Þ

P ¼ V2

aR
ð11:4Þ

where a is the electrode area. Normally, anodic surface area is taken as effective
surface area, as it is the surface where microbial biofilm is established and it is
determined by the power production.

To understand the BES in detail, potentiostatic method of analysis can also be
carried out. A potentiostat is normally operated in a three-electrode setup consisting
of a working electrode (anode or cathode), a counter electrode, and reference
electrode. Different electrochemical techniques are used with the use of potentiostat
such as linear sweep voltammetry (LSV), cyclic voltammetry (CV), and electro-
chemical impedance spectrometry (EIS) (Dominguez-Benetton et al. 2012; Sevda
et al. 2015).

Fig. 11.2 A typical polarization curve. Source Logan (2008)
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The voltammetric studies represent an important characterization steps to
monitor the bacterial activity on the electrode surface with a potentiostat (Logan
2008; Logan et al. 2006). The individual electrode behavior MFC is done by use of
a reference electrode and counter electrode (Logan 2008; Logan et al. 2006).
Characterization of electrode potential in an electrochemical cell provides us insight
into the capabilities of a microorganism to transfer electrons by directly measuring
specific electrical potentials that allow electron release from the cell. Hence, elec-
trode potential helps us to understand the development of biofilm and the power
generation process (Sevda et al. 2014).

11.4.3 Microbial Community Analysis

Morphology of electrode is highly important for the performance consideration in a
MFC. Electrode surface should be favorable for the growth of microorganisms and
forms biofilm on its surface. Hence, morphological study of electrode is important
to estimate the attachment of microbes to the electrode surface and can be studied
by micrograph of scanning electron microscope. This in turns provides information
on amount of electricity generation capacity of microbes and their adaptation to the
internal MFC environment (Deng et al. 2010). Microbial community analysis of
bacteria present on the electrodes reveals the bacteria phylum in an active MFC.
Generally, the sample is collected from the surface of anode electrode area. In
biocathode MFC, sample is collected from the cathode electrode surface. Molecular
characterization of biofilm that develops on the anode surface over a period of time
can be done by harvesting the biofilm from the anode surface and hence extracting
the genomic DNA using specific DNA extraction tool. Genomic DNA can be
extracted from specific regions of bacterial 16S rRNA (Jia et al. 2013). Microbial
community analysis is performed by using denaturing gradient gel electrophoresis.
In a study with electricity generation from microorganism grown on food waste, Jia
et al. (2013) carried out phylogenetic classification of microorganisms to under-
stand bacterial diversity at the anodic biofilm. In the study (Fig. 11.3), microor-
ganisms were classified into different phylum, class, and genus levels.

11.5 Electroactive (EA) Biofilm: The Microbial
Electrocatalysts of Bioelectrochemical Systems

In BES, microbes play a very important role by degrading the pollutant present in
the wastewater. Microorganisms occupy almost every ecological niche on earth.
Generally, in BES, a mixed culture is used, and this is enriched with anaerobic
microbes; these microbes develop a biofilm on the anodic electrode surface.
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In MFC, the developed biofilm is enriched with electroactive microbes that utilize
specific pathways (Kim et al. 2006; Gottenbos et al. 1999; Davies et al. 1998).
Biofilm developed on the anode electrode enhanced the direct electron transfer
between anode electrode surface and microbes (Picioreanu et al. 2007). In the
anodic chamber, microbes work as biocatalyst and it differs from the natural
microbial process, since in this electrons are delivered to the anode electrode
instead of another electron acceptor (Rabaey and Verstraete 2005). Still, the MFC
studies are at the laboratory experimental stage, so biofilm behavior at higher scale
needs to be checked. The biofilm plays an important role in the overall performance
of the system (Davies et al. 1998). In MFCs, there are three different ways of
electron transfer occurred: The first one is through use of external mediator, second
one is through use of direct electron transfer (biofilm), and third one through use of
nanowires (El-Naggar et al. 2010; Kalathil and Pant 2016). In this chapter, here we
discuss the main mechanism of the electroactive biofilm formation on the anode
electrode and electron transfer mechanism in the MFCs. Electroactive biofilm is
capable of extracellular electron transfer and is therefore relevant to geochemistry,
biocatalysis, and energy production. Although electroactive biofilm is widely
applied in MFCs for renewable electricity production, where they transfer electrons
to solid electrodes, the extracellular electron transfer chain is not completely
understood. Electroactive biofilms (EABs) are microstructured communities com-
posed of microbes that thrive at the solid/liquid interface. The biofilm is composed
by the viable microbes and a matrix material that confers mechanical stability and

Fig. 11.3 Microbial community structure based on 454 pyrosequencing for a single-chamber
MFCs fed with food wastewater. Source Jia et al. (2013)
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increases biofilm resistance to chemical and physical stresses. EABs are capable of
respiring solid materials, like metals and electrodes, exchanging electrons with
these solid electron donor/acceptors. Because of their unique characteristics, EABs
might be applied to energy recovery from waste, wastewater and drinking water
treatment, biosensors, and bioelectrosynthesis. For example, EAB can be grown in
fuel cells, where the oxidation of a reduced organic carbon source is coupled to the
reduction of oxygen or nitrates. This application has been suggested for energy
recovery from wastewater. In other applications, EAB might be used to sense the
surrounding environment, including the presence of toxic chemical pollutant, thus
generating a signal proportional to the concentration of the pollutant.

In mediator-less MFC, electron transfer frommicrobe to the anode electrode is also
performed by use of soluble compounds that are produced bymicrobes and function as
intermediate between microbes and anode electrode (Rabaey and Verstraete 2005).
This lack of knowledge is an obstacle to the development of efficient bioelectro-
chemical devices, such as biosensors, biocatalyst, and innovative MFCs. For char-
acterizing the electroactive microbes, various combinations of electrochemical and
biochemical methods are used. The microbial consortia responsible for electron
transfer are identified for higher efficiency in extracellular electron transfer. After
identifying the responsible microbes, the best electroactive biofilm is grown on the
anode electrode ofMFCs. EABsmay have applications in biosensors andMFCs. They
are essentially a film of microorganisms able to supply electrons for electricity, but the
exact mechanism of this electron transfer process remains poorly understood.

Both of these have structures in their outer membranes that allow for direct
electron transfer between the bacterium and an electrode. Both of these have
structures in their outer membranes that allow for direct electron transfer between
itself and an electrode.

For Shewanella, researchers discovered that electrons are indirectly transferred
in young biofilm (this produces more current), but that the process becomes mostly
direct as the biofilm ages. In general, electron transfer is also very rapid in thin
biofilm. However, the development of reliable EAB-based technologies requires a
thorough understanding of charge transfer mechanism at the biofilm/electrode
interface. Furthermore, the scale-up of EAB-based devices for industrial applica-
tions is usually accompanied by dramatic loss of power output, and this problem
has prevented so far a large-scale implementation of EAB-based technology.
Geobacter uses prevalently direct electron transfer through their outer membrane
cytochromes, iron-containing proteins that can connect directly the bacterial cells
with the electrode. Shewanella possess outer membrane cytochromes and is capable
of direct electron transfer. However, it also produces redox compounds, namely
quinones and flavins, (similar to vitamin B12) that get reduced at the bacterial
surface and then in turn reduce the electrode, thereby producing a net electron
transfer. The relative importance of direct vs. mediated electron transfer in EABs
depends on various factors, including the electrode material, biofilm age, the
potential at which electron transfer occurs. However, the electron transfer becomes
mostly direct as the biofilm ages. In general, the mediated electron transfer is very
rapid in thin biofilm, as the diffusion of microbial produced redox agent is not
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impeded by thick and dense biofilm. However, old biofilm such as those envisioned
in practical technological applications will have a predominant direct electron
transfer mode, thus producing less current than young biofilm (Read et al. 2010).
This finding is relevant to the design of efficient EAB bioreactors, where the biofilm
thickness should be kept at a minimum. EAB research requires the development of
techniques capable of interrogating several aspects of EAB activity and structure.

A biofilm model suggests that the total number of electrons transferred to the
anode electrode is proportional to the anode electrode surface area (Picioreanu et al.
2007). Also, when a biofilm is developed, with time it became thicker, this will not
decrease the efficiency of the MFC when the electroactive bacteria present on the
biofilm and the dead cells from the biofilm can be removed (Mah and O’Toole
2001). The use of mix culture has better advantage for biofilm development, as
different microbes such as bacteria and archaea can form communities and it helps
in enhancing the performance of a MFC (Hall-Stoodley et al. 2004). Biofilm formed
on the anode has more quantity of Geobacter species family, because its metabolic
pathway extracellularly reduces iron and metal oxide as the electron acceptor
(Logan 2009). In comparison with the pure culture, mixed culture biofilm gave
better performance in MFC because of the synergistic effect of many bacteria
present such as Pelotomaculum thermopropionicum, Methanothermobacter ther-
mautotrophicus, and Geobacteraceae (Gottenbos et al. 1999; Logan 2009; Kim
et al. 2006; Lovely 2006).

11.6 Mechanisms of Electrons Transfer with Solid
Electrodes

The real understanding of working of an MFC comes from the knowledge of asso-
ciation of microorganisms with the electrode materials (Kalathil et al. 2016). In case
of bacteria, three mechanisms of electron transfer to a surface are known, viz.
(a) presence of electrically conductive appendages known as microbial or bacterial
nanowires produced by certain species of bacteria, viz. Geobacter and Shewanella
(Pant et al. 2012); (b) direct electron transfer (DET) involving proteins located on cell
surfaces; and (c) mediated electron transfer (MET) through use of small, redox
reactive molecules that “shuttle” electrons from bacteria to the electrode surfaces by a
diffusion-limited process. Figure 11.4 describes about some of the known mechanism
of electron transfer in BES (Pham et al. 2009; Lovely 2008; Bond and Lovley 2003).

Mediators or electron shuttles are the substance that helps in the transfer of
electrons produced by the microorganisms from inside the cell surfaces to the
electrode surface. Based on nature, mediators are of two types, i.e., external and
internal mediators. Certain chemicals, viz. neutral red, anthraquinone-2-6, disul-
fonate (AQDS), thionine, potassium ferricyanide, methyl-viologen, are used as
mediator in MFCs. These compounds were known as exogenous mediators.
However, for certain species like Geobacter bacteria, external mediator is not
required. However, some bacteria like Pseudomonas aeruginosa produce their own
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mediator (phycocyanin), and the produced mediator shuttles electrons to the elec-
trode from microbes (Logan 2008). Bacteria produce certain kind of conductive
appendages which are known as “nanowires” (Gorby and Beveridge 2005).
Geobacter and Shewanella species are having the appendages of nanowires. It is
thought that these appendages are useful to establish connections between bacterial
cells and with a surface carrying electron from the cell to a surface. Cytochromes
are conventional electron transport protein that helps nanowires for transporting
electrons from G. sulfurreducens to the electrode surface (Reguera et al. 2005).

Apart from conductive nanowires, there was also evidence of presence of certain
surface blebs, i.e., protrusions on the microbial surface that do not exist as nano-
wires but certainly could be conductive points of contact (Logan 2008). S. onei-
densis under anaerobically grown adhere to an iron surface with much greater
forces than aerobically grown cells.

11.7 Anode and Cathode Materials

Electrodes are the most important components of MFC as it decides the perfor-
mance and the cost of the system. The design of a suitable electrode is very useful,
and it can help for scale-up studies (Rabaey et al. 2009). Protons and electrons

Fig. 11.4 Four different ways of electron transfer in BES: (i) exogenous external mediators,
(ii) self-produced endogenous mediators and DET by (iii) single outer membrane cytochrome, and
(iv) “nanowires.” Source Lovely (2008)
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produced by the bacteria in MFC travel from the point of production on the anode
surface to cathode surface. So, electrode materials should have the characteristic of
being highly electrically conductive, but they must also be cost-effective and
non-corrosive. In addition, the surface of the material must favor bacterial attach-
ment to form biofilm on its surface.

Therefore, the selection of electrode plays an important role in the development
and commercialization of MFC. Among all the materials, carbon is known to be
one of a trusted material for application as electrode. In MFC research, carbon
products have been under use in various forms because of its affability in its size
and shape, viz. carbon cloth, carbon paper, carbon fiber. The use of carbon-based
materials has significantly improved the MFC research, and it drastically reduces
the cost of MFC system (Govind 2015).

Anode surface is the heart of a MFC system as it favors the formation of
microbial biofilm, and hence, a anode material must fulfill certain requirements; i.e.,
it should have high specific surface area (area per volume), highly conductive,
non-corrosive, high porosity for biofilm development, non-fouling (i.e., bacteria do
not fill it up) (Logan 2008). Usually, carbon material plays a major role as elec-
trodes in most of MFC for its characteristics and cost-effectiveness. Carbon-based
electrodes are popular among fabrication of MFC. Table 11.2 shows direct com-
parisons on the effects of various carbon electrodes on power generations consid-
ering size of electrode, MFC type, and bacterial source used in a system.

Unlike anode, cathode is one of the most important components in an MFC
setup and its design represents a challenge in making MFC a useful and scalable
technology. It is the surface of a cathode where tri-phase reaction of combining
electrons, protons, and oxygen takes place resulting in generation of bioelectricity
and producing water. Hence, surface of a cathode should favor the process of this
reduction reaction (Logan 2008). In selecting a cathode material, various low-cost

Table 11.2 Comparison of various carbon-based anode materials and their performances

Electrode
material

Size Bacterial source MFC type Power
output
(mW/m2)

References

Carbon
brush

4 cm by
3 cm
dia

Pre-accumulated
bacteria from
active MFC

Cube air
cathode

2400 Logan
et al.
(2007)

Graphite
plate

155 cm2 Shewanella
oneidenis (MR-1)

Two-chamber
air cathode

1410 Dewan
et al.
(2008)

Activated
carbon
cloth

1.5 cm2 D. desulfuricans
strain

Single-chamber
air cathode

0.51 Zhao et al.
(2008)

Carbon
Mesh

7 cm2 Pre-accumulated
bacteria from
active MFC

Single-chamber
cube air cathode

893 Wang
et al.
(2009)
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carbon-based materials are available but when the cost of catalyst (optional) if
included may lead to increase in cost. The same materials that have been described
above for use as anode have also been used as cathode. A catalyst is usually used
for effective reduction reaction to take place, i.e., Pt or ferricyanide for oxygen
reduction but not always needed. When catalyst is used, it is held on to the surface
by a binder, which allows transfer of protons, electrons, and oxygen. Nafion is
commonly used as binder due to its high proton conductivity and oxygen perme-
ability. Other materials such as polytetrafluoroethylene (PTFE) suspension have
also been used. Performance of the MFCs can also be improved by using air
cathode and microorganisms as catalyst. Hence, surface of the electrode should
allow growth of microorganisms for reduction reaction to carry out. This type of
biocathode can substantially reduce the cost of a MFC. Table 11.3 shows the
various cathode materials used in different MFCs.

11.8 MFC Implementation in Practical Applications

It is reported that domestic wastewater contains 9.3 times more energy that cur-
rently used in treatment of wastewater by conventional methods (Logan et al.
2006). The MFC can utilize this energy present in the wastewater; the produced
bioelectricity can be saved and used for real-life applications. This energy can be
used in the remote area as a biosensor. The MFCs can be worked at a lower
temperature (15–25 °C), compared to conventional anaerobic treatment (37 °C
needed). More energy can be produced by adding more MFCs in series or parallel
mode. More wastewater can be treated in the continuous mode operation. The stack
MFC provides a platform for treating more wastewater. The BES is also used for

Table 11.3 Comparison of various carbon-based cathode materials and their performances

Electrode material Size
(cm2)

Catalyst MFC Type Power
output
(mW/m2)

References

Carbon cloth with
Nafion binder

7 Pt Single-chamber cube air
cathode

480 Cheng
et al.
(2006a, b)

Carbon fiber felt 36 Microbes Cylindrical two-chamber
aqueous air cathode
without catalyst

315 Deng et al.
(2010)

Carbon cloth PTFE
binder

7 Pt Single-chamber cube air
cathode

360 Cheng
et al.
(2006a, b)

Graphite coating on
ultrafiltration(UF)
membrane

54 CoTMPP Tubular single chamber 18 Zuo et al.
(2007)
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the production of useful product by use of carbon dioxide or acetate at the cathode.
However, there is still a long way to go for scale-up studies and then at big scale.
The key challenges are the better understanding of the electron transfer, electrode
surface area, and stability of membrane for longer duration operation (Shukla et al.
2004). The MFCs can also be used as a sensor for determining chemical oxygen
demand in synthetic and real wastewater. The synergy between the conventional
system and MFC may be a better application in near future. This combined system
may work better, and it utilized substrate in better way. Nonetheless, MFC cells
may prove practical sooner for higher volume reactors.

11.9 Economic Analysis of Microbial Fuel Cell

The concept of electricity generation by electroactive bacteria though discovered in
1911 by MC Potter (Potter 1911), it took more than 100 years for this research to
reach at the current stage and now it can be commercially used. Over the recent
years, several small companies were started and this was summarized by Pant et al.
(2011). Table 11.4 shows the leading companied for MFC prototype construction.

However, even these companies are still at pilot scale and a commercial pro-
totype is yet to arrive. The first market application of MFCs was brought by an
American company (Cambrian innovation), who came out with their treatment
system called “EcoVolt,” last year. This was a plant on truck kind of concept which
also included bioelectricity generation (http://www.fuelcellstore.com/mudwatt-
microbial-fuel-cell-kit). Very recently, a consulting company called market
research came out with a detailed report called “Global Microbial Fuel Cell Market
Research Report” (https://www.marketresearch.com/Micro-Market-Monitor-v4042/
Global-Microbial-Fuel-Cells-MFC-9977629/). This included an overview of
the MFC market globally and reflect the current market analysis and companies
overview. Finally, the full commercial application was discussed by Trapero et al.
(2017). They concluded that the implementation of MFC is a promising alternative
to the use of classical aerated activated sludge, and it has potential economic
benefits. The bottom line is that besides the sustainable and green nature of MFCs

Table 11.4 Details of companies based on MFC technology

Company Country Website

Trophos energy USA http://www.trophosenergy.com

Lebone USA http://www.lebone.org/

Emefcy Israel http://www.emefcy.com/

Int ActLAbLLC USA http://www.intactlabs.com/

Hy-SyEnce USA http://www.hy-syence.com/

Pant–e The Netherlands www.plant-e.com

Source Pant et al. (2011)
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along with a reduced carbon footprint, their integration into a WWTP could reduce
the operational cost because they diminish electricity consumption (Logan and
Regan 2006).

11.10 Perspectives

Even though the electroactive nature of specific bacteria was discovered more than
100 years ago (Potter 1911), the research has been intensified in this field only in
last 15 years. Initially, limited to proof-of-concept studies, the research explored the
material aspect of MFCs also in the last decade. Significant advances have been
made in the performance of these systems in terms of electric current and power
obtained, the range of substrates explored (Pant et al. 2010; Pandey et al. 2016),
electrode materials (both anode and cathode) (Govind 2015; Mashkour and
Rahimnejad 2015), types of separators (Kokabian and Gude 2015), and design of
the systems. Furthermore, the size of the systems has moved from small
laboratory-scale reactors with mL volume to large pilots treating several 100 L of
wastewater (Logan 2010). BES as a technology itself has moved beyond only
wastewater treatment and energy recovery in the form of MFCs to encompass
several other applications such as hydrogen production (MEC), desalination
(MDC), and chemicals production (microbial electrosynthesis). More recently,
companies are showing increased interest in the technology, and some of them are
promising to come up with the commercial prototypes in near future. At the same
time, though the field has grown tremendously over the years, there is still need for
uniform standards to be adopted by the research community in order to better
compare the results coming from different laboratories. Some efforts have been
made already in this regard (Patil et al. 2015). Given the research efforts being
directed toward this technology, the future appears bright and a real practical
application of BESs can be foreseen soon.

11.11 Conclusion

Alternative energy sources are being developed due to increased and heavy con-
sumption of fossil fuels. Renewable energy is an eco-friendly alternative and
includes options such as biomass and biowaste converted to energy and fuel.
Resource recovery and organic waste recycle is a major concern nowadays allover
the world. MFC is a novel technology with potential to generate energy/electricity
from low-cost substrates such as wastewaters. At the current stage, the net power
production is low in MFCs so it is difficult to use them in real-world applications.
The efforts are being made to reduce the construction and operating cost to improve
the overall performance of MFCs, and a commercial prototype can be expected in
coming years.
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Chapter 12
Economics of Solid Waste Management

Karthik Rajendran, V. Sudharsan Varma,
Durga Madhab Mahapatra and Dhamodharan Kondusamy

Abstract The concept of gazing trash or waste as a worthwhile resource is aug-
menting exponentially. Despite its worthiness, there are distinct factors which affect
the profitability of a plant which processes waste to worthwhile products such as
fuels, fertilizers, energy, or chemicals. There is the adequate literature of different
processing methods of wastes; however, the majority of the studies do not consider
economic perspective. This chapter focusses on the economics of handling wastes
including collection and transportation and processing it into value-added products
such as compost, electricity, or fuel. Different countries have different legislation
for waste handling, and this chapter addresses the waste handling costs in different
countries. Furthermore, the profitability of different processing methods was dis-
cussed. The critical factors affecting the profitability of waste treatment and han-
dling were identified, and workable solutions or directions were provided to the
scientific community to address the problems with an industrial outlook including
profitability.
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12.1 Introduction

The municipal solid waste generation had exceeded more than 1.5 billion tons per
year, and it is expected to double over the next decade. This is an alarming issue
that needs immediate attention on waste minimization or waste treatment
methodologies. Waste treatments have a lot of benefits including cleaning and
greening the environment, reduction of noxious gases and global warming, saving
carbon footprint (Daniel and Perinaz 2012; Hoornweg and Bhada-Tata 2012).
Moreover, wastes have a possibility of recovering energy from them before it is
dumped or landfilled. There are several products which could be obtained from the
wastes including energy/fuels, electricity, fertilizers, and heat. To treat the waste,
there are costs associated with it including collecting and transportation costs,
capital expenses in building a treatment facility, operational expenses, and finally
the cost for upgrading/or purifying the product produced. These costs will vary
depending on the waste characteristics, type of treatment facility, location, and
labor costs (Tchobanoglous et al. 1993).

In most developing countries, landfilling or dumping seems to be common
options as most waste treatments are not profitable. However, it is crucial for any
process to have its economic viability to promote and develop. Several waste
treatment options are available including composting, anaerobic digestion, land-
filling with gas collections, thermal processing technologies such as combustion,
incineration, and gasification (Tchobanoglous et al. 1993; Tchobanoglous and
Kreith 1999). Different treatments come at different costs, and it is chosen based on
the policies developed in each country. For instance, in Japan, more than 70% of its
waste are incinerated which could be due to the lack of footprint available
(Taherzadeh and Rajendran 2014).

Different treatments results in different products including fertilizers from
composting; fertilizer, fuel, and energy from anaerobic digestion; fuel and elec-
tricity from thermochemical processes; and methane collection from landfills. This
chapter focuses on the economics of the wastes collection and transportation, and
economics of different treatment methods including composting, anaerobic diges-
tion, landfilling, and thermochemical processes. A deep insight is attempted to
make understand fellow researchers and academicians the importance of economic
viability and diverting the research focus with an emphasis on the economics of the
current research that is deployed. As most technologies that are available today are
not economically feasible which is why a waste management has not been suc-
cessful in many countries.

12.2 Waste Collection and Transportation

MSW collection and transportation are considered as the most difficult operations
faced by local authorities in many cities across the globe. The collection and
transportation services are highly costly and require huge financial support from
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local taxpayers and/or state governments to operate. The World Bank estimated that
in developing countries, municipalities spend between 20 and 50% of their annual
budget on solid waste management. Of the allotted budget, up to 60% is spent only
for collection and transportation services, which shows the determining factor of
current day solid waste management. One of the crucial factors of this high cost is
the wages to the employees which is higher and most works are still manual.
Therefore, it is essential to plan effectively, the services and budgets for an optimum
waste management strategy (Daniel and Perinaz 2012; Hoornweg and Bhada-Tata
2012).

In many developing countries, the improper management system and lack of
technical support to the government bodies make the system a complex and inef-
fective. Moreover, factors such as political interference, legal, cultural, and envi-
ronmental factors add to this complexity (Kum et al. 2005). Currently, the world
cities are spending about $205.4 billion on effective solid waste management
practices. This cost is expected to double by 2025, which affects the low- and lower
middle-income countries such as Nigeria, Indonesia, and Vietnam. About 25% of
the spending is expected to happen from Asia, meaning that a strong infrastructure
development on waste management practices is necessary. In developing countries,
the majority of the solid waste collected is either landfilled or dumped due to the
costs associated with treating it. In Japan, most of the solid waste is incinerated, for
which the country spends ten times the collection cost (Taherzadeh and Rajendran
2014).

The cost of municipal solid waste collection varies on different cities of the world
due to their location, labor costs, equipment costs, etc. In the USA, the curbside
collection and transportation to the landfill costs was $3.5 per ton mile, for Thailand
the costs vary between $2.9 and $10.4 per ton, in Canada the tipping fee is between
$80 and $120 per ton, while Florida spends about $16 per ton of solid waste, whereas
Kuwait spends $24 per ton, and in Alaska each household pay $12 per month for
curbside collection (Pollock 1987; Young 1991; Chung and Poon 1997; Koushki
et al. 1997; Koushki et al. 2004; Affifi Consultants 2000; Rubenstein-Montano and
Zandi 2000; Danteravanich and Siriwong 1998). Table 12.1 shows the cost each
country group based on their income spent on solid waste management in 2010 and
the cost to be expected in 2025 (Daniel and Perinaz 2012).

12.2.1 Collection and Logistics

Municipalities or corporations are generally responsible for the collection of MSW.
Sometimes, the municipalities authorize private companies for the collection of
MSW, which usually end up as a monopoly. Waste management services consume
a huge amount of money, which is spent for collection, transportation, and disposal/
treatment services. Results indicate that that costs for collection are usually higher
when there is more than one collector or service provider due to logistic issues.
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Waste collection and transportation, treating the waste are two different entities,
which are subsequently followed one after another. Table 12.2 provides the esti-
mation of solid waste management costs at disposal (Daniel and Perinaz 2012).

Let us take an example case study on the taxes paid by the local authorities of
Catalonia, Spain, for the collected MSW. Table 12.3 indicates the charges paid by
the local authorities for landfills and incineration depending on whether the waste
contains bio-waste or not. This charges mentioned in the table do not include the
gate fee, which needs to be paid on top of it. According to Catalan Law 8/2008
(modified in 2011) on financing infrastructure and waste management taxes, the
authorities have to pay 10 €/T for landfilling and 5 €/T for incineration. However,
from 2010, the charges increased as 20 €/T for landfilling and 15 €/T for incin-
eration when they initiated separate collection schemes for bio-waste.

World Bank alarmed that due to increasing populations and rapid urbanization,
managing trash would become an uphill task for many municipalities and it needs a

Table 12.1 Estimated solid waste management costs 2010 and 2025 adapted from (Daniel and
Perinaz 2012)

S. No Country income group 2010 cost 2025 cost

1 Low income 1.5 billion $ 7.7 billion $

2 Lower middle income 20.1 billion $ 84.1 billion $

3 Upper middle income 24.5 billion $ 63.5 billion $

4 Higher income 159.3 billion $ 220.2 billion $

Table 12.2 Estimated solid waste management costs by disposal method (Daniel and Perinaz
2012)

Category Low-income
countries

Lower
middle-income
countries

Upper
middle-income
countries

High-income
countries

Income (GNI/capita) <$876 <$876–3465 $3465–10725 $10725

Waste generation
(tons/capita/year)

0.22 0.29 0.42 0.78

Collection efficiency
(percent collected)

43% 68% 85% 98%

Cost of collection and disposal (US $/tonne)

Collection 20–50 30–75 40–90 85–250

Sanitary landfill 10–30 15–40 25–65 40–100

Open dumping 2–8 3–10 NA NA

Composting 5–30 10–40 20–75 35–90

Waste to energy
Incineration

NA 40–100 60–150 70–200

Anaerobic digestion NA 20–80 50–100 65–150
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dedicated attention to overcome. It should also be noted that proper solid waste
management is not only building a sustainable and clean city, but also linked to the
climate change, health, and other social considerations. Furthermore, World Bank
has supported 329 solid waste projects around the globe by spending $4.5 billion.
Table 12.4 provides the overview of various solid waste management services
provided by World Bank across the world.

Table 12.3 Taxes paid by the local authorities of Catalonia, Spain (R4R 2014)

Taxable item 2004–2008
€/t

2009–2010
€/t

2011
€/t

2012
€/t

2014
€/t

Landfill 10.0 10.0 12.0 12.4 15.8

Incineration – 5.0 5.5 5.7 7.4

Landfill (no bio-waste collection) – 20.0 21.0 21.3 25.4

Incineration (no bio-waste
collection)

– 15.0 16.0 16.5 18.6

Table 12.4 Services provided by World Bank for solid waste management (Daniel and Perinaz
2012)

S. No. Region Location Services provided

1 Africa Monrovia The funds were focused on
strengthening the financial
management, procurement, contracts
management, and cost recovery. One
sanitary landfill and two waste
transfer stations were built, which
improved the waste collection from
13 to 50%

2 East Asia
and the
Pacific

China and Ningbo Introducedhouseholdwaste separation
and public–private partnership to
finance construction of a treatment
plant to process kitchen waste

3 Europe and
Central Asia

Azerbaijan Increasing the use of recyclables and
reducing the raw materials usage.
Regional-based solid waste
management services are
implemented

4 Latin
America and
the
Caribbean

Three cities in
Argentina—Mar del
Plata, Rosario, and
Salta

A Huge amount of food waste
produced in these cities are likely
landfilled, instead, strategies are
developed to encourage food
donation, source separation,
partnerships with the food industry
and producing high-quality compost

5 The Middle
East and
North Africa

West Bank, Gaza Strip,
Morocco, and other
locations

Development of new landfills and
recycling services benefitting the
conditions of waste pickers. Also,
initiation of waste-to-resource,

(continued)
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Logistics management of MSW is necessary for the uncontrolled production of
the waste stream and to reuse the non-renewable resources. Recycling could be the
most suitable option for the effective waste management, which lowers consump-
tion of energy sources and economic cost and also the environmental impact. The
concept of circular economy and market for recycling needs to be promoted to
establish recycling as a potential method of waste reduction activities. MSW
management practices can be categorized into three levels, i.e., strategic, tactical,
and operational. The major factors that influence the collection and transportation
costs are time spent for collection, overall distances, and fuel consumption. The
time spent for the collection and time spent for transportation to the landfill should
be effectively planned. The distances and the route plan for the transportation to the
landfill should be planned effectively, which reduces the fuel costs and saves time.
Hence, the internal routing of the truck is always suggested to be studied in advance
not to cross the same road twice. The fuel consumption and costs depend on the
truck type and operation time. It is recommended that to determine the major costs
and savings potential, collection costs and transportation costs need to calculated
separately. The favorable cost management for collection and transportation ser-
vices is mainly followed by low energy consumption and manpower service.

12.3 Economics on Waste Treatment Methods

12.3.1 Composting

Aerobic composting of organic fraction is one of the best methods for converting
waste to worthy products. The solid waste in the presence of oxygen will lose a
fraction of its weight in the form of carbon dioxide, while a major fraction is turned
into compost, which could be potentially used as an organic fertilizer. The quality
of the compost is an important factor in deciding the price, which is why it is
essential to operate the composting plant under optimum conditions. Many com-
posting methods are followed in different countries according to their economic and

Table 12.4 (continued)

S. No. Region Location Services provided

energy from waste, and employment
opportunities for the informal
recyclers

6 South Asia Nepal and India Projects are focused on bridging the
gaps between the costs of solid waste
management services and the
revenues collected. Further, projects
focusing the complete chain of waste
management system from collection
to disposal are introduced
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environmental conditions such as windrow composting, pile composting, in-vessel
composting, and vermicomposting. Most of the Western countries such as USA,
Canada, Israel, and European Union countries follow pile composting because of its
low investment and operational cost compared to other methods. The cost of dis-
posing or landfilling of organic materials and the problem of leachate collection had
helped the composting. Moreover, it can earn revenue, where landfill and leachate
do not have that option (El-Fadel et al. 2002; Pelaez et al. 2009).

In the USA, the most suitable options for composting are Ag-Bag and in-vessel
technologies as it provides a suitable environment, including odor and vector
management; however, it’s expensive. In the case of turned windrows, it is cheapest
nonetheless, potential odor and vector problem exist. Covered aerated static piles
and vermicomposting are the least options as it is capital intensive (Pisarek 2012).
Vermicomposting technology provides very good-quality compost; however, the
associated costs are expensive making it not feasible for large-scale applications.
Composting organic fraction of MSW in low- and middle-income countries is a
difficult task due to the unavailability of segregated waste, moreover, financing is
not that efficient, and law policies are also not supporting appropriately for its
installation and operation.

Composting plant installed large scale in some Asian countries such as China
and India faced problems due to the unsegregated waste. The market for MSW
composting plants in developing countries is not good enough as the cost of
chemical fertilizers is economically cheaper and high productivity reporting.
However, using compost has many advantages such as land restoration, moisture
maintenance, and increase soil fertility for the long term. Restoring the carbon lost
to the atmosphere happens with the use of compost, unlike chemical fertilizers. The
estimated cost analysis for the different composting process is provided in
Table 12.5. The capital cost covers the land requirement, equipment’s purchase,
and others, whereas the operational cost covers running expenses such as fuel and
lubrication, equipment’s maintenance, electricity, material transfer, water, bulking
material, and labor wages (van Haaren 2009).

Decentralizing a composting plant to a community scale decreases the cost of
investment. Apartments or colony, commercial places, i.e., markets and public
gathering places including schools, colleges, and others where the organic waste is
generating about 5–50 tons per day can do compost in nearby barren lands or any
corner of parks or gardens. The centralized way of composting is better for more
than 10–500 tons of organic waste per day. Market considerations are only one
piece of a complex puzzle, apart from that lot of other essential success factors such
as financial management and the environmental policy of the particular locality. On
the financial management side, experience has shown that while grants and loans
are necessary for the initial buildout of the facility, operating costs must be
financially self-sufficient. In India, a minimum net profit of `100 ($1.5) per MT of
compost is achieved with higher margins received on compost traded by Karnataka
Compost Development Corporation from other producers, and it showed the better
way for other developing countries (van Haaren 2009).
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12.3.2 Anaerobic Digestion

Converting methane from organic fractions of the solid wastes by anaerobic
digestion has multiple benefits over other waste to energy processes. It is best
adaptable to most types of high-moisture organic wastes and is operated at meso-
philic or thermophilic temperature range with relatively high-energy recovery. The
anaerobic digestion technology for methane conversion is simple and well estab-
lished, and research on the utilization of biogas for thermal, electrical, and
mechanical power generation is progressive. In addition, the residues of anaerobic
digestion have positive environmental value to utilize as a nutrient for plants,
irrigation water, and animal/fish feed (Rajendran et al. 2012). Noteworthy research
has been done in recent years to improve the performance and efficiency of
anaerobic digestion, particularly when treating solid wastes, characterized by a high
degree of particulate material.

Kitchen waste originating from door-to-door collection contains low levels of
inert materials (plastic, glass, stones, etc.) and is a good feed for anaerobic digestion
(AD), aiding biogas production in the range 160–180 m3/ton of raw waste treated
(Bolzonella et al. 2006).

Different digester types are available for the treatment of organic solid waste;
few of them are covered anaerobic lagoons, landfill bioreactors, plug flow digesters,
completed mixed reactors, two-stage anaerobic digesters, and more. Each reactor
has its own techno-economic advantages and drawbacks. Covered anaerobic

Table 12.5 Estimated cost analysis for different composting technologies (Kaza et al. 2016; Chen
2016; Composting Council of Canada 2017; van Haaren 2009; Pisarek 2012)

Composting
method

Capital
investment
($/ton)

Operational
cost ($/ton)

Process includes Advantages and
drawbacks

Windrow or pile 40–60 40–50 Material shredding,
screening, and
composting

Low investment but
slow process with
poor-quality compost

Aerated static pile 100–150 40–45 Material shredding,
screening, aeration
and composting

Medium investment,
fast process, and
good-quality
compost

In-vessel 300–500 100–150 Material shredding,
screening, rotation or
aeration, and
composting

High investment, fast
process, less area
requirement, and
good-quality
compost

Vermicomposting 200–400 <200 Material shredding,
screening, seeding,
Vermiculturing, and
compost screening

High investment,
slow process, labor
intensive, and very
good-quality
compost
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lagoons are the cheapest option in cost-wise for the treatment of MSW compared to
others. The anaerobic lagoon is the simple technique of anaerobic treatment, which
is based on a natural ecosystem. The relation between the cost of organic removal
and capital or operation cost for various sewage treatment systems at various annual
interest rates revealed that, for the Indian context, up-flow anaerobic sludge blanket
reactor was the more appropriate in terms of expenses and treatment efficiency
(Sato et al. 2007).

The capital expense of an organic fraction of a municipal waste treatment facility
in Sweden processing 150 MT/day cost between $35 and $40 million USD,
whereas the operational expenses varied between 5 and 10% of the capital expenses
(Rajendran et al. 2014). Similarly, when forest residues were used as a feedstock,
the CAPEX was ranged between $55 and $60 million USD which had a processing
capacity of 20,000 MT/year (Kabir et al. 2015). Household digesters are another
kind which is completely different from the industrial where the cost of a 1 m3

digester could range between $50 and $100 (Rajendran et al. 2013). The prof-
itability of an anaerobic digestion facility depends on the type of the product it is
produced such as vehicle fuel, electricity, or CHP as there are costs associated with
upgrading it. The upgrading costs depend on the type of the upgrading method
employed, for instance, water scrubbing which is the most common upgrading
method had an energy consumption of 0.20–0.30 kWh/m3, whereas amine scrub-
bers require only half of it, making it economically feasible. However, for amine
scrubbing, high throughput is necessary, otherwise, the economic feasibility is
questioned (Petersson and WeLLInGer 2009). Table 12.6 shows the cost of
anaerobic digestion facility in different economies around the world.

Table 12.6 Estimated cost analysis of an anaerobic digestion plant for different countries
(Faulhaber and Raman 2011; Kaza et al. 2016; Moriarty 2013; McCrea et al. 2009; Patterson et al.
2011)

Anaerobic
digestion plant

Capital
cost ($/ton)

Operational
cost ($/ton)

Advantages and drawbacks

High-income
countries

300–500 40–80 Segregated waste available, high biogas
production, successful running of plant but
higher labor wages and another
operational cost

Upper
middle-income
countries

400–500 30–60 Segregated waste available, high biogas
production, successful running of plant but
higher operational cost

Lower
middle-income
countries

200–300 20–35 No segregated waste available, average
biogas production, hard running of plant
but skilled labor available for lower wages

Low-income
countries

NA NA No waste collection or no segregated
waste in many countries
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12.3.3 Incineration/Combustion

Incineration or combustion is a thermal process in which the refuse after biological
treatment or dry waste is fed to the boiler, where steam is generated. The generated
steam is converted to electricity or heat depending on the geographical conditions.
For the incineration or combustion to process, it is important that the waste is dry or
low moisture. When the moisture content of the solid waste is higher, a lot of
energy is consumed to expel the moisture, resulting in lower net energy production.
Due to this sometimes, a high-moisture waste requires more fuel than it is processed
during combustion or incineration.
The capital cost of an incineration facility processing 100,000 MT/year costs
between 35 and 50 Million Euro, and doubling the capacity costs between 50 and
80 Million Euro due to economies of scale. (Yassin et al. 2009). The OPEX of a
combustion facility which has a treatment capacity of 50,000–400,000 MT/year
ranges between 49 and 77 Euro/ton. Similarly, the OPEX for gasification or
pyrolysis of plant capacity 30,000–360,000 MT/year was 28–77 Euro/ton
(McLanaghan 2002). The operating costs for running different types of equip-
ment was 5.8–9.2 Euro/MWh for a gas engine, 4.6–5.4 Euro/MWh for combined
cycle gas turbine, and for steam turbine, it was 1.5–2.3 Euro/MWh. Comparing gas
engine, combined cycle gas turbine, and steam turbine, gas engine was economical
and yielded an IRR between 11.1 and 11.3% which could be attributed to its lower
capital costs. However, as reported earlier the operating costs are also higher for the
gas engines. The thermal energy obtained from the waste could be between 29 and
59 MW (Yassin et al. 2009; Martinez-Sanchez et al. 2016).

12.3.4 Landfills

Evaluation of the economics through the cost-benefit analysis in the life cycle of the
landfill facility is crucial to assess the feasibility. Apart from the capital and
operational costs, any incremental use of processes or technologies will affect the
net expenditures and total turnover costs. Efficient and fast waste stabilization
demands high energy and advanced infrastructure in terms of equipment and
support facilities. There are also possibilities of additional costs for monitoring and
surveillance of the high-throughput systems and for the maintenance of this
equipment. However, these practices are beneficial in term of environmental gains
and revenue saving (leachate disposal and energy production) that are most valued
in the present context. Costs associated with substituting or adding one more unit
process and the economics of risks, potential failures on catastrophes involving
environmental liabilities are difficult to predict (Naveen et al. 2017). The various
costs associated with the landfill facilities are illustrated in Fig. 12.1.

268 K. Rajendran et al.



Foremost significant and crucial part of the solid waste disposal through land-
filling is the estimation of land acquisition, infrastructure, operation and mainte-
nance costs and forestalled privileges and benefits in terms of revenues. The
short-term and long-term costs and benefits impact the decisions on investments for
the initial setup/construction and operation costs and are advisable to be dealt
critically with comparisons with a base case. This aids in better decision making
and predicting the risks and liabilities associated with adopting futuristic tech-
nologies and investment accordingly. Such kinds of economic projections for
feasibility assessments before heading on to the construction phase often benefit the
stakeholders. The initial cost prior to implementation basically comprises of the
up-front land development costs before any construction ranges from 0.75 to 1
Million USD (Duffy 2005a). During the development phase, there is a need for land
leveling and appropriation with the construction of access roads, installations of
connections as electricity, water supply, and materials resources with temporary
support structures for storage and future land explorations. The various cost ele-
ments in this process include site evaluation, planning, design, permitting, borrow
source, land acquisition, site fencing and access control, site buildings/support
structures, weigh scales, site utilities, access roads, landscaping, and financial
assurance.

The cost components associated with construction phase comprise of earthwork
for site preparations, implanting either a clay or geotextile liner, geomembrane
liners, leachate collection, and containment systems. The cost associated with these
constructional activities ranges from 0.15 to 0.45 M USD per the acre of the land
constructed excluding the costs incurred for earthwork (ground improvement or
grade preparation). Broadly, the various cost components during the construction

ECONOMICS

CONSTRUCTION
COST

OPERATIONS 
COST

CLOSURE 
COST

POST-CLOSURE 
COSTS

ENENRGY SAVINGS 
AND REVENUE

Sustainable landfills require
additional infrastructure beyond
that which is needed for a
conventional landfill. 

Opportunities exist to reduce
the magnitude of additional cost 
through re-purposing fractions

e.g. using leachate recirculation 
pipes as gas collectors)

Cost of Operations can vary and
may be more/less than that of
a similarly-sized and operated 
conventional landfill, based on 
site-specific factors. 

e.g. cost savings by avoiding off-
site leachate management may
exceed the cost increase of 
additional monitoring and 
maintenance by on-site
personnel

Closing down an 
advanced landfill is not 
expected to differ from a
conventional landfill.

e.g.   Closure components 
as encapsulation tools,  
geo-synthetic caps, liners
vegetative layers) would 
be highly similar

Sustainable landfill practices 
envision  reducing long-term
environmental impacts. 

Characterizing and quantifying 
these impacts is tough due to 
absence of data/evidence to
compare post-closure care costs 
of conventional landfills to more 
recently evolved modern
landfills

Advanced landfills can create greater
revenues from rapid production and
subsequent collection of LFG 
efficiently.

Revenue or potential to implement 
other renewable energy technologies 
at landfills e.g.  wind or solar is not 
expected to differ substantially when 
comparing the modern landfills to the 
conventional ones

Fig. 12.1 Various cost components deciding the economy of the landfill facilities
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phase are site clearing and excavation, site berms, liner systems, leachate pumping
and storage, leachate collection and recirculation system, gas extraction and mon-
itoring wells (groundwater and gas). One of the major capital-intensive installa-
tions is the gas collection and control systems (GCCS) that often requires more time
for its construction and operation compared to the liner systems. For advanced
landfill installations, these GCCs systems require an initial adoption and imple-
mentation. Various costs associated with the installation of the GCCS systems are
extraction wells/trenches setup, piping infrastructure, blower/flaring unit with
robust control system, and a condensate management system. The cost involved in
GCCS construction ranges from 0.024 to 0.035 USD per acre of installation (Duffy
2005b). This, however, excludes the flaring unit LFG diminution tools.

The operation and maintenance (O & M) costs for the modern landfilling units
basically comprise of costs associated with waste handling, use of cover, control of
external material flow, utilities, training, permission fees, sampling, monitoring and
analysis, regulatory compliance verifications through tests (Weng and Chang 2001),
transportation, storage and treatment of leachate (Naveen et al. 2017). The broad
cost components involved with O & M are (a) costs related to daily operations,
(b) daily cover costs, and (c) monitoring cost. The O & M costs contribute to the
bulk of expenditures incurred in the management of the landfill facilities mostly
consisting of >50% of the landfills overall cost. The O & M cost for the GCCS is
reported to be 0.0041 M USD per acre per annum (USEPA 2016) and varies
depending upon a total number of gas collection units/wells, systems automation,
and configuration, sampling and monitoring frequency. As a crucial activity, regular
monitoring, surveillance and compliance check are required for landfill gas emis-
sions during the entire lifetime and post-closure. Finally, after the target filling
spatial extent is through, subsequent to completion of operational periods of the
landfill facilities, the landfill closure happens. This involves a prominent cost
required for the capping (final cover over the underlying fillings) that ranges from
0.15 to 0.3 M USD per acre (Duffy 2005a).

The post-closure various collection, monitoring, and management practices need
to be continued for ensuring sound environmental compliance with regular
checking of leachate removal and treatment, gas collections, maintenance of the
capping/cover area. The cost incurred for the yearly post-closure surveillance and
management (comprising of site security, environmental monitoring cap mainte-
nance) ranges from 0.002 to 0.003 M USD per acre of the land maintained. The
cost components associated with the final closure, post-closure, and future site
utilities are (a) cost incurred for final cover, (b) cost incurred for post-closure care,
and (c) final site utility with possibilities of urban structures. The owners of the
operational landfill units derive the basic revenue as the fees charged to dispose of
the waste in the landfill (tipping fee). This fee is mostly based on the quantity of the
waste disposed of, observed by weighing machines near the entrance to the sites.
This tipping fee is used for remitting the infrastructure and operational expenditures
during the landfilling process with the costs associated with the closure and
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post-closure assignments. The average tipping fee reported ranges from 15 to 96
USD/ton of waste collected (Van Haaren et al. 2010). The other sources of revenue
generation are through the auction of electricity and/or the LFG. The prices of the
electricity developed and the gas produced after necessary treatments are on par
with the prices from other sources and are often gain incentives as renewable
power. Moreover, the opportunity cost of the landfill location as power hubs for
installation of solar/the wind as renewable sources of energy or land reclamations
through mining is attractive and can become a major material and energy recovery
option.

As discussed in the previous section, there can be cost for technological inter-
ventions for resource recovery and possibilities of energy generation. A substantial
cost is required for laying out the infrastructure (equipment, controls, and
automation) and operation and management for (a) liquid injection, (b) leachate
recirculation, (c) air injection, (d) sampling and monitoring systems, (e) side-slope
control during the various constructional phases of GCCS. The technological
interventions aids in enhancing the life of a landfill site with efficient airspace
utilization, reduced treatment of leachate and consequent savings on disposal costs,
land reuse and opportunities of large quantities of gas production that aids in
generating additional revenue through energy production (Berge et al. 2009). The
breakeven of the major cost components is depicted in Fig. 12.2 with assumptions
for cost calculations based on (Berge et al. 2009).

In the above cases, the capital costs for the construction of infrastructure for both
the conventional and modern landfill installations are almost comparable. However,
the greatest difference appears to be the cost of the leachate treatment that is
phenomenally high compared to modern landfills use to efficient conversion of
leachate and reduction in the final volumes. The cost involved in infrastructure
required for liquid addition is crucial is one of the aforementioned decisive steps in
the adoption of the landfill practice. For example, the choice of selection of surface
technique over subsurface technique in based on cost criteria. The subsurface

Capital cost 
with 

Infrastructure
42%

Operation and 
Maintenanace

10%

Leacahte 
Treatment

30%

Post-closure 
Maintenanace

18%

CONVENTIONAL LANFDILL

Capital cost 
with 

Infrastructure
48%

Operation and 
Maintenanace

20%

Leacahte 
Treatment

4%

Post-closure 
Maintenanace

28%

MODERN LANDFILL(a) (b)

Fig. 12.2 Comparative account of component costs for a Conventional landfill and b Modern
landfill adapted from Berge et al. (2009)
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systems are costlier and require more resources. Reduced leachate volumes and
fractional treatment result in significant cost savings. A higher leachate recirculation
frequency ensures higher systems efficacy in terms of leachate volume generated
and treatment and stabilization requirements. These results have been tested in
earlier studies (Berge et al. 2009). In terms of gas management and associated costs,
the option of air addition results in high quantities of LFG generation that can thus
have many cumulative impacts on the economy of the process. Important drivers
that decide the benefits and costs associated in LFG are rapid gas production during
operations and difference in gas production after the closure of the site. Early stage
gas collections are beneficial for the economy. However, inefficient collection in the
active landfilling stages may lead to reduced benefits of LFG production and
enhances the risks of GHG emissions with a foul odor. Many factors that influence
the revenue generation and thus project economics from LFG are collection rates
and efficiency, proximity to nearby industrial plants and their energy requirement,
electricity prices, prices of natural gas. The LFG to electricity infrastructure cost
ranges from 1400 to 5500 USD/kW. However, the O & M costs range from 130 to
380 per unit based on the scale of the project. The airspace recovery otherwise
known for the potential creation of additional disposal capacity is very essential and
decides the major chunk of benefit in terms of landfill economics. Large airspace is
created with quicker decomposition rates and thus benefits in creating additional
space for more decomposition. This has been demonstrated by studies conducted on
aerobic vs. anaerobic systems that revealed high airspace volumes with short
operations time aids in faster aerobic degradation (Powell and Townsend 2004).

One of the most important and among the critical overlooked costs is the social
costs (Dijkgraaf and Vollebergh 2004). This mostly comprised of (a) amenities
requirement and land use and land cover implications, (b) emission of pollutants,
and (c) deterioration of the environment through potential GHG emissions (Sasao
2004). Such costs are very difficult to be quantifying and mostly require a stochastic
approach for modeling and prediction. The loss in aesthetics and amenities includes
noise, odor, reduced opportunity costs of the areas in the vicinity of the landfill site.
Studies conducted on the damages caused due to a loss of aesthetics and amenities
values were close to 1 USD/ton (Méry and Bayer 2005). GHG emissions can be
greatly reduced by efficient gas capture and processing mechanisms (Amini et al.
2012). Studies have revealed costs of damages as 21 USD/ton of CO2 emitted (16).
This cost can be retrieved by potential marketing strategies through the sale/supply
of landfill gas/electricity (Jamasb and Nepal 2010). The cost benefit associated with
the post-closure stages is dependent on the amount of LFG and the tradeoff between
the costs of maintenance and monitoring with the revenue generation through the
sale of LFG or electricity (Barlaz et al. 2002). Moreover, the opportunity cost of the
site after closure of the landfill is dependent on the nature and type of land cover
intended after the completion of the landfill project. Options of revenue generation
by the installation of solar/wind firms can greatly benefit the environment and
potential hubs for renewable energy generation. Besides this material mining in
landfills can also potentially generate substantial revenues that vary from 4 to 8
USD/m3 (Innovative waste consulting services LLC 2009).
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12.4 Conclusion

Economics is the most important aspects for industrializing the waste management
practices. There are several factors which affect the economics of solid waste
management including political, regional, geographical, habitual, policy level. The
cost of running a waste management facility from the point of generation to the final
treatment, i.e., landfilling was discussed in this chapter. It is essential to check and
analyze several research methodologies to a feasibility analysis to reduce the
research cycle and develop products for the waste management industry. The dif-
ferent technologies such as composting, anaerobic digestion, incineration, and
landfilling and the cost of building and operating such facilities were also discussed
in this chapter.
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Chapter 13
Biodiesel from Microalgae

Rozita Madadi, Meisam Tabatabaei, Mortaza Aghbashlo,
Mohammad Ali Zahed and Ahmad Ali Pourbabaee

Abstract Widespread application of non-renewable energy resources such as fossil
fuels is limited mainly due to their adverse environmental impacts by increasing the
amount of greenhouse gas (GHG) emissions. A solution to limit fossil-fuel pollu-
tion is the use of renewable energy resources. In the recent years, microalgae have
received considerable attention as a suitable feedstock for biofuel production.
Microalgae can grow in various aquatic wastewater media and are able to produce
biomass, lipids, and hydrocarbons. Using different types of wastewaters as media
for algae cultivation could not only reduce their freshwater footprint but also the
costs associated with algae cultivation and biofuel production. This chapter presents
an overview on various algal cultivation systems as well as on optimization of algal
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cultivations, while downstream processes including harvesting and drying of
microalgae and lipid extraction systems are also reviewed and discussed.
Subsequently, different microalgae biofuel production pathways are presented.
Finally, the applications of microalgae in integrated systems, i.e., in wastewater
treatment and biodiesel production systems and biofixation of carbon, are
scrutinized.

Keywords Biodiesel � Algae � Waste treatment � CO2 fixation

13.1 Introduction

Energy resources are divided into non-renewables and renewables, with the latter
having a minor contribution to the global energy market at the present time.
However, due to the limitations on non-renewable energy resources and increasing
greenhouse gas (GHG) emissions as a result of using these fuels, the share of
renewable energy resources such as biofuels, hydro, wind, solar, and geothermal
energies is bound to increase (Bwatanglang et al. 2015). Among the above-mentioned
renewables, only biofuels are being used globally in the transportation sector, the
main GHG emitter. Based on their feedstocks, biofuels are classified into
first-generation biofuels (FGBs) produced from sugar, starch, animal fats, and veg-
etable oils; second-generation biofuels (SGBs) produced from non-food crops,
agro-forest residues, and wastes; and third-generation biofuels (TGBs) produced from
microalgae (Demirbas and Demirbas 2011; Laghari et al. 2015).

Microalgae, photosynthetic microorganisms, could be grown on non-arable land
and have an acceptable growth rate (20–30 times faster than other conventional
energy crops) and high photosynthetic conversion efficiency (Ullah et al. 2014).
Cultivation of microalgae consumes less water than land crops, and unlike corn,
soybean, and palm as main sources of biofuel production, algae is not used as a
primary food source for human being, affirming that they can be used distinctively
as fuel while having less impact on food security. Moreover, due to their ability to
withstand high CO2 contents in gas stream, microalgae have high efficiency for CO2

mitigation as well (Demirbas and Demirbas 2010; Mata et al. 2010; Wang et al.
2008; Zhang 2015).

Microalgae are classified into four main taxonomic groups: diatoms
(Bacillariophyceae), green algae (Chlorophyceae), cyanobacteria or blue-green
algae (Cyanophyceae), and golden algae (Chrysophyceae). These microorganisms
contain high lipid, high protein, and low carbohydrate content. Nowadays, the main
interest is in cultivating microalgae to produce lipid as feedstock for biodiesel
(Markou and Nerantzis 2013), while other types of biofuels are also of some
interest. The lipid content, lipid productivity, and different types of biofuel
reportedly produced from different microalgae are shown in Table 13.1. Moreover,
a comparison among different biodiesel feedstocks in terms of their oil properties is
also presented in Table 13.2.
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Microalgae can grow in various aquatic environments, such as freshwater or
marine water (Zhou et al. 2011a, b), industrial wastewaters (Wang et al. 2010, Zhou
et al. 2013), municipal wastewaters (Kong et al. 2010), animal wastewaters (Wang
et al. 2010; Zhou et al. 2012; Hu et al. 2012), and agricultural wastewaters.
Accordingly, many studies have strived to promote biofuel production using
wastewater resources as a means of improving the economic aspects of algal fuels
production (Pittman et al. 2011; Wu et al. 2012). However, in a rather recent critical
review, Chisti (2013) pointed out the constraints to microalgal biofuel commer-
cialization. Among those was the calculations concerning the inadequacy of
wastewater as a source of nitrogen and phosphorus for microalgal cultivation and
that the algal biofuels produced using the wastewater generated in a metropolitan
area such as New York city could only be sufficient to replace 1–3% of the pet-
roleum demands of the city. As shown in Table 13.3, presenting the potential of
algal fuel production from wastewater in major cities in the world, this is absolutely
true and such a scenario would be totally inefficient if one places the main focus on
biofuel production using wastewater.

To the contrary and by highlighting algal-based wastewater treatment instead of
biofuels production, i.e., by looking at this scenario other way around, different
conclusions could be made. Accordingly, biofuel production using wastewater
would come second as a strategy to further justify, or economize, the algal-based
treatment process of various types of wastewater. Table 13.4 tabulates the pros and
cons of microalgal-based wastewater treatment systems and compares them with
the conventional wastewater treatment procedures.

The present chapter aims to review the developments made and success stories
reported in different aspects of algal cultivation and harvesting/extraction within the
framework of integrated biofuel production/wastewater treatment systems.
Furthermore, the application of microalgae in integrated systems, i.e.,
microalgae-driven wastewater treatment and algal-based carbon biofixation with
simultaneous biofuels production, has been brought into attention.

13.2 Algae Cultivation Systems

13.2.1 Suspended Culture

The most common large-scale algae production systems are based on suspended
culture. In these cultures, including open ponds and closed reactors, single cells and
small groups of cells are maintained in liquid medium. This medium requires
agitation and gas exchange.
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Table 13.4 Pros and cons of microalgal-based wastewater treatment systems in comparison with
the conventional wastewater treatment procedures

Wastewater
treatment

Type Advantages Disadvantages References

Algae-based
systems

HRAPa – Simple and cost
effective

– Algal biomass
harvesting is
difficult

– Risk of
contamination is
high

– Control on algal
species is low

– Unapplicable water
footprint

Park et al.
(2011)

Immobilized – Algae harvesting is
facilitated and
economical

– Possibility of nutrient
removal as well as
other pollutants such
as heavy metals and
industrial pollutants

– Phosphate-removal
efficiency is
dependent on
elevated pH of the
wastewater

– It is always
accompanied with
enhance removal of
nutrients

de-Bashan
and Bashan
(2010)

Attached
algal system

– Biomass harvesting is
facilitated

– Improved water
quality

– There is no
consensus on the
best method of
growing and
harvesting algal
biofilms

Christenson
and Sims
(2011)

Conventional
methods

Chemical – Low energy
requirement

– Cost of treatment is
higher than those
of the other
methods (physical
and biological)

Gupta et al.
(2012)

Physical – Possibility of volatile
and semi-volatile
organic compounds
removal

– Possibility of removal
of coarse solids

– Energy
requirements are
high

https://
www.
teicrete.gr

Biological – Cost effective
– Possibility of
controlling the
amount of aeration to
avoid excessive
dissolved oxygen

– Improve efficiency of
aeration system

– BOD removal by
biological
treatment

requires higher
energy than BOD
removal by primary
treatment

Mittal
(2011)

aHRAP: High rate algal pond
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13.2.1.1 Open Ponds

Open ponds can be categorized into natural waters (lakes, lagoons, and ponds) and
artificial ponds. The most commonly used systems for algae cultivation include
circular ponds and raceway ponds. Algae cultivation in open system has some
disadvantages, such as the difficulties in controlling contamination, culture envi-
ronment conditions, poor light utilization by the cells, and requirement for large
areas of land, while biomass harvesting is costly as well (Carvalho et al. 2006).
Circular ponds are generally round, simple, and mixed with a rotating circular arm
fixed in the pond center (Lee and Lee 2001). Raceway ponds are shallow ponds and
are used for commercial microalgal production, usually lined with plastic, with a
15–20 cm depth in which water and nutrients circulate around a racetrack with a
rotating paddle wheel (Brennan and Owende 2010). High-rae algal ponds (HRAP)s
are raceway-type ponds and have 0.2–1 m depth, paddle wheel-mixed, and provide
improved wastewater treatment. They are efficient and cost-effective upgrades for
treating municipal, industrial, and agricultural wastewater (Park et al. 2011; Craggs
et al. 2012). These ponds are in fact a combination of algal reactor and amplified
oxidation ponds.

13.2.1.2 Closed Reactors

Closed reactors are expensive to build. However, compared with open ponds, they
are much easier to control contamination and environmental conditions. Closed
reactors require chemical sterilizers to effectively sterilize. In such reactors, cost of
harvesting is less than open ponds and the obtained biomass concentration is higher
than open ponds (Lee and Lee 2001; Scott et al. 2010). There are four key
requirements for algal growth in reactors. The photosynthetic activity of microalgae
depends on light; therefore, light is one of the restrictive factors in the algae culture;
if light is too low, growth of microalgae will be slow and their photosynthesis will
decline. Conversely, if it is too high, photoinhibition and oxidative damage would
occur (Kumar et al. 2010a, b, c). Another key parameter is temperature, and too low
and too high values would result in slow growth and cell death, respectively.
Fluctuations in temperature can lead to significant decreases in productivity, while
the optimal growth temperature for microalgae is often in the range of 20–30 °C
(Chisti 2008). Mixing is also an important parameter in microalgal cultivation that
improves gas exchange, keeps cells in suspension, distributes the nutrients, and
decreases photoinhibition on the surface (Ugwu et al. 2008). Mixing in photo-
bioreactors (PBR) is provided by pumping or aeration through a variety of gas
transferring systems. Finally, nutrients are also instrumental in achieving am effi-
cient cultivation system. Low nutrient availability leads to growth inhibition, while
high concentration may exert toxic effects. Essential elements for algal growth
include nitrogen (N), phosphorus (P), and, in some cases, silicon (Chisti 2007).

Closed reactors can be categorized into flat-plate reactors and tubular reactors.
Flat-plate reactors are vertical reactors made up of narrow panels with 10-mm glass
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plates that are pasted together. Tubular reactors are another type of closed reactors
that can be categorized into: horizontal tubular, vertical airlift, and helical tubular.
The only type of closed systems used on large scales is tubular reactors (Chisti
2007). The control of temperature and pH in tubular photobioreactors is better than
that in open ponds. In comparison with open ponds, tubular photobioreactors can
generally provide a better protection against culture contamination, less evaporative
loss, better mixing, and higher cell densities (Mata et al. 2010). Horizontal tubular
systems are composed of thin-diameter tubing lying or stacked horizontally, while
vertical tubular systems are composed of vertical tubes that can be easily erased and
kept sterile. This type of reactor is suitably set and manufactured at low cost (Ugwu
et al. 2008). Helical tubular systems are constructed of tubing coiled around a
circular framework, and hence, angle to sunlight is reduced; subsequently, the

Flow

(a)        (b)
Degassing column

(c) (d)

Algal raceway pond

Degassing 
column

Heater

Pump

Solar 
collector

Framework

(e)

Fig. 13.1 Schematic diagrams for closed reactors: a flat plate, b horizontal tubular, c helical
tubular, d vertical airlift, and e algal raceway pond (Chisti 2007; Xu et al. 2009; Mata et al. 2010;
Park et al. 2012)
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required land area is reduced (Morita et al. 2001). A comparison of open and closed
culture systems for microalgae is shown in Table 13.5 (Pluz 2001; Brennan and
Owende 2010; Ugwu et al. 2008). An efficient hybrid system of photobioreactor
and open ponds was also suggested by Narala and co-authors (2016). Schematic
diagrams for closed reactors and open pond are shown in Fig. 13.1.

Table 13.5 Comparison of open and closed culture systems for microalgaea

Culture
systems for
microalgae

Open systems
(Ponds)

Closed systems (PBRs)

Tubular
photobioreactor

Flat-plate
photobioreactor

Contamination
control

Difficult Easy Easy

Species control Difficult Easy Easy

Weather
dependence

High light intensity,
temperature, rainfall

Medium light
intensity, cooling
required

Medium light
intensity, cooling
required

Biomass
productivity

Poor biomass
productivity

Good biomass
productivities

High biomass
productivities

Sterility None Easy to sterilize Easy to sterilize

Mixing Poor mixing Good mixing Good mixing

Space required Large area of land
required

Requires large land
space

Requires large surface
area

Operation costs Open
systems � closed
systems

Expensive compared
to open ponds

Expensive compared
to open ponds

Illumination
surface area

Light only
effectively penetrates
2′–3″ in ponds

Large illumination
surface area

Large illumination
surface area

Temperature
control

Difficult temperature
control

More uniform
temperature

Difficult temperature
control

Evaporation of
growth
medium

High Low Low

Scalability High Medium Difficult

Gas transfer
control

Low High High

O2 inhibition Usually low enough
because of
continuous

High (O2 must be
removed to prevent
photosynthesis
inhibition)

High (O2 must be
removed to prevent
photosynthesis
inhibition)

Maintenance Easy Hard Hard
aSources Mata et al. (2010), Brennan and Owende (2010), Christenson and Sims (2011) and Singh
et al. (2016)
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13.2.2 Immobilized Algal Culture

Harvesting microalgae is a major challenge in suspended culture at large-scale algae
production system. Using immobilized cultures (attached algal processes) could
play a major role in overcoming this major challenge to production, i.e., harvesting
of microalgae (Hoffmann 1998). In addition to that, immobilization offers a number
of other advantages over free-cell systems as well, including less space require-
ments, easier handling, higher resistance to unfavorable environmental conditions,
and the possibility of using higher cell densities in the process as well as reusing the
biomass for product generation (Mallick 2002; de-Bashan and Bashan 2010;
Christenson and Sims 2011; Eroglu et al. 2015). It should also be mentioned that
immobilized cells have been reported to possess higher biosorption capacity and
bioactivity (Mallick 2002). These collectively mark immobilized algal cultivation
systems as cost-effective processes for scale-up processing. Among the various
immobilization processes, the most common ones are discussed herein.

13.2.2.1 Matrix-Immobilized Microalgae

In this method, microalgal cells are immobilized or entrapped in a 3D matrix made
of natural (such as agar, cellulose, alginate) or synthetic (such as polyacrylamide,
polyurethane, polyvinyl) polymers. de-Bashan and Bashan (2010) argued that the
latter is comparatively more stable in wastewater samples, while natural polymers
such as alginate are advantageous in terms of their higher nutrient/product diffusion
rates and their eco-friendly features (de-Bashan and Bashan 2010). In spite of the
promising aspects of matrix immobilization of algal cells, this method is still limited
to laboratory scale for the cost of the immobilization matrix is yet to be further
decreased in order to be economically justified (Chevalier et al. 2000).

13.2.2.2 Algal Biofilms

The main advantage of algal cultivation systems designed based on algal biofilm is
the facilitated harvesting of algal cells by scraping. As mentioned earlier, expensive
harvesting systems used in suspended cultures, e.g., flocculation and centrifugation,
generally jeopardize the economic viability of these systems, and therefore, algal
biofilms when become economically available could assist with overcoming this
shortcoming.
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13.3 Algal Cultivation Optimization

In order to achieve an economically viable biodiesel production system from
microalgal biomass, optimization of algal cultivation in terms of algal biomass and
lipid content is of prominent importance. Numerous attempts of different nature
have been made in order to achieve the above-mentioned goals. For instance,
Bohutskyi et al. (2014) introduced an innovative, mixed trophic state process based
on Auxenochlorella protothecoides grown phototrophically, to obtain high lipid
content for generating algal biodiesel. They argued that simultaneous nitrogen
deprivation and glucose supplementation during the heterotrophic stage could boost
total lipid content by over threefolds. They also proposed to couple biodiesel
production with anaerobic digestion in order to produce biogas from the remaining
biomass after oil extraction and stated that the overall energy output of the coupled
process could be increased by up to 40% (Bohutskyi et al. 2014).

In a different study, various nutritional modes, including glucose supplementa-
tion, were investigated with an aim to enhance biomass and lipid productivity in
different microalgal strains. They reported that lipid productivity ranged from 2 to
13% under photoautotrophic conditions, 1.7–32% under mixotrophic conditions,
and 0.9–20% under heterotrophic conditions. While under heterotrophic conditions
where glucose supplementation was practiced, polyunsaturated fatty acids (PUFA)
fraction of the oil was decreased by around 2–4-folds depending on the microalgae
strain under investigation. On the other hand, saturated fatty acid (SFA) fraction
was also negatively impacted by glucose supplementation. Oils rich in SFA con-
taining low PUFA are ideal feedstock for achieving high oxidative stability in
biodiesel, and therefore, glucose supplementation could be serve this purpose well
(Ratha et al. 2013).

Another strategy proposed by Duong et al. (2015) was to target both algal lipid
and protein simultaneously to improve the economic viability of algal biodiesel
production. More specifically, they tried to isolate algal strains meeting three cri-
teria of fast growth, high lipid content, and protein-rich biomass, while that last
could be used for animal feed (Duong et al. 2015). Converti et al. (2009) explored
the effects of temperature concentration on lipid content in Nannochloropsis ocu-
lata and Chlorella vulgaris. They argued that variations in the investigated factor
strongly impacted lipid content. For instance, a temperature boost from 20 to 25 °C
increased lipid content by 100%, while an opposite was observed for C. vulgaris
when the temperature was increased from 25 to 30 °C (Converti et al. 2009).

Nitrogen concentration in the cultivation media is also an important parameter. It
is well documented that nitrogen deprivation could result in increased lipid content
but could also negatively affect algal growth. Therefore, a trade-off should be
observed to achieve the highest lipid productivity. In-depth understanding of the
relationships between cell nitrogen content, growth, and cell composition is
essential in order to be able to identify an optimal nitrogen content required for
most favorable lipid productivity in batch or continuous cultivation modes (Griffiths
et al. 2014). It should be highlighted that nitrogen deprivation could also improve
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the fatty acid profile of algal oils leading to more favorable biodiesel properties
(Griffiths et al. 2014).

Nitrogen-to-phosphorus (N/P) ratio could also have a crucial effect on the bio-
mass growth (Alketife et al. 2017). Xin et al. (2010) showed that this ratio is
significantly effective on biomass yield and lipid accumulation of a freshwater
microalga Scenedesmus sp. LX1. They claimed that under nitrogen (2.5 mg L−1) or
phosphorus (0.1 mg L−1) limitations, the microalgae under investigation could
accumulate lipids to as high as 30 and 53% of its algal biomass, respectively and
lipid productivity was not enhanced reportedly. Similar observations were made by
Kalla and Khan (2016) who also studied the effect of decreasing nitrogen and
phosphorus concentrations on growth, biomass, and lipid content of C. vulgaris.
They argued that significant decreases were recorded in growth and by decreasing
nitrogen and phosphorus concentrations in the medium from (1.5–0.0 g/l) and
(0.04–0.0 g/l), respectively. On the contrary, lipid accumulation was enhanced
under the phosphorus and nitrogen limitations.

Different ions could also impact algal growth and lipid production significantly.
For instance, Huang et al. (2014) investigated the effects of ferric ion concentrations
on three species of microalgae (Tetraselmis subcordiformis, Nannochloropsis
oculata, and Pavlova viridis). They concluded that growth, lipid content, as well as
the fatty acid profiles of the studied microalgae varied in response to changes in
ferric ion concentrations and that an optimum ferric ion concentration can improve
the properties of respective algal biodiesels.

In a different study performed in high-glycerol content media, the effect of calcium
and magnesium ions supplementation was studied using two fast-growing algal
strains of Aurantiochytrium sp. DBTIOC-18 and Schizochytrium sp. DBTIOC-1 for
biomass and lipid production (Singh et al. 2016). It was revealed that increasing both
calcium and magnesium ions’ concentration promoted glycerol utilization and
resulted in a significant boost in biomass and lipid production. Such findings high-
light the importance of calcium and magnesium ions’ concentrations in preventing
substrate inhibition under high nutrient concentrations, especially carbon sources to
achieve high biomass and lipid yields (Singh et al. 2016).

Sulfate ions are also effective on growth of microalgae. In a recent study, Lv
et al. (2017) strived to look into the responses of the self-flocculating microalga
Chlorococcum sp. GD to different sulfate concentrations in a synthetic municipal
wastewater. Their results showed that the microalgal cells grew better in the syn-
thetic municipal wastewaters containing 18, 45, 77, 136, and 271 mg/L SO2�

4 than
in the control wastewater without SO2�

4 . They argued that sulfate deprivation led to
significant decreases in antioxidative enzymes and photosynthetic activities and that
these in turn significantly weakened the growth and self-flocculation properties of
the algal cells (Lv et al. 2017).

pH is also important for the microalgal growth and the accumulation of intra-
cellular lipids. This was confirmed by the findings of Sakarika and Kornaros (2016)
who investigated the impacts of various pH values on C. vulgaris cultivation. They
also argued that the fatty acid composition of the algal cultures was not impacted by
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pH variations. Illumination, i.e., length of photoperiod and light intensity, could
also result in changes in algal growth and lipid content and have to be optimized
(Wahidin et al. 2013). Overall, producing high amounts of lipids while maintaining
a high algal growth rate is critical for an economic algal biodiesel production
simply because high algal biomass productivity would lead to high yield per harvest
volume and high lipid content would decrease the cost of extraction per unit pro-
duct (Tan and Lee 2016). On such basis and since high lipid content and high
biomass growth rate basically contradict each other, efforts have been being made
to construct algal strains capable of producing high amounts of lipids without
sacrificing growth through genetic and metabolic engineering (Talebi et al. 2015).

13.4 Harvesting and Drying of Microalgae

Harvesting in general constitutes a major fraction (20–30%) of the costs associated
with microalgal production (Ndikubwimana et al. 2016). Two-step separation, i.e.,
thickening followed by dewatering, is usually practiced to decrease the cost of the
final product. The concentration of the algal cells is increased to approx. 2–7 and
15–25% (TSS basis) through the two stages, respectively. There are several
methods for harvesting algae including (Christenson and Sims 2011): (1) filtration
—algae can be filtered out by passing through membranes; in this method, recovery
rate is high and lower energy inputs are involved, but dewatering might be required;
(2) centrifugation—a mechanical method for harvesting microalgae which does not
involve contamination with chemicals and, like filtration, the rate of recovery is
high; (3) flocculation, a method for separating algae using chemicals that lead to

Table 13.6 List of some microorganisms used for bioflocculation of microalgaea

Microorganism Type Bioflocculated microalgae

Bacillus licheniformis Bacteria Desmodesmus sp.

Pseudomonas stutzeri and Bacillus
cereus

Pleurochrysis carterae

Paenibacillus sp. Chlorella vulgaris

Paenibacillus polymyxa Scenedesmus sp.

Bacillus subtilis Chlorella vulgaris

Bacillus sp. Nannochloropsis oceanica sp.

Ankistrodesmus falcatus Fungi Chlorella vulgaris

Scenedesmus obliquus Chlorella vulgaris

Tetraselmis suecica Nannochloropsis oleabundans

Skeletonema sp. Nannochloropsis sp.

Tetraselmis suecica Microalgae Chlorella sp. and Nannochloropsis
sp.

aAl Hattab et al. 2015, Powell and Hill (2013), and Kawaroe et al. (2016)
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aggregation of algal cells. In this method, destruction of algal cells is less than in
centrifugation and low energy is required; (4) floatation is a separation method in
which algae are floated into the surface using bubbling, often used in combination
with flocculation for wastewater treatment. No disturbance is made to the cells, and
low-energy requirement is also considered as an advantage of this system; (5) ul-
trasonic separation in which sound waves cause the cells to agglomerate.

Choice of harvesting methods depends on the characteristics of microalgal
strain/consortium, while the type and value of the end product are also of impor-
tance (Barros et al. 2015). Among different methods, bioflocculation, i.e., the use of
microorganisms for the recovery of microalgae biomass, has been most widely used
as it is accompanied with significantly less dewatering cost which is economically
critical for their full-scale application (Ndikubwimana et al. 2016). A list of
microorganisms used in bioflocculation is tabulated in Table 13.6 (Al Hattab et al.
2015; Kawaroe et al. 2016). These microorganisms when added to an algal culture
lead to the settlement of the algal cells by adhering and consequent weight increase
(Al Hattab et al. 2015). For instance, Ndikubwimana et al. (2014) claimed 98%
removal efficiency when they use Bacillus licheniformis as bioflocculant for har-
vesting Desmodesmus sp. culture. In a different study, Zhang and Hu (2012)
employed a co-culture of Chlorella vulgaris and filamentous fungi and successfully
extracted the oil for biodiesel production.

In general, both algal oil extraction and its conversion into biodiesel are strongly
negatively affected by the presence of water and, therefore, algal biomass should be
effectively dried prior to the transesterification reaction (Kumar et al. 2010a, b, c).
As a result, different drying methods are usually employed after secondary dewa-
tering (Richmond 2008). Solar drying is the most economically viable drying
method especially in places where abundant sunlight is available throughout the
year (Sharma et al. 2013). On the contrary, drying methods which are dependent on
fossil-oriented energy carriers for their operation, e.g., spray drying and drum
drying, are economically and environmentally justified for microalgae biodiesel
production (Zhang et al. 2014).

13.5 Lipid Extraction

Microalgal lipids are divided into nonpolar (hydrocarbons, waxes, eicosanoids,
fatty acids, and acylglycerols) and polar (phospholipids and glycolipids). There are
several methods for cell disruption and extracting microalgal lipids such as
mechanical (expeller press), physical (decompression, microwave, freeze-drying,
and thermolysis), chemical (organic solvent, chelating agent, supercritical CO2,
detergent, and antibiotics), and enzymatic (lytic, autolysis, and phage) (Kumar et al.
2015).

Mechanical extraction methods offer a number of advantages over the other
methods including less dependency on the type of microalgae species to be pro-
cessed and no contamination of the extracted lipid (Ramesh 2013). Nevertheless,
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higher energy requirements are considered as a drawback of mechanical extraction
methods. This is ascribed to the fact that heat is generated during mechanical
extraction of lipids and, in order to prevent damages to the lipids, cooling needs to
be performed whose energy and equipment costs negatively impact the overall
economics of the process (Lee et al. 2012). Moreover, for a successful imple-
mentation of mechanical extraction methods, low-moisture-content algal biomass is
required and, therefore, a drying stage needs to be included which could also
considerably increase the overall extraction costs. It should also be noted that the
amount of pressure employed during mechanical extraction is of critical impor-
tance. More specifically, increasing pressure to an optimal level could improve the
extraction efficiency, while above-optimal pressure values could negatively affect
the process leading to decreased lipid recovery and increased heat generation
(Ramesh 2013). Expeller press is one of the simplest mechanical techniques for
extracting various oil feedstocks including algae. Nevertheless, its major technical
drawback is the presence of pigments along with oil. This method also requires
huge amounts of energy, and its efficiency rate is low to moderate.

Among the physical extraction methods, microwave-assisted extraction has
attracted a great deal of attention due to its effectiveness in disrupting algal cell
walls, being non-toxic, and the possibility of reusing the media after extraction (Lee
et al. 2010; Halim et al. 2012; Hattab and Ghaly 2015). Nevertheless, the high costs
associated with its maintenance still limit its large-scale application. Freeze-drying
and autoclave techniques are also classified among physical extraction methods.
However, both these methods suffer from drawbacks such as high costs and long
processing times (Hattab and Ghaly 2015).

Cell disruption and consequently extraction of lipids can be also achieved by
using a large variety of chemical compounds including antibiotics, chelating agents,
chaotropes, detergents, solvents, hypochlorites, acids, and alkali, through different
mechanisms though (Günerken et al. 2015). For instance, basic compounds disrupt
the cell membranes through saponification of the membrane lipids, while acidic
compounds exert their disruptive properties through poration of the cell membrane/
wall (Halim et al. 2012; Günerken et al. 2015). In general, lipid extraction from
algal biomass is currently carried out using organic solvents such as chloroform,
methanol, water, chloroform/methanol (1:2 v/v), chloroform/methanol/water
(1:2:0.8 v/v/v), hexane, isopropanol, hexane/isopropanol (3:2 v/v), and ethanol
(Zhang et al. 2014). It should be mentioned that organic solvent-based extraction is
time- and labor-demanding and, more importantly, it is most efficient for lipid
extraction from some algal strains, while it is not reportedly applicable for all algal
strains (Ranjith Kumar et al. 2015).

Extracting oil from algal cells is generally limited due to the presence of algal
cell wall (Johnson and Wen 2009). Therefore, the use of enzymes such as cellulase,
neutral protease, alkaline protease, papain, and lysozyme has been practiced to
facilitate cell disruption (Taher et al. 2014; Hattab and Ghaly 2015). Compared to
mechanical and chemical methods, enzymatic extraction of algal lipids is very
efficient and rapid while causing no corrosion as is the case when chemical

13 Biodiesel from Microalgae 293



extraction methods are used. However, the application of enzyme-based methods is
limited owing to the high cost of enzymes.

Table 13.7 Different processes used for converting algal biomass to various types of biofuelsa

Conversion process Final
product

Advantages and
limitations

Biochemical conversion Photobiological
hydrogen
production

Hydrogen –

Fermentation Bioethanol,
acetone,
bioethanol

Co-products can be
utilized, conversion of
sugar to bioethanol
possible, long processing
time required, biomass has
to be preprocessed to be
converted to sugars

Anaerobic
digestion

Methane,
hydrogen

Thermochemical
conversion

Dry
feedstock

Gasification Syngas –

Pyrolysis Bio-oil–
charcoal–
syngas

High bio-oil yields
possible(up to 57.5% w/w
for fast and flash pyrolysis,
high-energy content
required to dry feedstock

Wet
feedstock

Liquefaction Bio-oil Algal wet slurry can be
used, energy (and cost)
reduction, high yields
possible (up to 60% w/w),
reactors are complex and
expensive

Direct combustion Power
generation

–

Chemical reaction Transesterification Biodiesel Enhanced physical
properties of renewable
fuels, biodiesel has a
current market that
simplifies
commercialization, limited
to conversion of lipids and
does not utilize
carbohydrate and protein
fractions of feedstock

aTsukahara and Sawayama (2005) and Vardon et al. (2012)
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13.6 Microalgae Biofuel Production Pathways

After oil extraction from microalgae for biodiesel production, the remaining bio-
mass can be converted into different types of biofuels, i.e., biohydrogen (Fedorov
et al. 2005; Kapdan and Kargi 2006), biomethane (Sialve et al. 2009), and bioe-
thanol (Dexter and Fu 2009) (Table 13.7).

13.6.1 Biochemical Conversion of Algal Biomass

Technologies for biochemical conversion of algal biomass include anaerobic
digestion (or biomethanation) and fermentation. More specifically, in biochemical
conversion, carbohydrates are digested into sugars using bacteria, microorganisms,
and enzymes, which are then transformed into gaseous or liquid fuels, such as
biogas (biomethane and biohydrogen) and bioethanol (Zamalloa et al. 2012). For
instance, Batista et al. (2015) converted the biomass of an algal consortium
(Chlorella vulgaris, Scenedesmus obliquus) grown on wastewater into biohydrogen
through dark fermentation by an Enterobacter aerogenes strain. The highest bio-
hydrogen production yield achieved was 56.8 mL H2/gVS.

13.6.2 Thermochemical Conversion of Algal Biomass

Thermochemical conversion involves the use of heat to convert algal biomass into
gaseous or liquid fuels. Thermochemical conversion can be classified according to
the primary desired product (solid, liquid, gas) and the water content of the feed-
stock (dry or wet).

13.6.2.1 Biocrude Oil Production by Hydrothermal Liquefaction
(HTL) of Wet Algal Biomass

The thermochemical conversion of wet algal biomass (75–98% moisture) into
biocrude oil in the presence of a solvent at 200–350 °C temperatures and 5–25 MPa
pressure to maintain water in the liquid state is called hydrothermal liquefaction
(HTL) (Biller et al. 2011). In HTL, biomass is broken down into shorter carbon
chains that have a higher energy density (Brennan and Owende 2010). Oxygen,
sulfur, and water contents are very low in crude HTL oil. HTL oil recovers more
than 70% of the feedstock carbon content. The product is a heavy oil or tarry
material, which is called biocrude oil (Biller et al. 2011). The size of biomass
particles, residence time, solvent media type, and hydrogen donor solvents are
effective for the bio-oil yield and the product quality (Akhtar and Amin 2011). The
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basic reaction mechanisms involve: (a) depolymerization of the biomass, (b) de-
composition of biomass monomers, and (c) recombination of reactive fragments
(Toor et al. 2011).

13.6.2.2 Biofuel Production by Pyrolysis of Algal Biomass

Pyrolysis is one of the subclasses of thermochemical conversion in which dry algal
biomass is decomposed in the absence of oxygen (or any halogen) and converted
into biofuels such as bio-oil–charcoal–syngas. This conversion occurs in the tem-
perature range of 401.85–701.85 °C and 0.1–0.5 MPa pressure (Demirbas 2006).
On the basis of operation conditions, pyrolysis process is classified into: (1) slow
pyrolysis with operation temperature of 286.75–676.85 °C (Bridgwater 2003),
(2) fast pyrolysis with operation temperature of 577–977 °C under inert atmo-
spheric conditions (Mohan et al. 2006), and (3) flash pyrolysis with operation
temperature of 777–1027 °C (Balat et al. 2009).

13.6.2.3 Syngas Production Through Gasification of Microalgal
Biomass

Syngas (a combination of hydrogen, carbon monoxide, and carbon dioxide) is
usually produced through the gasification of different carbonous materials including
algal biomass (Brown et al. 2010). Gasification process is in fact a partial oxidation
process that converts dry algal biomass for instance into a mixture of gases.
Gasification is classified into low temperature gasification (700–1000 °C) and high
temperature gasification (1200–1600 °C) (McKendry 2002). Yield of syngas
depends on various factors including microalgal biomass quality, the equipment
(gasifier) used, as well as process parameters (e.g., temperature and catalysis used).
In a study, Raheem et al. (2015a, b) reported that syngas yield increases from 28 to
57% by increasing temperature from 552 to 952 °C. The generated syngas could
eventually be used for hydrogen production, liquid biofuels production, synthetic
natural gas (SNG) production, etc. (Mondal et al. 2011).

13.6.3 Chemical Reaction

13.6.3.1 Biodiesel Production by Transesterification of Algal Oil

Biodiesel, also known as methyl or ethyl esters of long-chain fatty acids, is an
alternative to mineral diesel fuel produced from vegetable oils, animal fats, and
algal oil mainly through the transesterification reaction with an alcohol (methanol
and/or ethanol) and in the presence of a catalyst (mostly NaOH or KOH). The main
advantages of biodiesel as fuel include widespread availability, renewability,
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clean-burning features compared with mineral diesel, and lower sulfur and aromatic
contents (Demirbas 2007). These are numerous reports confirming that biodiesel
lowers exhaust emissions from diesel engines (Hayyan et al. 2010), i.e., particulate
matter (PM) (Kolesárová et al. 2011), unburned hydrocarbons (HC), and carbon
monoxide (CO). On the contrary, there is no consensus on the impact of biodiesel
on nitrogen oxide (NOx) emission as there are reports claiming increases in NOx

due to the oxygen content of biodiesel (Sharma et al. 2008). There are four methods
for biodiesel production and utilization, direct use and raw oils blending,
microemulsions, pyrolysis, and transesterification. As mentioned earlier, the last
procedure is most commonly used (Demirbas 2003). Through transesterification,
biodiesel and its co-product, i.e., glycerin, is produced in several stages. Afterward,
the excess methanol is recovered from the methyl esters through evaporation, and
the final biodiesel is eventually washed with water, neutralized, and dried (Xu et al.
2006). Since fossil oil is derived from spores and planktonic algae that were under
high pressure and temperature over millions of years, the chemical properties of
microalgal lipids and the consequent biodiesel are also very similar to those of
mineral diesel (Demirbas and Demirbas 2011).

Transesterification reaction can be acid/base/enzyme catalyzed. Alkaline cata-
lysts include NaOH, NaO−, KOH, and KO−1, while acid catalysts include HCL and
H2SO4. Enzymatic catalysts such as lipases that are able to catalyze the transes-
terification of triglycerides effectively in either aqueous or nonaqueous systems are
more environmentally friendly than the other two groups as they result in no
wastewater and the produced glycerin needs minimal purification (Fukuda et al.
2001). In another word, the weak points of transesterification reaction by alkaline
catalysts are difficult recovery of glycerol, the need for alkaline wastewater treat-
ment, free fatty acid and water interference with the reaction, energy intensity, and
the necessity of removing the catalyst from the product (Meher et al. 2006). Some
properties of diesel, biodiesel from various oil feedstocks, and microalgae biodiesel
are shown in Table 13.8 (Kiss et al. 2007; Huang et al. 2010; Veillette et al. 2012).

13.7 Applications of Microalgae in Integrated Systems

Integration of algal biodiesel production with other activities such as wastewater
treatment with an aim to enhance the economic viability of the whole process could
be regarded as an efficient strategy to overcome most of the challenges faced. For
instance, and as mentioned earlier, wastewater resources are rich in nutrients, such
as nitrogen and phosphorus, and could be served microalgal growth as cultivation
medium. In fact, using wastewater for microalgal biofuel production not only can
reduce freshwater footprint and the cost of these fuels (Clarens et al. 2010) but also
could offer new algal-based wastewater treatment systems (Table 13.5). It is worth
mentioning that non-fuel products such as fertilizers, chemicals, pharmaceutics,
dyes, paints, and animal feeds could also be obtained from microalgaes grown on
wastewater (Bhatt et al. 2014).
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Beside biofuel production, biofixation of carbon could also be the secondary
objective of algal-based biofuel production systems. This is increasingly important
given the criticality of climate change and the very recent international call for
immediate action to address this crisis to the level that even the leader of the
Catholic Church Pope Francis raised the issue during his visit to the USA in
September 2015 (The Gurdian 2015).

The following sections summarize the efforts made during the last several years
in order for integrating algal biofuel production systems with wastewater treatment
and carbon biofixation.

13.7.1 Algal Biofuel Production and Wastewater Treatment

A major requirement of an efficient wastewater treatment is obviously the need to
remove high concentrations of nutrients, in particular N and P. As mentioned
earlier, microalgae are capable of uptaking such nutrients as well as heavy metals
and organic pollutants from wastewater and producing biomass. Thus, it offers great
promises for the treatment of various municipal, agricultural, and industrial
wastewaters (Feng et al. 2011; Zhu et al. 2013). However, there are many reports
indicating that most of the microalgal species with high lipid contents do not adapt
well to grow in wastewater (Xin et al. 2010). Contrary to these reports, there are
also a number of success stories through which efficient integration of algal biofuels
production and wastewater treatment has been accomplished (Zhou et al. 2011a, b,
2013; de Alva et al. 2013; Hena et al. 2015). For instance, Zhou et al. (2011a, b)
claimed that five species of microalgae isolated from Minnesota wastewaters
including Chlorella sp., Heynigia sp., Hindakia sp., Micractinium sp., and
Scenedesmus sp. showed high growth rate (0.455–0.498 d−1) and lipid productiv-
ities (74.5–77.8 mg L−1 d−1) on municipal wastewater.

In a more recent investigation, de Alva et al. (2013) also cultivated Scenedesmus
acutus in pretreated municipal wastewater with a dual focus on biomass produc-
tivity and lipid accumulation. They argued that S. acutus could successfully remove
nutrients from the wastewater and that they achieved 249.4 mg L−1 biodiesel from
the referred algal oil. It should be pointed out that in a series of experimental
surveys, Chinnasamy et al. (2010a, b), Kong et al. (2010), and Zhou et al. (2011a,
b) revealed that municipal wastewater was a better option compared with industrial
wastewater for algal biomass and lipid production. A comparison of biomass
productivity, lipid content, and lipid productivity of different microalgae species
grown on various wastewater is tabulated in Table 13.9. The following sections
present the integration of biofuels production with algal-based treatment of different
types of wastewaters, namely high N/P content wastewater, high heavy
metal-content wastewater, and high organic-content wastewater (PAHs aromatic
hydrocarbons and polychlorinated biphenyls (PCBs)).

Zhu et al. (2013) proposed Chlorella zofingiensis cultivation on piggery
wastewater with a dual purpose of wastewater treatment and biodiesel production.
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In a different investigation, Maity et al. (2014) investigated the integration of
biofuel and bioelectricity production with wastewater treatment using one species
of microalgae, i.e., Leptolyngbya sp. JPMTW1 (KF977831). They argued that only
after 7 d of cultivation, biomass production, rate of biomass production, lipid
production, and rate of lipid production stood at 3300 mg L−1,
471.42 mg L−1 day−1, 1068.383 mg g−1 dry wt. biomass, 152.62 mg g−1 dry
biomass/day, respectively. The also reported that over the same period, electrical
conductivity (EC), chemical oxygen demand (COD), and total dissolved solid
(TDS) decreased from 982 to 854 (mS/cm), 255 to 112 mg L−1, and 490–
427 mg L−1, respectively. Overall, their findings were indicative of the possibility
of the production of biofuel, bioelectricity, and wastewater treatment by
Leptolyngbya sp. JPMTW1. In another study, Chen et al. (2014) produced biocrude

Table 13.10 Nutrient removal efficiency of microalgal species

Microalgal
species

Wastewater
type

Nitrogen
(%)

Phosphate
(%)

COD
removal
(%)

References

Chlorella
Mexicana

Piggery 62 28% – Abou-Shanab et al.
(2013)

Chlorella
vulgaris

Textile 44.4–
45.1

33.1–33.3 38.3–
62.3

Lim et al. (2010)

Chlorella
vulgaris

Municipal 55–88 12–100 – Khan and Yoshida
(2008), Ruiz-Marin et al.
(2010)

Chlorella
kessleri

Artificial
medium

8–19a 8–20b – Cai et al (2013)

Chlorella sp. Municipal
centrate

89.1 80.9 90.8 Li et al. (2011)

Chlorella sp. Dairy manure 75.7–
82.5

62.5–74.7 27.4–
38.4

Wang et al. (2010)

Chlorella
pyrenoidosa

Industrial 87–89 70 – Hongyang et al. (2011)

Chlorella
minutissima

Primary- and
tertiary-treated

70–80 60–70 – Malla et al. (2015)

Chlamydomonas
reinhardtii

Artificial
medium

12–83 13–14 – Kong et al. (2010)

Chlamydomonas
polypyrenoideum

Dairy 74–90 70 – Kothari et al. (2012)

Scenedesmus
obliquus

Municipal 79–100a 47–98 – Cai et al. (2013)

Scenedesmus
acutus

Municipal 66 94 – de Alva et al. (2013)

Euglena sp. Sewage
treatment
plant

93 66 – Mahapatra et al. (2013)

aNitrate, nitrite
bTotal orthophosphates
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oils from a mixed-culture algal biomass harvested from a functioning wastewater
treatment system as well.

13.7.1.1 High N/P Content Wastewater

Nitrogen is a critical nutrient required for algal growth, and the application of
nitrogen starvation for enhancing algal cell lipid content is well documented
(Brennan and Owende 2010). Likewise, another key factor in algal energy meta-
bolism is phosphorus which is found in a variety of biological substances, such as
nucleic acids, lipid, proteins, and intermediates of carbohydrate metabolism. All
eukaryotic algae require inorganic nitrogen, while some algal species are capable of
using both inorganic and organic phosphorus (Liang 2013). In recent years,
investigations into the ability of microalgae to simultaneously grow on wastewater
streams and remove nutrients have revealed many microalgae species with high
protectional for N and P removal from wastewaters (Table 13.10). For instance, Cai
et al. (2013) achieved an N removal efficiency of 79–100% by S. obliquus from
municipal wastewater. Earlier in the year 2010, Lim et al. made an attempt to treat
textile wastewater medium using C. vulgaris and reportedly managed to remove N
and P by 45 and 33%, respectively. A wide range of N (55–88%) and P (12–100%)
removal has been reported when municipal wastewater was used as the waste
stream (Khan and Yoshida 2008; Ruiz-Marin et al. 2010; Li et al. 2011). Mixed
municipal and industrial wastewater was used by Gentili (2014) to produce
Selenastrum minutum algal biomass and lipid, while effective wastewater treatment
was also targeted. Their results showed that ammonium and phosphate contents
were decreased from 96 to 99% and 91 to 99%, respectively, while the highest
biomass and lipids yields (dry matter basis) reaching 37%.

Lu et al. (2015) used meat processing wastewater for the cultivation of the
microalgae Chlorella sp. (UM6151) aiming at simultaneous biomass production,
wastewater treatment, and nutrient removal. They implemented an innovative
cultivation approach based on wastewater mixing to supply nutrients and improve
biomass yield at economic rates. They claimed that algal biomass yield (0.675–
1.538 g/L) achieved using mixed wastewater was much higher than those obtained
using individual wastewater and synthetic medium. Moreover, they achieved
improved ammonia nitrogen removal efficiencies (68.75–90.38%) and total nitro-
gen removal efficiencies (30.06–50.94%). Interestingly, by using wastewater mix-
ing, algal protein content was also enhanced reaching as high as 60.87–68.65%.

In an effort, Abou-Shanab et al. (2013) strived to integrate biofuel production
and the treatment of piggery wastewater (TN: 56 ± 2 and TP:13.5 ± 0.6 mg/L).
They reported that six microalgal species including Ourococcus multisporus,
Nitzschia cf. pusilla, Chlamydomonas mexicana, S. obliquus, Chlorella vulgaris,
and Micractinium reisseri were capable of efficiently treating wastewater and
producing high oil content for biodiesel production. Among the studied species, C.
Mexicana was proven to have the highest removal rates, i.e., N (62%), phosphorus
(28%), and inorganic carbon (29%). Hence and due to the higher lipid productivity
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and lipid content (0.31 ± 0.03 g/L and 33 ± 3%, respectively), compared with the
other species, the authors suggested that C. mexicana could be a suitable candidate
for integrated biodiesel production and wastewater treatment.

In a study, Min et al. (2014) suggested an efficient method, i.e., a pilot-scale
stacked-tray bioreactor to increase nutrient removal rate from piggery wastewater
coupled with biofuel production. Through their proposed cultivation system, algal
biomass productivity (based on TSS) was enhanced from 19.15 to 23.19 g m−2

day−1 and they achieved lipid contents ranging between 1.77 and 3.55%. Wang
et al. (2012) looked into the impact of dilution on algal biodiesel production and
nutrient removal from high N/P content wastewater. In their study, primary piggery
wastewater was used as the waste stream and was treated by mixotrophic cultiva-
tion of Chlorella pyrenoidosa. They stated that there was a positive linear corre-
lation between algal biomass productivity and the initial COD values ranging from
250 to 1000 mg L−1. The maximal lipid productivity 6.3 mg L−1 day−1 was
recorded with an initial COD of 1000 mg L−1, while nutrients such as ammonium
were removed efficiently at rates as high as >90% in all diluted samples. Can et al.
(2015) also explored the potential of microalgae Spirulina platensis for biofuel and
biochemical production coupled with domestic wastewater treatment. Similar to
Wang et al. (2012), in their experimental approach, wastewater was also diluted
with distilled water to achieve different concentrations of 100, 75, 50, and 25%.
Their findings were in line with those of Wang et al. (2012), revealing that the
highest biomass yield was recorded when the wastewater without dilution (100%)
was used. In terms of lipid production, however, the maximal value was measured
in 25% wastewater. Therefore, a trade-off should be observed in order to maximize
lipid productivity.

In a different study, Malla et al. (2015) also studied the potential of Chlorella
minutissima for biodiesel production coupled with wastewater treatment. Their
results indicated that after 12 d of the experiment, C. minutissima removed about
90–98% TDS, 70–80% N, 60–70% P, and 45–50% K from the high N/P content
wastewater. They also converted the algal lipid extracted to biodiesel as part of the
integrated system. Hena et al. (2015) investigated the potentials of a consortium of
native microalgae species grown on a dairy farm treated wastewater for biodiesel
production. The claimed that biomass production and lipid content of the consor-
tium were 153.54 t ha−1 year−1 and 16.89%, respectively, and that 72.70% of the
algal lipid obtained could be converted into biodiesel.

13.7.1.2 High Heavy Metal Content Wastewaters

Heavy metals mainly include transition metals, metalloids, lanthanides, and acti-
nides. These metals have a highly specified gravity and are toxic to a level that even
at low concentrations represents a significant environmental concern (Bhargava
et al. 2012). Various methods have been investigated for heavy metal removal,
which are tabulated in Table 13.11 (Fu et al. 2011). Among these methods, algae
have been proposed as ideal candidates for heavy metal removal from various
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wastewaters through either uptake or accumulation of Hg, Cd, Zn, Au, Ag, Co, Mn,
Cs, Ni, Fe, Cu, and Cr from their environment (Chekroun and Baghour 2013). In
fact, algae produce polypeptides called chelating agents capable of binding to heavy
metals. Apart from that, large surface area of algal cells is also effective in removing
heavy metals (Kumar et al. 2015). More specifically, metal absorption by
microalgae occurs at two stages: first, at the surface of algal cells through very
quick physical adsorption or ion exchange. The second stage, also called

Table 13.11 Heavy metal wastewater treatment techniques (Fu and Wang 2011)

Technique Conventional
processes

Material used in the process Removed ions

Chemical
precipitation

Hydroxide
precipitation

Ca(OH)2, NaOH Zn2+, Cr3+, Pb2+,
Hg2+, Cu2+

Sulfide
precipitation

Iron sulfide (FeS) Pb2+, Cu2+, Cd2+

Heavy metal
chelating
precipitation

1,3-benzenediamidoethanethiol,
hexahydrotriazine dithiocarbamate
(HTDC), ethyl xanthate

Hg2+, Cu2+

Ion exchange – Clinoptilolite Pb2+, Ni2+, Zn2+

Adsorption Activated
carbon
adsorbents

– Pb2+, Cu2+

Low-cost
adsorbents

Chemically modified plant wastes,
agricultural waste material,
industrial by-products such as
lignin, natural substances

Pb2+, Ni 2+, Cd2+

Carbon
nanotube
absorbents

(1) Single-walled CNTs
(SWCNTs)

Pb2+, Ni 2+, Cd2+,
Cu2+

(2) Multi-walled CNTs
(MWCNTs)

Bioadsorbents Non-living such as potato peels,
sawdust, coffee husks as well as
living such as algal biomass and
microbial biomass

Pb2+, Cd2+, Cu2+

Membrane
filtration

Ultrafiltration Micellar-enhanced ultrafiltration
(MEUF) and polymer-enhanced
ultrafiltration (PEUF)

Pb2+, ASO4−, Cd2+,
Zn2+, Cr(III), Cr(VI),
Cu2+, Cr3+, Ni2+

Reverse
osmosis

– Zn2+, As, Cu2+, Ni2+

Nanofiltration NF90 andN30F Cr(VI), Cu2+

Electrodialysis – Pb2+, Cr(III)

Coagulation and
flocculation

– Polyferric sulfate (PFS),
polyacrylamide (PAM)

Ni2+, Cu2+, Pb2+,
Zn2+

Electrochemical
treatment

– – Zn2+, Ag+, Cu2+,
Ni2+

Flotation – – Cd2+, Pb2+, Cu2+
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chemisorption, takes place at a slower rate intracellularly and is driven by metabolic
processes involving active binding groups (Zhou et al. 2012).

Richards and Mullins (2013) studied algal-based bioremediation of municipal
leachate by using a consortium of four marine microalgae species, i.e., Pavlova
lutheri, Tetraselmis chuii, Nannochloropsis, and Chaetoceros muelleri while also
targeting enhanced lipid production. Their results revealed that algal-based biore-
mediation was a feasible method for simultaneous treatment of waste streams and
lipid production. Yang et al. (2015) proposed an integration of heavy metal
wastewater utilization and biofuel production as an alternative solution to address
energy shortage and environmental concerns. They claimed that Chlorella
minutissima UTEX 2341 had strong resistance to cadmium, copper, manganese,
and zinc ions under heterotrophic culture condition and could efficiently remove
these heavy metals through intracellular accumulation and extracellular immobi-
lization. Moreover, lipid accumulation was not negatively affected by heavy metals.
Heavy metal removal by some species of microalgae from various wastewater
sources is depicted in Table 13.12.

Table 13.12 Heavy metal removal by microalgae from different wastewater source

Microalgae species Wastewater type Metal
studied

Removal
efficiency or
accumulation

References

Scenedesmus sp. Cu, Ni Kumar
et al. (2015)

Chlorella vulgaris Synthetic wastewater Cr 43.3 mg g−1

biomass
Xie et al.
(2014)

Spirulina maxima and
Chlorella vulgaris

Secondary effluent Cu 81.7% Chen et al.
(2014)

Pavlova lutheri,
Tetraselmis chuii,
Nannochloropsis, and
Chaetoceros muelleri

Municipal wastewater Leachate Richards
and Mullins
(2013)

Scenedesmus
quadricauda

Synthetic wastewater Pb 82% Mirghaffari
et al. (2015)

Phaeodactylum
tricornutum

Seawater enriched Hg 2229 mg g−1

biomass
Deng and
Lu (2013)

Chlorella vulgaris,
Spirulina maxima and
Synechocystis sp.

Wastewater treatment
plant discharge

Cu, Zn Chan et al.
(2013)

Scenedesmus bijuga,
Oscillatoria
quadripunctulata

Sewage wastewater and
petrochemical effluents

Cu, Co,
Zn, Pb

Ajayan
et al. (2011)

Dictyosphaerium
chlorelloides

Leather tanning, tincture
wood preservatives, and
the electroplating industry
wastewater

Cr (III) Pereira
et al. (2010)
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13.7.1.3 High Organic-Content Wastewater

Organic pollutants are chemical substances that persist in an environment through
industrial discharges and agricultural usages. They are also resistant to environ-
mental degradation through chemical, biological, and photolytic processes and have
harmful effects on human health. Among these organic pollutants, polycyclic
aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) are highly
persistent compounds and, if introduced into the food chain, they have been proven
to be carcinogenic (Gilden et al. 2010). Microalgae are capable of decomposing
different kinds of organic pollutants including phenolics, pesticides, as well as
PAHs and PCBs. Ankistrodesmus braunii, Scenedesmus quadricauda, Ochromonas
danica, and Monoraphidium braunni are examples of microalgae species that can
biodegrade phenolic and biophenolic compounds (Mukherjee et al. 2013; Gattullo
et al. 2012). Ali et al. (2012) introduced microalgae such as chlorella vulgaris as a
low-cost adsorbent for removing organic pollutants from wastewaters. Attempts for
degradation of organic pollutants by some species of microalgae are summarized in
Table 13.13.

Table 13.13 Degradation of organic pollutants by algal species

Microalgae species Organic pollutant References

Monoraphidium braunii Bisphenol Gattullo et al. (2012)

Chlamydomonas reinhardtii Herbicide (fluroxypyr) Zhang and Hu (2012)

Pediastrum tetras
Ankistrodesmus fusiformis
Amphora coffeaeformis

Herbicide (mesotrione) Valiente Moro et al. (2012)

Scenedesmus quadricauda Herbicide (isoproturon) Dosnon-Olette et al. (2010)

Scenedesmus obliquus GH2 Crude oil degradation Tang et al. (2011)

Scenedesmus obliquus Nonylphenol, octylphenol Zhu et al. (2013)

Skeletonema costatum Phenanthrene, fluoranthene Hong et al. (2008)

Selenastrum capricornutum Benzene, toluene, chlorobenzene,
1,2-dichlorobenzene, nitrobenzene,
naphthalene, 2,6-dinitrotoluene,
phenanthrene, di-n-butylphthalate,
pyrene

Lei et al. (2007), Gavrilescu
(2010)

Nitzschia sp. Phenanthrene, fluoranthene Hong et al. (2008)

Chlorella sp.
Scenedesmus obliquus
Stichococcus sp.

Phenol Zhang and Hu (2012)

Chlorella vulgaris Atrazine Dosnon-Olette et al. (2010)

Chlorella fusca var.
vacuolata

2,4-Dichlorophenol Zhang and Hu (2012)

Chattonella subsalsa
Chattonella marina var.
marina
Chattonella marina var.
ovata

PCB (Aroclor 1242) Niestroy et al. (2014)
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– PAHs aromatic hydrocarbons
PAHs and polyaromatic hydrocarbons are ubiquitous environmental pollutants
which are found in petroleum and fossil fuels, or are formed during the
incomplete combustion of these energy carriers (Chekroun et al. 2014). These
are neutral and nonpolar hydrocarbons that are composed of two or more
benzene rings or pentacyclic molecules. Certain types of PAHs including benzo
[a] anthracene, chrysene, benzo [b] fluoranthene, benzo [a] pyrene, and benzo
[ghi] perylene are potentially carcinogenic for human beings and, due to their
carcinogenic and mutagenic characteristics, are dangerous air pollutants
(Gariazzo et al. 2015). Some types of the PAHs such as fluoranthene (Fla),
pyrene (Pyr), benz[a]anthracene (BaA), chrysene (Chr), benzo[a]pyrene (BaP),
benzo[k]fluoranthene (BkF), and dibenzo[a,h] anthracene (DA)] have half-lives
of about 1000–3000 h in aquatic environments (Luo et al. 2014). Absorption,
chemical degradation, photolysis, and volatilization and microbial degradation
are significant methods for PAH removal. Nevertheless, the major process of
removing PAH contamination in the environment is microbial degradation and
algae are no exception (Ukiwe et al. 2013).
Microalgae release biosurfactants that could further enhance phenanthrene
degradation. Moreover, microalgae are able to produce the O2 required by
acclimatized bacteria to biodegrade hazardous pollutants such as polycyclic
aromatic hydrocarbons, phenolics, and organic solvents (Chekroun et al. 2014).
For example, some kinds of marine algae such as cyanobacteria, Oscillatoria,
and Agmenellum spp. are known to degrade naphthalene through pathways that
are similar to fungus (Haritash and Kaushik 2009; Barrios et al. 2011). The
capability of S. obliquus and Nitzschia linearis in removing n-alkanes and PAHs
has also been reported (Subashchandrabose et al. 2013).

– Polychlorinated biphenyls (PCBs)
PCBs; organic chemical compounds of chlorine attached to ‘biphenyl, are a
class of the worst persistent organic pollutants (POPs) (Gauthier et al. 2014).
Due to their characteristics such as high toxicity, carcinogenicity, and slow
biodegradation, exposure to PCBs can cause neurological disorders, reproduc-
tive toxicity, endocrine disruption, cancer, and even at extremely low concen-
trations (Pandelova et al. 2010). There are several technologies for PCB
remediation, including biological treatment (phytoremediation, aerobic
biodegradation, anaerobic dechlorination), physical methods, thermal treatment,
and chemical treatment (Gomes et al. 2013). Bioaccumulation of PCBs by algae
has attracted a great deal of attention (Chekroun et al. 2014), while its inte-
gration with biodiesel production is also of interest (Usher et al. 2014). The
efficiency of algal-based remediation of PCBs could be influenced by water
quality, chlorination, phytoplankton composition, the structure of the PCBs, and
the algal cell wall (Zhao et al. 2014).
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13.7.2 Biofixation of Carbon and Biofuel Production
Systems

Microalgae use inorganic carbon for growth, while they can also fix CO2 from
industrial exhaust gases (Shilton et al. 2008). Utilization of microalgae for biofix-
ation of carbon has numerous advantages as follows: (1) Microalgae have much
higher CO2 fixation abilities compared with other crops, since they have a higher
growth rate (Chisti 2007; Li et al. 2008), and (2) microalgae are able to convert CO2

into chemical energy through photosynthesis, which can then be converted into
biofuels (Demirbas et al. 2004). Therefore, combination of wastewater treatment,
biofuel production, and biofixation of CO2 and GHG may provide a very promising
alternative to climate change mitigation strategies.

For instance, CO2 fixation rate (g/m3/h) by Chlorella vulgaris has been reported
at 80–260 (Cheng et al. 2006). Yoo et al. (2010) studied three species of
microalgae, Botryococcus braunii, Chlorella vulgaris, and Scenedesmus sp., cul-
tivated with ambient air containing 10% CO2 and flue gas. Their results showed that
the biomass and lipid productivity in flue gas condition rose by 1.9-fold
(39.44 mg L−1 d−1) and 3.7-folds (20.65 mg L−1 d−1), for Scenedesmus sp and
B. braunii, respectively. Moreover, they suggested that B. braunii was suitable for
biodiesel production, due to its high lipid content, whereas Scenedesmus sp. was
suitable for mitigating CO2 as a result of high biomass productivity. In another
study by Tang et al. (2011), two species of microalgae, S. obliquus and Chlorella
pyrenoidosa, were explored as suitable species for mitigating CO2 in the flue gases
and biodiesel production.

CO2 removal efficiency (%) by Euglena gracilis, Porphyridium sp., S. platensis
has also been recorded at 3.1, 3–18, 38.3–60, respectively (Chae et al. 2006;
Shibata et al. 2004; Kumar et al. 2010a, b, c). Nayak et al. (2013) also demonstrated
biomass productivity and CO2 biofixation of three strains of Scenedesmus sp. in the
presence of different NaOH concentrations in algae cultivation media. They stated
that under their experimental conditions, the algal lipids were mainly composed of
C16/C18 fatty acids and were favorable for biodiesel production.

Exogenous CO2 concentration could also impact algal biomass yield, nutrients
removal rate, as well as biodiesel production potentials. For instance, in a study, Li
et al. (2011) looked into the effects of environmental factors including exogenous
CO2 concentration on wastewater nutrient removal and biodiesel production using
14 strains of microalgae belonging to the genus of Chlorella, Haematococcus,
Scenedesmus, Chlamydomonas, and Chloroccum cultivated. The results of this
study proved that the environmental factors had effects on the yields of algal
biomass and lipid accumulation which could consequently result in significantly
different biodiesel production potentials. Among the algal strains investigated,
Chlorella kessleri and Chlorella protothecoides represented the highest biomass
accumulation of 2.01, 1.31 g/L, respectively. Overall, biomass accumulation, bio-
diesel production rate, and the removal rates of nitrogen and COD were increased
by higher light intensity and exogenous CO2 concentration as well as longer
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lighting period, while higher phosphorus removal rates were achieved in lower
exogenous CO2 concentrations.

13.8 Conclusions and Future Prospects

Widespread utilization of fossil fuels is among the major causes of GHG emissions
and the resultant tragic environmental consequences such as global warming.
Biofuels such as biodiesel produced from algae could be regarded as a promising
solution to turn this scenario around. However and in spite of these attractive
features of algal fuels, current technologies are yet to be further improved to lead to
economically justified production of these alternative fuels. Accordingly, it seems
that the integration of algal fuels production with wastewater treatment and/or
carbon biofixation could potentially serve as cost-effective and eco-friendly plat-
form to achieve the above-mentioned goals.
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Chapter 14
Food Waste Valorization by Microalgae

R. Yukesh Kannah, Chinnathambi Velu, J. Rajesh Banu,
Kirsten Heimann and Obulisamy Parthiba Karthikeyan

Abstract In early twenty-first century, both developed and developing countries
aim to avoid burning of fossil fuel in an effort to reduce the greenhouse gas
emissions and impacts on global warming. Microalgae are potential key players for
tackling greenhouse gas emissions and for providing feedstock for renewable
energy production. Microalgae utilize freely available solar radiation as an energy
source to extract protons and electrons from water to ultimately convert atmo-
spheric carbon dioxide into organic carbon manifested in the growth rates and
biomass concentrations. The microalgal biomass consists of biopolymers (protein
and carbohydrate), lipid and pigments, which provides a platform for producing
value-added products or for utilization as renewable energy resources. However,
carbon and nutrient requirements for their cultivation are major bottlenecks adding
to the overall production costs. Alternatively, food waste could be used for culti-
vation of microalgae after suitable pretreatment to solubilize organic carbon
polymers. In an integrated bio-refinery approach, harvested microalgal biomass,
value-added products are extracted sequentially, with the leftover components
(those that do not have a significant market value) to be used in energy generation
through anaerobic digestion/fermentation processes. This chapter will provide an
overview on food waste valorisation by and most suitable species of microalgae, a
brief discussion on adopting various pretreatment techniques for solubilization of
carbon from food waste for easy valorisation by microalgae.
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14.1 Introduction

Food waste is characterized with the high moisture content and biodegradable
organic fractions such as 5–10% of protein, 20–45% carbohydrate and 10–40% of
lipid (Karthikeyan et al. 2016). Improper disposal of food waste creates environ-
mental issues like malodour, breading of diseases causing files, emission of toxic
gases and groundwater contamination via biological degradation (Chen et al. 2013;
Menon et al. 2016). According to FAO (2011), nearly 1.3 billion tonnes of food
were accumulated as waste throughout the worldwide and its project to be 2.2
billion by 2025. Predominantly, the developing countries are reported to have lack
of proper food waste management systems and policies, which create stress to
discover suitable management options (Karthikeyan et al. 2017; Pleissner et al.
2017). On seeing the benefits of food waste and typical composition, the food waste
can be a raw material for value product production through bio-valorisation
approaches or resource for bioenergy recovery (i.e. biomethane, biohydrogen and
biohythane) through anaerobic digestion/fermentation (Kannah et al. 2017; Ghimire
et al. 2017; Akinbomi and Taherzadeh 2015) as shown in Fig. 14.1.

Food waste also holds high valuable calorific nutrient source such as phosphate,
fatty acid, amino acid and sugar monomers (Pleissner et al. 2014b). Recovery of
nutrients and calories from food waste will be possible only if the integrated
bio-refinery approach was established and practised. The integrated bio-refinery
approach aims to produce more than one value produce from the food waste under
lower energy/operational costs (Karthikeyan et al. 2017). However, food waste

Fig. 14.1 Food waste value additions through direct and indirect approaches
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required certain degree of pretreatment to solubilize some sugars and essential
nutrients in liquid phase for bio-valorisation into value products using bacteria,
yeast or microalgae. The microalgae-based food waste valorisation approaches are
more superior to yeast or bacteria that combined the greenhouse gas emission
reduction and produce number of high-value products (e.g. pigments, biolipids,
biodiesel precursor molecules and vitamins). The residual solids from pretreatment
process could be digested/fermented for bioenergy recovery. Therefore, the pre-
treatment process is the key for successful development of integrated bio-refinery
process required better understanding of overall food waste composition and value
addition processes with respect to the choice of specific microalgal species. In this
chapter, we have provided a detailed review of different pretreatment methods to
process the food waste for bio-valorisation and bioenergy recovery processes under
the “integrated bio-refinery” concept.

14.2 Food Waste Generation, Composition
and Characteristics

In global scale, the term food waste can be referred as food ingredients that are
wasted between field and fork. In other words, food waste means the food, which is
unfit for human intake or rejected after its get rotten or uneaten part. It can be
thrown as waste, the food, which has no longer value or in a state of decomposition.
Food waste and food loss around the world were surveyed and published in a report
by Food and Agricultural Organization, United Nations (FAO 2011) (Table 14.1).
South and Southeast Asia contribute the major share of 50% with the rest of the
world. According FAO, the maximum food waste is occurring at two stages
(i) consumer waste and (ii) retailer waste. Whereas, food loss is defined as food
ingredients that wasted during various stages of food flow. The food loss happen
during the following five stages of food flow such as (i) production, (ii) handling &
storage, (iii) processing, (iv) distribution and marketing and (v) consumption.

The food waste is heterogeneous in composition at macroscale that is influenced
by the season, culture, income and policies of particular country/region. In
microscale level, food waste from residential (kitchen waste), commercial (cooked,
uncooked and bakery waste), institutional (canteen waste), industrial (processed and
packed waste) and agricultural field (harvested waste) is varied widely. However, a
typically elemental composition (i.e. carbon, nitrogen, hydrogen and sulphur) of
food waste found to be similar.

The carbon accounts for 45–55%, which essential element for building block for
fat, protein and carbohydrates for many microbial processes. Similarly, other
essential elements such as nitrogen 1.5–4%, oxygen 25–40%, hydrogen 6–8%,
sulphur 0.01–0.2% and remaining other elementals. The remaining other elements
are mainly trace elements and dissolvable inorganic salts. Usually, trace element
accounts for very less amount in food waste and they are iron (Fe), Copper (Cu) and
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Zinc (Zn). On seeing dissolvable salts, they are categorized into five: sodium (Na),
magnesium (Mg), chlorine (Cl), potassium (K) and calcium (Ca) (Menon et al.
2016). If not, the food waste composition is characterized based on macronutrients
such as starch, protein, carbohydrate and lipids (as shown in Table 14.2).

14.3 Food Waste Management and Bio-Valorisation

Food waste management is a global issue that required better understanding of
quality and quantity of food waste generation from a particular region. According to
the food waste management hierarchy, reduction/prevention is the most preferred
options and landfilling/incineration is the least preferred options (Fig. 14.2). In
addition, it is also suggested to feed hungry people or animals where the cultural
and social factors are the critical barriers, if not able to reduce/prevent the food
waste generation. There are conventional technologies such as composting and
anaerobic digestion which are feasible option to treated food waste. The main
advantages of these processes are (i) produce bio-fertilizer and bioenergy; (ii) help
to circulate the food waste carbon back into the fossil economy; and (iii) reduce the
greenhouse gas emissions and support carbon credits (Karthikeyan et al. 2017).
Alternatively, a number of value-added industrial chemicals/feed stocks/fuels/

Table 14.2 Macronutrient composition of food waste

Type of food
waste

Starch Protein Carbohydrate Lipid References

(mg/g)

Canteen
waste

– 120 ± 5 580 ± 65 269 ± 25 Pleissner et al.
(2017)

Cake waste 458 ± 30 141 ± 8 643 ± 12 161 ± 8 Kiran and Liu
(2015)Mixed waste 603 ± 38 86 ± 4 768 ± 52 146 ± 31

Bakery waste 316.7 98.2 654.5 265.8 Pleissner et al.
(2014a)Food waste

A
612.3 57.9 738.4 73.8

Food waste B 361.5 99.3 470.3 373.7

Cake waste 458 ± 30 141 ± 8 168 ± 5 161 ± 7.5 Kiran et al.
(2015)Mixed food

waste
461 ± 32 111 ± 18 82 ± 7 153 ± 21

Food waste – 103.7 ± 13.7 332.6 ± 4.7 150.3 ± 11.8 Pleissner et al.
(2013a)Bakery waste – 42.5 ± 3.5 620.1 ± 87.0 190.2 ± 33.4

Bread 59.8 8.9 46.8 0.9 Han et al.
(2015a)Pastry 44.6 7.1 33.5 35.2

Cake 12.9 17.0 62.0 19.0

Restaurant 36.2–61.2 5.8–9.9 47.0–73.8 7.4–37.4

Food waste 40.6 ± 0.6 10.5 ± 0.5 42.7 ± 0.8 6.2 ± 0.7 Han et al.
(2015b)
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bio-products could also be produced from food waste by integration of different
process through bio-refinery approaches. The bio-refinery concepts are not new;
however, it required better understanding for food waste valorization into com-
modity chemicals.

The focus of the original bio-refinery concept is to produce transportation bio-
fuels that can be mixed or substituted with gasoline, kerosene, diesel or other fuel
oils. The volume and price should be competitive enough, while the quality should
be equally good as petrochemical-based fuels are the key for bio-refinery industry
developments in next few years (de Jong and Jungmeier 2015). Food
bio-valorisation into oil and biofuels will be attractive option under bio-refinery
concepts, while the selection of appropriate microbial agent is quite challenging.
The microalgae are reported to produce two magnitudes of higher oil accumulation
capacities (up to 58,700 L oil per hectare cultivation) than energy crops (Chisti
2008). Microalgae have several advantages over oil crops cultivation for biofuel
such as (a) they can grow in nutrient-rich wastewater and do not compete for
freshwater; (b) do not require arable land; they have high rapid growth rate; (c) high
oil content ranging from 20–50% dry weight of biomass; (d) utilizes atmospheric
carbon dioxide (1.83 kg of carbon dioxide can be fixed by 1 kg of algal biomass
(DW)) which mitigates global warming; (e) microalgae do not require herbicides
and pesticides; and (f) microalgae produce several co-products (Brennan and
Owende 2010). Microalgal biodiesel are better than petroleum diesel, as it is
renewable, non-toxic, contains reduced amounts of particulates, carbon monoxide,
hydrocarbons and SOx (Brennan and Owende 2010). Thus, the microalgae-based
food waste bio-volarization will be more attractive and cost-effective approaches to
produce high-quality transportation fuels. However, food waste required certain
degree of pretreatment before bio-valorisation using microalgae.

Most preferred

Least preferred

Fig. 14.2 Food waste management hierarchy
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14.4 Various Types of Food Waste Pretreatment

Various pretreatment methods adopted for food waste to efficiently solubilize the
nutrients and carbon for microalgae valorisation. Figure 14.3 represents the various
types of food waste pretreatment. Many researcher have adopted various pretreat-
ments on organic waste biomass such as thermal (Hao et al. 2015), microwave
(Zhang et al. 2016) alkaline (Banu et al. 2012), acid (Razaghi et al. 2016), ther-
mochemical (Banu et al. 2011), ultrasonication (Guo et al. 2014), high pressure
homogenizes (Ma et al. 2011), fungal (Yang et al. 2015) and enzyme (Kavitha et al.
2013) pretreatment methods in literature. Only very few considered the pretreat-
ment followed by microalgae valorisation.

14.4.1 Physical Pretreatment

Physical pretreatment is effective in disintegration of organic fraction by applying
external pressure or mechanical means. Most probably, the physical pretreatment is
combined with chemical pretreatment to improve the synergetic effect in disinte-
gration of organic fraction (Do et al. 2012).

Fig. 14.3 Food waste pretreatment options
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14.4.2 Thermal Pretreatment

Thermal pretreatment is otherwise known as heat pretreatment (Do et al. 2009) and
sterilisation pretreatment process (Razaghi et al. 2016). In this pretreatment, tem-
perature plays an extensive role to accelerate the rate of solubilization of nutrients
and carbon (Kavitha et al. 2015b). Based on the application of conventional heat
energy to raise the temperature of organic fraction, the thermal pretreatment can be
categorized into two; they are (i) low-temperature thermal pretreatment (less than
100 °C) (Raj et al. 2013) and (ii) high-temperature thermal pretreatment (greater
than 100 °C) (Montecchio et al. 2017). Numerous researchers have followed
thermal pretreatment for improving the bioavailability of soluble organic matter in
liquid phase and their optimum temperature ranges between 60 and 270 °C. On the
other hand, in thermal pretreatment alteration of physical and chemical structure of
the organic fraction will occur. Low temperature thermal pretreatment (LTTP)
might destroy large molecules and reduce the particle size effectively (Raj et al.
2013). Even though same effect was followed in the high-temperature thermal
pretreatment, it required longer duration and formation of refractory compounds,
while also consumes more energy (Li and Jin 2015; Lagerkvist and
Morgan-Sagastume 2012). But, the high temperature pretreatments are not/less
reported for food waste valorisation.

14.4.3 Microwave Pretreatment

Microwave pretreatment is also known as alternative to conventional method of
heat pretreatment (Rani et al. 2013). It is a promising technique to increase the
bioavailability of supernatant for effective conversion of bioenergy (Ebenezer et al.
2015b). Many researchers have suggested that microwave pretreatment results in
higher solubilization of organic matter from various organic substrates including
food waste with minimal input energy consumption, when compared to conven-
tional method of heat pretreatment (Kavitha et al. 2016b). In microwave, a rapid
electromagnetic radiation was induced to heat the organic matter would effectively
vaporises the water molecules. Once the vaporization process complete, internal
pressure created on organic matter which accelerates the disintegration process
simultaneously (Eswari et al. 2016). On the other hand, it accounts for higher
operational cost than conventional method (Ebenezer et al. 2015a). The application
of microwave pretreatment was not yet reported in pilot scale yet. The merits of
microwave pretreatment method over conventional heat treatment are (i) effectively
reduce heat loss and (ii) environmental conservation. Microwave pretreatment has
following demerits they are (i) water loss (ii) denaturation of protein molecules
through excessive heat (iii) maillard reaction (degradation of sugar molecules).
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14.4.4 Chemical Pretreatment

Chemical pretreatment is cost-effective and easily solubilize the organic matter
which can improve the bioenergy production. On the other hand, chemical pre-
treatment combined with physical and mechanical will result in reduction of
operational cost and energy (Gayathri et al. 2015). This creates positive impact on
chemical pretreatment, and a number of researches report that it is the best option.
The chemical pretreatment is further categorized into (i) alkaline pretreatment,
(ii) acid pretreatment, (iii) ionic liquid pretreatment.

14.4.4.1 Alkaline Pretreatment

Alkaline pretreatment is a well-known method for effective in liquefaction organic
waste (Kavitha et al. 2016b). The pretreatment was carried out use of strong and
weak alkaline-based chemicals. In general, three types of alkaline are frequently
used by many researcher such as sodium hydroxide (NaOH) (Menon et al. 2016),
potassium hydroxide (KOH) (Kim and Shin 2008) and calcium hydroxide (Ca
(OH)2) (Junoh et al. 2016). There have been numerous reports that suggest sodium
hydroxide as strong alkaline shows best result in improving the release of bioactive
compounds into the liquid steam than other alkaline. Some other alkaline such as
sodium chloride (Kavitha et al. 2015a) and calcium chloride (Kavitha et al. 2015c)
are used for alkaline pretreatment of organic waste. Alkaline pretreatment is
cost-effective than other pretreatment methods (Rani et al. 2012b). During alkaline
pretreatment the hydroxyl radical (OH−) will cause salvation and saponification
which results in effective liquefaction of organic matter. During this process, the
complex food substance surface area gets enlargement, which accelerates the
biodegradability. As a result, the rate of liquefaction of food waste will drastically
increase bioactive substance in liquid stream, which makes best environment for the
effective growth of microalgae.

14.4.4.2 Acid Pretreatment

Acid pretreatment was cost-effective method and increasing solubilization of food
waste (Kim and Shin 2008). The pretreatment was carried out by the use of strong
and weak acid-based chemicals. The following acid can be utilized for acid pre-
treatment, for example hydrochloric acid (Kim et al. 2014), sulphuric acid (Del
Campo et al. 2006) and citric acid (Gayathri et al. 2015). In general, hydrochloric
acid was frequently followed by many researchers. On the other hand, sulphuric
acid has limited in usage due to formation of hydroxyl-furfural compound (Razaghi
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et al. 2016). According to Taherzadeh and Karimi (2007) during acid pretreatment
on organic substrate leads to formation different kinds of recalcitrant compounds.
The following inhibitors by-products such as furans, carboxylic acids and phenolic
were achieved due to low pH on substrate.

14.4.4.3 Ionic Liquid Pretreatment

Ionic liquid pretreatment is an efficient technique used to solubilize the lignocel-
lulosic biomass (Groff et al. 2013) particularly as well as food waste (Allison et al.
2016). In ionic liquid pretreatment, salts play a major role; at ambient temperature,
they are in the liquid form. Ionic liquids are otherwise known as green solvents. The
liquidized salts have very low vapour pressure at room temperature, and they are
stable over 300 K. During pretreatment, liquidized salts target solubilization of
predominant components such as cellulose, hemicellulose and lignin as well as
interaction depends on combination particular substances cation and anion (Singh
and Simmons 2013). The advantages over this pretreatment techniques enhance the
enzyme accessibility for effective biofuel production and highly reduce the lignin
concentration. On the other hand, recovery of ionic liquid from pretreated biomass
is a challenging task and the capital investment cost of this pretreatment is high.

14.5 Biological Pretreatment

Biological pretreatment is most attractive because eco-friendly in nature and it does
not cause any undesirable impact on environment (Kavitha et al. 2017a). In addi-
tion, (i) on considering economic aspect—the process requires low initial invest-
ment cost and (ii) on considering energy consumption aspect—the process requires
minimum input energy to yield maximum output energy. Biological pretreated food
waste supernatant was commonly used to for microalgae cultivation. Because it
holds soluble macronutrient and which is essential carbon source for microalgae
growth, remaining solid portion has capable of bioenergy production. It can be of
two categories: (i) enzymatic pretreatment and (ii) fungal pretreatment.

14.5.1 Enzymatic Pretreatment

Enzyme pretreatment on organic food waste is cost-effective, and it holds dual
benefits. Commercial available protease and amylase secreting enzymes are most
probably used for enzymatic pretreatment (Kavitha et al. 2014a, b). The protease
and amylase secreting enzymes can able to degrade soluble protein into amino acid
and soluble carbohydrate into simpler sugar monomers (Kavitha et al. 2017b). It
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holds leading advantages, there is no formation inhibitory by-products during
enzyme pretreatment.

14.5.2 Fungal Pretreatment

The fungi species such as Aspergillus, Rhizopus and Monascus are most commonly
used to pretreat the food waste. The above-stated fungi species are capable of
degrade the soluble protein into amino acid and soluble carbohydrate into simpler
sugar monomers (Lam et al. 2015). Several researchers have reported that the
sub-species of aspergillus such as Aspergillus awamori and Aspergillus oryzae are
predominately used for food waste fungal pretreatment (Han et al. 2016). A.
awamori are capable of secreting insignificant amount of citric acid.
Simultaneously, it has capable converting complex starch substance into simple
sugar monomers. Similarly, A. oryzae are capable of secreting insignificant amount
of amylase. Then it was the best example for industrialized fungal highly secreting
amylase like a-amylase and glucoamylase. Recycling of liquid steam to microalgae
growth will highly impact on the cultivation cost. Then remaining solid residues
holds organic matter which will be helpful for bioenergy generation.

14.6 Mechanical Pretreatment

Mechanical pretreatment is well known for reducing the particulate size and
effective in release of organic fraction into the liquid phase (Kavitha et al. 2016a).
Typically, mechanical pretreatment was combined with physical or chemical
techniques to minimize the negative impact of investment and operational cost
(Tamilarasan et al. 2017). Many research articles account for mechanical pre-
treatment, which have been creates a wider platform for maximum bioenergy yield.
The mechanical pretreatment was primarily explained about two types; they are
(i) ultrasonication pretreatment, (ii) high pressure homogenizer pretreatment.

14.6.1 Ultrasonication Pretreatment

Ultrasonic pretreatment is well known for mechanical method of solubilizing the
complex organic substrate. The word ultrasonic refers to propagation sound wave
with higher frequency (>20 kHz). The following pretreatment on complex organic
substrate could reduce the particle size and improve the substrate biodegradability
(Packyam et al. 2015). During ultrasonic pretreatment, complex organic matter was
broken down into small fragments by micro bubble induced cavitation effect. This
action improves the transformation of bioactive substance into liquid portion
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(Kavitha et al. 2016c). However, an additional cavitation effect created would
reduce the surface tension (Ushani et al. 2017). According to Guo et al.(2013),
ultrasonication pretreatment has no negative impact on environment but it has high
positive impact on disintegration of complex organic substrate which was
demonstrated.

14.6.2 High-Pressure Homogenizer Pretreatment

High-pressure homogenizer pretreatment is very effective in increasing the rate of
solubilization and emulsification properties (Rani et al. 2012b). Conversely, HPH is
the supreme method to break down larger particles size to smaller. It holds
high-positive impact in size reduction (Kavitha et al. 2016d) and it was successful
method which was widely practise in pilot scale. The HPH is mainly focused on
food processing industry, especially for homogenization process. During HPH
pretreatment size of organic particles get reduced this in turns increase in surface
area for subsequent liquefaction of organic matter. In addition, during this pre-
treatment the viscosity of substrate was also reduced with the help of high pressure
induced. Macromolecules were breakdown into small soluble substances, which
drastically increase the content range in the supernatant (Tamilarasan et al. 2017).

14.7 Combinative Pretreatment

The term combinative pretreatment is referring to combination of two or more
pretreatment techniques to achieve higher organic matter solubilization. The main
advantage of combined pretreatment is to increase liquefaction of waste biomass
with minimal energy consumption. Thermochemical pretreatment is the combina-
tions of both thermal and chemical which are frequently reported as best in solu-
bilization of sugars and sterilization of materials (Rani et al. 2012a). Another
effective combined pretreatment of food waste is hydrothermal pretreatment. The
hydrothermal refers water and thermal is heat pretreatment. According to Jia et al.
(2017) at 90 °C for 30 min, SCOD release of 132 g/L was achieved. Similarly, for
Ding et al. (2017) 140 °C for 20 min, SCOD release of 70,800 mg/L was achieved.
There are many combinative pretreatments are adopted organic waste to attain
effective solubilization.

Followed by pretreatment, the food waste slurry that contains micro- and
macro-nutrients is diverted for microalgae cultivation. The remaining food waste
residual solid could be digested for bioenergy production. On economic point of
view, biological pretreatment is more cost-effective method than others in the
bio-refinery concept. It helps to selectively extract the nutrients from food waste for
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microalgae cultivation and provide a better medium. However, different pretreat-
ment methods will have subsequent effect on microalgae growth due to toxic
accumulation. Similarly, the choice of microalgae and their cultivation conditions
are also playing a crucial role in the valorisation of food waste nutrients from
soluble medium.

14.8 Microalgae Cultivation for Value Products
and Biofuels

Microalgae are photosynthetic microorganisms which include eukaryotic pho-
toautotrophic microorganisms and prokaryotic blue-green algae which are also
called as cyanobacteria (Hunter-Cevera and Belt 1996). These microorganisms are
responsible for 50% of global carbon dioxide fixation. They are rapidly growing
microbes. As they are unicellular or simple multicellular structure, they could live
in harsh conditions. Though more than 50,000 of species exist, however, only
around 30,000 species only studied and analysed (Richmond 2008). Microalgal
genera classified into five phyla based on their diversity and commercial benefits
(Heimann and Huerlimann 2015).

1. Chlorophyta
2. Rhodophyta
3. Haptophyta
4. Stramenopiles

4:1 Eustigmatophyceae
4:2 Basillariophyceae
4:3 Labyrinthulomycetes

5. Dinophyta.

There are number of microalgae have been widely used for commercial and
industrial production of other value products such as human nutrition, pigment and
fatty acids productions for cosmetics, food colouring and pharmaceutical applications
as antioxidants, toxins and isotopes, animal feed and industry and biofuels such as
bioethanol, acetone, bioethanol and biomethane. Microalgae also used as biofertilizer
and environmental bioremeidation applications such as nutrient and heavy metal
removal from wastewater. The most commonly reported industrial microalgae such as
Chlorella sp., Dunaliella sp., Spirulina sp., Scenedesmus sp., Nannochloropsis sp.,
Haematococcus pluvialis, Crypthecodinium sp., Porphyridium sp. and Rhodella
sp. and their commercial values are given in Table 14.3. Thus, the microalgae show
great promises for both developed and developing countries in term of supporting
green industry developments, new jobs and product markets. But, biofuel production
from microalgae is known for centuries; however, the most feasible method is yet to
be discovered in terms of cost-, energy- and water-smart efficiency.
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14.8.1 Cultivation System for Microalgae

The microalgae are classified based on their cultivation conditions and carbon
requirements. Current cultivation system of algae is based on natural conditions,
which is also called as photoautotrophic cultivation systems. Since algae absorb
sunlight and sequestrate CO2 from atmosphere and other nutrients from the aquatic
system, we need to provide an enhanced optimal natural conditions to cultivate
algae (Brennan and Owende 2010). Photoautotrophic is the only economically
viable method for large-scale cultivation of microalgae. They are open pond and
closed photobioreactor technologies. Each of the technologies has their own pros
and cons with their specifications based on climate conditions, cost of land and
water (Borowitzka 1997, 1999).

Open pond system is cheaper than closed photobioreactors for large-scale algal
cultivations; it requires low energy input (Rodolfi et al. 2009). It does not compete
with land which is required for agriculture crops (Chisti 2008). Dunaliella salina is
the most cultivated strain in 2008 in open pond system and costed € 2.55 kg−1 of
dry biomass. Since open pond system is very prone to other algae and protozoa
contamination, it requires very selective environment. Contaminations can be
avoided by providing extreme environmental conditions such as high salinity,
nutrient rich and high alkali for respective algal strains to maintain monoculture
cultivation. (Chlorella—high nutrients, D.salina—high salinity and Spirulina—
high alkalinity). However, bacterial and other biological contaminations will occur
during long-term productions (Lee 2001). In terms of biomass productivity, open
pond system produces less biomass due to several factors such as evaporation
losses, temperature fluctuation, carbon dioxide deficiency and insufficient mixing.
These factors reduce 37 tonnes ha−1 biomass productivity compared to closed
photobioreactors (Chisti 2008).

Closed systems such as tubular, flat plate, and column photobioreactors are
avoiding risk of contamination and maintaining single microalgal culture for long
duration; these closed systems are more suitable for sensitive algal strains. Though
harvesting cost is cheaper than open pond systems, the cost of constructing the
closed systems is higher (Carvalho et al. 2006). The photobioreactors are mainly
made up of an array of straight glass or plastic tubes. The tubular array could be
placed horizontally or vertically as a helix and designed to overserve the
sunlight (Brennan and Owende 2010). Mechanical pump or airlift systems are
being used in closed systems for re-circulating the algal culture and mixing of CO2

(Eriksen 2008). The advantages and disadvantages of tubular, flat plate and column
photobioreactor are given in Table 14.3. Flat plate photobioreactors are more
appropriate for mass cultivation of algae, as low dissolved oxygen accumulations.
Tubular photobioreactors are more suitable for large-scale outdoor cultivation since
they have large area surface to absorb sunlight (Brennan and Owende 2010).
Column photobioreactors provide best-controlled growth conditions and offer
efficient mixing for culture. These systems are cheaper and easy to handle and
operate. Closed photobioreactors have more attention for microalgal research in
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recent years. These closed systems are promising high-biomass productivity com-
pared to open raceway ponds. Therefore, closed photobioreactors are potentially
more suitable for biofuel and bioproduct development from food waste
bio-valorisation.

14.8.2 Bio-Valorisation of Food Waste by Microalgae

Though the microalgae are autophotrophic, and they can utilize sunlight and carbon
dioxide to make their carbon source, heterotrophic, mixotrophic or phototrophic
cultivations using organic carbon enhances more biomass productivities and high
lipid content. Hence, utilizing the nutrients recovered from food waste will be an
economically feasible way to cultivate microalgae (Lau et al. 2014; Li et al. 2007).
The species such as C. vulgaris, B. braunii, Dunaliella tertiolecta, Chlorella pro-
thothecoides, C. prothothecoides and Microcystis aeruginosa are reported for
biofuel (biodiesel) productions at large scale. In addition, the fatty acid methyl ester
(FAME) distributions are the key factor to consider for the selection of microalgae
for bio-valorisation studies. The C18 and C16 of FAME determine the final fuel
quality and cetane number (Table 14.4). The above-mentioned microalgal species
are containing highest amount of polyunsaturated FAME. These polyunsaturated
FAMES are being used for biodiesel production with the low (42.47–50.52) cetane
number (CN), the high (101.33–136.97) iodine values (IV) and the low oxidation
stability. The high-quality biodiesel should be having lowest cetane number (CN),
the highest iodine value (IV) and lowest oxidation capacity. The higher levels of
saturated FAME in the oils of Chlamydomonas sp., Chlorella, Dunaliella sp. and
Scenedesmus obliquus indicated them as source of biodiesel with higher oxidation
stability, higher CN (63.63–64.94) and lower IV (27.34–35.28). Hence, these
microalgal species are promising candidates for biodiesel production. (Nascimento
et al. 2013).

Pleissner et al. (2013a) investigated growth performance of two heterotrophic
microalgae Schizochytrium mangrovei and Chlorella pyrenoidosa in the fungal
hydrolyzed food waste hydrolysate to develop cost-efficient production of food,
feed and biofuels (Pleissner et al. 2013b). In this study, food waste (rice, noodles,
meat and vegetables) hydrolyzed using fungus A. awamori and A. oryzae and food
waste hydrolysate contained *60% carbohydrate, *20% proteins and *10%
lipids (w/w). Additionally, phosphate added in this study.

The growth rate of S. mangrovei and C.pyrenoidos were twofold higher in food
waste hydrolysate than in the conventional growth media. There was no consid-
erable depletion of phosphate in both media; however, during exponential growth
most of the FAN was utilized until glucose is available in both medium. The protein
concentration of S. mangrovei biomass grown in food waste hydrolysate was
threefold higher than grown in conventional media, however, protein, lipids and
fatty acids content similar in both media. For C. pyrenoidos, protein content was
twofold higher when grown in food waste hydrolysate than grown in conventional

334 R. Y. Kannah et al.



T
ab

le
14

.4
Fa
tty

ac
id
s
co
nt
en
t
of

co
m
m
er
ci
al

m
ic
ro
al
ga
e
(m

g
g−

1
dr
y
bi
om

as
s)

FA
M
E

3 C
hl
or
el
la

sp
.

1 S
ce
ne
de
m
us

sp
.

1 N
an

no
ch
lo
ps
is
sp
.

1 P
ha

eo
da

ct
yl
um

sp
.

2 H
ae
m
at
oc
oc
cu
s

Sp
.

4 D
un

al
ie
lla

sp
.

5 I
so
ch
ry
si
s
sp
.

C
14

:0
2.
5

0.
4

15
.3

6.
1

0.
7

N
A

28
.2

C
15

:0
3.
2

0.
3

1.
4

0.
8

0.
3

N
A

N
A

C
16

:0
19

.1
13

.1
85

.4
43

.8
12

.7
28

.1
12

.9

C
16

:1
(7
)

8.
1

1.
3

78
.4

89
.3

0.
7

0.
0

6.
7

C
16

:1
(9
)

0.
0

3.
0

1.
0

0.
0

0.
0

0.
0

N
A

C
16

:2
(7
,1
0)

13
.9

1.
7

0.
0

2.
6

0.
0

2.
8

1.
7

C
16

:2
(9
,1
2)

0.
0

0.
7

0.
0

0.
0

0.
0

0.
0

N
A

C
16

:3
(c
is
6,
9,
12

)
0.
0

0.
5

0.
0

9.
5

0.
0

1.
4

N
A

C
16

:3
(7
,1
0,
13

)
0.
0

1.
3

0.
0

0.
0

0.
0

0.
0

N
A

C
16

:4
(4
,7
,1
0,
13

)
0.
0

12
.9

0.
0

0.
0

0.
0

N
A

N
A

C
17

:0
3.
4

0.
3

1.
0

0.
0

0.
2

N
A

N
A

C
18

:0
3.
6

0.
5

2.
6

1.
5

4.
79

0.
6

0.
6

C
18

:1
(9
)

6.
8

6.
3

53
.3

6.
7

11
.1

19
.3

8.
4

C
18

:2
22

.4
10

.6
3.
4

0.
0

13
.0

14
.7

5.
7

C
18

:3
al
l
ci
s
6,
9,
12

12
.1

0.
8

0.
0

0.
0

2.
8

3.
2

0.
7

C
18

:3
(9
,1
2,
15

)
0.
0

20
.7

0.
0

0.
0

1.
8

44
.1

8.
4

C
18

:4
0.
0

2.
9

0.
0

0.
0

0.
0

N
A

13
.5

C
20

:0
2.
4

0.
0

0.
0

0.
0

0.
4

N
A

N
A

C
20

:4
0.
0

0.
0

0.
0

0.
0

1.
8

N
A

N
A

C
20

:5
0.
0

0.
0

21
.9

22
.5

0.
9

N
A

0.
6

C
22

:6
0.
0

0.
0

0.
0

0.
0

0.
0

N
A

6.
6

SF
A

%
37

.2
18

.9
0.
5

28
.1

N
A

28
.7

41
.7

SM
U
FA

%
14

.9
17

.4
50

.0
54

.1
N
A

N
A

16
.8

SP
U
FA

%
48

.4
63

.7
9.
5

17
.8

N
A

71
.3

37
.7

1 I
sl
am

et
al
.
(2
01

3)
;
2 L
ei

et
al
.
(2
01

2)
;
3 L
i
et

al
.
(2
01

1)
;
4 L
i
et

al
.
(2
01

1)
;
5 R

en
au
d
et

al
.
(2
00

2)

14 Food Waste Valorization by Microalgae 335



media whereas carbohydrate is lower when grown in food waste (Pleissner et al.
2013b).

Lau et al. (2014) cultivated Chlorella vulgaris heterotrophically using different
concentrated food waste hydrolysates to investigate C. vulgaris’s carbohydrate,
protein, lipid and fatty acids contents, in order to evaluate the microalgal sustain-
ability as a feedstock for food, feed and fuel productions (Li et al. 2007). Lau et al.
(2014) utilized bakery (cake and pastry) and food (noodles, rice, meat and veg-
etables) for this study. C. vulgaris grew well in all different concentrated food waste
hydrolysate (2.5, 5, 10, 20, 30, 40, 50 and 20% + nitrate) and utilized 2.5–50% (v/
v) of supplied nutrients. C. vulgaris grew two times faster in 20% (v/v) concen-
trated food waste hydrolysate than modified basal media. Since food waste rich in
trace elements, it is unnecessary to provide trace elements such as Co2+, Fe2+ and
Mn2+ to grow C. vulgaris. Additionally, bench-top scale fermentation was carried
out, in order to produce sufficient amount of C. vulgaris in 20% food waste
hydrolysate and growth rate plus carbohydrate, protein and lipid contents were
estimated from the biomass. Nutrients levels were measured from media.
C. vulgaris was efficient to convert glucose into the biomass yield of 0.9 g g−1

glucose. Carbohydrate contents were increased in the biomass from 200 mg g−1 to
400 mg g−1 from day 4 to day 6, but protein and lipids content were decreased from
300 mg g−1 to 200 mg g−1 from day 4 to day 6; however, lipid content again
increased to 300 mg g−1 on day 7. The depletion of carbon, nitrogen and phos-
phorus sources in the media correlated with the changes in carbohydrate, protein
and lipid concentration in the media (Lau et al. 2014).

Sloth et al. (2017) investigated the growth performance and phycocyanin syn-
thesis of heterotrophic microalgae Galdieria sulphuraria grown in food waste
obtained from restaurants and bakeries (Sloth et al. 2017). The restaurant waste
(noodles, potatoes, vegetables, rice, meat and sauce) contained *35% of
starch, *14.8. % of protein, *12.9% of fat and 8.5% of free sugars. After
hydrolysis, the restaurant waste contained 103 g L−1 of glucose, 6 g L−1 of sucrose,
13 g L−1 of fructose and 14 g L−1 xylose. And also contained 1 g L−1 of lactic acid.
The concentration of free amino acid nitrogen (FAN) was increased during the
hydrolysis which was from 0.23 to 0.45 g L−1. The bakery waste (wasted bread)
contained *61% of starch and 8.3% or protein, whereas after hydrolysis 128 g L−1

of glucose, 72 g L−1 of sucrose, 6 g L−1 of fructose and 7 g L−1 of xylose were
present. The FAN concentration remained unchanged during hydrolysis (Sloth et al.
2017).

G. sulphuraria was able to grow in restaurant, and bakery was hydrolysate
without any ammonium or inorganic nutrients. Since there was no ammonium in
restaurant hydrolysate, G. sulphuraria utilized all organic nitrogen sources.
However, adding ammonium increased the specific growth rate of the algae (Sloth
et al. 2017). Whereas, in bakery waste hydrolysate, G. sulphuraria did not grow
well since there is no enough any organic bound nitrogen. However, algae showed
maximum growth rate when all inorganic substances supplemented in both
hydrolysate. Based on glucose, yield of biomass observed high in restaurant waste
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hydrolysate than in the actual algal medium. The culture utilized all other nutrients
presented in restaurant food waste hydrolysate, whereas, biomass grown well in
bakery waste hydrolysate only after adding ammonium. Another interesting fact is
that no phycocyanin content was observed in the biomass grown in both hydro-
lysates without inorganic nutrient supplement. The specific phycocyanin content of
5.5 and 4.4 mg g−1 biomass was observed when all other inorganic nutrients plus
ammonium supplemented with restaurant and bakery waste hydrolysate, respec-
tively (Sloth et al. 2017).

Another study was carried by Pleissner et al. (2017) to investigate saturated and
unsaturated fatty acids production of heterotrophic microalgae Chlorella pyrenoidosa
grown in food waste. Food waste such as noodles, rice, meat, eggs, bread, cake, veg-
etables was together enzymatically hydrolyzed. They used two enzymes, namely amy-
lolytic and proteolytic for hydrolyzing the food waste. Glucose was rich and free amino
nitrogen (FAN) was poor in amylolytic digestion (122.3 g L−1 glucose, 0.4 g L−1

fructose, 0.24 g L−1 FAN and 0.17 g L−1 phosphate), whereas glucose was less
and FAN was rich in proteolytic digestion (30.7 g L−1 glucose, 0.7 g L−1 fructose,
0.99 g L−1 FAN and 0.29 g L−1 phosphate). They investigated both batch and continues
culture system and in continues culture system they have varied dilution rate C.
pyrenoidosa increasing biomass concentration was observed from 0.5 to 14.1 g L−1

within 2.8 days at a specific growth rate of 1.4 d−1, when 30 g of glucose L−1 provided.
C. pyrenoidosa consumed fructose as an additional carbon source after glucose con-
centration was decreased below 5 g L−1. C. pyrenoidosa contained 103.8 mg lipids g−1

biomass, when sufficient nutrients were supplemented, whereas three fold higher lipid
content (317 mg lipid g−1 biomass) were observed during nutrient-limited conditions in
continues culture (Sloth et al. 2017).

14.9 Summary and Conclusion

Food waste bio-valorisation by microalgal to produce food, feed and biofuels would
be effective approach under heterotrophic or mixotrophic cultivation conditions in
closed type photobioreactors. Effective pretreatment should be considered to maxi-
mize the bio-valorisation efficiency, which will rely on the choice of microalgae
used. However, the lipid and FAME quantities are to be taken into consideration
during the selection of microalgae for food waste valorisation, if not the other value
products. Among the different types of food waste, the restaurant food waste shows
more promising opportunity than bakery waste to produce high-quality biodiesel
precursors using microalgae. Although, microalgae have huge inevitable potential
commercial applications, cultivating them in large scale and bioprocessing them for
bio-products are still have several challenges such as nutrients requirement, cost of
closed cultivation system, contaminations in open outdoor cultivation systems and
dewatering cost. Therefore, better analysis of different components, i.e. cost, tech-
nology and carbon foot print, of food waste bio-valorisation using microalgae is
required and should be considered as future research direction.
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Chapter 15
High-Value Coproducts from Algae—An
Innovational Way to Deal with Advance
Algal Industry

Preeti Mehta, Dilip Singh, Rohit Saxena, Rekha Rani,
Ravi Prakash Gupta, Suresh Kumar Puri
and Anshu Shankar Mathur

Abstract Expanded worldwide energy consumption and usage of fossil fuel cause
its exhaustion and create energy crises, fuel security, global warming that have
prompted a development of energy from alternative biomass that is renewable,
economical, and eco-friendly. First- and second-generation biomass types,
nonetheless, are frequently reprimanded because of displacement of food and the
amount of crops it takes to deliver a gallon of oil. Algae to biodiesel
(third-generation biofuel) have gained attention by many researchers, experts from
petroleum industry as inexhaustible reliable and secure source of energy.
Department of Energy, Govt. of USA, has investigated that algae grow much faster
than terrestrial plants which give 30 times more energy yield per acre than land
crops such as soybeans. Algae are a renewable bioresource that use sunlight,
mitigate CO2 emissions, reduced nutrients (N, P, and K) from waste streams and
water, and produce biomass in the form of sugars, proteins, and oils that can be
processed into both biofuels and valuable coproducts. In light of utilization,
worldwide algal products are separated into nutraceuticals, nourishment and bolster
supplements, pharmaceuticals, paints, colorants, etc. Algal-derived coproducts such
as carotenoids, b-carotene, omega 3 polyunsaturated fatty acids (docosahexaenoic
acid and eicosahexaenoic), astaxanthin, squalene, phycobiliproteins have increased
popularity from the neutraceuticals and pharmaceutical industry and are relied upon
to give high income to the algae producing companies around the world. A few
algal strains with a high wholesome esteem and vitality content are developed
industrially as aquaculture feed and are also a potential source of lipids, ethanol,
and hydrogen. In this chapter, we attempt to elucidate the primary existing and
potential high-value coproducts and its commercial significance, algal species used
and market sizes, trends, and future prospects.
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15.1 Introduction

Growing world population and expanding energy demand create an enormous
competition for the scarce resources of the planet. The yearly world essential energy
consumption was evaluated at 11,295 million tonnes of oil proportional
(Worldometers 2015). Among various non-renewable major fuels, oil represented
the highest energy consumption about 35% share, followed by coal (29%) and
natural gas (24%), while 5% by nuclear energy and hydroelectricity denotes 6% of
the total primary energy consumption (Center for Biological Diversity 2012). It has
turned out to be progressively clear that continued reliance on fossil fuel energy
resources is unsustainable, contribute to lessen world reserves and causes the green
house gas emissions. With the expansion in anthropogenic GHG emissions, cli-
matic change projections could have significant outcomes for nature as well as
human frameworks (Brennan and Owend 2009). Thus, there is need for enhance-
ment of worldwide strategies for energy security and mitigation of CO2 emissions
by using sustainable energy sources and production processes. Therefore, there are
vigorous research activities started that aimed to developing alternative energy
resources like first-generation and second-generation biofuels. However,
first-generation biofuels rely on edible crops such as sugarcane, sugar beet, maize,
and rapeseed which put a tremendous effect on world food markets.
Second-generation biofuels derived from lignocellulosic agriculture/forest wastes
and from non-food crop feed stocks overwhelm some of the problem arose by
first-generation biofuels. However, there is concern over competing land use or
required land use changes.

In the middle of the world energy crisis and major problems associated with first-
and second-generation biofuels, researchers have diverted their research on
third-generation biofuels (derived from microbes) which is considered as sustain-
able alternative solution toward a bio-based circular economy (Borowitzka 2013a,
b). The significance of new options offered by algae cultivation is motivated by the
fact that algae are very efficient at converting light, water and carbon dioxide (CO2)
into biomass and does not require arable land. Algae produce varying amount of
lipids (high–low) content, carbohydrates based on different type of species and its
growth conditions that are converted into biofuels including biodiesel or bioethanol.
Algal oils for biofuels are a low-regard, high-volume thing, and the huge obstacle to
the commercialization of algae-inferred biofuels is the high cost of creation. The
evaluated expenses of a barrel of algae-based fuel using current innovations are US
$300–2600, compared with $40–80 for petroleum (Hannon et al. 2010). Monetary
evaluations of algal biodiesel given in Table 15.1 depending on production system
vary from USD/L 0.42 to 7.50 in open ponds and 1.25–72 USD/L in closed PBRs
(Louw et al. 2016).
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In this manner, it is significant to investigate ways for cost reduction of microbial
biofuel processes, by using cost-effective raw materials and/or producing high
value-added coproducts. With increasing health awareness among consumers,
research has been focused to develop novel products with functional ingredients
from algae as commercial sources of high-value compounds which have good
health effects as these microorganisms deliver polyunsaturated fatty acids,
polysaccharides, pigments, minerals, vitamins, enzymes, and bioactive peptides.
This chapter briefly reviews the potential and at present accessible high-value
Co-products which can be obtained from algae, their wide range of applications
commercially available in the market.

15.2 Algae Bioproducts and Biorefineries Approach

To accomplish a practical algal-inferred biofuel, there is need of distinguishing
high-esteem essential and bioproducts by expanding the inherent value of the algal
biomass for different conversions. The algae can biosynthesize, process, aggregate,
and discharge an awesome assorted variety of essential and auxiliary metabolites
more than 15,000 biomaterials, huge numbers of which are important substances
with potential applications in the sustenance, pharmaceutical, and beautifying
agents enterprises (Fig. 15.1).

In spite of the fact that the various research activities based on micro-algae
derived nutrients are very encouraging, the products at present on the market are
still limited. A large number of potential products are identified which break out
bioproducts by their approximate concentration in algal biomass and their antici-
pated market estimate.

There are two main classes of food market products acquired from micro-algae.
The first category is dried algae (i.e., Chlorella and Spirulina) which is high source
of protein and carbohydrate content along with vitamin B12, C, and D2 and directly

Table 15.1 Cost appraisals of algal biodiesel generation based on cultivation systems (Louw
et al. 2016)

Cultivation
method/scale

Biomass
productivity

Lipid content
(%)

USD/L algal
lipid

References

PBR/500 ha 40−90 g/m2/day 40 25−33 Amer et al. (2011)

Ponds/500 ha 24 g/m2/day 40 4−7.50 Amer et al. (2011)

Ponds/1950.58 ha 25 g/m2/day 25 2.25 Davis et al. (2011)

PBR/1950.58 ha 1.25 kg/m3/day 25 4.78 Davis et al. (2011)

Ponds/333.3 ha 20−30 g/m2/day 20−50 1.3−2.53a Delrue et al. (2012)

Ponds/400 ha 30 g/ m2/day 50 0.42−0.97 Nagarajan et al.
(2013)

PBR/100,000 t
year−1

80–120 t/ha/
year

20−40 1.25−2.5a Brownbridge et al.
(2014)
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sold as health dietary supplements. The second type is secondary metabolites iso-
lated and extracted from the micro-algae, i.e., astaxanthin, ß-carotene, phycocyanin
and omega-3, docosahexaenoic acid, and eicosapentaenoic acid that can be used as
food additive to boost their nutritional value. Their composition in oil likewise
made them a conceivable source for the production of environmentally friendly
biofuel. The huge amount of work on algae as a source of single-cell protein during
the 1970s was started (Soeder and Pabst 1970; Venkataraman et al. 1977).

Among various species of algae, Chlorella and Spirulina were first commercial-
ized as a health food in Mexico, Japan, and Taiwan (Sánchez et al. 2003; Borowitzka
2013a, b). By the 1980s, expansive scale algal growth generation offices were set up
in Asia, India, the USA, Israel, and Australia (Enzing et al. 2014). After single-cell
protein, scientist focused on extraction of b-carotene from Dunaliella salina which
was commercialized in the 1980s (Borowitzka and Borowitzka 1989) followed by
astaxanthin extraction from Haematococcus pluvialis (Lorenz and Cysewski 2000)
and docosahexaenoic acid from Crypthecodinium cohnii (Kyle 2005). These items
might be exhausted and used in a genuine biorefinery process in various enterprises,
for example, sustenance, pharmaceutical, nutraceutical, cosmetics, and synthetic.
Such approach will exploit the different items produced by the algae or its biomass, in
this way expanding the value derived from the entire process, with a coveted
insignificant natural affect. Thusly, the economics of the process may be funda-
mentally moved forward, by the coproduction of the high value-added products for
sustainable and feasible biofuel production.

Fig. 15.1 Prominent algal-derived potential products
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15.3 Current and Emerging Potential for High-Value
Coproducts

In the market, a few existing algal-based items are accessible, because of various
clusters for the creation of significant worth included items from algae; new items
are likely going to be produced in the following decade. In contrast with items got
from conventional yields, the aggregate market size and generation volumes of
miniaturized scale algal-based sustenance and bolster items are as yet littler in
estimate. In this way, products extracted from algae should be built up in business
sectors in such a route, thus to the point that it can supplant the effectively com-
manded items like petrochemical encourage stocks and rival-entrenched supply
chains for power, plastics, etc. (Da Silva et al. 2014). Be that as it may, some item
bunches got from algal growth, for example, hydrocolloids or nourish for fish
hatcheries, have useful points of interest over the current advancements. This
coproduction is becoming an important option to make the process economic
viable. Market and economic factors play a significant role in enhancing the pro-
duction and commercialization of algal-derived high-value coproducts; be that as it
may, need in writing about the monetary feasibility of these items and their business
sectors is rare which make it hard to know their modern potential. Be that as it may,
algal-based projects are driven by public and private dares to set up show offices
through forefront restrictive innovation yet they do not uncover the certifiable
circumstance of market (Table 15.2). Some researchers provide in their publica-
tions the global estimates production of high-value coproducts (Borowitzka 2013a,
b; Milledge 2012; Vigani et al. 2015), but evidences on the development of this
sector are not available at EU level. The present chapter summarizes the market
figure of micro-algal-based products in Table 15.3 provided by the various avail-
able literatures. The estimated global algae market is projected to reach US$1143.0
Mn by 2024 from US$608.0 Mn in 2015. The algal market is relied upon to achieve
27,552.11 tons by 2024, extending at a CAGR of 5.32% in the vicinity of 2016 and
2024 regarding volume (http://www.credenceresearch.com/industry/agriculture-
market). This section provides insights into the various current and emerging
products of algae, its applications, and market potential.

15.4 Algae for Human Consumption

15.4.1 Algae as Protein Source

As aforementioned, micro-algae like Chlorella vulgaris, Haematococcus pluvialis,
Dunaliella salina, and Spirulina maxima are broadly marketed and utilized as
dietary supplements for people and as creature encourage added substances in
different nations. These algal sources are rich in carbohydrates, protein, vitamins
and minerals like vitamin A, C, B1, B2, B6, niacin, iodine, potassium, iron,
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Table 15.2 Worldwide distribution of private companies producing commercial algae-derived
products

Country
name

Name of companies Products

Australia Cognis Nutrition and Health, Muradel, Origin Oil
Bio Fuels Pty Ltd

Dried algae, b-carotene,
biofuels

Canada Algae Can’s, Pond Technologies, Algabloom
International

Dried algae, astaxanthin,
algal paste

China Yunnan GinkoAsta Biotech Co., Ltd., Fuji
Chemical Industry Co Ltd., AstaReal,
Algatechnologies Ltd., AstaPure, Cyanotech
Corporation, Nasdaq Capital Market, Jiangsu
Tiankai Biotechnology Co., Ltd., Far East Algae
Ind Co., Ltd

Dried algae, b-carotene,
EPA/DHA

France Aleor, Roquette EPA/DHA and other
dietary supplements

Germany Breen Biotec GmbH, Phytolutions GmbH,
Greenovation, Subitec GmbH, Astaxa, Salata
GmbH, Novagreen GmbH, Algae growth, Blue
Biotech GmbH

Dried algae, b-carotene
EPA/DHA, astaxanthin
aquaculture feed

India N B Laboratories Pvt Ltd, Global Green
Company Ltd.
Parry Nutraceuticals, Energy algae, Jovialis,
Sateera Nutria Biotech

Dried algae, b-carotene,
astaxanthin

Israel Algatech, Seambiotic, Nature Beta Technologies,
TransAlgae

Dried algae, b-carotene,
astaxanthin

Japan Sunchlorella, Chlorella Industry Co., Yaeyama
Shokusan Co. Ltd., Chlorella Industry Co., Ltd.,
Nihon Vitamin Chemical Co., Ltd., Nikken
Sohonsha Company

Dried algae, b-carotene,
astaxanthin, phycocyanin

Mexico Recursos Renovables Alternativos Dried algae

Myanmar Myanmar Pharmaceutical Industries Dried algae

Malaysia Algaetech International Dried algae

The
Netherlands

Evonik, DSM Dried algae, EPA/DHA,
b-carotene

New
Zealand

Aquaflow Bionomic Corporation, SeaDragon EPA/DHA

Sweden Asta real, BioReal Astaxanthin

Taiwan Taiwan Chlorella Manufacturing Co., Ltd. Dried algae

USA Algae Biosciences Algenol, Aurora Algae Inc,
Cyanotech, Bodega Algae, Kent BioEnergy
Corporation, TerraVia, Sapphire Energy,
Solazyme, Inc., Solix BioSystems, Algae
Systems, Algae to Omega Holdings, Inc., Algae
Fuel, Algaewheel Algal Oil Diesel, Algenol,
Algoil Energy, Algoil Industries, Inc., Applied
Research Associates, Inc., Aquatic Energy,
Aurora Algae, Diversified Energy Corporation,
Global Green Solutions, Greener Bio-Energy

Dried algae, astaxanthin,
EPA/DHA ethanol
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magnesium, and calcium. Due to balanced proportions of all the amino acids, algae
proteins are gaining interest as alternative plant proteins. These are presently
rivaling other plant and animal-based proteins, for example, soya, eggs, milk. Some
of the key health benefits of using algal proteins are boosting the immune system,
improve digestion, reduce fatigue, build endurance, cleanse the body, boost energy
levels and appetite, and improve cardiovascular, liver, and kidney functions. It is
therefore a sustainable solution to the problem of malnutrition as opposed to food
fortification.

Athrospira, a single-cell algae (another name Spirulina) known for its high
protein content, is robust algal species which has cell wall consists of polysac-
charides that can be easily digestible by the human body (Priyadarshani and Rath
2012). Apart from this, Spirulina produces phycobiliproteins and a yellow-white
protein extract that have several applications in food industries. The residual bio-
mass after extraction could be processed for usage as biofuels or other products.
The market size of Spirulina is about 10,000 metric tons per year, and its cost is US

Table 15.3 Market size of algal-derived products (NREL 2016)

Feedstock Product Market size (T)

Fatty acids Hydrocarbon fuel products 5,000,000

Omega-3-fatty acids Polyols, polyurethane, nutraceuticals 11,000,000,
11,000,000,
22,000

Hydroxy fatty acids Surfactants, fuel additives 3,500,000

Branched chain fatty
acids

Surfactants, fuel additives 3,500,000

Fatty alcohols Surfactants, fuel additives 3,500,000

Sterols Surfactants/emulsifiers
Hydrocarbon fuel products
Phytosterol nutra/pharmaceuticals

2,000,000
5,000,000
25,000

Phytol Raw material for vitamin E, fragrance
Surfactants, fuel additives

3,500,000

Polar lipids Ethanolamine
Phosphatidylcholine, phosphoinositol, and
phosphatidyl ethanolamine(lecithin)

600,000
20,000–30,000

Glycerol Di-acids for nylon production
Feed, pharmaceuticals
Polylactic acid (PLA) polymer

2,500,000
25,000
300,000

Fermentable sugars
(glucose, mannose)

Di-acids
Ethanol

2,500,000
68,000,000

Mannitol Polyether polyols 2,300,000

Alginate Alginate additives 12,000

Starch Polysaccharide-derived bioplastics 2,000,000

Protein Thermoplastics 5,000,000

Amino acids/peptides Polyurethane 11,000,000

Amino acids/peptides Biobutanol, mixed alcohol fuels 40,000,000
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$20/kg worldwide. As far as volume, the algae market is relied upon to reach
26,849.11 tons by 2022. The estimated market around the world was accounted for
USD616.0 million in 2016 and is supposed to reach USD1128.0 million by 2022
(www.mordorintelligence.com/industry-reports/algae-protein-market).

Green algae, Chlorella, are the potential algae sold as human health, fish food,
and nutritional supplements in stores in the form of tablets, capsules, and liquids.
The composition of dried chlorella biomass is 45% protein, 20% carbohydrate,
20% fat, 10% minerals, 5% fiber, and vitamins. Chlorella provides various pre-
ventive measures against cancer, kidney damage, Crohn’s disease, ulcers, colitis,
fibromyalgia, asthma attacks, and diverticulosis and reduces side effects of radiation
therapy, acts as restorative of the immune system and also helps in curing pre-
menstrual syndrome. Chlorella boosts the digestion system by detoxification with
the help of the presence of magnesium which ultimately improves the mental
ability.

The production of Chlorella as a human health supplement accounted for about
2000 tons per year. The market value for Chlorella is US$44/kg (www.oilgae.com/
non_fuel_products/chlorella). The major players in chlorella market are Yaeyama
Shokusan Co. Ltd (Japan), Maypro Industries Inc., Taiwan Chlorella
Manufacturing Co., Ltd (Taiwan), Roquette Klotze GmbH & Co. KG (Germany).

15.4.2 Algae in Nutraceuticals, Pharmaceuticals,
and Cosmeceuticals

In spite of food, algae contribute to large number of applications that benefit the
human beings in the form of health supplements, i.e., vitamins, medicines, vacci-
nes, nutraceuticals, etc., that may be out of reach or too expensive to deliver using
plants or animals. The manufacturing demand for health food or nutraceuticals by
various biotechnology and pharmaceutical industries is increasing which promi-
nently command the algae market. Neutraceuticals otherwise called practical/
nourishment supplements are gotten from characteristic sources, and their utiliza-
tion is probably going to profit human well-being by giving sustenance and phar-
maceutical advantages to the body, for example, counteractive action and treatment
of illnesses (Borowitzka 2013a, b). The developing utilization of algae biomass for
nutraceutical purposes for existing is relied upon to give an alluring income stream
for algae producers. The present market values and demands for the nutraceutical
products are extremely higher but the production by algae is very small. Among
industries, metabolites like carotenoids, phycobilins, DHA, EPA, polysaccharides,
vitamins, sterols are currently being commercialized. The forthcoming segments
will bring into center the utilization of algae as a potential source of pharmaceutical
and nutraceutical ingredients.

Their capacity as antioxidants in the plant demonstrates intriguing parallels with
their potential part as anti-oxidation agents in nourishments and people (Munir et al.
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2013). Since algae are considered as an incredible wellspring of characteristic
colorants and nutraceuticals, subsequently, it is normal that algal pigments gener-
ation will outperform synthetics and additionally other common sources because of
their manageability and sustainable nature (Dufosse et al. 2005).

15.4.2.1 Pigments

Algae contain multiple combinations of pigments amalgamated with light irradi-
ance depending on definite chemical composition which gives color to algal thallus.
Apart from chlorophyll as the primary photosynthetic compound, they produce
other pigments that enhance the light capturing ability with the generation of
phycobiliproteins and protection against excessive solar radiation by the production
of carotenoids. Their capacity as antioxidants in the plant demonstrates intriguing
parallels with their potential part as anti-oxidation agents in nourishments and
people (Munir et al. 2013). Since algae are considered as an incredible wellspring of
characteristic colorants and nutraceuticals, subsequently, it is normal that algal
pigments generation will outperform synthetics and additionally other common
sources because of their manageability and sustainable nature (Dufosse et al. 2005).

Chlorophyll

Chlorophyll is the important pigment for photosynthesis and present in all plants,
algae, and cyanobacteria. Among different chlorophyll pigments, algae contain
chlorophyll abundantly. The Spirulina platensis is additionally an appealing option
wellspring of the chlorophyll and has been investigated and marketed by cosmetics,
pharmaceutical, and nourishment ventures. Chlorophyll content in algae is more
than plants; for example, in Brazil, the chlorophyll obtained from spinach contains
only 0.06 mg/g, whereas Spirulina sp. biomass contains 1.15 mg/g of chlorophyll
(Chauhan and Pathak 2010). Large number of researches are also reporting health
benefits from consumption of high chlorophyll diet. In light of its strong green color
and consumers developing inclination for natural nourishments, their preferences
are changing from artificial colorant in food to algal-based chlorophyll as natural
colorant. The valuable health impact of chlorophyll is its anti-oxidation activity,
relieves constipation and regulated proper digestion, recovery of harmed liver cells,
and furthermore expands dissemination to all the organs by widening veins.

Carotenoids

Carotenoids from algae are well established, and its global market has been
expanding because of its wide usage in human healthcare applications like in
nutraceuticals, food industries, cosmetics. The worldwide carotenoids showcase is
assessed to be esteemed at USD1.24 billion in 2016 and anticipated to achieve
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USD1.53 billion by 2021, at a CAGR of 3.78% from 2016 to 2021 (www.
marketsandmarkets.com/Market-Reports/carotenoid-market-158421566).
Carotenoids are organic pigments that are found in various plants and organisms.
They act as antioxidants, secure the body against endless sicknesses, treatment of
diabetes, cancer, and eye disorder, and prevent from cellular damage and aging
effects. Carotenoids are commercially available in several forms including
beta-carotene, lutein, lycopene, astaxanthin, zeaxanthin, annatto, and
canthaxanthin.

The b-carotene section is anticipated to be the quickest developing business
sector from 2016 to 2021 because of its high adequacy and therapeutic properties
(Fig. 15.2). Beta-carotene is for the most part utilized as a colorant and as a
wellspring of provitamin A for the stronghold of multivitamin juices, drinks for
competitors, nourishment supplement arrangements, health foods, and so forth. The
first alga to be commercialized as a source of a high-value b-carotene was
Dunaliella salina, and depending upon its purity, it sells at the cost of around
USD300–1500/kg in market (Borowitzka and Borowitzka 1988). Nature Beta
Technology, Nutralite, Western Biotechnology Ltd, and Betatene Ltd were the four
companies started producing and selling b-carotene in 1980 (Borowitzka 2013a, b).
India and China have also started cultivating Dunaliella and commercialized
b-carotene at small scale. High demand of synthetic b-carotene makes simpler and
snappier way for the establishment of algal-based natural b-carotene. The
b-carotene produced from Dunaliella was first sold in Japan where it was easiest to
achieve approval for human use. The aggregate market for b-carotene is assessed at
USD270 million (Costa Perez 2003; Borowitzka 2010).

Astaxanthin is another high-esteem carotenoid got from algae that is making
business progress. Astaxanthin is available in nature, primarily biosynthesized in
the algae, and is consumed by fish or zooplankton that accumulates the astaxanthin.
The significant market for astaxanthin is as a pigmentation source in aquaculture.
Aquafeed overwhelmed the business request and represented over 40% of the
aggregate volume. Worldwide aquafeed showcase measure was worth over USD69

Fig. 15.2 Market size and demands of pigments
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billion out of 2014 and is probably going to develop at a CAGR of over 11% from
2016 to 2023. The current worldwide market size of regular astaxanthin for the
human market is assessed to be about $200 million. This is anticipated to hit $700
million by 2017. The average market price of astaxanthin is US$2500/kg (www.
oilgae.com/ref/report/non-fuel-algae-products). Albeit 95% of this market expends
artificially inferred astaxanthin; however, because of mindfulness among buyers
about medical advantages, interest for common items makes the synthetic colors
substantially less attractive. Among algae, Haematococcus pluvialis speaks to the
wealthiest wellspring of the item by gathering more than 3% of astaxanthin and
picked up acknowledgment in aquaculture and different markets as a “concentrated”
type of normal astaxanthin. It is likewise affirmed by the US FDA for dietary
supplements and furthermore endorsed in a few European countries for human
utilization (Borowitzka et al. 2013a, b). Countries like USA, Israel, Japan and India
are the main producer of astaxanthin in the world. Among them, USA is probably
going to be the predominant provider over the conjecture time frame. DSM,
ADM, Phasex Corporation, Cyanotech Corporation, Viva Labsa, and Otsuka
Pharmaceutical are the real organizations which have put resources into numerous
nations to improve market position. The benefits of astaxanthin are innumerable
which promotes eye health, provides strength to muscle, protects premature aging
of skin and inflammation, and helps in improving reproduction, immune function,
and regeneration. It has additionally been shown that astaxanthin has a free radical
battling limit worth 500 times that of vitamin E (Kim and Pangestuti 2011).
Increment in healthful inadequacy combined with particular proteins request is
probably going to drive astaxanthin request in nourishment and drinks applications
and is additionally endorsed by FDA.

Among the emerging algae carotenoids compounds, Lutein is receiving
increasing interest in Pharma industries because of its potential application in
keeping the beginning of age-related macular degeneration (AMD) in the devel-
oping maturing population. The market estimation of lutein was around $233
million of every 2010 and is relied upon to reach $309 million by 2018 with an
exacerbated yearly development rate of 3.6%. Lutein is also called as “the eye
vitamin.” Lutein helps to maintain macular pigment optical density which supports
healthy vision. Healthy nutritional intake provides good eyesight. Rising eye dis-
eases like glaucoma, cataracts, diabetic-related eye problems, and age-related
macular degeneration may effect industry growth. Lutein is also used in ice cream,
yogurt, fruit, beverages, and desserts. Apart from caring eyes, lutein is also used for
curing many healthcare problems like it prevents several types of cancer which
include breast cancer, type 2 diabetes and colon, skin disorders, and coronary heart
disease. Zeaxanthin—zeaxanthin alone with lutein is used for eye health and to
help prevent cataract. Fucoxanthin—fucoxanthin is used as preventive measures
for obesity, tumor, diabetes, and inflammatory properties.

Phycobilins are the water soluble pigments composed of protein with bilin as
prosthetic group and some cysteine residues. It is classified into phycocyanin,
phycoerythrin, and allophycocyanin which are only present in Spirulina,
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Porphyridium, Rhodella, and Galdieria algal species and not found in other taxa.
The different phycobilins give different ranges of colors that have been used as
natural colorants in different industries like food, cosmetics, and pharmaceuticals.
Phycoerythrin is the main light-harvesting pigment that has wide applications
which is used as fluorescent probe and analytical reagent in photodynamic therapy
for cancer patients (Hu et al. 2008; Deng and Chow 2010). The cost of phyco-
erythrin is exceeding $10,000/kg. In food and cosmetics industries, phycocyanin
commercialized under the name as “Lina Blue” is used as colorants in chewing
gums, dairy products, lipstick, eyeliners, etc., and is considered as safe by US Food
and Drug Administration (FDA; GRAS 2012). Phycocyanin offers for between US
$500 and 100,000 kg−1 depending upon its purity. The present aggregate market an
incentive for phycobiliprotein items is assessed to be more prominent than US$60
million. Europa Bioproducts (Cambridge, UK) and Invitrogen (USA) are the major
players in the Phycoerythrin Market. The use of phycobilins has been somehow
limited because its purification process is quite complex and time taking where
ion-exchange chromatography, gel filtration, and chromatography on hydroxylap-
atite are required for adequate amounts of the pure protein (Rito-Palomares et al.
2001).

15.4.2.2 Fatty Acids

Algal sources are explored for quite sometime as a source of long-chain polyun-
saturated fatty acids (PUFAs) especially omega-3-fatty acids, i.e., ALA
(alpha-linolenic acid), arachidonic acid, DHA (docosahexaenoic acid), and EPA
(eicosapentaenoic acid) which have various applications in nutraceautical and
pharmaceutical industries. Among them, DHA overwhelms the general market with
more than income share in 2015, while the ALA and EPA combined together
possessed one-fourth of the income share. ALA is the quickest developing sort of
omega-3 with a CAGR of 15.8% from 2016 to 2022. The commercialized infant
formula under the name DHASCO™ is the DHA rich oil from Crypthecodinium
cohnii (Wynn et al. 2010) commercialized by DSM, USA.

The demand of PUFA has been increasing vigourously because of the health
awareness among the people. Since the fish oil are the major source of PUFA or
omega-3-fatty acid, but due to overfishing, oil processing cost, worldwide supply of
fish oil becoming static or decreasing. The principle wellspring of EPA and DHA
enrich fish oils (30% of total oil) is South American anchovy fishery which can
supply around 300,000 t per year because of popularity of omega-3 unsaturated fats
in market, and the anchovy supply alone will not have the capacity to take care of
market demand. The estimated consumption of PUFAs is 123.8 � 103 metric tons
worldwide which was cost around US$2.3–2.5 billion in 2013 and 2014, respec-
tively. By 2020, it is anticipated that demand for PUFAs globally would achieve
241X103 metric tons with an estimation of US$4.96 billion (Bermudez et al. 2010).
Thus, alternative sources of omega-3 fatty acid from algae are on the rise to fill the
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demand gap. The selling price of algal omega-3 oil is US$140 kg−1 which is
much higher as compared to the price of fish oils. Heterotrophic algae such as
Thraustochytrids, Crypthecodinium, Schizochytrium, and Ulkenia are most widely
commercialized strains for omega-3-fatty acid than phototrophic algae because of
the less yield (Ratledge 2004; Barclay et al. 2010; Wynn et al. 2010).

The utilizations of algal omega-3 unsaturated fat are partitioned into various
enterprises in view of dietary supplements, pharmaceuticals, newborn child equa-
tions, sustenance and drinks, pet nourishment, and aquaculture feed. Among dif-
ferent pharmaceutical and functional food applications, nutritional supplements are
considered the largest component (around 59% of the global volume). North
America is the biggest region with an income share more than 33% of the aggregate
in 2015, trailed by Asia-Pacific and Europe. The main pharmaceutical application
affirmed is for triglyceride decrease (e.g., Omacor/Lovaza delivered by Pronova
BioPharma). Other EPA- and DHA-enriched TAGs (triacylglycerols) diminishment
items and other pharmaceutical applications are a work in progress; however, it will
take some time before these accomplish administrative endorsement and possible
commercialization. Major players in the market of PUFAs are Cargill,
Incorporated (US), Croda International Plc, Royal DSM, OLVEA Fish Oils,
Omega Protein Corporation, GC Rieber Oils, Ltd., Pharma Marine AS, and Polaris.

Different research considers (Adarme-Vega et al. 2012) have underscored that
these long chain x-3 PUFA give huge medical advantages that are required for
typical body development and mental health and furthermore keeps from heart
assault, hypertension, sorrow, rheumatoid joint inflammation, asthma rheumatoid
joint pain, Crohn’s illness, ulcers. Moreover, in pregnant ladies, the sufficient and
accurate ratio of EPA and DHA is critical for nourishment and development of the
fetal mind.

15.4.2.3 Sterols

Phytosterols have developed in ubiquity because of their well-being advancing
exercises in the course of recent decades. The primary modern wellsprings of
sterols are vegetable oils, vegetables, nuts, seeds, entire grains, and dried organic
products. Since the demand of phytosterols is increasing, algae provide as one of
the best alternatives which could offer different types of phytosterols for functional
food and pharmaceutical industries at a considerably higher effectiveness than
terrestrial plants. Among various algal species, sterols are majorly found in
Isochrysis galbana, Nannochloropis gaditana, Nannochloropsis sp., and
Phaeodactylum tricornutum at a range of 7–34 g per kg (0.7–3.4%). Algae produce
wide range of phytosterols depending on the taxonomic affiliation of the alga that
includes brassicasterol, sitosterol, and stigmasterol (e.g., Patterson et al. 1994;
Volkman 2003; Francavilla et al. 2010). The worldwide phytosterol showcase is at
present about US$300 million and developing at around 7–9% per annum.
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Because of the exhibited pharmacological capability of these marine sources and
their high phytosterol content, they are obligated to be utilized as a part of
non-pharmacological therapeutics and in mix with existing medications.
Phytosterols have been accounted for to have numerous helpful well-being impacts
in people, including immunomodulatory, mitigating, hostile to hyper choles-
terolemic, and prevent cancer and anti-diabetic. Table 15.4 compresses the
micro-algal phytosterols experiencing useful tests. As appeared, despite the fact that
algae-inferred phytosterols are various, restricted investigations have tended to their
well-being advancing activities.

LDL-C by dietary intercession can lessen the danger of CHD. Subsequently,
items supplemented phytosterols from algae ought to be investigated keeping in
mind the end goal to diminish the rate of these ailments and maybe ought to be
devoured not just by individuals who need to bring down their blood cholesterol
levels yet additionally by the individuals who need to decrease the symptoms of
pharmacological treatment.

Table 15.4 Different types of phytosterols derived from algae (Luo et al. 2015)

Algae species Major Phytosterols Industrial importance References

Chlorella
vulgaris

Ergosterol, 7-dehydroporiferasterol,
ergosterol peroxide,
7-dehydroporiferasterol peroxide

Anti-inflammatory Yasukawa
et al. (1996)

Chlorella
vulgaris

Ergosterol peroxide Anticancer Yasukawa
et al. (1996)

Nostoc
commune

Lipid extract Cholesterol-lowering
activity

Rasmussen
et al. (2008)

Isochrysis
galbana

24-oxocholesterol acetate,
ergost-5-en-3b-ol, cholest-5-en-24-1,
3-(acetyloxy)-3b-ol

Anti-tuberculosis Prakash
et al. (2010)

Dunaliella
tertiolecta

Ergosterol, 7-dehydroporiferasterol Immuno modulatory,
Anti-inflammatory

Caroprese
et al. (2012)

Dunaliella
tertiolecta

Ergosterol, 7-dehydroporiferasterol Neuro-modulatory Francavilla
et al. (2012)

Navicula
incerta

Stigmasterol, 5b-hydroxysitostanol Anticancer Kim et al.
(2014)

Schizochytrium
sp.

Lathosterol, ergosterol, stigmastero Cholesterol-lowering
activity

Chen et al.
(2014)

Schizochytrium
aggregatum

Campesterol, 24-methylene
cholesterol,
24-Methyl-cholest-7-en-3b-ol,
ergosterol, stigmasterol

Antioxidant Lv et al.
(2015)
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15.4.3 Algal Polysaccharides Bioproducts

Polysaccharides produced by algae Porphyridium, Rhodella, cyanobacteria have
been explored for their nature and potential applications (Arad and Levy-Ontman
2010; De Philippis et al. 2011). Seaweed is known for the production of agar that
has large applications range in food industry and pharmaceutical field. It is used in
frozen foods, bakery products (like cake, pastries, candies, fruit juices), used as
laxatives, anticoagulants (Cardoso et al. 2014; Cardozo et al. 2007). Carrageen is an
another group of polysaccharides that are more known and widely used than agar as
stabilizers, emulsifiers in various dairy products. Apart from this, carrageenan is
also used in several pharmaceutical applications (like antitumor, antiviral, antico-
agulant, and immune stimulators). Brown sea weed also produces alginate that has
chelating ability and has the applications in the food, pharmaceutical, and textile
industry worldwide (Muller and Alegre 2007).

15.4.4 Algae-Based Feedstocks for Commodity Bioproducts

Other than high value-added coproducts, algal biomass derived from cultivation can
be refined to generate a wide array of bio-based products for different applications
(e.g., paint, chemical building blocks, food and feed ingredients, and biofuels). The
technology for production is still immature, but if developed, it is expected that
more market combinations of commodities could be within reach. The production
of chemicals from algae is an emerging field of biotechnology which is categorized
as biopolymers, bioplastics, biolubricants, solvents, dyes and colorants, biofuels,
agrochemicals, epoxides, aldehydes, acids, commodity chemicals, food additives,
defoamers, inks. It is assessed that worldwide chemical deals and barring phar-
maceuticals would reach $2.183 trillion by 2025, evaluating a 3–6% yearly
development rate. The price of value-added products produced by algae such as
lactic acid, polyhydroxyalkanoates, and butanol price varies from US$1300 to 7000
per tone. Solazyme, Blue Marble Biomaterials, Aquaflow, Solix, and BASF are the
companies which diversified into algae chemicals business.

Macroalgae-derived fibers give a unique raw material to manufacture special
clothing suitable for military applications such as protective fireproof clothing with.
The market cost alginate fiber produced by algae ranges from $8000 to $10,000/ton.
In textiles industries, algae have been used as colorant and its demand is increasing
day-by-day as natural colors. The common fiber composite materials requests in
showcase are relied upon to develop to US$531.3 million out of 2019 with 11%
CAGR throughout the following five years. Similarly, for the production of
biopolymers and bioplastics, algae are considered as excellent feedstock and its
global market is expected to reach to $10bn by 2020 from $1bn in 2007. The
companies like Dow, PetroSun, and Cereplast are active in the area of algae
biopolymer research (www.oilgae.com/ref/report/non-fuel-algae-products).
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15.4.5 Algae-Based Bioenergy Products

Apart from non-energy high-value products that have industrial values, algae are
also known to produce biofuel and other bioenergy-related products (Fig. 15.3).
Algal biomass has focused nowadays by researchers for biodiesel production since
they can contain potentially over 80% total lipids under nutrient (especially nitro-
gen)-starved condition. The lipid concentration is lower (<40%) under normal
growth conditions with higher biomass yield. Under nitrogen-starved condition,
biomass production starts decreasing and thus enhances lipid content. The non-lipid
part of the biomass produced after starvation can be further used as a source for
coproducts, for example, Botryococcus sp., does not produce the higher lipids but it
contains hydrocarbons of longer chain, which cannot be used as substrate for
biodiesel production. Thus in this case, this higher carbon chain along with algal
cell wall polysaccharides can be used as substrate for the bioethanol production like
the process of cellulosic ethanol production (Hossain et al. 2015).

The advantage of ethanol production from algal feedstock has advantage over
cellulosic biomass that it rarely contains lignin and thus can be easily degradable.
Another fate of algal biomass is to convert organic material into biogas mainly
composed of 60–70% biomethane by anaerobic digestion. CO2 released during
anaerobic digestion can be fed back to the algae system as carbon source and thus
make the close-loop system for energy generation. Another advantage of this
process is that we can use wet biomass as such thus reducing the drying cost. The
residual or digested biomass containing nutrients can then be regained from the

Fig. 15.3 Fate of algae into different potential products
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liquid and solid phases for further use as animal feed. Because of the high cost of
feedstock (algal biomass) at present, the chemical conversion into biogas produc-
tion or other chemical processes is not viable till date, although it is presently one of
the cheapest biofuel that can be recovered from algal biomass.

Recently, the biomass undergoes a chemical conversion depending on the water
content under extreme conditions like high temperature and pressure due to which
the biomass carbon changes into three different phases, i.e., raw gaseous, liquid, or
solid phase which further can be customized for the use of biofuel. This process is
energy intensive as energy input is higher as compared to biogas production.
Various researchers are focusing on biohydrogen production from algal biomass,
but the process of hydrogen production is in infancy stage and not cost effective as
the yield of this process is very low. Algal cells use energy to form hydrogen due to
which unable to produce much biomass; therefore, there is little potential for
coproduction of other metabolites.

15.4.6 Algae as Fertilizer

After oil or carbohydrate extraction, some of the nutrients remain in the processed/
residual biomass that can be used as biofertilizer for the growth of plants.
Biofertilizers mean a promising other option to synthetic manures for endurable
agri-based practices that meet present and future societal requirements for nour-
ishment, healthful environments, and lives. Biofertilizers application to agricultural
fields could expand the measure of amount of carbon that accumulate in these soils
and contribute fundamentally to the decrease of greenhouse gas emissions by
depleting the necessity of fossil-derived fuels through the recovery of N: P: K from
wastewater streams. Biofertilizers hold alive or dormant microbes alone or in
combination, which have the ability of fixing atmospheric nitrogen or solubilize the
insoluble soil nutrients with the help of secretion of growth-promoting substances
which ultimately enhance crop yield and supply stabilization of soil aggregates. In
rice, blue green algae (BGA) under the brand name “Algalization” have been used
as biofertlizer since past years that helps in creating an eco-friendly agro-ecosystem
that makes sure of economic viability in paddy cultivation. This biofertilizer has
been established to fix nitrogen under anaerobic conditions which bring about 25–
30 kg N/hectare/season which enhances the crop yield by 10–15% (Paudel et al.
2012; Theil et al. 2014). Seaweed because of its mineral content and high water
binding capacity of the soil has also been used as a fertilizer worldwide. When algal
biofertlizers applied in agriculture, the nutrients are exudated slowly which promote
germination, leaf or stem growth, flowering and also provide biological protection
against plant diseases that directionally benefit plant growth and ultimately decrease
the GHG emissions (Pulz and Gross 2004; Mulbry et al. 2008). The demand of
algal-based fertilizers is increasing in the coming years which enhance its volume
potential in market which reduces the usage of energy-intensive chemical fertilizers.
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15.5 Conclusions

Biofuel is the most attractive product from algae; however, numerous algal fuel
companies understand that it could take more amount of time to generate
algal-based biofuels for commercialization. Thus, many companies are exploring
venturing into algae-based value-added products business that can help to minimize
the high cost of biodiesel production, which in turn make the process more feasible.
Algae can synthesize, acquire, and secrete various types of metabolites and
bioactive compounds, which have broad applications in the food, pharmaceutical,
cosmetics, and agri-based industries. Evidence in this chapter suggests that the
simultaneous extraction of valuable coproducts (viz., pigments, omega-3 and -6
fatty acids, vitamins and whole algae as human and animal food/feed items and for
cosmetics, fertilizers, and hydrocolloids) with biofuel production has significant
potential. Potential demand, market size, and acceptance by the consumers of
algal-based coproducts and its competition with non-algae source may influence the
development of algal-based coproducts. There exists a bridge between the
well-recognized commercial potential of many algae species and the actual tech-
nical know-how of industrial process. The global algae biomass market is worth
between US$5 and 7 billion. From this total, the health food sector accounts for US
$2 billion and the fish meal applications account for US$0.7 billion. Endorsed
omega-3-based pharmaceuticals on the planet together represent US$1.5 billion
deals. Spirulina and Chlorella are potential single-cell protein sources and com-
mercialized by many companies but their market value is not very high as the cost
of Spirulina was US$20/kg in 2010, and Chlorella was sold at a price of US$44/kg
in 2010. Algal-based coproducts need to break into set-up business sectors over-
whelmed by other, frequently petrochemical feedstocks, and rival-entrenched
supply chains (e.g., for fuels and plastics). Various research programs are in pro-
gress for developing new algal-based food and feed products with a huge possi-
bilities of reaching the market; however, the commercial production of proteins,
fatty acids and carbohydrates from micro-algae is still in its nascent stage, not yet
able to significantly contribute to the reduction of the food-feed insecurity
world-wide. Governments and privately owned businesses are as of now commit-
ting vast speculations to encourage the genetic modification using molecular
approach on algae. Additionally, more recent research is expected to get more
detailed financial and market information on generation volumes, turnovers,
expenses, and input uses, both at organizations level and by nation. This would
allow to get more definite data on the algal-based health/food sector division in the
EU and to elucidate the real commitment that algal-based items can give to the
advancement of the bio-economy in the EU.
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Chapter 16
Wastewater Algae to Value-Added
Products

Durga Madhab Mahapatra, V. Sudharsan Varma,
Shanmugaprakash Muthusamy and Karthik Rajendran

Abstract Globally, treatment and management of wastewater are a serious chal-
lenge. Voluminous wastewaters are generated on a day-to-day basis that is being
either partly treated or untreated finds its ways into surface and groundwater thus
enriching the systems with nutrients, pollutants and pathogens. In purview of the
increasing water scarcity, rapid water deterioration, higher primary productivity in
surface waters due to nutrient enrichment, towering wastewater production and
complications related to its treatment, the understanding of water footprint,
underlying mechanisms of wastewater treatment and transformation of terrestrial
nutrients into value-added products and various downstream processes for their
recovery needs to be understood. In this context, the algal treatment systems not
only provides a simple and economical solution to wastewater treatment but also
aids in the production of many valued bio-based products like lipids as feedstock
for biofuels, single-cell proteins, Omega 3 fatty acids, carotenoids as astaxanthin
and b-Carotene. The present chapter throws light on various mechanisms and
strategies of wastewater transformations into value-added products while evaluating
the techno-economics and feasibility of such systems for assessing its potential to
be a bio-based industry. Various strategies for algal species selection targeting
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specific wastewater pollutants grown either as natural population or as engineered
consortia with numerous wastewater treatment approaches until the production of
valorized biomass is being discussed. Lastly, key techno-economics, environmental
challenges and the scope of wastewater transformations into bio-based products are
enumerated.

Keywords Wastewater � Algae � Bio products � Biofuel � Bioprocess
Techno-economic assessment

16.1 Introduction

With increased globalization, there has been an increasing stress on natural
resources as land, water and air. The freshwater sources have been rampantly used
either for various activities in a day-to-day fashion for domestic purpose’s as
drinking, bathing, etc. or for agricultural and industrial purposes. All of the water
used in such cases loses its integrity due to the addition of organic and inorganic
matter into it collated and termed as wastewater. A substantial quantum of
wastewater is generated from urban conglomerates due to higher population den-
sities and shortfalls in wastewater treatment and reuse (Mahapatra 2015). Whereas
conventional mechanical-based technologies promise faster wastewater treatment
with use of higher energy, they have been found unsuitable for the developing
nations in terms of socioeconomic challenges requiring vast infrastructure, opera-
tion and maintenance cost and with absolutely no revenue or services to the local
people (Ramachandra et al. 2014, 2015).

Algae have been highly studied over the past few decades due to its advantages of
faster growth, its ability to assimilate, metabolize and fix essential elements
(CHONPK) from wastewaters (Chanakya et al. 2012, 2013). Today most of the
waters are nutrient enriched and are naturally infested with algae of various
capacities and verities (Mahapatra et al. 2013b). Globally due to their innate ability
to mobilize nutrients and proliferate in open waters, these organisms control the
global nutrient cycles as the C, N and P pools. They are thus very essential for
wastewater remediation and production of enormous biomass as primary produc-
tivity. Algal systems not only provide food for the higher trophic members but also
produce oxygen that is considered as one of the greatest ecosystem services and is
often valued in wastewater treatment (Mahapatra et al. 2017). Besides this, the algae
have been also beneficial in terms of water detoxification and heavy metal removal/
accumulation (Oswald 1988; Hoffman 1998; Ramachandra et al. 2014, 2015).
Various cellular metabolites as phytochelatins and metallothioneins aid in the for-
mation of complexes with heavy metals and trap them as an essential step for heavy
metal removal (Suresh and Ravishankar 2004). Adsorption and absorption are the
two processes that help in bioremediation of heavy metals (Lomax et al. 2011).

Multiple benefits in the algal route for treatment of wastewater promote algal
bioprocesses for sustainable wastewater treatment and biomass production.
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Although the natural algal-bacterial symbiotic processes for wastewater treatment
have been documented from 1950s (Oswald and Gotaas 1957; Mogens 2008), the
algal-based approaches have yet to find its own space and establish its niche in the
commercial wastewater treatment systems (Mahapatra 2015). The algal treatment
options besides removal of organic and inorganic nutrients, heavy metals and some
xenobiotic compounds also provide a scope for generation of revenue by the pro-
duction of value-added products that can be suitably produced and commercially
sold. The advantages of their low-cost treatment together with the production of
valorisable biomass makes them suitable candidates for turning ‘waste to wealth’.
These algal systems have been working effectively with concentrated wastewater
streams from livestock (dairy, swine, poultry, etc.), agriculture, industrial and
municipal wastewaters (Kaplan et al. 1988; Sivakumara et al. 2012; Mahapatra et al.
2014). Moreover, the algal biomass generated as a by-product of the treatment
process has been found to be rich in lipids, proteins, carbohydrates, essential pig-
ments, antioxidants, vitamins and minerals and other valued bio products of com-
mercial interests. These major metabolic compounds are enriched with essential
amino acids and fatty acids as Omega-3 fatty acids. Higher productivity of the
essential metabolites of commercial importance can be obtained through imparting
varying degrees of stress or suitable nutrient limitations. Wastewater algae have been
reported to be a good source of lipids. In addition, after lipid extraction, the residual
algal biomass that is left out often contains other high-value metabolites as proteins
and carbohydrates (Mahapatra et al. 2016). This left out biomass can also be further
processed either through biochemical or thermochemical processes for the genera-
tion of bioenergy through anaerobic digestion producing methane and fermentation
producing ethanol. Through thermochemical treatment the spent biomass can be
converted sub-critically, critically and super critically into biofuels or biocrude and
syngas via hydrothermal liquefaction, pyrolysis and gasification (Mahapatra 2015).

This additional potential and scope for revenue generation gives them the edge
over the conventional technologies. However, concentrating and harvesting of the
algal biomass (due to their small size) have been one of the most important chal-
lenges in bioproduct development and processing. In order to have higher biomass
harvesting efficiencies, auto-flocculation (Guo et al. 2013), bio flocculation (Salim
et al. 2010) and other physicochemical methods using chitosan (Renault et al. 2009)
for algal biomass separation based on cell wall characteristics, mucilaginous
secretions, pH-/ORP-based agglomeration followed by settling have been recently
studied and have shown promising outcomes (Harith et al. 2009). Besides these
various approaches with co-cultivation strategies involving algal-bacterial consortia
(Mahapatra 2015), cyanobacterial–algal consortia (Mahapatra et al. 2014), algal–
fungal co-cultivation (Zhou et al. 2012) and protozoan/crustacean based co-culture
techniques have been used for efficient algal harvest. Moreover, a fixed film-based
algal biofilms have been recently studied for higher biomass retention compared to
algal suspension-based treatment systems (Christenson and Sims 2012). Thus,
avoiding loss of algal biomass as suspensions in the effluent after suitable
wastewater treatment and better harvesting using algal turf scrubbers, etc. (Craggs
et al. 1996).
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Algal research has gained special impetus and scope in the present era. The
exploitation of the algal whole cell biomass for extraction of value-added products
(Ravindra 2000; Ramachandra et al. 2009) in tandem with wastewater treatment
ensures its techno-economic feasibility with no environmental externalities. A major
area of interest in algal biotechnology is the economic benefits associated with the
mass culture and biomass use of algal species thriving in tropical wastewaters. Most
of the wastewater generated in the developing world remains unattended and enri-
ches the surface and the groundwaters with higher loads of nutrients rendering it
unsuitable for any use (Mahapatra et al. 2011a, 2011b, 2011c, 2017). The algal
species can be used as robust treatment systems to recover nutrients from these
wastewater and municipal landfill leachate (Naveen et al. 2016) by harvesting whole
cell algal biomass (Mahapatra and Ramachandra 2013). The algal biomass has
shown potential to remove nutrients from C, N and P as uni-algal cultures or as
microbial consortia comprising of Chlorella, Chlorococcum, Monoraphidium,
Ankistrodesmus, Scenedesmus, Chlamydomonas, Euglena, Lepocinclis, Phacus,
Oscillatoria, Phomidium, Micractinium and Spirulina (Mahapatra et al. 2014).
These algal assemblages have been also recorded in wastewater treatment ponds
(Mahapatra et al. 2013b). Laboratory-based experiments have shown higher pro-
duction of valorisable algal biomass, with a significant quantity of lipids (Mahapatra
and Ramachandra 2013; Mahapatra et al. 2013a, 2014; Ramachandra et al. 2015).
Large-scale algae-based treatment systems have been also studied and have showed
a higher techno-economic feasibility (Chanakya et al. 2012, 2013) for algal
single-cell proteins (SCP) (Mahapatra et al. 2013b; 2016) with a lower environ-
mental impact (Ramachandra and Mahapatra 2015; Ramachandra et al. 2015). The
algal modules designed at the Indian Institute of Science (IISc), Bangalore, have
been successfully employed for nutrient (C, N and P) capture and recovery at the
Jakkur Lake in Bangalore city and show promising augmentation to the conventional
treatment systems and providing purified water that can be recycled and reused
(Ramachandra et al. 2013; Mahapatra 2015) and potential scope for biomass harvest.

16.2 Wastewater Characterization

The quality and quantity of any wastewater depends on its source and are not the
same. The wastewater composition differs from residential, municipal, commercial,
industrial or agricultural sectors. The physicochemical and biological characteri-
zation of wastewater significantly differ from each other and are dependent on many
factors, which include lifestyle, social behaviour, a technical and juridical frame-
work for households. While, industrial wastewaters have also the similar consid-
erations, but depending on the type of raw material processed, the pollution
characteristics vary. A huge quantity of wastewater is generated continuously
around the globe and is estimated to be 330 km3/year for only municipal
wastewater. The nutritional value of the generating wastewater is theoretically
sufficient to irrigate and fertilize millions of hectares of crops and energy production
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to supply millions of households. Several, municipal and industrial wastewater
treatment plants are involved in treating the majority of the wastewater generated
and in recycling operations. Globally, 60% of the produced municipal wastewater is
treated. The treatment process and the maintenance of the plant are the most dif-
ficult and expensive operations. The treatment processes always result in the huge
production of sludge, which is rich in organic matter and nutritional values (car-
bohydrates, proteins, lipids and micronutrients). Besides the traditional application
of bio-solids and composting, recent biotechnological advancements have opened
new dimensions for the recovery of value-added products from wastewater and
sludge as raw material. These value-added products include biopesticides, bioher-
bicides, enzymes, bioplastics, biofloculants and biofuel, in which the value of the
final product is much higher than the cost of processing. The production of
value-added products and processing depends on the type of wastewater/sludge
used as raw material. This section majorly focusses on the different types of
wastewater and its characterization, followed by the algal treatment and production.
The major constituents classifying any wastewater will fall into three categories,
which include physical, chemical and biological characterization. The list of
parameters that classify the physical, chemical and biological characterization of
wastewater is provided in Table 16.1. Thus, characterization of wastewater is very
important to design the treatment system and to monitor the pollution control before
and after the treatment.

The wastewater characterization provides a wide range of information regarding
the type and concentration of the specific pollutant of interest. The general char-
acteristics of municipal wastewater are presented in Table 16.2. Industrial
wastewater is considered as one of the important pollution sources next to the
domestic wastewater. The pollution strength and characteristics of the industrial
wastewater vary depending on the type of industry and contaminants. Each of the
industries releases specific and combined pollutants of its own. The pollutants
released from different industrial sectors are listed in Table 16.3.

The conventional sewage treatment system is designed to remove BOD, SS,
nutrients, coliform bacteria and other toxic chemicals. The treatment processes have

Table 16.1 Physical, chemical and biological characterization of wastewater

S.
No

Wastewater
characterization

Constituents/parameters

1 Physical Temperature, colour, odour and solids

2 Chemical Organic constituents—carbohydrates, proteins, fats, oils and
grease, surfactants, volatile organics, pesticides, phenols and
others
Inorganic constituents—pH, alkalinity, chlorides, nitrogen,
phosphorous and heavy metals
Gases—hydrogen sulphides, ammonia, methane and oxygen

3 Biological Bacteria, viruses, parasites and worms eggs
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several stages; the initial preliminary stage removes large solid particles by
screening through 20–60 mm. Then, the primary treatment involves sedimentation
of settleable solids, which can remove 40% of the BOD. The secondary treatment
targets to reduce BOD by using biological process. The final tertiary treatment is to
remove ammonium, nitrate and phosphate, in which algal cultures are very effective
compared to other techniques (Abdel-Raouf et al. 2012). The industrial effluent
wastewater also follows the similar primary, secondary and tertiary treatments,
however, the final toxic chemicals and heavy metals require advanced treatment
process. These additional stages include coagulation, filtration, activated carbon
adsorption, electrodialysis, reverse osmosis, ozonation and advanced oxidation
processes, etc. depending on the target pollutant removal. The cost of the process

Table 16.2 Typical characteristics of municipal wastewater

S. No Parameter Concentration (mg/l)

1 pH 7.0–8.0a

2 BOD 230–560

3 COD 500–1200

4 Total suspended solids 250–600

5 TKN 30–100

6 Ammonia (NH3–N) 20–75

7 Total phosphorous 6–25

8 Oils, fats and grease 50–100

9 Total inorganic constituents (Na, Cl, Mg, S, Ca, K, Si, Fe) 100

10 Faecal coliforms 2–30 � 106/100 mla

aUnit (mg/l) not applicable to pH and coliforms

Table 16.3 Wastewater characteristics of different industries

S.
No

Industry Pollutants

1 Chemicals COD, surfactants, emulsifiers, petroleum hydrocarbons,
phenols, organic chemicals, heavy metals, SS and cyanide

2 Iron and steel BOD, COD, oil, acids, phenols, cyanides, sulphur
compounds, dust, metal ions, ashes, slags and ore particles

3 Textiles and leather BOD, COD, solids, sulphates, ammonia and chromium

4 Pulp and paper BOD, solids, sulphates, chromium chloroform, dioxins,
furans and phenols

5 Petrochemicals and oil
refineries

BOD, COD, mineral oils, phenols and chromium

6 Mining Acids, salts, metals and solids

7 Food processing BOD, TS, salt, flavourings, colouring material, oils, fats and
acids or alkali

8 Distillery, molasses or
sugar factory

BOD, COD, solids, sugar, proteins and metals
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depends on the type of treatment adopted and is usually higher for these physic-
ochemical processes compared to the algal treatment.

Even though conventional technologies are effective in removing aqueous pol-
lutants, these biological methods require longer time in degrading persistent organic
pollutants (POPs) such as polychlorinated biphenyls (PCBs), organochlorine pes-
ticides, dichlorodiphenyltrichloroethane (DDT), dioxins and furans. The recalcitrant
nature of these compounds makes the biological methods unsuitable due to biomass
poisoning. However, the risk associated with these compounds could be tackled by
introducing advanced oxidation processes (AOPs). These AOPs are highly reactive
by releasing hydroxyl radicals and are non-selective, thereby very effective in
oxidizing pollutants to CO2 and inorganic ions. Few other methods such as floc-
culation, precipitation, adsorption, air stripping and reverse osmosis are also
applicable; however, they need post-treatment stages to reduce the contamination
levels (Danis et al. 1998).

The application of using algae for secondary and tertiary wastewater treatment
started during the 1970s. The major purpose of introducing algae pond was to
prevent eutrophication in the secondary effluent. The application of using algae to
treat wastewater is highly beneficial economic wise (Singh and Olsen 2011). Algae
can utilize the organic matter and micronutrients to form cellular constituents like
carbohydrates and lipids. In addition, a wide range of biofuels including hydrogen,
bioethanol, biodiesel, methane and dried mass could be produced (Pittman et al.
2011). The algal species offer effective removal of COD, nitrogen and phosphorus
during the secondary and tertiary treatment. They are also effective in removing
heavy metals and other toxic organic compounds. In addition, the release of oxygen
into the water system during photosynthesis is very effective in disinfection. The
algal cultures of Chlorella, Scenedesmus, Chlamydomonas, Dunaliella, Golenkinia,
Euglena, Oscillatoria and Micractinium are widely used for the treatment process
(Palmer 1974; Tam and Wong 1989; Wang et al. 2010; Chamberlin 2016). Thus,
the mass production of algal biomass from the processes has the dual advantage of
bioremediation and as well as for the biofuel production (Chamberlin 2016).

16.3 Algal Bioprocess Cultivation Systems

Algal cultivation systems have evolved with time. From algal growth in natural
open water surfaces, selected algal species have been screened and tested for their
efficacy in producing value-added products and have been grown in confined and
controlled environments called photobioreactors. Apart from the type of cultivation,
systems, i.e. open or closed, optimum growth and culture conditions are vital for the
propagation of desired algal species. Primarily, four types of cultivation modes are
in practise—autotrophic, heterotrophic, mixotrophic and photoheterotrophic or
hybrid process. Table 16.4 represents the energy and C sources of the various
modes of algal cultivation.
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16.3.1 Autotrophic Mode

This is the most commonly used mode for growth and propagation of algal com-
munities for various applications. Autotrophy or photoautotrophic mode of nutrition
uses light as a sole energy source, producing chemical energy through the
light-dependent photosynthetic process. In case of such systems, the inputs are solar
light, CO2 as inorganic C source, inorganic nutrients and water as the medium for
growth and development. In this case, photosynthesis is the principal C fixation
mechanism and they build food materials as starch and C cytoskeleton for the algal
cells without the need for external organic carbon in the system. The algal systems
use either the ammonium nitrogen or the nitrate-nitrogen as a nitrogen source and
carbon dioxide as its carbon source to biosynthesize biomass. The biosynthesis of
algal biomass can be shown by the following stoichiometric relationships.

(a) C source as CO2 and ammonia as the nitrogen source,

16NHþ
4 þ 92 CO2 þ HPO2�

4 þ 92 H2O þ 14 HCO3�

! C106H263O110N16P þ 106 O2 ð1Þ

(b) C source as CO2 and nitrate as the nitrogen source,

16NO�
3 þ 124 CO2 þ HPO2�

4 þ 140 H2O
! C106H263O110N16P þ 138 O2 þ 18 HCO3� ð2Þ

where C106H263O110N16P represents the stoichiometric formula for algae
Both reactions are endothermic, i.e. require energy input, supplied by solar
energy. Given a choice, ammonia is preferentially taken up by algal phyto-
plankton over nitrate. In general, the photoautotrophic metabolism is given by

H2O + HCO�
3 ! C algaeð Þþ 0:5 O2 + 3 OH� ð3Þ

Table 16.4 Energy and carbon source for various cultivation and nutrition modes in algal
bioprocesses

Name Energy
source

Carbon
source

Algal species

Photoautotroph Light Inorganic Cyanobacteria, e.g. Spirulina

Heterotroph Organic Organic Euglena

Mixotroph Light
and
organic

Inorganic
and
organic

Chlorella (Photoautotrophic heterotroph)

Photo-heterotroph
hybrid

Light Organic Some green algae and purple and green
photosynthetic bacteria, i.e. Rhodospirillum
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16.3.2 Heterotrophic Mode

Heterotrophy is the utilization of sole carbon and energy source from organic
compounds, and thus, the requirement for light is eliminated. Heterotrophy provides
the ability to increase biomass concentration and thereby productivity when it
functions independently and simultaneously with autotrophy. Such modes of
nutrition can be implemented by the application of high-cell density techniques,
frequently used for yeasts cultures, such as fed-batch, chemostat culture and
membrane cells recycle systems (Chen 1996; Chen et al. 1996; Chen and Zhang
1997). Heterotrophic growth in aerobic processes was confirmed experimentally for
the following strains of microalgae Chlamydomonas reinhardtii, Chlorella
pyrenoidosa, Chlorella regularis, Chlorella sorokiniana, Chlorella vulgaris, and,
Scenedesmus sp., Scenedesmus obliquus, Spirulina sp., Haematococus sp.,
Nitzschia laevis (Chen 1996; Neilson et al. 1973), Synechocystis sp., Plectonema
boryanum and Nostoc sp. (Zhang et al. 1998a, 1998b)., where the organic com-
pounds introduced were: glucose, peptone and acetate, although there is a range of
other organic compounds that can be potentially used for growth in heterotrophic
conditions. Based on stoichiometry, it has been also observed that the nature of the
heterotrophic biomass is phenomenally different from those of photographically
grown biomass (Mahapatra 2015). The production of heterotrophic biomass is
provided in Eq. 4.

1 + xð Þ CH2O + O2 ! C algaeð Þ + x CO2 þ 1 + xð Þ H2O ð4Þ

The biomass formula of a heterotrophically grown organism comprises of the
low relative proportion of oxygen compared to the autotrophically grown biomass.
This makes the biomass highly valorisable and is often attractive as biofuel feed-
stocks. Furthermore, it has also been reported that heterotrophically grown algal
cells show high digestibility and biological value as feed for various animals and
fish. The overall growth yield (0.46 g biomass/g glucose) was comparable to the
yield values of well-known heterotrophs such as yeasts and other aerobic-
heterotrophs. Chlorella regularis have been reported to grow in dark-heterotrophic
continuous culture using acetate (Endo et al. 1977). Various advantages and dis-
advantages of heterotrophic algal cultures as different phases of the cultivation
process are elucidated in Table 16.5.

16.3.3 Mixotrophic

Mixotrophy (photolithographic heterotrophy) is a metabolic process, in which
photosynthesis is the main energy source, although both organic compounds and
CO2 are essential. Amphitrophy (a subtype of mixotrophy) refers either autotrophy
or heterotrophy depending on the ratio of organic substrate concentration to light
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intensity (Kaplan et al. 1986). According to another definition, a mixotroph is an
organism able to assimilate organic compounds as carbon sources while using
inorganic compounds as electron donors (Table 16.1). In mixotrophic culture, a
simultaneous uptake of organic compounds and CO2 takes place as carbon sources
for cell synthesis and it is then expected that CO2 released via respiration will be
rapidly trapped and reused under sufficient light intensity (Martinez et al. 1997;
Hata et al. 2000). Thus, mixotrophic cells acquire the energy by catabolizing
organic compounds via respiration and converting light energy into chemical
energy via photosynthesis (Hata et al. 2000).

y HCO3 þ z CH2O ! y þ z - xð Þð Þ C algaeð Þ þ 3 OH� þ x CO2 ð5Þ

The addition of organic substrate resulted in the increase in the growth rate, as
well as in the final biomass concentration in mixotrophic growth modes. In mix-
otrophic culture, no photoinhibition was observed that typically occurred above 20
Klux in photoautotrophic culture due to the protective role of glucose and shift of
light intensities that trigger photoinhibition (Ogawa and Terui 1972). Other effec-
tive carbon sources utilized in mixotrophic cultures in addition to glucose and
peptone are arginine, aspartic acid, leucine, proline, TCA-cycle organic acids,
acetic, butyric, tartaric and malic acids.

16.3.4 Photoheterotrophic Culture (Hybrid Systems)

Photoheterotrophic mode (photoorganotrophy, photoassimilation, pho-
tometabolism) designates metabolism in which light is required to use organic
compounds as a carbon source. Earlier studies have stated photoheterotrophs as

Table 16.5 Pros and cons of algal heterotrophic cultures

S.
No

Phases of
bioprocess

Pros Cons

1 Pre-treatment
sterilization

Elimination of predatory
organisms by sterilization

Potential contamination with bacteria

2 Illumination No need to supply light In some cases, inability to produce
light-induced metabolites or high
valuable substances that can be solved
by shifting to mixotrophic growth
conditions

3 Culturing Easy maintenance of
optimal condition for
growth and production

High costs of growth medium, axenic
cultures required

4 Biomass
yields
productivity

Higher biomass
concentration, growth rate
and productivity

Growth limitations when organic
substrate concentration decreases. O2

concentration should be controlled
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organisms able to use light as a source of energy and organic materials as a carbon
source (Table 16.1). Photoheterotrophy or hybrid systems are also described as the
use of sugar exclusively as a carbon source, ATP provided by electron transfer via
photosystem I or respiration (Zhang et al. 1998). Inhibition of photosynthesis by
DCMU [(3-(3,4-dichlorophenol)-1,1-dimethyl urea] causes inhibition of
heterotrophy in any case with or without light supply. Photoheterotrophism occurs
under the light natural condition of dim light that does not support photoautotrophic
growth that was stimulated by inhibiting photosystem II with DCMU (Orus et al.
1991). In this category, Synechocystis sp. uses glucose with light supply but does
not grow without both light and glucose (Kaplan et al. 1986; Zhang et al. 1998).
The metabolic pathway for a photoheterotrophic algal system is elucidated in
Fig. 16.1.

Photoheterotrophic organisms cannot grow solely on glucose nor solely on light
but can grow only when light and glucose are present at the same time (scenario IV,
Fig. 16.2). This means that glucose is used only as a building material, but not as an
energy source, seems to be, there is no Krebs cycle actively working. Microalgae,
which can perform mixotrophic growth, can easily shift between autotrophic and
heterotrophic nutrition mode, driving scenarios I, II and III illustrated in Fig. 16.2,
depending on environmental condition especially light and organic compound
availability.

16.4 Intracellular Products from Wastewater Algae

Wastewater algae act as rapid biocatalysts for fixation of organic and inorganic
nutrients into valued intracellular compounds as proteins, lipids, carbohydrates,
pigments, vitamins and minerals. Out of these cell constituents, the lipids, carbo-
hydrates and proteins are dominant. According to the mode of cultivation and stress
type/nutrient limitations, algae can accumulate substantial proteins (12–60%) that is

ATP, NADPH

H2O 0.5O2 + 2H+ + 2e-

CH2O

Algal biomass

Gluconeogenesis

Fig. 16.1 Metabolic pathway: photoheterotrophic mode—light as the only source of energy
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rich in essential amino acids. Among the other constituents, lipids from algal
sources are also suitable for biodiesel production through transesterification gen-
erating fatty acid methyl ester (FAME). Unsaturated fatty acids as alpha-linolenic
acid (ALA, C18:3), eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic acid
(DHA, C22:6) are essential for metabolism and is directly used as food/feed
ingredients. Starch, cellulose and certain others polysaccharides (marine sources)
comprise the carbohydrates from algal sources. Algal species, growth conditions,
stress and environmental factors govern the carbohydrate synthesis and its trans-
formation to storage compounds. The various intracellular products have been
discussed in the following section.

16.4.1 Lipids

The lipid content and composition vary with the microorganisms metabolic
machinery, and can be manipulated by changing the culture conditions as pH,
temperature, nutrients supplied and final growth conditions during harvest. In case
of oleaginous microorganisms (oil contents >20% of biomass weight), the rate of
lipid accumulation increases at N-limited conditions, where all the C directed for
growth are routed towards lipids as triacylglycerides due to restricted cell division
(Dong et al. 2016) typically increases during nitrogen limitation when cells still
assimilate excess carbon, but cell division is inhibited funnelling carbon into

• Scenario -IV
• light
• glucose

• Scenario -III
• no light
• glucose

• Scenario -II
• light
• no glucose

• Scenario -I 
• no light
• no glucose

Chemoautotrophic
Phtoautotrophic

and Mixotrophic

Phtoautotrophic

Heterotrophic

Mixotrophic

Phtoheterotrophic

Heterotrophic and 
Mixotrophic

Fig. 16.2 Various trophic scenarios for the growth of algal species
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triacylglycerides (TAGs) (Dong et al. 2016). High lipid productivity and rapid
growth in microalgae such as Chlorella sp., Nannochloropsis sp. and Scenedesmus
sp. make them attractive for biofuel production. Lipids manifest in number of forms
in Oleaginous microorganisms as acylglycerides, phospholipids, glycolipids, sph-
ingolipids, lipoprotein, free fatty acids, sterols. Such classes are characterized by
viscosity, solubility, polarity (Guckert et al. 1988). Various lipids classes in cell
biomass are listed in Table 16.6.

Apart from being a dense energy source in lipid bodies, they tend to accumulate
differentially in various locations within a cell and serve myriads of functions. The
cell cytoplasm houses the energy dense lipid bodies that mainly comprises of
triglycerides and sterol esters surrounded by a phospholipid monolayer
(Ryckebosch et al. 2014). Cell disruption techniques such as ultrasound, bead mills,
enzymatic methods, high-pressure homogenizer, osmotic shock, microoven method
and sub-critical water hydrolysis techniques used to extract the lipid present in the
cells (Mahapatra et al. 2013a, 2013b; Ramachandra et al. 2013).

16.4.2 Hydrocarbons

Crude oil can be considered the precursor of the naturally existing hydrocarbons;
however, these crude oil sources as oil shells have been reported to be evolved from
algal biomass (Cane 1969). With increased oil prices and GHG emissions, algal
hydrocarbons are gaining quick interest (Ladygina et al. 2006). Species of all algal
phyla are capable to produce hydrocarbons. However, the overall hydrocarbon
content in algal cells in generally below 2% with primary odd C members (C15, C17,
or C21) (Qin 2010). Table 16.7 depicts the hydrocarbon variations in different algal
members. Botryococcane is a unique algal derived hydrocarbon and is a member of a
cyclic alkane from green alga Botryococcus braunii (Maxwell et al. 1968).

Botrycoccus braunii is a colonial unicellular green alga and can stock hydro-
carbons up to 86% of the dry weight (Brown et al. 1969) and is commonly found in
brackish and fresh waters across continents (Metzger et al. 1991). This alga is
widespread in fresh and brackish waters of all continents. Botrycoccus braunii
synthesizes and accumulates a variety of lipids including a variety of specific ether
lipids with more than 30 specific chemical structures with terminal unsaturation.

16.4.3 Carbohydrates

Algae of marine origins show interesting characteristic polysaccharides comprising
of structural, muco and storage polysaccharides (Murata and Nakazoe 2001).
Polysaccharides comprise of simple sugars linked with glycosidic bonds are defined
as polymers of simple sugars (monosaccharides) linked together by glycosidic
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bonds, are processed and commercially used as emulsifiers, thickeners, stabilizers,
food/feed, beverages (Tseng 2001). Highest polysaccharide content has been
recorded in Porphyra, Palmaria, Ulva and Ascophyllum while the average ranges
from 4 to 76% on a dry wt. basis.

As a basis of classification, the storage products are different in different marine
algal members. As. green algae contain sulphated polysaccharides as sulphated
galactan and xylans. The brown algae comprise of alginic acid, fucoidan (sulphated
fucose), laminarin (b-1, 3 glucans) and sargassan. And, the red algae contain agars,
carrageenans, water-soluble sulphated galactan, xylans, floridian starch (amy-
lopectin like glucan) and porphyrin as mucopolysaccharides within the intercellular
spaces. The three main polysaccharides obtained from marine algal sources are,
(a) alginate, (b) carrageenan and (c) agar.

16.4.3.1 Brown Seaweeds and Alginates

Brown seaweeds have been the most commercially exploited marine algae for
alginate production (*26 kT at US$318 annually). Although brown seaweeds have
versatile temperature tolerance, these are predominant in cold waters (best up to
20 °C). Laminaria Ascophyllum and Mycrocystis are the major commercial sources
for alginates with minor sources as Lessonia, Turbinaria, Sargassum, Durvillea and
Eklonia (Bixler and Porse 2011). Alginates have been mostly used in cosmetic
creams, pharmaceutical, processed foods and paper and cardboard making.

16.4.3.2 Red Seaweeds and Carrageenan’s

A linear polysaccharide chain with sulphate half-esters attached to the sugar unit
ascribes Carrageenans. Carrageenans readily dissolve in water, forming highly

Table 16.7 Hydrocarbon variation in various algae (modified from Nevenzel 1989)

Algal groups Mean and range of hydrocarbon (% dry
weight)

Number of species
included

Blue-green
algae

0.14 (0.02–0.44) 6

Red algae 0.02 (0.0003–0.073) 24

Dinoflagellates 1.34 (0.015–5.8) 9

Diatoms 0.56 (0.0041–0.66) 15

Brown algae 0.049 (0.00049–0.66) 45

Golden algae 0.76 (0.0034–0.0034) 4

Englenoids 0.51 (0.22–0.79) 3

Yellow algae 1.75 (1.4–2.1) 2

Green algae 0.68 (0.000044–17) 33
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viscous solutions and are stable over a wide pH range. The kappa, lambda and iota
are the various structural forms of carrageenans, with specific gelling properties.
Kappaphycus alvarezii and Eucheuma denticulatum are sources of kappa and iota
carrageenan, respectively. (Rasmussen and Morrissey 2007) for Carrageenan’s (E
407) are used as food/feed and are major constituents in canned foods, desert
mousses, salad dressings, bakery fillings, ice cream, instant desserts and canned pet
foods and are also used in the brewing industry for clarifying beer, wines and
honey.

16.4.3.3 Red Seaweeds and Agar

Agar comprising of agarose and agaropectin are structurally and functionally
similar to carrageenans. Gelidium spp., and Gracilaria spp is the major sources of
agar. (Rasmussen and Morrissey 2007). At higher temperatures, agar melts and gels
as carrageenan and is used in pastry fillings and glazes that can be applied before
the pastry is baked without melting in the pastry oven. Although in processed
meats, carrageenan is the favoured water binder or texturing agent, however, agar
rules the gelatin replacement market in canned meats and aspics. The agar texture in
fruit jellies is preferred as compared to kappa carrageenan jellies in Japan and other
parts of Asia. Various polysaccharides such as alginates, agars, carrageenans,
fucoidan, mannitol, laminarin and ulvan are obtained from algal sources and
applied in numerous fields.

16.4.4 Proteins

Single-cell proteins (SCP) are protein pull out from cultured biomass mainly used
for protein supplementation. The term ‘single-cell protein’ was coined in 1968 at a
meeting held at the Massachusetts Institute of Technology (MIT) as a substitute for
the originally used terminologies referring to less aesthetic ‘microbial protein’ and
‘petroprotein’ (Tannenbaum and Mateles 1968; Tannenbaum and Wang 1975).
Microbes as bacteria, algae and fungi are key sources of SCP (Mahapatra et al.
2016). Spirulina is most widely used alga for SCP, often utilized as a rich nutrient
source during space explorations. Wastewater cultivated Euglena species have also
shown potential use as SCP (Mahapatra et al. 2016).

The nutrition and amount of essential amino acids in primarily based on the
nature and the type of SCP and its composition. Members of algal origin are
naturally blessed with enormous proteins (40–60%) and essential vitamins as A and
D besides other ingredients (Brock 1989) (Table 16.8).
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16.4.5 Pigments

Natural pigments are essential in photosynthetic metabolism and pigmentation in
algae. Because of its various biological properties such as antioxidant, anti-cancer,
anti-inflammatory, anti-obesity, antiangiogenic and neuroprotective, it serves a vital
role in human dietary. Based on its structure and action, it is classified as chloro-
phylls, carotenoids and phycobilins.

16.4.5.1 Phycobilins

Being readily soluble in water and easy to isolate and purify, phycobilins (or
phycobiliproteins) are important pigment protein molecules. Phycobilins are
accessory for collecting light during photosynthesis. For example, at four phyco-
bilin classes are produced in red algae (Rhodophyta and Glaucophytes): allophy-
cocyanin (green–bluish), phycocyanin (blue), phycoerythrin (purple) and
phycoerythrocyanin (orange) (Cuellar-Bermudez et al. 2015). Phycobilins are
widely used in industry and immunology laboratories, due to their high molar
absorbance coefficients, high fluorescence quantum yield, large Stokes shift, high
oligomer stability and high photostability absorption properties. They are often
employed in molecular biology as fluorescent markers, used in immune assays and
as fluorescent dyes for microscopy. In addition, phycobiliproteins are widely used
in industry and clinical or research immunology laboratories. (Spolaore et al. 2006).

16.4.5.2 Chlorophylls

Chlorophylls are greenish and fat-soluble pigments with a porphyrin ring
(Cuellar-Bermudez et al. 2015). Its main role is to convert solar energy into

Table 16.8 Algae as food in different regions of the world (modified from Ravindra 2000)

Algae Uses

Alaria Stipes called ‘Saumen’ are dried, salted
and sold

Ascophyllum, Fucus, Laminaria Feed for cattle, poultry and pigs

Laminaria Stipes called ‘Kombu’ are dried, salted
and sold

Laminaria, Ecklonia, Eisenia Chopped and used for chickens and
sheep

Rhodymenia palmata, Gelidium, Grateloupia,
Fucus

Chopped and added to other dishes

Rhodymenia, Chlorella pyrenoidosa, Spirulina,
Synechococcus

Oriental region regular portion of diet

Spirogyra, Oedogonium Dried and used to make soup
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chemical energy during photosynthesis. Most microalgae have chlorophyll a, and
some proportions of chlorophyll b and c. Generally, microalgae contain around 0.5–
1.0% of chlorophyll per dry weight. Chlorophyllin a derivate of chlorophyll in
which the magnesium is replaced by sodium or copper and phytol chains are lost.
Chlorophyllins have been used to control body odour of geriatric patients, and
dietary supplement, antimutagenic and anticarcinogenic.

16.4.5.3 Carotenoids

Carotenoids are the fat-soluble pigments, with colour ranging from brown, red,
orange and yellow. The average carotenoid content in algae ranges from 0.1 to
0.2% and can go as high as 14% on dry weight basis. Fat solubility aids them to
enter the blood circulation and gets attached to different lipoprotein. Inability to
cannot synthesize these essential pigments, in human body, makes it a critical
supplement in diets.

Based on the chemical structure, carotenoids are divided into two groups,
(a) carotenes including beta-carotene and lycopene and (b) xanthophylls including
astaxanthin, lutein and canthaxanthin. Carotenoids directly involved in photosyn-
thesis (beta-carotene and lutein) and function as light-harvesting apparatus and
photoprotection are primary in nature, and those that are not are secondary (as-
taxanthin and canthaxanthin) in nature. Haematococcus pluvialis is commercially
well known as a major source of natural astaxanthin and produces more astaxanthin
under nutrient limitation comprising 0.2–3% astaxanthin on dry weight basis
(Batista et al. 2013). Beta-carotene has a very increasing demand as a natural
pigment or nutritional supplementation, being a major precursor for vitamin A.
Dunaliella salina has been the most industrially used strain for generation of
beta-carotene (14%) (Spolaore et al. 2006).

16.5 Algal Bioprocess Conversion

Algae could be processed into various products such as biogas, ethanol, diesel,
char, electricity and hydrogen. The conversion of algae could be processed via
biochemical, chemical or thermochemical methods to convert it to value-added
products.

16.5.1 Biodiesel

The predominant feedstock’s for biodiesel were lipid-/fat-rich contents such as
soybean oil, rapeseed oil, castor oil, canola oil; however, algae is also one of the
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other potential sources for biodiesel production. Processing algae to biodiesel are
well known; however, the producing algae from wastewaters and using it for
biodiesel production could be challenging. Microalgae are a promising feedstock
for biodiesel production due to its biomass conversion efficiency, high growth rates,
productivity compared with other conventional sources. It is possible to obtain
more than 25 times oil yield potential than other substrates, and produced about
70% of its weight as oil in dried biomass (Scott et al. 2010; Arenas et al. 2016).

Though microalgae has several advantages in terms of biodiesel production,
there are certain challenges as well which include lack of cost-effective technolo-
gies, efficient harvest and drying of biomass, protocols and methodologies for
full-scale facilities, the downstream processing including lipid extraction and bio-
diesel purification (2). Transesterification is the important process in which lipid
gets converted to biodiesel where oils/lipids get transformed to alkyl esters in the
presence of an alcohol such as methanol or ethanol and a catalyst (sodium
hydroxide, potassium hydroxide and sodium methoxide). Chlorella sp., in general,
possess a higher lipid yield and efficiency ranging between 15 and 50% for lipid
yield and 70–95% in terms of efficiency (Arenas et al. 2016).

Brazil has wastewater treatment facility, which produces algae. The growth of
algae is controlled for efficient harvesting based on the different parameters such as
nutrient limitation, retention time and biomass recirculation. Commonly, algae from
wastewaters are cultivated at high-rate ponds, unlike photo bioreactors due to its
energy requirements and operational expenses. The potential of algal oil in Brazil
was 4.25�108 kg algal oil from 107 inhabitants, which correspond to 0.00035 L
oil/L wastewater. The biodiesel from algae produced from municipal wastewaters
could be 3 million m3 which is equivalent to 21% of the current biodiesel pro-
duction in Brazil. For the biodiesel production to be economically feasible, the
energy consumption and operational costs need to be reduced through efficient and
better technologies (Kligerman and Bouwer 2015).

16.5.2 Bioethanol

Ethanol, one of the potential liquid fuels could be produced from algae and
cyanobacteria, which is third-generation feedstocks. Ethanol could be produced
from algae or cyanobacteria through three pathways including (a) traditional
hydrolysis and fermentation with yeast, (b) dark fermentation and (c) photo fer-
mentation. The traditional conversion of hydrolysis is more efficient route than
others due to their well-known enzyme efficiency and yeast interactions.
Nonetheless, this route has several steps involved in which makes it energy
intensive and expensive. The common carbohydrates present in algal biomass
include starch, glycogen and cellulose of which degradation of cellulose or starch is
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well understood. Acid hydrolysis at mild conditions (120 °C and 20 min) resulted
in between 70 and 95% of the carbohydrates released (de Farias Silva and Bertucco
2016).

Dark fermentation is more common to produce hydrogen; however, most of the
intermediates are less carbon chain organic acids and alcohols, which could be
converted to ethanol. Ethanol is produced through the accumulation of carbohy-
drates in the algal cells during photosynthesis which is forced to produce ethanol
during fermentative metabolism under dark conditions. This route is not as efficient
as other routes mentioned above (Farias Silva and Bertucco 2016). Finally, the
photo fermentation is gaining adequate interest in the recent times because of its
ability to produce fermentation products through efficient metabolic pathways
(Farias Silva and Bertucco 2016). Photanol just not only produces ethanol but also
other naturally occurring products through glycolysis fermentation pathways.
Important species which have been explored for photanol production includes
Synechocystis sp. PCC 6803, Synechococcus elongatus sp. PCC 7992,
Synechococcus sp., PCC 7002 and Anabaena sp. PCC 7120 (Hellingwerf and
Mattos 2009). The production of ethanol after the fixation of inorganic carbon
through Calvin cycle, followed by phosphoglycerate production which is further
converted to pyruvate by pyruvate decarboxylase and alcohol dehydrogenase and
finally it is converted to ethanol (Farias Silva and Bertucco 2016). Ho et al. reported
a 92% theoretical yield of ethanol using Chlorella vulgaris using sonication of
biomass as a pre-treatment method (Ho et al. 2013). Many other studies reported a
similar yield between 70 and 95% theoretical yields of bioethanol based on their
carbohydrates content (Simas-Rodrigues et al. 2015).

16.5.3 Biogas

Biogas is one of other products which could be produced from algae and has been
studied extensively. Algae correspond to the third-generation feedstocks for
renewable energy production, which has the advantage of no competition with food
crops, low lignin and high growth rate. On the other side, improvements are nec-
essary for algae to biogas processes on reducing the water content, seasonal
chemical composition and avoiding inhibitory phenomenon during biogas pro-
duction. The C/N ratio in algae is around 10:1, where the nitrogen content is high
for the anaerobic digestion, which is why co-digestion is essential when algae are
used as feedstock. Between 100 and 200 ml/g VS (volatile solids), methane yield
could be obtained using algae as a feedstock depending on the processing condi-
tions including temperature, retention time and loading rate (Montingelli et al.
2015). However, this yield could be increased by 30 and 70% when co-digested
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with other carbon-rich substrates. The common inhibitions for biogas production
using algae as a feedstock include ammonia inhibition, which is due to the high
nitrogen content, and volatile fatty acids accumulation due to the processing
parameters. Mild pre-treatments should be sufficient for efficient release of carbo-
hydrates from algae, unlike lignocellulose pre-treatments, which require harsh
pre-treatments due to the presence of lignin (8). Dewatering the algal biomass is
crucial for economic feasibility or alternative reactors such as UASB should be
employed, which could produce biogas at a faster rate. The challenge with the
UASB reactors is that it needs rich volatile fatty acids to process it to methane at a
faster rate; however, the concentration of volatile fatty acids is lower which makes it
inefficient to use UASB or a pre-treatment step is required before it could be
processed (Ward et al. 2014).

16.5.4 Biochar

Biochar could be produced from algae through slow pyrolysis operated between
250 and 400 °C (Bird et al. 2012). Biochar helps is carbon sequestration that
restores minerals and nutrients in the soil, improves soil quality, thereby reducing
the need for other chemical fertilizers. Plant growth rate increases between 15 and
30 times when biochar was added compared with plants grown without biochar/
fertilizer (Bird et al. 2011). Algal biochar possessed similar physicochemical
properties in comparison with biochar produced from several other feedstocks such
as lignocelluloses, and poultry litter (Bird et al. 2011). However, the carbon in the
algal biomass is lower compared with lignocelluloses which make the amount of
carbon sequestered lesser. The loss of volatiles increases with the increase in the
temperature during pyrolysis (Bird et al. 2011).

16.5.5 Biohydrogen

As discussed in ethanol section, through dark fermentation and photo fermentation
hydrogen could be produced from microalgae. One of the important concerns over
the hydrogen production is its negative energy balances during dark fermentation,
meaning that it requires more energy than energy produced from hydrogen pro-
duction. For economic viability, positive energy balance is required and adequate
research is essential in integrating hydrogen production and other value-added
products from algae. Major studies reported a biodegradability of algal biomass for
hydrogen production between 10 and 30%, which correspond to more than 70% of
the biomass which is not utilized. More research is required to increase the yield of
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hydrogen from algae and integrative approach to producing other value-added
products besides hydrogen (Sambusiti et al. 2015; Eroglu and Melis 2016).

16.5.6 Bioelectricity

Electricity could be produced from algae on wastewaters using microbial fuel cells
where algae could act as a cathode. The feasibility of this integration is based on the
algal growth and cathode reactions in MFCs. For efficient activity in MFC, algae
should grow efficiently which when obtained could reduce more than 90% of COD
from wastewaters. The light source is crucial for this complete synergy to be
optimal (Xu et al. 2016).

16.6 Techno-Economics, Environmental Feasibility
as Bio-Based Industry and Sustainability
of Wastewater Bioprocess

Algal biomass popularly known as the third-generation feedstock for bioenergy is
promising with a huge potential for bio-based industries, simultaneously offering a
range of valued bio products. Apart from GHG mitigation, the algal bioprocess
offers phytoremediation and other ecosystem services. However, the biggest con-
straints in algal bioprocesses are the production of enormous algal biomass. For
sustainable algal industries to be a reality, there is a huge requirement of millions of
tons of algal biomass with myriads of beneficial products extracted during the
downstream processing. One of the major resource confinements is the availability
of large quantum of water for their cultivation. Although various alternatives to
freshwater resources as marine water, brackish water, industrial effluents, livestock
wastewater, agricultural effluents and primarily municipal wastewaters are being
studied recently for the growth and development of algal cultures. The
techno-economic assessment of algal bioprocesses reveals lacks of economic pro-
cesses and routes for algal biomass harvest and concentration. A cost-based anal-
ysis, however, shows higher biomass costs for the algae cultivated in closed photo
bioreactors compared to open ponds. However, the open pond systems suffer from
very frequent contaminations and grazing issues that bring down the overall bio-
mass productivity. Multistage algal bioprocess with multiple product developments
with a complete bio refinery approach is essential for techno-economic feasibility
with a lower environmental footprint. Therefore, process integration of algal sys-
tems with wastewater treatment can lead of sustainable algal bioprocesses for 4 F’s
as fuel/food/feed/fertilizer productions.
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The environmental sustainability of algal bioprocess depends on the use and
reuse of natural and renewable resources. Essentially, the algal growth is powered
by photosynthesis that requires solar light and CO2 from the environment that is
abundant. Biofuels and bio products from algal sources are eco-friendly as they
release low levels of NOx and SOx after combustion. Especially the algal biodiesel
are efficient sources of bio-based energies and are compatible with existing com-
bustion engines that require no further modifications. Moreover, algal biodiesel has
similar fuel properties as petroleum-derived diesel in terms of heating values,
viscosity, density, cold flow properties, flash point. Furthermore, large-scale pro-
duction of algal biomass leads to sequestration of atmospheric CO2. This aids in
restricting GHG emissions and devising key strategies for climate change mitiga-
tion. Notably, *1.8 tons of CO2 are utilized to produce 1 ton of algal biomass.
Thus, this provides ample scope for pushing gaseous pollutants as flue gas, etc. into
algal cultures for purification of contaminants. The same strategy can be also
implemented for absorbing CO2 from biomethanation units as essential strategies
for upgradation of biogas for bioenergy production. The C footprint of algal bio
products is much lower than petroleum and other synthetic industrial products.
Algal growth on wastewater also avoids usage of fresh water and brings down the
usable water footprint. The algal use for nutrient recovery also maintains the
ecosystems integrity by closing the nutrient cycles and ensures subsequent use of
nutrient upon mineralization. Such ecosystem services and options for revenue
generation can dramatically bring down the cost of production of nutrient required
for synthesis of agricultural chemical fertilizers.

The economic sustainability of algae-based products is based on return on
investments in algal production. A comparative account of the cost of production of
1 kg of algal biomass in open ponds and closed photo bioreactors shows 7.32 and
1.54 USD, respectively. While the cost of 1 kg of algal-based oils grown on open
ponds and photo bioreactors are 7.64 and 24.6 USD, respectively. Compared to the
petroleum-derived fuels (PDF) (60 USD/barrel), the costs of algal biofuels (bio-
diesel) are strikingly high (*2000 USD/barrel) and need suitable process opti-
mization and technological interventions for its economic acceptability as
renewable and green fuel. In context to US transportation, the cost of replacement
of 1% of annual PDF is *30 million tons of algal biomass with an average 40% oil
content (Chsiti 2007). To bring down the cost of production of algal biofuels and
make it more economically sustainable, more research and emphasis have to be laid
on cost-effective cultivation, harvesting, extraction through optimal downstream
processing. Integration of both biochemical and thermochemical approaches with
innovative technologies and optimization of output parameters by means of suitable
control systems can pave the path for a sustainable algal bio-based economy that
fosters clean development. Schematic representation of an algal cultivation system
with waste gases and wastewater feed with various bio products generation is
depicted in Fig. 16.3.
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16.7 Conclusions

In spite of the availability of advanced bioreactor designs, bioprocessing tech-
nologies and high-throughput screening techniques there is a large gap for algal bio
products commercialization. This is owing to heterogeneity in production capacities
and lack of standardization in the ongoing studies. Investigations tested within a
narrow set of environmental parameters and species limit the scope of algal
applications. Therefore, a sound understanding and identification of the basic dri-
vers of algal biomass production and its subsequent conversion into valuable bio
products are of utmost importance. In addition, the present-day research on
wastewater remediation using various algal cultivation strategies needs to incor-
porate variability in growth conditions during outdoor applications.

Successful integration of algal cultivation systems with wastewater treatment
processes on a larger scale taking into account that the real conditions with uncer-
tainties in nutrient regimes and seasonal dynamics are essential. A thorough
understanding of the linkages between algal growth with wastewater characteristics
from different sources with various growth platforms, algal assemblages, at various
microclimatic variabilities, nutrient uptake and mobilization trends, and biochemical
composition is vital for a complete utilization of biomass for diverse applications
following the biorefinery approach. More emphasis on mass and energy balance and
systems stability by optimization offlow properties, materials for cell attachment and
improved post-processing through catalytic processes is necessary. Studies on nat-
ural algal assemblages with heterotrophic–autotrophic interactions with the com-
munity characterization in static and dynamic environments will eventually lead to
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Fig. 16.3 A schematic representation of algal bioprocess and the range of valued products from
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the design of innovative bioprocesses. An integration of various feasible approaches
ensuring the technical feasibility, economic viability and environmental sustain-
ability would lead algal bioprocess technologies and bio-based products a reality.
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Chapter 17
The Pretreatment Technologies
for Deconstruction of Lignocellulosic
Biomass

Manali Kapoor, Surbhi Semwal, Ruchi Gaur, Ravindra Kumar,
Ravi P. Gupta and Suresh K. Puri

Abstract Owing to the finite supply of fossil fuels, greenhouse gasses emission,
global warming, increasing price, and unexpected fluctuations, there is a need to
pay attention for alternative energy resources and thus interest in ethanol which is
renewable, environmentally sustainable, and economically viable fuel has been
strengthened. Due to economic and environmental concerns cropped up with the
use of the first-generation ethanol processes, second-generation ethanol processes
which comprise the use of waste biomass, viz., agricultural crop residues, municipal
solid waste, sludge, livestock manure, etc., has been contemplated to be the hot
emerging field. However, due to many technological issues, development of an
effective technology is still a challenge. This chapter, therefore, provides insight
into the pretreatment technologies involved in the production of free sugars which
can be fermented to ethanol along with discussion on the merits and demerits of
each of the technologies and their future prospects. This chapter also deals with
various biomass-related issues and the updated technology status along with
commercial aspects.

Keywords Pretreatment � Biomass � Dilute acid � Steam explosion
Fermentable sugars � Ethanol

17.1 Introduction

Consumption of energy resources has increased tremendously and anticipated to
increase by 0.7–1.2% yearly for the next 20 years. About 64% of the increase in
demand is contributed by transportation fuel. Owing to many issues like:
(i) greenhouse gasses (GHG) emission; (ii) limited supply; (iii) augmenting price
with unanticipated fluctuations which are linked with the use of fossil fuels, interest
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in alternative, renewable, and sustainable biofuels such as bioethanol has been
aroused (Mood et al. 2013; Silveira et al. 2015). Ethanol being a bio-based and
oxygenated (35% oxygen) compound enables better hydrocarbon oxidation com-
pared to gasoline resulting in reduction of GHG emissions (Balat 2007). To be
employed in internal combustion engines as a fuel, it may either be applied as such
or mixed with gasoline in varying amounts. High octane number makes it appro-
priate to use in a normal gasoline engine as can be easily mixed with gasoline (Li
et al. 2005). In Brazil, ethanol obtained from sugarcane is used as such or mixed
with gasoline in a 24% ratio to obtain gasohol, whereas in different areas of USA,
10% ethanol is added to gasoline to obtain E10. In several other countries like
China, Columbia, Peru, Paraguay, Australia, and Thailand, blend of ethanol, i.e.,
E10, is prevalent while in India it is E5 (Dias De Oliveira et al. 2005; Malça and
Freire 2006).

Ethanol which is commonly available in the market is produced from starchy or
sugary crops via fermentation and is commonly mentioned as the first-generation
ethanol (Naik et al. 2010). Its main application is in the transport sector where it is
progressively used throughout the world as a substitute to fossil fuels. The main
disadvantage is that the feedstock used for its generation is used as human food, and
thus increase in the production of these fuels can result in the rising food prices,
thereby leading to ethical discussions on food versus fuel. There is also a consid-
erable debate about the sustainability of it as this can influence environment and
carbon balances. Therefore, it is highly required to exploit the inedible materials for
huge scale supplies of ethanol in the future (Laursen 2006; Gray and Zhao 2006).

In this respect, second-generation ethanol which involves the use of lignocel-
lulosic biomass (LCB), i.e., woody crops, agricultural residues are interesting
alternatives as these are cheap, renewable, and readily available (Mood et al. 2013).
There have been large case studies which state that ethanol derived from LCB can
decrease GHG emissions by more than 80% (Soam et al. 2016). Since it is a waste
material, it has no competition with the food crop and has socioeconomic benefits
and hence very relevant in the current context, however, ethanol production from
LCB is very complicated unlike that from first-generation ethanol, e.g., from corn
starch (which involves simple hydrolysis followed by fermentation) or sugarcane
juice (direct fermentation). Owing to complex structure of biomass, it needs to be
deconstructed to make the cellulose easily available to enzymes so that it can be
easily hydrolyzed to fermentable sugars. There are many technological issues
associated with the pretreatment which has limited the commercialization of bio-
mass to ethanol refinery. In spite of the commissioning of 100 pilot plants and about
10 demonstration and commercial plants globally over the last decade, cellulosic
ethanol production technologies have struggled universally to be economically and
technologically feasible.

This book chapter, therefore, provides insight into the pretreatment technologies
involved in the production of free sugars which can be fermented to ethanol along
with discussion on the merits and demerits of each of the technologies and their
future prospects. This chapter also deals with various biomass-related issues and the
updated technology status along with commercial aspects.
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17.2 Lignocellulosic Biomass

Lignocellulosic biomass (LCB) comprises agricultural waste material, i.e., wheat
straw, rice straw, corn stover, and sugarcane bagasse; forest crops which include
softwood and hardwood and energy crops, i.e., salix, switchgrass (Kumar et al.
2009). The LCB has a very complex architecture consisting of three predominant
structural units which are cellulose, hemicellulose, and lignin and also contains
slight quantities of extractives, ash, and pectin. The characteristic features of main
components of lignocellulosic biomass are given in Fig. 17.1. Cellulose, a polymer
of D-glucose subunits is connected via b-(1,4)-glycosidic bonds, whereas hemi-
celluloses, polymer of xylose, arabinose, and mannose, etc., consist of small
branches at the backbone which are connected via b-(1,4)-glycosidic bonds and
periodically b-(1,3)-glycosidic bonds (Kumar et al. 2009; Brodeur et al. 2011). The
cellulose chains are connected jointly by bonds such as Van der Waals and
hydrogen and are bundled into microfibrils, and these microfibrils are in turn bound
to each other by hemicellulose and lignin. In lignin, which is a complex 3-D
polymer, phenylpropane unit is present as the predominant building block.
p-hydroxyphenyl propanol, (Coumaryl alcohol), guaiacyl propanol (coniferyl
alcohol), and syringyl alcohol (sinapyl alcohol) are the major monomers present.

Structure unit: D-Glucopyranose
Bond join of structural unit: β-1,4-glycosidic linkage
Polymeric level: 1000-10,000 
Polymer: β-1,4-Glucan
Structure: Crystalline and amorphous area
Binding forces: Hydrogen bond

Structure unit: D-xylose, Mannose, Galactose,
L- arabinose, Glucuronic acid

Bond join of structural unit: β-1,4-glycosidic linkage,
glycosidic linkage

Polymeric level: ≤200
Polymer: Glucomannan, Galactoglucomannan, Xylan
Structure: Few crystalline area
Binding forces: Chemical bond

Structure unit: Syringyl, Guaiacyl, Para-hydroxy-phenyl
Bond join of structural unit: C-C, R-O-R

’

Polymeric level: 4000 
Polymer: G-, GS-, and GSH-type
Structure: Amorphous, non-uniform, nonlinear, 3D polymer
Binding forces: Chemical bond

Cellulose

Hemicellulose

Lignin

Fig. 17.1 Characteristic features of different components of lignocellulosic biomass
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Due to its complex structure, lignin gives structural support, inflexibility and makes
the cellulose fibrils extremely difficult to be attacked by both cellulases and
microbes. The lignin also hampers enzymatic hydrolysis as the enzyme binds
irreversibly onto lignin and thus not available to act on the cellulose chains (Kumar
et al. 2009; Kapoor et al. 2017a; b).

17.3 Pretreatment

Pretreatment is the foremost step employed for ethanol production from LCB fol-
lowed by hydrolysis of holocellulose to the sugars, fermentation of sugars, and
purification of ethanol. Pretreatment alters the size, structure of the biomass and
brings out the changes in its chemical composition to attain high sugar yields by
easy carbohydrate hydrolysis. It also reduces cellulose crystallinity, augment pores
in biomass, and lignin/hemicellulose. The picture depicting the deconstruction of
biomass is given in Fig. 17.2. Conversion of the native biomass to free sugars
would not only require huge amount of enzymes but would also result in low
hydrolysis yields (<20%). Thus, pretreatment is a vital step to make easy access of
cellulase during enzymatic hydrolysis by exposing the biomass (Brodeur et al.
2011; Kapoor et al. 2017a).

17.3.1 Crucial Factors for an Efficient Pretreatment Process
of Lignocellulosic Biomass

The pretreatment process constitutes about 20–30% of entire production costs
involved in the ethanol production from biomass and can thus be considered one of
key cost contributors to the economics of ethanol. The cost efficiency of the
downstream bioconversion processes is also influenced by it. To make sure the
pretreatment is an effective process; several crucial factors need to be considered
(Alvira et al. 2010).

Fig. 17.2 Deconstruction of biomass into sugars
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1. Effective pretreatment method should have low capex which can be accom-
plished by avoiding the use of costly materials (catalyst, solvents, reagents, and
biomass) during pretreatment and consequent neutralization (Bhutto et al. 2017).

2. Since pretreatment consumes substantial amount of energy in the ethanol pro-
cess, it is essential to keep the demand of energy small while maintaining the
process performance (Alvira et al. 2010).

3. Production of highly digestible pretreated solids which on enzymatic hydrolysis
results in high sugar yields (>90%) in fewer than 3 days with as little as 10 FPU/
g cellulase loadings (Yang and Wyman 2008).

4. Sugar recovery during pretreatment should be good, i.e., C5 sugar losses should
be minimized.

5. Minimium amounts of inhibitors should be generated. High pretreatment
severity can lead to incomplete degradation of hemicellulose and production of
toxic compounds obtained from decomposition of sugar which could influence
the enzymatic hydrolysis and fermentation steps. Hydroxymethyl furfural
(HMF) results from the degradation of glucose and xylose, respectively. These
on further degradation can form formic acid and levulinic acid. Low amount of
inhibitor formation would result in direct use of the pretreated biomass for
hydrolysis without employing washing/separation.

6. To establish adequate ethanol concentrations, manage recovery and other
downstream costs, the sugars concentration from the collective pretreatment and
enzymatic hydrolysis operations ought to be >10% (Bhutto et al. 2017).

7. Lignin should also be recoverable to be converted into important products to
realize the biorefinery concept.

17.4 Pretreatment Methods

Various methods such as physical pretreatment (mechanical comminution, extru-
sion, ultrasound, and microwave), chemical pretreatment (dilute acid, alkali,
organic solvents, ionic liquids, and ozonolysis), physicochemical pretreatment
(steam pretreatment/autohydrolysis, ammonia, wet oxidation, and liquid hot water),
and biological pretreatment have been explored for LCB pretreatment (Alvira et al.
2010; Kumar and Sharma 2017).

17.4.1 Physical Pretreatment

This is normally considered as the first step of pretreatment with an objective to
decrease the biomass particle size. Moreover, it results in expanding the accessible
surface area, reduces polymerization degree, and causes decrystallization of the
biomass (Kumar et al. 2009).
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17.4.1.1 Mechanical Comminution

Mechanical comminution which basically includes grinding, chipping, and/or
milling techniques, alters the innate structure of biomass and crystallinity, and
thereupon makes it susceptible to attack by cellulase (Alvira et al. 2010). Chipping
lowers the particle size to 10–30 mm, whereas 0.2–2 mm size is achieved on
milling or grinding. Thus, different physical method results in varying particle size.
Milling and grinding dramatically trim down the size of biomass and crystallinity of
cellulose owing to the shear forces induced at the time of milling, whereas chipping
decreases the mass and heat transfer effects. Ball milling, hammer milling, two-roll
milling, wet disk milling, and colloid milling are numerous categories of milling
which result in improved enzymatic hydrolysis. The power required for size
diminution is decided by biomass characteristics and its size. Oil palm frond fiber
and empty fruit bunch resulted in glucose yields of 87 and 70%, respectively,
whereas xylose yields obtained were 81.6 and 82.3%, respectively, when pretreated
through ball mill (Mood et al. 2013; Zakaria et al. 2014).

Due to the low energy consumption of wet disk milling, it has been found to be
more economical than ball milling; however, the glucose and xylose yields were
lower than ball milling for most of the LCB. The major shortcoming of the milling
process is that the amount of energy which is consumed during pretreatment is
much more than the biomass theoretical energy content. The inefficiency of milling
in removing the lignin which impedes the cellulase accessibility to cellulose by
irreversibly binding on cellulose is also a disadvantage of this method. Thus, this
method is expensive and cannot be used as a stand-alone method for pretreatment.
This method is most implausible to be used at a commercial scale, unless coupled
with other pretreatment methods.

17.4.1.2 Extrusion

In extrusion process, heating followed by mixing and shearing is applied on bio-
mass which changes its physical and chemical structure when it makes a way
through the extruder. The biomass structure is disrupted by the screw speed and
barrel temperature as the fibrillar structure of biomass is broken down, and fibers
are shortened and this in turn result in the increasing accessibility of cellulose to
cellulases. Single and twin screw extruders have been extensively used to pretreat
variety of LCB, ultimately resulting in high enzymatic hydrolysis (Alvira et al.
2010). Reducing sugar yields of 28.2% was obtained from the switch grass which
was pretreated with the screw speed (200 rpm) and barrel temperature (75 °C),
whereas big bluestem is pretreated at similar speed but temperature of 150 °C
resulted in 66.2% and prairie cord grass produced 49.2% at 100 °C and 150 rpm
(Karunanithy et al. 2013). Pretreatment of soybean hulls (in-barrel moisture, 40%
wet basis) at screw speed (350 rpm), temperature (80 °C) resulted in 94.8% glucose
conversion after enzymatic hydrolysis. This method has an advantage of huge
shear, speedy stirring, mild barrel temperature, and brief residence time. This
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method does not result in HMF and furfural formation; hence, no washing/
detoxification is required. Due to probability of continuous operation, versatility to
process modification, and scale-up, extrusion can be easily customized for
commercial-scale operation (Yoo et al. 2011; Zheng and Rehmann 2014).

17.4.1.3 Ultrasound

This pretreatment involves treating LCB with ultrasonic waves in the range of
10 kHz–20 MHz which generate both chemical and physical effects and change the
anatomy of LCB. These effects augment the separation of bonds between the
hemicellulose and lignin and degrade lignin-like compounds by attacking hydroxyl
groups of the phenolic ring. Small cavitation bubbles which are formed during
pretreatment also help in the separation and depolymerization of carbohydrates and
hence deconstruct the biomass and increase availability of cellulase to cellulose.
Thus, ultrasonic pretreatment enhances the saccharification of cellulose. Several
crucial factors determine the success of this pretreatment: frequency, power,
ultrasonic mode (continuous or pulse), temperature, solvent used, aeration, reactor
design, reactor configuration, and biomass characteristics. The character and the
harshness of the ultrasonic effects are determined by the frequency and power
settings as frequency in the range of 10–100 kHz effectively causes cell rupture and
holocellulose degradation (Bhutto et al. 2017; Kumar and Sharma 2017; Gogate
et al. 2011).

Ultrasonic pretreatment is found to be more efficient for smaller particle size
ranges as compared to larger particle size biomass. As different LCB responds
differently to ultrasonic pretreatment; therefore, the conditions which have been
optimized for one biomass may be somewhat different for others. Coupling of
ultrasound with other technologies such as oxidative species addition, peroxide and
ozone has the possibility of enhancing ultrasonic pretreatment and reducing the cost
considerably. Even though ultrasound treatment is familiar as a feasible option on a
laboratory scale, to consider it for the large scales, the operating parameters should
be thoroughly considered and optimized for development of an effective pretreat-
ment technology.

17.4.1.4 Microwave

In this method, biomass is immersed in chemical reagents (dilute) and biomass
slurry is then exposed to microwave radiation for 5–20 min time duration (Alvira
et al. 2010). Microwave result in the physical, chemical, and biological processes
by producing heat and broad collisions due to dielectric polarization. Thus, this
pretreatment changes the innate organization of biomass by breaking cellulose,
degrading/partially eliminates lignin and hemicelluloses and ultimately leading to
enhanced cellulose digestibility. Addition of dilute alkali reagent such as NaOH has
been found to be very effective for this pretreatment. This pretreatment can be easily
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conducted and consumes very low energy as compared to conventional heating
methods. Apart from these advantages, short processing time, minimum production
of inhibitors, high uniformity, and selectivity make it a widely used method for
pretreatment. It can be easily carried out in small equipment in short residence time
and thus requires very low initial investment (Bhutto et al. 2017; Zhu et al. 2006). It
is not feasible at commercial level.

17.4.2 Chemical Pretreatment

17.4.2.1 Organosolv Pretreatment

This method involves treating the biomass with an organic solvent. Inorganic/
organic acid or base catalysts can be added as catalyst to improve the method.
Acetone, ethanol, ethylene glycol, methanol, and tetrahydrofurfuryl alcohol are the
most generally used organic solvents. The inorganic acids used include
hydrochloric acid, sulfuric acid, and organic acids, i.e., acetylsalicylic acid, sali-
cylic, and oxalic acid. In this process, if pretreatment is conducted without catalyst
then temperature in the range of 180–210 °C is employed. However, addition of
catalyst makes it feasible to perform reaction at lower temperature (below 175 °C).
After pretreatment, pretreated solid is washed with ethanol or methanol and then
subjected to water wash. After draining the organic part, organic solvent is evap-
orated and condensed. Further, recycling of the solvent is performed. The lignin is
precipitated from the condensed black liquid by adding water and the filtrate thus
obtained consists of hemicellulose sugars (mainly xylose). Thus, three independent
fractions are obtained in organosolv pretreatment: arid lignin, an aqueous solution
consisting of hemicellulose part, and purer cellulose (Mesa et al. 2011; Zhao et al.
2009).

This method results in solubilization of lignin and breaking of hemicellulose
bonds and thus provides biomass material which is much more amenable to
hydrolysis. This method is very effective for pretreatment of biomass containing
higher percentage of lignin, e.g., softwoods. The following reactions get accom-
plished during organosolv pretreatment: (i) interior bonds present in lignins and
those of lignin-hemicellulose part get hydrolyzed; (ii) hemicellulosic glycosidic
bonds and some of these bonds in cellulose get hydrolyzed varying with the pre-
treatment conditions; (iii) degradation of the sugars into furfural and HMF (cat-
alyzed by acid) succeeded by condensation reactions which occurs within lignin
and degraded parts. There are numerous advantages of this method, e.g., (i) pure
lignin generated during the process; (ii) easy recovery of solvent by distillation
owing to low boiling nature of ethanol, methanol; (iii) fractionation into arid lignin,
an aqueous hemicellulose part, and a comparatively purer cellulose (Bhutto et al.
2017). On treating sugarcane bagasse with ethanol (30%) at 195 °C for 60 min,
29.1% reducing sugars was produced (Mesa et al. 2011). Acetone–water (1:1 molar

402 M. Kapoor et al.



ratio) pretreatment for Pinus radiata conducted at pH 2.0, 195 °C, for 5 min gave
ethanol yield of about 99.5% (Araque et al. 2008).

There are many disadvantages associated with this method, i.e., (i) high cost of
organic solvents; (ii) requirement of specially equipped vessels to avoid leaks and
prevent fires during use of volatile organic liquid at high temperature; (iii) cost
involved in recycling solvents which could otherwise be toxic to enzymatic
hydrolysis and fermenting organisms; (iv) to prevent dissolved lignin from pre-
cipitating, washing of the pretreated biomass with organic solvent is mandatory
before water washing. Thus, this method is too expensive to be used for the pre-
treatment and commercial implication is not feasible unless technology is properly
developed.

For organosolv pretreatment development in the future, focus ought to be on
combined usage of biomass parts and reduction of pretreatment expenses (ac-
complished by decreasing the quantity of solvent utilized). Several other features,
such as reduction of energy and consumption of chemicals, increase value of
by-products can also be incorporated to improve the entire method (Zhao et al.
2009).

17.4.2.2 Acid Pretreatment

In this pretreatment, high sugar yields are achieved by solubilizing hemicelluloses,
disorganizing lignin arrangement, decreasing cellulose degree of polymerization
(DP), thereby increasing the cellulose accessibility to cellulase. Inorganic acids, i.e.,
H2SO4, HCl, HNO3, H3PO4, and organic acid, i.e., HCOOH, CH3COOH, and
CH3CH2COOH are used (Pierre et al. 2015). Conventional method involves using
concentrated H2SO4 and HCl (30–70%) for hydrolysis of LCB into monosaccha-
rides. Although the pretreatment can be completed at very low temperature
(T < 100 °C), the drawbacks, viz, (i) formation of high amount of inhibiting
compounds (furfural, HMF, phenolic acids, and aldehydes) and (ii) metallurgy
issues for the equipment due to corrosion issues necessitating further expenditure
on operation and maintenance make this process less attractive.

These problems have been solved by using dilute acid (DA) which has been used
for pretreatment of broad range of LCB, i.e., switchgrass, corn stover, poplar, rice
straw, and Acacia mangium (Semwal et al. 2016; Xu et al. 2009; Du et al. 2010),
etc. Dilute acid pretreatment commonly uses dilute sulfuric acid (H2SO4) at con-
centrations below 4% (w/w), high temperatures (120–210 °C), and pressures to
achieve shorter reaction time (sec to min) and are thus appropriate for continuous
operations. Plug flow, batch percolation, shrinking-bed, flow-through, and counter
current reactors are various types of reactors which are in use for this method
(Taherzadeh and Karimi 2008).

The mechanism is based on cleavages of b-1,4-glycosidic bonds initiated by the
transmission of protons through biomass matrices and rapid protonation of glyco-
sidic oxygen bonds between sugar monomers. Hemicelluloses hydrolysis, mainly
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xylan to xylose and other sugars which further give rise to monomers (furfural,
HMF) and other (volatile) products are the major reaction that develops during this
pretreatment. Hemicellulose is hydrolyzed by acid as particularly C–O bonds
between sugar molecules get cleaved via the protonation of glycosidic bonds or
pyranic oxygens. As hydrogen bonds in hemicellulose are not strong enough,
hemicellulosic sugars are preferentially converted to 2-furaldehydes and then to
2,5-anhydride intermediates in the following order of reactivity: xylose > arabi-
nose > mannose > galactose > glucose. Combined severity factor (CSF) predicts
the severity of pretreatment process conditions and relates to the holocellulose and
inhibitors formation. It is a function of temperature, reaction time, pH and calcu-
lated by the following formula (Eq. 1), where “t,” “T,” and “TR” are the reaction
time (min), operating temperature (°C), reference temperature(100 °C), respec-
tively, and “pH” is that of the pretreatment hydrolyzate (Pedersen and Meyer 2010).

Log R0 ¼ Log10 t � exp ðT � TRÞ
14:75

� �
� pH ð1Þ

The oligomers formed from hemicelluloses are inhibitory to cellulases and
should also be hydrolyzed into monosaccharides by adjusting pretreatment condi-
tions. During acid pretreatment, lignin is solubilized as lignosulphonates, condense,
and precipitate in acidic environments (Semwal et al. 2016; Dutta et al. 2012).

Dilute acid pretreatment is suitable for continuous production due to rapidity and
no need for recycling and thus is the most feasible, inexpensive, and effective for
industrial scale. Furthermore, essential nutrients such as S and P are released on
using <1% w/v H2SO4/H3PO4 that enhance fermentation step. It is also used to
commercially produce furfural from cellulosic materials. Although consumption of
low acid is a major advantage in terms of cost and process severity, the method
needs relatively high temperature and pressure. This causes formation of degra-
dation products which have negative influence on both hydrolysis and fermentation.
Even though this problem can be circumvented by the use of washed pretreated
biomass, it would not be economically practical owing to loss of the sugars and
requirement of huge amount of water. Thus, it is desirable to take forward the whole
slurry directly for enzymatic hydrolysis, but this would necessitate the need for
neutralization using acid (Zhang et al. 2012).

Another important factor in the process of acid pretreatment is the high-solid
loadings, which refers to the percent amount of biomass solids in the pretreatment
mixture. By increasing the initial solid loading, it is possible to increase the sugar
concentration to obtain increased ethanol yields while decreasing operating costs
and energy utilization in the final product recovery steps. There are not enough
studies on high-solids loading (>15% solids concentrations) regarding pretreatment,
saccharification, and fermentation to determine the minimal concentration to pro-
duce economically feasible ethanol such as in terms of energy requirements for
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distillation. Dilute acid pretreated rice straw at 25% solid loadings yielded 83.3 and
31.9 g/L, glucose, and xylose post-enzymatic saccharification. The conditions, viz.,
0.35wt% acid, 162 °C temperature for 10 min residence time were optimized in
continuous pilot-scale horizontal reactor (Kapoor et al. 2017).

With the aim to reinforce the DA pretreatment, certain catalysts have proved
quite useful. The mechanism involves targeting lignin thereby opening up the
lignin–carbohydrate network. In this direction, sulfite pretreatment has earned
notice as a method for wood species as free phenolic hydroxyl groups are created
owing to sulfonation of lignin at C-a of the side chain which breaks the linkages
(a-O-4 and b-O-4) between phenyl propane units. Thus, lignosulfonate portion and
residual insoluble sulfonated lignin are formed which have enhanced hydrophilicity
(Semwal et al. 2016).

Although high xylose production during pretreatment and high glucan hydrol-
ysis during subsequent enzymatic hydrolysis are associated advantages of DA
pretreatment but another inhibitor “pseudo-lignin” becomes a matter of concern.
Under high severity condition, pseudo-lignin is formed during DA pretreatment
which significantly inhibits enzymatic hydrolysis of cellulose. During DA pre-
treatment, polysaccharides (e.g., cellulose and xylan) hydrolysis results in the
production of monosaccharides (e.g., glucose and xylose), which further get con-
verted to HMF and furfural. Pseudo-lignin is formed by the further rearrangements
of furfural and/or HMF (Hu et al. 2012).

Table 17.1 displays the process condition, advantages, and disadvantages of
acidic catalysts. POET-DSM, Abengoa (USA) has set up commercial plants based
on DA technology (Table 17.2).

Table 17.1 Description of acidic catalyst

Concentrated H2SO4

Process Condition
*30% (w/v), ambient to 
moderate temperature for 
several hours

Advantages
* enzyme not required;  
*Low temperature and 
pressure 

Limitations
*Catalyst toxicity;  
*Catalyst corrosiveness

Dilute H2SO4

Process Condition
*0.5-5% (w/v), high 
temperature for a few 
minutes

Advantages
*High reaction rate; 
*Applicability of combined 
severity factor

Limitations
*High temperature;  
*Inhibitor formation

Organic acid

Process Condition
*0.5-5%(w/v), high 
temperature for a few 
minutes

Advantages
*Less toxicity;
*Less formation of 
inhibitory compounds

Limitations
*Expensive catalysts;
*Pretreatment effectiveness
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17.4.2.3 Alkaline Pretreatment

Alkali pretreatment targets lignin component of the biomass, thereby disrupting the
ester and glycosidic side chains. KOH, NaOH, Ca(OH)2, and NH4OH, etc., are the
frequently employed catalysts in this pretreatment. As a result of pretreatment,
lignin structural alteration, acetyl removal, swelling, and partial decrystallization of
cellulose with limited solubilization of hemicelluloses is achieved. Consequently,
plant biomass exhibits higher cellulose accessible surface area to enzyme (Alvira
et al. 2010).

The two important reaction mechanisms, i.e., solvation and saponification occur
during alkaline pretreatment. Solvation causes the swelling of lignocellulosic cell
wall, thus increases the internal surface area. Meanwhile, the alkali agent produces
a charged carboxyl group as uronic ester linkages (4-O-methyl-D-glucuronic acids)
which are connected to xylan backbone undergo saponification. It also cleaves
lignin–hemicelluloses bonds and ultimately led to destruction of cellulose–hemi-
cellulose–lignin matrix (Himmel et al. 1994). Therefore, the pore structures of
lignocellulose are increased because of disappearance of the connecting bonds, thus
making the lignocellulose components easily available for enzymatic and microbial
degradation. This pretreatment has been used for various LCB, i.e., switch grass,
rice straw, sugarcane bagasse, sugarcane tops, dendrocalamus, corn stover, and
poplar wood (Sharma et al. 2013; Cheng et al. 2010; Sindhu et al. 2014), etc. The
two main chemicals, i.e., lime, NaOH, and Ca(OH)2 are mainly applied to alkaline
pretreatment of LCB. Dilute NaOH pretreatment was established to be efficient for
straws containing lignin contents in the range of 10–18% (Millet et al. 1976);
however, it was found not to be efficient for softwoods having lignin content >26%.

Alkali pretreatment is usually executed at relatively lower pressure and tem-
perature compared to acid and steam explosion pretreatment and usually degrades
less sugar than acid pretreatment and thus consumes lower energy during pre-
treatment. The alkali pretreatment normally takes longer time if carried out at
ambient conditions. Another limitation is alkali losses as salts get incorporated into

Table 17.2 Commercial 2G ethanol plant in world (http://www.etipbioenergy.eu/?option=com_
content&view=article&id=273; http://www.praj.net/ethanol-plant.html)

Commercial
ethanol plant

Location Capacity MG/
yr

Pretreatment
technology

Feedstock used

DuPont USA 30 Ammonia Corn stover

Beta
Renewables

Italy 20 Steam
explosion

Wheat straw, rice straw,
and Arundo donax

POET-DSM USA 20 Acid Corn stover and corn cob

Abengoa USA. 25 Acid Wheat straw

Raizen Brazil 10 Steam
explosion

Baggase and sugar cane
straw

Granbio Brazil 20 Steam
explosion

Baggase and sugar cane
straw
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the biomass and thus cannot be recovered. Substantial quantities of water are also
required for washing step. It is essential to neutralize biomass before setting up
enzymatic hydrolysis, and this makes downstream processing complicated. Further
this would also increase the scale-up cost (Alvira et al. 2010).

17.4.2.4 Ozonolysis

This method involves the use of oxidant, i.e., ozone gas to lessen the biomass lignin
content and thus results in the improved enzymatic hydrolysis. Biomass moisture
content is the important factor which governs the pretreatment by ozone gas as
moisture content is inversely related to lignin oxidization potential. This method has
been investigated in many LCB, i.e., bagasse, wheat straw, cotton straw, peanut,
pine, poplar sawdust. The attractive feature of this method is that it is generally
conducted at ambient temperature and pressure. This method does not give rise to
inhibitory compounds which can influence the later reactions, i.e., hydrolysis and
fermentation; however, the application at industrial level is faced with the challenge
of the requirement of high amount of ozone for pretreatment. To employ it com-
mercially, research is in progress for production of industrially viable ozone con-
centrations (Mood et al. 2013; Kumar et al. 2009; Kumar and Sharma 2017).

17.4.2.5 Ionic Liquids (ILs)

The associated drawbacks of chemical/physical pretreatment methods have resulted
in a surge to look for milder and environmental-friendly pretreatment agents. While,
no pretreatment technology can be called a winner due to the different composition
and constitution of LCBs, ILs have emerged as green solvents to address the issue
of environmental safety and economic viability of pretreatment. Ionic liquids are
endowed with the ability to dissolve cellulose due to their special composition
involving organic cation and inorganic anion. As opposed to the regular volatile
organic solvents, i.e., the ones used in organosolv process, ILs do not suffer from
limitations related to biodegradability, toxicity, hydrophobicity, viscosity, electro-
chemical, and thermal stability. Moreover, nearly 100% recovery of used IL is
feasible owing to various combinations of anion and cation. Besides, ILs posses
high reaction rates, low volatility and are inflammable (Brandt et al. 2013).

Ionic liquids exert their dissolving effect by forming electron- donor–acceptor
(EDA) complexes breaking the inter-chain hydrogen bonds in cellulose. The sol-
ubilizing power of ILs may be explained by the Kamlet–Taft (KT) parameters
which are measured using UV–Vis spectra of certain dyes dissolved in an ionic
liquid of interest. The solubilizing property of IL is significantly affected by the
choice of its cation. Length of cation alkyl chain progressively reduces cellulose
solubility. Presence of hydroxyl groups on the alkyl chains or on the anion func-
tionalities decrease the solubility of cellulose owing to increase in IL
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hydrogen-bond acidity. Thus, IL which has comparatively small, non-coordinating
cations, and small hydrogen-bonding anions is most appropriate for cellulose owing
to its bi-functionality (amphiphilicity). The biomass type, particle size, time and
temperature of dissolution are various other factors which affect the level of bio-
mass solubilization (Sun et al. 2009).

After the dissolution of biomass, an antisolvent is added to precipitate the cel-
lulose. The regenerated biomass thus obtained contains mostly cellulose with
reduced lignin and hemicellulose contents. The recovered cellulose after IL pre-
treatment has the same degree of polymerization as the initial cellulose, but sig-
nificantly reduced degree of crystallinity. Besides cellulose, chemical composition
and supramolecular organization changes in lignin structure are also modified
during the pretreatment. In general, as compared to herbaceous and hardwood
lignocelluloses, softwood (pine) feedstocks undergo lesser delignification and
hemicellulose removal. Compositional and structural changes in pretreated biomass
during IL pretreatment improved the hydrolysis yield up to 50-fold (Dadi et al.
2006). Micro-structural modification of wheat straw and mustard stalk pretreated by
[C2mim][OAc] resulted in 97% glucose yield (Raj et al. 2016).

Ionic liquids have undoubtedly opened up new avenues for pretreatment, sep-
aration and fractionation but practical use of ILs for the proficient exploitation of
LCB still poses many challenges. The high cost of ILs, recycling requirement, and
lack of toxicological data are the critical issues. Besides, an insight into the mode of
action on hemicellulose and lignin along with the addressal to inhibitor generation
needs attention. Moreover, financial support for research on such issues is much
required.

17.4.3 Physicochemical Pretreatment

17.4.3.1 Steam Explosion (SE)

One of the most extensively operated pretreatment for LCB involves subjecting
biomass to pressurized steam in the range of 20–50 bar and 170–250 °C for several
sec to few mins, and then abruptly depressurized. As the pressure is quickly low-
ered, detachment of fibers occurs due to the explosive decompression. Due to the
high temperatures, autohydrolysis takes place which produces acetic acid resulting
from hemicellulosic acetyl groups; moreover, water at high temperatures also
operates as an acid. Thus, this pretreatment involves both chemical effects and
mechanical forces. Apart from incomplete hydrolysis/solubilization of hemicellu-
lose, the lignin is also removed slightly from the biomass. Hemicelluloses removal
surges enzyme availability by exposing cellulose surface (Gaur et al. 2017).

This technology has been used for variety of agricultural residues/herbaceous
biomass and hardwoods, i.e., olive residues, poplar, herbaceous residues (corn stover
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and wheat straw) (Brandt et al. 2013). The overall sugar recovery (pretreatment
hydrolysate + enzymatic hydrolysate) has been found to be improved by the addi-
tion of acid (H2SO4), SO2, etc. (Brodeur et al. 2011). Steam explosion of rice straw at
180 °C and 10 min resulted in total saccharification yield of 64%; however, prior
soaking with 0.5% H2SO4 improved the yield to 87% (Sharma et al. 2015).

Careful optimization of steam explosion is required as its efficiency is influenced
by particle size, temperature, and residence time. Similar to DA pretreatment, the
term severity factor (Ro) has been used to describe the coupled consequence of both
time and temperature and expressed as in Eq. 1. High temperatures can not only
result in an increased hemicellulose removal which can enhance cellulose hydrol-
ysis, but can also promote higher sugar degradation resulting in the formation of
fermentation inhibitors. The major inhibitors produced are furan derivatives (HMF
and furfural resulting from hexoses and pentoses degradation, respectively), phe-
nolic compounds, and weak acids. Due to high temperature, lignin also undergoes
chemical transformation, redistributed, and redeposited as lignin droplets, and this
so called pseudo-lignin is detrimental to enzymatic hydrolysis. However, if tem-
perature is low, partial destruction of lignin–carbohydrate matrix can cause soluble
lignin components to condense/precipitate and thus produce less digestible biomass.
Therefore, temperature is a crucial process parameter and need to be carefully
optimized.

Optimization of SE process parameters can be carried out in a batch mode on a
pilot scale as these reactors are cheap, versatile, need relatively small amounts of
biomass and simple to manage. For demo scales, continuous plants are typically
used as can work with high feeding rates. As compared to other pretreatment
technologies, steam explosion process offers several interesting features and these
are (i) lesser capital investment, lower energy consumption; (ii) less risky chemicals
and conditions employed except for softwoods which require acid catalyst;
(iii) almost complete sugar recovery; (iv) no recycling cost and lower environ-
mental impact; (v) possibility of using large particle size for biomass (Alvira et al.
2010).

However, there are several limitations of SE such as (i) partial degradation of
hemicelluloses (ii) side products formed could inhibit the subsequent steps; (iii) in
softwoods, owing to little acetyl content in the hemicellulosic portion, acid catalyst
(SO2 or H2SO4) addition is essential for getting higher sugar yields, and this could
lead to inhibitory compounds formation; (iv) biomass washing before enzymatic
hydrolysis may result in the decrease of the overall hydrolysis yields by 20–25%
due to elimination of soluble sugars; (v) detoxification methods required for the
removal of inhibitory compounds (Agbor et al. 2011).

Due to its salient features, steam explosion has been successfully checked in
both laboratory and pilot processes by several researchers and enforced at
demonstration scale (Bacovsky et al. 2010). Commercial plants based upon steam
explosion technology have been set up by Beta Renewables (Table 17.2).
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17.4.3.2 Liquid Hot Water (LHP)

Liquid hot water, a hydrothermal treatment involves the use of water as a reaction
medium at high temperatures (180–220 °C) and pressure (up to 5 MPa) to keep it in
the liquid state (Mood et al. 2013). It is distinct from SE as rapid decompression is
not required and does not involve any catalysts or chemicals, and this makes it more
advantageous as compared to any physicochemical/chemical method. High hemi-
cellulose sugar recovery and generation of hydrolysate containing low fermentation
inhibitors also makes it more favorable to SE. The LHW results in the solubilization
of hemicelluloses and partially lignin removal and thus makes the cellulose more
accessible. Inhibitors formation is prevented by maintaining pH between 4 and 7
during pretreatment. This is done to avoid the formation of monomer as in this pH
range; sugars are in form of oligomers. Similarly to SE, pretreatment process results
in the slurry which consists of solid fraction (cellulose enriched biomass) and
aqueous fraction (predominantly solubilized hemicelluloses), but unlike SE little or
no inhibitors are formed in this.

This pretreatment has been effectively investigated for variety of biomass
including corn stover, corn cob, sugarcane bagasse, rye straw, and wheat straw
(Mood et al. 2013). LHW of wheat straw under optimized condition resulted in
91% glucose and 80% xylose yields (Perez et al. 2008). Essential advantages of
LHP are (i) low cost of reactor due to complete exclusion of chemicals; (ii) no need
for recycling of material; (iii) elimination of washing step owing to lower formation
of inhibitory components; (iv) lower temperature operation minimizes the energy
consumption; (v) lower concentration of degraded products due to higher water
input.

In spite of it being high cost savings potential and environmental-friendly
technique, it has not yet been employed beyond pilot-scale investigation due to its
associated disadvantage of huge amount of energy requirement in downstream
processing owing to involvement of huge quantities of water (Agbor et al. 2011).

17.4.3.3 Ammonia Pretreatment

Ammonia fiber/freeze explosion (AFEX), soaking aqueous ammonia (SAA), and
ammonia recycle percolation (ARP) involve the use of liquid ammonia to pretreat
biomass. AFEX is similar to SE, as a physicochemical process, but conducted at
lower (<90 °C) temperatures. ARP on the other hand is carried out at higher
temperatures. A customized version of AFEX, i.e., SAA utilizing aqueous ammonia
has been put forward to treat biomass in order to reduce the liquid throughput
during pretreatment. It is carried out in batch reactor at moderate (25–60 °C) to high
temperatures (150–190 °C). In the AFEX and ARP processes, the LCB is treated
with ammonia at a given temperature and high pressure. The resulting biomass with
reduced lignin content and swollen cellulose has altered crystallinity. This results in
the increased reactivity of the remaining carbohydrates rendering the pretreated
biomass susceptible to hydrolysis. Compared to other pretreatment methods,
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ammonia treatment achieved close to theoretical glucose yields after enzymatic
hydrolysis and that too at reduced enzyme loadings (Foster et al. 2001).

AFEX pretreatment involves contacting the biomass with anhydrous liquid
ammonia in a closed vessel at ammonia to biomass loading as 1:1 or 1:2 for 10–
60 min at pressures >3 MPa and temperature range 60–90 °C. The batch is held at
the intended temperature for about 5 min followed by opening of vent valve leading
to explosive decompression. Apparently, swelling of cellulose is brought about by
the chemical effect of ammonia under pressure, thereby increasing the biomass
accessible surface area. Along with the partial solubilization of hemicellulose as
xylo-oligomers, transition of cellulose I to cellulose III takes place. Interestingly,
the lignin distribution remains reasonably the same after AFEX; however, rigorous
alteration in the structure of lignin is achieved. Thus, combined physical and
chemical changes affect accessibilities of cellulose to the cellulase markedly
increasing the susceptibility of the pretreated LCB to subsequent enzymatic
hydrolysis (Galbe and Zacchi 2007). Since it is a mild process, it can minimize the
production of sugar degradation products and fermentation inhibitors.

While, AFEX operates in batch mode, ARP employs ammonia in a packed bed
reactor. In a flow-through column reactor maintained at high temperatures (150–
180 °C), aqueous ammonia (5–15%) percolates through biomass at a flow rate (1–
5 ml/min) for a residence time (10–90 min). After pretreatment is completed,
ammonia is recycled or recovered (Kim et al. 2003). During this process, simul-
taneous removal of lignin and hydrolysis of hemicelluloses occurs along with a
concomitant decrease in cellulose crystallinity. AFEX and ARP are effective
methods for agricultural residues, herbaceous plants, and municipal solid waste,
whereas ARP pretreatment can be applied for hardwoods too.

Advantages of AFEX/ARP include, (i) compatibility of pretreatment hydrolysate
with fermentation organisms; (ii) increased feasibility at continuous industrial scale
owing to easy recovery and recyclability; (iii) less formation of fermentation
inhibitors owing to moderate temperatures (<100 °C), pH (<12.0), and short resi-
dence time compared to other physicochemical processes; (iv) high selectivity for
lignin removal (70–85%); (v) reduction of water required for washing as super-
heated ammonia vapor can be used to shred the remaining ammonia in the pre-
treated biomass; (vi) availability of residual ammonia as a nitrogen source during
fermentation (as recovery is close to 99%); (vii) economic viability due to price of
ammonia being about one-fourth (on a molar basis) of sulfuric acid used in acid
pretreatment (Kim et al. 2003).

Associated limitations of AFEX/ARP are: (i) less efficiency over high lignin
containing lignocellulosic biomass (18–30% lignin) and softwoods; (ii) the
ammonia cost; (iii) environmental concerns with the odor of ammonia at pilot as
well as industrial-scale applications (Himmel et al. 1994).

The use of AFEX and ARP has not been reported beyond laboratory scale.
Ammonia soaking technology has been successfully demonstrated by ICT
(Mumbai, India) in a batch wise, at 4 ton/day feed at IGL, Kashipur which is in the
process of being scaled-up to 10 tons per day, feed basis on a continuous scale.
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Commercial plants based upon Ammonia technology have been set up by DuPont
(Table 17.2).

17.4.3.4 Wet Oxidation (WO)

This method employs water and oxygen/air as catalyst and usually occurs at tem-
perature >120 °C and pressures in the range of 0.5 and 2 MPa for about 30 min.
Water behaves like an acid on raising temperature above 170 °C and thus catalyzes
hydrolytic reactions. WO results in the fractionation of biomass as organic acid
formed during the pretreatment process causes solubilization/hydrolysis of hemi-
celluloses, delignification, and oxidative reactions. Temperature, oxygen pressure,
and reaction time are the three crucial factors which affect the efficiency of wet
oxidation. Addition of chemical agents like alkaline peroxide and sodium carbonate
has been found to reduce the reaction temperature, improves hemicellulose solu-
bilization, and decreases inhibitory components formation (i.e., furfurals).
Alkaline WO treatment (195 °C, 15 min) of sugarcane bagasse resulted in *93%
hemicelluloses solubilization and 50% lignin removal, thereby increasing the cel-
lulose content to 70% and ultimately producing 75% sugar yield on enzymatic
hydrolysis (Kumar and Sharma 2017; Martin et al. 2007).

Some of the interesting features of WO are (i) the use of inexpensive and readily
oxidizing agents, e.g., available air or oxygen; (ii) decomposition of lignin to
carbon dioxide, water, and carboxylic acids; (iii) formation of lower amounts of
inhibitors, as compared to SE and LWH pretreatments. However, there are very
fewer chances of this pretreatment reaching industrial scale due to immense
expense of the hydrogen peroxide, requirement of expensive reactor material owing
to high temperature and pressure and the flammable character of the pure oxygen
(Bajpai 2016).

17.4.4 Biological Pretreatment

It comprises of microorganism specially fungi usage to increase the accessibility of
LCB for enzymatic hydrolysis. Brown, white, and soft-rot fungi primarily degrade
lignin, hemicellulose, and partially cellulose. White and soft rots basically attack
both cellulose and lignin, whereas brown rots chiefly attack cellulose. Out of all
fungi, white-rot fungi is the most useful and their action has been found to be due to
presence of peroxidases and laccase. Diverse range of white-rot fungi such as
Pleurotus ostreatus, Ceriporia lacerata, Cyathus stercoreus, Ceriporiopsis sub-
vermispora, Pycnoporus cinnabarinus, and Phanerochaete chrysosporium have
been investigated on various biomasses (Kumar and Wyman 2009). The main
effects of different microorganism on various biomasses are given in Table 17.3.
There are various parameters which influence this pretreatment such as biomass
composition, particle size, moisture, and characteristics. Apart from this some other
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factors are: microorganism involved, concentration of inoculum, pH, aeration rate,
time and temperature of incubation.

Advantages of this method are (i) environmental-friendly process; (ii) low
energy demand; (iii) no discharge of deadly compounds to environment and no
waste matter production throughout the process; (iv) fermentation inhibitors for-
mation avoided during the process. Despite of its advantages, industrial application
is normally ruled out as it requires continuous monitoring of microorganism
growth. Long processing time and requirement of large space for functioning are
other disadvantages of this method (Wyman et al. 2005). However, optimizing the
pretreatment with the best strain and culture conditions is the right step for the
future development of this process.

17.5 Conclusions

Lignocellulosic biomass (LCB) of non-food non-fodder value is both abundantly
and cheaply available and thus finds application in the bioethanol production.
However, the greatest complexity lies in the intimate structural organization of LCB
components to harness fermentable sugars. Pretreatment of the LCB is of utmost
importance to facilitate the release of sugars during enzymatic hydrolysis. Although
pretreatment can be precious in terms of input such as time and energy; the
advantages of upcoming strategies to surmount recalcitrance are massive. Different
methods of pretreatment have been defined and widely studied for improving the
digestibility of biomass. These bring out different kinds of alteration in the chemical
and physical structure of the biomass which are outlined in Table 17.4. The main
objective of an efficient pretreatment technology is to augment fermentable sugar
recovery, reduce inhibitors generated during pretreatment, reduce consumption of

Table 17.3 Main effects of biological pretreatment on various biomasses using different
microorganism

Microorganism Biomass Main effects References

P. ostreatus/
P. pulmonarius

Eucalyptus
grandis saw dust

Hydrolysis increased by 20
times

Castoldi et al.
(2014)

Fungal consortium Straw Hydrolysis increased by
seven times

Taha et al.
(2015)

Irpex lacteus Corn stalks Hydrolysis yield 82% Du et al.
(2011)

Ceriporiopsis
subvermispora

Corn stover Reducing sugar yield
increased by 2–3 times

Wan and Li
(2011)

Punctualaria sp.
TUFC20056 s

Bamboo culms 50% delignification Suhara et al.
(2012)

Phanerochaete
chrysosporium

Oil palm empty
fruit bunch

Klason lignin content
reduced 5.89%

Hamisan
et al. (2009)
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chemicals and energy effort, generate valuable by-products, and reduce overall
bioethanol cost. Owing to the difference in the composition of biomass, one method
available for deconstruction of one biomass may not be applicable for another
biomass. Table 17.5 presents application of different pretreatment technologies on
same biomass resulting in different sugar yields. Same biomass responds differently
to different pretreatments and the optimized conditions need to be derived for
individual biomass. For energy crops like switch grass, all pretreatment methods
look almost equally well efficient, while for agriculture residues like cotton stalk
(much closer to hardwood species) require combined pretreatment strategies for
overcoming recalcitrance.

Out of these many pretreatment techniques, physical and biological methods
have a long way to go and intensive research would have to be conducted to make
these commercially viable. Chemical and physicochemical methods appear to be
the most efficient and hopeful technologies for industrial applications; however,
chemical methods generate various by-products that inhibit subsequent biocatalytic
conversion steps. Various inhibitors which are formed during chemical processes
and different approaches employed to overcome these are given in Table 17.6.

Some of the major players to commercial cellulosic ethanol are Dupont (Nevada,
Iowa), Beta Renewables (Tortona, Italy), POET-DSM (Emmetsburg, Iowa) in
USA, Raizen/Iogen (Piracicabana) in Brazil, and Iogen Corporation in Canada,
Granbio (Alagoas) [IEA bioenergy task 42 report, 2014], and most of these tech-
nologies are either based on DA pretreatment or steam explosion (Table 17.2).
These technologies are, however, based on specific biomass and hence could not be
preferred for the all kinds of biomass. IL pretreatment technology which can be
applicable for wide range of biomass is very expensive, but development of cost
effective recovery methods would offer a great potential for future.

Table 17.4 Alteration in the characteristic features of lignocelluloses biomass due to different
pretreatment technologies (Alvira et al. 2010; Bhutto et al. 2017)

Characteristics Mechanical Acid Alkaline Lime SE AFEX LHW ARP

Cellulose
decrysallization

*** n.d n.a n.d n.a *** n.d ***

Hemicellulose
solubilization

n.a *** * ** *** ** *** **

Lignin removal n.a ** ** *** ** *** * ***

Increase in accessible
surface area

*** *** *** *** *** *** *** ***

Lignin structure
alteration

n.a *** *** *** *** *** ** ***

Formation of toxic
compound

n.a *** * ** *** * * **

*** High effect; ** Moderate effect; * Low effect; n.d Not determined; n.a Not applicable
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Immense deal of research needs to be undertaken to understand the relationship
between physical and chemical structure of biomass with the pretreatment.
Therefore, it is highly required to have basic and applied research of each pre-
treatment process to craft its alliance with the rest of the processes to utilize the full
prospective of the biomass for realizing our dream of bioethanol production.
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Chapter 18
Bioethanol Production from Sugarcane
Green Harvest Residues Using
Auxin-Assisted Pretreatment

Jegannathan Kenthorai Raman and Edgard Gnansounou

Abstract Bioethanol and biochemicals from agriculture residues are key alterna-
tive for transport fuels and fossil chemicals to environmental impact mitigation and
rural economy. In biofuels and biochemicals production, pretreatment is the crucial
and energy demanding process that enhances components hydrolysis. Any
improvement in energy conservation in this process would be an advantage. In this
study, auxin was used for sugarcane residues pretreatment and the advantage of
their use over the conventional pretreatment was analyzed. The optimization of
pretreatment process conditions using auxin followed by saccharification, fermen-
tation, and surface area analysis shows that auxin could be a prospective agent for
lignocellulose pretreatment at mild conditions (175 °C, 10.5 min and 2% auxin
concentration). The optimized pretreatment conditions of auxin were less severe
compared to optimized hot water pretreatment conditions that could lead to energy
savings. Furthermore, the biodegradable nature of auxin could make the waste
management easier in biorefineries.

Keywords Auxin � Bioethanol � Sugarcane green harvesting residues
Pretreatment � Saccharification � Fermentation

18.1 Introduction

World consumption of biofuels for transport such as bioethanol and biodiesel is
gradually rising (REN21 2015), and several countries have announced policies to
increase biofuel mandate in the transport sector. This indicates the keenness of
society and the government to mitigate climate change and increase energy security.
Most of the biofuels used now are first generation that compete with food due to
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land use and demand (Rulli et al. 2016). However, second-generation biofuels are
being rigorously investigated and several commercial-scale operations were started
in 2015 (Schwab et al. 2015). Second-generation biofuels mainly include bioe-
thanol and biodiesel that are produced from non-food crop materials such as
agriculture residues and jatropha. Among these, bioethanol has high potential to
partially replace fossil fuel (gasoline) in transport sector due to the abundant
availability of agriculture residues around the world (UNEP 2009).

The main constituents of agricultural residues are cellulose, hemicellulose, and
lignin bound together to form a recalcitrant complex structure that demands several
processes to access and convert the individual components. Pretreatment, enzyme
saccharification, and fermentation are the processes involved in ethanol production
from lignocellulosic biomass residues. There are several types of pretreatment
techniques available such as acid, alkali, hot water, and organosolv to separate
cellulose, hemicellulose, and lignin (Chaturvedi and Verma 2013; Sindhu et al.
2016). Each pretreatment technique has its own advantages and disadvantages.
When dilute acid and hot water solution are used, the hemicellulose is removed and
retained in the liquid fraction as C5 sugars. Whereas, the cellulose fraction remains
in the solid fraction along with lignin. Later, the pretreated solid fraction is sac-
charified with cellulolytic enzymes to hydrolyze the cellulose to glucose. Lignin,
resistant to pretreatment and saccharification, remains in the solid form that could
be used as a burning fuel to provide energy to the processes.

In alkali and organosolv treatment, lignin is separated from biomass in the liquid
fraction and both cellulose and hemicellulose remain in the pretreated solid fraction
that are further enzymatically saccharified to C5 and C6 sugars. Both C5 and C6
sugars could be converted to ethanol or other desired biochemicals depending on
the demand of the products and processes. Stand-alone second-generation pro-
duction of ethanol is not economical in short term due to the competition from
fluctuating fossil oil price. Therefore, the concept of producing multi-products
along with ethanol called as biorefinery had received attention and several com-
binations of products are being investigated.

Pretreatment is the crucial step among the processes that determines the overall
efficiency of the process. An ideal pretreatment should separate the constituents
from biomass with minimum loss of the constituents and preferably at lower energy
demand. Dilute acid and hot water pretreatment being more common, several
chemicals are being researched in the pretreatment process such as aqueous
ammonia (Kim et al. 2003), lime impregnation (Chang et al. 1998), ionic liquids
(Liu et al. 2011), oxalic acid (Lee et al. 2011), maleic acid (Lee and Jeffries 2011),
hydrogen peroxide–acetic acid (Wi et al. 2015), sulfite (Zhu et al. 2009), tetrahy-
drofuran (Cai et al. 2013), and phosphoric acid (Wang et al. 2016). As the trend for
lignocellulose industry is toward production of bioethanol and biochemical prod-
ucts (such as furfural, succinic acid), the energy demand would be high in biore-
finery and any improvement in energy conservation would be an advantage to the
industry.

Auxins are growth regulators that stimulate cell elongation and cell division in
plants (Sauer et al. 2013). They are used as herbicide (Grossmann 2007) and in
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plant cell cultures (Mori et al. 1994). The property of auxin to penetrate and
stimulate cell elongation in biomass could be very useful in the pretreatment pro-
cess that could favor reduction of the recalcitrance of biomass components at mild
process conditions and thereby could reduce energy demand in biorefinery. In
addition, auxins are biodegradable (OECD 1995; Boivin et al. 2005) which could
ease management in wastewater treatment in biorefineries. The objective of this
study is to use auxin as a novel chemical for pretreatment of sugarcane green
harvest residues (GHR) to produce bioethanol, to optimize the pretreatment process
parameters, and to compare auxin pretreatment with conventional pretreatment
method. There are several auxins available in the market such as natural auxins
(3-indoleacetic acid (IAA)) and synthetic auxins (2-4 dichlorophenoxyacetic acid
(2,4-D) and 1-naphthaleneacetic acid (NAA)). However, 2,4-D that belongs to the
phenoxyacetic acid family has been chosen in this.

18.2 Methods

18.2.1 Materials

GHR was provided by Stellenbosch University, South Africa, with size range
4–5 cm in a sealed polythene bag. The residues were dried in an oven at 40 °C
overnight and further milled to pass through 80–20 mesh and stored in a zip lock
bag until use at the Ecole Polytechnique Fédérale de Lausanne (EPFL). Sugars,
ethanol, organic acid standards, cellulase (Cellulast® 1.5 L) and b-glucosidase
(powder from almonds) enzymes and auxin (2,4-D) were procured from Sigma-
Aldrich, Switzerland. Other chemicals used in this study were of analytical grade.

18.2.2 Compositional Analysis

Raw and pretreated GHR sample’s composition was analyzed according to the
National Renewable Energy Laboratory (NREL) standard procedures for biomass
compositional analysis (Sluiter et al. 2010; NREL 2016). High-performance liquid
chromatography (HPLC) (Agilent Technologies, Germany) equipped with an
Aminex HPX-87P column and refractive index detector (RID) was used to analyze
the sugars with Millipore water as the mobile phase at flow rate 0.5 ml/min,
maintaining a column and detector temperature of 80 and 55 °C, respectively.
Ethanol, furfural, hydroxymethylfurfural (HMF), and acetic acid were analyzed by
same HPLC equipped with an Aminex HPX-87H column and RID detector with
5 mM sulfuric acid as the mobile phase at flow rate 0.6 ml/min maintaining a
column and detector temperature of 65 and 55 °C, respectively. Moisture, ash, and
insoluble lignin were analyzed by gravimetric method. Soluble lignin was analyzed
using spectrophotometric method (Sluiter et al. 2011).
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18.2.3 Auxin Pretreatment

The pretreatment process parameters optimization was based on response surface
methodology (Table 18.1 and 18.2) using Design expert v 9 software with tem-
perature range (175–250 °C) and residence time (1–20 min) as variable accounting
to 13 sets of experiments. Auxin (2, 4-D) concentration of 2% w/v was used in all
the pretreatment procedures. Experiments were carried out in a 300 ml pressure
reactor (Parr, USA). Biomass: Auxin solution ratio (10% w/v) was taken in the
reactor, and the mixture was soaked for 2 h in the reactor followed by heating at
required temperature and residence time. After allowing the mixture to react at
particular temperature and residence time, the mixture was cooled down to room
temperature by circulating cold water into the cooling tube available in the reactor.
Later, pH was measured that was in the range 3.3–3.8 (Table 18.1 and 18.2) and
using vacuum filtration the liquid fraction and solid fraction in the mixture were
separated. The solid fraction in the filter was washed with water to remove the
auxin. The moist pretreated GHR and liquid fraction were stored in a refrigerator
until further use. Sugars, organic acids, lignin, and ash composition of the pre-
treated solid fraction and liquid fraction were analyzed using the procedures
mentioned above. For the liquid hot water pretreatment, experiments were carried
out with the same procedure but with only water in place of auxin. To compare the
effectiveness of two pretreatment processes, a combined severity factor (Overend
and Chornet 1987) was used with the below formula considering the pretreatment
temperature, time, and pH.

CSF ¼ log½t � EXP t � 100=14:75ð Þ� � pH

18.2.4 Saccharification and Fermentation

Filter paper assay and cellobiose assay were used for cellulase and b-glucosidase
enzyme activity, respectively (Adney and Baker 2008; Zhang et al. 2009). Moist
pretreated biomass (containing 0.6 g glucan) and citrate buffer (50 mmol, pH 4.8)
were taken in a 50-ml conical flask with stopper cork. Cellulase enzyme (20 FPU/g
glucan) and b-glucosidase enzyme (40 IU/g glucan) were added aseptically, and the
conical flasks containing total saccharification mixture volume of 20 ml were
incubated for 72 h at 50 °C and 150 rpm in a shaker incubator (Selig et al. 2008).
After saccharification, the glucose-rich liquid was separated from lignin-rich solid
fraction using vacuum filtration. The glucose present in the liquid fraction was
analyzed to report the glucose yield (% theoretical maximum).

S. cerevisiae strain (Euroscarf BY4741) maintained in YPD agar slants was used
for ethanol production from saccharified liquid in a batch anaerobic fermentation.
The fermentation media was prepared using liquid fraction from saccharification
(10 ml), yeast extract (1% w/v), and peptone (2% w/v) in a 50-ml conical flask with
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stopper and sterilized at 121 °C for 20 min. S. cerevisiae strain (5 g/l) inoculum
was added to the fermentation media aseptically, and the flasks were incubated
anaerobically in a shaker incubator at 30 °C and 130 rpm for 48 h. After fer-
mentation, the ethanol content was analyzed using HPLC to report the ethanol
yield.

18.2.5 Optimization of Alternative Process

There are no common optimum conditions for different pretreatment processes.
Therefore, to know the degree of advantage obtained from one pretreatment
method, the optimum conditions for the individual method (in this case liquid hot
water) have to be analyzed. Thus, a similar experimental design with the same
process conditions range was also run for the liquid hot water pretreatment followed
by saccharification and fermentation. The optimum process conditions of the two
pretreatments were compared to know the advantage significance of one method
over the other.

18.2.6 Surface Area Analysis

To get an insight into the effectiveness of pretreatment method on decrystallizing
and breakdown of biomass in a particular process conditions, the surface area of

Table 18.2 Pretreated biomass (liquid fraction) composition after auxin treatment on various
conditions based on the experimental design

Temp.
(°C)

Time
(min)

Combined
severity
factor

Glucose
(mg/100 ml)

Xylose
(mg/100 ml)

Acetic acid
(mg/100 ml)

HMF
(mg/100 ml)

Furfural
(mg/100 ml)

175.0 1.0 −1.55 179.2 1550.6 201.4 4.1 182.7

175.0 10.5 −0.42 182.3 1504.7 238.1 4.9 267.2

212.5 1.0 −0.15 221.6 403.4 261.6 5.2 372.7

175.0 20.0 −0.12 211.6 1403.5 245.4 5.6 312.4

193.8 5.8 −0.02 214.6 930.9 249.7 5.7 401.5

193.8 15.3 0.44 176.7 752.4 259.1 6.6 483.0

212.5 10.5 0.88 206.5 15.7 275.2 10.2 490.6

250.0 1.0 1.01 123.1 1.2 244.6 17.3 199.0

212.5 20.0 1.13 162.1 3.6 279.7 11.8 430.1

231.3 5.8 1.17 95.6 2.1 286.8 14.6 411.7

231.3 15.3 1.57 83.5 2.2 292.5 15.8 363.6

250.0 10.5 2.08 48.7 1.5 260.1 12.7 194.5

250.0 20.0 2.37 27.9 2.8 206.9 21.6 137.4
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dried untreated and pretreated biomass samples was analyzed using nitrogen
(NOVA2200e, Quantachrome Instruments Co., USA) to know the impact of pre-
treatment on biomass.

18.2.7 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR data would help to deduce the separation of biomass components before and
after pretreatment. Therefore, FTIR spectra of dried untreated and pretreated bio-
mass samples were recorded with FTIR spectrometer (Spectrum Two, PerkinElmer,
Inc., USA). The dried samples were placed in the sample holder space ATR, and
the spectra were recorded in the range of 4000–400 cm−1 with a resolution of
0.5 cm−1 (Li et al. 2014; Wu et al. 2016). All the experiments were performed in
duplicate, and the average data are presented. Standard deviation of the duplicate
measurements was less than 5%.

18.3 Results and Discussion

The compositional analysis results presented in Fig. 18.1 show that GHR is rich in
glucan, xylan, and less in lignin. The ash content and acetyl group are in lower
level. These results demonstrate that GHR could be a potential raw material for a
biorefinery. Similar composition of GHR is reported in Krishnan et al. (2010) and
Aboyade et al. (2013), whereas the GHR composition was different from several
research studies reported in Canilha et al. (2012). The difference in composition of

38 
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Fig. 18.1 Compositional analysis of sugarcane green harvest residues
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GHR could be due to the geographical location, sugarcane variety, and harvesting
season.

The biomass recovery after pretreatment plays a crucial part in determining the
overall effectiveness of ethanol production process. As the pretreatment severity
increases, the mass recovery decreases due to increase in degradation of the bio-
mass. Therefore, it is crucial to obtain a balanced mass recovery after pretreatment
which would not affect further process and at the same time increase the overall
product yield. The mass recovery results of the auxin-assisted pretreatment in
Table 18.1 show that the mass recovery and glucan recovery decrease upon
increase in severity. A similar trend is followed for xylan as well; however, the
lignin recovery follows the opposite trend. This could be explained by the humin
formation upon increasing the process condition which shows a higher value for
lignin in the measurement (Sannigrahi et al. 2011; Trajano et al. 2013). The
composition of liquid fraction from the auxin pretreatment is shown in Table 18.2.
Increase in harshness of the operating conditions increases the organic acids value
meaning that more sugars were removed from the biomass. In the initial experi-
ments the sugars are available in the liquid fraction, whereas in the later experi-
ments the sugars are converted to HMF, acetic acid, and furfural. These results from
the pretreated solid fraction and liquid fraction suggest that the optimum operating
conditions are in the initial experiments conditions range that could be further
explored by the saccharification and fermentation results.

The results from the saccharification of auxin-assisted pretreated biomass are
shown in Table 18.3. Similar to pretreatment, the saccharification efficiency
decreased with the biomass that was pretreated with harsh conditions. The maxi-
mum glucose yield (maximum theoretical) was obtained in the process condition
(175 °C and 10.5 min). Low saccharification efficiency on increasing harsh con-
ditions could be due to the humin in the pretreated biomass which is shown as
lignin in the analysis (Table 18.1) that inhibits the accessibility of enzymes to
convert cellulose. Further increase in enzyme concentration would increase the
saccharification efficiency; however, the experiments were using these concentra-
tions to be practical with the industrial situation due to the enzyme cost and the
futuristic expected concentration level that has to be achieved. It is also worth to
mention that these enzymes are in the development stage and several studies have
used advanced enzymes that could achieve better saccharification efficiency.

The optimized pretreatment parameters could be only selected based on the
ethanol yield after saccharification and fermentation. The amount of ethanol pro-
duced per gram raw biomass and the ethanol yield (theoretical yield) after fer-
mentation of saccharified liquid fraction is shown in Table 18.3. The results
confirm high yield at mild process condition. The low yield at high severity could
be due to the low sugar content and the inhibitors present in the saccharified liquid.
Considering all the processes from raw biomass to ethanol production and the
sugars in pretreatment liquid fraction, the optimum process conditions based on the
surface response plots (Fig. 18.2a–d) were found to be 175 °C, 10.5 min, and
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combined severity factor of −0.42. The effect of auxin concentration was tested for
1, 2, and 3% at the optimum temperature and time (175 °C, 10.5 min). The results
were not significant compared to 2% concentration. A lower ethanol value of
0.078 g/g biomass and 0.068 g/g biomass was obtained at 1 and 3%, respectively,
compared to that of 0.086 g/g biomass for 2%. This could be due to the change in
combined severity factor (−0.45 for 1% and −0.34 for 3%) that influenced the
pretreatment process and subsequent process.

The process optimization study results of liquid hot water treatment (Table 18.4,
18.5, and 18.6) and from response surface show that the maximum bioethanol
production and xylose was obtained at 193.8 °C, 15.3 min, and combined severity
factor of 0.26. This reveals that liquid hot water pretreatment needs higher treatment
conditions and severity compared to that of auxin-assisted pretreatment for a similar
bioethanol production from GHR leading to the conclusion that the addition of
auxin has increased the pretreatment effectiveness compared to that of liquid hot
water. The maximum bioethanol production data from auxin and liquid hot water
pretreatment were in line with the literature data reported in the previous studies
(Table 18.7) where lower reaction temperature, higher residence time, and different
enzymes and dosages were used for pretreatment and saccharification.

To further support the effectiveness of auxin pretreatment, the surface area
results of the pretreated biomass and raw biomass at 175 °C and 10.5 min shown in
Fig. 18.3 reveal that the auxin pretreatment could increase the surface area by 130%

Fig. 18.2 Response surface for mass recovery, glucan, glucose yield, and ethanol yield for GHR
auxin pretreatments
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compared to that of liquid hot water treatment. This could be explained by the
penetration of auxin (Walters 1999) into the biomass in mild acidic conditions and
the process conditions that supported efficient biomass hydrolysis leading to higher
surface area compared to liquid hot water pretreatment despite their slow solubility
in water. The soaking time of biomass in 2,4-D solution in this study (2 h) was
selected based on the previous study by Barrier and Loomis 1957. However,
investigating the impact of soaking time in the pretreatment process in future
studies will provide additional information.

In addition, the spectra of FTIR analysis of raw biomass, auxin, and
water-pretreated biomass at 175 °C and 10.5 min are shown in Fig. 18.4. The
transmission band in the region 1730 cm−1 is due to the presence of ketone/
aldehyde C=O stretch in hemicellulose (Sills and Gossett 2012; Xu et al. 2013).
This band is visible in the raw biomass and fades off in other two samples meaning
that the pretreatment was effective in hemicellulose removal. However, among the
pretreated biomass samples, the absorbance in the auxin-pretreated sample is higher
compared to the liquid hot water-treated sample at the same operating conditions.
All the bands related to lignin (Sills and Gossett 2012; Xu et al. 2013; Kubo and
Kadla 2005) could be observed in 1500, 2840, and 2937 cm−1 for raw biomass,
auxin-assisted pretreated biomass, and liquid hot water-treated biomass meaning
that the treatment retained lignin. The amorphous cellulose band in the region
790 cm−1 (Ang et al. 2012) is found to be higher for the auxin-pretreated biomass
compared to the liquid hot water-pretreated and raw biomass. Whereas the crys-
talline cellulose band in region 1280 cm−1 (Sills and Gossett 2012) is lower for
auxin pretreated biomass compared to other samples meaning the auxin assisted

Table 18.5 Pretreated biomass (liquid fraction) composition after liquid hot water treatment on
various conditions based on the experimental design

Temp.
(oC)

Time
(min)

Combined
severity
factor

Glucose
(mg/100 ml)

Xylose
(mg/100 ml)

Acetic acid
(mg/100 ml)

HMF
(mg/100 ml)

Furfural
(mg/100 ml)

175 1 −2.71 80.0 79.3 17.5 2.1 15.5

175 10.5 −1.27 111.4 406.9 17.4 2.5 62.3

175 20 −0.85 128.2 647.5 16.2 2.4 89.7

193.75 5.75 −0.46 126.2 1119.7 17.1 2.2 162.5

212.5 1 −0.29 125.4 724.8 21.2 2.1 171.1

193.75 15.25 0.26 131.3 1013.5 24.4 2.2 235.2

212.5 10.5 0.97 128.0 47.0 40.9 2.0 124.6

231.25 5.75 1.25 74.9 3.7 99.7 3.4 131.6

212.5 20 1.28 99.7 7.2 80.7 2.9 181.5

231.25 15.25 1.63 45.3 4.0 118.9 4.7 130.2

250 1 1.07 52.8 1.0 122.4 5.2 124.2

250 10.5 2.04 54.3 4.2 132.0 4.4 106.1

250 20 2.33 34.1 2.5 76.5 2.5 41.1
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pretreatment is more effective in degrading the components. The FTIR results are in
line with the chemical analysis results showing the effectiveness of auxin-assisted
pretreatment. In addition, the biodegradable property of auxin and the possibility of
converting the auxin wastewater to succinic acid and other biochemicals (Walters
1999; Kung and Wu 2012) could be advantageous that could make auxin a potential
catalyst in biomass pretreatment.

Table 18.7 Comparison of present study results with the literature studies

Composition
of GHR
(glucan,
xylan, and
lignin)%

Pretreatment method
and optimum
conditions

Enzyme
name and
dose (FPU)

Sugar
subject to
fermentation

Ethanol
yield g/
g
biomass

References

27.85, 19.41,
27.11

Dilute acid
(121 °C, 60 min, 3%
w/w)

Cellulase
Zytex (60)

Glucose 0.049 Ang et al.
2012

38.5, 23, 15.6 Dilute acid
(121 °C, 30 min, 1.5%
w/w)

Accellerase
1000 (160)

Glucose 0.08 Sindhu
et al. 2011

47.03, 6.89,
32.91

Dilute acid
(121 °C, 30 min, 1.5%
w/w)

Cellic
CTec2 (30)

Glucose 0.0924 Jutakanoke
et al. 2012

27.85, 19.41,
27.11

Glycerol-assisted
transition metal and
alkali (121 °C,
45 min, glycerol 6%,
sodium hydroxide 5%,
ferric chloride 1%)

Cellulase
Zytex (80)

Glucose 0.089 Pereira
et al. 2015

38, 21.5, 16.1 Auxin (175.0 10.5, 2%
w/w)

Celluclast
(30)

Glucose 0.086 This study

38, 21.5, 16.1 Hot water (193.8 °C,
15.3 min)

Celluclast
(30)

Glucose 0.085 This study

0.92 

2.36

4.2 

0 1 2 3 4 5 

Raw

Hot water 
treated 

Auxin 
treated 

Surface area (m2/g)

Fig. 18.3 Surface area
comparison of raw and
pretreated biomass
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18.4 Conclusion

Sugarcane residues were pretreated with auxin followed by saccharification and
fermentation. The optimum pretreatment conditions with 2% auxin pretreatment
were found to be 175 °C and 10.5 min. The process optimization, surface area, and
FTIR results show that auxin pretreatment is effective at low severity compared to
liquid hot water pretreatment. The biodegradability property of auxin would be
beneficial in wastewater treatment and other biochemicals production that makes
auxins potential candidates for biomass pretreatment. Nevertheless, further research
on other auxins and biomass residues, economic and lifecycle assessments studies
are necessary to deduce the full potential of auxins in lignocellulosic biorefinery.

Acknowledgements Authors acknowledge Prof. Johann Görgens (Stellenbosch University,
South Africa) for his support with sugarcane green harvest residues samples and École
Polytechnique Fédérale de Lausanne (EPFL) for financial support.
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Chapter 19
Cellulosic Biomass-Hydrolyzing Enzymes

Simranjeet Kaur Sandhu, Anshu Mathur, Ravi Gupta, Suresh K. Puri
and Mukund Adsul

Abstract Biomass is a heterogeneous matrix of three interlinked polymers of
cellulose–hemicellulose–lignin. Polymers such as cellulose and hemicellulose need
to be fractioned and converted into monomers using enzyme-catalyzed process for
the production of a value-added product. Cellulose is major polysaccharides within
this biomass, and converting this cellulose into simple sugars requires synergic
action of multiple cellulolytic enzymes. Enzymatic conversion of cellulose to
simple sugars (for the production of platform chemicals) represents major costs in
overall process of biomass to value-added product generation. So, extensive studies
have been conducted to improve bacterial and fungal strains for maximum cellulase
production along with accessory proteins that act synergistically and even in
adverse conditions like in the presence of inhibitory components released during
chemical and thermal pretreatment of biomass. This chapter covers biomass
availability, microbial approaches for biomass-hydrolyzing enzyme production,
different cellulases classification and characterization, and mechanism of enzymatic
deconstruction of cellulose present in biomass.

Keywords Biomass � Cellulose � Cellulase � Mechanism

19.1 Cellulosic Biomass

Cellulose is a polymer of glucose abundantly available on earth. It is the structural
portion of plants that cannot be used directly for food. Agricultural residues (sugarcane
bagasse, corn stover, rice straw, cotton stalk, wheat straw, etc.), industrial waste
(papermaking sludge), and forestry residues (branches leaves, twigs, saw dust, etc.) are
the variety of sources of cellulosic biomass. Cellulosic biomass is mainly classified
into forestry residues or woody fibers and agricultural residues or nonwoody fibers.
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The wood fibers are structurally strong, physically larger, and denser than non-wood
fibers. Despite of the fact that wood fibers are available throughout the year, no
long-term storage is required and lesser inhibitors (furfurals) are formed after pre-
treatment because of less pentose content; still non-wood fibers are playing bigger role
in terms of their usage. Wood fibers also contain high lignin content, creating strong
cellulose–hemicelluloses–lignin bond and act as physical barrier to enzyme
digestibility (Tye et al. 2016). Moreover, approximately 200–600Wh/kg of the energy
is required to reduce the size of wood fibers, which is relatively higher in comparison
to that of non-wood fibers (50 Wh/kg).

The principal framework of cellulose consists of glucose units linked by b-1,4
linkages forming straight chains. These chains are further linked together by strong
hydrogen bonding and van der Waals forces to structure called microfibrils with
high tensile strength, making it crystalline in nature. The diameter of microfibrils is
about 5 nm and packed further into larger units called macrofibril (also called
nanofibrillated cellulose) of diameters ranging from 20 to 50 nm. These
macrofibrils are located in the secondary cell wall of the plant immersed into
hemicelluloses and lignin matrix. Two-third part of the cellulose structure is
crystalline in nature and rest is amorphous in nature, which is easier to degrade.
Highly crystalline cellulose is resistant to enzymatic digestibility; thus, by pre-
treating the cellulose by acid, base, or ionic liquids, etc., crystallinity can be
decreased. Crystalline cellulose exists in two forms such as Ia and Ib depending
upon their three-dimensional geometrical arrangement, i.e., triclinic and monoclinic
unit cells, respectively. Source of cellulosic biomass affect the ratio of Ia and Ib
within native cellulosic structures (Huber et al. 2012). Diversity of cellulosic bio-
mass depends upon the chain length, position of hydrogen bond between chains,
and degree of polymerization.

19.2 Availability of Cellulosic Biomass

Cellulose containing biomass types and their availability varies significantly,
depending on the country or region. For example, major biomass sources are
agriculture residues and forest residues in India and Canada, whereas cassava waste
and other non-grain crops are available in China. Agricultural residues form readily
available sources of biomass from current harvesting activities, and thus no addi-
tional land for cultivation is required. The major challenges to select cellulosic
biomass are its uncertainty, surplus availability throughout the year, and cost to
meet social and economic objectives. Cereal straw is collected after the grains have
been removed, 4–5 inch from above ground part of the cereal part. In general, straw
except wheat straw is considered as poor livestock feed because of slow rate of
digestibility for ruminant animals. Therefore, it can be potentially utilized for other
applications. According to Tye et al. (2016), there are approximately 51.3, 472.2,
376.8, 657.5, 12.0, and 1044.8 million tons of barley straw, wheat straw, corn
straw, rice straw, sorghum straw, and sugarcane bagasse, respectively, produced
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annually in the world. Cellulose content in these residues ranges from 32 to 47%. It
is estimated that from six major crops like barley, corn, oat, rice, sorghum, and
wheat, 1580.2 million tons of cereal straw is produced annually in Europe, the
USA, and China (Kim and Dale 2004). Sugarcane bagasse yield is estimated about
0.6 kg for 1 kg of sugarcane, which is being utilized in Brazil for ethanol pro-
duction. Brazil alone produces 27% of world’s sugarcane production. Among the
agricultural residues, sugarcane bagasse and rice straw have attained the highest
production yield.

19.3 Importance of Making Sugars for Different
Applications

Cellulosic biomass being abundantly available and cheaper can be utilized to
produce sugars and finally converted into other platform chemicals such as ethanol,
butanol, methanol, dimethyl ether, green diesel. It is necessary to explore the
alternative cheaper and eco-friendly biofuel resources as a strategy to reduce
greenhouse effect and to meet the increasing demand and costs of fossil fuels (Iqbal
et al. 2013; Asgher et al. 2013). Alternative sources include cellulosic biomass
which normally requires a multistep processing to convert it into value-added
products and these include (i) pretreatment either mechanical, chemical, or bio-
logical, (ii) hydrolysis with enzymes, and (iii) fermentation process. Biofuel pro-
duced from residues offers number of advantages. In the food vs fuel, policymakers
often favor residue utilization over biofuels made from sugars and food crops like
sugarcane and corn. Biofuels from residues also offer better greenhouse gas sav-
ings. Use of cellulosic biomass also encourages the removal of excess crop residues
from the land which is otherwise burnt and causes environmental pollution and
damages ecosystem, and its usage will generate revenues to the farmers.

There are numerous potential chemicals that can be derived from cellulosic
sugars as shown in Fig. 19.1. The value of other platform chemicals obtained from
cellulosic sugars far exceeds the feedstock costs and hence improves the prof-
itability obtained presently only from cellulosic ethanol. The only limitation is that
the quantity of these chemicals is low. Chemicals are at various stages of devel-
opment, among which butanol production is close to commercialization. Butanol
can be used as a diesel fuel additive. Through biological process, both pentose and
hexose sugar can be utilized via phosphoenol pyruvate pathway to produce succinic
acid, lactic acid, fumaric acid, and ethanol. Succinic and fumaric acid production
requires carbon dioxide, while in the production of ethanol and lactic acid carbon
dioxide is released. Succinic acid is a four-carbon dicarboxylic acid with the
chemical formula (CH2)2(CO2H)2, used as a flavoring agent and pharmaceutical
additive. Succinic acid can further act as base material for the production of
polymers like 1,4-butanediol, gamma-butryrolactone, and tetrahydrofuran.
Glutamic acid is produced using Corynebacterium, which acts as raw material for
the production of monosodium glutamate (flavoring agent). Through chemical
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process, five-carbon sugars can be converted into levulinic acid. Levulinic acid is
used as an intermediate to manufacture pharmaceuticals, synthetic fibers, and
plastics. Sorbitol is produced by hydrogenation of glucose using Raney nickel as
catalyst. It is a potential raw material of products like isosorbide, glycerol, ethylene
glycol, and propylene glycol. Xylitol is produced by yeast or bacterial fermentation
of xylose, with market potential similar to that of sorbitol. Similarly, other platform
chemicals such as itaconic acid, 3-hydroxybutyrolactone, glycerol, aspartic acid,
furfurals, gallic acid, and many more are obtained by chemical and biological
treatment of pentose and hexose sugars.

19.4 Cellulases Enzymes

To get above chemicals, first it is needed to degrade cellulose into simple sugars.
There are two ways to degrade cellulase, i.e., through chemical route and other is
biological or enzymatic route. Biological degradation is simple and environmentally
friendly way to degrade cellulose, and enzyme cellulases play an important role.

Cellulosic sugars 
(C6+C5) 

Biological process

Ethanol

Citric Acid

Lactic Acid

Succinic Acid

1,4 
butanediol

Tetrahydrofuran

Gamma-
butryrolactoneGlutamic acid

Adipic Acid

3-hydroxypropionic 
acid Acrylic Acid

Butadiene 

Chemical process

Sorbitol

Isosorbide

Glycerol 

Ethylene glycol

Propylene glycol

Levulinic acid

Xylitol

Glucaric acid

Polymers 

Detergent surfactants

Fig. 19.1 Platform chemicals derived from cellulosic sugars
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Cellulases refer to the class EC.3.2.1 of hydrolytic enzymes (glycoside hydro-
lases). It is a complex enzyme mixture consisting of three main classes of enzymes
involved in hydrolysis of b-1,4 linkage in the cellulose polymer. Components of the
cellulase system were classified below based upon their catalytic mode of action.

1. Endo-b-1,4-glucanase enzyme or 1,4-b-D-glucan 4-glucanohydrolases (EC
3.2.1.4): These are non-processive enzymes that attack randomly on inter-
molecular b-1,4-glucosidic linkages within the cellulose chains, thereby gen-
erating new chain ends. Carboxymethyl cellulose solution is commonly used for
the assay of endoglucanases enzymes.

2. Exo-1,4-b-D-glucan cellobiohydrolases (CBH) or exo-1,4-b-D-glucanases (EC
3.2.1.91): These are processive enzymes involved in hydrolysis of reducing
(CBH I) and nonreducing (CBH II) ends of cellulose modules to release glucose
and cellobiose. Avicel and filter paper have been used for measuring exoglu-
canase activity among insoluble cellulosic substrates.

3. b-glucosidase enzyme (EC 3.2.1.21): This enzyme hydrolyzes soluble cel-
lobiose or cellodextrins with a degree of polymerization up to six to produce
glucose.

Glycoside hydrolases (GHs) are mainly produced by fungi and bacteria. In GHs
classifications system, the different enzymes are categorized into structurally related
GH families based on the distribution of hydrophobic amino acids in their
sequences. According to the Carbohydrate-Active Enzyme Database, there are 145
families of GHs that have been identified so far and number will grow as more gene
are sequenced (www.CAZy.org). The CBHs and endo-b-1,4-D-glucanases pro-
duced by T. reesei belong to GH5, GH6, GH7, GH12, and GH45, glycoside
hydrolase families. GH7 is the only family that contains both CBHs and
endo-b-1,4-D-glucanases (Druzhinia and Kubicek 2017). The b-glucosidases
enzymes found in T. reesei belong to GH1 and GH3 families. The 36 families of
GHs found in all cellulase producing filamentous fungi are GH1, 2, 3, 5, 6, 7, 10,
11, 13, 15, 16, 17, 18, 27, 31, 32, 36, 37, 38, 43, 47, 51, 53, 54, 55, 61, 63, 67, 72,
75, 79, 81, 92, 105, and 114 (Yang et al. 2011). Cellulases found in GH5 and GH7
families are most prevalent in biomass hydrolyzing cellulolytic fungi due its pro-
cessive mode of catalysis. The b-glucosidases enzymes belong to GH1, and GH3
families’ secretion systems are intracellular and extracellular enzymes, respectively
(Guo et al. 2016).

Most fungal cellulases are organized in two structurally independent domains,
cellulose-binding module (CBM) and catalytic core module. Largest part of the
enzyme consists of catalytic core module, where the hydrolysis of the cellulose
chain takes place. The catalytic core module and CBM are usually interconnected
via glycosylated and a short flexible linker peptide. The length of the linker varies
in size, from less than 20 to over 40 amino acids in the different enzymes. The role
of the linker is probably to keep the two domains apart, and to restrict their
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movements with respect to one and another, so that the catalytic domain remains
within close distance to the CBM, which binds on the surface of a cellulose fiber.
The cellulose-binding module (CBM) is a small wedge-shaped domain consisting
of approximately 35 amino acids. The function of the CBM is to bind on the surface
of cellulose and serve as an ‘anchor’ for the enzyme, keeping it strongly adsorbed
to the cellulose surface. Till today, based on amino acid sequence similarity in
CAZy database, CBMs were classified into 84 families. Based on the structure of
the ligand binding, alternate classification of CBM has also been proposed by
Gilbert et al. (2013), which includes three types of enzymes: type A, B, and C that
identifies the surface of polysaccharides, binds to the internal regions of glucan
chains, and binds to the terminal region of glucans chains, respectively.
b-glucosidases do not hold a CBM but hydrolyze soluble cellodextrins and cel-
lobiose into glucose. There is no evidence that the fungal CBMs can penetrate into
the cellulose fiber and disrupt the structure or have any catalytic activity.

Cellulases produced by anaerobic bacteria lack ability to penetrate cellulosic
biomass and thus require another mechanism for cellulose degradation. This leads
to development of complex cellulose system called cellulosome (Demain et al.
2005). Cellulosome complex consists of two parts, catalytic part which contains
enzyme, CBM and dockerin and non-catalytic scaffolding part which contains
cohesion part for dockerin attachment and cellulose-specific CBM. Scaffolding also
carries C-terminal divergent dockerin that helps in attachment of cellulosome
complex to cellulosic substrate for hydrolysis (Fontes and Gilbert 2010). The
cohesins are modules made up of approximately 150 amino acid residues and
usually present as tandem repeats in scaffoldings, while dockerins consist of *70
amino acids containing two duplicated segments (� 22 amino acid residues). The
CBM includes of approximately 35 amino acid residues with highly glycosylated
linker region consisting of serine, threonine, and proline amino acid residues (Gupta
et al. 2013). The major difference between fungal, aerobic bacterial, and anaerobic
cellulosomal enzymes is that the anaerobic cellulosomal enzymes carry a dockerin
domain that carry the enzyme into the cellulose system, while aerobic bacterial and
fungal enzymes hold a CBM for leading the catalytic domain to the cellulosic
substrate for hydrolysis (Bayer et al. 2004).

19.5 Accessory Enzymes

Apart from above cellulases, other accessory enzymes such as oxidative and
non-hydrolytic enzymes play an important role to speed up cellulose degradation.
The enzymatic degradation of cellulosic substrate is an integrated process that
depends upon the simultaneous synergistic action of different proteins. During the
last few decades, effort has been made to recognize the role of non-catalytic and
accessory proteins in enhancing the enzymatic hydrolysis of cellulose (Liu et al.
2015). The oxidative enzyme comes under the ‘auxiliary activity’ section.
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(a) AA9/LPMO

According to Carbohydrate-Active Enzyme Database, there are 13 families of
auxiliary enzymes discovered so far (www.CAZy.org). Out of which eight families
are known to be involved in lignin degradation and four are directly active on
polysaccharides, such as lytic polysaccharide monooxygenases (LPMOs) (Payne
et al. 2015). The LPMO is currently grouped into sequence-based AA9, AA10,
AA11, and AA13 families as auxiliary activities in CAZy database. So far two
families of LPMOs have been characterized in detail, endoglucanases glycoside
hydrolase (GH61) family that attack highly crystalline cellulose belonging to,
second family contains bacterial and viral enzyme, formally classified as
carbohydrate-binding module (CBM33). The CBM33 has also been reported in the
fungus Sporisorium reilianum (Lombard et al. 2014). The LPMO degrades crys-
talline region of cellulose and creates more ends for cellobiohydrolases. The
LPMOs are copper dependent and act as reducing agent for oxidative cleavage of
either the C1 or C4 carbon of the glycosidic bond (Forsberg et al. 2014). The type 1
LPMOs involve in oxidation of C1 carbon (reducing end), creating an aldonolac-
tone that further hydrolyzes to an aldonic acid. Type 2 LPMOs generate
4-ketoaldolase and the hydrated gem diol by oxidizing C4 carbon at nonreducing
end, and type 3 LPMOs produce oxidized products at both the reducing and
nonreducing ends (Beeson et al. 2012; Isaksen et al. 2014). The site of oxidation is
determined by the position of the substrate on the catalytic surface. The copper
activates molecular oxygen at the active site followed by its incorporation into the
cellulose chain. Cellulose depolymerization by LPMO also involves cellobiose
dehydrogenase (CDH, EC 1.1.1.99.18) which acts synergistically with LPMO,
where CDH generates electron that is required for LPMO activity. The CDH has
heme-binding cytochrome attached to flavin-dependent dehydrogenase enzyme via
flexible linker. The CDH generates electron by cellobiose oxidation and shuttled
this electron via heme-binding cytochrome to LPMO (Tan et al. 2015).

(b) Non-hydrolytic protein

Non-enzymatic expansins and other related proteins are familiar for acting in
plant biomass degradation. The expansin proteins of fungi and bacteria are involved
in contortion of cellulose chains and other cell wall polysaccharides by unwinding
the cellulose macrofibrils (Saloheimo et al. 2002; Cosgrove 2000; Qin et al. 2004;
Kim et al. 2009). Thus, an expansin protein leads to an increase in the efficiency and
accessibility of the cellulolytic enzymes engrossed in hydrolysis of cellulose.
According to Kende et al. (2004), expansins comprise of two distinct domains: an
N-terminal catalytic domain (domain I) and second domain believed to be
tryptophan-rich polysaccharide-binding C-terminal domain (domain II) intercon-
nected by a short linker. Domain I is structurally organized into double-psi
beta-barrel fold, which is structurally similar to the catalytic domain of GH45
protein or fungal b-1, 4-D-endoglucanases (Kerff et al. 2008).

The swollenin (SWO) is well-known expansin-related protein in fungi
(Saloheimo et al. 2002; Andberg et al. 2015). The SWO1 swollenin protein belongs
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to T. reesei, bears catalytic domain I and C-terminal cellulose-binding domain
interconnected via flexible linker region, and thus functions in preparing cellulase
for hydrolytic attack. Preparing cellulose for hydrolysis involves loosening, partial
disruption, and swelling of plant cell walls. Fungal SWO differs significantly in size
from the plant expansin as their amino acid residues are two times higher than the
plant expansins and thus supports the hypothesis that the evolution of fungal and
bacterial expansin-related proteins happened through independent domain fusion
and horizontal gene transfer (Nikolaidis et al. 2014). Since recent studies have
shown that the presence of swollenin improves enzyme cocktails designed for
cellulose hydrolysis, new approaches for their production and purification attract
the biofuels industry. Gram-negative and Gram-positive bacterial strains produce
acid and basic expansin proteins, respectively. The expansins produced by bacteria
bind to cellulose depending upon their electrostatic behavior. Another expansin-like
protein isolated from the white-rot basidiomycete Bjerkandera adusta, BaLOOS1,
lacks the carbohydrate-binding C-terminal domain II present in plant expansins,
with both cell-disrupting and polysaccharide-binding activities bundled in domain I.

19.6 Mode of Action

There are two basically different strategies for the hydrolysis of cellulose (Payne
et al. 2015) by the microorganisms: Anaerobic microorganisms follow the ‘bound
enzyme paradigm’ (cellulosome) which involve intracellular enzymes (Bae et al.
2013), and aerobic microorganisms that secrete extracellular enzyme, i.e., the ‘free
enzyme paradigm’ (Gupta et al. 2016). According to Koshland (1953), there are
two major mechanisms of cellulose hydrolysis: either retaining or inversion. The
retaining mechanism involves double displacement catalytic mechanism. Initially,
the nucleophilic residue attacks the anomeric carbon with simultaneous protonation
of the glycosidic oxygen leading to the formation of the glycosyl-enzyme inter-
mediate and cleavage of the glycosidic bond. In the second step, a water molecule
enters the active site and attacks the anomeric carbon simultaneously transferring a
proton to the catalytic base, thus restoring the enzyme active site for subsequent
catalysis. Inverting GHs employs a single displacement catalytic mechanism,
wherein a water molecule conducts nucleophilic attack at the anomeric carbon.
Catalytic base abstracts a proton from the attacking water molecule, while catalytic
acid transfers a proton to the glycosidic oxygen to cleave the glycosidic linkage,
resulting in an inversion of stereochemistry at the anomeric carbon (Fig. 19.2).

Regardless of whether the mode of action of the enzyme is inverting or retaining,
the overall topologies of the active sites fall into only three general classes. The two
topologies of active site found in cellulases, the cleft and tunnel (Davies and
Henrissat 1995) as shown in Fig. 19.3. The cleft or groove is commonly found in
endo-acting cellulases; it is an open structure that randomly binds to sugar units in
cellulose substrate. The exo-acting cellulases such as exoglucanases or cellobio-
hydrolases possess tunnel-like active site. The tunnel-like topology allows these
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enzymes to release the product while remaining firmly bounds to the polysaccharide
chain. This explains the processivity concept of mode of action of CBH, i.e.,
sequential cleavage of cellulose by an enzyme.

19.7 Cellulase-Producing Microbial Strains

Many bacterial and fungal species are efficient producers of cellulases and hemi-
cellulases enzymes. Preference has been given on to the use of fungi because of
their ability to secrete complete cellulose complex into the medium and with a

Fig. 19.2 Mechanism of cellulosic hydrolysis by cellulases, a inverting mechanism, and
b retaining mechanism
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higher titer. Commercially available enzymes for biomass hydrolysis are currently
derived from fungi species of Trichoderma, Penicillium, Humicola, Fusarium, and
Aspergillus sp. However, other cellulolytic systems of Phanerochaete chrysospo-
rium, Talaromyces emersonii, Melanocarpus albomyces, and other anaerobic fungi
belonging to genera Neocallimastix, Cacomyces, Orpinomyces have also been well
characterized. The cellulases have also been isolated from thermophilic fungi such
as Sporotrichum thermophile, Thermoascus aurantiacus, Chaetomium thermophile,
Humicola grisea and Myceliophthora thermophila. These fungi are of more interest
because of their capacities to produce thermostable cellulases. These enzymes have
shown stability at highly acidic or alkaline pH as well as temperatures up to 90 °C.
In order to overcome complexity of cellulosic substrates, fungi often produce a
variety of cellulase components having different molecular weight, isoelectric point,
amino acid composition, and sequence, etc.

Trichoderma reesei has been exposed to multiple rounds of strain improvement
to escalate cellulase production. Cellulase production can be increased by the
reduction of catabolite repression (Hood et al. 2007), reduction in protease activity
(Nagendran et al. 2009), the development of methods to grow and produce cellulose
by the microorganism on minimal media, and by using inexpensive cellulase
inducers. Trichoderma reesei has ability to produce large amount of exocellulases
enzyme, but it produces lesser amount of b-glucosidase enzyme. However,
Penicillium sp. and Aspergillus sp. are well known to produce complete cellulases
enzyme system but at low titer. This enzyme titer can be improved by strain
improvement and media optimization techniques.

Bacterial species like Bacilli, Pseudomonas, Cellulomonas and few actino-
mycetes such as Streptomyces and Actinomucor are commonly used for lignocel-
lulolytic enzyme production. Both anaerobic and aerobic bacteria are involved in
the degradation of cellulose. The anaerobic bacteria are present in compost piles,
wood chip piles, the soil, sewage, rumens, sludge, termite gut, on decaying plant

Fig. 19.3 Two topologies of active site found in cellulases glycosyl hydrolases a the cleft and
b the tunnel form (Davies and Henrissat 1995)
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waste, etc. Decaying agricultural/plant materials, soil is a natural habitat of these
bacteria. The enrichment of these bacteria in nature is influenced by human
activities (compost piles, wood processing plants, sewage plants, etc.). Rumen and
gut (termites) are another natural habitat of these bacteria, where they degrade the
plant material for host as well as their nutrition. Some examples of these cellulose
degrading anaerobic bacteria are Clostridium cellulofermentans, Clostridium
aldrichii, C. cellulolyticum, C. cellulovorans, C. acetobutylicum, C. hungatei,
C. cellobioparum, C. josui, C. herbivorans, C. papyrosolvens, Clostridium ther-
mocellum, Bacteroides cellulosolvens, Acetivibrio cellulolyticus, Ruminococcus
flavefaciens, Fibrobacter succinogenes, Ruminococcus albus, Butyrivibrio fibri-
solvens, etc. (Maki et al. 2009). Some examples of aerobic bacteria found in water,
soil, feces, on plant waste are Cellulomonas persica, C. fimi, C. gelida, C. flavigena,
C. uda, C. iranensis, Pseudomonas fluorescens, Bacillus megaterium, Bacillus
pumilus, Cellvibrio mixtus, Cellvibrio gilvus, Streptomyces cellulolyticus,
Streptomyces lividans, etc. (Roy 2008).

19.8 Cellulases Production

Isolation, screening, selection, and characterization have uncovered several novel
cellulase-producing fungi and bacteria from heterogeneous environments. Diverse
media compositions have been derived for cellulases enzyme production by bac-
terial and fungal strains. Media components include carbon source, nitrogen source,
phosphorus source, and trace elements. However, source of carbon plays major role
in defining the cost of enzyme production process. Industrial waste and agricultural
residue can be ideal source of carbon with the following characteristics such as their
availability in plenty at low cost, substrate accessibility, low viscosity, act as cel-
lulose inducer, nontoxic, the degree of crystallinity, the degree of polymerization as
well as the distribution and composition of lignin and have high nutrient value to
the cellulose producers. Enzyme production using cellulosic industrial waste
includes palm kernel cakes, coconut coir waste, vegetable wastes, rice husk, rice
bran, coir waste, wheat bran, saw dust, rice straw, wheat straw, cotton stalk, corn
cob, sugarcane bagasse, waste fiber sludge from pulp mill, etc., are shown in
Table 19.1.

19.9 Comparison of Bacterial and Fungal Cellulases

Both bacteria and fungi produce cellulases, but almost all of the research on cel-
lulase production on commercial level has been focused on fungi. Though bacteria
have a high growth rate, produce cellulase with high specific activity, but the
enzyme titers are very low. Moreover, the enzymes produced by bacteria are not
easily accessible for cellulose hydrolysis because they are cell-bound enzymes.
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Some bacterial species are appropriate for consolidated bioprocessing (CBP), which
involves one-step microbial conversion of cellulosic biomass to ethanol, organic
acids, butanol, and other platform chemicals. Anaerobic bacteria cannot be used for
cellulose production because of slow growth rate. Enzyme secreted by fungi is
extracellular and with high titers. So, bacterial cellulases with practical utility can be
diversely expressed in fungi. Thus, biofuel and bioproduct industries are also
focusing on improving fungal strains.
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Chapter 20
Consolidated Bioprocessing at High
Temperature

Nisha Singh, Anshu S. Mathur, Ravi P. Gupta, Suresh K. Puri
and Munish Puri

Abstract Replacing fossil fuels by biomass-derived ethanol (also known as
second-generation ethanol or bioethanol) can provide the dual benefits of
renewability and mitigation of the effects of global warming caused by the over-
exploitation of petroleum-derived transportation fuels. However, the effective use of
lignocellulosic biomass as a feedstock for the production of bioethanol is histori-
cally proven to be problematic and faces several technical challenges. A process
configuration known as consolidated bioprocessing (CBP) has generated consid-
erable research interests as the most cost-effective means of bioethanol production.
However, insufficient production level of ethanol is the major roadblock, limiting
their commercial importance. In this chapter, the research opportunities for devel-
oping thermoanaerobes for a high-temperature-based CBP and the associated
technological challenges are discussed. The current industrial status of CBP is
highlighted along with a detailed description of most promising candidate ther-
moanaerobes. Advanced technologies for improving the ethanol production level
from these candidates are also discussed. A high-temperature-based biomass pro-
cessing seems challenging; however, it could be the most rewarding approach for
bioethanol production in the near future.
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20.1 Introduction

Ever-increasing demands of energy and environmental concerns have led to a
growing interest in finding sustainable sources of energy. One such source is
bioethanol, produced from renewable waste materials, having the potential to curb
GHG emissions and become a carbon-neutral alternative of liquid transportation
fuels (Salehi Jouzani and Taherzadeh 2015; Tan et al. 2016). Lignocellulosic
biomass (such as agricultural wastes, forestry residues, and municipal solid wastes)
represents an abundantly available cheap natural resource that contained large
amount of sugars locked in the form of cellulose and hemicellulose which can be
implied for the production of bioethanol (Zabed et al. 2016). However, due to its
heterogeneous and highly recalcitrant nature, extracting the energy content of plant
biomass is difficult and energy-intensive (Sánchez and Montoya 2013). To over-
come this problem, conventionally a series of biologically mediated events, viz
(i) biomass harvest and storage, (ii) pretreatment (physical/chemical treatment to
expose cellulose and hemicellulose chains), (iii) enzyme production (cellulases and
hemicellulases by appropriate microbial source), (iv) saccharification (enzymatic
hydrolysis of cellulose and hemicellulose to its constituents), (v) fermentation of
hexose (C6) sugars, and (vi) fermentation of pentose (C5) sugars, was followed by
downstream processing to achieve the conversion of biomass to ethanol (Bhalla
et al. 2013) (Fig. 20.1). However, such type of scheme requires multiple reactors
and exogenous supply of costly cellulolytic enzymes which adds significant capital
and maintenance cost (Lynd et al. 2005; Schuster and Chinn 2013; Hasunuma et al.
2013; Linger and Darzins 2013). Thus at industrial scale, the cost of bioprocessing
would become more than the cost of feedstock, restricting the economical viability
of bioethanol production. The total cost of feedstock, pretreatment, and enzyme
treatment is estimated to account for two-thirds of the total production cost in which
enzyme as the largest cost contributor (Himmel et al. 2010; Lynd et al. 2005).

Over the last 20 years, efforts have been made in the development of efficient
and low-cost technologies to overcome these cost issues (Tan et al. 2016). This
comprised mainly advancement in pretreatment technologies to achieve effective
biomass conversion, enzyme engineering to reduce cellulase dosages, and genetic
manipulation of fermenting microorganisms to gain sufficient production level of
bioethanol. The detailed discussions on these process advancement efforts are
beyond the scope of our focus and have been reviewed elsewhere (Karimi and
Taherzadeh 2016; Zhang and Zhang 2013; Salehi Jouzani and Taherzadeh 2015).

In addition to above efforts, further process efficiency can also be gained using
integrated process design (Chung et al. 2014). Process integration efforts generally
entail in the consolidation of one or more of these steps to combat the high costs of
bioethanol production such as combining enzymatic hydrolysis and fermentation of
hexose sugars in simultaneous saccharification and fermentation [SSF] scheme or
simultaneous saccharification and co-fermentation [SSCF] scheme that combines
fermentation of both hexose and pentose sugars along with saccharification (Linger
and Darzins 2013; Schuster and Chinn 2013; Sánchez and Montoya 2013).

458 N. Singh et al.



However, the cost economy of supplying exogenous enzymes for both SSF and
SSCF schemes cannot be ignored. Thus, the ultimate objective of low-cost biomass
processing to bioethanol would be a single-stage process termed as “consolidated
bioprocessing” [CBP] (Himmel et al. 2010; Lynd et al. 2005). During CBP, enzyme
production, hydrolysis, and co-fermentation would occur in a single reactor
employing a single microorganism or a consortium of microorganisms that are
capable of reducing the recalcitrance of biomass with their robust enzymatic and
metabolic capabilities (Lynd et al. 2005; Schuster and Chinn 2013; Hasunuma et al.
2013; Linger and Darzins 2013) (Fig. 20.2). Process integration in CBP offers huge
economic benefits by avoiding high capital cost and addition of costly cellulolytic
enzymes.

It is quite clear that an effective CBP-enabling microorganism is the heart of a
CBP process (Salehi Jouzani and Taherzadeh 2015; Olson et al. 2012; Parisutham
et al. 2014). While a number of mesophilic microorganisms including fungi, yeast,
and bacteria are under development as a viable CBP candidate (Salehi Jouzani and
Taherzadeh 2015; Amore and Faraco 2012; Haan et al. 2015), recently thermophilic
and extremely thermophilic anaerobic bacteria (thermoanaerobes) have gained
increased research interest (Blumer-Schuette 2014; Chang and Yao 2011).

The inherent benefits of using thermoanaerobes for CBP could potentially
overcome many of the obstacles associated with the conventional biomass pro-
cessing approaches. Despite the concept of bioethanol production via CBP at high
temperature seems promising, the intricacies of single-step process are extremely
challenging. In this chapter, we briefly discuss the current status and complexities
of a commercially relevant high-temperature-based CBP and amenability of several

Fig. 20.1 Overview of bioethanol production from lignocellulosic biomass (various stages of
ethanol production process are represented in the flow diagram)
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potential thermoanaerobes for CBP. We further discuss the various strain
improvement strategies implied to attain efficient ethanol production by these
candidates.

20.2 Consolidated Bioprocessing

CBP is a highly integrated process configuration where candidate CBP microor-
ganism(s) performs “direct microbial conversion” of lignocellulosic biomass into
bioethanol (Lynd et al. 2005; Schuster and Chinn 2013; Hasunuma et al. 2013;
Linger and Darzins 2013). Essentially such candidate must be able to produce
lignocellulolytic enzymes to depolymerize both cellulose and hemicellulose to their
monomeric forms and subsequently ferment all the resulting sugars to ethanol.
Owing to the simple processing configuration, fewer unit operations, and maximum
cost-effectiveness, CBP is considered as a breakthrough for low-cost biomass
processing (Lynd et al. 2005). Ideally a fully mature CBP technology would
incorporate the microorganism(s) having following desirable traits:

• Efficient metabolic capabilities allowing co-fermentation of hexose and pentose
sugars

• Equipped with a robust lignocellulose deconstruction machinery

Fig. 20.2 Schematic representation of first-generation (1G-CBP) and second-generation
(2G-CBP) consolidated bioprocessing scheme. The 2G-CBP is based on the microbial breakdown
of untreated lignocellulosic biomass into bioethanol and promises maximum cost-effectiveness
(Chung et al. 2014)
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• Ability to deconstruct untreated biomass to avoid additional capital investments
associated with pretreatment

• Ability to withstand industrially relevant solid loadings and fermentation
inhibitors

• Fermentation performance with yield, titer, and productivity as per industrial
criteria (i.e., an ethanol yield of >90% of theoretical maximum, titer of
>40 g L−1, and productivity of >1 g L−1 h−1)

• High ethanol tolerance above a concentration of 5% (v/v)
• Minimal by-product formation

Unfortunately, no such single organism is available in nature or engineered so
far that carries all these traits altogether (Parisutham et al. 2014). Therefore,
research efforts are underway: (i) to isolate and characterize such organism (ii) or to
develop existing cellulolytic or to ferment organisms for homoethanolic fermen-
tation of lignocellulosic biomass (Olson et al. 2015).

Over the last decade, development of mesophilic cellulose-degrading and/or
ethanol-producing organisms (including yeast, fungi, and bacteria) as platform CBP
candidate has been a major focus of research by both industries and academies.
Among the potential candidates for CBP, thermophilic anaerobes (Topt > 60 °C)
inherently possess several of the above-mentioned characteristics and are best
suited for this highly integrated process configuration. This chapter will only focus
on the prospects of utilizing thermoanaerobes for bioethanol production via CBP.

20.3 Thermophilic Anaerobic Bacteria for CBP:
Challenges and Strain Improvement Strategies

Thermophilic anaerobes are interesting group of microorganisms that not only
survive at high temperature but also can thrive to produce commodity products
under such extreme environment (Canganella and Wiegel 2014). By definition,
thermophilic anaerobes are described as the group of microorganisms that cannot
use oxygen as the terminal electron acceptor and grow at elevated temperature of
>50 °C (Canganella and Wiegel 2014). Thermophilic anaerobic bacteria are of
particular biotechnological interest due to two main characteristics: (i) their ability
to grow on major component of lignocellulosic biomass directly for the purpose of
ethanol, hydrogen, or methane production (Taylor et al. 2009; Blumer-Schuette
2014) and (ii) presence of unique lignocellulose deconstruction machinery that can
serve as an excellent source of thermostable enzymes for biorefinery applications
(Bayer et al. 2008; Turner et al. 2007).

Due to these, in past years a renewed interest has been centered on the devel-
opment of a high-temperature-based CBP to achieve the process benefits of ele-
vated temperature saccharification. A higher process temperature, especially under
anoxic conditions, would offer a number of potential benefits over mesophilic
temperature process for CBP as follows:
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(1) In case of a thermophilic fermentation system, cooling or heating of fermentor
between different steps of bioprocessing would not be required, providing
significant energy savings (Taylor et al. 2009; Lynd et al. 2005).

(2) As per Arrhenius equation, a 10 °C rise in temperature can double the rate of
reaction; thus, a faster reaction rate could be achieved with thermophiles (Lin
and Xu 2013; Turner et al. 2007).

(3) High-temperature process may advantageously increase the rate of lignocellu-
lose deconstruction in a thermophilic fermentor and will require mild pre-
treatment (Kataeva et al. 2013).

(4) Microbial contamination (due to mesophilic bacteria and fungi) is a significant
problem during industrial fermentation. High reaction temperature (>60 °C)
and anoxic conditions can minimize these contaminants (Taylor et al. 2009; Lin
and Xu 2013).

(5) Better solubility of reactants and products at higher temperature can provide
efficient mixing, thus reduced energy input (Chang and Yao 2011).

(6) High temperature also facilitates easier recovery of product because ethanol
vaporizes at temperature above 50 °C (Chang and Yao 2011).

Apart from these process benefits, thermoanaerobes offer some unique advan-
tages during biomass bioprocessing. The enzymatic machinery of thermophilic and
extremely thermophilic anaerobic bacteria is unique and highly efficient in many
aspects compared to the conventional fungal enzymes (Xu et al. 2016; Resch et al.
2013; Brunecky et al. 2013; Kanafusa-Shinkai et al. 2013). Depending upon
structural organization and mode of action, the biomass degradation schemes
employed by thermoanaerobes can be classified into four systems, namely “free
enzyme system,” “cell anchored enzymes,” “complex cellulosome system,” and
“multifunctional multimodular enzyme system.” Such complex enzymes exhibit
very high specific activity and have a natural ability to tolerate harsh bioprocessing
conditions. However, for industrial production the major challenge is to achieve
sufficient production level of these thermostable enzymes.

Although pretreatment is an absolute requirement to enhance the efficiency of
saccharification, most of these physicochemical treatments are energy-intensive and
feedstock-dependent (Karimi and Taherzadeh 2016). Different pretreatment meth-
ods are associated with sugar loss and production of toxic fermentation inhibitors.
Thus, development of a bioprocess with mild or no pretreatment is always taken
into consideration to promote cost savings and a toxin-free process. This is evident
by the development of genetically modified plants that are less recalcitrant, such as
switchgrass, alfalfa, aspen, and poplar (Bartley et al. 2014; Fu et al. 2011).
Interestingly few extremely thermophilic anaerobic bacteria can perform “direct
microbial conversion” of biomass without any pretreatment to produce commodity
products like bioethanol and biohydrogen. In the past few years, a number of
valuable studies have been conducted to evaluate the digestibility of untreated plant
biomass either by thermophilic anaerobes itself or by the enzymes derived from
them (Basen et al. 2014; Kataeva et al. 2013; Chung et al. 2014; Kanafusa-Shinkai
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et al. 2013; Brunecky et al. 2013). This can circumvent the 20% additional cost of
pretreatment during biomass processing.

Thermoanaerobes are advantageous being capable to metabolize a broad range
of substrates including both monomeric (hexoses and pentoses) and polymeric
(cellulose and hemicellulose) carbohydrates generated after lignocellulose degra-
dation (Demain et al. 2005; Blumer-Schuette et al. 2008; Chang and Yao 2011).
This broad substrate utilization potential is one of the prime reasons for interest in
these organisms for bioethanol production.

The utilization of hemicellulose along with cellulose is an essential aspect for
cost-effective bioethanol production at industrial scale (Saha 2003). Majority of
ethanologenic thermoanaerobes within the genera Thermoanaerobacterium and
Thermoanaerobacter are effective hemicellulose-fermenting organisms and pre-
sented “preferential hemicellulose utilization.” However, different thermophiles
differ in their pattern of carbohydrate utilization, with more cellulose and C6 uti-
lization observed for the thermophiles having Topt 55–60 °C (Demain et al. 2005),
while more hemicelluloses and pentose utilization was observed for the ther-
mophiles having Topt 70 °C or higher (Blumer-Schuette et al. 2008; Dam et al.
2011).

Majority of thermophilic anaerobic bacteria can perform co-utilization of C6 and
C5 sugars derived from lignocellulosic biomass in an unbiased manner, which is an
essential trait for any ethanol-producing candidate. This suggested the absence of
carbon catabolite repression (CCR) (Gorke and Stulke 2008) in most of the extreme
thermophiles (Vanfossen et al. 2009; Lin and Xu 2013; Shaw et al. 2008; Andersen
et al. 2015; Georgieva et al. 2008).

The negative impact of inhibitors (mainly furfural, 5-hydroxy methyl furfural,
weak acids, and phenolics) generated during biomass pretreatment on the fer-
mentative microorganisms is a major obstacle and studied extensively (Akhtar et al.
2016; Karimi and Taherzadeh 2016; Zabed et al. 2016). To avoid this, often a
cost-intensive detoxification step is performed prior to fermentation in conventional
bioprocessing (Kundu et al. 2015). Adaptability to wide range of pH is another
useful trait exhibiting thermoanaerobes as most suitable candidate for industrial
bioprocessing. Biomass processing using thermoacidophilic and thermoalkaliphilic
bacteria and their enzymes could avoid an additional neutralization step and thus
promotes cost savings (Bhalla et al. 2013).

Despite these benefits, it is equally important to understand the limitations of
these microorganisms before proposing their application for industrial production of
bioethanol. One of the most important considerations for their implementation at an
industrial scale is to achieve sufficient ethanol production level (Blumer-Schuette
2014; Taylor et al. 2009). None of the naturally occurring thermoanaerobe can
convert lignocellulosic biomass into bioethanol at rates that meet current industrial
targets. There are two main reasons for lower yield: (i) thermoanaerobes are
heterofermentative and undergo mixed acid fermentation (Olson et al. 2015). Thus,
production of ethanol is always accompanied by the formation of other products
such as acetate, lactate, butyrate, propanol and (ii) most thermophiles with ethanol
production ability are highly sensitive to increasing substrate concentrations. A high
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substrate concentration results in fermentation inhibition and thus lower product
yield (Argyros et al. 2011; Lin and Xu 2013). Besides these limitations, the growth
and cultivation of anaerobic bacteria require specific complex medium which also
poses economic challenge (Turner et al. 2007). However, even with these limita-
tions, the potential of these microbes cannot be neglected. In recent years, efforts in
optimizing media for different thermophilic anaerobes and advancement in
molecular biology techniques have paved the way to achieve improved perfor-
mance in the near future.

20.4 Strategies to Improve Bioethanol Production
by Thermophilic Anaerobic Bacteria

Considering the above-mentioned limitations, strain improvement via mutation and/
or metabolic engineering remains the ultimate choice for the development of a
potential microbial platform for a high-temperature-based CBP. In early the 1990s,
classical approaches like UV and chemical mutagenesis were applied to create
mutant with improved substrate conversion rate and metabolic properties. In past
few years, a substantial progress has been observed in the metabolic engineering of
thermophilic anaerobic bacteria to produce bioethanol (Scully and Orlygsson 2017;
Lin and Xu 2013). This progress has been based on strategic advancement in
genetic tools for thermophiles and parallel genome sequencing efforts. Some of the
approaches are outlined for the development of a thermophilic engineered host as
follows:

20.4.1 Improvement by Evolutionary Adaptation

Most of the wild-type thermoanaerobes possess lower tolerance (1–2% v/v) to
ethanol, which is the major obstacle in their industrial application. For an eco-
nomical biorefinery, ethanol concentration is required to be above 5% (v/v)
(Burdette et al. 2002). Since the knowledge about thermophilic anaerobic bacteria is
limited, the reason for their lower tolerance to ethanol is not clear. However,
negative impact of ethanol accumulation on increased membrane fluidity and
subsequently various cells functioning such as membrane transport and energy
generation could be the possible cause of decreased cell viability and ultimately
lower tolerance (Biswas et al. 2014; Shao et al. 2011; Georgieva et al. 2007).

Adaptation is a classical and a very prominent approach to improve ethanol yield
and tolerance of thermoanaerobes. Evolutionary adaptation approaches are mainly
based on (i) sequential transfer and continuous adaptation of strain on higher
ethanol concentrations or (ii) cyclic transfer on lower and higher ethanol concen-
trations which may or may not be accompanied by mutagenesis (UV treatment or
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chemical mutagenesis). There are different adaptation strategies and their pheno-
typic effects have been discussed for some thermoanaerobes that are summarized in
Table 20.1. With only a few cycles, evolutionary adaptation can yield strains with
substantial improvements in ethanol tolerance (Table 20.1). Adaptation becomes
more useful for newly discovered thermoanaerobes lacking important genetic
information (Biswas et al. 2014).

20.4.2 Improvement by Metabolic Engineering

The screening of new thermoanaerobes has provided a foundation for industrially
relevant CBP organisms, but efforts are needed for the targeted development that
will enable homoethanolic fermentation of lignocellulosic biomass to bioethanol at
desired production level (Scully and Orlygsson 2017; Olson et al. 2012, 2015). The
development needs advancement in genetic tools that enable targeted elimination of
genes leading to the formation of by-products other than ethanol (Taylor et al. 2009;
Schuster and Chinn 2013).

Genetic engineering of thermophiles is still in infancy, and difficulties arise due
to their unique physiological and genetic features such as (1) low G+C content,
(2) need of thermostable markers and plasmids for transformation, (3) need of
anaerobic conditions, (4) lack of proper medium for solidification at high temper-
ature, and (5) limitation of established protocols for final selection of strains
(Akinosho et al. 2014; Taylor et al. 2009; Lin and Xu 2013).

Table 20.1 Evolutionary adaptation approaches for some thermophilic anaerobic bacteria

Bacteria Adaptation strategy Ethanol
tolerance %
(v/v)

References

C. thermocellum
ATCC 27405

UV mutagenesis and sequential transfer
in increasing ethanol concentration

4% Tailliez et al.
(1989)

C. thermocellum
ATCC 27405

Sequential transfer in increasing
ethanol concentration

5% Timmons
et al. (2009)

C. thermocellum
SS21 and SS22

Sequential transfer in increasing
ethanol concentration

3.2–4% Rani and
Seenayya
(1999)

C. thermocellum
ATCC 27405

Sequential transfer alternating zero and
increasing ethanol concentration

5% Shao et al.
(2011)

C. thermocellum
DSM 1313
[adhE*Δldh]

Sequential transfer in increasing
ethanol concentration

5% Biswas et al.
(2014)

T. mathranii BG1L1 Immobilized continuous reactor 8% Georgieva
et al. (2007)

T. ethanolicus
39E-H8

Chemical mutagenesis 8% Burdette
et al. (2002)

C. Clostridium; T. Thermoanaerobacter; Tm. Thermoanaerobacterium
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Nonetheless, in recent years the increasing availability of genome sequences of
different thermophilic anaerobic bacteria and the development of omics-based
technology have provided new insight into the microbial metabolism of ther-
mophilic anaerobes that had been isolated decades ago (Olson et al. 2015). Current
strategies involved in the genetic engineering of model thermophilic anaerobic
bacteria are presented in Table 20.2.

Table 20.2 Ethanol yield by genetically engineered thermophilic anaerobic bacteria

Engineered strain Target Ethanol
yield
(g L−1)

Substrate
concentration
(g L−1)

References

C. thermocellum M0971
[ΔpyrF, Δpta::gapDHp-cat]

Elimination of
acetate production

0.8 (5) Cellobiose Tripathi
et al.
(2010)

C. thermocellum M1570 [Δhpt,
Δldh, Δpta]

Elimination of
lactate and acetate
production

5.6 (19.5)
Cellulose

Argyros
et al.
(2011)

C. thermocellum LL1210
evolved
[DhptDhydGDldhDpflDpta-ack]

Elimination of
lactate and acetate
production

22.4 (60) Cellulose Tian et al.
(2016)

C. bescii JWCB032 [Δldh,
adhE overexpression]

Eliminate acetate
production

0.7 (10)
Cellobiose

Chung
et al.
(2014)

T. saccharolyticum TD1[Δldh] Eliminate lactate
production

1.8 (5) Xylose Desai et al.
(2004)

T. saccharolyticum ALK2
evolved [Δldh, Δpta, Δack]

Elimination of
lactate and acetate
production

33 (70) Xylose Shaw et al.
(2008)

T. saccharolyticum M0355
[Δldh, Δpta, Δack]

Elimination of
lactate and acetate
production

25.3 (50)
Cellobiose

Shaw et al.
(2011)

T. saccharolyticum M1051
[Δldh, Δpta, Δack, express in
gure ABCDEFG at ldh locus]

Elimination of
lactate and acetate
production and
urea utilization

54 Cellobiose Shaw et al.
(2012)

T. mathranii BG1G1 [Dldh,
PxylGldA]

Elimination of
lactate production
and heterologous
expression of
glycerol
dehydrogenase

7.35 (5) Xylose
and (2.5)
glycerol

Yao and
Mikkelsen
(2010b)

T. mathranii BG1E1 [Dldh,
adhE upregulated]

Elimination of
lactate production
and
overexpression of
adhE

0.49a Xylose Yao and
Mikkelsen
(2010a)

aYield presented in g/g
C. Clostridium; T. Thermoanaerobacter; Tm. Thermoanaerobacterium; C. Caldicellulosiruptor
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20.4.3 Improvement by Co-culturing

In the nature, microbes with different characteristics live in close association and
exhibit highly symbiotic relationship to benefit each other, termed as microbial
consortium. These consortiums often provide the opportunity to perform a complex
task which is not possible by the individual organisms alone. Co-culture offers
benefits over monoculture such as increased rate of substrate utilization, higher
product formation, efficient sugar consumption, shortened lag time of fermentation,
and possible reduction of substrate inhibition (Xu and Tschirner 2014).

One aspect of co-culture application is sequential culture in which two organ-
isms with completely different growth requirements can be applied (Wen et al.
2014). A successful co-culture requires optimization of growth conditions so that
both strains become compatible for one-pot cultivation (Blumer-Schuette 2014).
Tripathi et al. (2010) have suggested the possible reason may be the secretion of
some undetected metabolites by one organism and its utilization by the next partner,
which will convert it into some product (Tripathi et al. 2010).

Fundamentals of CBP can also be achieved by employing co-culture of two or
more thermoanaerobes such that one organism is saccharolytic while the other one
is ethanologenic (Akinosho et al. 2014; Blumer-Schuette 2014).

The essential traits for a saccharolytic thermoanaerobes are the presence of
complete set of lignocellulose deconstruction machinery, high specific activity, and
stability of enzymes. Favorable features of ethanologenic partner included the
following: higher ethanol yield, homoethanolic fermentation, improved ethanol
tolerance, and multisugar fermentation. The ethanol production potential of various
thermophilic co-cultures (both wild-type and genetically engineered) are summa-
rized in Table 20.3.

20.4.4 Improvement by Immobilization

Immobilization of thermophilic anaerobic bacteria in a continuous system is a very
promising approach to achieve high ethanol yield (Xu and Tschirner 2014).
Immobilization offers recycling of microbes, which is cost advantageous, and cell
immobilization entrapped them in a polymer or porous surface which protects strains
from pretreatment inhibitors. There are very few reports of immobilization of
thermoanaerobes that are available (Georgieva et al. 2008; Sittijunda et al. 2013; Xu
and Tschirner 2014). Xu et al. have applied encapsulation of thermophilic co-culture
for single-step ethanol production at 57 °C with sodium alginate as immobilization
matrix (Xu and Tschirner 2014). The immobilized co-culture showed significant
increase in ethanol yield from 1.36 to 4.67 g L−1 on glucose and 3.81 to 4.67 g L−1

on avicel. The immobilization of Thermoanaerobacter BG1L1 on a fluidized bed
reactor resulted in sugar-to-ethanol conversion efficiency of 68–78% with an ethanol
yield of 0.39–0.42 g/g during a continuous operation of 143 days at 70 °C using
undetoxified wheat straw as substrate (Georgieva et al. 2008). In another study,
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Thermoanaerobacter pantosaceus was successfully immobilized in an up-flow
anaerobic sludge blanket (UASB) reactor with glucose and xylose as substrates, and
ethanol production was improved by 11% with a yield of 0.44 g/g sugar consumed
in 24 h (Sittijunda et al. 2013). Immobilization studies so far suggest that it can
improve pH tolerance and ethanol tolerance and can offer high substrate loading.
Further advances can make immobilization a choice process for the continuous
thermophilic ethanol production.

20.5 Candidate Thermoanaerobes for Consolidated
Bioprocessing

The growing interest in the use of thermoanaerobes or enzymes derived from them
for CBP is an emerging paradigm (Akinosho et al. 2014; Resch et al. 2013;
Brunecky et al. 2013; Singh et al. 2017; Chung et al. 2014). Due to this, cellulolytic
thermoanaerobes belonging to the genera Clostridium and Caldicellulosiruptor
have received increased attention to be developed for CBP process via both

Table 20.3 Ethanol yield by thermophilic anaerobic co-culture system

Saccharolytic
thermoanaerobe

Ethanologenic
thermoanaerobe

Substrate Yield
(g L−1)

References

C. thermocellum
ATCC 35609

T. pseudethanolicus
ATCC 33223

Cellulose 4.5 Ng et al.
(1981)

C. thermocellum
ATCC 35609

T. pseudethanolicus
ATCC 33223

Cellulose 6.6 He et al.
(2011)

C. thermocellum
ATCC 35609

Thermoanaerobacter
sp. X514

Cellulose 12.2 He et al.
(2011)

C. thermocellum
DSM 1313

T. saccharolyticum
JW/SL YS485

Cellulose <3 Argyros et al.
(2011)

C. thermocellum
M1570

T. saccharolyticum
ALK2

Cellulose 38.1 Argyros et al.
(2011)

C. thermocellum
ATCC 31924

T. saccharolyticum
ATCC 31960

Cellulose 16 Saddler and
Chan (1984)

C. thermocellum
ATCC 31924

T. saccharolyticum
ATCC 31925

Cellulose 9.7 Saddler and
Chan (1984)

C. thermocellum
ATCC 27405

C. thermolacticum
ATCC 43739

Cellulose 4.67 Xu and
Tschirner
(2014)

C. thermocellum
ATCC 27405

C. thermolacticum
ATCC 43739

Treated aspen
powder

2.78 Xu and
Tschirner
(2014)

C. thermocellum
ATCC 27405

C. thermolacticum
ATCC 43739

Untreated
aspen powder

1.37 Xu and
Tschirner
(2014)

C. Clostridium; T. Thermoanaerobacter; Tm. Thermoanaerobacterium
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mutation and genetic engineering approaches. Apart from this, xylanolytic members
of the genera Thermoanaerobacterium and Thermoanaerobacter have also been
subjected to the development for CBP via co-culture approach. Current progress in
developing few potential candidate thermoanaerobes for CBP is presented below.

20.5.1 Clostridium thermocellum

C. thermocellum, a cellulolytic thermophilic anaerobic bacterium common in soils,
self-heated rotting biomass and hot springs (Akinosho et al. 2014). Due to its
maximal catalytic action on crystalline cellulose, C. thermocellum cellulosome has
attracted significant interest, making it one of the most studied and reviewed cel-
lulase enzyme systems of thermoanaerobes so far (Bayer et al. 2008;
Blumer-Schuette 2014). Though the bacterium is equipped with highly efficient
cellulolytic machinery and performs rapid fermentation of cellulose to ethanol, it
suffers from some key detriments. Wild-type C. thermocellum strains typically give
an ethanol yield of 10–35% of the theoretical maximum (Olson et al. 2015) and
lower ethanol tolerance of 0.4–1.6% (v/v) (Brown et al. 2011). In addition to this,
the inability of pentose sugars fermentation by this bacterium leaves hemicelluloses
portion of the lignocellulosic biomass unutilized (Akinosho et al. 2014). More
approaches have been applied to develop a high ethanol yielding strain, which
includes: (i) targeted knockout of genes responsible for by-product formation (e.g.,
lactate, acetate, and formate) (Argyros et al. 2011; Biswas et al. 2014; Tian et al.
2016; Papanek et al. 2015) and (ii) directed adaptive evolution to increase ethanol
tolerance (Brown et al. 2011; Shao et al. 2011).

The successful genetic engineering approaches so far resulted in C. thermocel-
lum strain AG553 (hpt, hydG, ldh, pfl, and pta-ack), which is devoid of all the
genes leading to the formation of products other than ethanol. The engineered strain
presented an ethanol yield of 63.5% of the theoretical maximum albeit from lower
cellulose concentration (5 g L−1) (Papanek et al. 2015). More recently adaptive
evolution of strain AG553 to achieve high biomass loadings was resulted in an
evolved strain LL1210 (Tian et al. 2016). With about 95% cellulose conversion,
this evolved strain LL1210 presented an impressive ethanol yield of 22.4 g L−1

(75% of the theoretical maximum) from 60 g L−1 initial cellulose loadings. These
reports highly recommend the future research endeavors for the development of C.
thermocellum as a potential CBP candidate thermoanaerobe.

20.5.2 Caldicellulosiruptor sp.

About twelve species of extremely thermophilic anaerobic bacteria within the genus
Caldicellulosiruptor have been identified so far (Zurawski et al. 2015). All these
members are capable to hydrolyze either polymeric or monomeric component of
lignocellulosic biomass. Caldicellulosiruptor sp. has received increased interest
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particularly due to its unique enzymatic machinery involving highly efficient
multifunctional enzymes in multimodular organization and broad substrate spec-
trum (Vanfossen et al. 2009).

One of the members of this genus, Caldicellulosiruptor bescii (formerly known
as Anaerocellum thermophilum) is an extreme thermophile, possess the ability to
grow up to 90 °C (Dam et al. 2011). The bacterium C. bescii DSM 6725 is
specifically recognized for its ability to simultaneously solubilize insoluble lignin
and other plant cell wall polysaccharides as carbon and energy sources (Kataeva
et al. 2013). In particular, this bacterium displayed growth and utilization of dif-
ferent types of untreated biomass with low lignin (napier and bermuda) and high
lignin (switchgrass) contents at 70 °C (Yang et al. 2009). Another study highlighted
its ability to ferment industrially relevant high loads (*200 g L−1) of untreated
switchgrass and crystalline cellulose without growth inhibition (Basen et al. 2014).
Realizing the direct biomass conversion potential, Chung et al. (2014) developed
metabolically engineered ethanol-producing strains of C. bescii, accomplished by
the deletion of genes involving lactic acid production and heterologous expression
of a bifunctional acetaldehyde/alcohol dehydrogenase. This single-step ethanol
production from untreated switchgrass at 33% of the maximum theoretical yield
suggested a new paradigm of CBP. In addition to ethanol, one other strain, C.
saccharolyticus, studied for its ability to produce hydrogen from switchgrass in
single step without physicochemical or biological treatment (Talluri et al. 2013).

20.5.3 Thermoanaerobacterium saccharolyticum

T. saccharolyticum is an acid-tolerant (pH < 4.5), thermophilic, obligatory anaer-
obic bacteria having high hemicellulolytic potential and produces ethanol, acetate,
lactate, H2, and CO2 as the by-products of xylan fermentation (Liu et al. 1996). T.
saccharolyticum cannot be regarded as a true CBP candidate since it lacks cellulose
degradation potential but can become an effective co-culture partner with other
cellulolytic bacteria (Argyros et al. 2011) (see Table 20.3). In recent years, due to
high amenability for genetic engineering, key enzymes involved in the catabolic
pathway of T. saccharolyticum have been elucidated and highly effective metabolic
engineering was performed to achieve homoethanolic fermentation by this bac-
terium. Both adaptive evolution and metabolic engineering approaches result in an
engineered strain ALK2 which achieved an ethanol yield of 33 g L−1 (92% of the
theoretical maximum) (Shaw et al. 2008).

20.5.4 Thermoanaerobacter mathranii

T. mathranii is a highly efficient pentose fermenting obligatory anaerobic ther-
mophilic bacteria that gives ethanol yields of 62–90% of the theoretical maximum
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from glucose, xylose, and mannitol (Yao and Mikkelsen 2010b; Georgieva et al.
2008). Similar to T. saccharolyticum, T. mathranii is not a true CBP candidate but
could be developed for CBP using co-culture approach. One of the patented strains
of T. mathranii BG1 is under development by a Danish company BioGasol (www.
Biogasol.com) for its industrial application in second-generation ethanol produc-
tion. Apart from the above-mentioned candidates, few other members of the genus
Thermoanaerobacter such as T. aotearoense, T. ethanolicus, and T. italicus are
under development both for CBP co-culture approach and for direct fermentation of
sugar-rich waste stream derived during conventional biomass processing.

20.6 Challenges in the Commercialization
of Consolidated Bioprocessing

CBP is not a mature technology like conventional bioprocessing and is still under
development. But realizing the potential of this highly integrated process, a few
companies have adapted this technology for commercial scale production of cel-
lulosic ethanol (Schuster and Chinn 2013; Salehi Jouzani and Taherzadeh 2015).
Qteros was the first start-up based on CBP technology with a mesophilic anaerobic
bacterium C. phytofermentans (trademarked as “Q microbe”) which is their pro-
prietary strain (http://www.qteros.com/). The target was to achieve a fuel cost of 1
dollar/gallon of ethanol. The company has also joined a commercial agreement with
Praj Industries, India, in 2011 (Eco-Business 2011). Despite significant advance-
ment in technology, the company had to close its demonstration facility in early
2012 due to financial problems (Freeman 2012). Mascoma, a US-based company
established in 2005, has become a “proof of CBP concept” (http://www.mascoma.
com/). Mascoma’s platform is an engineered Saccharomyces cerevisiae strain (with
heterologous expression of termite cellulases genes) and two engineered ther-
mophilic anaerobic bacteria T. saccharolyticum and C. thermocellum.

Recently BluCon®-E DIREVO Industrial Biotechnology GmbH—A company
based on novel CBP approach to low-cost lignocellulose fuel ethanol production at
70 °C by utilizing extremely thermophilic anaerobic bacteria. The cost price target is
2 dollars/gallon ethanol. The company has filed many patented strains out of which
7 are proprietary Caldicellulosiruptor strains and 8 are Thermoanaerobacter strains
(http://www.direvo.com/). DEINOVE (http://deinove.com/en), a cleantech company
has signed a collaboration agreement with ABENGOA, one of the world’s leading
ethanol producers, with the support of Bpifrance. The agreement was to focus for
36 months on the use of DEINOVE’s Deinococcus bacteria for CBP to convert
agricultural residues into ethanol at a competitive cost (Deinove 2014). A few
companies have also started commercialization of potential sugar fermenting ther-
mophilic anaerobic bacteria to pursue ethanol production. One such company is
Estibio complemented by its sister company BioGasol ApS, founded in 2012 to
commercialize its first- and second-generation ethanol production technologies
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(http://www.estibio.com/). The key finding of the technology is a proprietary
“Pentocrobe” microbe (a genetically engineered thermophilic anaerobic bacteria; T.
italicus) having co-sugar fermentation ability at 70 °C (http://www.estibio.com/
products). The ongoing efforts and past success indicate that CBP-based biore-
fineries will be a reality in near future. Although for companies utilizing or
attempting to utilize CBP technology, the major challenge would be to achieve
maximum optimized condition in a single fermentor and faster processing time.

20.7 Conclusions and Future Prospects

This chapter presented multisubstrate fermenting thermoanaerobes as the most
efficient candidates for the economic production of bioethanol via
CBP. Thermoanaerobes are usually advantageous for CBP, however, lack neces-
sary tolerance and production level of ethanol, pivotal for industrial conversion of
lignocellulose. Companies focused on consolidated bioprocessing must overcome
these challenges to enable efficient ethanol production. Different thermoanaerobes
are in various stages of development to achieve higher productivity rates of bioe-
thanol. Metabolic engineering efforts together with functional genomics aid in
developing robust engineered thermophiles. With current pace of thermoanaerobe
research, coming years should see rapid advancement in industrial application of
these organisms as mono- and mixed cultures for single-stage bioethanol
production.
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Chapter 21
Waste Valorization to Fuel
and Chemicals Through Pyrolysis:
Technology, Feedstock, Products,
and Economic Analysis

Rupam Kataki, Neon J. Bordoloi, Ruprekha Saikia, Debashis Sut,
Rumi Narzari, Lina Gogoi and Nilutpal Bhuyan

Abstract The decreasing fossil fuel reserves, rise in oil prices, and increasing
awareness of environmental impact of continued fossil fuel use have made the quest
for alternative energy sources significant throughout the world. In this regard,
conversion of various types of wastes to biofuels and biomaterials offers a new
paradigm of research in the changing world faced with these diverse problems.
Lignocellulosic biomasses are the most predominant among different types of waste
resources and are characterized by diverse nature and abundant supply. However, it
also has numerous competitive uses which shrink the biomass resource base for
energy production. There are numerous biomass materials which are produced as
by-products, residues, or wastes from other processes, operations, or industries. The
energy content of these materials can be usefully exploited and have the advantage
of removing these materials from the landfill. This chapter presents an overview of
the pyrolytic conversion of low-value biomass/bio-wastes, agricultural residues,
bioenergy by-product, industrial agro-wastes, aquatic wastes, MSW, plastic solid
wastes to bio-oil and biochar and their wide-ranging applications. Further, this
chapter also reviews the pyrolysis technology and its economic analysis.

Keywords Pyrolysis � Biomass � MSW � Reactor � Biofuel � Biochar
Economic analysis

21.1 Introduction

The demand for energy is increasing sharply all over the world unlike its sources.
But the present conventional sources of energy are inadequate to meet the
increasing energy demands. According to International Energy Outlook 2016 (IEO
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2016), the world energy consumption will grow by more than 80% between 2010
and 2040. Total world energy use is forecasted to rise from 524 quadrillion British
thermal units (Btus) in 2010 to 630 quadrillion Btus in 2020 and to 820 quadrillion
Btus in 2040. In addition to such energy crisis, burning of fossil fuel is also
responsible for increasing concentration of greenhouse gases in the atmosphere,
subsequently resulting in global warming and associated adverse climatological
impacts. Thus, rising energy demand, global energy crisis, and climate change have
compelled almost all the nations of the world to search for renewable and alter-
native sources of energy. Renewable energy can contribute to socioeconomic
development, energy access and security, energy safety, and diminishing the neg-
ative impacts on environment and health in addition to have a large prospective to
mitigate climate change (IPCC 2017). The Renewable Energy Policy Network for
the twenty-first Century (REN21) reported that renewable energy supplied 19% of
global final energy consumption in 2012, of which modern renewable provided
about 10% and the remaining 9% by traditional biomass. Furthermore, it is also
projected that about 4.6 trillion kWh of renewable energy will be added to the grid
by the end of 2035 (IEO 2011). Biomass, solar (e.g., photovoltaic solar cells and
solar heat collectors), wind (e.g., wind turbines), water (e.g., hydropower, tidal
energy), and geothermal resources are the sources of renewable energy. Biomass
represents an abundant carbon-neutral renewable resource that can be converted to
solid, liquid, and gaseous biofuels using appropriate conversion technologies.
Biomass is clean as it contains a negligible amount of sulfur, nitrogen, and ash,
which give lower emissions of SO2, NOx, and soot than conventional fossil fuels.
Biofuels are considered among the most promising alternative options for
increasing energy crisis and environmental degradation. This approach has trig-
gered the scientific community to look forward toward the stepwise conversion of
parts of the global economy into a sustainable bio-based economy with bioenergy,
biofuels, and bio-based products as its main pillars which in turn ensure a gradual
transition from petroleum-based economy to a diversified economy with renewable
plant biomass as significant feedstock for both fuel and chemical production.
Various processes can be used to convert biomass to different forms of energy. The
biomass can be burned, transformed into a fuel gas through partial combustion,
transformed into a biogas through fermentation, converted to bio-alcohol through
biochemical processes, converted to biodiesel, pyrolyzed into a bio-oil, or trans-
formed into a syngas from which chemicals and fuels can be synthesized.
Thermochemical conversion technologies are advantageous over biochemical
conversion technologies in their ability to utilize almost all types of biomass and
recovery of both energy and the chemical value of the feedstock. There are four
main thermochemical methods of converting biomass: pyrolysis, liquefaction,
gasification, and combustion. Pyrolysis lies at the heart of all thermochemical fuel
conversion processes, because in pyrolysis almost all types of feedstocks such as
solid biomass as well as bio-wastes, which are difficult and costly to manage, can be
converted to liquid, solid, and gaseous products depending upon various process
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parameters namely heating rate, final temperature, vapor residence time, sweeping
gas flow rate, pyrolysis environment. Pyrolysis liquid often known as pyrolysis oil
or bio-oil has advantages in transport, storage, combustion, retrofitting, and flexi-
bility in production and marketing (Putun et al. 2002). Also, the biochar produced
as a coproduct of pyrolysis can be a potential soil amendment with multiple benefits
including increased soil fertility and C-sequestration (Choudhury et al. 2014; Saikia
et al. 2015; Bordoloi et al. 2015). Pyrolysis produces energy fuels with high
fuel-to-feed ratios, making it the most efficient process for biomass conversion and
the method most capable of competing with and eventually replacing
non-renewable fossil fuel resources (Demirbas 1998). The primary goal of pyrolysis
is the optimization of high-value fuel products from biomass by thermal and cat-
alytic means. In pyrolysis, the cellulose, lignin, and hemicelluloses components of
wood pyrolyze largely to monomer and monomer-related fragments. Vapor phase
cracking of the primary products proceeds through a stage of light hydrocarbons
and oxygenates to the ultimate formation of aromatic tars and H2, CO2, CO, and
H2O (Evans and Milne 1987). Interest in the production of pyrolysis liquids from
biomass and bio-wastes has grown rapidly in recent years, due to a number of
possibilities (Harmsen and Powell 2011) such as decoupling liquid fuel production
(scale, time, and location) from its utilization, minerals’ separation on the site of
liquid fuel production (to be recycled to the soil as a nutrient), producing a
renewable fuel for boilers, engines, and turbines, power stations, and gasifiers,
secondary conversion to motor fuels, additives, or special chemicals (biomass
refinery), primary separation of the sugar and lignin fractions in biomass (biomass
refinery). Industrialization, which is considered as the essence of modern devel-
opment, however, also results in higher levels of energy consumption accompanied
with enormous increase in the amount and diversity of waste generation which
cannot only be resolved through disposal as it will create serious environmental and
social problems. Alternative use of waste for energy production becomes increas-
ingly interesting both from a waste management perspective to deal with increasing
waste amounts while reducing the amount of waste deposited at landfills and from
an energy system perspective to improve the flexibility of the energy system
regarding feedstock diversity, increase the share of renewable energy, and reduce
greenhouse gas emissions (Choudhury et al. 2014). These measures would reduce
the quantity of wastes, generate a substantial quantity of energy from them, and
greatly reduce pollution of water and air, thereby offering a number of social and
economic benefits that cannot easily be quantified (IEO 2017). These bio-wastes
can serve as an inexpensive raw material for conversion to value-added products
including biofuels, chemicals, and improved animal feeds (Menon and Rao 2012;
Choudhury et al. 2014). Production of biofuels and other value-added products
from bio-wastes by thermochemical conversion also help to achieve the twin
objectives of waste management, and energy and chemicals recovery.
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21.2 Principles of Biomass Pyrolysis

Earlier, the term pyrolysis was generally associated with carbonization, in which the
principal product was solid char. But nowadays, the term pyrolysis is often
described as a process, in which oil is the preferred product. Since the past twenty
years, many research works have been carried out to convert carbonaceous feed-
stock into liquids and gases, including valuable chemicals, intermediates, petro-
chemicals, and fuels by using the pyrolysis process. Therefore, the traditional slow
pyrolysis can be used for the production of solid char, whereas the fast pyrolysis is
used for producing higher-value fuel gas, fuel oil, or chemicals.

The changes that occur during pyrolysis process are shown below (Mohan et al.
2006):

(1) Transfer of heat from a source to increase the temperature inside the fuel;
(2) Primary pyrolysis reactions initiate at higher temperature and start to release

volatiles and form char;
(3) The flow of hot volatiles toward cooler solids results during heat transfer

between hot volatiles and cooler pyrolyzed fuel;
(4) Condensation of some of the volatiles also followed by secondary reactions to

produce tar;
(5) Secondary pyrolysis reactions are autocatalytic, while primary pyrolytic reac-

tions simultaneously occur; and
(6) During pyrolysis, thermal decomposition, reforming, water gas shift reaction,

radical recombination, and dehydration reactions occur, which are a function of
the process residence time/temperature/pressure profile.

Pyrolysis is a thermochemical decomposition of organic substance at higher
temperatures (400–800 °C) in an inert atmosphere. Pyrolysis is a very complex
process due to the occurrence of some of the simultaneous and successive reactions
within the organic material. In this process, the organic constituents present in the
biomass start to decompose as the temperature rises from 350 to 550 °C and then
goes up to 700–800 °C in lack of air/oxygen. On thermal decomposition, the larger
molecular weight compounds present in biomass break down into smaller mole-
cules in the form of gases, condensable vapors (which in turn produce tars and oils
on condensation), and solid residue as charcoal. Various process parameters such as
reactor temperature, heating rate, pressure, reactor configuration, feedstock are
accountable for rate and extent of decomposition of each component of biomass.
The probable reaction with desirable end product of pyrolysis process can be
depicted as (Balat et al. 2009; Jahirul et al. 2012):

Biomass ! Biochar FC;VM;Ashð ÞþLiquid OrganicþAqueousð Þ
þGas CO2;CO;H2;CH4ð Þ

FC: Fixed carbon;VM:VolatileMatterð Þ
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Lignocellulosic biomass is a complex mixture of three major constituents, viz.
hemicellulose, cellulose, and lignin. These constituents are unevenly distributed in
the cell wall as a skeleton, linking material, and hard solids, respectively. Cellulose
macromolecules regularly gather to form tough microfibers that function as the
skeletal material of the cell wall, and the inner space is packed with amorphous
hemicellulose and lignin linking material. Cellulose connects with hemicellulose or
lignin molecules mainly through hydrogen bonds, while the connections between
hemicellulose and lignin include both hydrogen and covalent bonds (Wang et al.
2017). Carbohydrates and lignin link tightly together in lignin-carbohydrate com-
plexes, which results in residual carbohydrate or lignin fragments in extracted lignin
or hemicellulose samples. The minor amounts of extractives present in the biomass
decompose at different temperatures, and heating rate follows different mechanisms
and pathways. The thermal degradation order of hemicelluloses, cellulose, and
lignin can be summarized as follows (Balat 2008)

Hemicelluloses[ cellulose[ lignin

The complex reaction mechanisms of biomass pyrolysis can be defined in three
main stages

Biomass ! WaterþNon - reacted residue ð1Þ

Non reacted residue ! VolatileþGasesð Þ1 þ Charð Þ1 ð2Þ

Charð Þ1! VolatileþGasesð Þ2 þ Charð Þ2 ð3Þ

(Subscripts 1 and 2 indicate primary and secondary decomposition, respectively).
From the above reactions, it can be observed that pyrolysis proceeds in three

steps. During the first stage of biomass decomposition, some rearrangement reac-
tions such as water elimination, bond breakage, appearance of free radicals, for-
mation of carbonyl, carboxyl, and hydroperoxide groups take place. In the second
stage, decomposition of solid biomass occurs, which corresponds to the main stage
of pyrolysis process. The decomposition proceeds to form the pyrolysis products
with a high rate of reaction. Similarly, in the third stage, the char decomposes to
form a carbon-rich residual solid at a very slow rate. The process of forming
residual solid from the char is termed as secondary charring [Eq. (3)], which makes
the char less reactive (Demirbas 2007). Further, biomass pyrolysis can also be
categorized into either endothermic and/or exothermic reaction. Generally, cellulose
pyrolysis is an endothermic process, whereas the lignin is an exothermic process.
Similarly, wood pyrolysis is an exothermic process, where the main reason of heat
generation is the secondary decomposition of volatiles that may be catalyzed by the
remaining solid (Balat 2008).
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21.3 Classification of Pyrolysis

Pyrolysis can be classified into six categories depending upon its operating con-
ditions. Each category of pyrolysis has its own advantages and limitations. The
main features and the operating conditions for each category are discussed below.

21.3.1 Slow Pyrolysis

Slow pyrolysis is traditionally used for the production of charcoal. In slow pyrol-
ysis, biomass is pyrolyzed at a lower heating rate (0.1–0.8 °C/s) and longer resi-
dence time (5–30 min or even 25–35 h) at a temperature range of 300–550 °C.
Charcoal is the main product of the slow pyrolysis process but liquid and gaseous
products are also formed in a small quantity (Demirbas and Arin 2002).

In slow pyrolysis, lower heating rate and longer vapor residence time provide a
suitable ambience and sufficient time for the secondary reactions to complete.
Moreover, longer vapor residence time allows removing the vapors produced
during the secondary reaction. This ultimately results in the formation of solid
carbonaceous charcoal. With an increase in pyrolysis temperature, the charcoal
yield decreases as the organic materials are combusted and cellulose and hemi-
cellulose are destroyed at higher temperatures (Muradov et al. 2012; Demirbas
2004). The most commonly used reactors in slow pyrolysis are drum, rotatory kilns,
and screw/auger (Roy and Dias 2017).

21.3.2 Fast Pyrolysis

The fast pyrolysis is characterized by higher heating rates (10–1000 °C/s) and very
short residence times (0.5–2 s) up to a temperature range of 850–1250 °C. In fast
pyrolysis, bio-oil yield is higher than the char and gaseous product yield. In general,
fast pyrolysis produces 60–75% of liquid product, 15–25% of char, and 10–20% of
non-condensable gaseous products. In fast pyrolysis, maximum amount of bio-oil
yield (75%) can be obtained at around 500 °C. The biomass is heated up to a
temperature at which thermal cracking can take place and the exposure time is
minimized which favors the char formation. The higher heating rate favors con-
version of the biomass to liquid product before it could react to form the undesired
char. The bio-oil yield highly depends on feedstock properties and pyrolysis
parameters. In general, bio-oil yields are the highest for woody biomass due to the
presence of higher amount of cellulose and hemicellulose content compared to
energy crops and agro-residues. After woody biomass, the highest bio-oil yields are
reported for energy crops (reed), followed by agro-residues (flax straw, wheat
straw, etc.). In fast pyrolysis, the product yields, i.e., bio-oil, char, and syngas, are
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affected by feedstock particle size. With the increase in particle size, the heat
transfer rate decreases resulting increase in char yield and decrease in bio-oil and
syngas yield. Moreover, smaller particle size mitigates internal heat transfer limi-
tations and improves bio-oil yield. The bio-oil yield in fast pyrolysis can be
maximized by optimizing both pyrolysis temperature and feedstock particle size
(Roy and Dias 2017). The bio-oil produced by the fast pyrolysis is highly corrosive
due to its low pH value. Higher heating value of bio-oil is approximately half of
crude oil, which makes the upgrading of bio-oil necessary before using it (Tripathi
et al. 2016).

21.3.3 Flash Pyrolysis

Flash pyrolysis is an improved and modified form of fast pyrolysis. The temperature
reached in flash pyrolysis is in the range of 900–1200 °C with a very high heating
rate of 1000 °C/s or even higher and a very short vapor residence time which is
0.1–1 s. Heat and mass transfer process along with chemical kinetics of the reac-
tions and phase transition behavior of the biomass plays a crucial role in the product
distribution in flash pyrolysis. The rapid heating rate combined with high temper-
ature and low vapor residence time leads to high liquid yield but the char yield gets
decreased. The biggest challenge to use flash pyrolysis on the industrial scale is to
configure a reactor for flash pyrolysis, in which the input biomass particles reside
for a very short time under the extremely high heating rate. The problem in flash
pyrolysis reactors is the stability and quality of the bio-oil as it is strongly affected
by the char/ash present in the product. Not only this, the char present in the bio-oil
can catalyze the polymerization reaction inside the liquid product causing an
increase in the viscosity of oil. Flash pyrolysis occurs with very fast heating rates
and uses shorter solid residence time (0.5 s) than fast pyrolysis. The typical oper-
ating temperature for flash pyrolysis is 800–1000°C, and the biomass is supplied in
the form of dust. This process gives a similar product distribution as fast pyrolysis
(Roy and Dias 2017).

21.3.4 Vacuum Pyrolysis

Vacuum pyrolysis is the thermal degradation of biomass at low pressure in the
absence of oxygen. The range of pressure usually taken is 0.05–0.20 MPa, and
temperature range is kept between 450 and 600 °C. The rate of heat transfer in
vacuum pyrolysis is similar to that of slow pyrolysis. In vacuum pyrolysis, low
pressure/vacuum is used to remove the vapors. Also, low pressure tends the organic
materials to be decomposed and devolatilized into its constituents at relatively low
temperatures. The rapid removal of pyrolysis vapors produced during pyrolysis also
decreases the vapor residence time considerably resulting in the reduction of
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secondary reactions and confirms the high liquid product yield. It is also observed
that the vacuum pyrolysis of biomass also develops the porous structure of the
product biochar. It was observed that the porosity of biochar produced depends
upon composition of cellulose and lignin of the original biomass feedstock. It is
observed that the biomass with high lignin content produces char having a
macroporous structure and biomass with high cellulose content produces char
having a microporous structure.

21.3.5 Intermediate Pyrolysis

Intermediate pyrolysis is usually employed in order to make a balance between
liquid and solid products. High char and low liquid yield is the primary product of
slow pyrolysis, while high liquid yield and comparatively low char are produced
during fast pyrolysis. Intermediate pyrolysis is conducted in between slow and fast
pyrolysis. The operating conditions during intermediate pyrolysis prevent the for-
mation of high molecular weight tars and produce dry char, which can be used in
agricultural fields and for other forms of energy generation along with good-quality
bio-oil. The general operating condition for intermediate pyrolysis is with a pres-
sure of 0.1 MPa. The temperature range selected for intermediate pyrolysis is 500–
650 °C, heating rate range is 0.1–10 °C/min, and a residence time ranging from 300
to 1000 s. The product of intermediate pyrolysis generally contains 40–60% liquid,
20–30% non-condensable gases, and 15–25% char. The advantage of intermediate
pyrolysis over the fast pyrolysis is that the liquid product does not contain high
quantity of reactive tar and can be used directly in boilers and engines.

21.3.6 Hydro-pyrolysis

Hydro-pyrolysis is a comparatively new method for the conversion of biomass into
high-quality bio-oil. The process involves hydrogen/hydrogen-based materials,
which are fed to the reactor along with the biomass at a pressure higher than the
atmospheric pressure ranging between 5 and 20 MPa. As heat transfer rate, resi-
dence time, and temperature are kept approximately similar to that of the fast
pyrolysis, hydro-pyrolysis is often considered as fast pyrolysis under high pressure
condition. As hydrogen is a reducing agent, the hydro-pyrolysis conditions reduce
the oxygen content in the produced bio-oil and also obstruct the formation of char.
In addition, hydro-pyrolysis enhances the hydrogen content of the liquid product.
Often, catalyst is used during hydro-pyrolysis for the removal of O2, water, and
different COx from the liquid product. The use of catalyst also ensures the reduction
in depolymerization and coking reactions. A very critical effect of the removal of
oxygen and addition of hydrogen is the reduction in the requirement of recirculation
of solid heat carriers as in catalytic hydro-pyrolysis both the pyrolysis stage and the
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catalytic stage are exothermic which is a significant advantage over other pyrolysis
methods. The development of the catalyst for this purpose is still one of the most
challenging parts of catalytic hydro-pyrolysis.

21.4 Feedstock for Pyrolysis

For establishing any bio-refinery, availability of rich quantities of lignocellulosic
biomass is a necessary prerequisite. A sufficient quantity of renewable feedstocks
like agricultural crops, residues, forestry materials, algal and other aquatic biomass
are available worldwide for conversion into biofuel. Apart from these, energy crops
like sweet sorghum and numerous grasses and municipal solid waste (MSW) are
also drawing attention. However, all biomass resources cannot be considered as
suitable for conversion into liquid fuels and the feedstock should be selected
properly for thermochemical conversion and process optimization (Dhyani and
Bhaskar 2017). The various feedstocks for pyrolysis are discussed below.

21.4.1 Biomass

Biomass is regarded as one of the important sources of renewable energy which can
provide a solution to the problem of world energy crisis due to its potential
availability as well as its positive impact on global warming and pollution (Hall
1997). Biomass is the only alternative energy source which can be converted to all
the three forms of fuel, i.e., solid, liquid, and gas. Biomass pyrolysis has received a
significant attention in the research arena during the last decade. Biomass is an
intricate biological organic or inorganic solid material consisting of carbon,
hydrogen, oxygen, and small amount of sulfur and nitrogen which can be derived
from living or non-living organism and are naturally available. It comprises of
different natural and derived resources like grass, woody and herbaceous species,
aquatic plants, biosolids, agricultural residues, bagasse, wood wastes, sawdust.
(Yaman 2004; Sharma et al. 2015). Wastes like animal manure, waste paper,
sludge, and many industrial wastes are also considered as biomass because they are
also a mixture of organic and inorganic compounds and can be processed to get
energy (Tripathi et al. 2016). Biomass is mostly composed of three main compo-
nents, cellulose (about 50%), hemicellulose [woods (10–30%) and herbaceous
biomass (20–40%)], and lignin [woods (20–40%) and herbaceous biomass (10–
40%)] on dry basis (Sharma et al. 2015). Other components present in biomass are
extractives (protein, acids, salts) and minerals (alkali metals and chlorine in
herbaceous biomass) (Zabaniotou 1999). These inorganic compounds remain in
varying amount, in woods (less than 1%), herbaceous biomass and feedstock
(15%), and agricultural and forestry residues (up to 25%) (Fitz et al. 1996).

21 Waste Valorization to Fuel and Chemicals Through Pyrolysis … 485



21.4.2 Lignocellulosic Biomass

Among the biomass resources, lignocellulosic biomass is the most abundant
non-edible biomass, largely composed of forestry and agricultural residues/wastes
like woodchips and rice straw, wheat straw, corn stover, corn stalks, and sugarcane
bagasse. Perennial bioenergy grasses, such as miscanthus, switchgrass, and giant
cane, are also important grass lignocelluloses (Bentsen et al. 2014; Demirbas 2001).

21.4.3 Woody Biomass

The woody biomass can be categorized into two broad groups: softwood and
hardwood (Pettersen 1984; Wang et al. 2017). Softwood originates from conifers
and gymnosperm trees, including evergreen species, such as fir, pine, cedar,
hemlock, spruce, and cypress. Softwood grows faster and is less dense than
hardwood. Hardwood comes from angiosperm plants, most of which are deciduous.
Willow, poplar, oak, cottonwood, and aspen are typical examples of hardwood. The
cell structure of hardwood is more complex than that of softwood, containing large
water-conducting pores or vessels that are surrounded by narrow fibrous cells
(Brandt et al. 2013). Several varieties of woody biomass have been used as feed-
stock for pyrolysis. Different softwoods that have been studied include cedar,
Douglas fir, pine, redwood, and spruce. The hardwood varieties that have been
majorly studied are bald cypress, beech, birch, chestnut, eucalyptus, hybrid poplar,
and oak. Moreover, wood wastes such as sawdust, particle board, waste from
furniture factories, and other wood processing industries have also been used for
pyrolysis (Dhyani and Bhaskar 2017).

21.4.4 Municipal Solid Waste (MSW)

The disposal as well as treatment and management of municipal solid waste
(MSW) are a matter of major concern worldwide. The pyrolysis of MSW is con-
sidered as an innovative alternative for treatment of such wastes and to obtain
different chemicals and fuels (Chen et al. 2014). MSW comprises of numerous
materials which significantly differ in composition depending on community,
consumer’s incomes, and lifestyles, and the degree of industrialization, institu-
tionalism, and commercialism. Generally, MSW includes leather, plastics, paper,
rubber, metals, glass, ceramics, textiles, organic waste, soil materials, and other
miscellaneous materials (Czajczynska et al. 2017).

The energy produced in MSW pyrolysis can be considered cleaner as the
amounts of NOx and SO2 produced are lower due to inert atmosphere of the
pyrolysis process. Moreover, the syngas produced can be washed before its
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combustion. The char produced from the pyrolysis of MSW is also of better quality
(Saffarzadeh et al. 2006). Due to the added benefit of decentralization of pyrolysis
system at a small scale which eventually reduces the cost of transportation,
pyrolysis of MSW is receiving increasing attention in both small towns and big
cities. Due to capital cost limitations, the distributed MSW treatment facilities fail to
ensure environmental safety. A pyrolysis plant of proper capacity with energy
product outputs can be considered as a suitable alternative when the products’
quality is under fine control (Chen et al. 2014).

21.4.5 Plastic Solid Waste (PSW)

Plastic plays an important role in improving the living standard of human, and its
demand has been ever-increasing. The continuous rise of plastic demand led to the
increasing waste accumulation every year. This causes a serious environmental
problem as plastic waste may take billions of years to degrade naturally. Plastics,
derived from petrochemical sources which have high calorific value, can be con-
verted to valuable energy. As plastic waste pyrolysis can be used for waste mini-
mization, it has been gaining attention of late. Pyrolysis can produce a high amount
of liquid oil (up to 80 wt%) at a moderate temperature of 500 °C (Sharuddin et al.
2016). Moreover, the parameters of pyrolysis process can be optimized to get the
maximum product yield.

Thermoplastics and thermosets are the main types of plastics which are used as
daily commodities. PSW mainly consists of high-density polyethylene (HDPE),
low-density polyethylene (LDPE), polypropylene (PP), polystyrene (PS), polyvinyl
chloride (PVC), and polyethylene terephthalate (PET). Polyethylene (PE) makes up
about 40% of the PSW in the total waste stream making it a very common type of
waste to accumulate in urban environments (Onwudili et al. 2009; Al-Salem et al.
2017). The two major polyolefin (PO) polymers used in the market, i.e., PE and PP,
consist mainly of carbon and hydrogen atoms. It has been reported that PE has
carbon content in the range of 83.9–86.1%, while the carbon content of PP ranges
between 85.5 and 86.1% (Sorum et al. 2001). Due to the presence of high carbon
content in the major polymers constituting PSW, pyrolysis has been a favored
method for waste treatment. Other common types of plastics such as PS, PVC, and
PVA have a high aromatic content and when pyrolyzed yield high fractions of
aromatics (Al-Salem et al. 2017).

The pyrolysis of PSW can be considered as green technology as it does not cause
water contamination like recycling. Moreover, the gaseous by-product of pyrolysis
has a considerable calorific value and can compensate the overall energy require-
ment of the pyrolysis plant (Abnisa and Wan Daud 2014). As pyrolysis does not
require an intense sorting process, it is less labor-intensive, and as such, the process
handling is much easier and flexible when compared to recycling (Al-Salem et al.
2017).
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21.4.6 Agricultural Waste

Agricultural waste which includes various agricultural crops like stalks, straw,
shells of these crops is another important feedstock for biomass pyrolysis. Pyrolysis
of agricultural waste is necessary, as a large part of the crop body is non-edible and
goes as waste. For example, straw contributes to almost 50% of the yield of cereal
crops and can produce more biochar in comparison with woody biomass (Zanzi
et al. 1996). The agricultural wastes that have been used for pyrolysis include husks
(olive, rice, etc.), shells (almond, cocoon, cotton, groundnut, hazelnut, etc.), stover
(corn, stalk, cotton, rape, etc.), straws (corn, cotton, rape, wheat, etc.), and
non-edible seeds (babool, grape, karanja, linseed, mahua, niger, rape, etc.). Apart
from this, pyrolysis of other agricultural wastes, like apricot stones, bagasse, banana
leaves, cherry stones, coir pith, cotton seed cake, garlic stem, grape residue, jat-
ropha residue, jute sticks, olive waste, pepper stem, safflower seeds, sorghum
bagasse, sunflower bagasse, tea waste, and tobacco waste, has also been reported.
However, there is some limitation in using agricultural residues as feedstock for
pyrolysis. The bulkiness of the agricultural residues limits their availability only in
the local market as transportation costs are higher. The feedstock composition is
also unpredictable and susceptible to dirt leading to equipment wear and increased
maintenance cost (Dhyani and Bhaskar 2017).

21.4.7 Energy Crops

Energy crops can be grown on land which is not suitable for agricultural crops, thus
reducing the competition for arable land. Bamboo, sweet sorghum, and many other
varieties of grasses are the examples of crops with high energy values and have
been studied for pyrolysis. Bamboo, with more than 1250 species, is a fast-growing,
large woody grasses and abundant in Asia. In some bamboo species, the lignin
content is as high as 29% (Scurlock et al. 2000). Sweet sorghum, a genus of grasses,
is found in parts of Asia and Africa. The lignin content of raw sweet sorghum is 14–
16% on a dry basis. Due to its drought tolerance, relatively low requirements of
water and manure, and high yield under varied environmental conditions, sweet
sorghum is gaining importance as an agricultural energy crop. The large sugar
content in sweet sorghum can be converted to ethanol, while the bagasse can be
used as a feedstock for thermochemical conversion processes (Zhao et al. 2009). In
general, grasses have a high content of hemicellulose. The composition of a typical
grass is cellulose 25–40%, hemicellulose 35–50%, and lignin 10–30% (Prasad et al.
2007). Various species of grasses like Bermuda grass, elephant grass, esparto grass,
giant cane, switchgrass have been reported as a feedstock for pyrolysis (Dhyani and
Bhaskar 2017). Apart from the feedstocks mentioned above, pyrolysis has also been
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done using aquatic biomass, cattle manure, household waste, oil shale, poultry
litter, and sewage sludge as a feedstock.

21.5 Pyrolysis Reactor

The vital component of an efficient pyrolysis process is its reactor. The type of
contact between particles in the reactor adds to the complexities of pyrolysis
operation, and these depend on the configuration of the pyrolysis reactor (Jahirul
et al. 2012). The parameters like size of the particles and vapor residence time have
little effect on the amount of bio-oil, while the composition of bio-oil is greatly
affected by these parameters (Wang et al. 2005). Many reactor technologies and
designs have been researched over the last couple of years to get the optimum
pyrolysis product as well as to produce high and suitable quality liquid yields.
Nevertheless, various reactors have distinct features, ability to obtain different
amount of product yields, advantages, and disadvantages. Some popular types of
reactor designs are illustrated in the subsequent sections.

21.5.1 Fixed Bed Reactor

These are most widely used for large-scale commercial operations as well as for
small-scale power and heat applications. Due to the high efficiency and ease and
simplicity of operation, these reactors will be considered in large-scale commercial
application. Although they have some challenges in scale-up and heat transfer
limitation as well as elimination of tar, the current study in different conversion
procedures, i.e., thermal and catalytic processes, has given feasible solution for tar
removal (Kabir et al. 2017; Yang et al. 2006; Rao et al. 2004). Other important
characteristics of fixed bed reactor are the high carbon conservation, long solid
residence time, low gas velocity, and low ash carryover (Altafini et al. 2003; Leung
et al. (2004). The technology used in these reactors is simple, suitable, and reliable
for fine particle feedstock having comparatively uniform dimension (Chopra and
Jain 2007). In fixed bed pyrolysis system, the reactor is fitted with a thermocouple
to monitor the pyrolysis temperature and a gas entry pipe to supply N2 gas into the
reactor to create inert condition for the pyrolysis reactions. Fixed bed reactors can
be made by using firebricks, steel, or concrete. Different parts of these reactors
include a fuel feeding unit, an ash removal unit, a gas cooling and cleaning system,
and a gas exit. In fixed bed reactor, solids move down through a vertical shaft and
contact a countercurrent upward moving product gas stream. The presence of
cyclone, wet scrubbers, and dry scrubber facilitates the cooling system and gas
cleaning (Jahirul et al. 2012) (Fig. 21.1).

21 Waste Valorization to Fuel and Chemicals Through Pyrolysis … 489



21.5.2 Fluidized Bed Reactors

Fluidized bed reactors are one of the most successful, popular, and the most
explored pyrolysis reactors. On mixing the biomass particles at a high temperature
in a stream of moving sand particles, biomass particles experience some rapid
heating in these reactors. Due to the mixing of sand with biomass particles, high
heat and mass transfer coefficients are achieved which is a favorable condition for
fast pyrolysis. Heat to the bed is provided by the external combustion of the
produced bio-oil or char, and transfer of this heat to the bed is occurred by both
direct path (addition of hot solids to the bed) and indirect path (by passing hot gas/
steam through the tubes in the bed). Some other advantages of using fluidized bed
reactor are as follows: It has a simple design, proficient control for pyrolysis
reaction as well as over vapor residence time, wide range of contact area between
the surface of liquefied portion and solid mass per unit size of bed, high relative
velocity between both phases, and sufficient heat transfer within the system (Lv
et al. 2004). However, it has some disadvantages like large reactor size, and the
high construction and operation cost (Muradov and Veziroglu 2008). The fluidized
bed reactors are mainly classified into three basic types: (a) bubbling, (b) entrained,
and (c) circulating. These are explained below.

21.5.2.1 Bubbling Fluidized Bed Reactors

Bubbling fluidized bed reactors have a simpler design and are also simple to
construct and operate. The high solid density in the bed of these reactors resulted in
good control over temperature, efficient transfer of heat to biomass, solid-to-gas
contact area, and storage ability (Jahirul et al. 2012; Scott et al. 1999; Mohan et al.
2006). Generally, sand is the solid phase of the bed and responsible for the rapid

Fig. 21.1 Fixed bed reactor
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heating of the biomass in an oxygen-free atmosphere, where it is decomposed into
solid char, gas, vapors, and aerosols. Bubbling fluidized beds give the optimized
yield of bio-oil products, which are good in quality. After exit from the reactor
zone, the charcoal can be removed by a cyclone separator and stored. As char is
rapidly separated, accumulation of char does not occur in the fluidized bed. Since
the residence time of char is higher than that of vapor, it can act as an efficient
catalyst in pyrolysis reaction temperatures for cracking of vapor, which necessitates
the rapid and effective separation of char. Hence, it is important to carefully design
the sand and biomass/char hydrodynamics. The remaining scrubbed gases, vapors,
and aerosols then enter a quencher, where these are condensed to bio-oil. These
bio-oils are then accumulated and stored, and the remaining vapors or the syngas
may be recycled and reused to heat the reactor. The fluidizing gas flow rate controls
the solid residence time and vapor. Another important feature of bubbling fluidized
bed reactor is that in order to achieve a high biomass heating rate, it requires
biomass of smaller particle sizes (less than 2–3 mm) (Dhyani and Bhaskar 2017)
(Fig. 21.2).

21.5.2.2 Entrained Fluidized Bed Reactor

The entrained fluidized bed reactors are the reactors which operate at the co-current
flow, and in this reactor, the biomass particles fall freely under the force of gravity
or entrained under the influence of gas pulling force (Dhyani and Bhaskar 2017).
The absolute features of this reactor are the data acquisition equipment, gas pro-
vider, fuel feeding system, gas preheating, and controlled extraction of gas and
particles. Gravimetric screw feeder and an inclined vibrator are present in the fuel
feeding system, which help in reducing the fluctuations. The grounded fuel reaches
the reactor through central water-cooled air injection probe that passes through the
gas preheater. At the top of the reactor, both fuel and preheated air are mixed. The
internal dimension of the reactor is as follows: (i) 2 m in length and (ii) 79 mm in
diameter which can withstand temperature up to 1500 °C. This reactor is suitable

Fig. 21.2 Bubbling fluidized
bed reactor (Source Dhyani
and Bhaskar 2017)
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for studying heterogeneous reactions at high temperature and short residence times.
The main disadvantage with the reactor is usage of huge amount of carrier gas.

21.5.2.3 Circulating Fluidized Bed Reactor

Circulating fluidized bed reactors have shorter residence time for char and vapor
than bubbling fluidized bed reactors; otherwise, it is quite similar. The short resi-
dence time results in higher gas velocity and higher char content, and thus, faster
transport of vapor and char takes place in the reactor. On the other hand, they have
higher processing capacity, improved contact between the gas and solids, and better
capacity to hold solids which are hard to convert to liquid. As the circulating
fluidized bed reactors are mainly dependent on gas–solid convective transfer, the
heat transfer rates of these reactors are not particularly high. In fluidized bed
reactors, a separate reactor unit known as secondary char combustor is used as the
typical heat supplier, which provides the heat for the process by burning the char for
heating the sand and recirculation of the hot sand into the reactor. This leads to the
possibility of ash transfer to the pyrolyzer (Dhyani and Bhaskar 2017; Boukis et al.
2001). Biomass ash is well known as a cracking catalyst for the organic molecules
in the volatile pyrolysis products, which cause a loss of volatiles from the bio-oil
yield (Mohan et al. 2006; Scott et al. 1999). The advantage of circulating fluidized
bed reactor is that it is apt for large throughputs in spite of the complex hydro-
dynamics (Mohan et al. 2006) (Fig. 21.3).

21.5.3 Ablative Reactor

The reaction that occurs in ablative reactor is similar to melting of butter in a frying
pan, in which the rate of melting can be considerably increased by pressing and

Fig. 21.3 Circulating fluidized bed reactor (Source Dhyani and Bhaskar 2017)
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moving the butter over the hot pan surface. Ablative pyrolysis is primarily different
from other pyrolysis processes as the reaction is limited by the rate of heat transfer
taking place on sliding of biomass particles through a hot solid surface. On contact
with the heated wall, materials start to melt, and after their exit, the remaining
liquids start to evaporate as pyrolysis vapors (Jahirul et al. 2012; Jones et al. 2009).
High pressure, high relative speed of the biomass particles on the surface where
heat is exchanged, shear forces that diminish biomass particle size and increase
surface area, and the temperature of reactor surface strongly influence the rate of the
reaction of ablative pyrolysis reactor (Jahirul et al. 2012; Mohan et al. 2006;
Peacocke et al. 1994a, b). These reactors can use particle of size up to 20 mm
(Jahirul et al. 2012). Some disadvantages of ablative reactors are as follows (Jahirul
et al. 2012; Dhyani and Bhaskar 2017): (a) Due to the low heat transfer coefficient
and application of indirect heating, heat transfer from the hot surface of the reactor
encounters some problems; (b) since the feed is to be worn away against the reactor
wall, particle morphology, size, and free-flowing characteristics pose significant
restriction; and (c) scaling is a linear function of heat transfer as it is controlled by
surface area. Hence from the economic point of view, the ablative reactors do not
provide the same advantage as the other reactors (Jahirul et al. 2012). The
advantage of ablative reactors over other pyrolysis reactors is excessive grinding of
feed material which is not required, and hence, larger biomass particles are allowed.
The commonly used ablative reactors are ablative vortex and ablative rotating disk
and are discussed below (Fig. 21.4).

Fig. 21.4 Ablative pyrolysis
reactor (Source Dhyani and
Bhaskar 2017)
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21.5.3.1 Ablative Vortex Reactor

For proper operation of an ablative vortex reactor, biomass particles should be
carried in a hot stream of inert gas with a definite velocity and entered into the
reactor tube tangentially. Due to this arrangement, the particles experience a high
centrifugal force which allows them to slide on the reactor wall at high velocity and
induce high ablation rates on the heated reactor wall (625 °C). As a result, the
particles start to melt and leave a bio-oil film on the wall which vaporizes quickly.
The particles which do not transform completely are recycled with a special solid
recycle loop (Jahirul et al. 2012). Carrier gases remove the vapors generated on the
reactor wall in 50–100 ms. This design meets the fast pyrolysis requirements and
reported a high bio-oil yield (about 65%).

21.5.3.2 Rotating Disk Reactor

In the rotating disk or rotating plate pyrolysis reactors, biomass feedstocks are
allowed to skim over a hot rotating disk. The main principle of the function of this
reactor is that the biomass particles in touch with the heated plane could be
decreased and vaporized due to the transportation of the heat from hot plane to the
particles under pressure. This arrangement is useful as bigger particles can be
pyrolyzed without grinding them. The most significant aspect of this type of reactor
is that there is no requirement for an inert gas medium, thereby we get the pro-
cessing apparatus which is small in size. Scaling is a matter of concern for the larger
facilities as the process depends on surface area (Mohan et al. 2006).

21.5.4 Auger/Screw Reactor

Auger (or screw) reactors are tubular, continuous reactors, in which a rotating screw
or auger is used to displace the biomass feedstock through an inert cylindrical heated
tube. The screw accomplishes some functions like it mixes the feed and also controls
the residence time of the biomass in the reactor. On passing through the tube, the
feedstock temperature is lifted up to the required pyrolysis temperature (400–800 °C),
which causes the devolatilization and gasification. Char is formed, and bio-oil is
produced from condensation of gas, and non-condensable vapors are collected as
biogas. In the configuration of auger reactors, the vapor residence time can be
customized by altering the heated region through which vapor passing through prior
to enter in the condenser (Jahirul et al. 2012; Mohan et al. 2006; Dhyani and Bhaskar
2017). Thus, this reactor configuration has some advantages such as (1) it is very
compact, in some cases even portable, and it does not require carrier gas. These
allow the reactor to be used on the site of biomass generation or where the biomass is
abundantly available; (2) this design is energy efficient because it reduces energy
costs as it operates at lower process temperatures (400 °C) and also saves the cost of
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transport of feedstock to bio-refinery due to the on-site conversion of biomass which
reduces the cost of operation (Dhyani and Bhaskar 2017); and (3) it operates as a
continuous process (Fig. 21.5).

21.5.5 Rotating Cone Reactor

The most efficient approach of heat transfer to biomass in the pyrolysis process is
the intense mixing of biomass and hot inert gas particles. However, mixing
occurred in the fluidized bed processes requires too much inert gas, most of which
are ineffective. In the rotating cone reactor, the biomass feedstock and hot sand are
allowed to mix at the same time in the bottom of the cone. Thus, the mechanical
mixing of biomass and hot sand takes place and they are transported upward by the
rotation of the cone which causes centrifugal force to move the solids upward,
instead of using inert gas to trigger the pyrolysis reaction. Upon exiting the cone,
the vapors are directed to a condensation train. The solids such as char and sands
are combusted in fluidized bed, where the sand gets re-heated before being intro-
duced at the cone with new biomass feedstock. Although the rotating cone reactor
has complex structure, it exhibits a high yield of bio-oil (Jahirul et al. 2012;
Wagenaar et al. 2001). The pressure of outgoing materials is slightly above
atmospheric level. The important features of this reactor include very fast heating
and short residence time (Fig. 21.6).

Fig. 21.5 Auger pyrolysis reactor
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21.5.6 Vacuum Pyrolysis Reactor

Vacuum pyrolysis is actually a slow pyrolysis process, and it involves the slow heat
transfer rate compared to other reactors (Mohan et al. 2006; Bridgwater and
Peacocke 2000; Bridgwater et al. 2001). Due to lower heat transfer rate, bio-oil
yields of 35–50% are achieved in vacuum pyrolysis reactor, which are lower than
those of other reactors (Jahirul et al. 2012; Mohan et al. 2006). Although the vapor
residence times are similar to those in fast pyrolysis, pyrolysis products evolve from
the solid phase over a longer time frame. In this reactor type, a mobile metal belt
carries biomass into the high-temperature vacuum chamber, where a burner and an
induction heater are used to heat the biomass (Jahirul et al. 2012; Roy et al. 1997).
A mechanical agitator stirs the biomass periodically on the belt. As these types of
pyrolysis reactors are operating in a vacuum condition, they need unique solids
feeding and expelling devices to keep the environment close all the time. Also, the
vacuum pyrolysis occurs under reduced pressure (Mohan et al. 2006; Bridgwater
and Peacocke 2000; Bridgwater et al. 2001). On heating the reactor, decomposition
of the complex biomass particles takes place and the resultant products are then
vaporized and vacuum rapidly takes it away from the reactor. They are then con-
densed into pyrolytic oils. The extent of secondary decomposition reactions is
reduced due to the rapid volatilization occurred under vacuum. Therefore, the
chemical composition of the pyrolysis products is similar to that of the complex
biomolecules. This pyrolysis process is usually carried out at a temperature of

Fig. 21.6 Rotating cone reactor (Source Dhyani and Bhaskar 2017)
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� 450 °C and a total pressure of 15 kPa. The major benefit of vacuum pyrolysis
reactors is that larger biomass particles of size 2–5 cm can be processed compared
to fluidized bed reactors and they can easily achieve a short residence time for
volatiles. On the other hand, disadvantages of the vacuum reactor are its compli-
cated mechanical operation, poor heat and mass transfer rates, and high investment
and maintenance cost. Also, installation of a larger capacity vacuum pump is
important for the optimization of the reactor, which is susceptible to fouling, and it
may increase the cost of the process (Jahirul et al. 2012; Mohan et al. 2006)
(Fig. 21.7).

21.6 Pyrolysis Products

The three major products obtained from pyrolysis of biomass are solid residue
called char, non-condensable gases, and condensable vapors that can be turned into
a dark brown viscous liquid at suitable ambient temperature. Highest production of
liquid product occurs within a temperature range of 350–500 °C (Fahmi et al.
2008). Yield of pyrolysis products mainly depends on the content of water present
in the biomass, which contributes large quantities of condensate water in the liquid
phase. This results in the extraction of water-soluble compounds from the gaseous
and tar phases and thus the occurrence of larger decrease in gaseous and solid
products (Demirbas 2000). Table 21.1 indicates the product distribution obtained
from different modes of pyrolysis.

Fig. 21.7 Vacuum pyrolysis reactor (Source Ishak et al. 2012)
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21.6.1 Bio-oil

Bio-oil is the liquid product obtained from the condensation of vapors produced
from a pyrolysis reaction. Pyrolysis oils are usually referred to as bio-oil or
bio-crude. Bio-oils are usually free-flowing liquids with a characteristic smoky
odor. Bio-oil is a mixture of compounds with different size of molecules derived
from depolymerization and fragmentation reactions of three building blocks of
biomass. Bio-oil has potential to be used as fuel oil substitutes since it have heating
values of 40–50% of that of hydrocarbon fuels. The main advantages of using
bio-oil are summarized below (Balat et al. 2009; Chiaramonti et al. 2007):

• CO2 is positively kept balanced in biomass fuel;
• Probability of using in small-scale power generation systems as well as use in

large power stations;
• Storing and transportation capability of liquid fuel; and
• Have high energy density than biomass gasification fuel.

The distribution of the compounds in the bio-oil mostly depends on the type of
biomass used and on the process parameters. Generally, it has been found that
bio-oils are usually composed of oxygenated compounds (35–40 wt%) such as
carbonyl, carboxyl, hydroxyaldehydes, hydroxyketones, sugars, carboxylic acids,
and phenolic groups. The presence of these functional groups provides both
potentials and challenges for the utilization of bio-oil. Most of the phenolic com-
pounds are present as oligomers in bio-oil with a molecular weight ranging from
900 to 2500 (Meier et al. 1997). The presence of oxygenated compounds in the
bio-oil is the primary reason for differences observed in the properties and behavior
from hydrocarbon fuels. The high oxygen content results in a low energy density
(heating value). Similarly, water is the most abundant component present in the
bio-oil (Elliott 1994). It comes from the original moisture present in the feedstock

Table 21.1 Product distribution obtained from different modes of pyrolysis

Mode Conditions Liquid Solid Gas
(wt%)

Slow *500 °C, moderate hot vapor residence
time 5–30 min

50 wt% in
two phases

25 wt%
(char)

25

Fast *600 °C, short hot vapor residence time
<2 s

75 wt% (oil) 12 wt%
(char)

13

Flash ˂650 °C, hot vapor residence time ˂1 s 75 wt% 12 wt%
(char)

13

Vacuum *600 °C, residence time 2–30 s, pressure
applied 0.05–0.20 MPa

42 wt% 33 wt%
(char)

25

Intermediate *650 °C, long hot vapor residence time
300–1000 s

50 wt% (oil) 20 wt%
(char)

30

Hydro <500 °C, residence time <10 s 57 wt% in
two phases

18 wt% 25
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and also produced as a product of dehydration reactions occurred during pyrolysis.
Therefore, the presence of water content in bio-oil varies from 15 to 30 wt%
depending on the feedstock and process conditions. Water component present in
bio-oil is usually miscible with the oligomeric lignin-derived components because
of the solubilizing effect of other polar hydrophilic compounds (low molecular
weight acids, alcohols, hydroxyaldehydes, and ketones) which are originating from
the carbohydrates decomposition. Hence, the bio-oil is immiscible in petroleum
fuels (hydrophobic) and endures a lower heating value (Jahirul et al. 2012). The
presence of water creates both the negative and positive effects on oil properties. It
can lower the heating value and flame temperature of bio-oil. It also contributes to
increase the ignition delay and decrease of combustion rate as compared to diesel
fuels (Oasmaa et al. 2011). On the other hand, the presence of water slightly
improves bio-oil flow characteristics by reducing the oil viscosity, which is bene-
ficial for combustion (pumping and atomization). It also lowers the NOx emissions.
Bio-oil contains extensive amounts of organic acids, commonly acetic acid and
formic acid which lower the pH of bio-oil (2–3). pH value only indicates the
corrosiveness of oil, but it does not specify the concentration of acidic constituents
which are mainly formed due to the degradation of hemicelluloses. Thus, the oils
are corrosive to common construction materials such as carbon steel and aluminum
and can affect some sealing materials but noncorrosive to stainless steels (Soltes and
Lin 1984). Thus, the bio-oil is combustible in nature but inflammable because of the
high content of nonvolatile components. Once the bio-oils are ignited, it burns with
a steady self-sustaining flame. Further, the viscosity of bio-oil may become chal-
lenging as the bio-oil is stored over time, and some unfavorable reactions take place
that makes the liquid too viscous to be a feasible fuel. Thus, the poor volatility, high
viscosity, coking, and corrosiveness are the major difficulties of bio-oil to be used
as a fuel which needs modification (Mullaney et al. 2002). Therefore, bio-oils are
yet to reach viable standards because of the problems arising during its use as fuel
in standard equipment such as boilers, engines, and gas turbines constructed for
operation with petroleum-derived fuels.

21.6.1.1 Application of Bio-oil

Bio-oil can be used as a replacement of fossil fuel to generate heat, power, and
chemicals. A general overview related to the area of combustion of bio-oil in
boilers, diesel engines, gas turbines and in chemical point of view is depicted
below.

Furnaces and Boilers

Furnaces and boilers are normally used for generating heat and power. They can
produce less combustion as compared to turbines and engines. Various fuels
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ranging from natural gas, petroleum distillates to sawdust and coal/water slurries are
worked as operating fuels for furnaces and boilers. Therefore, bio-oil could also be
a viable option to be used as fuel for boiler applications since it encounters suitable
emission levels, economic viability, and stable quality characteristics. Many studies
have been reported till date on using bio-oil in boiler applications to replace heavy
fuel oil (Freel et al. 1996; Gust 1997; Oasmaa et al. 2001). Bio-oils are known to
have different combustion characteristics as compared to fossil fuels.

• Bio-oils exhibit poorer combustion characteristics while applying in boilers due
to its high viscosity and water contents;

• Bio-oils obtained from different biomasses vary in combustion behavior and
exhaust gas emissions;

• The flame from bio-oil combustion is longer compared to that of standard fossil
oil;

• Harmful gas emissions from bio-oil in boiler applications are lower than those
from burning heavy fuel oils except for particulate levels; and

• Some modifications of the burners and boilers are required for proper utilization
of bio-oil in heat and power generation.

Diesel Engines

When diesel engines are coupled with oil combustion, the energy efficiency can be
achieved up to 45% making itself a suitable candidate for the combined heat and
power generation process (CHP). Medium- and slow-speed diesel engines can be
used to utilize bio-oil due to its fuel flexibility and ability to perform in low-grade
fuels. However, usage of bio-oil in diesel engine can possess some adverse effect
such as deposition of carbon on pistons and other components of the engine
combustion chamber; filter plugging; coking at injector; formation and deposition
of heavy gum and wax, starting difficulty during cold weather; excessive wearing of
engine; poor atomization piston ring sticking; and fuel pump failure of engine
lubricating oil due to polymerization (Agarwal 2007; Labeckas and Slavinskas
2006; Ramadhas et al. 2005).

Over the last few decades due to the advantages of using bio-oils for power
generation, it is being utilized in conventional diesel engine while few suggest that
the application of pure pyrolysis oils should be limited to low-speed diesel engines
with relatively high compression ratios, while blends of pyrolysis oil and methanol
could be used in high-speed engines, especially with improved cetane number.
Cetane number of fuels can be improved by using additives such as nitrated alcohol
(Chiaramonti et al. 2003; Ormrod and Webster 2000; Moses 1994). With the use of
improvised pyrolysis process and material for engine component, the difficulties
associated with bio-oil may be overcome (Oasmaa et al. 2010).
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Gas Turbines

Among the various applications, gas turbines can also be used to run power gen-
erators, industrial production processes, and providing power for aircraft. Currently,
both liquid and gaseous fuels are being used for its operation. Biomass pyrolysis oil
can be efficiently utilized by gas turbines with proper modification and redesigning
in order to adapt with the unusual properties of biofuel. During modification, the
effects of physical and chemical properties of bio-oils on atomization, efficiency of
combustion, formation of soot, and emission of gaseous and particulate matter
should be considered (Czernik and Bridgwater 2004). Materials used in fuel sys-
tems should be resistant to acid corrosion, and the blades have resistivity toward
erosion, alkali hot corrosion, etc. During early 1980s at Teledyne CAE (USA), gas
turbine was first tested on slow pyrolysis biomass liquids produced from forest and
agricultural residues by Kasper and his coworkers (Kasper et al. 1983) by using a
J69-T-29 combustor rig. The system consisted of an annular combustor and a
centrifugal fuel injector rotating at shaft speed.

Chemicals

It is possible to extract useful chemicals from bio-oil by taking advantage of its
most abundant functional groups such as carbonyl, carboxyl, phenols, and syn-
thesized chemicals. For example, the formation of calcium salts and phenates
occurs due to reaction between the carboxylic acids and phenols. Bio-oils have the
potential to produce high-value chemicals for flavoring of food, phenols (adhesives
for wood), fertilizer, acetic acid, sugars, and also chemicals for other industrial
applications (Mohan et al. 2006; Jahirul et al. 2012). Fractionation of bio-oil could
help to extract fine chemicals, petrochemicals, automotive fuels, and energy from
bio-oil using standard refinery units. Thus, the ultimate goal of fractionation lies in
the maximum valorization of the pyrolysis oil. The three main building blocks of
biomass are the main base to extract specialty chemicals from bio-oil. The water
phase of bio-oil also contains smaller organic components, e.g., acetic acid mainly
produced from hemicellulose (https://www.btg-btl.com/en/applications/
biochemicals).

21.6.2 Char/Biochar

Char is a stable form of carbon-rich compound that is produced when biomass is
heated to temperature between 300 and 1000 °C, under low oxygen condition. It is
composed of mainly carbon (C), hydrogen (H), oxygen (O), nitrogen (N), sulfur
(S), and ash in different proportions. The char when intended to use as a soil
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amendment is termed as biochar. It is reported that application of biochar on soil
can improve the soil quality, and therefore, a positive result is found on soil fertility
and the growth of the plant. The incorporation of biochar into soil can alter soil
physical properties such as structure, pore size distribution, density, soil aeration,
and water-holding capacity, which positively affect the soil workability and
therefore the plant growth (Downie et al. 2009). Biochar has a highly porous
surface area with variable charge organic material, and therefore, it has the capacity
to increase soil water-holding capacity, cation exchange capacity, surface sorption,
and base saturation capacity when added to soil (Glaser et al. 2002; Bélanger et al.
2004; Keech et al. 2005; Liang et al. 2006). During conversion of biomass to
biochar, 50% of the carbon that is present in biomass gets trapped in the new stable
form and thereby reduces CO2 emission from soil due to decomposition of bio-
mass if otherwise applied to soil. This carbon-negative technology has the potential
of net withdrawal of CO2 from the atmosphere in a sustainable way. Therefore, use
of biochar on soil creates a carbon sink in the one hand and recovers the fertility of
soil to enhance ecosystem services on the other hand.

Due to the presence of condensed aromatic structure, biochar is found to be
chemically stable. When biochar is produced at a low temperature, a considerable
fraction of non-aromatic carbon is formed due to which biochars become suscep-
tible to microbial attack and oxidation (Joseph et al. 2010). Biochars have a variable
range of carbon half-life, with a range of 10,000–100,000 years. The stability of
biochar in nature highly is dependent on a number of factors such as the type of
biomass used for pyrolysis, the production conditions, soil properties, and climate
(Lehmann et al. 2006).

21.6.2.1 Application of Biochar

Biochar has a huge potential in achieving environmental and agronomic benefits.

Climate Change Mitigation

When biomass is converted to biochar, the organic carbon that is entrapped in the
biochar matrix becomes unavailable for microorganisms and other decomposers as
substrate, which ultimately helps in long-term carbon storage in soils. Therefore,
the conversion of biomass organic matter to biochar significantly increases the
stability of the carbon in biomass leading to long-term carbon sequestration. On
addition of biochar to agricultural fields, Kwapinski et al. (2010) reported a
reduction in emission of GHGs including nitrous oxide and methane up to 50%.
A significant decrease in N2O emissions is observed from both incubation and field
studies (Lehmann and Joseph 2009).
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Enhancement of Soil Quality

Use of biochar as a soil amendment dates back to several thousand years in the
region of Amazon, known as terra preta. Apart from being used as a soil condi-
tioner, the biochar also possesses various beneficial qualities and therefore can be
used for various purposes. Biochar is found to improve soil fertility by improving
physical, chemical, and microbiological properties of soil. The observed effects on
soil fertility have been explained mainly by a pH increase in acidic soils or
improved nutrient retention through cation adsorption. Changes in microbial
community composition or activity induced by biochar may affect not only nutrient
cycles and plant growth, but also the cycling of soil organic matter. Biochar itself is
enriched with nutrients, such as N, P, K, and can supply these to soil directly. Due
to large surface area, its ability to absorb soluble organic matter, gases, and inor-
ganic nutrients, and intricate internal structure, biochar provides a potential niche
for microorganisms. Therefore, the population of soil microorganisms increases in
soil added with biochar, though this effect of biochar disappears in the long run.

Biochar as a Sorbent for Contaminant Reduction in Soil and Water

Biochar has the capacity for remediation of contaminated soil and provides addi-
tional benefits to the environment. The science involved with it is still poorly
understood although the use of biochar dates back to thousand years ago.
Bioavailability and water solubility of pollutants are important characteristics to
determine the significance of the pollutant. The concentration of Cd, Zn, and
polycyclic aromatic hydrocarbon (PAH) in the pore waters decreases after the
addition of biochar. Biochars have the potential to sorb several toxic elements,
including arsenic (As), copper (Cu), cadmium (Cd), nickel (Ni), lead (Pb), and zinc
(Zn). Due to high surface area and microporosity of biochar, sorption of organic
contaminates from water onto biochar occurs (Goswami et al. 2016; Bordoloi et al.
2017).

21.6.3 Syngas (Synthesis Gas)

Syngas is mainly composed of carbon monoxide and hydrogen. Synthesis gas or,
briefly, syngas is a mixture of carbon monoxide, carbon dioxide, and hydrogen. The
name comes from its use as intermediates in the production of synthetic natural
gas (SNG). Syngas or synthetic gas is formed through the gasification process. The
formation of syngas is strongly endothermic and requires high temperatures.
Gasification converts biomass into a mixture of gases called syngas containing CO,
H2, CO2, CH4, and hydrocarbon in the presence of a controlled oxidizing agent at a
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high temperature. The oxidizing agent used in the process includes oxygen, air,
steam, or mixture of gases. Syngas having high heating value is produced when
steam oxidation is done. Air gasification leads to the production of syngas with low
heating value (Kumar et al. 2009). There are some other “non-gasification” pro-
cesses which can produce synthesis gas (syngas) on large scale. These include
partial oxidation, autothermal reforming (ATR), and steam methane reforming. In
partial oxidation, feedstock material and the pure oxygen gas are mixed and reacted
together which ultimately leads to produce syngas with a high concentration of
hydrogen (H2). In case of ATR, it is a mixture of thermal partial oxidation and
low-sulfur natural gas in a single reactor. In this process, natural gas (methane) is
used as feedstock to produce syngas with a high H2 concentration that can be
further used in refineries and other industrial processes. In steam methane reforming
technology, a mixture of natural gas and steam is heated, which flows through pipes
filled with a nickel-based catalyst. Various sources, including natural gas, coal,
biomass, or virtually any hydrocarbon feedstock, can be used for the production of
syngas and produced by reaction with steam or oxygen.

Syngas is used as fuel in internal combustion (IC) engines that are coupled to a
synchronous alternator, which finally produces electricity. The energy generated in
the form of combustion gases is used for the generation of thermal energy either in
the form of hot water, steam, thermal oil, etc. Thermal energy that is produced by
direct combustion of syngas can be used in a range of sectors such as the industrial
sector, in chemicals, cement, food. Bioethanol and Bio-SNG (synthetic natural gas)
are produced through the chemical transformation of syngas which can be later
used for the production of automotive and transportation fuels, chemicals, and
plastics.

Syngas can play an important role in future alternative energy production. It can
be used as an alternative fuel for power generation applications and also have the
potential for near-zero pollutant emissions, including greenhouse gases. The interest
in power generation technology based on syngas is increasing in recent days.

21.7 Pyrolysis and Economic Analysis

Apart from other goals, the major objective behind the development of biofuels is to
replace fossil fuel with renewable energy. Due to limited availability of land and
other resources needed to produce biomass, the comparison of energy efficiency of
the process designs from cost perspective is necessary. Since the cost of production
of pyrolytic energy product is higher compared to the fossil fuel, therefore before
commercialization of the pyrolysis process it has to prevail over its technical and
non-technical drawbacks (Thornley and Wright 2001). The economic costs and
benefits components considered are as follows:
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• Collection/production of feedstocks;
• Transportation, storage, and pretreatment of feedstocks;
• Feedstock processing;
• Pyrolysis plant;
• Pyrolysis operation;
• Energy sales; and
• Product collection and storage.

Although the pyrolysis reactor contributes only 10–15% of the total capital cost,
it is considered as the main component of a pyrolysis plant. The economic analyses
are generally conducted to identify the preferred biomass sources and pyrolysis
conditions on an energy value basis.

21.7.1 Pyrolysis Economics

To test the commercial viability of any pyrolysis process, it is very important to
carry out an economic assessment of the process, where the production cost of
pyrolysis has a major share. The cost involved in the production of pyrolysis plant
can be broadly divided into two groups:

(i) Capital investment or fixed cost (includes pyrolysis module, basic equipment,
feed handling and storage, and development of facilities) and

(ii) Operating or variable costs (include biomass harvesting or feedstock, main-
tenance, product transport, labor, utility, transport). Table 21.2 represents the
different components which contribute to variable cost (Mullaney et al. 2002).

Apart from the above-mentioned factors, cost of biomass pyrolysis also depends
on process technology, size of the plant, feedstock, year of construction, etc. By
using the annuity method described by Islam and Ani (2000) and Polagye et al.
(2007), the annual production costs can be estimated as follows:

Table 21.2 Approximate
contributions from different
components on variable cost
(Mullaney et al. 2002)

Items Percentage (%)

Biomass harvesting or feedstock 23–30

Maintenance 17–24

Utilities 22–25

Labor 12–19

Grinding 7–9

Transportation 5–7
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Annual cost ¼ Operating costþ annualized capital cost� annualized salvage valueð Þ
ð4Þ

whereas the annualized capital cost is determined by the following Eq. (5) (Islam
and Ani 2000; Polagye et al. 2007):

ACC ¼ total plant costþ construction costð Þ
1� 1þ ið Þ�Np

� � � ip ð5Þ

where ACC = annualized capital cost per year, ip = interest rate, and Np = plant
lifetime.

The construction cost can be given by

Construction cost ¼
XNc

j¼1

total cost
Nc

jic 1þ ip
� �Nc�jþ 1 ð6Þ

where Nc = period of construction, ic = construction cost/rate of interest, and
ip = project financing rate.

According to Islam and Ani (2000), the production cost can be calculated using
the following parameters such as plant capacity, plant life, annual functioning
period, maintenance labor, maintenance materials, overheads, insurance, other fixed
operating costs, rate of interest, cost of feedstocks, labor charges, number of labors,
cost of nitrogen gas, electricity cost, catalyst price, and catalytic validity.
Table 21.3 summarizes the various parameters which are involved in the deter-
mination of unit production cost.

The profitability of an investment is evaluated by using the concept of net
present value (NPV), which can be given by Thewys and Kuppens (2008), Voets
and Kuppens (2011):

NVP ¼
XT

n¼1

CFn

1þ ið Þn � I0 ð7Þ

where T = Time period of investment (years), CFn = cash flow, i.e., the difference
between revenues and expenditures after tax in year n, and I0 = expenditure con-
nected with the initial investment in year zero.

Further, CFn can be calculated by using Eq. (7) (Jahirul et al. 2012):

CFn ¼ 1� tð Þ � R� Eð Þþ t � D ð8Þ

where t = tax rate, R = revenue, E = expenditure, and D = depreciation.
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21.8 Conclusion

Currently, human race is dealing with some grave challenges such as diminishing
resources, changing climate due to human interference, energy crisis, and pollution,
and it can be expected that in the near future, these problems will be more acute.
The rapid growing population coupled with a sharp decline in natural resources in
the past decade has forced world’s policy makers to opt for sustainable develop-
ment which can be achieved via finding alternative sources of energy and utilization
of waste to produce energy. A plethora of waste (e.g., agricultural, industrial,
MSW) is generated every day creating a significant problem in its management and
disposal. Pyrolysis among the thermochemical conversion of wastes is one of the
viable options that would help to achieve sustainable development. Apart from
resolving issues associated with sustainable management of waste, pyrolysis also
generates fuels, industrially important chemicals, materials, and valuable end
products. Due to the potentiality of pyrolysis process to produce high yields of
liquid fuels or chemical, the process can be commercially established as an
emerging technology. In this regard, various reactor configurations and their
modifications have been the target of research worldwide to achieve high efficiency.
The potential of bio-oil is increasingly being acknowledged, leading to the iden-
tification of several ideal lignocellulosic species as feedstock for pyrolysis,
including wood biomass, agricultural residues, and dedicated energy crops.
Modification of pyrolysis technology deals with some challenges related to
upgradation of the liquids and adaptation of its application due to unusual behavior
and characteristics of the liquid product. Also, the presence of moisture in the
biomass coupled with uneven distribution and varying nature of the feedstock has
led to the production of bio-oil which is of inferior quality in comparison with the
conventional fossil fuels. The presence of oxygen, acidic compounds, and insta-
bility in the bio-oil are some of the other major concerns in the establishment of
pyrolysis on a substantial scale. Research in the field of bio-oil upgradation, pro-
duction of high energy feedstock, and process intensification as a bio-refinery to
lower the cost of production can help in overcoming these challenges. The suc-
cessful and sustainable utilization of pyrolytic oils for substituting the fossil fuels
will depend on the development of integral bio-refineries with a supply of quality
feedstock, cheap and easy upgradation of bio-oil, reactors with high thermal effi-
ciencies, and adapting energy market. The other coproduct of pyrolysis, i.e., bio-
char, has also wide applications in a number of fields. Production of biochar from
various wastes and its subsequent use in the field as a soil amendment fulfill the
twin goal of waste management and improvement of soil quality. Apart from
agricultural benefits, biochar also possesses some environmental benefits like
mitigation of GHG, remediation of polluted soil, and sequestration of carbon.
Additional to these, biochar has a potential role as a catalyst in different reactions
like syngas reforming, upgrading of bio-oil or biodiesel. In spite of positive results
of biochar on soil and environment yet some long-term risks and challenges exist
for the large-scale and long-term application of biochar. An evaluation of
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large-scale application and also the economic viability of biochar are needed to
overcome these challenges. The techno-economic study explores the cost of con-
verting biomass into energy via different types of pyrolysis technology. However, a
detail economical assessment of industrial-scale pyrolysis plant is necessary.
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