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Preface

The microorganisms and microbial technologies play a significant role in sustainable
development of agriculture, health, environment, and energy. The major areas where
microorganisms are important in renewable energy research and development are
production of lignocellulolytic enzymes and cellulolytic cocktail development for
biomass saccharification for cellulosic ethanol, consolidated bioprocessing for
biofuels and biochemicals, bioethanol from plant and algal biomass through fermen-
tation, co-digestion of wastes for biogas, algal-based biofuel, and biohydrogen. In
view of the importance of the microbial technologies in sustainable development of
renewable energy, biofuels, and bioenergy, this book project was undertaken. This
book includes discussion on varied aspects of microbial technologies to produce
bioenergy and biofuels from agricultural and forestry wastes. The book also covers
techno-economic as well as life cycle assessments of microbial processes to ensure
optimal sustainability and profitability. The information to improve the production
efficiency and capacity of bio-based products has also been incorporated. Metabolic
engineering and synthetic biology aspects to improve microbial production of
biofuels and value-added products from biomass have also been touched upon in
this book.

After numerous deliberations, we came up with the idea to explore the possibility
of developing a book on microbial technologies for renewable energy generation.
Luckily, we were able to convince and engage a variety of researchers from all over
the globe to contribute the chapters for this book.

We are thankful to our family, friends, students, teachers, and mentors who acted
as a source of inspiration to us. At this point, we must appreciate the kind gesture of
the entire Springer nature team and the series editors who gave us support and
showed trust in our capabilities. They generously extended the book timelines in the
hard times of COVID-19 pandemic and kept supporting us continuously due to
which we could complete this book in its present form.

This has been our maiden effort to produce a book on microbial technologies in
sustainable development of renewable energy to help students, teachers, and
researchers. The primary audiences of this book will be the science and engineering
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viii Preface

researchers, biorefinery professionals, environmentalists, agricultural researchers,
scientists, biorefinery and bioeconomy analysts, and policy makers. The secondary
audience will be the students as well as faculties, working in the area of biofuels and
biorefineries, renewable and clean energy. We hope that the book will act as a
knowledge base for students and faculties engaged in biofuel/bioenergy and
biorefinery-based bioeconomy teaching and research. We are open to criticism,
suggestions, and recommendations from esteemed readers of this book that will
help us to explore other aspects of microbial biotechnologies for biofuels and
bioenergy.

We dedicate this book to all the persons who are directly or indirectly serving the
people affected by COVID-19 pandemic.

Mahendergarh, Haryana, India Jitendra Kumar Saini
Rapid City, South Dakota, USA Rajesh K Sani
April 2021
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Chapter 1
Integrated Waste Biorefinery for Biofuels s
and Biochemicals

Kalyanasundaram GeethaThanuja, Desikan Ramesh, Muniraj Iniyakumar,
Suchitra Rakesh, Karimangalam Murugesan Shivakumar, and
Subburamu Karthikeyan

Abstract This chapter summarizes the recent advances in the processing of waste
resources to produce biofuels and platform chemicals. There is a growing concern
globally on clean energy and environmental sustainability, which is impelling the
search for biofuel sources and other platform chemicals. This chapter examines the
prospects provided by organic waste materials and waste water and considers their
suitability for alternative fuel and fine chemical production, their sources, residue
management, conversion and refining technologies, and the circular economy. In
addition, the applied aspects of waste conversion by several thermal, chemical, and
biological technologies are discussed.

Keywords Waste biorefinery - Biofuels - Biochemicals - Lignocellulose - Clean
energy
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1.1 Introduction

The utilization of wastes and agricultural residues is of concern globally in response
to confronting climate change and the worldwide endeavor to curtail greenhouse gas
(GHG) emissions. Biodegradable wastes and agro-residues have previously been
recognized for the production of energy and find a place in the developing
biorefinery concepts. India has tremendous waste biomass as a potential feedstock
that satisfies most energy needs. The annual consumption of liquid fuels in India is
about 50 million metric tonnes. However, it should be borne in mind that the
biomass potential and its broad utilization in India can adept to produce double the
amount annually. For India, the estimated energy usage for domestic, transport, and
industrial sectors are 40%, 40%, and 20%, respectively. The required stake of crude
oil and gases has a significant share (90%) for the primary and transport sectors, and
the remaining 10% is utilized for the production of industrial chemicals. The
escalating prices of crude oil and energy security issues have forced developing
countries to search for alternative and cheap energy sources to fulfill their rising
energy demand. The Indian energy transition has a long route to go. The wastes must
contribute to the bio-economy that uses material and energy in biorefineries and
interpose for the energy transition in hybrid technologies, i.e., combing other
renewable energies. India foresees installing 175 GW of renewable energy capacity
by 2022 with the contribution of solar (57%), wind (34%), biomass (6%), and small
hydropower (3%).

1.2 Integrated Waste Biorefinery

The traditional petroleum-based refineries employ fractional partitioning on a raw
feedstock to obtain various components. In analogy, biorefinery involves the asso-
ciation of various biomass treatments processed under one umbrella, resulting in the
production of different components of commercial use. Subsequently, the entire
chain becomes more viable and reduces the waste generated. Biorefineries are
envisaged as viable platforms for transforming to a biobased circular economy
capable of utilizing a variety of biofuels and platform chemicals. The full-scale
biorefinery will also attain sustainability if the basic frameworks are built up. Since
the very rationality of biorefinery hands holds sustainability goals, the second
generation biorefineries become the main targets. Endowed with huge biomass
potential and abundance of lignocellulosic wastes, immense prospects exist in
India for the development of 2G biorefineries. These agro-residues reportedly are
varied and are available throughout the year in required amounts. However, large
agricultural residues, specifically the paddy straw, are burnt in the field due to lack of
awareness, policies and, poor valorization. This chapter examines the prospects
provided by organic waste materials and wastewaters to consider their suitability
for alternative fuel and fine chemical production, their sources, residue management,
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conversion and refining technologies, and the circular economy. Besides, the applied
aspects of waste conversion by several thermal, chemical and biological technolo-
gies will be discussed. In summary, the present chapter offers comprehensive and
illustrative descriptions of major processing technologies, waste valorization for
fuels and chemicals, supply value chain and logistics, techno-economic analysis,
and life-cycle assessment, and the circular bio-economy.

Biorefineries aid in the maximum utilization of optimum energy potential of
organic wastes and resolve the issues on waste management and GHGs emissions.
Wastes can be converted into either gaseous or liquid fuels by suitable enzymatic/
chemical treatment. The pretreatment processes involved in biorefining generate
products such as paper-pulp, high fructose corn syrups, solvents, acetate, resins,
laminates, adhesives, flavor chemicals, activated carbon, fuel enhancers, and
undigested sugars. These sources remain generally untapped in the conventional
processes. The efficiency and appropriateness of the process rely on their ability to
use a wide range of biomass resources obtained from animal or plant materials. The
concept of the biorefinery is still in the budding stages in most places of the world
due to several factors such as availability of raw material, product supply chain
viability, and model flexibility that hamper the progress to commercial scales. Being
in a burgeon holds the solution to the optimum utilization of wastes and natural
resources that the mankind has always tried to achieve. The onus now lies on
governments and corporate organizations to incentivize or finance the research and
development in this field.

In the context of increasing global demand for more environmentally friendly
sources of energy, biofuels and biochemicals stand on the fore to make different
products. Few companies have already explored the production of platform
chemicals from these renewable resources. For example, Cargill and Virent Inc.
had collaborated to utilize corn dextrose as a feedstock for the production of drop-in
low-carbon biofuels and biochemicals. The BioForming™ technology of Virent Inc.
facilitates the use of plant-derived sugars as feedstocks for renewable drop-in
gasoline, lower carbon biochemicals, and jet fuel. Furthermore, bioparaxylene can
be produced and used to produce recyclable biopolyester. Comparably Chempolis
Ltd., Fortum, and Numaligarh Refinery Ltd., India focused on the bamboo
biorefinery concept to convert 300,000 tons into bioethanol, furfural, acetic acid,
and biocoal. Biocoal is used as fuel in the combined heat and power (CHP) plant
located in Assam, India.

1.2.1 Solid Waste-Based Biorefineries

The substantial growth in population with developed living standards has enhanced
the energy demands along with waste generation. The depletion of resources at a
faster pace has created innumerable impacts on the environment leading to climate
change and global warming. To overcome these drawbacks, various efforts have
been made to develop sustainable strategies. A biorefinery is a boon to several



4 K. GeethaThanuja et al.

industries based on polluting and finite fossil resources and is commercially conve-
nient for the production of biofuels and biopower from biomass. Biorefinery is the
sustainable processing of biomass into a spectrum of marketable products and
energy (IEA 2008). The concept of biorefinery comprehends a broad range of
technologies for the conversion of biomass resources into value-added products
integrating biomass conversion processes and equipment. Integrated biorefinery
systems aim to optimize the energy use and materials in the total chains from
biomass plantation to end-product to ultimate product use, by that the economic
viability and sustainability of biorefineries gets developed. Accordingly, tight inte-
gration is essential in the integration of platforms, waste and product exchange,
application of efficient conversion routes, and optimizing biomass supply chain
(Budzianowski and Postawa 2016).

1.2.2 Solid Waste Value Chain and Logistics

In practice, solid waste management begins at the household at the micro-level, firms
at the macro level, thereby resulting in a new form of waste. The value chain linkages
of solid waste will have distinct dissimilarities with the main manufactured product.
While the value chain of the main product will symbolize the value enhancement
along its chain, it can be termed as a positive chain, and sometimes, the waste value
chain will also exhibit negative value. But the economic performance of waste value
chains can be improved by different strategies, such as industrial integration, econ-
omies of scale and size, and reducing feedstock logistics. The solid waste value chain
holds a significant role in the circular economies to mitigate the challenges of
environmental issues. The value chain of several agro-based wastes is depicted in
Fig. 1.1.

In developing economies, poor institutional governance, financial crunch,
resources shortage, and political matters are some of the important issues in the
management of solid waste effectively. Lack of coordination in addressing solid
waste management requires a holistic environmental approach to focus upon 3 R:
reduce, reuse, and recycle. It could also create employment opportunities, thereby
helping economic development. The Thailand waste management experience
revealed that different technologies are used for solid waste management
(Thiengburanathum et al. 2012). Similarly, a research study on Nigerian experience
in handling solid waste and logistics in the performance of the Lagos State Waste
Management Authority helped in developing metrics to analyze the efficiency of
management (Ayantoyinbo and Adepoju 2018). In Brazil, a reverse logistics net-
work was deployed for the management of solid waste by the Brazilian Waste
Management Policy (Ferri et al. 2015).
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Fig. 1.1 Value chain of various agro-based wastes
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1.2.2.1 Mapping of Value Chains

Solid waste generation is linked with various stages of the value chain. Generally,
the wastes are generated in various processing operations by converting raw mate-
rials into the final products and by-products (Hakim et al. 2017). The following four
stages are the sequential process in the mapping of any waste value chains.

* Households/firms involved in the raw material generation,

* Households/firms with manufacturing and production as the prime activities,
* Households/firms engaged in the involved in the logistics,

* The final customers/end users.

While treating the solid wastes, the type and availability of waste materials,
processing methods, products recovered, and market conditions are the key deter-
mining factors in mapping the value chain process. From the economic point of
view, wastes containing appreciable quantities of high-value substances should be
converted into valuable building blocks. It also decides the optimal size of the plant
to be operated in processing the solid wastes (Muntoni 2019). Some of the waste
value chains are presented below.

1.2.2.2 Key Players/Actors

Value chain concept in product/services will be always seen as a value-added stream,
where each activity will subsequently adding value. In waste management, there are
systems with a negative value in the chain. The households, institutions, markets,
and infrastructure are the key players who ultimately decide the efficiency, suste-
nance, and performance of the waste value chain and logistics. But, in a market
economy, the economic agents of this value chain ecosystem compete against each
other for individual welfare, resulting in the addition of negativity to the chain.
Identifying the systemic constraints that inhibit the performance of these value
chains is the foremost concern of the researchers/policy makers. Incorporating a
value chain network in solid waste management aims at minimizing the environ-
mental impact of the production process and recycling and minimizing GHG
emissions resulting from logistics. To achieve this, the incentives for the key
players/actors, opportunities and constraints for the individual players on the value
chain, quantification of positive and negative externalities at each node of the waste
vale chain should be properly defined. Generating wealth from the waste and
identifying existing gaps in solid waste management will lead to fulfilling some of
the sustainable development goals of the United Nations.
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1.2.2.3 Logistics for Waste Management

One of the new trends in logistics for waste management is effective recycling or
reuse of products/services along with transport with minimal damage to the ecosys-
tem. Designing and implementing proper logistics will address most of the environ-
mental and economic aspects of solid waste management.

The conceptual framework for the logistics of solid waste can be as follows:

¢ Identification and determination of the waste locations;

¢ Determination of intensity of vehicles and their capacity;

» Estimation of any environmental damage while performing logistics;
* Understanding the demand for solid wastes;

* Determination of costs of operations;

¢ Preparation of budgets for fleet management;

» Evaluating the effectiveness of the logistical method;

* Final feedback system.

1.2.3 2G and 3G Biofuels

The first-generation biofuels were manufactured from edible feedstocks which
appear to be unjustifiable and the controversies on food-versus-fuel appear to be
untenable for the commercial use of first-generation biomass. They have significant
financial, natural, and political concerns as extensive manufacturing of feedstock
demand arable agricultural lands and contributes to ecological degradation. The
debate on the food security for the use of biofuels was expunged with the use of
second-generation (2G) biomass, which includes the nonedible plant materials,
including different feedstocks, i.e., lignocellulosic biomass feedstocks to municipal
solid wastes. The variety of biomass feedstocks used for 2G biofuels are wood,
organic wastes, food wastes, and specific crop residues. 2G biomass requires to
undergo a series of pre-treatment to recover the fermentable sugars embedded in the
fibers of the plant. Further, they should undergo fermentation/gasification/pyrolysis
to yield ethanol/syngas/ biochar, respectively. The operational cost and the addi-
tional steps for the processing of biomass hinder the efficiency. Consequently, third-
generation biofuels (3G) gained interest in the field of sustainable energy. They are
produced from algal biomass and renders favorable advantages for producing
biofuels as they can accumulate large cell lipid content (20-77%) (Jin et al. 2015).
The short harvesting cycle and high growth rate of microalgae serve huge potential
compared to other biomass. Their low lignin content eliminates the need for
pretreatment and increases the production of fuel by transesterification.
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1.3 Sources of Wastes

1.3.1 Potential Economic Utilization of Biomass Waste
as Feed Stock

In India, the potentiality of lignocellulosic biomass for renewable energy production
using the latest technologies has been analyzed for the past decades (Mandade et al.
2016). The exigency on energy endowed with global warming has spurred the world
to hunt for alternatives. One of the key alternatives is the production of biofuels and
biomaterial building blocks from agro wastes, agro-processing industrial wastes,
food waste, biomass feedstocks, and liquid wastes. Generally, the pretreatment
process was used for different biomass feedstocks to produce liquid or gaseous
biofuels such as biomethane, biohydrogen, bioethanol, and biodiesel (Liu and Wu
2016).

The viable characteristic of biorefinery in reducing the processing cost of biofuels
can be encouraged and applied for economic sustenance. An estimate shows that the
cost of petroleum fuels is still two to three folds lower than that of second-generation
biofuels based on energy equivalent aspects (Carriquiry et al. 2011). In the context of
reducing the production cost, there are numerous challenges endowed in the pro-
duction of biofuels and biochemicals from biomass (Hoekman 2009; Luo et al. 2010;
Menon and Rao 2012) that need to be addressed. These challenges are in the areas of
biomass production and its logistics, development of energy-efficient biofuel pro-
duction technologies (pretreatment, enzymatic hydrolysis, and fermentation),
co-product production, standards for bioproducts, biofuel supply chain network,
societal acceptance, and life cycle assessment (LCA) and environmental impact of
biofuel production technologies. These challenges necessitate the need for experts
from different areas of research starting from crop cultivation to final product
production.

Biofuels and biochemicals produced from lignocellulosic biomass feedstocks
offer quite a few welfares to the society, such as (1) renewable and sustainable
feedstocks, (2) carbon-neutral, (3) local economic growth and rural employment,
(4) alternate eco-friendly solutions for air pollution from in situ biomass burning and
biomass rotting in fields, (5) supporting bioeconomy concept and energy security for
countries and also reduce the oil imports, (6) new employment opportunities
(Greenwell et al. 2013). Apart from this, the current potential uses of biomass
residues include animal fodder, mulching, thatching, and fuel in different industries
and biomass power plants.

1.3.2 Wastewater as Feed Stocks

A wastewater-based biorefinery integrates the concept of the biorefinery to waste-
water treatment. This biorefinery generates valorized products to direct an
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economically viable process that enhance resource productivity and simultaneously
treats wastewater to acceptable standards. It is focused on bioresource recovery in
converting the major organic nutrients and trace elements in the wastewater stream
to value-added byproducts and concurrently offering clean water as a product. This
system contributes to a potential circular bio-based economy to promote the energy
and industrial sectors. Thus, integrating the biorefinery system into a wastewater
treatment system will promote an exemplar transference that can enhance the
system’s profitability and reduce environmental pollution. This system also facili-
tates a linkage between the end-users of water and those who control the wastewater
management and can end in resource recovery in closed-loop cycles that fabricate a
circular economy.

One of the major impediments in biofuel generation from algae is their high
nutrients requirement and higher downstream processing costs. Spanning algal
biomass generation with wastewater treatment will resolve these issues. Algal
biomass is a capable alternative feedstock in biorefineries, owing to their higher
photosynthetic efficiency (Singh et al. 2011), biomass productivity (Bhola et al.
2011) oil content (Mutanda et al. 2011), and the possibility of daily harvesting of
algal biomass (Rosenberg et al. 2011). The algal biomass does not compete with
food crops and its cultivable area. Algal biofuels are referred to as third-generation
biofuels (Gressel 2008). Hitherto, microalgae are a potential resource for liquid
biofuel production due to higher biomass productivity (175 tons/ha/year), possibility
to cultivate in wastewaters (Jena et al. 2011), mixotrophic growth (Nagajothilakshmi
et al. 2016), and cocultivation of algae (Rakesh and Karthikeyan 2019). Rinna et al.
(2017) reported that Botryococcus braunii has higher nitrogen and phosphorus
removal efficiency in wastewater. Simultaneously, this process generates lipid-rich
biomass and algal lipid can be utilized as a potential feedstock for biodiesel
production. Generally, about 20% of agro-industrial food wastes are utilized as
animal feed and the remaining waste may be disposed of through incineration,
composting, or landfilling. Nowadays, agro-industries are facing an increase in
their growth around the globe. These agro-industrial wastes are inexpensive, abun-
dant, and micronutrient-rich, but they have disposal problems. These wastes could
be potential as a substrate for alternate carbon sources for biofuels and biochemicals
production. Increasing global demand for biofuels and biochemicals via utilization
of waste biomass resources has driven research toward stable, inexpensive resources
with concern over global climate change (Hu and Ragauskas 2012). Vijayanand
et al. (2017) used different inexpensive and abundantly available agro-industrial
wastes for biobutanol production. They confirmed that pretreatment and glucose
supplement enhanced the biobutanol production by Clostridium beijerinckii. The
distinct feature of algal biomass is the coexistence of mixed or multiple species
contributing to an array of products from nutraceuticals such as omega-3 fatty acids
to complex recombinant proteins, thereby making a valuable biorefinery processing
system (Subhadra 2010). Nannochloropsis sp. is a potential biomass candidate for
lipid resource to produce biodiesel, biohydrogen, and high added-value compounds.
The algal biomass cake after the extraction of oils and pigments can produce
hydrogen through the fermentation process (Nobre et al. 2013). Agar is obtained
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from the pulp of marine red seaweed Gracilaria verrucosa, and its process residues
may be used as bioethanol feedstock (Kumar et al. 2013). However, there is
restricted information available for research on selective microorganisms (bacteria/
yeast) to exploit for high value-added products and biofuel production (da Silva et al.
2014).

A microbial fuel cell (MFC) is an electrochemical system for converting the
chemical energy of organic materials into electrical energy via redox reaction under
anoxic conditions (Ledezma et al. 2015). Several industries utilize a huge amount of
fresh water and energy for processing and generate a large quantity of wastewater.
Generally, this wastewater is directly discharged to land, resulting in environmental
problems such as water and soil pollution. Hence, recently the emphasis has shifted
to utilize various industrial effluents for MFC cell feed (Sahu 2019). MFC have the
potential to overcome wastewater management issues. It is an ideal technique to use
industrial wastes material in wastewater to fuel and hence obtaining electrical energy
as the end-product (Pant et al. 2013). The efficiency of microbial fuel cells usually
depends on the suitable cathode, an anode (Bi et al. 2018), and cation exchange
capacity of the material used to treat wastewater (Rahimnejad et al. 2015). Recently,
many industrial wastewaters such as starch processing, brewery, palm oil, paper, and
sewage were treated with the MFC concept (Baranitharan et al. 2015; Radha and
Kanmani 2017). The complex chemical composition of agro and food processing
wastes is a very reliable feedstock in MFCs (ElMekawy et al. 2015). Wastewater
treatment sludge consists of a desirable source of microorganisms for microbial fuel
cells treating liquid wastes, whereas endogenous microflora can be utilized for
MFCs with solid organic waste (Mohan and Chandrasekhar 2011).

1.3.3 Biomass Harvest and Yield

Wastewater-based biorefinery offers new opportunities for both algal cultivation and
multiple products generation aspects (Khoo et al. 2019). Harvesting of microalgae is
one of the major obstacles to microalgae processing for multiproducts due to its
higher initial investment, low biomass concentration, and sedimentation rate
(Rakesh et al. 2020). Various methods applied for microalgae harvesting are sedi-
mentation, centrifugation, flotation, and flocculation. Sometimes a combination of
two or more methods is used for ideal harvesting (Chutia et al. 2017). Pahl et al.
(2013) examined various centrifuges for microalgae harvesting and reported that
disc stack centrifuges are extensively used for high-value product recovery from
algae in industries. Flocculation of microalgal cells via flocculating agents is one of
the desirable methods of harvesting microalgae. The selection of a suitable floccu-
lating agent is an essential condition for this process, i.e., it should be easily
available, non-toxic, inexpensive, and should be effective at low concentrations
(Branyikova et al. 2018). Rakesh et al. (2014) used multivalent metal salts to initiate
flocculation in the microalgal cell suspension.
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Jiang et al. (2020) reported that co-flocculation of Chlorella pyrenoidosa and
Citrobacter freundii in the ratio of 1:1.6 showed maximum flocculation efficiency of
97.45%. Autoflocculation is a species-dependent harvesting process that involves
interaction between surface molecules of microalgae with the surrounding medium
or among themselves. Matter et al. (2019) showed that Scenedesmus obliquus
autoflocculation efficiency improved from 10.4 to 33.2% when pH increased from
7 to 10. Pandey et al. (2020) evaluated the harvesting of Scenedesmus sp. using
electro-coagulation-flocculation showed effective harvesting efficiency (>99%)
under optimal conditions. Autoflocculation and bioflocculation are found to be
inexpensive and effective dewatering techniques for algal harvesting.
Autoflocculation has a high sedimentation rate without any addition of the
flocculants. The autoflocculation can be enhanced by a high aeration rate, CO,
concentration, and nitrogen levels. Bioflocculation is also an efficient,
eco-friendly, and cost-effective algal harvesting method.

1.4 Industrial Waste Biorefineries

Huge industrialization across the globe has well served to the generation of industrial
wastes and harmful environmental pollutants menacing mankind. A waste
biorefinery aims at plausible utilization of wastes into a wide spectrum of
bio-based products, thereby providing energy security and pollution control with
societal development. The biomass waste accumulation from industries and storage
systems is crucial for further processing. In the modern era rather than waste disposal
methods like incineration and landfill, reuse and recycle are indispensable. Various
industries, including cassava, brewing, wood, and sugarcane industries, contribute to
starch residues in either liquid or solid waste. The concept of circular economy is
being increasingly adopted in both developing and developed countries not only to
reduce, reuse, and recycle the wastes but also to produce a plethora of products such
as food, feed, fuels, and chemicals through multiple technologies of valorization.
This concept of biorefineries (producing various products from one feedstock or
mixed feedstock) is developing at a fast pace to meet the socio, economic, environ-
mental, and geopolitical factors of different countries.

Several wastes such as agricultural wastes, forestry wastes, municipal wastes,
industrial wastes, food wastes, and animal wastes are suitable for biorefineries. All
the wastes have high potential in terms of processing and getting high-value products
(Takkellapati et al. 2018). Among the aforementioned industrial wastes belong to the
following categories:

Olive oil wastes (including olive oil crop residues and mill wastewater);

Pulp and paper industry wastes (including lignin-rich waste streams, kraft lignin
derivatives, etc);

Sugar industry wastes (press mud, bagasse, molasses distillery spent wash,
sugarcane tops, etc.);

Coffee industry wastes.
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1.4.1 Waste Refinery Based on Sugar and Syngas Platforms

This refinery process falls into a category of two platform biorefinery according to
National Renewable Energy Laboratory. The two platforms are (1) The sugar
platform in which the wastes are biochemically converted to produce sugars, and
(2) The syngas platform where wastes are put into the gasifier to produce syngas.
The sugar platform uses biochemical methods such as pre-treatment, hydrolysis, and
fermentation to produce sugars. The syngas platform uses thermochemical methods
to generate syngas from wastes (Yadav et al. 2019).

1.4.1.1 Sugar Platform

As discussed, the sugar platform involves biochemical steps such as pretreatment,
hydrolysis, and fermentation or biological processes into various biofuels and bio-
chemicals. As an example of sugar biorefinery, bioethanol is the major end product
produced. Bioethanol can be a renewable resource for various other platform
chemical production such as ethylene, propylene, and butadiene and also other
chemicals of commercial utility such as acetaldehyde and acetic acid. For example,
acetaldehyde and acetic acid are value-added chemicals generated from bioethanol
in the sugar biorefinery concept.

1.4.1.2 Syngas Platform

The biomass conversion by the thermochemical process is quite complex and utilizes
several component configurations and operating conditions for transforming bio-
mass into synthesis gas or oil. High energy gas production by partial oxidation of
industrial wastes at 500-800 °C is referred to as syngas. Initially, the wastes are
pretreated to remove unwanted materials, then gasification proceeds with partial
oxidation, leading to syngas production. Syngas primarily consists of carbon mon-
oxide (CO) and hydrogen (H,). The gas composition of syngas depends on the
components of biomass feedstocks, the gasifier operational parameters, and gasifier
types (Puigjaner 2011). Unpurified syngas also contains small amounts of impurities
such as tar, CO,, and other gases. Hence, most of the syngas platforms use cleaning
as the third step in cleaning and purifying syngas to remove impurities. Syngas can
produce multiple products such as ammonia, methanol, ethanol, methane petrol,
diesel, and chemicals. This can be achieved through different processes including
syngas fermentation, Fischer-Tropsch synthesis, methanol synthesis, and ammonia
synthesis synthetic natural gas production. Syngas can be a renewable feedstock for
the generation of bioethanol by both biochemical and thermochemical routes. The
biochemical route involves using microorganisms. For example, Clostridium
autoethanogenum and Rhodospirillum rubrum convert syngas into bioethanol and
biohydrogen, respectively. The added advantages of the syngas fermentation method
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over conventional fermentation are that it needs no pretreatment, utilizes entire
biomass; in it reactions occur at ambient conditions, ethanol yield is higher, and
no costly enzymes are used. However, poor mass transfer properties of the syngas
and low ethanol yield of biocatalysts are the major hurdles for the commercialization
of this technology (Munasinghe and Khanal 2010).

1.4.2 Waste Refinery on Cellulosic/Starch-Based Biofuels

The lignocellulosic biomass has candidacy to be transformed into energy-rich
hydrocarbon and fine chemicals through thermo-chemical and biochemical path-
ways. For the industrial wastes considered, the basic waste bio-refinery may consist
of a biodigester. Crops with copious quantities of starch such as corn, wheat, and
cassava can be employed for enzymatic hydrolysis to yield a sugar solution, which
can subsequently ferment and be processed into biofuels and biochemicals. On the
other side, the by-products from the processing of starch-rich crops are animal feed
with rich proteins. If appropriate technology is applied for sweet sorghum stems,
liquid biofuels (e.g., bioethanol, biobutanol), and wood-plastic composites can be
generated (Yu et al. 2012). Generally, the plant oils contain fatty acids with 8-24
carbon length chains (Octave and Thomas 2009). Oilseeds can be a rich resource for
alternative petroleum products (fuels, chemicals, lubricants, and detergents), which
can produce biofuels and high-value fatty acids. Oils of soybean, palm fruits,
rapeseeds, and canola seeds are popular to produce biodiesel (Demirbas 2007).
Bouaid et al. (2010) scrutinized an integrated process for producing low and high-
molecular-weight methyl ester fractions from coconut oil for the production of
biodiesel/biolubricants/bio solvents. Rincén et al. (2014) developed an integrated
approach for producing biodiesel by transesterification of palm oil, palm wastes, and
crude glycerol or methanol from syngas.

1.4.3 Conversion of Sugars from Waste to Hydrocarbon
Chemicals

Hydrocarbons are long-chain containing alkanes formed by condensation or head-to-
head condensation of fatty acids involving various steps as depicted in Fig. 1.2. They
are similar to high octane jet fuel. Sugars produced from wastes can be used to
produce hydrocarbons (Ladygina et al. 2006). Sugar-based biorefineries are appli-
cable for different sugar crops such as sugarcane, sugar beet, or sweet sorghum. It is
a simple way to extract the saccharose from sugar crops, and it is further processed to
produce bioethanol and biochemicals using appropriate technologies. In Brazil, the
biorefinery was applied to sugarcane crops to produce bioethanol and biopower
using sugar juice and sugarcane bagasse (Mariano et al. 2013). In India, Godavari
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Fig. 1.2 Steps involved in hydrocarbon production

Fig. 1.3 Pathway of hydrocarbon production (Adapted from Ladygina et al. 2006)

Biorefineries Ltd. operates two sugar refineries to produce sugar, bioethanol, and
electricity from sugarcane coupled with more than 20 renewable feedstocks. In
Colombia, sugarcane biorefineries operate to produce sugar, bioethanol, and elec-
tricity from cane juice, molasses, and bagasse, respectively. It helps in establishing a
profitable and sustainable biorefinery and offers several benefits such as acceptable
GHG emissions, low stillage effluent production, waste minimization, and new job
opportunities for both rural and educated people (Moncada et al. 2013).

In the developed nations, the bioethanol pilot plants are used with a small
modification to produce hydrocarbons. Initially, the biomass is processed and
pre-treated with dilute sulfuric acid. The pretreated biomass is subjected to enzy-
matic hydrolysis produced onsite and the pathway of hydrocarbon production is
depicted in Fig. 1.3. The difference between bioethanol and hydrocarbon is an
important aerobic process. The reactor is supplemented with aerators to increase
the mass balance ratio of the medium. Another difference is the removal of solids in
hydrocarbons production. The majority of microorganisms viz., Cyanobacteria
N. muscorum, Anacystis nidulans, Gram-negative anaerobic sulfate-reducing
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bacteria Desulfovibrio desulfuricans, Gram-positive aerobic bacteria (eubacteria)
Bacillus sp., and Yeast Saccharomyces, Penicillium sp. are capable of accumulating
intracellular and extracellular hydrocarbons.

1.5 Food Industry Waste Biorefinery

The exponential growth of the global population poses threat to finite resources and
also surges the sum of waste generated. Among the most generated biowastes, food
waste (FW) is of global concern. The ineffective waste management strategies lay a
step for a waste generation along the food supply chain accounting for 1.3 billion
tons of waste. It is approximately equivalent to one-third of edible parts of food for
human consumption (FAO 2019) and total waste generation is projected to increase
by 44% by 2025. FW, being rich in moisture content and nutrients (proteins,
carbohydrates, and lipids) putrefies upon accumulation, thereby serving as a ground
for disease-causing organisms and poses serious environmental threats contributing
to 10% of greenhouse gas emissions (IPCC 2019). Given the collective challenges of
food wastage with demand for green energy and diminishing fossil fuels, a sustain-
able biorefinery strategy is the need of an hour for the utilization of this potential
feedstock toward assorted product production. An appropriate biorefinery of FW can
increase the efficiency of the food supply chain and obtains value-added products by
various means such as extraction, biological/chemical conversion, and synthesis.

1.5.1 Energy Recovery and Waste Treatment

The lignocellulosic nature of FW has attracted interest among renewable energy
scientists for its conversion into commercially important products. The organic
fraction composition of FW endows the high bio-degradability that reduces the
need for pre-treatment methods. Energy recovery from the wastes can be employed
by either of the processes including combustion, pyrolysis, anaerobic digestion
(AD), and gasification. These processes involve the conversion of wastes into energy
which may in the form of heat, fuel, or electricity. Various energy recovery processes
of FW are depicted in Fig. 1.4. AD serves as a key for reduction, stabilization, and
biogas production from FW (Algapani et al. 2017). AD of FW has less environmen-
tal impact than incineration and landfilling. However, AD involves complex pro-
cesses and relies on important parameters such as nutrient contents, particle size,
inhibitory compounds, and process parameters like pH, temperature, retention time,
organic loading rate, agitation, and inoculum, while various innovations are being
developed to enhance and optimize product yield. Two-stage anaerobic digestion of
food waste was studied by De Gioannis et al. (2017), which resulted in enhanced
methane production as well as associated H, production. Co-digestion of FW with
sewage sludge has been gaining interest to increase the efficiency of AD. FW sludge
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Fig. 1.4 Energy recovery from food wastes

co-digestion with chemically enhanced pre-treated sludge was found to improve
methane (CH4 ) recovery (Chakraborty et al. 2018). The energy balance of waste-
water treatment plants can be enhanced by co-treatment of municipal wastewater
with FW associated with increased methane yield (Guven et al. 2019). Co-digestion
with animal manure or sewage sludge supplies the needed alkalinity and
micronutrients required for the AD. Another common type of co-substrate being
used is carbon-to-nitrogen (C/N) ratio rich lignocellulosic biomass, which also helps
to prevent rapid acidification in AD using food waste as a single substrate.
Co-substrate should have a good C/N ratio, total solids, and enough buffering
capacity to sustain pH drop in methanogenesis of FW under dry conditions.

Micronutrient availability plays a pivotal role in the performance and stability of
food waste digesters. Improving the design of the digester and operating strategies
solves the issue of rapid acidification of FW and the inhibition by methanogens.
Appropriately, two-stage systems have been anticipated in which CH, production
and acid production are divided into two reactors to prevent pH inhibition (Grimberg
et al. 2015). Various modifications were applied in a two-stage system to diminish
digestion time (Fuess et al. 2017), reduce hydrogen sulfide and CO, content,
increase methane content (Li et al. 2017), biohydrogen production, or sulfate
removal (Yun et al. 2017). Further, a study on three stages of anaerobic digestion
of FW with horse manure accelerated the solubilization of organic matters and
volatile fatty acid formation with a 23% increase in methane yield (Zhang et al.
2017).

Food waste pre-treatment for AD aims to: (1) improve the lipids/protein digest-
ibility in short retention time, (2) reduce the rapid acidification rate, (3) modifies the
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physicochemical characteristics of FW to eliminate process inhibition, while the
strategy for dark fermentation aims to (1) solubilize complex carbohydrates and
make easy access for hydrogen-producing bacteria (HPB), (2) inactivation of hydro-
gen consuming and non-hydrogen producing microbial communities, and (3) selec-
tive enrichment of HPB (Parthiba Karthikeyan et al. 2018).

1.5.2 Food Waste Processing for Platform Chemicals

Management of huge FW seems to be critical for many countries worldwide. It is
estimated that supply chain waste alone contributes to 40 percent of waste in food
processing (Dahiya et al. 2018). This problem is more aggravated in low-income
countries where the infrastructure is not proper. Currently, anaerobic digestion of
food wastes is practiced in many parts of the world. However, a high organic load
with more fatty acid content reduces the methane yield. Hence more value-added
chemical production through biorefinery (tabulated in Table 1.1) is an important
option. The large volume and unstable nature of FW pose more risks in the
valorization of FW. For instance, fruits and vegetable waste during processing
constitute the largest part of the food waste they can be an excellent source for the
production of pectin and phenols and gelling agents. Similarly, kefiran, an
exopolysaccharide rich in glucose and galactose, can be produced from milk indus-
try wastes. Proteins extracted out of meat and the meat processing industry have a
high market value. Platform chemicals are the prime feedstock for the production of
secondary chemicals, intermediates, and final products.

1.6 Agroindustry Waste Biorefineries

The agricultural strength in the country provides a huge amount of biomass which is
used as feedstock in agro-industries. The diverse variety of lignocellulosic biomass
available around the year provides an opportunity for multidrop biorefineries for
different bioproducts production.

1.6.1 Problems with Agro-Residues

There are two types of agro-residues viz., crop residues and agro-industrial residues.
Crop residues are non-edible parts of the plant collected in the field after the harvest
of the main crop. Agro-industrial residues are engendered from different unit
operations used in the post-harvest processes. For example, waste residues from
wood and food processing industries (Mande et al. 2005). The comprehensive
statistical data on the availability of agricultural residues is a must for developing
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any management strategy. In most of the cases, it is estimated as product yield of
crops and residue to crop ratio. The agriculture sector generates billions of tons of
non-edible residues every year. These residues create high environmental pollution,
management, and economic problems due to improper handling and untapped
potentials. Hence, the usage of agricultural residue as a source of high-value
products is highly encouraged.

The lignocellulosic agro-industrial wastes are generated in tons every year by
most of the developing and under-developing countries (Bhatia et al. 2012). How-
ever, various feedstocks with different characteristics pose challenges in collection,
transportation, and handling. These wastes are usually burnt freely, which not only
causes loss of agricultural biomass but also creates environmental pollution. The
major environmental issues may occur due to the poor logistics and mismanagement
of the wastes. Therefore, the same can be utilized to produce a variety of bioproducts
through proper biomass conversion technologies (Ramesh et al. 2019b). Lignocel-
lulosic agro-industrial wastes mainly comprise cellulose, hemicellulose, and lignin.
The cellulose and hemicellulose can be easily converted into fermentable sugar and
further fermented to produce bioethanol. The lignin acts as a physical barrier
hindering the fermentation for bioethanol production (Ramesh et al. 2018).

1.6.2 Pretreatment of Agro-Residues for Biofuels

Pretreatment of lignocellulosic biomass involves the conversion of complex lignin
structures into simple sugars to remove lignin, preserve hemicellulose and reduce the
cellulose crystallinity. The pretreatment choice for the biomass depends on the
composition and desired products as a result of pretreatment. There are various
methods of pretreatment as shown in Fig. 1.5 and aim to attain the formation of
sugars by hydrolysis, avoid the loss of fermentable sugars, control the excess
inhibitory compounds production, reduce energy consumption, and minimize bio-
fuel production cost.

1.6.3 Agroresidues- Sources, Availability, and Collection

Generally, the cultivation of crops yields not only farm produces but also agro
residues or crop residues. There are two types of wastes generated: field and crop
processing residues. The field residues mean wastes collected after the harvesting of
crop/farm produce. Stem, stalks, leaves, trashes, and straws fall into this category. In
crop processing residues, wastes are generated during the processing of farm pro-
duce to get the final product or value-added product. The quantities of these agro
wastes vary from crop to crop and climatic conditions. These major compositions of
these wastes are similar to other lignocellulosic feedstocks, such as cellulose,
hemicellulose, and lignin. According to the National Policy for Management of
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Fig. 1.5 Different types of pre-treatment methods for the production of bio-fuel

Crop Residues (NPMCR) report, the first three states contributing agro-residue
generation are Uttar Pradesh (60 Mt) Punjab (51 Mt), and Maharashtra (46 Mt).
Among them, 70% of residues were contributed by rice and wheat crops, and out of
500 Mt, 92 Mt of crop residues were burnt in a year (NPMCR n.d.). The collection of
agricultural wastes depends on the type of residues generated. Earlier, the residues
were collected manually, which is a labor-intensive process. Due to the low bulk
density of agro wastes, transportation cost is higher, and sometimes its cost more
than the price of residues. The wastes collected from the agricultural field could be
achieved through different types of machinery. In the case of straw collection, the
baling machines are used to make square or circular-shaped bales of straw. This step
can reduce transportation charges due to the higher bulk density of balers. Size
reduction types of machinery are commercially available for easy handling of agro
residues. Shredder/chopper can be used to reduce the plant materials (e.g., oil palm
fronds) into smaller sizes.

1.6.4 Biofuel from Agro-Residues

Agro residues are the most abundant renewable resources on earth. They consist of
cellulose 50%, hemicellulose 30%, and lignin 20%. The carbohydrates in the
biomass can be biochemically processed through pre-treatment, hydrolysis, and
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Agro- residues

Fig. 1.6 Biofuels from agro-residues

fermentation, resulting in different types of fuels as depicted in Fig. 1.6 (Ramesh
et al. 2019a).

1.6.5 Case Study with Paddy Straw

Paddy straw is one of the residues produced in rice cultivation. It can be used for
several purposes ranging from animal feed to building blocks. Generally, 1 kg of
paddy grain can produce 1.0-1.5 kg of straw (Maiorella 1985). Therefore, larger
quantities of straw are generated. However, the length of the straw depends on
harvesting methods. Abraham et al. (2016) proposed the paddy straw biorefinery
concept based on the thermochemical and biochemical platforms. Thermochemical
platforms use any one of the processes such as pyrolysis, hydrothermal liquefaction,
gasification, and combustion to get the final product as bio-oil/syngas/ heat/electric-
ity. They also suggested biochemical conversion pathways for biogas gasoline,
aromatics, phenolic and liquid biofuels, 5- hydroxymethylfurfural (HMF), and
other furfurals. The pretreatment is a pivotal production step for the biochemical
conversion technology used for lignocellulosic biomass for biofuel production. It is
obligatory to break the biomass structure to make cellulose more accessible to the
enzymes, which helps the conversion of carbohydrate polymers to fermentable
sugars. Sreekumar et al. (2020) studied straw biorefinery for bioethanol production
and heat generation and calculated that production of 1 L of bioethanol requires
3.37 kg of rice straw-based overall mass balance approach.



1 Integrated Waste Biorefinery for Biofuels and Biochemicals 23
1.6.6 Case Study with Sugarcane Trash

Sugarcane is one of the important cash crops produced globally. Harvesting of
sugarcane leaves enormous quantities of residues in the field itself. For instance, a
study conducted by TIFAC India in collaboration with CSIR-NIST states that
sugarcane tops are the major residues generated in the county with an annual
production of more than 100 MMT. Often, its potential is not realized and it is left
in the field for low-value products of compost or many times burnt directly in situ
causing serious environmental threats.

One case study was conducted in Brazil on sugarcane trash utilization for fuel and
compost production. Dried sugarcane leaves had more nutrients than tops were
found by simple enzymatic means. The high moisture content of 82.3% and heating
value of cane trash, and heating value make trash an excellent source for biofuel
production.

A case study was conducted in India to evaluate the alternative utilization of
sugarcane trash. The results indicated that rash utilization reduced the ethanol break-
even selling price (BESP). The scientists also studied the percent of retention in soil
and their contribution to BESP. The results showed that 50% retention of trash could
be beneficial as it doesn’t linearly increase the ethanol ESP. More than 50% retention
reduced the BESP of Ethanol. As the trash is added to the soil, it reduces the fertilizer
requirement for the next crop and increases the crop yield. Reduction in GHG
emission was also correlated and transportation due to GHG was calculated. It was
revealed that fertilizer saving has more GHG reduction than transportation. How-
ever, the study did not include the benefits of the environment, irrigation saving Life
cycle analysis. Overall trash utilization can have a beneficial effect on ethanol price
and increase soil fertility was reported (Vikash et al. 2018).

1.6.7 Agro-Industry Waste and Sustainable Rural
Development

The biorefinery mode operates for converting agro-wastes into a spectrum range of
products such as biofuels, biohydrogen, biochemicals, etc., through a cascade of
advanced approaches such as pyrolysis, gasification, and other catalytic processes.
Such development helps in stabilizing the economy of rural areas by conferring
clean energy by the replacement of fossil fuels. Due to the lack of awareness and
knowledge on the management of surplus agro-residues, these wastes are frequently
ruined on a mass scale for waste management instead of being used in other
productive ways (Hiloidhari et al. 2020) Many of the rural areas are equipped with
biogas (methane gas) with agro-industrial waste as substrate via anaerobic digestion
for various purposes like water heating, broiler operation, drying of grains, etc. (Obi
et al. 2016). Methane production via anaerobic digestion makes disposal and
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treatment of a huge quantity of agro-industrial wastes easier and also reduces the foul
smell problem.

Agro-industrial wastes are nutritionally rich in composition and comprise many
of the bioactive compounds, which can be utilized as raw material for the production
of value-added products viz., biogas, mushroom, biofuel, etc. Many of the valuable
products are generated through solid-state fermentation with the help of suitable
microbial growth on agricultural residue (Sadh et al. 2018). Gowda and Manvi
(2019) utilized agro-residues as a substrate in mushroom cultivation and are also
developed simple and low-cost pasteurization equipment for small-scale rural mush-
room growers. Vazquez-Olivo et al. (2019) converted lignocellulosic agro-industrial
waste to value-added products such as bioactive molecules, phenolic compounds,
antioxidants, etc. with a zero-waste process (Um et al. 2017). Hence, the agro-based
biorefinery approach will not only produce value-added products but also help in the
sustainable development of rural India efficiently.

1.7 Cost Economics of Waste Biorefineries

Cost economics is a must to evaluate the sustainability and financial feasibility of
any industry. As the global population swells every year, the rate of increase in waste
generation poses major environmental threats and resource crunch. If there are
proper directives for waste management, wealth can be generated through recycling
or converting them into value-embedded products. The biological source of wastes
accumulated in low-income economies is about 50% higher than that in
well-developed economies. Hence, for the economic development of emerging
economies, waste-based biorefineries are very crucial. Solid waste biorefineries, if
properly integrated, would result in generating new entrepreneurs, creation of job
opportunities, reduced cost in waste management, waste to value-added products,
and lower emissions. Besides capital intensive, most of these biorefinery technolo-
gies are energy-centric; hence, there may be scope for emission acting as a negative
externality.

1.7.1 Cost of Biomass

Considering the agricultural sector, waste generated from energy crops depends
upon the land extent under each crop, its yield potential, production cost, logistics,
handling, and proximity to the nearest biorefinery. Mostly, the sources of biomass
can be broadly classified into three categories: They are crop residues, energy crops,
wastes of industrial origin. Energy crops are those dedicated crops serving as stock
materials for biorefineries. The resultant products are the first-generation
(1G) biofuels. Corn, soybean, cassava, sweet potato, sugarcane, barley and palm
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oil are the energy crops used for these purposes around the globe. The demand and
supply for these crops are dwindling, according to the market and nonmarket factors.

Crop residues are the organic wastes generated as byproducts obtained during
post-harvest processing of field crops which are again classified into primary and
secondary residues. The primary residues are the ones obtained on the production
site which have alternate applications and the secondary residues are mainly the
byproducts obtained while processing. Secondary residues are much cheaper to
serve as feedstock in waste biorefineries as they find no alternative applications.
Developing economies generate vast industrial wastes. Huge amounts of wastewater
from households and industries, wastes from processing industries, animal wastes
can be a source of feedstock in the biorefineries.

1.7.2 Cost of Logistics

The commercial viability of waste biorefineries is much dependent upon the location
of the site from the biorefineries, harvesting and collection of biomass, transportation
mode, time duration of transportation, and processing of biomass. The bulkiness of
low energy content of biomass creates logistics much difficult. Cost economics of
waste logistics is much dependent on distance, time of travel, the density of biomass,
etc. Travel time influences the cost involved in hiring manpower and wear/tear of the
vehicles. Biomass density is another prime concern as the requirement of
low-density biomass but its huge volume, in turn, falls heavy on the cost of logistics.
Figure 1.7 depicts several costs incurred while processing the waste biorefineries.

A. Cost of Investment B. Cost of Manufacturing
Cost of raw material / Waste
Fixed Capital
Cost of technology / Processing
| Cost of labour |
I Cost of logistics |
Working Capital
I Cost of Management |
Maintenance Cost I Costof Bindsaion |

Fig. 1.7 Various costs incurred upon waste biorefinery processing
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1.7.3 Economic Assessment of Waste Biorefineries

The economic assessment is an important criterion for evaluating the quality of the
waste biorefineries. The required parameters for the economic evaluation of any
waste biorefineries on cost streams are investment cost, maintenance cost, interest,
taxes, insurance, material cost, logistics, labor cost, management cost, emission cost,
etc. and on the revenue side, the quantum and sale of energy products from waste
biorefineries. Markets for bio-based products are characterized by high-value inno-
vative chemicals and materials with high energy security with low processing costs
and also with a minimal environmental cost. The commercial viability is much
dependent on technical, commercial, and sustainable issues.

The estimation of food waste generation at the manufacturing stage for various
products through biorefineries and a techno-economic and profitability analysis of
routes for their valorization indicated that the markets for the energy products,
processing, logistics, and the prices of competing fossil fuel-based products are the
key determinants for the commercial viability of the waste biorefineries (Cristébal
et al. 2018). The technical, economic, and environmental assessment case studies
conducted by the International Energy Agency (2019) revealed that all the case
studies of sugars to lignin, biogas, lipids, and pulp to lignin depicted the potential
environmental benefits accrued from developing biobased products through
biorefinery processes.

Commercialization, creation of markets, and the economic feasibility of these
biobased products are still under investigation as the lower cost of competing for
fossil counterparts in the energy markets. The commercial feasibility and the eco-
nomic viability of lactic acid with biogas through an integrated biorefinery process
are more efficient than as a single process. The integrated biorefinery resulted in a
minimal amount of waste generated and increased value-added products
(Demichelis et al. 2018). The cost of biomass is determined by the selling price,
raw material cost, cost of storage, and logistics and transportation cost and confined
to place and time (Thorsell et al. 2004).

1.8 Energy Footprint and Life Cycle Assessment of Waste
Biorefineries

The economic, as well as the environmental benefits of using agro/industrial wastes,
would be further enhanced by the joint production of chemicals and energy products.
To convert wastes into wealth, the following are the necessary conditions.

* The product mix should have the highest economic value;
* It should yield the highest benefit; and
* The feedstock requirements should not be bulky to handle.
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Generally, the Life Cycle Assessment (LCA) is meant to analyze the resource use
pattern and the environmental impacts of the process involved in a production cycle
to obtain the final products from raw materials. To estimate the associated energy
footprints, carbon dioxide emissions from various feedstock sources are in corporate
in the LCA framework. Then, the emissions from various components are added up
to decide the aggregated to decide the footprint of the entire system. Direct and
indirect emissions are reported separately to improve the system boundaries in terms
of energy use and education in emission rate.

1.8.1 Key Issues in Life-Cycle Assessment of Waste
Biorefineries

Increased energy consumption owing to rapid urbanization resulted in more GHG
emissions leading to unpredictable climate change. Urbanization triggers the
enhanced energy consumption and accumulation of more solid and liquid wastes.
The amount of waste generated is alarmingly increasing affecting the ecosystem.
Hence, it is necessary to identify efficient strategies to reduce ever-increasing
environmental hazards. Waste biorefineries have created aspirations aimed toward
integrating various conversion technologies for waste management to generate an
array of energy products resulting in circular and low-carbon bioeconomy.

1.8.2 Case Studies in Life-Cycle Assessment of Waste
Biorefineries

Increased energy consumption owing to rapid urbanization resulted in more green-
house gas (GHG) emissions and climate change. Urbanization is one of the chief
criteria leading to enlarged energy consumption and the accumulation of more solid
and liquid wastes. The amount of waste generated is alarmingly increasing at a faster
rate affecting the ecosystem. Hence, efficient sustainable waste management strate-
gies are the need of an hour to reduce ever-growing environmental hazards.

The life cycle assessment for the calculation of the greenhouse gas emissions in
the organic livestock production systems of Spain has concluded that organic
livestock farming is a feasible strategy for reducing GHGs (Horrillo et al. 2021).
The results of the ecosystem model for agricultural carbon footprint used for the US
Western Corn Belt region showed an enlarging negative carbon footprint due to crop
land expansion and associated carbon cost of grain production (Lu et al. 2018).
Wang et al. (2015) studied the excessive use of nitrogen fertilizer and its impact on
agriculture, and they found that several parameters such as grain yield, input energy,
greenhouse gas emission, and carbon footprint were increased with an increase in
nitrogen rate.
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The GHG emissions of crop production from a life-cycle assessment perception
concluded that intensive crop production aiming at economic optimum nitrogen
supply helped to mitigate GHG emissions (Torres-Dorante et al. 2009).

1.9 Conclusion and Future Perspectives

With the current availability of 500 million metric tonnes of biomass, India has a
potential of about 18 GW of energy from biomass and constitutes 32% of the total
primary energy used. Higher than 70% of the country’s population relies on biomass
for energy needs. The estimated surplus biomass availability per year in India is
about 120—-150 million metric tonnes of agricultural and forestry residues (equivalent
to 18,000 MW). Backward and forward integration at different levels should be
considered to advance the overall efficiency of multi-product integrated portfolios.
The economic and environmental performance of the biorefinery systems stands at
the fore of the evaluation.

Overall, the efficient biorefinery system could provide energy generation, land
saving, new business with employment generation, landfills cost savings, reduction
of GHG emission, and savings of natural resources. Waste biorefineries are not only
the way forward to sustainability but also generate crucial environmental benefits.
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Chapter 2 ®)
Progress in Consolidated Bioprocessing s
of Lignocellulosic Biomass for Biofuels

and Biochemicals

Tanvi Govil, Adhithya S. Narayanan, David R. Salem, and Rajesh K Sani

Abstract Currently, the cost of lignocellulose pretreatment is a weighty obstructing
aspect in the economical production of biofuels and value-added biochemicals that
make up for a significant percentage of the overall cost of production. For simplicity,
process integration that can eliminate pre-treatment is a critical necessity for the
process’s overall economization. Even though cellulosic biorefining processes cur-
rently under commercial development use various process configurations, perhaps
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the concept that has gained most interest in the research community is “consolidated
bioprocessing,” also referred to as “CBP.” CBP offers improvement of the lignocel-
lulose depolymerization, effective mass, and energy balances to produce biofuels
from agri-substrates at lower cost. This results from the overall simplification of the
process operation, subdued costs of utilities/vessels associated with separate hydro-
lysis, saccharification, and fermentation and elimination of the additional costs
associated with the use of the enzymes, using CBP. This book chapter will concen-
trate on the recent developments and progress in processing lignocellulosic biomass
to produce biofuels with more focus on ethanol, butanol, and hydrogen.

Keywords Biobutanol - Bioethanol - Biohydrogen - Bioprocessing - Consolidated -
Lignocellulosic

2.1 Introduction

The unified consolidated bioprocessing (CBP) of lignocellulosic biomass (LCB) to
produce biofuels and biochemicals is a budding, sustainable, and energy-efficient
approach that can facilitate the cost-competitive production of these carbon-neutral
platform biofuels on a commercial scale. In the concept of CBP, after the decon-
struction and depolymerization of cellulose and hemicellulose via pre-treatments,
the next two biologically mediated processing steps for LCB degradation, i.e.,
saccharification of polymers into monomeric sugars and, finally, fermentation of
hexose and pentose to end products, are integrated into a single operation by the
action of microorganisms grown solo or as co-cultures (Fig. 2.1). Essentially, to be a
qualified CBP host, an organism must possess the genome machinery to synthesize
and secrete a multitude of untreated LCB depolymerizing enzymes, assimilate the

Cellulose,
Hemicellulose

l Enzymes

C5, C6 sugars

Lignocellulosic
Biomass

C5, C6 sugars

Fermentation

Single Pot Consolidated Bioprocessing

Fig. 2.1 Schematic scheme of consolidated bioprocessing for single step bioprocessing of ligno-
cellulosic biomasses to biofuels



2 Progress in Consolidated Bioprocessing of Lignocellulosic Biomass for. . . 37

released C5 and C6 monomeric sugars, and finally metabolize these sugars to
produce the desired biofuels (Linger and Darzins 2013). Otherwise, synthetic con-
sortia can be utilized to divide the labor for the requisite metabolic functions between
distinct specialized microorganisms, as will be reviewed in this book chapter for the
explicit synthesis of various biofuels from lignocellulosic biomass.

In principle, CBP presents the prospective for lower cost of biofuels’ production
due to more straightforward and efficient feedstock usage, reduced energy consump-
tion, and superior biomass conversion efficacies than separate hydrolysis and fer-
mentation practices. When contemplating investment, feedstocks, utilities, and
productivity deficit expenditures, a relative cost analysis performed on ethanol
production ensued in a prediction of USDO0.04/gal for CBP, though saccharification
and co-fermentation were estimated at USDO0.19/gal (Mbaneme-Smith and Chinn
2015). It is a sustainable eco-friendly method that can decrease costs associated with
biomass processing, and it is for this reason that CBP is being cited as an economical
option for “next-generation” lignocellulosic biofuel production (Govil et al. 2020;
Levin et al. 2015).

In the past years, a multitude of natural or recombinant strategies have been
implemented for engineering attractive CBP biocatalysts. The native approach
includes improving the productivity and titer of specific biofuels by genome editing
and modulation of genetic modification of cellulolytic microorganisms’ metabo-
lisms. The recombinant plan includes the heterologous expression of ligninolytic
enzymes in host organisms that can biosynthesize the target biofuels (Liu et al.
2020). The biomass degradation and hydrolysis are higher as well as faster at
elevated temperatures (Govil et al. 2020). Hence, thermophilic microbes remain
the unsurpassed preference as a CBP host because of their ability for concurrent
lignocellulose hydrolysis and biofuel production in a “one-pot” process (Liu et al.
2020). While several monocultures of cellulolytic bacteria have been explored, they
have their shortcomings. Consequently, tapping co-cultures for novel biorefining
processes have become an extremely dynamic field of research for biofuels’ pro-
duction related to the production of value-added co-products.

In the early stages of biofuel production, only ethanol and biodiesel were
produced as fuel on an industrial scale (Antoni et al. 2007). However, as new
processing technologies emerged, many other biofuels with important commercial
potential, such as butanol, hydrogen, and methane, caught researchers’ interest.
Other than biofuels, many industrial solvents such as acetone, isopropanol, and
organic acids (such as lactic acid and butyric acid) produced from lignocellulosic
biomass were commercialized as value-added products. Various developments were
made in the processing technologies, including the use of genetically modified
organisms and/or consortia of organisms to improve biofuels’ yield and productivity.
In this chapter, the latest developments are discussed for increasing product titers,
improving hydrolysis of biomass, and overcoming the limitations in implementing
the above-mentioned mechanisms for production of biofuels, including bioethanol,
biobutanol, and biohydrogen. In addition, other value-added products from ligno-
cellulosic biomass through consolidated bioprocessing are discussed.
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2.2 Biofuels from Lignocellulosic Feedstocks

2.2.1 Bioethanol Production

Bioethanol is an established fuel, being produced from sugar or starchy food crops
since 1826 and dominating the biofuel world market with a total market size of USD
43.2 billion in 2019, that is predicted to become USD 64.8 billion by 2025, growing
at a CAGR of 14% between 2020 and 2025 (GlobeNewsWire 2020). In the last
years, attempts have been made to bio-synthesize bioethanol from second-generation
lignocellulosic feedstocks (Fig. 2.2) by various processing techniques such as single
pot biorefineries, and combining bioprocessing bioenergy systems with carbon
capture (Toor et al. 2020). Consolidated bioprocessing (CBP) advancements to
produce bioethanol have the advantage of avoiding the use of enzymes for cellulose
and hemicellulose hydrolysis and hence circumvent this cost-increasing item from
the production of the second-generation bioethanol. However, finding the right
organism that produces enzymes for hydrolysis and fermentation of cellulose and
hemicellulose into C5 and C6 sugars into ethanol is most important for CBP’s
success.

Until now, the anaerobic thermophilic bacterium, Clostridium thermocellum, is
one of the most studied model candidates for CBP due to its capability to
biosynthesize ethanol from cellulosic substrates. C. thermocellum strains have
been proven to possess a supramolecular ligninolytic enzyme ‘“cellulosome”
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complex on its cell wall that synergistically degrade crystalline cellulose with
enormous efficiency, contrasted to free cellulases (Hirano et al. 2016). Some
C. thermocellum strains such as ATCC 27405" and DSM 1313 (previously known
as LQ8) are well established as ethanol-producing strain (Akinosho et al. 2014).
Under controlled fermentation conditions, these wild-type strains on average yield
0.15 g ethanol/g cellulose consumed, which encompasses about 10% of the theoret-
ical maximum (Tian et al. 2016). In recent years, with an endeavor to improve the
yield as well as the titer for cost-competitive synthesis of ethanol from lignocellu-
losic biomass, attempts toward finding new strains or their engineered versions have
been made.

For example, in 2016, a new strain, Clostridium thermocellum ATCC 31924, was
studied for superior ethanol production from crystalline cellulose (Singh et al.
2018a). The strain yielded 0.30 g ethanol/g cellulose consumed, with a cellulose
conversion of 95.32%. Furthermore, it was found that the addition of a fairly small
amount of acetate to the medium pushed the carbon flux away from lactic acid, with
an increase in ethanol production by 20% (Singh et al. 2018a). Likewise, in 2018,
another thermophilic clostridial strain, DBT-IOC, was isolated and studied for
ethanol production from untreated rice straw biomass by CBP (Singh et al.
2018b). The strain DBT-IOC showed a wide substrate consumption spectrum for
monomeric (both hexoses and pentoses), polymeric carbohydrates related to LCBs
(cellobiose, microcrystalline cellulose, and xylan) as well as untreated lignocellu-
losic (rice straw) feedstock. This strain thus endorsed the suitability of the new
thermophilic (70 °C) C. thermocellum strain as a CBP host through its ability to
efficiently bio-convert unprocessed LCB to ethanol ((19.48 mM, 0.897 g/L) with
28 g/L of untreated rice straw), while much of the ethanol studies conducted with
Clostridium thermocellum as a CBP host is confined to cellulose and its derivatives
(Singh et al. 2018b).

More recently, in 2020, the suitability of biogenic municipal solid waste (BMSW)
was studied as a carbon source for the growth of C. thermocellum ATCC-27405 and
its ethanol production (Althuri and Mohan 2020). Therein, the authors used the
strategy of sequential CBP to enhance ethanol titer where, due to the inability of the
strain to digest pentose sugar, the leftover C5-rich broth generated after
C. thermocellum ATCC-27405 culturing was inoculated with pentose-fermenting
yeast, Pichia stipitis NCIM-3498, intended for added ethanol production (Althuri
and Mohan 2020). The sequential CBP showed a 1.32-fold increase in ethanol
production than the CBP on its own, from 18.10 £ 0.01 g/L to 23.99 + 0.10 g/L.
A further increase in ethanol titer to 36.90 g/l was observed when exogenous
xylanases were added to the medium (Althuri and Mohan 2020). These reports
promote the use of a microbial consortium to advance the processing technologies
for viable bioethanol production in a single bioreactor.

In yet another strategy, aimed toward enhanced ethanol production, the engineer-
ing of the native host C. thermocellum strains was conducted. In their study, Tian
et al. (2016) blocked the strain DSM 1313’s carbon flux to pathways other than the
ethanol pathway. The mutated strain showed an ethanol yield of 0.39 g ethanol/g
cellulose (75% of the theoretical maximum), and ethanol titer (25 g/L) was obtained,
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which is the highest ethanol yield reported to date for a cellulolytic thermophilic
anaerobic C. thermocellum (Tian et al. 2016).

Other than clostridial strains, thermophiles such as Geobacillus sp. and
Thermoanaerobacter sp. are also reported to produce ethanol. Species in the genus
Thermoanaerobacter can hydrolyze and utilize a wide variety of amylo- and
xylanolytic substrates but are unable to utilize cellulose due to the absence of
endoglucanases (Scully and Orlygsson 2015). Geobacillus thermoglucosidasius
was employed to produce ethanol from 10% (w/v) blended food waste in a CBP
setup at 60 °C, and an ethanol titer of 13.5 g/ with a productivity of 0.1 g/L/h has
been reported (Bibra et al. 2020). A further rise in the ethanol titer up to 16.1 g/L was
observed when Geobacillus thermoglucosidasius was sequentially cultivated with
Thermoanaerobacter ethanolicus in a 1 L bioreactor. Further scaling up the reaction
to a 40 L reactor produced a titer of 18.4 g/L of ethanol, accompanied by increase in
productivity to 0.15 g/L/h. It was stated that the consortium was able to produce
70.1 L of gasoline-equivalent ethanol per ton of dry food waste, thus providing an
efficient way to convert waste biomass to second-generation biofuels (Bibra et al.
2020). Other illustrative models of thermophilic ethanologenic bacteria have been
noted within the genus Caldicellulosiruptor. An extremely thermophilic cellulolytic
bacterium Caldicellulosiruptor bescii was reported as a prospective CBP candidate
for ethanol production (Williams-Rhaesa et al. 2018).

Even though CBP is an encouraging technology for bioethanol production,
particular shortcomings are present, for instance, the recalcitrant nature of the
LCBs, leading to longer fermentation cycles, and the period required by the hosts
to adapt to the conditions (Rajak and Banerjee 2020). Addition of an optimal laccase,
cellulase, and xylanase cocktail for depolymerization of lignin and holocellulose
solubilization in Kans grass, followed by fermentation by S. cerevisiae in a single
vessel, generated 59.96 g/L of ethanol per day (Rajak and Banerjee 2020). Concepts
such as these are still under exploration and provide potential for successful devel-
opment and demonstration of one-step process designs that can be utilized for
ethanol production at commercial scales.

2.2.2 Biobutanol Production

In recent times, biobutanol has garnered the interests of the biotechnologists as a
prospective liquid biofuel. It has properties matching those of gasoline, which allows
butanol to be used in contemporary delivery pipelines and car engines with no
modification (Ibrahim et al. 2018). Biobutanol is also an industrial solvent in
chemical industries and extractant in pharmaceutical industries, making it a high-
demand chemical. Due to its high market value, mass production of butanol from a
renewable source became an important goal, motivating researchers to investigate
lignocellulosic biomass as a potential feedstock and CBP as the preferred technol-
ogy. However, as in the production of bioethanol, there is no ideal CBP
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microorganism capable of executing the single-step bioconversion of lignocellulosic
biomass into biobutanol efficiently and at the desired yield.

As part of the microbial selection, numerous cellulolytic bacterial species belong-
ing to the genus Clostridia have been employed for biobutanol production following
its acetone-butanol-ethanol (ABE) fermentation metabolism from lignocellulosic
biomass. Among them, C. acetobutylicum has been regarded as an efficient bacte-
rium together with some of its other species, notably, C. saccharobutylicum and
C. saccharoperbutylicum (Keis et al. 2001). Furthermore, its genetically modified
strains are the most commonly studied, and are the most employed hosts for
biobutanol production (Ibrahim et al. 2018). The first industrial operation of the
acetone-butanol-ethanol (ABE) fermentation with the Clostridium acetobutylicum
strain (initially isolated in 1912 by Claim Weizmann) was carried out in 1916 by
using conventional renewable substrates such as maize and molasses via batch
fermentation (Jones and Woods 1986). Underlying limitations associated with the
process include high cost of the sugar substrates, low solvent yields, and undesirable
ratios of acetone and ethanol in the extracted solvent, with the necessity to maintain
axenic conditions during the duration of the process. Research to overcome some of
these limitations has been initiated, including the use of alternative, cheaper ligno-
cellulosic substrates. Clostridium acetobutylicum 1is a bacterium that naturally
digests lignocellulose, but due to the inherent inefficiency of the C. acetobutylicum
strains toward the consumption of pentose sugars (xylose and arabinose), lower
solvent yields are usually obtained.

Much research work is being conducted on increasing the yield and titer of
butanol from lignocellulosic biomass via co-cultivation methods using single,
co-cultures, or mixed cultures of microbes that possess enzymes efficient in hydro-
lyzing cellulose and hemicellulose. In this direction, Clostridium spp.
(C. Dbeijerinckii, C. saccharobutylicum, C. saccharoperbutylacetonicum,
C. butyricum, and C. pasteurianum) have extensively been used (Cao et al. 2016;
Ibrahim et al. 2018; Jones and Woods 1986). Also, metabolic engineering has been
broadly adopted, which entails (a) overexpression of rate-limiting enzymes,
(b) modulation of central metabolic pathways, (c) blocking the competing carbon
metabolisms, and (d) cofactor balancing to improve the butanol yields (Ferreira et al.
2020).

The bio-conversion of cellulose to butanol by a mesophilic co-culture of a
cellulolytic C. cellulolyticum H10 strain with C. acetobutylicum was shown in
early 1983 (Fond et al. 1983). This mixed cultivation on cellulose resulted in the
production of primarily butyric acid (14 g/L) with minor quantities of acetic acid
(4 g/L), ethanol (3 g/L), and butanol (1 g/L). The authors of this study reported that a
sufficiently high glucose supply rate in the medium is essential to push the metab-
olism from butyric acid toward the production of ABE solvents. Yu et al. (1985)
investigated a sequential co-culture approach with C. thermocellum and
C. acetobutylicum for the conversion of solka floc and aspen wood xylan to solvents.
The simultaneous growth of the two anaerobic bacteria together led to an effective
hydrolysis of all the cellulose and hemicellulose in the lignocellulose substrate. This
resulted in a 1.7-2.6 fold rise in the aggregate solvents produced, which were mostly
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acids (Yu et al. 1985). These findings were similar to those in a study by Fond et al.
(Fond et al. 1983), which implies that the C5 and C6 sugar levels alone did not
regulate butanol titers. Previous studies have signaled that a decrease in butyric acid
concentrations may be have a considerable effect in sparking butanol production
(Jones and Woods 1986). Hence, combinations have been investigated to increase
butanol production by including a butyric acid utilizing organism in the co-culture.
Notably, by co-culturing C. pasteurianum, a butyric acid-metabolizing bacterium
with C. beijerinckii, 20% higher butanol concentrations were obtained than when
using C. beijerinckii in pure culture (Jones and Woods 1986). Thus, consortia
engineering of cellulolytic, butyric acid utilizing, and butanol-producing Clostridia
has posed itself as an evolving approach for the production of butanol by CBP,
where the participating strains can divide the metabolic needs and adapt to the
external environment by adjusting the abundance of each strain (Wen et al.
2020c). Even the co-culturing of Clostridia members with strains belonging to a
different genus has long been explored for constructing a cross-genus cellulosic
butanol system.

In 2018, a Thermoanaerobacterium sp. M5 that may well promptly produce
1.17 g/L of butanol from polysaccharide xylan through consolidated bioprocessing
under thermophilic conditions (55 °C) was isolated. Concurrent growth of
Thermoanaerobacterium sp. M5 with Clostridium acetobutylicum NJ4 (a butanol-
synthesizing bacterium) improved the butanol productivity from xylan in a CBP
fermenter to 8.34 g/L. (Jiang et al. 2018a). In a further example of co-cultivation, an
anaerobic cross-kingdom consortium was established between
C. saccharoperbutylacetonicum and the white-rot fungus Phlebia sp. MG-60-P2
transformant line KO77 (Tri and Kamei 2020). The strain KO77 was created by
knocking out of the pyruvate decarboxylase (pdc) gene from host strain MG-60-P2,
and this resulted in the fungal KO77 strain, accumulating glucose from cellulose
rather than fermenting it to ethanol. In the study, the butanol-producing
C. saccharoperbutylacetonicum was separately co-cultured with P2 and KO77
fungal strains, with unbleached hardwood kraft pulp (UHKP), a paper industry
waste, as the feedstock. The KO77 strain produced a higher amount of butanol
(3.2 g/L) than that produced from the P2 strain (2.5 g/L butanol) as well as enhanced
saccharification, showing the synergistic effects of the consortium on the production
of butanol by CBP (Tri and Kamei 2020).

Furthermore, many symbiotically associated microorganisms have been isolated
from the environment that can produce butanol by utilizing lignocellulose (Jiang
et al. 2018b). Since it continues to be challenging to modulate microbes in a
consortium owing to their intricate build-up and the constraints of accessible genetic
tools, the nonmatching incubation temperature of the contributing strains can result
in a long, non-isothermal fermentation and, consequently, reduced productivity.
Hence, it is crucial to choose fitting hosts for the development of a consortium;
and it can be productive to upgrade the performance of synthetic consortia via
metabolic modeling, genetic engineering, and optimization of operational factors.

Studies are being conducted to create the mutant strains with engineered butanol
metabolic networks. For instance, C. cellulolytic was metabolically engineered to
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introduce the CoA-dependent metabolic pathway from C. acetobutylicum, to pro-
duce n-butanol with crystalline cellulose as a substrate. However, the productivity
was very low (<0.12 g/L) (Gaida et al. 2016). Higashide et al. (2012) diverted the
2-keto acid intermediates of a valine pathway toward isobutanol production in
C. cellulolyticum, but still yielded only 0.66 g/L of isobutanol (Higashide et al.
2012). Lin et al. (2015) expressed vital genes of an isobutanol pathway under distinct
promoters into C. thermocellum, and the most efficient strain amongst those
engineered produced 5.4 g/L of isobutanol from crystalline cellulose, analogous to
41% of theoretical yield (Lin et al. 2015). Likewise, Clostridium cellulovorans DSM
743B was engineered by introducing a coenzyme A (CoA)-dependent acetone-
butanol-ethanol (ABE) pathway from yet another Clostridium strain
(C. acetobutylicum ATCC 824) into it. Next, the adaptive laboratory evolution
(ALE) methodology was integrated to improve the production of n-butanol by
C. cellulovorans from deshelled corn cobs (AECC), with a final n-butanol produc-
tion of 3.47 g/LL (Wen et al. 2019). Nevertheless, this approach still required optimi-
zation, as residuals of butyrate and xylose in good enough amounts were left
unutilized in the medium after 84 h of fermentation. Ideally, any successful fermen-
tation process needs butyrate and xylose to be converted to the final product, i.e.,
n-butanol with highest of the conversion efficiency.

Indeed, the same strain of C. cellulovorans was cultivated in a microbial consor-
tium with C. beijerinckii, where during co-cultivation, 11.5 g/L of butanol produc-
tivity was obtained from 83.2 g/ of deshelled corn cobs extracted with alkali
(AECC) (Wen et al. 2017). However, because C. cellulovorans was not able to
grow in the required pH range (pH 4.5-5.5), the authors of the study used a scheme
to adjust the pH in two stages. Therein, initially the pH was maintained at 7.0 to
stimulate the growth and secretion of cellulolytic enzymes by C. cellulovorans, and
then, the pH was kept below 7.0 (preferring acid conditions) to promote ABE
fermentation for butanol production by C. beijerinckii (Zhigiang Wen et al. 2017).
To avoid this complex CBP implementation, the authors recently engineered Clos-
tridium cellulovorans DSM 743B to make it tolerant to acidic pH (below 6.0) by
inactivating cell wall lyase genes (Wen et al. 2020b). Furthermore, in the same study,
Wen et al. also transferred an alcohol aldehyde dehydrogenase gene (adgE1l) from
C. acetobutylicum ATCC 824 into C. cellulovorans DSM 743B to render DSM
743B an ability to produce butanol under acidic pH. This was a strategy that enabled
joint production of n-butanol minus any pH adjustment, from the consortium of
C. cellulovorans DSM 743B and C. beijerinckii, and the reported titer of butanol at
3.94 g/l was found to be five times the butanol production attained by their wild-
type versions under the same conditions (Wen et al. 2020b). This research group
then went a step further, with another innovative metabolic strategy, wherein the
carbon flux was shifted from acetyl-CoA toward butanol synthesis pathways, yield-
ing a butanol optimum at 4.96 g/L of from alkali extracted corn cobs (AECC) (Wen
et al. 2020a).

Bao et al. (2019) simply overexpressed the alcohol dehydrogenase gene in
C. cellulovorans and were able to achieve a butanol productivity of 4.0 g/L (Bao
et al. 2019), while Wang et al. (2020) overexpressed Clostridium acetobutylicum’s
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indigenous xylanase gene (xynB). The overexpression of this gene increased the
exogenous xylanase activity 88 fold, from 0.09 to 7.93 U/mL with hemicellulose as
the substrate, and yielded 4.03 g/L of butanol. These yields of approximately 4.0 g/L
of butanol obtained in studies by Bao et al. (2019) and Wang et al. (2020) are the
highest titers of n-butanol reported from a monoculture within a CBP setup to date
(Bao et al. 2019; Wang et al. 2020).

Thus, butanol production as a biofuel and an industrial solvent from lignocellu-
losic biomass is developing continuously as new processing approaches are followed
to improve the yield and productivity. Clostridial species are majorly exploited in
butanol production, with co-cultivation and metabolic engineering methods being
used to improve the processing technique towards large scale production as a
second-generation biofuel. The advancement of the omics technologies has strength-
ened the existing knowledge of researchers with respect to the genome and
phenomes of the potential n-butanol-producing Clostridium strains, and much ben-
efit can be gained from the availability of advanced genomic toolkits for genetic
manipulation of the microbes for n-butanol/isobutanol production from LCB by
CBP. Some of the recently published reviews on the topic, by Wen et al.
(20204, b, ¢) and Ferreira et al. (2020), summarize the improvement in the field of
metabolic modeling and other strategies to butanol production from varied lignocel-
Iulosic feedstocks by CBP. Nevertheless, given that there has only been partial
realization of generating n-butanol at commercially significant volumes, substantial
headway is needed to achieve an economical cell factory for this compound, in
which yield and cost-effective production can compete favorably with petrochemical
production.

2.2.3 Biohydrogen Production

Hydrogen is a clean, zero-emission fuel that when burnt, in fuel cells or internal
combustion engines with oxygen, produces only water. Hydrogen is an energy
carrier, 2.2 Ib of which holds the equivalent quantity of energy as a gallon or
6.2 1b of gasoline (Nagarajan et al. 2019). This has made hydrogen an attractive
alternative for fossil fuels, and the most sustainable energy and carbon source for
hydrogen production are the biological feedstocks (Nagarajan et al. 2019). Their
bacterial degradation under anaerobic conditions can produce biohydrogen via direct
or indirect bio-photolysis, photo-fermentation, and dark fermentation, of which only
the latter do not need the input of light energy (Rittmann and Herwig 2012). Under
aerobic conditions, oxygen functions as an electron acceptor releasing water. The-
oretically, biohydrogen yield from 1 mole of glucose via dark fermentation is limited
to only 2 mol of hydrogen from facultative anaerobes vs. 4 mols of hydrogen from
obligate thermophilic anaerobes (Nagarajan et al. 2019), but the maximum hydrogen
yield or substrate conversion efficiency, expressed as (Y (H,/S) accomplished in dark
fermentation employing complex carbon polysaccharides, is in the range of
1.1-2.6 mol H, per mole substrate, which signifies nearly 30-33% of the theoretical
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upper limit. The metabolic constraints of cellular physiology dictate these reduced
yields, and statistically based evidence in a study by Rittmann and Herwig (2012)
shows that for a similar carbon source, the Y(H,/S) is superior at thermophilic
specifications in contrast to that under mesophilic conditions. According to the
study, the average levels of hydrogen generated by thermophiles
(Thermoanaerobacterales), obligate anaerobes (Clostridiaceae), and facultative
anaerobes (Enterobacteriaceae) are estimated to be 2.92, 1.87, and 1.15 mol H,
per mole glucose, respectively (Rittmann and Herwig 2012). However, because of
the higher hydrogen evolution rate/volumetric productivity [(HER); mmol/L/h] as
well as superior biological production capacity [qH,, mmol g~ ' h™'] associated with
mesophilic hydrogen production, it is the mesophilic systems that are being mostly
studied and are currently exploited for the synthesis.

To date, it is the anaerobic members from the genus Clostridium, Pseudomonas,
Aeromonas, and Bacillus that are the most successful hydrogen producers under
mesophilic conditions. On the other hand, Thermoanaerobacter sp.,
Caldicellulosiruptor sp., Thermotoga sp., and a number of thermophilic Clostridium
strains such as C. thermocellum are successful thermophilic hydrogen-fermenting
bacteria (Nagarajan et al. 2019; Saleem et al. 2020). Furthermore, other than pure
cultures, mixed cultures acquired from environmental reserves, such as anaerobic
sludge of various wastewater treatment plants like sewage sludge and palm oil mill
effluent (POME) sludge, have also been explored for hydrogen production, with
these samples providing a plethora of indigenous anaerobic fermentative bacteria
(Kumar et al. 2016).

Recently, a study was conducted to isolate two anaerobic bacterial strains, RTUA
and RTUB, capable of hydrolyzing cellulose and hemicellulose with simultaneous
hydrogen production (Saleem et al. 2020), and the efficacy of these strains to
valorize complex substrates of rotten fruits and vegetables and wheat straw was
tested. Initially, during growth on monomeric sugars, the strain RTUA showed
higher hydrogen yield with glucose (2.69 H, mol/mol substrate) and RTUB with
fructose (1.23 H, mol/mol substrate). When cultivated with complex substrates,
RTUA and RTUB provided comparable values with rotten vegetables (~0.70 H,
mol/mol substrate), rotten fruits (~0.40 H, mol/mol substrate), and untreated wheat
straw (0.39 H, mol/mol substrate). When the wheat straw biomass was pretreated
with Trichoderma, RTUA produced a 1.16 H, mol/g wheat straw, while RTUB
produced 1.05 H, mol/mol of the substrate. With NaOH-pretreated biomass, max-
imum yields were seen, with 2.04 H, mol/mol substrate and 1.42 H, mol/g substrate
for RTUB. RTUA produced maximum hydrogen with NaOH-treated wheat straw as
a substrate (156.4 mL H2/g VS) (Saleem et al. 2020). This study defined the concept
of utilizing diverse groupings of complex polysaccharides and food wastes for
biohydrogen production under the concept of CBP.

In the production of biohydrogen from LCB, thermophiles are generally consid-
ered suitable modes for CBP because of their ability to hydrolyze lignocellulose and
to produce biofuels simultaneously and efficiently. One such extreme thermophile,
Caldicellulosiruptor saccharolyticus strain DSM 8903 (temperature: 70 °C), has
been reported to produce hydrogen on various agricultural wastes such as wheat
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straw, switchgrass, bagasse, and maize leaves, without a prior physical, chemical, or
biological pre-treatment (Talluri et al. 2013). In their study, DSM 8903 generated
4 moles of H, from 1 mole of pure glucose. The reported yield of hydrogen per gram
of unprocessed switchgrass and microcrystalline cellulose was 11.2 and 9.4 mmol,
respectively, with the significant by-product being acetate in both the cases (Talluri
et al. 2013). Moreover, another hyperthermophilic bacteria belonging to the
Caldicellulosiruptor, i.e., C. bescii, has been demonstrated to economically con-
sume biosolids as the only available carbon source. A H, yield of 4.40 mmol/g
volatile solid added was achieved in this study, and the authors claimed this yield to
be the highest dark fermentative H, yield achieved from biosolids to date (Yilmazel
et al. 2015).

In another paper, a thermophilic Thermoanaerobacterium sp. strain F6 was also
able to produce hydrogen by direct utilization of various hemicellulose- and
cellulose-rich substrates along with complex lignocellulosic biomass such as corn
cob and sugarcane bagasse (Jiang et al. 2019). When F6 strain was cultivated with
xylan, a maximum of 370.70 £ 1.59 mmol/l of hydrogen from 60 g/L substrate was
reported by the authors. When corncob was investigated as a substrate,
66.71 £ 1.80 mmol/L. H, was shown to be accumulated from 60 g/L of the corncob.
To further investigate the ability of the strain to utilize complex LCBs, a sugarcane
bagasse was used as a substrate, but the reported yield of hydrogen was much lower,
at 30.24 £+ 1.65 mmol/L from 30 g/L of the substrate (Jiang et al. 2019). Cao and
co-workers obtained yields of 3.47 mmol, 3.53 mmol, and 3.23 mmol of hydrogen
from each gram of corn stalk, wheat straw, and corn stalk, respectively, with
Thermoanaerobacterium thermosaccharolyticum M18 in a single pot consolidated
bioprocessing (Cao et al. 2014).

In the perspective of biohydrogen generation, another group of naive thermo-
philic cellulolytic bacteria can produce hydrogen as a by-product of their anaerobic
metabolism, belonging to the genus Clostridia. Clostridium thermocellum ATCC
27405 was studied for batch synthesis of hydrogen by utilizing distinct cellulosic
sources (a-cellulose, shredded filter paper, cellobiose, and delignified wood fibers
(DLWs)) (Levin et al. 2006). In this study, DLW was shown to be an effective
carbon source delivering an average yield of 1.6 mol Hy/mol glucose, with acetate,
ethanol, lactate, and formate as the major fermentation end products. This same
thermophilic bacterium strain, Clostridium thermocellum ATCC 27405, was later
shown to grow on waste date seeds to produce hydrogen via consolidated processing
(Rambabu et al. 2020). The effects of various surfactants and buffering agents were
tested on hydrogen production. As a surfactant, the supplementation of Triton
X-100 at an optimum dose of 0.75% w/v in the medium has been shown to enhance
the hydrogen production by 30%. This increased to 33.2% when the authors added
15 mM of sodium carbonate in the test medium. Together, the addition of Triton
X-100 and sodium carbonate at their most optimal concentrations augmented the
maximum achieved titer of hydrogen to 146.19 mmol/I (productivity of 0.443 mmol/
g/h) from waste date seeds, representing a synergistic increase of 40.6% (Rambabu
et al. 2020). An analogous observation was made in a study by Tian et al. (2015),
where the authors used Clostridium thermocellum ATCC 27405 to degrade
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unprocessed sugarcane bagasse (SCB) for hydrogen production, and it was reported
that hydrogen yield was appreciably improved by complementing the medium with
CaCOs; (Tian et al. 2015). Thus, both these papers (Tian et al. 2015; Rambabu et al.
2020) provided some evidence that optimal dosage of additives can enhance the
biohydrogen production from a lignocellulosic precursor, and such studies provide a
unique approach to improve biohydrogen production from LCB.

As LCB is generally challenging to hydrolyze, co-cultures were also tested to
boost lignocellulose conversion and increase the hydrogen yield. For instance, an
aerobic bacterium, Geobacillus sp. strain WSUCF1, was sequentially cultured with
an anaerobic consortium (Thermoanaerobacterium-98.19%, Clostridia, and
Geobacillus) to increase the biohydrogen yield in the CBP system (Bibra et al.
2018). The anaerobic consortium alone, when cultured with 2% w/v prairie cord-
grass (PCG) yielded 2.2 mmol of hydrogen per gram of PCG. However, this
consortium’s sequential growth with strain WSUCF1 yielded 3.74 mmol hydro-
gen/g PCG, making it a suitable system for low-cost biohydrogen production (Bibra
et al. 2018). de Vrije et al. (2009) even obtained enhanced hydrogen yield during the
growth of the cellulolytic bacterium Caldicellulosiruptor saccharolyticus with the
moderately thermophilic halophilic bacterium Thermotoga neapolitana from
Miscanthus, a perennial C4 grass (de Vrije et al. 2009).

The utility of thermophilic strains to produce biohydrogen with human waste
stimulants as a substrate was demonstrated in 2018 in an innovative approach (Wang
et al. 2018). In this experiment, four thermophilic consortia were developed by
handling the samples from hot springs (C1), wastewater treatment plants (C2), and
landfill compost (C3). The third consortium, mainly dominated by
Thermoanaerobacterium sp., followed by Caloribacterium, produced the maximum
amount of H,, 88.18 £ 3.79 mL with a production rate of 0.30 £ 0.03 mmol H,/L/h
with space crew human waste stimulants as the substrate. The consortium C3 was
further studied for optimum conditions, and the authors reported a yield of
3.99 mmol/g of H, at pH 7.0 and temperature 60 °C (Wang et al. 2018). This
research can aid in creating a self-sustainable and economic system for long-term
space missions. Overall, these studies prove the effectiveness of using sequential
cultivation techniques to produce biohydrogen with high yields and low production
rates from unprocessed lignocelluloses by CBP and also establish the importance of
thermophiles to produce hydrogen from LCB in a single step.

Nevertheless, even some mesophilic strains have been tested for the ability to
produce hydrogen from agri-based substrates. Clostridium strain BOH3, a
mesophilic strain, was tested for the concurrent production of butanol
(13.50 4+ 0.12 g/L) and hydrogen (4.41 £ 0.04 L/L) from rice bran and sesame oil
cake (Rajagopalan et al. 2016). In the latest research, the same bacterium, Clostrid-
ium sp. strain BOH3, was studied for biohydrogen production only with fruit wastes
as a carbon source (Mahato et al. 2020). These studies confirmed the ability of
Clostridium strain BOH3 as a CBP model and established clostridial strains as
highly suitable for large-scale hydrogen production by CBP.

Since cost-competitive hydrogen production with environment-friendly methods
is essential to promote hydrogen as fuel in the transport sector, consolidated
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bioprocessing is considered one of the lowest-cost methods to reuse the agricultural,
municipal, and food wastes as lignocellulosic feedstock to produce hydrogen.
Furthermore, from this section, it is evident that rapid developments and innovative
approaches are being made to increase CBP’s biohydrogen production. With these
continuing efforts, we can expect a shift to a zero-carbon economy in which
biohydrogen is a key component.

2.2.4 Other Products

Lignocellulosic feedstocks can be utilized to biosynthesize a sizable number of
chemicals. This section will investigate some examples of organic chemicals
(isopropanol, butyric acid, lactic acid, diacids, and fatty acids) that can be produced
from lignocellulosic biomass, either individually or as co-products with biofuels.

2.2.4.1 Isopropanol

Isopropanol is a significant chemical used for formulating superior octane gasoline
and diesel oil, and it is also one of the significant precursors used for propylene
production, making it an essential chemical in the energy field and other industries
(Liu et al. 2019). Xin et al. (2017) utilized Clostridium sp. strain NJP7 for improved
butanol (2.06 g/L) as well as isopropanol (0.54 g/L) production via a fermentative
acetone-isopropanol-butanol pathway from birchwood xylan (Xin et al. 2017). In a
study conducted by Liu et al. (2019), 7 g/L of isopropanol was achieved from a
bacterial consortium, EMSDS5 (composed of members from genus Bacillus, Clos-
tridium, Escherichia, and Lysinibacillus), grown with corncob as the carbon source
(Liu et al. 2019). This research demonstrated the capability of the consortium to
produce isopropanol utilizing lignocellulosic biomass.

2.2.4.2 Butyric Acid

Butyric acid is a valuable chemical used in the chemical, textile, food, pharmaceu-
tical, and bioplastic industry and is produced from lignocellulosic biomass.
Delignified rice straw was reported as a feedstock for the production of 33.9 g/L
of butyric acid by co-culture of Clostridium thermocellum ATCC 27405 and
C. thermobutyricum ATCC 49875 (Chi et al. 2018). By examining the co-cultures’
metabolism pathways, it was found that during this twin-clostridial growth, there
was a push of carbon flux in C. thermobutyricum ATCC 49875 towards butyric acid
formation (Chi et al. 2018). In another study, Ai et al. (2016) have reported a
productivity of 16.2 g/L of butyric acid from rice straw pretreated with sodium
hydroxide, when grown with an unidentified cellulose degrading yet butyrate-
producing microbial community (Ai et al. 2016). These studies indicate that CBP
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is also an effective process for the low-cost production of secondary metabolites
from lignocellulosic feedstock without supplementary cellulolytic enzymes.

2.2.4.3 Lactic Acid

Another organic acid, lactic acid, is another in-demand chemical used in the food and
chemical industries. An artificial cross-kingdom consortium consisting of an aerobic
fungus Trichoderma reesei (that secretes cellulolytic enzymes) with Lactobacilli
was studied for bioconversion of LCB to lactic acid in a CBP setup (Shahab et al.
2018). The authors of the study achieved a productivity of 34.7 g/L of lactic acid,
when the fermentation experiments with microcrystalline cellulose as a substrate
were conducted. During further experiments with nondetoxified beech wood that
was pretreated with steam, the study reported lactic acids productivity of 19.8 g/
(Shahab et al. 2018). This is the only study that establishes the value of a consortium-
based CBP technique to produce lactic acid inexpensively from lignocellulosic
substrate. The rest of the published studies to produce lactic acid from lignocellu-
loses have used a simultaneous saccharification and fermentation (SSF) methodol-
ogy that needs supplementation of expensive cellulolytic enzymes.

2.2.4.4 4-Carbon Acids

Other than mono acids, four carbon diacids, such as malic and succinic acids, are
also essential chemicals, especially in biopolymer industries. In one study,
Mpyceliophthora thermophila, a cellulolytic thermophilic fungus, was metabolically
engineered to convert lignocellulosic biomass to C4 diacids (Li et al. 2020). The
genes Aopyc (pyruvate carboxylase), Aomdh (malate dehydrogenase), and Aomae
(malate transporter) from Aspergillus oryzae were engineered into the fungus, thus
constructing the reductive tricarboxylic acid (rTCA) pathway for diacids’ produc-
tion. In initial studies with crystalline cellulose (Avicel) as the substrate, the pro-
ductivity of C4-diacids in batch fermentation reported in the study was 72.6 g/L
(65.4 g/L. malic acid and 7.2 g/L succinic acid). The corresponding output of malic
acid and succinic acid reached 181 g/L, and 19.7 g/L, respectively (total diacid titer
200.7 g/L), when the fermentation of crystalline cellulose by Myceliophthora
thermophila was carried out in a 5-L fed-batch fermentation vessel (Li et al.
2020). Furthermore, when corncob was used as a substrate, the study reports that
110.4 g/L. C4-diacids was produced (105 g/L malic acid and 5.4 g/L succinic acid)
with a productivity of 0.40 g/g corncob. Thus, it was established that CBP tech-
niques could also be used to produce bulk chemicals that can be beneficial in various
chemical and biological industries (Li et al. 2020).
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2.24.5 By-Products

Sometimes essential chemicals are produced as by-products along with biofuels by a
single fermentation system. For instance, an integrated CBP process was developed
with a cross-kingdom consortium comprising C. thermocellum ATCC 31924 strain
and a marine microalgal strain Schizochytrium sp. DT3 for bioethanol as well as
omega-3 fatty acids production simultaneously, with pretreated rice straw biomass as
a substrate (Singh et al. 2020). In the two-step bioprocess adopted in the study, (1) a
pretreated rice straw biomass was fermented anaerobically with C. thermocellum
ATCC 31924 to generate 1.8 g/L bioethanol, accompanied by 29.40% solubilization
of rice straw biomass, and (2) Schizochytrium sp. DT3 was grown aerobically on the
spent rice straw-derived sugars, yielding docosahexaenoic acid, docosapentaenoic
acid, palmitic acid, eicosapentaenoic acid, and stearic acid, at 44%, 16.12%, 13.95%,
7.24%, and 5.07% of total fatty acid, respectively (Singh et al. 2020). This process is
not yet commercialized, but the development of such processes has significant
commercial potential in the biorefinery industry.

The competent production of ABE solvents (acetone, butanol, and ethanol) via
fermentation from alkali-extracted, deshelled corn cobs (AECC) was achieved by
developing a CBP comprising of a consortium of metabolically engineered Clos-
tridium cellulovorans DSM 743B and Clostridium beijerinckii NCIMB 8052 (Wen
et al. 2017). An MMME (multivariate modular metabolic engineering) strategy was
used in this study to engineer the twin-clostridial consortium, where (1) the strain
C. cellulovorans DSM 743B was engineered to suppress the lactic acid pathway and
diverge the carbon flux for butyric acid production, and (2) bacterium C. beijerinckii
NCIMB 8052 was modified to enhance ethanol production via enhanced assimila-
tion of organic acids and pentose sugars produced during the process. When this
engineered consortium was grown with AECC, 22.1 g/L of solvents, represented by
acetone, butanol, and ethanol at 4.25 g/L,11.5 g/L, and 6.37 g/L, respectively, was
produced from 83.2 g/L of substrate (Wen et al. 2017). Thus, the developed
consortium qualified as a model for effective ABE fermentation simultaneously
producing acetone, ethanol, and butanol from lignocellulosic feedstock by CBP. In
another study, a recently isolated Clostridium sp. strain NJP7 capable of ABI
fermentation from hemicellulose was characterized (Xin et al. 2017). When culti-
vated with xylan as the primary substrate, the Clostridium sp. strain NJP7 showed
the ability to degrade xylan and ferment sugars to solvents. It produced 5.84 g/L of
total solvents, comprising acetone, butanol, and isopropanol (ABI) at 3.24 g/L,
2.06 g/L, and 0.54 g/L, respectively. The authors claim these concentrations to be
the highest ABI biosynthesis levels from lignocellulose reported to date (Xin et al.
2017). It can be inferred that other beneficial chemicals may be produced from
lignocellulosic biomass through consolidated bioprocessing, either as the primary
product or as a biofuel bioproduct.
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2.3 Conclusion and Perspectives

Second-generation biofuels from lignocellulosic biomass have a high potential to
overcome dependency on fossil fuels and lead to a cleaner environment with
greenhouse gas reduction. These fuels can be synthesized by thermochemical
conversion and microbial fermentation, with the latter taking center stage with
various new techniques and advancements. Even though there are multiple microbial
fermentation methods, consolidated bioprocessing (CBP) is the lowest cost and most
effective way to produce second-generation biofuels from lignocellulosic biomasses.
For CBP to work, simultaneous saccharification and fermentation of the biomass are
required. From recently reported data, it can be inferred that thermophiles have
gathered more interest in the quest of increased biofuels yield and productivity
because of their ability to both degrade lignocellulosic biomass and produce biofuels
efficiently. Much interest is also developing in the concept of co-culture engineering
for efficient single pot conversion, where different single microbial strains are
selected for their specialized efficiency in one of these functions, while lacking
capability in the other function. Thus, at least one of the participating strains is
devoted to the production of LCB depolymerizing enzymes, and the other microor-
ganism converts the released sugars to the final product. Moreover, the use of genetic
engineering to modify the CBP strains’ metabolism, after detailed study of the
associated pathways and its metabolic flux modeling, will result in microbes that
can deliver unique natural biofuels on a large scale. In this chapter, several examples
were provided which support the feasibility of these strategies for improving product
titer, yield, and productivity. To enable large-scale application and commercializa-
tion, this technology requires further development to achieve higher efficiency and
robustness, but the current high pace of progress strongly suggests that this technol-
ogy will dominate the biofuel industry in the coming decades.

Acknowledgments We acknowledge the support from the CNAM-Bio Center, supported by the
South Dakota Governor’s Office of Economic Development. The authors also gratefully acknowl-
edge the support from the National Science Foundation (Award #1736255, #1849206, and
#1920954) and the Department of Chemical and Biological Engineering at the South Dakota
School of Mines and Technology.

Conflicts of Interest The authors declare no conflict of interest.

References

Ai B, Chi X, Meng J, Sheng Z, Zheng L, Zheng X, Li J (2016) Consolidated bioprocessing for
butyric acid production from rice straw with undefined mixed culture. Front Microbiol 7:1648

Akinosho H, Yee K, Close D, Ragauskas A (2014) The emergence of Clostridium thermocellum as
a high utility candidate for consolidated bioprocessing applications. Front Chem 2:66-66



52 T. Govil et al.

Althuri A, Mohan SV (2020) Sequential and consolidated bioprocessing of biogenic municipal
solid waste: a strategic pairing of thermophilic anaerobe and mesophilic microaerobe for ethanol
production. Bioresour Technol 308:123260

Antoni D, Zverlov VV, Schwarz WH (2007) Biofuels from microbes. Appl Microbiol Biotechnol
77(1):23-35

Bao T, Zhao J, Li J, Liu X, Yang S-T (2019) n-Butanol and ethanol production from cellulose by
Clostridium cellulovorans overexpressing heterologous aldehyde/alcohol dehydrogenases.
Bioresour Technol 285:121316

Bibra M, Kumar S, Wang J, Bhalla A, Salem DR, Sani RK (2018) Single pot bioconversion of
prairie cordgrass into biohydrogen by thermophiles. Bioresour Technol 266:232-241

Bibra M, Rathinam NK, Johnson GR, Sani RK (2020) Single pot biovalorization of food waste to
ethanol by Geobacillus and Thermoanaerobacter spp. Renew Energy 155:1032-1041

Cao G-L, Zhao L, Wang A-J, Wang Z-Y, Ren N-Q (2014) Single-step bioconversion of lignocel-
lulose to hydrogen using novel moderately thermophilic bacteria. Biotechnol Biofuels 7(1):82

Cao G, Sheng Y, Zhang L, Song J, Cong H, Zhang J (2016) Biobutanol production from
lignocellulosic biomass: prospective and challenges. J Bioremed Biodegr 7(4):363

Chi X, Li J, Wang X, Zhang Y, Antwi P (2018) Hyper-production of butyric acid from delignified
rice straw by a novel consolidated bioprocess. Bioresour Technol 254:115-120

de Vrije T, Bakker RR, Budde MAW, Lai MH, Mars AE, Claassen PAM (2009) Efficient hydrogen
production from the lignocellulosic energy crop Miscanthus by the extreme thermophilic
bacteria Caldicellulosiruptor saccharolyticus and Thermotoga neapolitana. Biotechnol
Biofuels 2(1):12

Ferreira S, Pereira R, Wahl SA, Rocha I (2020) Metabolic engineering strategies for butanol
production in Escherichia coli. Biotechnol Bioeng 117(8):2571-2587

Fond O, Petitdemange E, Petitdemange H, Engasser J (1983) Cellulose fermentation by a coculture
of a mesophilic cellulolytic Clostridium and Clostridium acetobutylicum

Gaida SM, Liedtke A, Jentges AHW, Engels B, Jennewein S (2016) Metabolic engineering of
Clostridium cellulolyticum for the production of n-butanol from crystalline cellulose. Microb
Cell Factories 15(1):6

GlobeNewsWire (2020) Global bioethanol market (2020 to 2025)—rising demand from the
pharmaceutical industry presents opportunities. In: Research and markets

Govil T, Wang J, Samanta D, David A, Tripathi A, Rauniyar S, Salem DR, Sani RK (2020)
Lignocellulosic feedstock: a review of a sustainable platform for cleaner production of nature’s
plastics. J Clean Prod 270:122521

Higashide W, Li Y, Yang Y, Liao JC (2012) Metabolic engineering of Clostridium cellulolyticum
for production of isobutanol from cellulose. Appl Environ Microbiol 78(19):7171-7171

Hirano K, Kurosaki M, Nihei S, Hasegawa H, Shinoda S, Haruki M, Hirano N (2016) Enzymatic
diversity of the Clostridium thermocellum cellulosome is crucial for the degradation of crystal-
line cellulose and plant biomass. Sci Rep 6(1):35709

Ibrahim MF, Kim SW, Abd-Aziz S (2018) Advanced bioprocessing strategies for biobutanol
production from biomass. Renew Sust Energ Rev 91:1192-1204

Jiang Y, Guo D, Lu J, Diirre P, Dong W, Yan W, Zhang W, Ma J, Jiang M, Xin F (2018a)
Consolidated bioprocessing of butanol production from xylan by a thermophilic and
butanologenic Thermoanaerobacterium sp. M5. Biotechnol Biofuels 11(1):89

Jiang Y, Zhang T, Lu J, Diirre P, Zhang W, Dong W, Zhou J, Jiang M, Xin F (2018b) Microbial
co-culturing systems: butanol production from organic wastes through consolidated
bioprocessing. Appl Microbiol Biotechnol 102(13):5419-5425

Jiang Y, LuJ,Lv Y, Wu R, Dong W, Zhou J, Jiang M, Xin F (2019) Efficient hydrogen production
from lignocellulosic feedstocks by a newly isolated thermophlic Thermoanaerobacterium
sp. strain F6. Int ] Hydrog Energy 44(28):14380-14386

Jones DT, Woods DR (1986) Acetone-butanol fermentation revisited. Microbiol Rev 50
(4):484-524



2 Progress in Consolidated Bioprocessing of Lignocellulosic Biomass for. . . 53

Keis S, Shaheen R, Jones DT (2001) Emended descriptions of Clostridium acetobutylicum and
Clostridium beijerinckii, and descriptions of Clostridium saccharoperbutylacetonicum sp. nov.
and Clostridium saccharobutylicum sp. nov. Int J Syst Evol Microbiol 51(Pt 6):2095-2103

Kumar G, Mudhoo A, Sivagurunathan P, Nagarajan D, Ghimire A, Lay C-H, Lin C-Y, Lee D-J,
Chang J-S (2016) Recent insights into the cell immobilization technology applied for dark
fermentative hydrogen production. Bioresour Technol 219:725-737

Levin DB, Islam R, Cicek N, Sparling R (2006) Hydrogen production by Clostridium thermocellum
27405 from cellulosic biomass substrates. Int J Hydrog Energy 31(11):1496-1503

Levin DB, Verbeke TJ, Munir R, Islam R, Ramachandran U, Lal S, Schellenberg J, Sparling R
(2015) Chapter 17—omics approaches for designing biofuel producing cocultures for enhanced
microbial conversion of lignocellulosic substrates. In: Himmel ME (ed) Direct microbial
conversion of biomass to advanced biofuels. Elsevier, Amsterdam, pp 335-363

LiJ,LinL, Sun T, Xu J, JiJ, Liu Q, Tian C (2020) Direct production of commodity chemicals from
lignocellulose using Myceliophthora thermophila. Metab Eng 61:416-426

Lin PP, Mi L, Morioka AH, Yoshino KM, Konishi S, Xu SC, Papanek BA, Riley LA, Guss AM,
Liao JC (2015) Consolidated bioprocessing of cellulose to isobutanol using Clostridium
thermocellum. Metab Eng 31:44-52

Linger JG, Darzins A (2013) Consolidated bioprocessing. In: Lee JW (ed) Advanced biofuels and
bioproducts. Springer, New York, pp 267-280

Liu L, Yang J, Yang Y, Luo L, Wang R, Zhang Y, Yuan H (2019) Consolidated bioprocessing
performance of bacterial consortium EMSDS5 on hemicellulose for isopropanol production.
Bioresour Technol 292:121965

Liu Y-J, Li B, Feng Y, Cui Q (2020) Consolidated bio-saccharification: leading lignocellulose
bioconversion into the real world. Biotechnol Adv 40:107535

Mahato RK, Kumar D, Rajagopalan G (2020) Biohydrogen production from fruit waste by
Clostridium strain BOH3. Renew Energy 153:1368-1377

Mbaneme-Smith V, Chinn MS (2015) Consolidated bioprocessing for biofuel production: recent
advances. Energy Emission Control Technol 3:23

Nagarajan D, Lee D-J, Chang J-S (2019) Recent insights into consolidated bioprocessing for
lignocellulosic biohydrogen production. Int J Hydrog Energy 44(28):14362-14379

Rajagopalan G, He J, Yang K-L (2016) One-pot fermentation of agricultural residues to produce
butanol and hydrogen by Clostridium strain BOH3. Renew Energy 85:1127-1134

Rajak RC, Banerjee R (2020) An innovative approach of mixed enzymatic venture for 2G ethanol
production from lignocellulosic feedstock. Energy Convers Manag 207:112504

Rambabu K, Show P-L, Bharath G, Banat F, Naushad M, Chang J-S (2020) Enhanced biohydrogen
production from date seeds by Clostridium thermocellum ATCC 27405. Int J Hydrog Energy
45:22271-22280

Rittmann S, Herwig C (2012) A comprehensive and quantitative review of dark fermentative
biohydrogen production. Microb Cell Factories 11(1):115

Saleem A, Umar H, Shah TA, Tabassum R (2020) Fermentation of simple and complex substrates
to biohydrogen using pure Bacillus cereus strains. Environ Technol Innov 18:100704

Scully SM, Orlygsson J (2015) Recent advances in second generation ethanol production by
thermophilic Bacteria. Energies 8(1):1-30

Shahab RL, Luterbacher JS, Brethauer S, Studer MH (2018) Consolidated bioprocessing of
lignocellulosic biomass to lactic acid by a synthetic fungal-bacterial consortium. Biotechnol
Bioeng 115(5):1207-1215

Singh N, Mathur AS, Gupta RP, Barrow CJ, Tuli D, Puri M (2018a) Enhanced cellulosic ethanol
production via consolidated bioprocessing by Clostridium thermocellum ATCC 319245
Bioresour Technol 250:860-867

Singh, N., Puri, M., Tuli, D.K., Gupta, R.P., Barrow, C.J., and , Mathur, A.S. 2018b. Bioethanol
production by a xylan fermenting thermophilic isolate Clostridium strain DBT-IOC-DC21.
Anaerobe, 51, 89-98



54 T. Govil et al.

Singh N, Gupta A, Mathur AS, Barrow C, Puri M (2020) Integrated consolidated bioprocessing for
simultaneous production of omega-3 fatty acids and bioethanol. Biomass Bioenergy
137:105555

Talluri S, Raj SM, Christopher LP (2013) Consolidated bioprocessing of untreated switchgrass to
hydrogen by the extreme thermophile Caldicellulosiruptor saccharolyticus DSM 8903.
Bioresour Technol 139:272-279

Tian Q-Q, Liang L, Zhu M-J (2015) Enhanced biohydrogen production from sugarcane bagasse by
Clostridium thermocellum supplemented with CaCO3. Bioresour Technol 197:422-428

Tian L, Papanek B, Olson DG, Rydzak T, Holwerda EK, Zheng T, Zhou J, Maloney M, Jiang N,
Giannone RJ, Hettich RL, Guss AM, Lynd LR (2016) Simultaneous achievement of high
ethanol yield and titer in Clostridium thermocellum. Biotechnol Biofuels 9(1):116

Toor M, Kumar SS, Malyan SK, Bishnoi NR, Mathimani T, Rajendran K, Pugazhendhi A (2020)
An overview on bioethanol production from lignocellulosic feedstocks. Chemosphere
242:125080

Tri CL, Kamei I (2020) Butanol production from cellulosic material by anaerobic co-culture of
white-rot fungus Phlebia and bacterium Clostridium in consolidated bioprocessing. Bioresour
Technol 305:123065

Wang J, Bibra M, Venkateswaran K, Salem DR, Rathinam NK, Gadhamshetty V, Sani RK (2018)
Biohydrogen production from space crew’s waste simulants using thermophilic consolidated
bioprocessing. Bioresour Technol 255:349-353

Wang Z, Cao X, Li N, Yang Z, Lei M, Zhao Y, Wang L, Li Z, Liu D, Niu H, Ying H (2020)
Production of butanol directly from hemicellulose through secretory expression of a xylanase in
Clostridium acetobutylicum. Energy Fuel 34(3):3376-3382

Wen Z, Minton NP, Zhang Y, Li Q, Liu J, Jiang Y, Yang S (2017) Enhanced solvent production by
metabolic engineering of a twin-clostridial consortium. Metab Eng 39:38-48

Wen Z, Ledesma-Amaro R, Lin J, Jiang Y, Yang S (2019) Improved n-butanol production from
Clostridium cellulovorans by integrated metabolic and evolutionary engineering. Appl Environ
Microbiol 85(7):02560-02618

Wen Z, Ledesma-Amaro R, Lu M, Jin M, Yang S (2020a) Metabolic engineering of Clostridium
cellulovorans to improve butanol production by consolidated bioprocessing. In: ACS synthetic
biology

Wen Z, Ledesma-Amaro R, Lu M, Jiang Y, Gao S, Jin M, Yang S (2020b) Combined evolutionary
engineering and genetic manipulation improve low pH tolerance and butanol production in a
synthetic microbial Clostridium community. Biotechnol Bioeng 117:2008-2022

Wen Z, Li Q, Liu J, Jin M, Yang S (2020c) Consolidated bioprocessing for butanol production of
cellulolytic Clostridia: development and optimization. Microb Biotechnol 13(2):410-422

Williams-Rhaesa AM, Rubinstein GM, Scott IM, Lipscomb GL, Poole IIFL, Kelly RM, Adams
MWW (2018) Engineering redox-balanced ethanol production in the cellulolytic and extremely
thermophilic bacterium, Caldicellulosiruptor bescii. Metab Eng Commun 7:¢00073

Xin F, Chen T, Jiang Y, Dong W, Zhang W, Zhang M, Wu H, Ma J, Jiang M (2017) Strategies for
improved isopropanol-butanol production by a Clostridium strain from glucose and hemicel-
lulose through consolidated bioprocessing. Biotechnol Biofuels 10(1):118

Yilmazel YD, Johnston D, Duran M (2015) Hyperthermophilic hydrogen production from waste-
water biosolids by Caldicellulosiruptor bescii. Int J Hydrog Energy 40(36):12177-12186

Yu EKC, Chan MKH, Saddler JN (1985) Butanol production from cellulosic substrates by
sequential co-culture of Clostridium thermocellum and C. acetobutylicum. Biotechnol Lett 7
(7):509-514



Chapter 3 )
Next Generation Biofuels from Macroalgae: <o
Prospects and Challenges
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Jitendra Kumar Saini

Abstract Algae are unicellular as well as multicellular organisms and have been
called as micro and macroalgae, respectively. Algae offer multiple potential benefits
to address the today’s need of the renewable feedstocks and energy source. Based on
the source of feedstock, biofuels have been classified into first generation, second
generation, and latest third/fourth generation biofuels. The latest technologies and
scientific studies on algae have discovered the third and fourth generations of
biofuels. Currently, researchers’ focus is on biofuels, and they have shown that
marine macroalgae have substantial stamina to replace the first- and second-
generation biofuels as they are eco-friendly and utilize carbon neutral energy.
Algal biomass is a sustainable resource of energy and therefore could offer an
economic, environment-friendly, and industrially growing area in biofuel research.
Algal biofuel is produced from the lipid stored in the algal cells. Algae have very
high carbon dioxide fixation rate, low land requirement, and require significantly less
area for their cultivation and mass production. In addition, they certainly have high
photosynthetic efficiency per area. The challenges in the algal biofuel production lies
in the economic large-scale production of the microalgae lipid, which can be
modulated by enhancing the lipid content without trailing the growth rate of the
strains.
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3.1 Introduction

Algae are small, single celled, or multicellular. Algae are plant-like organisms, but
lack true leaves and root system. Algae have been divided into microalgae and
macroalgae based on their cellular morphology. Microalgae are commonly called as
phytoplanktons. Approximately, 50,000 species of microalgae are known till date,
which are classified based on their ultra-structure, biochemical composition, and life
cycle. Algae have been classified into five groups and are believed to be both
eukaryotic and prokaryotic (Table 3.1). Major groups are as follows: green algae
(Chlorophyceae), cyanobacteria (Cyanophyceae), diatoms (Bacillariophyceae),
golden algae (Chrysophyceae), yellow-green algae (Xanthophyceae), red algae
(Rhodophyceae), brownalgae (Phaeophyceae), dinoflagellates (Dinophyceae) and
‘pico-plankton’ (Prasinophyceae and Eustigmatophyceae). Blue-green algae also
known as cyanobacteria are prokaryotic photosynthetic unicellular microalgae.
These algae conduct photosynthesis directly in the cytoplasm as they lack true cell
organization. Photosynthetic cyanobacteria are mostly found in water systems such
as streams, rivers, lakes, and oceans and carry out carbon assimilation, energy
production and rapid polar and nonpolar lipid accumulation in algal biomass in the
presence of sunlight. Macroalgae (generally called seaweeds) are multicellular algae
that can grow in both fresh and salt water. These are fast-growing species and can
reach sizes up to 60 m in length and are broadly classified into three distinct groups
on the basis of their pigmentation: Phaecophyceae (brown seaweed), Rhodophyceae
(red seaweed), and Chlorophyceae (green seaweed). While considering the general

Table 3.1 Different classes and common characteristics of the different algal groups

Storage
S. no. | Class Common characteristics | Chlorophyll | compound
1. Bacillariophyceae Diatoms, unicellular/ Chl a, ¢ Triglycerides
(golden brown algae) colonial, silicate cell wall, (TAGs) and
fucoxanthin carbohydrates
2. Chrysophyceae (brown | Unicellular, fucoxanthin, |Chla, c Oil droplets and
algae) cellulose and pectin in carbohydrates
cell wall
3. Eustigmatophyceae Eukaryotic, unicellular, Chl a Large amount of
(yellow green algae) presence of polysaccha- polyunsaturated
promising for biofuel rides in cell wall fatty acids
production
4. Chlorophyceae (green Unicellular, colonial or Chl a, b Starch and oil
algae) filamentous, eukaryotic droplets
5. Prymnesiophyceae Mostly marine, Chrysolaminarin:
(golden brown algae) fucoxanthin a carbohydrate
reservoir
6. Cyanophyceae Prokaryotic, unicellular, Chl a Low level of lipid
multicellular or colonial, reserve material
phycocyanin, can fix
nitrogen
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term algae, the number of species has been estimated to be between one and ten
million, most of which are microalgae.

Other algae belong to eukaryotes and contain a well-defined nucleus enclosed
within a nuclear membrane. All eukaryotic algae contain intracellular chloroplast
that comprises chlorophyll inside photosynthetic lamellae, which is the site for
photosynthesis. Algal chloroplasts are of various shapes with diverse types of
chlorophyll molecules. Different types of microalgae have characteristic color
based on the presence of different types of chlorophyll and pigments. Apart from
the chloroplast, well developed endoplasmic reticulum is also present in all eukary-
otic algae. Pyrenoides are the site for all the enzymatic reactions leading to the
glucose conversion to starch. These pyrenoides are generally present within the
chloroplast of golden, red, and green algae. Vacuole also exists as a lipid storage
organelle within the algal cells.

Chapman classified the algae by a modern approach on the basis of (1) existence
of different nucleus, (2) photosynthetic pigments amount and chemical composition,
(3) food reservoir type, (4) composition of cell wall, (5) existence, type, number,
orientation of flagella, and (6) reproduction mode. Remarkably, all algal species are
not likewise important for the production of biofuels. Microalgae are of prime
importance for producing biofuels. Amongst the microalgae, the Chlorophyceae
taxonomic group is the most potential species for biofuels. They are capable of
performing photosynthesis, important for life on the Earth and produce approxi-
mately half of the atmospheric oxygen. They also use the greenhouse gas (GHG)
carbon dioxide simultaneously to grow photoautotrophically. They represent an
almost unexploited resource on the Earth and hence can be utilized immensely for
producing third generation bioethanol.

3.2 Third Generation Biofuels

Biofuels, as the name suggests, are referred to the fuels that are obtained from the
biomass. Depending on the means they have been utilized to turn as a fuel source,
they are grouped in two broad categories—primary and secondary biofuels; the
primary being those that can be directly used as a fuel without processing and the
secondary ones have to undergo processing to be utilized as biofuels. In the present
scenario, where an emerging requirement of fuel sources has to be met, biofuels are
the hope of the hour, and thus, the focus on the secondary biofuels is much needed.
Biofuels like biodiesel and bioethanol generated from the biomass are processed and
then used in vehicles and industries. The secondary biofuels are further categorized
into three generations: first, second, and third generation biofuels on the basis of
different parameters such as type of processing technology, type of feedstock, or
their level of development (Fig. 3.1).

First generation biofuels have certain limitations because it is derived from crops
and thus creates a competition for agricultural land (Schenk et al. 2008); and
therefore, second generation of biofuels emerged that are produced from
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{ and crop residues, Landfill gas

First generation
Biaethanol or butandl by fermentation of starch (from
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Biodsesel by transesterification of od crops (rapeteed,
soybeand, sunfiower, palm, coconut, uied cooking od,
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BIOEUELS Second generation
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conventional technologies but based on novel
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gneceluloiis materials (e.g. straw, wood, and grass)
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Biodiesel from mikroaigae
Bioethanal from microalgse and seaweeds
Hydrogen from green microalgae and microbes

Fig. 3.1 Classification of biofuels

lignocellulosic biomass. Lignocellulosic biomass is the plant residues and hence
does not compete with the food production category. Nevertheless, the disadvantage
of the second generation is that it is not cost-effective. It requires expensive
techniques for processing the lignocellulosic biomass to biofuels, and hence, large-
scale production of second-generation biofuels is still noneconomic (Brennan and
Owende 2010). Therefore, third generation biofuels that are microalgae derivatives
emerged as a feasible alternative energy resource. Third generation biofuels is a
recent term that is used for algae derived biofuels. It surpasses the major drawbacks
en route with first- and second-generation biofuels (Nigam and Singh 2011; Chisti
2007). Microalgae are capable of producing approximately 15- to 300-fold higher
amounts of oil for biodiesel production than the traditional crops on the basis of area.
Another major benefit of utilizing microalgae is the shorter harvesting cycle than the
conventional crops. The harvesting cycle of microalgae is ~1-10 days (depending
on the process), with significantly higher yields upon harvesting. Other characteristic
properties such as algae can be genetically manipulated and oils produced by them
can be converted directly in different types of fuels make them a potential source for
biofuel production.
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3.3 Potential of Macro/Microalgae: Advantages over
Traditional Feedstocks

Algae are the potential source of next generation biofuel. The advantages of algal use
as biofuels are manifolds. Algae grow very rapidly and produce biomass and oils
which can be utilized for the biofuel production. Nearly 70% of the earth surface is
covered with water, which can be utilized for the economic cultivation of algae up to
five harvests per year. The generation time is less; therefore, algal biomass can be
doubled in every few hours and biomass can be harvested. Algae being autotrophs,
utilize direct sunlight and CO, for their growth. Photosynthetic algae are capable of
utilizing almost 2 kg of CO,/kg of biomass as algae produce about half of the oxygen
present in the atmosphere (Williams and Laurens 2010). In contrast to terrestrial
crops, microalgae do not require any fertile soil and freshwater supply and can
tolerate extreme seasonal conditions (Williams and Laurens 2010). Thus, the cost of
biofuel can be highly reduced. These microalgae do not interfere with the growth of
terrestrial crops. The use of algae excludes the negative impact of food security by
offering high sugar content and low lignin content than the terrestrial plants
(Rajkumar et al. 2016). Few classes of algae can utilize heavy metals present in
the ocean and accumulate high sugar content as reserve polymers which can easily
be converted into biofuels. Finally, the efficacy of algae for photoconversion up to
5% is an added advantage in the direction of third generation biofuel production
(Fig. 3.2).
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Fig. 3.2 Advantages of macroalgae for biofuel generation
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3.4 Bioethanol Production Process from Algae

Microalgal biomass has emerged as the promising source for biofuels and is capable
of meeting the demands without compromising either with food products or agri-
cultural land for food production (Chisti 2007). The three main components of the
algal biomass are carbohydrates, proteins, and lipids (Um and Kim 2009).

An integrated production of biofuels from microalgae consists of microalgal
cultivation, separation of the cells from the growth medium, and subsequent lipid
extraction for the biodiesel production through transesterification. Once the oils are
obtained, amylolytic enzymes are used that promote fermentable sugar production;
then, these are fermented and then distilled using conventional distillation
technologies.

3.4.1 Microalgae Cultivation

First, the desired strain has to be selected to obtain the product of interest. The design
of bioreactors is a crucial step for commercialization of the product. The cultivation
system used for the microalgae should have the following characteristic properties
which include high area productivity, high volumetric productivity, cost-
effectiveness, and simplified control of the parameters (oxygen, temperature, pH,
and turbulence) (Olaizola 2003). Depending on the purpose, the microalgae strain,
and the final product, the cultivation system can be selected keeping in mind the
various advantages and disadvantages of each kind.

3.4.2 Harvesting Methods

The harvesting of microalgal biomass can be done by physical, chemical, or bio-
logical ways. Flocculation is the first dewatering step of harvesting process that
considerably lowers the hurdles of the next processing steps. Flocculation is meant to
aggregate microalgal cells from the culture (Harun et al. 2010). Flotation can be used
in cases where the algae begin to float by the increased lipid content. Centrifugation
exploits the centrifugal forces to collect the algal biomass though the high shear
forces may damage the cell and process is expensive. Filtration has emerged as the
most effective harvesting method with its different forms.
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3.4.3 Production of Bioethanol from Algal Biomass

The extraction can be achieved through oil press, liquid/liquid extraction, supercrit-
ical fluid extraction (SFE), and ultrasound systems (Harun et al. 2010). Solvent
extraction has turned out to be one of the most useful methods, while ultrasound is an
another promising way. After extraction, the obtained lipids can be transformed to
biofuels via transesterification. The harvested algal biomass almost has 90% of the
water content, and further processed using dehydration and extraction procedures,
which leads to the formation of bioethanol.

3.4.4 Dehydration of Algal Biomass

Although there are many different methods for reducing the water content, each
method has its own set of advantages and disadvantages. The common methods used
are sun drying, spring drying, and freeze drying. Sun drying is cost effective, but
extended time duration and area requirements makes it less worthy; spring drying is
much worthy but not cost-effective. Spring drying is the most effective, but it is quite
costly and hence becomes difficult for a large-scale operation (McKendry 2002;
Prakash et al. 1997).

3.4.5 Extraction of Bioethanol

After dehydration, the biomass needs to be fermented in order to obtain bioethanol;
for this purpose, the microalgal biomass is crushed and the obtained starch is
transformed into sugars, which is then mixed with yeast and water in fermenters
(Singh et al. 2011). The fermented bioproduct is then processed by distillation to
eliminate the other extra matter from the thinned alcohol product. Different methods
may be used for the extraction of biofuels as discussed earlier.

3.5 Lipid and Biomass Enhancement Strategies

Today, the population blast is the major concern for the modern generation. The
world population is increasing day by day, and as per the current research, it is
estimated that, by 2050, the existing population will increase by 1.5% of the current
population. At present, the huge demand for energy and fuels is being met mainly
through utilization of fossil fuels: oil, natural gas and coal—finite resources (Sajjadia
et al. 2018). This could lead to the extinction of all fossil fuel reservoirs and aids in
the environmental pollution owing to the heavy release of CO,. This problem has
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driven a shift in the research direction toward algae as the novel lipid and biomass
resource.

3.5.1 Lipid Content in Algae

Algae are wide lipid producers which cover a variety of lipids, viz. polar and neutral
lipids, esters, sterols, and different modified versions of carotenoids. Polar lipids
play a vital structural role in cell membrane and are called as high quantity of Poly
Unsaturated Fatty Acids (PUFAs). Sterols and phospholipids are key membrane
lipids, and some polar lipids act as signal tranducers in algae. Lipids are stored in
algae in their late stationary phase in form of triglycerides (TAGs), which include
mostly saturated fatty acids (FAs) and a few unsaturated fats. These forms of fats are
stored in the cytosolic lipid bodies and can be easily catabolized into energy (Sharma
et al. 2012). The fat content in macroalgae can range from 30 to 80% of total
biomass; however, as the fat content is increased, the growth rate of algae is dropped
rapidly. Schizochytrium sp. is known to produce up to 80% of the total mass as lipid
which can be extracted and transformed into the next generation biofuels (Deng et al.
2009). In general, Chlorophyceae is the most promising species for algal oil
extraction.

3.5.2 Lipid Composition and Suitability of Algae

Suitability of algae in the research field of biofuel is primarily determined by their
lipid composition of saturated and unsaturated lipids. Unsaturated fatty acids such as
palmitic acid (16:1), oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3)
are the most important components of biofuels. Very little information is available
for the use of saturated fatty acids (SFA) in biofuel production. Some microalgae
synthesize lipids largely consisting of polyunsaturated fatty acids such as C22:6
(42%) in Aurantiochytrium sp., C22:5 + C22:6 (39.4%) in Schizochytrium
limacinum, and C20:5 (25%) in Porphyridium cruentum (Sajjadia et al. 2018).
Biofuels obtained from microalgae largely depend on the composition of fatty
acids produced by the algal species.

Algal species producing fats predominantly of saturated fatty acids are the most
suitable to be used in low temperature. Long chain SFA increases the pouring ability
of biodiesel (Sajjadia et al. 2018). In contrast to this, the biofuels produced mainly by
algal species producing high unsaturated fatty acids are easily oxidized, which may
lead to inadequate engine performance due to the deposition of insoluble particles.
For this issue, the proper selection of appropriate algal strain that may produce high
yield of lipid along with quality composition of saturated and unsaturated fatty acid
is highly desired. Moreover, the study of the impact of extreme environmental
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conditions on the production and composition of fatty acids by algal strain needs to
be considered.

3.5.3 Lipid Content Enhancement Strategies

Metabolic activities influence cellular composition, growth rate, and lipid composi-
tion in algae (Fig. 3.3). Nitrogen, phosphorus, and silicate are the most vital nutrient
contents in culture medium which are crucial for the growth and metabolic produc-
tion of lipid in microalgae. Carbon source, salt concentration, intensity of sunlight,
and atmospheric temperature are among the other effective factors. The common
effective ratio of C:H:O:N:P for optimal algal growth needs to match
Ci06H181045N 6P, theoretically so as to sustain the effective algal biomass. N:P
ratio is also very crucial, as low N:P ratio (5:1) reflects nitrogen is limiting, whereas a
high N:P ratio (30:1) suggests P is a limiting factor.

The research on algae limitation for nutrients is carried out by manipulating the
nutrient contents in three different approaches. In starvation, firstly, the algae are
allowed to grow in nutrient-rich conditions, and then the culture is transferred to the
same nutrient limitation condition. This starvation triggers a sharp biological shock
and results in the storage of high energy compounds. During the study of impact of
nutrient limitation, metabolic shift in algae can be carried out by growing the algae
under nutrient limitation in continuous culture. In nutrient-limited growth, the algae
are grown in a medium in which all the macro and micronutrients are abundant
except for the one limiting nutrient. This limiting nutrient can limit the yield of algal
biomass due to the physiological reaction toward limiting nutrient, a phenomenon
known as “law of the minimum” in microbiology. The effects of nutrient depletion

Only Growth, No Neutral Lipid
No TAG Accumulation Production

Batch Neutral Lipid

No Growth, :

Only TAG Accumulation Production
Continuous Neutral

Both Growth, t s Neu

TAG Accumulation Lipid Production

Fig. 3.3 Modulation of lipid content from microalgae for biodiesel production
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can be studied by monitoring the growth of algae in small batches under nutrient
depletion condition. The depleted nutrient is believed to specify the biomass yield. In
this study, the algal cells are first grown in an environment which is enriched with
required nutrients. Following the rise in biomass of algae due to growth, the nutrient
depletion occurs. Due to this nutrient depletion, the growth rate and photosynthesis
rate are reduced and the metabolic processes are shifted so as to adjust the organism
to this nutrient depleted state.

3.6 Enhancement Parameters on Lipid Productivity

3.6.1 Nitrogen and Algal Lipid Content

Nitrogen is required for the biosynthesis of the major macromolecule, i.e., protein. It
is also a common component for the buildup of structural and functional processes of
the cell. Nitrogen is a crucial factor for lipid content and algal growth promotion.
Nitrogen limitation causes enhancement in lipid and/or carbohydrate content and
reduction in protein, efficiency of photosynthesis, and microalgae growth rate (Jiang
et al. 2012). During nitrogen starvation, the C fixation increases, and the extra carbon
is converted into lipids and carbohydrates as storage compounds. As the organic
nitrogen pool in cell starts to decrease, the lipid production is induced in algae.
Nitrogen concentration has a significant quantitative and qualitative impact on the
lipid production and is very crucial for the biofuel production. The overall major fat
profile in algae remains same in control and nitrogen starved media, but there is a
significant difference in proportion of fatty acids (saturated and unsaturated). Under
nitrogen stress condition, the ratio of saturated fatty acids (i.e., C16:0 and C18:0) is
decreased. In Chlorella and Ankistrodesmus falcatus, saturated fatty acid content of
C23:0 and C24:0 is known to reduce under nitrogen stress condition (Singh et al.
2015). The difference in the fatty acid composition leads to increase in the cetane
no. and stability of the produced biodiesel. Among polyunsaturated fatty acids,
linolenic acid (C18:3) is a common component of algae which is known to lower
the biofuel stability due to possible oxidation as per the report of European standards
(EN14214). Under nutrient stress, the percentage of linolenic acid is reduced which
increases the biodiesel quality produced by some algae, e.g., A. falcatus (Converti
et al. 2009). Different nitrogen sources has different impact on the overall fatty acid
composition in algae. For instance, urea utilization results in the generation of higher
PUFA, e.g., C18:4, C20:5, C22:6; nitrate and nitrite as the nitrogen source increases
the ratio of saturated (C14:0) and unsaturated composites (C16:1) (Fidalgo et al.
1998).
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3.6.2 Phosphorus and Algal Lipid Content

Phosphorus has a key role in various metabolisms such as signal transduction,
transfer of energy, and photosynthesis. When phosphorus supply is abundant, the
algal cells assimilate the excess phosphorus inside as polyphosphate granules. When
phosphorus is in limited amount, the algal membrane phospholipid components are
enriched by nonphosphorus glycolipids and sulpholipids as a P conservation mech-
anism as reported in Chlorella sp. (Liang et al. 2013). During phosphorus depleted
state, cell division is reduced, which results in the accumulation of carbon in the
form of TGA rich in saturated and monounsaturated fatty acids. It causes alterations
in the biosynthesis process and enhances the stored amount of lipid in Dunaliella
parva, Chlorella sp., Scenedesmus sp., and many other species. Unsaturated fatty
acids which make the highest proportion of lipids in green algae Chlamydomonas
acidophila (C. acidophila), Chlorella sp. (Spijkerman and Wacker 2011), and
Phaeodactylum tricornutum (P. tricornutum) significantly increase under P starving
condition (El-Sheek and Rady 1995). Similar results have been reported in
Scenedesmus quadricauda (Ahlgren et al. 1998) which showed a lower percentage
of PUFA 18:3(9,12,15) under P-limited conditions.

3.6.3 Effects of Carbon

Almost 50% of the algal biomass has been made up of carbon, and CO, is the main
supply of the carbon source. The effects of CO, levels on total lipid contents,
biomass (dw), and lipid profile of the microalgae has been reported in a few studies
as summarized in Table 3.2. Carbon has a very pronounced impact on the fatty acid
composition of algae. It is known that a high carbon monoxide concentration

Table 3.2 The effect of metal ions on metabolism, biomass, and lipid content in algae

Effect on | Effect on lipid

Metal Metabolic role biomass | content
Fe concentrations up to almost Fundamental enzymatic | Increased | Can’t promote
2 x 1073 /L reactions of lipid
photosynthesis accumulation
Mg?* 2 x 1078 x 107 g/L Promote acetyl-CoA Increased | Increased
carboxylase (ACCase)
in vivo activity
Ca**5x 107*-5 x 1073 g/L Signal transduction of - Increased
environmental stimuli
Heavy metals (cadmium, copper Alter the lipid - Enhancement
31.4 mg/L—Approximately 0.49 mM | metabolism of lipid content
and zinc)
Silica deficiency Most common stress in | — Promoting

diatoms storage lipid
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enhances the ratio of C18:1 and C18:2, whereas it decreases the polyunsaturated
fatty acids (C18:3). In contrast to CO effect, the studies report that low CO,
concentration (less than 2%) increases the unsaturated fatty acids (C18:1, C18:2)
and high carbon dioxide (2-10%) favours the biosynthesis of the saturated fatty
acids (104). It can be concluded that the high CO, concentration tends to reduce the
unsaturation.

3.6.4 Effect of Metals

Several metal ions such as iron, magnesium, calcium, chromium, and other heavy
metals (e.g., Cd, Cu, Zn) have a very promising impact on the lipid content of algae.
The metabolic effect of various metal ions and their subsequent impact on the algal
biomass and lipid content have been summarized in Table 3.2. It is observed that an
increase in iron concentration has a positive influence on increasing the saturated:
unsaturated fatty acid in algae. Rocchetta et al. (2006) demonstrated the increased
saturated fatty acids production in the treated algal cells with the higher metal (e.g.,
Cr) concentrations. Under increased metal concentrations, the algal cells increase the
carbon assimilation which leads to the production of C14:0, C16:0, and C18:
0 enriched fatty acids with a decreased rate of production for PUFA. When iron is
abundantly present at a higher CO, atmosphere, it increases the fatty acid production
of longer carbon chain (Takagi et al. 2006; Ghasemi et al. 2012). Therefore, 2% CO,
can be effectively used in combination with high metal ion concentrations for the
production of long-chain saturated fatty acids containing C12:0 and C16:0.

3.7 Effective Process Conditions

Several studies have been carried out to recognize the effects of various parameters
on the growth and productivity of algae. Light, temperature, nutrients, pH, salinity,
and dissolved oxygen are examples of the important key process conditioning
factors that can be optimized for maximizing the third-generation biofuel production.

3.7.1 Light

Light is the most important parameter for photosynthesis steps by algae. Microalgal
cells experience three light zones based on the intensity of light (Fig. 3.3). According
to Beer—Lamberts Law, the light intensity is continuously lessened as it penetrates
any surface (Bernard 2011; Yuan et al. 2014; Blanken et al. 2016). Hydrodynamics
of the culture, i.e., how cells move in media, their closeness towards light source, and
also other factors, play a vital role in the study. Algae are photosynthetic organisms
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and utilize a particular suitable wavelength (400-700 nm) of light. High light
intensity leads to the inhibition of pigment system II of photosynthetic apparatus
by inhibiting the crucial electron transfer proteins during photosynthesis
(Moheimani and Parlevliet 2013; Quaas et al. 2015). A moderate light (optimum
range) is required for the optimal level of photosynthesis; high intensity leads to
photoinhibition of early growth and low light intensity cannot support the cell
growth for successive generations. Day and night length also plays a crucial role
in algal growth by altering its biochemical composition. Wahidin et al. (2013)
reported that the lipid content and growth rate of Nannochloropsis sp. was enhanced
when the L-D cycle was changed from 12:12-18:6 h. It has been observed that the
red light generally promotes increased biomass production, whereas the blue and far
red-light wavelength positively impacts the lipid and carotenoids accumulation.
Therefore, light needs to be optimized accordingly to obtain a balance between
photoprotection, photosynthesis, and biochemical composition of algae.

3.7.2  Salinity

Biosynthesis of lipid is a known resistance mechanism toward salt stress. Environ-
mental salt concentration has a sharp effect on the lipid productivity, fatty acid
profile, and growth rate. It is reported that as the salt content is increases, the ratio of
monounsaturated fatty acids between palmitic acid C16:1) and oleic acids (C18:1))
enhances along with decreased proportion of polyunsaturated FAs (PUFA), which in
turn favors the production of good quality biofuels. These changes in the fatty acid
profiling in Chlamydomonas mexicana, Scenedesmus obliquus (Salama et al. 2014),
Botryococcus braunii (Rao et al. 2007), Cladophora vagabunda (Elenkov et al.
1996) play a vital role in the direction of keeping the membrane fluidity and its
destruction. These changes in fatty acids are consistent until the algae are grown
within the optimum salinity level. Cao et al. (2014) stated that the PUFA increases
abruptly in fractions of lipid till the optimum concentration of sodium chloride is
attained.

3.7.3 Effects of Temperature

The temperature fluctuation has substantial impact on lipid production, lipid profil-
ing, and biomass yield in algae. Both high and low temperature severely affect the
organism’s growth. High temperature has more severe negative impact on algal
growth due to the denaturation of proteins and enzymes. The temperature effect on
algal growth can be understood by a bell-shaped growth curve. Plasma membrane
fluidity needs to be maintained at such temperature fluctuations. Therefore, higher
and lower temperature alters the biosynthetic pathway of lipid resulting in variable
expression of relevant lipids, so that the algae gets adjusted with the changing
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temperature. In several algae, i.e., Chlorella vulgaris (C. vulgaris), exposure to high
temperature (38 °C) leads to the decolourization of algal biomass from green to
brown, reduced biomass, and ultimately death (Converti et al. 2009). Temperature
range of 15-30 °C is ideal for the growth and photosynthesis of most of the algal
species.

To survive the imbalance between energy supply and consumption, algal cells
might change their size and shape as it hampers the photosynthetic ability by
modulating the RUBISCO enzyme efficiency (Atkinson et al. 2003). The relation-
ship between environmental temperature fluctuation and alteration in lipid, carbo-
hydrate, and protein biosynthesis varies among different groups of algae. However,
it has been observed that, low temperature stress mostly enhances the lipid accumu-
lation in algal cell with an increased biosynthesis of saturated fatty acids (Renaud
et al. 2002). This effect can be attributed to the increase in the glycolysis interme-
diates which can be directed towards high pyruvic acid biosynthesis and therefore,
an increase in the overall lipid biosynthesis (Wang et al. 2016). Increasing temper-
ature increases the monounsaturated fatty acids while downregulating the PUFA
biosynthesis. According to the report, the low temperature activates the fatty acid
desaturase enzyme leading to the conversion of oleic acid (18:1) to linoleic acid (18:
2) and linolenic acid (18:3). This shift in the expression of polyunsaturated fatty
acids enables the algae to maintain its membrane fluidity (Renaud et al. 2002; Wang
et al. 2016). However, the overall lipid profile response toward increased/decreased
temperature fluctuation is highly dependent on algal species.

3.7.4 Effects of pH

pH affects the algal growth by altering the mineral absorption capacity, i.e., iron and
carbon. Most of the algae grow well between pH 7 and 9, and the pH of the algal
culture increases sharply during the day time because of photosynthesis, whereas at
night, the respiration leads to decrease in pH. Algal culture can be maintained at an
optimal pH range by supplementing CO, or mineral acids. Higher pH conditions
inhibit the growth of algae, whereas low pH supports the algal growth and lipid
accumulation (Cao et al. 2014). The lipid accumulation in algae also alters dramat-
ically with pH alteration. pH range of 7.0-9.5 is known to promote significant lipid
accumulation in the algal species. Under nitrogen limitation and increased medium
pH, Chlorella produces higher triacylglycerol. Algae grown under pH stress, e.g.,
pH 7.6 and 9.5, show increased lipid accumulation, where the alkali pH stress
favors higher saturated lipid production and reduced glycolipid and polar lipid
biosynthesis.
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3.8 Scope and Challenges of Bioethanol Production

Nowadays, algal biomass for biofuel production hasemerged as a solution to many
problems that arises due to an increase in industrialization. Water ecosystem man-
agement for cultivation offers a comparatively cheap and environment friendly
option. Sustainable, biofriendly practices are the main reasons that make biofuels
beneficial. There are still many hurdles in the path for sustainable algal biomass
production; the production cost is still much higher that needs to be reduced.
Developing new and genetically modified strains that may lead to higher yields
and thus lower the production cost is the need of the hour (Chia et al. 2018). Current
techniques are still much expensive, and we need more focus and research on the
development of more efficient and cost effective harvesting methods and reduction
of production cost (Wu et al. 2005; Zhu et al. 2014; and Ambati et al. 2014). In
addition to these, the biomass cultivation systems (i.e., PBR system and open pond
system) should also be made more economical and of course much sustainable.

3.9 Biotechnological Engineering of Microalgae

Algal biofuels are known to be a sustainable alternative to traditional fuels, though
they need to overcome several hindrances for competing in the fuel market. Studies
on microalgal biotechnology have gained attention in the past few decades, and the
industry is expanding into new areas. However, it is remarkable to comment here
that the microalgae are still not a well-studied group if biotechnology is the param-
eter. Among thousands of species that are supposed to exist, only a few hundred are
investigated at molecular and biochemical levels and some are cultured industrially.
The major bottlenecks in making algal biofuels as an alternative source of energy are
the lack of two characteristics—high content of lipid and faster growth rate in current
microalgal species (Ghosh et al. 2016; Chen et al. 2017). Also, the lack of sufficient
light harvesting capacity in natural growth environment is one of the major obstacles
(Stephenson et al. 2011). Studying the molecular complexities of metabolism,
biosynthesis of TAG, its regulation, and metabolic flux, possibly will assist in strain
improvement, and hence, maximize the biofuel production in microalgae in a cost-
effective manner. There are many promising ways in which these unicellular organ-
isms may be engineered, and all these methods finally lead to increase in the valuable
content of these algae. Augmenting synthesis of oil in microalgae mainly hinge on
the enzymes manipulation which are convoluted in biosynthesis of lipid or other
competitive pathway intended to sidetrack the carbon and equivalent fluxes in the
direction of lipid biosynthesis. Manipulating the expression of enzymes such as PEP,
pyruvate dehydrogenase, acetyl-CoA synthetase, NAD(H) kinase, etc. has been
proved to considerably enhance the lipid content without adversely affecting the
cell growth. The most commonly used technique is the manipulation of genes
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involved in the metabolic pathway; however, this strategy has seen mixed response
(Bajhaiya et al. 2017). In recent times, the transcriptional regulation of biosynthesis
of oil has become prevalent for controlling the expression of multiple constituents of
a metabolic pathway at the same time (Courchesne et al. 2009). Moreover, efforts to
manipulate numerous other targets like improving light using efficiency, cell dor-
mancy control, refining carbon sequestration, etc. have gained attention; these
approaches influence the lipid content indirectly. The enhanced biomass yield is
crucial for the overall energy output (Barry et al. 2015). In microalgae, the biomass
productivity is governed by CO, fixation rate, abiotic stress, and light utilization
efficiency (Chu 2017). Genetic engineering in combination with omics analysis
facilitates the recognition of the major transcription regulators, enzymes, and pro-
moters for stress response. This could be beneficial and facilitates future molecular
studies.

Engineering metabolic pathway for achieving enhanced productivity of the algal
strains by gene editing propounds a robust mechanism to overcome genetic short-
falls (Ng et al. 2017). Recently, CRISPR/Cas9, a genome editing technique, has
emerged. The utility of this technique in improving microalgae traits for biofuels and
nutraceutical applications has a significant scope. Numerous advanced studies led to
success in improving the microalgae species, which endorse the technology for its
efficiency in producing targeted mutants. The main advantage of CRISPR technol-
ogy in algae is it provides the ease of multiplexing and manipulating of metabolic
pathways unlike traditional knock out approaches. One of the successful examples is
engineering of lipid in oleaginous microalgal strains by blocking the metabolic
routes such as generating starch, degrading lipid, etc., which are competitive to
lipid production. There are certain drawbacks that has to be always kept in mind
whenever genetic engineering is considered, e.g., they should always be environ-
ment friendly, the newly edited gene is not that easily thrown out of the
transformants, etc. In short, the genetically engineered variants should be
complementing the finding new ones and those already known and not substitute
them (Pulz O and Gross W 2004).

3.10 Sustainable Economy and Industrial Growth

Macroalgae are promising source for the commercial utilization. This approach
where the high value coproducts are formed from the algal biomass along with the
substantial biofuel production is known as a “biorefinery approach”. Many attractive
valuable biochemicals are yet to be discovered from the micro and macroalgae for
their maximum utilization in industries. In biorefinery approach, the collaborative
simulation of bioprocessing and environment friendly technologies occurs in an
economic manner. Micro and macroalgae have vast industrial applications including
high cost bioactive compounds, health foods, and natural pigments (Fig. 3.4). Algal
biomass has immense applications, including i. wastewater treatment and CO,
mitigation, ii. food and nutrition, iii. Aanimal and aquatic feed, iv. cosmetics,
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v. fatty acid production, vi. synthesis of pigments, and vii. Bbiofertilizers. Therefore,
the strategical bioproduction of biofuels from algae with maximizing the industrially
important bioproducts should be carried out to utilize the algal biomass at its
maximum ease. In this approach, the algae are cultivated in an algal farming facility,
e.g., CO, mitigation and waste water treatment plant and algal biomass is harvested,
following which, the bioactive products are effectively extracted, and finally, the
biofuel can be produced by thermal processes (pyrolysis, liquefaction, or
gasification).

3.11 Conclusion and Future Prospects

Regardless of the fascinating studies in the past few decades, microalgal cultivation
is still challenging for industrialization. Despite the fact that the commercialization
of third generation bioethanol is far from reality because of its high cost, microalgae
could be a potential substitute of energy in the terms of biofuel and its production
system. It does not raise the debate of food vs. fuel and set pressure on agricultural
lands and forests. Various technologies such as metabolic engineering and gene
editing could be promising for making this technology economically feasible. These



72 S. Shukla et al.

techniques help in improving the strains and the microalgal biomass, which lead to
decrease in the process cost. Biotechnology techniques possibly will reduce the
production cost of microalagae produced biofuel by approximately 20% when
compared with conventional approaches. Improvement at genetic levels has the
capacity to inherit the traits such as rapid biomass production, elevated photosyn-
thetic conversion rates during photosynthesis, alteration to its core structures, and
adaptation to survive in varied climatic conditions could be a great opportunity in the
field of sustainable biofuel production. The rapid studies in transcriptomics and
whole genome sequencing facilitate the analysis of expression of newly modified
metabolic pathways and the triggered gene expression for increased production of
lipids by microalgae.
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Chapter 4 )
Co-Digestion of Lignocellulosic Wastes e
with Food Waste for Sustainable Biogas
Production

Ankur Choudhary, Ashish Kumar, and Sudhir Kumar

Abstract Lignocellulosic waste (LW) and food waste (FW) have great potential for
biomethane production. The recalcitrant nature of LW limits its use in anaerobic
processes. Without pretreatment, it is difficult to utilize LW at higher organic loading
rates (OLRs) through an anaerobic process. Therefore, pretreatment is a compulsory
step for efficient utilization (i.e., at higher OLRs) of LW. There are various tech-
niques of pretreatment of LW, and every method has its own advantages and
disadvantages and generally makes the process expansive. Pretreatment of LW can
change the biomass structure by removing lignin, increasing the surface area, and
decreasing the crystalline nature and length of the polymer chain. On the other hand,
FW is readily digestible biomass and can be utilized at a comparatively higher
organic loading rate than that of LW. Although mono-anaerobic digestion of FW
at higher organic loading rates leads to the accumulation of higher volatile fatty
acids, the process becomes unstable. This chapter provides state-of-the-art knowl-
edge on the current status of mono-anaerobic digestion of LW and FW for sustain-
able biogas production, limitations such as pretreatment, low organic loading rates,
higher hydraulic retention time, low buffering capacity, and higher accumulation of
volatile fatty acids. Besides, the advantages of co-anaerobic digestion of LW with
FW over mono-digestion of LW and FW, the technological advancements being
made are also discussed.
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4.1 Process of Sustainable Production of Biogas

4.1.1 Anaerobic Digestion

Biodegradable matter is decomposed by microorganisms in the presence or absence
of oxygen. The process of decomposition of any organic substance in the presence of
oxygen is known as aerobic digestion, whereas if the decomposing takes place in the
absence of oxygen, it is generally known as anaerobic digestion. A general process
of anaerobic digestion process is presented in Fig. 4.1. Biogas is one of the types of
renewable energy which is generally an outcome of the anaerobic digestion process.
Amongst the various advantages, one of the main advantages of anaerobic digestion
is that a diversity of biodegradable matters can be utilized via this process (Dolan
et al. 2011).

Biogas generally constitutes methane (CH,), carbon dioxide (CO,), hydrogen
sulfide (H,S), hydrogen, nitrogen, ammonia, oxygen, and water. However, primarily
CH,4 and CO, comprise approximately 90% (Naik et al. 2010; Choudhary et al.
2020a). Apart from CHy4, one of the very important outcomes of this process is
digestate. Digestate is generally a slurry that produces after the biochemical reaction
during the anaerobic digestion process. Dominantly, it is water and a very small
quantity of solids. This is generally very rich in nutrients and widely used as a
fertilizer during farming (Tampio et al. 2016). Therefore, anaerobic digestion dimin-
ishes the demand for fossil fuels which otherwise would be required during the
generation of conventional chemical fertilizers. Anaerobic digestion has other sev-
eral advantages as well, such as it reduces the reliance on the usages of fossil fuels
and hence indirectly helps in the curtailment of greenhouse gases into the environ-
ment which generally takes place during the burning of the conventional fossil fuel.
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Fig. 4.1 Process of anaerobic digestion




4 Co-Digestion of Lignocellulosic Wastes with Food Waste for Sustainable. . . 79

Due to all these advantages, currently anaerobic digestion is becoming a very
popular waste management technology across the world. It is also being practiced
and becoming very popular amongst the industries in developing countries due to its
simple design, working, and requirement of low-capital investment (Borjesson and
Mattiasson 2008; Forgacs 2012).

Under optimum system variables such as organic loading rate (OLR) and tem-
perature, the process may yield high usage of biomass, i.e., the ratio of energy
output/input ratio of 28 MJ/kg (Kabir et al. 2015).

The best feature about this technology is that small-scale and pilot-scale anaer-
obic reactors can be developed at the local level and be fed with materials available
at the regional level. Due to this reason, a huge number of small-scale (household)
anaerobic digesters can be found in developing countries. Based on some studies
available, approximately 30 million, 3.8 million, and approximately 200,000 anaer-
obic digesters are running in China, India, and Nepal, respectively (Jiang et al. 2011;
Rajendran et al. 2012). However, in African nations, this technology has not been
established much, and only very few anaerobic digesters are running at the small-
scale level (Amigun et al. 2008). On the other hand, the scenario of anaerobic
digesters is opposite in European countries and America. In these regions, the
anaerobic digesters are larger than small-scale household digesters when compared
with developing countries. In Europe, various waste materials such as sludge, energy
crops, and different animal dungs are utilized in anaerobic digestion, and approxi-
mately 10,000 anaerobic reactors are working here. According to a study, the
anaerobic digesters will be increased by five-fold in Europe in future, whereas a
study reported that the number of biogas plants will reach 200 million by 2020
(Deublein and Steinhauser 2008).

4.1.2 Biochemistry of Anaerobic Digestion

Anaerobic digestion is a process in which various biological and chemical processes
occur simultaneously. During this process, the biodegradable matter is degraded by a
variety of microorganisms and biogas is a major output of this process. Hydrolysis,
acidogenesis, acetogenesis, and methanogenesis are the biochemical process which
simultaneously takes place within the reactor (Fig. 4.2). In these processes, a variety
of bacteria and archaea are involved which have a syntrophic relationship with each
other (Deublein and Steinhauser 2008).

In anaerobic digestion, hydrolysis is the primary step. During hydrolysis, hydro-
Iytic bacteria are involved which hydrolyze the biodegradable matter. Generally, in
this process, large molecules are broken down into smaller ones, i.e., polymers are
degraded into soluble monomers and oligomers. Biochemistry of anaerobic diges-
tion of FW is illustrated in Fig. 4.3.

Cellulases, hemicellulases, lipases, amylases, and proteases are the enzymes
associated in this phase (Taherzadeh and Karimi 2008). Almost, all types of biode-
gradable matters can be decomposed, and all the abovementioned enzymes are
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Fig. 4.2 Various phases in
the anaerobic digestion
process
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involved in this. However, it has been noticed that during the anaerobic digestion of
any lignocellulosic biomass, lignin does not decompose (Fernandes et al. 2009).

Hydrolysis is a time-dependent process, and it decisively depends upon the nature
of biodegradable matter, i.e., complex or rapidly digestible. For example, the
hydrolysis of food waste is rapid (Choudhary et al. 2020b) when compared with
any lignocellulosic biomass. Nevertheless, in the case of complex biodegradable
matter, rapid hydrolysis can be accomplished if suitable enzymes are generated by
the microorganisms and suitable contact between biodegradable matter and enzyme
is achieved (Taherzadeh and Karimi 2008). Even though, the complex biodegradable
matter may take a few weeks to decompose (Deublein and Steinhauser 2008).
Therefore, the hydrolysis phase in a complex biodegradable matter such as ligno-
cellulosic wastes is measured as the rate-limiting step (Taherzadeh and Karimi
2008).

Acidogenesis is an acid-forming phase in the anaerobic digestion process. The
by-products of the hydrolysis phase are utilized in this phase and are further
converted into volatile fatty acids (VFAs) with the help of obligate and facultative
anaerobes. Propionic acid, valeric acid, formic acid, acetic acid, and butyric acid are
amongst the main VFAs produced during this phase. Apart from the VFAs, alcohols
and hydrogen are other by-products in this process. Hydrogen has a major role
during this process; it regulates the expected by-products in this phase.
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Fig. 4.3 Biochemistry of the anaerobic digestion process of food waste

A low partial hydrogen pressure results in hydrogen, carbon dioxide, and acetate.
On the contrary, if partial pressure exerted by the hydrogen is high, then the
formation of alcohols and VFAs takes place. Therefore, during the process, the
condition should be optimal, i.e., to avoid high partial pressure, otherwise accumu-
lation of VFA takes place which may result in the inhibition of the whole process.
These products are furthermore decomposed under the optimal conditions for the
production of biogas (Schink 1997).

The by-products of the acidogenesis phase are subjected to two different path-
ways. In the first pathway, hydrogen, acetate, and carbon dioxide can straightfor-
wardly be used by methanogens for the production of methane. Hence, alcohols
carrying greater than one carbon atoms and VFAs carrying greater than two carbon
atoms are further degraded to hydrogen and acetate in this phase by obligatory
hydrogen-producing bacteria (Bryant 1979; Schink 1997).

During the methanogenesis phase, anaerobic archaea convert acetate or hydrogen
to methane and carbon dioxide.
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4.1.3 Variable of AD

Various factors such as pH, retention time, temperature, organic loading rate (OLR),
mixing, and macronutrient and micronutrient availability may influence the optimum
anaerobic digestion decisively. Thus, there is always a need to monitor and maintain
these parameters for the optimum performance of the microorganisms (Ward et al.
2008). The characteristics and nature of the substrate is also a very important factor.
The decision of the OLR has a great dependency on the nature of the substrate. A
decision of an optimum OLR may help in overall optimum performance of the
process; therefore, there is a huge requirement to monitor the OLR regularly.
Generally, the OLR has been defined as the feed (Kg VS) added per meter cube of
the working volume of the digester with respect to time, i.e., Kg VS/m*/d. The
organic loading rate of any process can be computed using Eq. (4.1).

Kg VS added/day
working volume of the digester (m3)

Organic loading rate = (4.1)

Generally, the reactor is started up with lower OLR and later increased gradually
up to the optimum OLR. If the system is fed with higher OLR than the optimum,
then generally accumulation of higher VFA has been experienced by many
researchers and which further led to lower CH,4 content, higher CO,, higher pH,
and higher H,S concentration, i.e., instability of the reactor and overall anaerobic
digestion process (Mata-Alvarez et al. 2000; Bouallagui et al. 2004; Choudhary et al.
2020b). Nonetheless, reactors running over extremely low OLR have no techno-
economic feasibilities because the real capacity of the reactor has not been utilized.

Apart from that, another crucial parameter is retention time and generally reported
as hydraulic retention time (HRT). The HRT is the time for which liquid sludge exist
in the digester. It is also generally called solid retention time (SRT), which indicates
the duration spent by a solid particle within the reactor or with microorganisms
(Appels et al. 2008). The HRT can be calculated using Eq. (4.2).

HRT (days) = QV (m’) (4.2)

(m?*/day)

HRT is calculated based on the following formula, where V is the working volume of
the digester in m>, Q is the flow rate of the sludge (m*/day).

Generally, if the feed is complex to digest, then HRT is more significant; on the
other hand, if the feed is easily digestible, then SRT is more important (Speece
2008). To increase the efficiency of the process, a short retention time is generally
favorable. A shorter retention time may reduce the overall capital investment of the
project(Chandra et al. 2012). There is always necessity of managing OLR and HRT
in such a manner that optimum anaerobic digestion can occur. This means that while
running the digester at higher OLR, the HRT should be appropriately higher to
ensure an adequate interaction between the substrate and the microorganisms
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(Demirer and Chen 2005). For continuously and semi-continuous anaerobic reactors,
HRT and SRT are equal. Nonetheless, these reactors are not subjected to
re-circulation; in the case of re-circulation, the HRT and SRT will increase.

Temperature is amongst the most important parameters which can affect the
whole anaerobic digestion process decisively. Generally, temperature fluctuations
during the anaerobic digestion process may be favorable for a certain group of
microorganisms, but may not be favorable for the other groups. The process of
methanogenesis is most affected by any fluctuation in the temperature during the
anaerobic digestion process. Anaerobic digestion is performed at three temperature
ranges, i.e., thermophilic, mesophilic, and psychrophilic. The growth optimal is
around 10, 37, and 50 °C for thermophilic, mesophilic, and psychrophilic, respec-
tively (Kashyap et al. 2003; Wiegel et al. 2007; Coelho et al. 2011).

pH is also an important parameter during the anaerobic digestion process. During
the process of hydrolysis, acidogenesis, acetogenesis, and methanogenesis, there is a
requirement of a wide range of pH (Mittal 1996). A significant number of microor-
ganisms prefer the pH in the range of 7.0-8.5 (Kanokwan 2006). There are,
however, microorganisms that can survive in an acidic and basic range of pH. The
acidogenic microorganisms can survive in the acid range, i.e., near pH 5.0. Never-
theless, in accordance with the microorganisms involved in all the processes, the pH
of the anaerobic process needs to be maintained in the range of 6.6—7.3 (Babel et al.
2004; Sitorus et al. 2013; Zhou et al. 2016). The pH beyond this range may affect the
overall process, more specifically during the methanogenesis process (Kim et al.
2004; Taconi et al. 2008). An optimum OLR is highly recommended for the
optimum pH during the whole process, which is attributed to the fact that if the
anaerobic digester is subjected to the higher OLR, it may affect the intermediate
by-products such as VFA which may further affect the pH adversely. It is
recommended that the concentration of VFA should always be less than 2000 mg/
L for an optimum anaerobic digestion process (Jain and Mattiasson 1998).

However, if the concentration of the VFA is higher in the system, it can be
lowered by adding or maintaining the alkalinity in the system. The alkalinity can be
defined as the buffering capacity of the system and generally measured in terms of
mg/L as CaCOs;. If there is adequate alkalinity present in the system, then it can
neutralize the high VFA concentration, and hence, this will lead the system towards
the optimum pH, i.e., near to 7.0. Few substrates have the alkalinity by default such
as animal dungs. On the other hand, few substrates have low-buffering capacities
such as food wastes and lignocellulosic wastes (Banks and Humphreys 1998).
Therefore, monitoring of alkalinity and VFA in such systems becomes mandatory.
A great indicator of the stability of the anaerobic digestion process is the ratio of
VFA to alkalinity. It is suggested that for optimum anaerobic digestion, this ratio
should be nearly about 0.3-0.4. However, it should never exceed 0.8. The
VFA/alkalinity ratio exceeding 0.8 shows system instability, and hence, process
inhibition, or less efficiency of the process (Wang et al. 2012).

Nutrients are significantly important for any anaerobic digestion process. There
must always be an abundance of nutrients in the system, and even a small shortage of
them can cause process inhibition. The synthesis and growth of enzymes are
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associated with biochemical and metabolic pathways of the process’s microorgan-
isms. Generally, nutrients can be categorized into two types, i.e., micronutrients and
macronutrients (Mara and Horan 2003).

The much known fundamental macronutrients are nitrogen (N), phosphorus (P),
carbon (C), and sulfur (S). These are very important for the multiplication and
growth of microorganisms. During the anaerobic digestion process, carbon and
nitrogen levels play even more critical role. Nitrogen is very important for the
overall development and growth of the microorganisms, whereas carbon acts as
food for the microorganisms. Deficiency of nitrogen in any system may lead to
unsatisfactory consumption of the carbon, or in other words, it will prohibit the
growth of the microorganisms (Resch et al. 2011). As a result of that, the overall
biogas production will be reduced. Therefore, the ratio of C to N is always a decisive
parameter during the anaerobic digestion process (Hobsen et al. 1981; Chandra et al.
2012), and it can be adjusted/optimized by adjusting the ratios of substrates during
the design of OLR.

4.2 Types of Lignocellulosic and Food Wastes

4.2.1 Lignocellulosic Material as a Substrate

As we have discussed in the previous section of this chapter, for the production of
biogas, various substrates such as animal dungs, organic fraction of municipal solid
waste, wastewater, sewage sludge, and agricultural residues can be used
(Koniuszewska et al. 2020; Ferdes et al. 2020; Atelge et al. 2020; Choudhary et al.
2020a, b, c). Amongst these substrates, several are lignocellulosic. There is ample
availability of lignocellulosic substrates across the world. The carbohydrate content
present in the lignocellulosic wastes makes it more attractive for the production of
biogas via anaerobic digestion. Generally, lignocellulosic substrates can be divided
into two categories, i.e., lignocellulosic residuals and cultivated feedstocks, known
as energy crops. The major drawback with the lignocellulosic residuals is that they
have a high percentage of lignin and therefore are less suitable for the utilization in
anaerobic digestion. Due to this reason, only lignocellulosic residues as substrate
(without pretreatment and co-digestion) have relatively low methane yield
(Kainthola et al. 2019a). On the other hand, energy crops have a smaller fraction
of lignin when compared to lignocellulosic residuals. Energy crops primarily consist
of cellulose and hemicellulose (Kabir et al. 2015; Chen et al. 2018). Moreover, along
with cellulose and hemicellulose, the energy crops’ residues consist of various
non-structural carbohydrates such as fructose, fructans, pectins, glucose, sucrose,
and extractives (Kabir et al. 2014). The utilization of lignocellulosic wastes such as
giant reed stems, wheat straw (Dell’Omo and Spena 2020), rice straw (Liu et al.
2019), corn stover (You et al. 2019), and Napier grass (Phuttaro et al. 2019) is
common across the world (Kainthola et al. 2019a).
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4.2.2 Food Waste as a Substrate

Food waste (FW) is a great substrate for anaerobic digestion, and it has a huge
potential for producing biomethane (Pramanik et al. 2019; Choudhary et al. 2020b).
FW generally consists of complex and organic material. There are various types of
FW, such as vegetable and fruit waste, brewery waste, kitchen waste, and dairy
waste (Xu et al. 2018). The composition and characteristics of FW vary with the
geographical area (Meng et al. 2015; Xu et al. 2018). FW consists of carbohydrates,
fats, protein, and sugar. FW is generally acidic and has less alkalinity. Fisgativa et al.
(2016) studied various types of food waste and reported that the average pH of FW
was 5.1; the C/N was reported at 18.5%. Also, they have reported carbohydrates,
protein, and fat fraction in the FW as 57.2%, 62.2%, and 15%, respectively
(Fisgativa et al. 2016). Generally, carbohydrates and protein have a rapid hydrolysis
rate when compared to lipids.

Vegetable and fruit waste have low lipid and comparatively higher cellulose
content. Due to the presence of animal fat and vegetable oil, the kitchen waste
carries high lipid content (Bong et al. 2018). The lipid content may vary in the range
of 11.8-33.22% in the case of fruit and vegetable and kitchen waste, respectively
(Wang et al. 2014; Yong et al. 2015). FW with higher lipid content can produce
significantly higher biomethane when compared to protein and carbohydrates
(Li et al. 2017). Nevertheless, very high lipid content may inhibit the process as
well because of the formation of a high concentration of long-chain fatty acids
(Leung and Wang 2016; Li et al. 2017). FW carrying significantly higher carbohy-
drate may decisively affect the C/N ratio. This is attributed to the fact that high
carbohydrate content may increase carbon content, and hence, quick acidification
may occur due to heavy loading of carbon into the system (Li et al. 2017).

The total solid may fall in the range of 10.7—41% in any type of food waste which
indicates significantly higher moisture content, i.e., about 60-90%. Due to the
presence of higher moisture content, FW is also considered as a rapidly digestible
substrate for the anaerobic digestion (Zhang et al. 2014).

The C/N of the FW may vary in the range of 12.7-28.84. The pH generally falls in
the acidic range, i.e., 4.1-6.5. The biomethane potential of every variety of FW may
vary in the range of 346-551.4 mL/gVS, which is comparatively higher than animal
dungs and various other wastes (Lehtomiki et al. 2007).

4.3 Mono-digestion and its Limitations

When only one substrate is fed into the digester, such process is referred to as mono-
digestion. Mono-digestion of lignocellulosic waste and FW has several limitations
that will be discussed further.

During mono-digestion of FW and lignocellulosic substrates when the anaerobic
digester runs at comparatively higher OLRs, the accumulation of VFA is a major
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limitation of the anaerobic mono-digestion process. Due to this reason, the process
faces several challenges such as instability, ammonia inhibition, insufficient alka-
linity, production of H,S, and less ultimate biomethane potential.

On the other hand, if the digester runs at lower OLRs, then the process becomes
economically unfeasible. Secondly, to enhance the biomethane yield of the process,
often various pretreatments are suggested, which again makes the process less
environment friendly and economically less attractive (Mata-Alvarez et al. 2011;
Nghiem et al. 2017).

In the case of lignocellulosic substrates, the C/N ratio is significantly high, which
creates nitrogen deficiency during the anaerobic digestion process. Therefore, the
risk of production of inhibitors such as furfural and hydroxymethylfurfural becomes
very high. Moreover, due to the presence of lignin, hydrolysis occurs at a relatively
slower pace and consequently the HRT of the process increases significantly (Kabir
etal. 2013; Yong et al. 2015; Achinas et al. 2017). Apart from this, the low C/N ratio
is also a major limitation of the mono-digestion of FW (David et al. 2018).

4.4 Pretreatment Technologies

4.4.1 Pretreatment of FW

FW generally consists of a rapidly digestible fraction and complex organic fraction.
The rapidly digestible fraction in FW is often carbohydrates, and the complex
organic fractions are lipids and proteins. Hence, complete biomethane potential is
not achieved without pretreatment. With the help of pretreatment, biodegradability
of recalcitrant organic fraction of FW can be increased significantly. It is a well-
understood fact that in the case of complex substrates such as lignocellulosic
substrate, hydrolysis is a rate-limiting phase, whereas for rapidly digestible sub-
strates such as FW, methanogenesis is the rate-limiting step (Li et al. 2018). The
efficiency of hydrolysis can be decisively affected by the operating temperature and
nature of the organic matter (Srisowmeya et al. 2020). Various methods have been
used to speed up the hydrolysis rate.

Often during the physical pretreatments, the size of substrates is reduced and the
morphological structure of the substrates is also changed and therefore increases its
solubilization (Ma et al. 2018). An increment of 28% in methane has been noted
while reducing the particle size (by mechanical grinding) of the FW by 53%.
Nevertheless, excessive reduction of the particle size has resulted in the accumula-
tion of VFA and later high methane content. Hence, during the mechanical
pretreatment, the primary objective should be to optimize the particle size of the
substrate.

The solubility and accessibility of the FW can also be increased by
ultrasonication. Ultrasonication reduces the complexity of the substrate by reducing
its particle size mechanically. By ultrasonication, methane yield can be increased by
1.21-1.58 times (Nasr et al. 2012). For rapidly digestible substrates such as kitchen
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waste, microwave pretreatments along with electromagnetic energy have neither
been found much effective for hydrolysis nor these are found economically feasible
(Shahriari et al. 2013).

During the thermal pretreatment, the surface area of the organic matter is
increased and therefore increasing the contact between microorganisms and the
organic matter, thereby leading to better methane yield. Longer retention time
(>4 h) and higher temperature (>120 °C) during the pretreatment have shown
adverse effects on proteins and carbohydrates and resulted in bioproducts such as
melanoidins and amodori which are difficult to degrade under anaerobic conditions
(Vavilin et al. 2008). Additionally, during longer retention time and thermal
pretreatment, loss of volatile solids and sugar occurs (Eskicioglu et al. 2006).
Therefore, thermal pretreatment for longer retention time and a higher temperature
is not recommended (Ariunbaatar et al. 2014b). The FW with the higher complex
fraction ozonation pretreatment is more appropriate (Ariunbaatar et al. 2014b).

Pretreatment with the help of hydrolytic enzymes is also a highly efficient
technique (Ma et al. 2018). It can increase the hydrolytic efficiency by substrate-
specific action of enzymes owing to high energy recovery. Although pretreatment
with the help of hydrolytic enzymes ensures enhanced methane yield, it has eco-
nomical limitations on a commercial scale (Ma et al. 2018).

Due to the wide diversity of FW, it is very difficult to choose the most suitable
pretreatment method though the application of pretreatments is important to ensure
the utmost efficiency and methane yield (Ariunbaatar et al. 2014a).

4.4.2 Pretreatment of Lignocellulosic Biomass

In case of lignocellulosic waste, the biodegradable fraction becomes unavailable for
the microorganisms involved in the process, and hence, it results in lower methane
yield. Sometimes, even this may become the reason for the accumulation of inhib-
itory compounds within the digester. Therefore, various process enhancement tech-
niques are recommended which increases the hydrolysis rate and overall
degradability of the substrate. It is recommended that pretreatment must fulfill
certain criteria such as (a) during the process, there should not be any formation of
inhibitory substances; (b) there should not be much loss of carbohydrate; and (c) it
should be cost-effective. The fundamental of pretreatment of any lignocellulosic
biomass includes two processes, i.e., separation of lignin from the overall structure
and exposing the rest matrix to degrading enzymes and disruption of the lignocel-
lulosic matrix into cellulose, hemicellulose, and lignin (Sun and Cheng 2002;
Vivekanand et al. 2012). Alike FW, hydrolysis is a rate-limiting step in the case of
lignocellulosic biomasses, especially in cases of recalcitrant agriculture residues.
Figure 4.4 represents the various pretreatment techniques for lignocellulosic
biomass. Often physical, chemical, thermophysical, thermochemical, and biological
pretreatments are done to treat the lignocellulosic biomasses. A very basic and
preliminary technique to break the lignin structure is grinding (size reduction).
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Fig. 4.4 Pretreatment techniques for lignocellulosic biomass

Grinding helps in increasing the surface area, porosity, altering the polymerization
degree, and diminishing the crystallinity of the biomass (Hajji and Rhachi 2013;
Zhang and Banks 2013; Lindmark et al. 2014).

Various chemical agents are also used as a catalyst for disrupting and
delignification of the bond of the lignocellulosic matrix in various biomass substrates
(Boonterm et al. 2016). Different acids used during the pretreatment process are
HNO3, H202, H2SO4, HCI, etc.

Lime, ammonia, NaOH, Na,CO;, etc., are used in alkaline pretreatments.
Pretreatment by alkaline agents can increase the surface area, porosity, altering the
polymerization degree, and disrupting the lignin of the biomass. Aqueous ethanol
and acetone—butanol—ethanol are used for pretreatments as an organic solvent.

Although the usage of chemical agents is simple and effective, sometimes it is
observed that these pretreatments produce inhibitory compounds that may further
need treatment or they may inhibit the anaerobic digestion process.

Temperature is also used as a tool for pretreatment of different lignocellulosic
substrates, and such methods are referred to as thermal pretreatment. Thermal
pretreatment can increase the porosity of the surface and enhance the destruction
of the lignin layer. Any liquid at higher temperatures hydrolyses the lignocellulosic
fraction of the biomass. This is because at high temperature and pressure, water
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molecules break down into OH ™ and H3O™ that further assists in catalytic conversion
of lignocellulosic biomass. Delignification and improved porosity can be achieved at
a higher temperature and short reaction time with dilute H,SO,4, ammonia recycle
percolation (APR), or steam explosion. Usually, after thermal pretreatments, an
increased cellulosic content is achieved. Moreover, during this process, removal of
some hemicellulosic content also takes place, which further helps in increase of the
surface for enzymatic attack.

Under optimum microwave intensity and irradiance time, the hemicellulose and
cellulose removal efficiency can be improved up to 30.6-43.3% (Ma et al. 2009). In
fact, with the help of microwave pretreatment, a delignification of 6% can be
achieved and as a result of that, hydrolysis is improved (Zhu et al. 2005). Although
furan derivatives, phenolic substances, etc., are some inhibitory compounds that are
produced during pretreatment with microwave irradiation, which later disturbs the
anaerobic digestion. Therefore, such inhibitors are also a decisive step during
bioconversion of lignocellulosic substrate to methane (Palmqvist and Hahn-
Higerdal 2000; Putro et al. 2016). The production of inhibitory compounds and
higher operation cost and energy demand are the biggest drawbacks of physical,
thermal, and chemical pretreatments.

On the other hand, biological pretreatments with microbes and enzymes provide
the significantly environment friendly solution for the bioconversion of lignocellu-
losic substrates. Though, one of the main problems with pretreatments with microbes
and enzymes is lesser surface area accessibility of microbes and microbial products
on lignocellulose for efficient conversion to hydrolytic products (Kainthola et al.
2019b). The microbial route was found to be one of the economic and effective ways
for the delignification and cellulolytic hydrolysis (Ghosh and Bhattacharyya 1999).

Microorganisms such as white, brown, and soft-rot fungi are involved in lignin
and hemicellulose degradation. Temperature and pH during the anaerobic digestion
process can hinder the biological pretreatment process. In such circumstances,
extremophiles are also found to be a good alternative because they can sustain
even in the harsh environment. During the last decade, various microorganisms
have been developed that can sustain in an extreme environment and work effi-
ciently. Clostridium thermocellum, Caldicellulosiruptor saccharolyticus, and
Caldicellulosiruptor bescii DSM 6725 are some thermophilic bacteria that have
gained huge attention in the past 10 years (Li et al. 2014).

4.5 Co-Digestion and its Advantages

When two substrates are digested simultaneously in an anaerobic digester for the
production of biogas, the process is generally referred to as anaerobic co-digestion.
In the last few decades, anaerobic co-digestion has gained ample popularity amongst
the researchers and industries because anaerobic co-digestion has improved the
process in various aspects when compared to mono-digestion. As in most of the
cases, co-digestion provides missing nutrients, buffer, and sometimes moisture
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content required in the digester which has a positive synergic effect on the overall
process (Mata-Alvarez et al. 2000).

We have already discussed the importance of the C/N ratio in the anaerobic
digestion process. Mixing any substrate such as any lignocellulosic substrate whose
C/N is comparatively high with a substrate whose C/N is low such as FW can
optimize the overall C/N of the process.

In case of lignocellulosic substrates, high C/N ratio, lignin percentage, and
contamination with pesticides can be resolved with the help of anaerobic
co-digestion (Kainthola et al. 2019a). Some of the advantages of anaerobic
co-digestion are (a) enhancement of the overall process stabilization,
(b) weakening the inhibitory effects, (c) establishment of adequate moisture content
within the digester, (d) higher OLR when compared to mono-digestion, (e) positive
synergism during the digestion, (f) micronutrient and macronutrient balance,
(f) enhance the economic feasibility of the process, (g) enhanced biomethane
potential, and (h) improved digestibility of the individual substrate (cellulose and
hemicellulose) and buffering capacity (Griffin et al. 1998; Zheng et al. 2014; Mata-
Alvarez et al. 2014).

4.6 Recent Developments in Co-Digestion of Lignocellulosic
Biomass and Food Wastes

In the last few years, researchers have performed extensive research on the
co-digestion of lignocellulosic biomass and food wastes. In this regard, Kainthola
et al. (2020) co-digested rice straw with food waste for the determination of methane
yield for various C/N (i.e., 25, 30, and 35) ratios using a 1 L anaerobic digester. They
have found almost similar methane yield for all the C/N ratios, i.e., 294.17 & 3.78 L/
KgVS. Besides, they have reported 71.09% more methane yield when compared to
mono-digestion. However, in the same study, during the optimization of the process
(i.e., pH = 7.32, C/N = 30, and F/M = 1.87), co-digestion resulted in 94.41% more
methane yield when compared to mono-digestion (Kainthola et al. 2020).

Mu et al. (2020) used urban-derived food waste and co-digested it with yard
waste. In this investigation, they found co-digestion a more promising alternative
when compared to mono-digestion. They have found that due to co-digestion
various parameters such as C/N ratio and buffering capacity have improved. The
mono-digestion of yard waste resulted in a yield of 49.0 £ 5.0 mL methane/g VS,
while co-digestion of yard waste and food waste resulted in 360.0 + 30.2 mL
methane/g VS (Mu et al. 2020).

David et al. (2018) co-digested three types of lignocellulosic substrates (corn
stover (CS), Prairie cordgrass (PCG), and unbleached paper (UBP)) with food waste
at thermophilic temperature. During this investigation, they reported that
co-digestion can overcome the limitation of mono-digestion of individual substrates
specifically, low buffering capacity, accumulation of VFA, and low C/N in case of
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FW. All lignocellulosic wastes co-digested with food wastes have shown synergetic
enhancement in methane yield. However, the highest methane yield was reported for
the combination of FW-PCG-CS followed by FW-PCG. A better volatile solid
reduction was found in those two mixtures when compared to mono-digestion.
David et al. (2018) also stated that pretreatment of lignocellulosic substrates
increased the readily available sugar for the anaerobic digestion; however, it
increased the cost of the overall process. David et al. (2018) also conducted their
investigation without any pretreatment of the lignocellulosic substrate and empha-
sized the fact that during the co-digestion, consortia can play a vital role if
pretreatment is not performed. They also reported that although maintaining ther-
mophilic temperature during the digestion process will increase the costs of the
overall process, it provides extra advantages of digesting the substrate at higher
loading rate and at lesser retention time (David et al. 2018).

Helenas Perin et al. (2020) studied the influence of garden waste on the anaerobic
digestion of food waste. In this study, they noted 86 L/d biogas production, at OLR
of 0.47 L/g VS in specific methane yield when compared to mono-digestion of food
waste (17 L/d biogas production at OLR 0.006 L/g VS in specific methane yield),
thus indicating the possibility of optimization of the overall process (Helenas Perin
et al. 2020).

Panigrahi et al. (2020) studied the co-digestion of food waste & yard waste and
stated that it is an efficient technique for sustainable bioenergy generation. They
reported for maximum methane production, high C/N ratio, and recalcitrant nature of
yard waste are a huge bottleneck. Therefore, they thermally pretreated the yard in
this study, and further, it was co-digested with the food waste to enhance nutrient
balance for the overall methane production. Besides, the optimization of F/M (food/
microorganism) was also performed. They reported the highest methane potential of
431 mL/gVS when F/M ratio was 1.5 (Panigrahi et al. 2020).

Shi et al. (2018) investigated the co-digestion of wheat straw and FW using five
different ratios at mesophilic and thermophilic temperatures. They reported that the
synergic effects improved the overall stability and performance of the process at the
same (OLR = 3.0 g VS/L/d). Both the reactors of mono-digestion showed system
instability. However, reactors running at thermophilic temperature have shown
4.9-14.8% higher methane yield when compared to mesophilic reactors (Shi et al.
2018).

Tayyab et al. (2019) investigated the biomethane potential of pretreated
Parthenium weed and also studied its co-digestion with catering food. They set up
various lab-scale digesters with different mixing ratios (0:100, 20:80, 60:40, 40:60,
80:20, and 100:0 on total solid basis) for the determination of methane yield and to
study the effect of co-digestion. They observed that the reactor with 60% catering
food and 40% pretreated Parthenium weed yielded maximum accumulative biogas
(5532 mL/L). On the basis of their experimental study, Tayyab et al. (2019)
concluded that pretreated Parthenium weed as a potential substrate if co-digested
with catering food waste.

Zou et al. (2020) aimed to accelerate the hydrolysis of corn cob during anaerobic
digestion with the help of FW. The authors used FW as an acidic agent for the
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pretreatment of the corn cob. This is attributed to the fact that during the anaerobic
digestion of FW, acidification occurs which can accelerate the hydrolysis of ligno-
cellulose. In the beginning, the optimum mixing ratio of FW, corn cob, was reported
as 1:3. The hydrolysis rate was increased by 28% when compared to mono-digestion
of corn cob. A reduction of 6.7% in cellulose crystallinity and 13.2% in cellulose
was also achieved at this mixing ratio. However, during the stage of methane
generation, the mixing ratio of food waste and corn cob reported as 1:6 has shown
maximum methane production as 401.6 mL/g-VS. During the kinetic study of
cellulose/hemicellulose degradation, it was found that pretreatment of corn cob
with food waste improved the degradation of cellulose (Zou et al. 2020).

4.7 Conclusion

This chapter focuses on the different types of types of lignocellulosic (LW) and food
wastes (FW) that can be utilized as substrates for the production of biogas through
anaerobic digestion under various temperature ranges. The process of mono-
digestion of both the substrates (LW and FW) has several disadvantages. Therefore,
the pretreatment techniques have been recognized as an important step before the
digestion process of both substrates. There is clear scientific evidence present in
which pretreatment has been found to be a recognized technique in the context of
improved specific biomethane potential. Nevertheless, pretreatment has not proved
to be cost-effective and environmental friendly for anaerobic digestion. On the other
hand, the co-anaerobic digestion of LW with FW proved to be a more promising
alternative when compared to mono-anaerobic digestion of an individual for syner-
gistic enhancements in the context to trace elements, buffering capacity, high easily
biodegradable components, and C/N ratio.
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Chapter 5 )
Current Status and Prospects e
of Biohydrogen Production Process

Chandan Mahata and Debabrata Das

Abstract Biohydrogen is considered a fuel for the future due to its unique attributes
in clean energy generation, waste management, and high energy content. Recently,
its economic production has gained considerable attention from numerous scientists
and industrialists. This chapter addresses microbiological, biochemical, molecular
biological, and other perspectives related to biological hydrogen production (BHP).
Process parameters such as pH, substrate type, temperature, agitation speed, hydrau-
lic retention time, and hydrogen partial pressure greatly influence the dark fermen-
tation process. Therefore, several optimization approaches, including statistical and
artificial intelligence, have been demonstrated. Additionally, different kinetic
models associated with substrate degradation, cell mass growth, and product forma-
tion in dark fermentation have been discussed in detail. This chapter also discusses
different types of reactors and their suitability for biological hydrogen production.
The viability of any process relies on its ability to be applied to the industrial level.
Therefore, the scale-up of the biohydrogen production process has been exemplified.
In summary, this chapter presents a holistic overview of the biohydrogen production
process and highlights recent scientific findings and achievements.
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5.1 Introduction

In history, the evolution of lives on the Earth has taken place according to the laws of
nature. Nevertheless, most of the subsequent changes have been caused by humans
and their activities. The present generation needs to be more vigilant in its behavior
for sustaining the world’s future. Among all the major issues, climate change, fossil
fuel depletion, pollution, and biodiversity loss are the major challenges in the
twenty-first century. All these challenges are interlinked with the rapid increase in
the human population. The scenario of energy demand and production plays a vital
role in the development and civilization of humankind. Nowadays, most of the
energy is derived from fossil-based fuels such as crude oil, petroleum, and natural
gas, which are becoming depleted rapidly (Tapia-Venegas et al. 2015). Additionally,
fossil fuels, on combustion, are mainly responsible for the excessive emission of
greenhouse gases. These gaseous emissions have severely affected the atmosphere
and are significantly attributed to the impacts of climate change. According to the
report of the Intergovernmental Panel on Climate Change (IPCC 2019), CO,
emission needs to be diminished from its current level by about 45% by the year
2030 to keep global warming to 1.5 °C. Therefore, researchers are focusing on
carbon-neutral renewable fuels. Hydrogen, a carbon-free fuel, can be considered a
promising energy source mainly due to its high energy density (142 kJ/g) (Zheng
et al. 2014), sustainability (Kumar et al. 2017), and nonpolluting nature (Das 2009).
Presently, about 95% of the commercially available hydrogen(H,) is produced from
conventional technologies using non-renewable resources such as natural gas, coal,
heavy oil, and naphtha (Balachandar et al. 2019; Das and Veziroglu 2008). The
conventional processes for H, production are methane-steam reforming, coal gasi-
fication, pyrolysis, thermal cracking, and water splitting (Das et al. 2008). These
processes are either thermochemical or electrochemical, which are energy-
consuming and not environmentally sustainable. In contrast, biological processes
of H, production are mainly performed at ambient conditions; thus, they are less
energy-intensive and eco-friendly (Das and Veziroglu 2001). Additionally, these
processes can utilize waste feedstock for hydrogen production, which facilitates
resource recovery from waste materials (Das 2009).

The main goal of the biohydrogen production processes is to make the process
commercially feasible. This chapter focuses on the current and future directions of
biohydrogen production processes. The chapter also discusses the potential strate-
gies for the enhancement of biohydrogen production.
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5.2 Biological Processes and Their Potentiality in Hydrogen
Production

Hydrogen production is essentially sustainable and environment-friendly via bio-
logical routes. A diverse range of feedstock such as domestic waste, industrial
effluents, agricultural residue, municipal solid waste, and even water can be utilized
for hydrogen production. The common biohydrogen production processes are direct
biophotolysis, indirect biophotolysis, photo-fermentation, dark fermentation (DF),
and microbial electrolysis (Fig. 5.1). The processes can be broadly classified as
light-dependent and light-independent. Biophotolysis (direct and indirect) and
photo-fermentation are light-dependent, whereas dark fermentation and electro-
hydrogenesis do not require a light source. Photolysis is driven by green algae or
blue-green algae (cyanobacteria) while photo-fermentation is performed by sulfur
and nonsulfur bacteria. Similarly, acidogenic bacteria and exoelectrogenic bacteria
play important roles in dark fermentation and microbial electrolysis, respectively.

5.2.1 Direct Biophotolysis

This method adopts the same pathways as used in plants and algal photosynthesis
but modifies them to produce hydrogen gas rather than carbon-based biomass. The
photosynthesis process takes place using chlorophyll, which has magnesium in its

Fig. 5.1 Classification of
biological hydrogen
production processes

Biological hydrogen
production process

Light dependent Light independent

Biophotolysis =1 Dark fermentation

== Photofermentation Microbial

electrolysis
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Fig. 5.2 Mechanism of direct biophotolysis

center. The degradation of water molecules to H, and O, occurs during photosyn-
thesis in the presence of sunlight (photons). Hydrogen ions are generated by solar
photons in the reducing site of photosystem I (PSI) under anaerobic conditions or
when excessive energy is captured. It is further transformed into H, gas in a medium
with electrons provided by the reduced enzyme of the algal cell (Fig. 5.2). Simul-
taneously, molecular oxygen is produced at the oxidizing side of photosystem II
(PSII). Overall, the reaction can be illustrated as follows:

2H,0 + light energy — 2H; + O, (5.1)

The activity of hydrogenase has been found in several green algae such as
Chlamydomonas reinhardtii, Scenedesmus obliquus, Chlorella fusca, Platymonas
subcordiformis, and Chlorococcum littorale (Das and Veziroglu 2008). In contrast,
microalgae such as Chlorella vulgaris and Dunaliella salina do not have Fe-Fe
hydrogenase in them (Das and Veziroglu 2008).

Direct photolysis is promising in principle for hydrogen generation. However, the
process suffers from several drawbacks. Firstly, the hydrogenase enzyme is highly
sensitive to O, which has a strong inhibition effect on hydrogen production during
direct photolysis (Das and Veziroglu 2001). Secondly, a lower hydrogen yield is
obtained due to light limitations. Nevertheless, the challenges need to be tackled to
make the process more feasible.

5.2.2 Indirect Biophotolysis

Indirect photolysis also occurs under sunlight like direct photolysis. In this process,
hydrogen production is temporally isolated from O,-evolving photosynthesis by
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Fig. 5.3 Mechanism of indirect biophotolysis

sulfur depletion or repletion. It is a two-stage process. In stage 1, CO, is fixed by
cyanobacteria for carbohydrates’ biosynthesis (Eq. 5.2). This is followed by (in stage
2) the stored carbohydrates that are fermented to produce hydrogen with the help of
H,-producing enzymes (Eq. 5.3). In this process, unlike direct photolysis, the pres-
ence of nitrogenase enzymes can fix the atmospheric N, during hydrogen production
(Fig. 5.3). It could be possible to separate these two stages by cultivating the
microalgae in separate aerobic and anaerobic phases. In this process, hydrogen can
be produced by hydrogenase or nitrogenase enzymes. Like hydrogenase, nitrogenase
is also inhibited by oxygen evolution.

6H,0 + 6CO, + light energy — C¢H 206 + 60, (5.2)
C¢H 206 + 6H,O + light energy — 12H; + 6CO, (5.3)

This process is mainly driven by a diverse group of cyanobacteria species, which
may be either N fixing or non-Nj, fixing. The N fixing cyanobacteria are Calothrix
sp., non-marine Anabaena sp., and Oscillatoria sp., whereas the non-N, fixing
cyanobacteria are Gloebacter sp., Synechococcus sp., and marine Anabaena
sp. (Das and Veziroglu 2008). Similar to direct photolysis, it has several practical
limitations, which challenge the scale-up and commercialization of the process.

5.2.3 Photofermentation

Photofermentation is a series of biochemical reactions in which organic substances
like short-chain volatile fatty acids, such as acetic acid, are converted to hydrogen,
manifested by a diverse group of photosynthetic bacteria under anaerobic conditions.
Numerous strains of photosynthetic bacteria, including green sulfur bacteria, purple
sulfur/non-sulfur bacteria, can produce hydrogen through photofermentation (Ding



104 C. Mahata and D. Das

H,

Photons
\ AATP

Reverse
e-
transport

T AADP ‘
H +

Fig. 5.4 Mechanism of photofermentation

AATP [\ PET-C)

et al. 2016). Nevertheless, researchers mainly focus on purple nonsulfur (PNS)
bacteria due to a wide variety of feedstock consumption. PNS bacteria such as
Rhodobacter capsulatus, Rhodobacter sphaeroides, Rhodospirillum rubrum,
Rhodopseudomonas palustris are responsible for hydrogen generation. Unlike pho-
tosynthesis, photosystem I (PSI) is absent in photofermentative PNS bacteria.
Therefore, it could not produce oxygen during hydrogen production. Generation of
hydrogen in PNS bacteria is mainly mediated by nitrogenase under nitrogen limiting
conditions (Eq. 5.4), whereas uptake hydrogenase consumes hydrogen. The
photofermentative hydrogen production by nitrogenase could be illustrated in
Eq. 5.4 shown below (Fig. 5.4):

nitrogenase

2H' + 2™ + 4ATP + light " = H, + 4ADP + 4P; (5.4)

The stoichiometric equation for acetic acid as an organic acid can be written as
follows:

CH;COOH + 2H,0 — 4H, + 2CO, (5.5)

In this process, a massive amount of ATP (4 mol) is required for 1 mol of
hydrogen production. As a result, strict control of the reaction environment is
necessary (Koku et al. 2002). Therefore, despite high hydrogen yield, the process
has several bottlenecks, such as high energy consumption, low photosynthetic
conversion, and low volumetric production rate (Veeravalli et al. 2019).
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5.2.4 Microbial Electrolysis Cell

Microbial electrolysis cell (MEC), a modification microbial fuel cell (MFC), is a
bioelectrochemical system that can convert organic matter to molecular hydrogen
with the help of exoelectrogenic bacteria by applying an external electric current
(Logan and Regan 2006). The system comprises three main parts: anode, cathode,
and proton exchange membrane (PEM). PEM permits only protons to flow through it
by restricting electrons. In the anode, the organic substance is oxidized and produces
electrons and protons by exoelectrogens. Oxidation of organic matter in the anode is
not thermodynamically spontaneous (AG® > 0). Therefore, the external voltage
supply is recommended to force the reaction. The minimum theoretical voltage of
0.11 V is required to make a spontaneous reaction (Das and Veziroglu 2008). The
protons move from anode to cathode through PEM, whereas electrons are transferred
through an external circuit (Fig. 5.5). Hydrogen gas is generated through the
reduction of hydrogen ions by electrons. The most common exoelectrogens are
Shewanella sp., Burkholderia sp., Geobacter sp., Pseudomonas sp., Rhodoferax
ferrireducens, Escherichia coli, and Citrobacter sp. (Feng et al. 2014). Carbon
paper, carbon cloth, and graphite can be used as an anode, whereas graphite,
titanium, and platinum can be employed as a cathode (Kadier et al. 2016; Kundu
et al. 2013). The high cost of conventional cathode materials drives the research into
biocathode as a substitute (Kundu et al. 2013).
The overall reaction can be represented as following Eq. 5.6:
Anode chamber:

Power supply

Feed H,
& i
e ! - T
v | A\
L]
CO+H* o o
+2e IH*
+2¢e°
H* >
H,
0]
Organic matter

Anode Membrane Cathode

Fig. 5.5 Schematic of the microbial electrolysis cell
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CH;3COOH + 2H,0 — 2CO; + 8¢~ + 8H* (5.6)
Cathode chamber:
8e~ + 8H' — 4H, (5.7)
Overall,
CH;3;COOH + 2H,0 — 2CO; + 4H, (5.8)

Although this process is suitable for wastewater treatment along with bioenergy
generation, it suffers from several drawbacks, such as scale-up problems, low
hydrogen production rate, high cost of the membrane, and external energy source.

5.2.5 Dark Fermentation

Dark fermentation is an anaerobic conversion of organic substances, mainly carbo-
hydrates, to H, gas exhibited by various acidogenic bacteria (Das et al. 2008). Under
anaerobic condition, microorganism generates energy for cells in the form of ATP by
blocking the Tricarboxylic Acid (TCA) cycle. Consequently, the produced extra
electron is used for the production of metabolic end products such as volatile fatty
acids and ethanol. The process has several advantages over other biohydrogen
production processes due to its high production rate and yield (Table 5.1). Addi-
tionally, it has no light limitations like photolysis and photofermentation, as dark
fermentation is a light-independent process.

Two distinct biochemical pathways can accomplish the generation of molecular
hydrogen with the help of specific enzymes. The first one is the decomposition of
formate by pyruvate formate- lyase (PFL) present in facultative anaerobes, whereas
the second one is re-oxidation of reduced ferredoxin (Fdred) by hydrogenase present
in obligate anaerobes (Fig. 5.6). Initially, glucose is converted to pyruvate through
the Embden-Meyerhof pathway. In facultative anaerobes, the pyruvate is oxidized to
formate and acetyl-CoA by the activity of pyruvate formate lyase (PFL) as shown in
Eq.5.9.

Pyruvate + CoA — Acetyl — CoA + Formate (5.9)

Formate is further cleaved to hydrogen and carbon dioxide by formate
hydrogenlyase (FHL) (Eq. 5.10).

HCOOH — CO; + H, (5.10)
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Formate

4H,  Acetate <+—
v

2H, Butyrate <« Acetyle-CoA

NoH, Ethanol <«——

Fig. 5.6 Biochemical pathway of dark fermentation

The second type of biochemical reaction is observed in obligate anaerobes, where
pyruvate is converted to acetyl-CoA by pyruvate-ferredoxin oxidoreductase
(PFOR). Ferredoxin (Fd) is reduced during the oxidation of pyruvate to acetyl-
CoA. When the organic acid is accumulated, reduced Fd (Fdred) is oxidized by
Fe-Fe hydrogenase and subsequently, molecular hydrogen is formed (Fig. 5.6) (Das
and Veziroglu 2008). The overall reaction can be represented as follows:

Pyruvate + CoA + 2Fdoy | =" Acetyl — CoA + 2Fdyeq + CO» (5.11)
2H" + Fdeq — Hy + Fdox (5.12)

The stoichiometry of the process shows that 4 mols of hydrogen are generated
from 1 mol of glucose when pyruvate is oxidized to acetate as the only metabolic
product, whereas it produces 2 mol of hydrogen when pyruvate is converted to
butyrate (Eqs. 5.13 and 5.14). A few microorganisms follow mixed acid pathways.
Hydrogen yield depends on the acetate-to-butyrate ratio. Nevertheless, if the end
metabolites are ethanol, lactic acid, and propionic acid, no hydrogen formation
occurs.
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Acetate pathway

CeH;206 + 2H,0 — 2CH3COOH + 2CO; + 4H, (5.13)

Butyrate pathway

CeH,06 0 2™ CHyCH,CH,COOH + 2CO; + 2H, (5.14)

5.2.5.1 Microbiology of Dark Fermentation

A diverse group of anaerobic bacteria can produce hydrogen via dark fermentation.
These microorganisms adapt heterotrophic growth on organic substances and gen-
erate energy in the form of ATP through partial oxidation of organic substances
using electron acceptors and electron donors instead of oxygen. The microorganism
involved in dark fermentation can be broadly categorized based on temperature
dependency and their sensitivity to oxygen. Based on the oxygen tolerance, dark
fermentative bacteria are obligate and facultative anaerobes. The obligate anaerobes
require a strict anaerobic condition (oxygen concentration 0.02-0.04%
(0.24-0.48 mM)). On the other hand, facultative anaerobes can sustain both aerobic
and anaerobic conditions. Moreover, hydrogen-producing bacteria can be further
categorized, based on temperature requirement, as mesophiles and thermophiles.
Mesophiles require an ambient environment for growth and hydrogen production. In
contrast, thermophiles adapt to high temperatures (>45 °C) for their growth. Natu-
rally, a mixed microbial community serves a beneficial role in the generation of
hydrogen from various complex wastes (Mishra et al. 2015). The selection of
microorganisms depends on the substrate used.

Facultative Anaerobic bacteria

In an aerobic environment, facultative anaerobes can generate energy in the form of
ATP in aerobic respiration, while in anaerobic conditions, ATP is produced by these
anaerobes through anaerobic fermentation. The most common facultative anaerobes
are Enterobacter sp. that can produce hydrogen under an anaerobic environment.
The species could possess either formate hydrogen lyase (FHL) or Fe-Fe hydroge-
nase, which is mainly accountable for a high rate of H, formation. The most
commonly used bacteria are Enterobacter cloacae IIT-BT 08 and Enterobacter
aerogenes E.82005 (Kumar and Das 2000; Tanisho et al. 1987). Usually, facultative
microorganisms are preferred primarily because of their ease of control and sustain-
ability in the lower partial pressure of hydrogen (Nakashimada et al. 2002).

Obligate Anaerobic bacteria

Recently, obligate anaerobes have gained considerable attention from researchers
because they can consume a variety of carbohydrates, including waste materials.
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Furthermore, they can also produce a high rate of H, in comparison to facultative
bacteria. The most commonly used obligate anaerobe is Clostridium sp. H, produc-
tion usually takes place in the exponential growth phase of the microorganism. In the
starvation phase, the metabolic pathway could alter from acidogenesis to
solventogenesis (Han and Shin 2004). Clostridium  paraputrificum,
C. tyrobutyricum, C. thermocellum, C. thermolacticum, C. acetobutylicum, and
C. saccharoperbutylacetonicum are promising examples of obligate anaerobic bac-
teria, which can form spores under harsh conditions. A diverse group of Clostridium
species can generate H, in the range of 1.46-2.8 mol mol ' glucose (Lin et al. 2007;
Oh et al. 2009). Some of the obligate anaerobes are thermophiles, which are mainly
available in the hot areas around the Earth, such as thermal baths and deep-sea vents.
The composition of the growth medium for thermophile bacteria depends on the
source of the bacteria isolated. Anaerobes isolated from the hot-springs area need
high sulfur concentration, whereas anaerobes collected from deep-sea vents require
high sodium chloride concentration in the medium (Schroder et al. 1994; Van Niel
et al. 2002). Reducing agents such as L-cysteine hydrochloride could be added to
remove trace amounts of O, from the hydrogen-producing medium (Singh et al.
2019; Roy et al. 2014). Hydrogen production using thermophiles is much more
thermodynamically favorable than using mesophiles (Roy et al. 2014). Some typical
examples of the thermophiles genus are Thermoanaerobacter, Caldicellulosiuptor,
Thermoanaerobacterium, and Thermotoga (Roy et al. 2014; Slobodkin et al. 1999;
Van Ooteghem et al. 2002).

Mixed Culture

Recently, the application of mixed consortium and co-culture has gained consider-
able attention for hydrogen production from complex substrates, such as industrial
effluent, domestic waste, and agricultural residue (Mishra et al. 2015, 2017; Singh
etal. 2013). Mixed consortia consist of a variety of bacteria that secrete various types
of hydrolytic enzymes. Mixed consortia can therefore efficiently use various com-
plex substrates present in wastewater (Mishra et al. 2015). Furthermore, dark
fermentative hydrogen can be generated in a non-sterile and less regulated condition
using mixed consortia, which could facilitate the scale and commercialization
(Tomczak et al. 2018). Hydrogen-producing mixed inoculum can be isolated from
anaerobic digester of various organic materials, such as cow dung, sewage sludge,
industrial effluent (Mishra et al. 2015; Kumari and Das 2017; Tang et al. 2008).
Apart from the H, producing bacteria, some H, consuming bacteria, such as
homoacetogen and methanogen, are also present in the culture. Therefore, an
effective pretreatment is required to inhibit the H, consuming bacterial activity, as
well as enrich anaerobic spore-forming bacteria. Usually, pretreatment methods
include heat (O-Thong et al. 2009), acid and base stock and base shock (O-Thong
et al. 2009; Yang and Wang 2018), and electric field (Jeong et al. 2013). However,
heat shock microbial culture has the best performance in a higher yield of H,
production. Therefore, this technique is mostly used for the treatment of mixed
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cultures (Kumari and Das 2017). Moreover, heat shock treatment is simple and
effective. It requires around 100 °C for 10—120 min in order to suppress nonspore-
forming bacteria (Kumari and Das 2017; Barros and Silva 2012).

5.3 Theoretical Considerations

5.3.1 Kinetic Analysis

The Monod growth model can explain the relationship between limiting-substrate
concentration and specific growth of microorganism rate according to Eq. 5.15:

S

/"max
H=Kors (5.13)
where y is the specific growth rate (hfl), HUmax 18 the maximum specific growth rate
(h™"), Ky is half-velocity constant (g VSS L"), S is the concentration of limiting
substrate for cell growth (g COD L™").

The Monod model can be linearized in the form of a Lineweaver-Burk plot
(Eq. 5.16) to evaluate kinetic constants.

1
LI 5.16
M /’tmax S lumax ( )

The Logistic model can be employed to evaluate the microbial growth kinetics
(Eq. 5.17) (Gilbert et al. 2011).

d—X:kCX<1 _ X ) (5.17)

dt X nax

where k. represents the specific growth rate (h™'), X is biomass concentration
(g L"), and X, indicates the maximum biomass concentration (g LY.

By integrating Eq. 5.17 and simplifying, biomass concentration can be expressed
as shown in Eq. 5.18 given below.

x = Xooxp (k) (5.18)
e (1 — exp (k1))

where X, represents the initial cell mass concentration (g VSS Lh.
Substrate consumption can be analyzed by first-order reaction kinetics using
Eq. 19 (Najafpour et al. 2004).
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s

—S ks (5.19)

where S represents the concentration of substrate used (g L_l) and k is rate constant
(hh.

Further, substrate utilization for biomass formation and cell maintenance is
determined by Pirt model as shown in Eq. 5.20 (Pirt 1965).

1
Yxo  Yxg

m
+— 5.20
; (5.20)

where Yx/s and Yx/g,) represent the apparent growth yield (g g~ ") and true growth
yield (g g~ '), respectively. u and m indicate specific growth rate (h~") and mainte-
nance coefficient (g g~' h™"), respectively.

H, production kinetics is analyzed by the modified Gompertz equation (Eq. 5.21)
(Jia et al. 2014).

H = Pexp{ — exp [W(A—o +1]} (5.21)

where H represents the cumulative H, production (mL LY at any time t (h); P and
R,, indicate the H, production potential (mL Lfl) and the maximum H, production
rate (mL L' h™"), respectively; A represents the lag time (h) for H, production.

Furthermore, the Luedeking Piret model can be used to determine the relationship
between cell mass formation and H, production (Eq. 5.22) (Luedeking and Piret
2000).

1 dP 1 dX

where (1/X)(dP/df) (g H, g¢~' h™") and (1/X)(dX/dr) (h™") are specific product and
biomass formation rate, respectively; a (g g~ ' H,) and f (h™') are growth and
nongrowth associated coefficients, respectively.

The kinetic parameters of the aforementioned kinetic models can be determined
by linear and nonlinear regression.

5.3.2 Material and Energy Analysis

For the assessment of the functionality and viability of any emerging technology, a
techno-economic evaluation is required. It can be carried out by several means, such
as material and energy analysis.

Material analysis is a crucial aspect of tracking different materials during the
fermentation, considering all input, output, and accumulated materials involved in
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the process. Material analysis of any process provides a general idea about substrate
utilization and product formation potential. The mechanism of hydrogen production
can be confirmed by material analysis. In dark fermentation, for instance, the ratio of
accumulated acetate and butyrate in the fermentation broth can reveal the dominant
biochemical pathway during the fermentation. For pure substrate, having a known
molecular formula, elemental balance is performed. On the other hand, total chem-
ical oxygen demand (COD) is considered for the complex substrate, such as organic
waste or agricultural residue. In the case of COD balance, the amount of all
individual products accumulated need to be expressed in terms of COD. For
example, the conversion factor for hydrogen is 8 g COD g~ ' H,.

Energy analysis can be conducted based on gaseous energy recovery. Further-
more, the gaseous energy recovery can be calculated in terms of substrate added or
the total energy required for the process (Egs. 5.23 and 5.24).

Energy content of hydrogen produced
Energy content of substarte consumed

Energy recovery = (5.23)

Energy content of hydrogen produced
Total process energy requirement including substrate

Energy recovery =

(5.24)

Kumari and Das (2015) calculated the theoretical maximum energy recovery
from dark fermentation as 34.1%.

5.4 Effect of Physicochemical Parameters on Dark
Fermentative Hydrogen Production

The performance of dark fermentation depends on different physicochemical param-
eters, such as pH, temperature, medium composition, partial pressure of hydrogen,
soluble metabolic products, and hydraulic retention time (HRT).

541 pH

The pH of the hydrogen-producing medium is one of the dominant factors influenc-
ing the functionality of the hydrogenase regulating the metabolic pathway of dark
fermentation. All enzymes have their optimal range of pH, in which the activity of
the enzyme is its maximum. If acid accumulation increases in the fermentation broth,
it results in a decreased pH. Consequently, the metabolic pathway of hydrogen
production shifts towards solventogenesis. Khanal et al. (2004) reported that the
shifting of the metabolic pathway occurs below 4.5 pH (Khanal et al. 2004).
Similarly, several studies have stated that the optimum pH for hydrogen production
varies near 6 (Cao and Zhao 2009; Van Ginkel et al. 2001).
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5.4.2 Temperature

An environmental condition such as temperature dramatically influences dark fer-
mentative hydrogen production because the growth of microorganisms is affected by
temperature. According to temperature tolerance, hydrogen-producing bacteria may
be mesophiles (25-45 °C) or thermophiles (>45 °C). In general, most of the studies
(nearly 73%) have been conducted using mesophiles (Li and Fang 2007). Previous
studies have revealed that temperature has a significant influence on microbial-
specific growth rate and substrate utilization rate during dark fermentation. How-
ever, deactivation of the hydrogen-producing enzyme is started above the optimum
temperature. Activation and deactivation energy of hydrogenase can be determined
using the Arrhenius equation (Singh et al. 2019). For instance, Singh et al. (2019)
evaluated the activation energy for mesophilic bacteria as 58.8 kJ mol~'. This study
also showed that the deactivation of hydrogen-producing bacteria started above the
threshold temperature of 37 °C. On the other hand, Lee et al. (2006) observed that
dark fermentative hydrogen production was most efficient at 40 °C. Therefore, the
optimization of process temperature is critical for enhanced hydrogen production.

5.4.3 Medium Composition

Hydrogen-producing medium mainly comprises C-source, N-source, minerals, and
vitamins. Each element has its role in fermentation. C-source, the sole element in the
medium, is required for cell mass growth, product formation, and energy generation
in terms of ATP. N-source is essential for protein synthesis and hence growth,
whereas minerals and vitamins act as co-factors in the metabolic pathways. Further-
more, the carbon-to-nitrogen (C/N) ratio performs a vital part in the synthesis of H,
(Kumari and Das 2017). Therefore, an appropriate combination of C- and N-sources
is required for hydrogen production. Similarly, a suitable concentration of trace
metals such as Fe, Ca, Na, Cu, Ni, Mg, K, and vitamins in a hydrogen-producing
medium stimulates the generation of molecular hydrogen (Sekoai and Daramola
2018; Lin and Lay 2005).

5.4.4 Feedstock

Several studies have considered simple carbohydrates such as xylose, fructose,
glucose, sucrose, and arabinose because of their ease of utilization by microorgan-
isms (Pan et al. 2008; Abreu et al. 2012; Jayasinghearachchi et al. 2012). These pure
substrates however lead to high process costs. In contrast, organic waste has
significant COD, which is detrimental to the ecosystem. This could be considered
as a promising feedstock for dilution factor (DF) (Mishra et al. 2015). The use of
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waste for the production of hydrogen, therefore, has double benefit of bioremedia-
tion and energy generation. Earlier, various organic wastes such as distillery effluent
(Balachandar et al. 2019), rice winery wastewater (Yu et al. 2002), household
wastewater (Van Ginkel et al. 2005), food waste (Elbeshbishy et al. 2011), and
paper mill wastewater (Lin et al. 2006) were used as the sole substrate for the
generation of H,. Nevertheless, these feedstocks may not comprise the nutrients
required for the growth of the microorganisms. Therefore, several studies have been
conducted on co-substrates such as agricultural residue, water hyacinth (Mishra et al.
2017; Varanasi et al. 2018) for H, production processes. The selection of the
co-substrate is primarily based on the suitable C/N ratio. Mishra et al. (2017)
investigated the application of de-oiled cake, as a supplement, for dark fermentative
H, production and observed the maximum results of 3.38 L H, L™ using groundnut
de-oiled cake (GDOC) as a supplement with distillery effluent (Mishra et al. 2017).

5.4.5 Hydrogen Partial Pressure

The H; partial pressure in the fermenter is a crucial parameter that influences the rate
of hydrogen production because the metabolic pathway is highly influenced by the
hydrogen partial pressure. Accumulation of H, gas in the headspace of the reactor
can increase partial pressure. According to Le Chatelier’s principle, the generation of
hydrogen will be suppressed at the high partial pressure of hydrogen, and conse-
quently, the metabolic pathway will be shifted toward alcohol production (Das
2017). Continuous removal of hydrogen could reduce the partial pressure, resulting
in negating inhibition effect. Mandal et al. (2006) examined the effect of partial
pressure on dark fermentation by developing a vacuum system inside the bioreactor.
Their study revealed that the maximum rate of hydrogen production can be obtained
at 380 mmHg pressure. On the other hand, some researchers reported that nitrogen
sparging during fermentation could be an effective approach to negate the effect of
hydrogen accumulation (Mizuno et al. 2000; Tanisho et al. 1998). However, the
main bottleneck of sparging nitrogen is the dilution of hydrogen gas, resulting in
high separation costs.

5.4.6 Soluble Metabolic Products

In dark fermentation, soluble end-metabolites, produced along with hydrogen,
greatly influence hydrogen production. The major metabolic products are volatile
fatty acids such as acetic acid, butyric acid, propionic acid, etc., and ethanol. Toward
the starvation phase, the ionic strength of fermentation broth escalates attributed to
the accumulation of the metabolites, resulting in cellular lysis. Due to cell disruption,
high maintenance energy is required to restore its physiological balance. Lee et al.
(2002) evaluated the inhibition effect of the end-metabolites on dark fermentative
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hydrogen production by externally adding acetic acid, butyric acid, propionic acid,
and ethanol to the medium (Lee et al. n.d.). The study concluded that the addition of
these volatile fatty acids and alcohol has an adverse effect on H, generation.

5.4.7 Hydraulic Retention Time (HRT)

During the continuous operation of the hydrogen-producing reactor, HRT is a crucial
factor influencing the rate of hydrogen production. Mathematically, it is inversely
proportional to dilution rate and hence the specific growth rate of microorganisms.
The physical significance of HRT is that it is the measure of substrate residence time
in the reactor. Several studies have shown that lowing HRT could increase the rate of
hydrogen production (Tomczak et al. 2018; Zhang et al. 2006; Baima Ferreira
Freitas et al. 2020). Additionally, the strategy of lowing HRT could separate the
slow-growing methanogens from hydrogen-producing bacteria in the mixed consor-
tium. Nevertheless, hydrogen production could be ceased below optimum HRT
because of cell mass washout.

5.4.8 Agitation Speed

Agitation speed plays a vital role in any fermentation process. Agitation in
suspended culture provides adequate mixing, heat, and mass transfer. Furthermore,
the agitation could reduce the partial pressure of hydrogen by removing it from the
liquid phase. Agitation is one of the most crucial design parameters that influences
the scaling-up of the process. An optimum agitation speed ensures a homogeneous
suspension of nutrients in the medium. At lower agitation speed, microorganisms
may settle down, resulting in reduced hydrogen production. However, higher agita-
tion, above the optimum point, can cause cell damage due to unreasonable shear
stress. Ghosh et al. (2018) observed the highest hydrogen production of 3.42 L L'
at the agitation speed of 200 rpm. Recently, Mahata et al. (2020) found the agitation
speed of 180 rpm to be optimum for dark fermentative hydrogen production.

5.4.9 Inoculum Age and Size

Apart from the source of inoculum, pre-culture age and size have a significant effect
on dark fermentation (Pandey et al. 2019). Inoculum age is the time required to grow
the culture before its use for hydrogen production. An optimum inoculum age
indicates the most active phase of the microorganism. Likewise, hydrogen produc-
tion also depends on inoculum size. Hydrogen production could be increased by
increasing inoculum size. Above the optimal point, however, more carbon is devoted
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to cell mass growth gather than to product formation. Kotay and Das (2007)
investigated the effect of inoculum age and size and identified the optimum inocu-
lum age and size at 14 h and 10% v/v, respectively. Nevertheless, the study also
revealed that these parameters have less impact on dark fermentative hydrogen
production than other parameters.

5.5 Optimization of the Process Parameters for the Dark
Fermentation

Over the last few decades, several studies have been conducted to improve dark
fermentative hydrogen production using various optimization strategies. In order to
maximize H, yield or production rate, several parameters such as pH, temperature,
substrate concentration, C/N ratio, HRT, and hydrogen partial pressure have been
considered as independent variables. The optimization, based on the experimental
design, can be broadly classified into two categories: “one-variable-at-a-time” (sin-
gle parameter optimization) and ‘“multi-variable-at-a-time” approach (multi-
parameter optimization). Additionally, there are several experimental designs such
as Plackett—Burman and Taguchi orthogonal design, which are employed to select
the most influential parameters.

Single parameter optimization, a traditional optimization approach, involves the
variation of a single process parameter at a time while maintaining the other
parameters constant. This is a widely used method because of its simplicity in
design. However, interactive effects among the selected independent variables
cannot be elucidated clearly and would be imprecise for optimal points (Jo et al.
2008; Karthic et al. 2013). Additionally, this classical method requires enormous
experimental trials, resulting in a long time for optimization.

Design of experiments (DOE) for multiparameter optimization can be performed
by several fractional designs such as central composite designs (CCD) and
Box-Behnken designs (BBD). These designs can simultaneously handle a maximum
of up to ten factors. The experimental data are further analyzed by response surface
methodology (RSM) to obtain the optimum points of process parameters and the
cumulative effect of their mutual interaction. RSM is a set of statistical and math-
ematical approaches that examine the relationship between many independent vari-
ables and assesses the optimum experimental condition. The RSM develops an
empirical model in the form of a second-order polynomial equation (Eq. 5.25) to
explain the behavior of responses with independent variables.

_ Y. Y2 " XX
Y =Co+ Z; CiX; + Z; CiXP 4> CiXiX, (5.25)

where Y represents the response modeled by RSM, n is the number of the indepen-
dent variables, Cy is the constant, C; is the coefficient for linear relation, C;; is the
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coefficient for quadratic relation, Cj; is the coefficient of interactive part, and X is the
uncoded level of the input variable.

The significance of each term in the equation is estimated using analysis of
variance (ANOVA). Several studies have successfully employed the RSM technique
for the improvement of hydrogen production (Guo et al. 2009; Vi et al. 2017; Xing
et al. 2011). Nevertheless, one major drawback of RSM is its inability to model
highly non-linear responses accurately (Nath and Das 2011). As biological processes
such as dark fermentation are extremely non-linear, RSM, sometimes, may fail to
model the system because of its restriction in a second-order polynomial.

Recently, artificial intelligence (AlI)-based optimization techniques have been
studied to overcome the limitation of statistical techniques. Al-based optimization
has several advantages over RSM: (1) Al does not require any prior knowledge
about the system, and (2) it has universal approximation capability, whereas RSM is
restricted in a quadratic function. Many studies reported that Al is far more suitable
for response optimization than statistical approaches (Karthic et al. 2013; Ardabili
et al. 2018). Fundamentally, it provides two tools: (1) modeling tool which estab-
lishes the relationship among the process variables and provides adequate objective
functions, (2) optimization tools that search for an optimal solution using the
objective function. Artificial neural networks (ANN) and support vector machines
(SVM) are the most popular modeling approaches available in Al. Previously,
several studies have employed the ANN model in dark fermentation (Nath and
Das 2011; Ardabili et al. 2018; Nasr et al. 2013; Sewsynker and Gueguim Kana
2016). More recently, Mahata et al. (2020) revealed the suitability of the SVM
model in dark fermentative hydrogen production. The study suggested that the SVM
model could possess better prediction accuracy than by ANN and RSM. Once the
model with desire accuracy is developed, it is further used as an objective function in
optimization tools to obtain the optimal point. Several optimization tools such as
genetic algorithm (GA), particle swarm optimization (PSO), artificial ant colony
(AAC), and simulated annealing (SA) in Al can be applied. Many researchers have
coupled the ANN with GA for the maximization of hydrogen production (Nath and
Das 2011; Wang and Wan 2009a, b). Recently, PSO has been employed in dark
fermentation (Mahata et al. 2020). The study revealed that PSO could exhibit the
optimal solution faster as compared to GA. However, AAC and SA have not been
explored yet for H, production.

5.6 Effect of Bioreactor Configurations on the Biohydrogen
Production

Several experiments on hydrogen production have been conducted in batch, semi-
continuous, and continuous modes of operations. Preliminary studies such as char-
acterization of inoculum and optimization of culture conditions are usually
conducted with the batch reactor. However, its performance is inefficient because
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of a lower rate of hydrogen production. On the contrary, continuous operation shows
higher H, production in comparison with batch mode. Additionally, the continuous
operation could hold a particular phase of the microorganism for an infinite period.
On the other hand, the semi-continuous operation is employed when the substrate
inhibition effect is observed. The most commonly used reactor configuration for
hydrogen production is a continuous stirred tank reactor (CSTR). Apart from CSTR,
other reactor configurations such as packed bed reactor (PBR), fluidized bed reactor
(FBR), anaerobic sequencing batch reactor (ASBR), and up-flow anaerobic sludge
blanket (UASB) reactor are employed for hydrogen production. Several studies have
mentioned that higher H, yield could be obtained using these reactors attributed to
higher physical retention of hydrogen-producing bacteria.

5.6.1 Continuous Stirred Tank Reactor (CSTR)

CSTR is widely used because of its simple design, mixing efficiency, and ease of
operation. Under constant mixing hydrodynamics, an appropriate substrate-
microbes contact can be achieved inside the reactor. Nonetheless, cell mass washout
could be observed at short HRTs, resulting in a stoppage of hydrogen production. In
general, the concentration of biomass in CSTR varies in the range of 1-4 g VSS L™
(Show et al. 2010). On the other hand, the use of granular sludge as an inoculum
could increase the biomass retention capability (Show et al. 2007). Previous studies
reported that CSTR using granular sludge could be operated up to the lowest HRT of
0.5 h without failure (Show et al. 2007; Zhang et al. 2007). Another way of
improving cell mass retention is the employment of a settling tank in the effluent
and followed by, recycling the settled biomass by passing through an activation
chamber (Khanal et al. 2006).

5.6.2 Packed Bed Reactor (PBR)

PBR could retain a high concentration of biomass inside the reactor; hence, it is one
of the possible solutions to the problem associated with CSTR. The reactor is
supported by packing materials within the reactor, which plays a pivotal role in
cell mass retention and hydrogen production. However, the hydrodynamics of
mixing is less turbulent, resulting in a higher pH gradient along the reactor length
and higher hydrogen gas holdup. Consequently, the H, production rate and substrate
conversion efficiency decrease. On the other hand, recirculation of liquid effluent
can be recommended to maintain higher hydrogen production and substrate conver-
sion (Tomczak et al. 2018). Kumar and Das (2001) investigated packed bed reactors
with various geometric configurations such as tubular, tapered, and rhomboid. The
study revealed that the rhomboid with convergent-divergent shape had superior
performance in hydrogen production (1.60 L L™' h™') as compared to tubular
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(140LL 'h " and tapered (1.46 L L' h™!) reactor. This result could be due to
the better mixing phenomenon owing to lower gas-holdup and higher substrate-
microbes contact. Additionally, the study also showed that coconut coir, as a
supporting material, could exhibit better hydrogen production than other lignocel-
lulosic carrier materials.

5.6.3 Fluidized Bed Reactor (FBR)

FBR, a three-phase system, is the combination of CSTR and PBR, which provides
excellent mixing characteristics. Previously, this reactor configuration has been
extensively employed in biological wastewater treatment due to its potentiality in
high organic loading rate. In FBR, microorganisms are immobilized on the solid
supports to form a granular or biofilm. Lin et al. (2009) highlighted that attached
sewage sludge in FBR could efficiently produce hydrogen at the HRT of 2-6 h with
the maximum H, yield of 4.26 mol H, mol ™! sucrose. Zhang et al. (2007) achieved
the maximum H, production rate of 2.36 L H, L™' h™' at 1 h HRT using biofilm
culture propagated on activated carbon in FBR. However, the main drawback of this
system is the high energy demand required to maintain its fluidization.

5.6.4 Anaerobic Sequencing Batch Reactor (ASBR)

This system has a unique feature to retain high cell mass by segregating the operation
into four cyclic stages, such as feed, reaction, settling, and decant. Previously, the
reactor was used for wastewater treatment. Recently, it has gained significant
attention for biohydrogen production along with waste treatment (Vijaya Bhaskar
et al. 2008; Maaroff et al. 2019). In order to sustain the reactor performance, pH
plays the most important role in the system (Kim et al. 2010). Chen et al. (2009)
achieved the highest H, yield of 1.86 mol H, mol' sucrose at the operational
condition of 4 h cyclic time, 16 HRT, and pH 4.9.

5.6.5 Up-Flow Anaerobic Sludge Blanket (UASB) Reactor

The up-flow anaerobic sludge blanket (UASB) reactor is an extensively and widely
used economically viable technology developed by Gatze Lettinga for wastewater
treatment due to its high conversion efficiency and supreme operational stability.
Over the last five decades, the UASB process has been successfully employed for the
anaerobic treatment of different types of wastewater and simultaneous methane
production by promoting the development of granular sludge with an excellent
settling ability (Parawira et al. 2006; Bourque et al. 2008). In recent years, it has
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been demonstrated that the UASB system is also a promising module for H,
production (Sivagurunathan et al. 2016; Jung et al. 2010). Successful and efficient
operation of UASB reactor depends on the formation of high-strength granular
sludge. Extra-cellular polymeric substance (EPS) secreted by bacteria acts as a
bio-glue, which could facilitate microbial aggregation, resulting in sludge bed
development (Jung et al. 2011). EPS in the sludge mainly comprises carbohydrates
and protein; it plays a crucial role in the immobilization of hydrogen-producing
bacteria and stability for the long-term operation of the UASB reactor (Lu et al.
2015). Recently, researchers have suggested that the UASB reactor could be prom-
ising for a high rate of hydrogen production even at low HRT without manual
immobilization (Lu et al. 2015; Chang and Lin 2004; Mahmod et al. 2019). More
recently, Sivagurunathan et al. (2016) observed the maximum H, production rate of
56.8 L H, L™' day' from galactose in the UASB reactor at 2 h HRT
(Sivagurunathan et al. 2016). However, the major bottleneck of the UASB reactor
is the long start-up period for microbial granulation (Liu et al. 2012b). To overcome
this drawback, some studies recommended the addition of microbial carriers such as
activated carbon, carbon nanotubes, and filter sponge in the blanket zone to fasten
the film formation (Liu et al. 2012b; Lee et al. 2004).

5.7 Scaling up of the Biohydrogen Production Processes

Dark fermentative H, production from organic waste has tremendous potential to
replace conventional energy sources in the future. Presently, this process is not
technologically viable on a large scale. Therefore, there is an enormous scope to
study the scale-up of bioreactors for dark fermentation using cheap feedstock such as
organic waste and residue. The purpose of scaling up is to acquire a condition similar
to that of a smaller reactor. During the scale-up of dark fermentation, there are
several approaches such as geometric similarity, constant power number, constant
agitation speed, and constant mixing time to magnify the reactor volume. To date,
Vatsala et al. (2008) reported the performance of the largest reactor (100 m?) for H,
production from distillery effluent using co-cultures of Citrobacter freundii
01, Rhodopseudomonas palustris P2, and Enterobacter aerogenes E10 (Vatsala
et al. 2008). The researchers estimated the rate of hydrogen production as 0.53 kg
H, h™'. Recently, researchers at the Indian Institute of Technology, Kharagpur
explored the feasibility of a 10 m® bioreactor for H, production via dark fermentative
from cane molasses and groundnut de-oiled cake as a co-substrate using
Enterobacter cloacae IIT-BT 08 (Balachandar et al. 2019). The pilot-scale study
reported the maximum hydrogen production of 76.2 m® with the COD conversion
efficiency of 37.9%. Furthermore, several studies have attempted to scale up this
process as listed in Table 5.2. However, detailed “techno-economic analysis (TEA)
and life cycle assessment (LCA)” are still needed to be explored.
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5.8 Major Challenges and Perspectives in Biohydrogen
Production

There are numerous studies in the literature for the enhancement of H, production,
including the genetic modification of hydrogen-producing microorganisms, devel-
opment of bioreactors, and selection of feedstock and process modification. How-
ever, the process is not commercially viable on a large scale due to some
technological challenges. Major challenges in the improvement of biohydrogen
production can be summarized as follows (Das et al. 2008):

e There is a lack of knowledge on industrially applicable robust microorganisms
that could be engineered to produce more than 4 mols hydrogen from 1 mol
glucose.

* Feedstock sterilization involved in the biohydrogen production process is an
energy-consuming step. Therefore, an abundance study is required using
non-sterile feedstock.

e The process efficiency and the hydrogen yield depend on the sensitivity of
hydrogenase to H, and O, partial pressure.

e Usually, a major portion of the substrate is devoted to soluble metabolites
production rather than hydrogen. To overcome this, research should focus on
the metabolic engineering of the biochemical pathway.

¢ There is no significant literature on the economic understanding of the integrated
H, generation system, such as dark fermentation-photo fermentation and dark
fermentation-MEC (microbial electrolysis cells).

* Various engineering issues such as novel bioreactor for long-term hydrogen
production, scale-up for commercial application, separation of CO,, process
optimization, need to be addressed.

In the future, hydrogen can be utilized in the internal combustion engine and fuel
cell in the automobile sectors. Biohydrogen has a great potential to replace conven-
tional energy sources such as fossil fuels. Nevertheless, its production process must
overcome the aforementioned limitations in order to compete with conventional
energy sources in the fuel market. Future biohydrogen production technology should
also consider social acceptance, economic feasibility, and government policy. At the
same time, the government should also provide research subsidies on this
technology.

5.9 Biohythane Process

As per the stoichiometry of dark fermentation, a maximum of 34.1% of energy as
hydrogen can be recovered from the substrate used (Kumari and Das 2015). Hence,
the process efficiency of hydrogen production is significantly low. Several volatile
fatty acids remain in the fermentation broth after the biohydrogen fermentation
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process which is a good feedstock for the biomethanation process. Biohydrogen
production followed by biomethanation process is known as ‘“Biohythane process”.
So, this process can increase the overall energy recovery to a great extent. After
hydrogen, methane has the second highest energy content (55 kJ g~ '). Hythane is a
mixture of hydrogen (5-30%) and methane (80-95%). Hythane® is a trademark first
introduced by Hydrogen Component Inc. (HCI) (Bolzonella et al. 2018). Production
of hythane through biological route is comprehensively called “Biohythane” (Liu
et al. 2013). Biohythane has several advantages over methane as a fuel for IC
(Internal combustion) engines such as higher combustion rate, improved lean flam-
mability, and enhanced fuel flaming speed. Nowadays, this two-stage biohythane
process is being widely accepted energy-producing process because of its viability
on a commercial scale.

5.10 Conclusion

Biohydrogen can be considered as a promising alternative energy, which can offer
clean and sustainable fuel currency. Among all the biological processes, dark
fermentation has gained considerable attention from researchers. Numerous studies
have been conducted to improve hydrogen production, considering process optimi-
zation, inoculum development, reactor design, substrate selection. Still, however, the
process suffers from several technological limitations due to its lower hydrogen
yield. To overcome this, researchers should focus on the genetic and metabolic
engineering of the microbial strain. In addition, an integrated system, such as
DF-photofermentation, simultaneous dark fermentation (DF) and MEC
(DF-MEC), and “Biohythane”, is recommended for achieving enhanced energy
recovery. Besides, it is also essential to scale-up the study, including appropriate
techno-economic and life cycle analysis, to access its potentiality in commercial
hydrogen production.
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Chapter 6 )
Biorefining of Lignin Wastes: Modularized <o
Production of Value-Added Compounds

Tanvi Govil, Magan Vaughn, David R. Salem, and Rajesh K Sani

Abstract Lignin, an aromatic polymer present in lignocellulosic biomasses, is
conventionally viewed as a waste by-product of the pulp, paper, and other industries
that use plant biomass as feedstocks. More recently, lignin has been reported as a
renewable feedstock whose valorization generates several renewable aromatic inter-
mediates, which can be used as carbon sources to synthesize other value-added
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chemicals, polymers, fuels, and other oxidized products. In this endeavor, the
lignin’s recalcitrance, complex structure, and heterogeneity are major impediments
that not only make microbial depolymerization exceptionally challenging but also
generate phenolic compounds which inhibit microbial fermentation. Furthermore,
during lignin’s breakdown, a heterogeneous complex mixture of low-molecular-
weight aromatic monomers is released, representing additional hurdles when striving
to recover the desired compound selectively. Nevertheless, in nature, some micro-
organisms are competent to funnel the heterogeneous stream of central aromatic
intermediates into a single, pure compound. Centered on lignin, this chapter starts
with a generalized description of the structure and types of commercially available
lignin (e.g., lignosulphonates or sulfonated lignin, kraft lignin, soda lignin,
organosolv lignin, and biorefinery lignin). Next, the slate of aromatic intermediatory
compounds formed down the lignin-degrading p-ketoadipate pathway is briefly
presented. Finally, this chapter summarizes few case studies related to the produc-
tion of a high value-added chemical, vanillin, and a biopolymer,
polyhydroxyalkanoates (PHAs), using lignin or its derivatives.

Keywords Biorefining - Lignin - Polyhydroxyalkanoates - Valorization - Vanillin

6.1 Introduction

Lignocellulosic biomass (LCB) from agricultural and forest wastes is an abundant
renewable feedstock, well-suited for biofuel, biopolymers, and other biomaterials
production. LCB is largely composed of cellulose, hemicellulose, and lignin. Nor-
mally, cellulose and hemicellulose cover approximately two-thirds of LCB. The
remaining material is lignin and its derivatives. Chemical or physiochemical
pre-treatment makes the cellulose and hemicellulose fraction readily available for
enzymatic saccharification and subsequent production of liquid and gaseous biofuels
(e.g., alcohols, hydrogen). Lignin and its derivatives are released as by-products
(referred to as “crude lignin”). Annually, the total amount of lignin generated
commercially as a bioproduct in biorefineries and other industries such as paper,
pulp, and the ethanol industry is estimated to be 10® tons (Bajwa et al. 2019; Xu et al.
2019). Much of this lignin is consumed on-site, being formed into pellets for steam
and electricity generation. However, when burned as a fuel, crude lignin does not
reach its full commercial potential and releases greenhouse gases into the environ-
ment. Hence, alternative usage of lignin and its derivatives to synthesize biobased
products is desirable and is associated with the lowest ecological impacts. Lignin’s
valorization for new product development such as aromatic macromolecules, bio-
polymers, biofuels, and bio-oils is essential to the aging pulp and paper industries,
which must expand their commodities portfolio to retain their vitality.

Today, the isolation of lignin from the lignocellulosic biomasses is no longer a
barrier, as specific industrial pulping processes—mainly the sulfite, soda, kraft, and
organosolv processes—are well established as a technology (see Sect. 6.2 for further
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details). However, further depolymerization and fragmentation of lignin into its
constituent aromatic building blocks or its derivatives are still a challenge. Lignin
is highly heterogeneous and non-uniform in its composition, and its thermochemical
valorization leads to the synthesis of multiple product species, necessitating rigorous
separation and purification measures to obtain a single target product (Xu et al.
2019). For controlled degradation of lignin, microbial-based methods are becoming
increasingly attractive because microbes possess (a) the ability to make and break
bonds selectively and (b) diverse metabolic pathways, which can be used to channel
lignin’s assorted aromatic building blocks, derived intermediates, and other fermen-
tation residuals into a particular target compound. Nevertheless, lignin’s depolymer-
ization and subsequent fragmentation release certain phenolics into the media that
often inhibit the fermentation and product formation. Furthermore, many of the
targeted chemicals are toxic to microbial metabolism. Hence, the use of cell-free
systems, such as enzyme extracts or microbial strains having tolerance to the
phenolics or aromatic compounds, is being investigated by scientists for attaining
the desired conversion rate and the associated molar yields. Efforts to discover
alternative microbial pathways that can lead to easy bioconversions while avoiding
the generation of side products are also an area of active research.

Today, the production and separation of high added-value compounds from
lignin due to their chemistry and properties is an evolving domain of valuable
research to both scientific and industrial communities. For sustainable industrial
biorefineries, it is important that all the chief components of the lignocellulose,
including lignin, be transformed to higher value compounds. This paradigm shift
is essential for biorefineries and forestry-based industries to stay competitive. In this
chapter, a comprehensive summary of the biological solutions to unlock the potential
of lignin for the production of a wide range of bio compounds is presented.

6.2 Structure and Types of Lignin

Lignin is a high-molecular-weight macromolecular found in the cell wall of woods
and plants. It is the third largest naturally occurring polymer on the earth after
cellulose and chitin (Abdelaziz et al. 2019). Lignin is extremely branched in its
structure, composed of three primary phenylpropanoid alcohols (monolignol phe-
nolic units): coniferyl alcohol (G), sinapyl alcohol (S), and p-coumaryl alcohol (H),
that are modified with a variety of functional groups such as methoxy (O-CHj),
carboxyl (R-COOH), hydroxyl (R-OH) and carbonyl (C=0) (Chatterjee and Saito
2015). There are some complex linkages between the three phenylpropanoid units
that provide lignin a dense, hydrophobic structure resistant to depolymerization by
enzymes (Abdelaziz et al. 2016; Chatterjee and Saito 2015; Horwath 2015). These
include the carbon-carbon bond (C-C), ether bond (C-O-C), C-O bonds of a- and
B-arylalkyl ethers, and bonds that OH groups can make with other polysaccharides
(cellulose and hemicellulose) and proteins (extensins) in the plant’s cell wall. The
B-O-4 linkage dominates, represent approximately 45-50% of the linkages, followed
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by 5-5 (18-25%), B-5 (9-12%), and the -1 (7-10%) linkage (Strassberger et al.
2014). While these tight linkages necessitate harsh pretreatments to depolymerize
lignin, they make lignin one the most sturdy macromolecule on the planet and are
estimated to hold about 95 billion tons of carbon (Chatterjee and Saito 2015). Due to
its high carbon content, lignin is considered a significant replacement for fossil fuels.
It has also been explored as a renewable bioresource for the synthesis of carbon-
based chemicals, and has promising potential as a constituent in polymer blends and
composites. However, the ultimate end usage of lignin depends on its properties,
which vary according to source and type. Commercially available lignin includes
lignosulphonates, kraft lignin, soda lignin, organosolv lignin, and biorefinery lignin.

6.2.1 Lignosulphates

In the industries which separate lignin from cellulose, different oxidative pulping
methods are employed. The first and the most widely adopted separation methodol-
ogy is sulfite pulping, where sulfur dioxide or an acidic bisulfite/sulfite solution is
used to soften the plant material and remove lignin as lignosulphonates (Hintz 2001).
Lignosulphates are sulfur-containing lignin that behaves as a polar ionic molecule,
soluble in water but insoluble in organic solvents. Their single most extensive usage
is in the concrete industry, where lignosulphonates are used as plasticizers and allow
concrete to be made with 15% less water, which also creates more rigid concrete
while retaining its capacity to flow (Gargulak et al. 2015; Vazquez and Pique 2016).
Lignosulphonates have the power to decrease the viscosity of the solutions and
provide hydration. They also find usage in the production of linoleum flooring and
plaster (Vazquez and Pique 2016). Lignosulphonates possess good binding, dispers-
ing, and emulsifying abilities that make them useful additives in tanning, leather,
pesticides, fertilizers, wax emulsions, dyes, pigments, oil drilling mud, coal bri-
quettes, and food industry (WebArchive 2003).

Chemical oxidation of sulfonated lignin at elevated temperature (up to 160 °C)
and pressure (10 bar) has a value for the production of low-molecular-weight
artificial flavoring agents such as vanillin and vanillic acid (4-hydroxy-3-methoxy
benzoic acid) (Pacek et al. 2013; Richter et al. 1945). The global market potential of
vanillic acid (in 2020) was USD 1189.9 million (Fox40 2020). Dimethyl sulphoxide
(DMSO) is another high-utilization chemical derived from lignosulphonates
(Macfarlane et al. 2014). Hence, lignosulphonates have immense market potential.
However, the sulfite coking process by which they are produced is environmentally
costly, and lignosulphonates contain sulfur and hemicellulose (Abdelaziz et al.
2016), making them less pure. It is their property of being soluble in water that
distinguishes them from other lignin streams. Due to their anionic sulfate groups,
lignosulphonates can scavenge metals and keep them dissolved in solutions. This
property has an advantage in agriculture where lignosulphonates can keep metals
available to plants (preventing them from precipitating out as insoluble compounds),
and also in drinking water systems, where scaly metals deposition on the walls of the



6 Biorefining of Lignin Wastes: Modularized Production of Value-Added Compounds 139

water systems can be avoided (WebArchive 2003). Moreover, with their ability to
immobilize metals, the utilization of lignosulphonates for bioremediation of waste-
water cannot be ruled out.

6.2.2 Kraft Lignin

Compared to sulfite pulping, the more modern pulping process is the Kraft process,
where the plant material is treated with a mixture of water, sodium hydroxide
(NaOH), and sodium sulfide (Na,S) at 140-180 °C to break the linkages binding
lignin with cellulose and hemicellulose. The lignin extracted during this process is
known as Kraft lignin which accounts for about 85% of the total lignin production in
the world (Chen 2015). Approximately 630,000 tons of kraft lignin is produced
annually, and most of its utilization is for combustion. Its high value utilization as an
additive and binder for improvement of the properties of resins, foams, printing inks,
fertilizers, and adhesives, only stands at 2% of the total kraft lignin produced
(Macfarlane et al. 2014). Like lignosulphonate, kraft lignin has reactive sulfate
groups attached to its phenyl rings. Also, it is associated with hemicellulose, making
it impure. Nevertheless, there is an ongoing push to use kraft lignin for producing
activated carbon and as a low-cost raw material for carbon fiber synthesis. It has an
expected compound annual growth rate (CAGR) of 7% (John 2020).

6.2.3 Soda or Alkaline Lignin

Produced by one of the simplest pulping processes, soda or alkaline lignin is
produced as a by-product in the pulp industry using sodium hydroxide (NaOH) or
a mixture of NaOH and anthraquinone at 150-170 °C (Macfarlane et al. 2014). On
average, soda pulping yields approximately 80% of lignin from the wood samples
(USDA 2020). Performing a steam explosion before soda pulping can enhance the
lignin extraction percentage to 90% (USDA 2020). While the lignin from this
process is sulfur-free, it still contains hemicellulose. It has comparatively high
aliphatic and phenolic content than lignosulphonates and kraft lignin (Abdelaziz
et al. 2016). Hence, aromatic resins are the key chemicals expected to be derived
from the use of soda lignin as the substrate. Also, because they are free from sulfur,
soda lignin can be utilized as binders in animal feed (Macfarlane et al. 2014).

6.2.4 Organosolv Lignin

Organosolv is the most eco-friendly pulping process that uses organic solvents (e.g.,
ethanol, acetone, methanol, acetylene glycol, etc.) to efficiently depolymerize wood
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into lignin, hemicellulose, and cellulose fractions. Organosolv lignin is of high
quality and purity, with <1 wt.% residual carbohydrate content (Strassberger et al.
2014). Organosolv lignin is free from sulfur and other impurities. Hence, it can
directly be used to produce specialty value-added products via a more environmen-
tally friendly method. Organosolv lignin has a highly homogenous nature, with its
composition being much closer to native lignin (Tribot et al. 2019). It is very rich in
phenolic content and is highly hydrophobic, which allows it to be spun into fibers
directly, without blending with other polymers (Macfarlane et al. 2014). Also,
because of its purity, organosolv lignin can be exploited for its antioxidant, antibi-
otic, and antitumor properties in the cosmetics, medicinal, and pharmaceutical
sectors (Macfarlane et al. 2014). To date, organosolv lignin is the most attractive
lignin in terms of its quality. However, the commercial realization of the organosolv
processes is presently marginal, probably as a result of high process costs, and is not
readily available at volume (Abdelaziz et al. 2016; Thoresen et al. 2020).

6.2.5 Biorefinery Lignin

The lignin produced as a by-product in biorefineries using second-generation ligno-
cellulosic feedstocks is another source of lignin, with an annual production of
approximately 100 kilotons (Bajwa et al. 2019). The biorefinery lignin, produced
by a hydrolytic pretreatment (acidic, thermal, or enzymatic) of underutilized ligno-
cellulose is essentially sulfur-free. However, some hemicellulose is still linked with
it through ester, glycosidic, ether, or carbon-carbon bonds (Hansen et al. 2013).
These bonds are responsible for the hydrophilic surface properties of lignin, which
limits its applications in some industries, including the range of polymer resins it can
be effectively combined within biocomposite applications. Nevertheless, biorefinery
lignin holds the potential to be precipitated from the rest of the biomass in the form
of an insoluble, amorphous, solid residue that has a significant amount of protein
attached to it and that can be used as animal feed (Hansen et al. 2013). In the future,
removing carbohydrate impurities and polishing lignin by enzymes could yield low-
molecular-weight lignin with higher purity and hydrophobicity suitable for various
industrial applications.

Over the years, lignin separated from lignocellulosic biomass by different bio-
mass conversion technologies has been given distinct names, as in cellulolytic
enzyme lignin, produced by cellulolytic enzyme treatment of pretreated agricultural
residue (Tian et al. 2017; Zhang et al. 2010); Bjorkman lignin, produced by
treatment of lignocellulose with neutral organic solvents (Bjorkman 1954; Obst
and Kirk 1988); Klason lignin, produced by treatment of lignocellulose with
sulphuric acid followed by removal of ash (Chen 2015; Obst and Kirk 1988), etc.
(Retsina et al. 2013).

From this section, it is evident that varieties of industrial lignins exist in the
market whose properties and structures depend on the pulping or the coking process
(Table 6.1). These lignins are directly suitable for a range of applications, from



141

6 Biorefining of Lignin Wastes: Modularized Production of Value-Added Compounds

pauruLap gse uru3iy
10N 001 s[qnjosuy |  dqELEA Y3ty [IN | ‘OsO[n[[edIudy J[queLeA snAfon[e)
a[qn[os (%1>) urug
07S—08T € AYSIH | 1seYSIH MO KIOA I'N QUON 000—00S AJosouesiQ
yse urugiy
00£€-00T 01-§ | arqnos £pred Y31 EEIARINY [IN| ‘eso[neoruey 000€-008 | SuI[Ey[e 10 BPOS
11 Hd
®>OD& Jajem
ur 9[qn[os SO[N[[AOTWAY
005—0ST SL "s[qnjosu| Mo Y3ty 1 pue “mydng 000€-001 urugy yery
Ioem
ut qnjos aso[n[[eoIWaY 000°0S
00L2-00€ 0001 "s[qnjosu| MO Y31 9-¢ pue “nydng —000°0C | sereuoynsousry
(610T e ¥ (910T 32I11A) SJUSA[OS | JUSJUOD JURJUOD (9107 B30 Aundwy | (0z0z vASN) | uIuSy [emsnpuy
10quL) (610T) (Teaf/suojoqry) OIUESIO | OIOUdYJ | SSO[M[DIWSY | ZIZB[PqV) (%) (e@) oM
(uoyasn) uononpold ur Aqnjos JUAJUOD INJNg I[NOJ[OIN
adud SPIMPHIOM

$9559001d FUIY00O SNOLIBA BIA JISO[N[[2J0USI] WO} PAjeIauasd sutui jo uosuedwo) -9 Jqel,



142 T. Govil et al.

low-density combustion fuel to binder and blender additives to make high-strength
and durable concrete, cardboard, and papers. Lately, the use of lignin in its purest
form as an antioxidant has been recognized. Furthermore, in 2007, scientists from
the Pacific Northwest National Laboratory (PNNL) released a report evaluating the
opportunity for using lignin for the derivation of certain macromolecules, higher
aromatic monomers, and oxidized compounds by breaking the lignin’s polymeric
structure (Holladay et al. 2007). The report presented a case that lignin produced in
biorefineries has a high economic opportunity to generate large revenues (USD
12-35 billion) by producing a variety of co-products (Holladay et al. 2007). This
strategy would entail the choice of technology for selective fragmentation of lignin
into low molecular weight monomers and oligomers, which can be further
biocatalyzed by microorganisms, via cellular assimilation, into value-added
compounds.

Frequently, the microorganisms that depolymerize lignin into its constituent
monolignols proceed to polymerize these intermediates into other renewable
chemicals using their versatile metabolic pathways. Section 6.3 touches on some
of the high-value lignin monomers and oligomers synthesized by microbial/enzy-
matic-based lignin depolymerization without going into the technical details of these
processes. Section 6.4 discusses some final value-added chemicals produced by
microorganisms via cellular assimilation of such lignin intermediates via the
B-ketoadipate pathway.

6.3 Mono-and Oligomers as Intermediates from Lignin
Depolymerization

In nature, microorganisms existing in symbiotic association with plants have
evolved mechanisms to degrade and utilize lignocellulosic biomass. These plant
degrading microbes release a repertoire of extracellular enzymes collectively termed
ligninolytic enzymes (comprising laccase, superoxide dismutase, oxidoreductases,
and peroxidases) that oxidize phenolic units in lignin, but not the non-phenolic
compounds (Datta et al. 2017; Govil et al. 2020a; Janusz et al. 2017). Some
mediators such as p-coumaric acid, 2,2'-azino-di(3-ethylbenzthiazoline-6-sulfonic
acid, vanillin, and syringaldehyde, can enhance the oxidative capacity of laccase
itself to oxidize the non-phenolic units in lignin (Abdelaziz et al. 2016). In addition,
some low-molecular-weight secondary metabolites produced by microbes during
lignin degradation, such as benzoic acid, veratryl alcohol (MnO,), oxalate, and
2-chloro-1,4-dimethoxybenzene, can aid the further breakdown of the phenolic
and non-phenolic groups in lignin (Datta et al. 2017; Janusz et al. 2017; Shimada
et al. 1981). These metabolites are slowly metabolized by the microorganisms and
accumulate in the reaction solutions. Other metabolites such as flavonoids, tannins,
and lignans are parts of plants themselves. They are also known to initiate bond
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scissions in lignin via an oxidative and reductive cascade of reactions (Janusz et al.
2017).

Over the years, many studies have reported the biodegradation of lignin by
microorganisms and their enzymes, and significant progress has been made in
understanding these processes (Abdelaziz et al. 2016; Lee et al. 2019). Literature
is also available that details the pathways for lignin valorization. The pathways
suggest that during the breakdown of lignin, various low-molecular-weight aromatic
compounds can be formed depending on the composition of the lignin and the
depolymerization method used. The most common of these monolignols are
p-coumaric acid, caffeic acid, ferulic acid, guaiacol, syringic acid, syringaldehyde,
phenol, benzoic acid, and vanillic acid (Abdelaziz et al. 2016). Tang et al. (2015)
reported production of 8.04 mg, 0.88 mg, 0.63 mg, 0.34 mg, and 0.29 mg of
hydroxybenzoic acid, syringaldehyde, vanillic acid, p-coumaric acid, and ferulic
acid, respectively, from each gram of oil palm empty fruit bunch lignin. Chen et al.
(1982) reported the generation of vanillic acid, veratric acid, and various benzoic
acid derivatives during degradation of spruce wood lignin by white-rot fungus
Phanerochaete chrysosporium (Chen et al. 1982). The production of phenolic
oligomers containing about seven phenylpropane units from kraft lignin when
subjected to degradation by the fungus Trametes versicolor has also been reported
(Reid 1998). Guaiacol, benzoic acid, and vanillic acid were identified as significant
intermediates when a member of the genus Acetoanaerobium degraded kraft lignin.
In the same study, ferulic acid, syringic acid, and benzenepropanoic acid were also
detected, which were considered the final products after intermediate stage degra-
dation (Duan et al. 2016). Consistent with these observations, similar degradation
products have also been found in other studies, some of which are summarized in
Table 6.2.

Commercially, many of these degradation products of lignin are valued
chemicals, and they can find industrial applications. For instance, syringaldehyde
is an aromatic aldehyde with valued antioxidant, bioactive (antimicrobial), and
antioncogenic activity and is used in cosmetics, pharmaceuticals, food, paper, and
pulp industries. Moreover, syringaldehyde is also a promising laccase and peroxi-
dase mediator that can enhance these enzymes’ activity by almost six-fold
(Mohamad Ibrahim et al. 2012). p-coumaric acid possesses excellent anti-infection,
anti-inflammatory, and antioxidant activities that can help it protect against condi-
tions of oxidative stress (Shen et al. 2019). Ferulic acid also possesses antithrombic,
antimicrobial, anticancer, antidiabetic, and immunostimulant properties, and finds
applications in cosmetics, pharmaceuticals, food, and health industries (Kumar and
Pruthi 2014). Guaiacol and its derivatives are valuable as additives in mucoactive,
antiseptic, and anesthetic agents. Indeed, lignin and the phenolic compounds derived
from it have a total market value of approximately USD 732 million, projected to
reach USD 913 million by 2025 (Bajwa et al. 2019). However, despite the potential
to synthesize such promising aromatics, vanillin stays at present the only marketable
aromatic product of lignin produced using microbial sources.
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Table 6.2 Aromatic intermediary metabolites produced from biological lignin depolymerization

Source of
lignin Microbe/enzyme Conditions | Product Reference
Oil palm Cutinase and man- |55 °C, pH | Hydroxybenzoic acid, Tang et al.
empty fruit ganese peroxidase | 8.0 syringaldehyde, vanillin, p- (2015)
bunch coumaric acid, and ferulic acid
Spruce wood | Phanerochaete 30 °C, pH | Vanillic acid, veratric acid, and | Chen et al.
chrysosporium 7.0 benzoic acid (1982)
Kraft lignin Trametes 40 °C, pH | Seven phenylpropane oligomer | Reid
versicolor 4.8 (1998)
Kraft lignin Acetoanaerobium | 40 °C Ferulic acid, syringic acid, and | Duan et al.
sp. WIDL-Y2 benzenepropanoic acid (2016)
Biorefinery Pseudomonas 30°C Propiophenone and benzoic Ahmad
lignin putida and acid derivatives et al.
Rhodococcus (2010)
RHA1
Kraft lignin Bacillus sp. and 55 °C, pH | Trans-4- hydroxycinnamic Raj et al.
Aneurinibacillus 7.0 acid, 3,4,5-trimethoxy benzal- | (2007)
aneurinilyticus dehyde, gallic acid and ferulic
acid
Kraft lignin Comamonas 30 °C, pH | Ethanediol, 3, 5-dimethyl- Chen et al.
sp. B-9 7.0 benzaldehyde and phenethyl (2012)
alcohol
Kraft lignin Dysgonomonas 33 °C, pH | Vanillic acid, syringic acid, Jing et al.
sp. WIDL-Y1 6.8 ferulic acid, and benzoic acid | (2016)
Wastepaper Aeromonas 30 °C, pH | Benzoic acid, Vanillic acid, Gupta
Sformicans 7.2 Protocatechuic acid, Syringic et al.
acid, cinnamic acid and ferulic | (2001)
acid
Milled wood | B-O-4-cleaving 15 °C, pH | Guaiacylhydroxylpropanone Ohta et al.
lignins enzymes from 8.5 and (2017)
Novosphingobium Syringylhydroxylpropanone
sp.
Softwood E. coli 30 °C, pH | Vanillin Reiter
lignin recombinantly 8.0 et al.
expressing -O-4- (2013)
cleaving enzymes
‘Wheat straw Mutant 30 °C, pH | Vanillin Sainsbury
lignocellulose | Rhodococcus jostii | 8.0 et al.
RHA1 (2013)

6.4 Final Value-Added Chemicals Production from Lignin
Intermediates

Ideally, the production of these lignin intermediates is linked to each other via the
B-ketoadipate pathway. One intermediate gets converted to the other rapidly via a
cascade of reactions. Hence, most of the time, lignin breakdown is a complex
mixture of low-molecular-weight aromatic monomers. It is, in fact, difficult to
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synthesize a particular aromatic compound from lignin at sufficient concentration.
This has a negative prospect for the valorization of lignin to generate a definable
aromatic compound. However, Ohta et al. (2017) showed that highly specific
aromatic monomers can be synthesized from lignin by controlling the reactions
using selective enzymes. In their study, the authors achieved the exclusive synthesis
of monomers with a phenylpropane moiety (e.g., guaiacylhydroxylpropanone
(GHP), syringylhydroxylpropanone, SHP)) using four p-O-4-cleaving enzymes
(two short-chain dehydrogenase/reductase, two glutathione S-transferases with
[-etherase activity) isolated from a Novosphingobium strain in one pot (Ohta et al.
2017). Prim et al. (2003) showed that the production of 4-ethyl phenol, a phenolic
compound responsible for aroma in wine, is possible from hydroxycinnamic acids
(e.g., ferulic, p-coumaric, sinapyl acid, and caffeic acids) using phenolic acid
decarboxylase from Bacillus sp. BP-7, with no accumulation of any side products
(Prim et al. 2003). A similar conversion was achieved using a decarboxylase gene
from Bacillus licheniformis (Hu et al. 2015). Furthermore, phenolic acid decarbox-
ylase activity from Bacillus amyloliquefaciens has been demonstrated for the selec-
tive synthesis of p-hydroxystyrene from p-coumaric acid (Jung et al. 2013).

6.4.1 Specific Case of Vanillin Production

As mentioned earlier, because of lignin’s heterogeneity, many side products are
formed along with the desired compound during lignin processing and intermediate
production. To avoid this issue, studies have been conducted to examine microbial
enzymes which can bioconvert a particular metabolite into other monomeric aro-
matic compounds. In this regard, processes that lead to the production of vanillic
acid are one of the most intensively studied enzymes and enzymatic processes.
Vanillic acid is a food preservative and a natural precursor for vanillin production
- an aromatic compound responsible for the characteristic vanilla flavor, which has
enormous consumer demand. Organic vanillin obtained from plants is high-priced
(approximately USD 3000/kg) and has a net worth of more than USD1 billion
annually (Li and Rosazza 2000). Vanillin synthesized chemically is comparatively
cheaper (USD 11/kg) though it is not considered natural under US legislation
(Ashengroph et al. 2011). Hence, cheaper production of natural vanillin using
microbial transformations has increasingly been attempted and has immense eco-
nomic potential, owing to the spur in demand of bio-vanillin as a flavoring base in
foods, pharmaceuticals, and cosmetic industries (Luziatelli et al. 2019) (Fig. 6.1).
For years, the most exploited feedstock for vanillic acid’s biological production is
ferulic acid (a hydroxycinnamic acid found attached to hemicellulose via several
ester linkages). Some of the microbial enzymes that have been studied for this
purpose include enzymes belonging to the superfamily feruloyl enoyl-SCoA
hydratase/lyase (EC 4.2.1.101) and feruloyl-CoA synthetase (EC 6.2.1.34))
expressed by Pseudomonas fluorescens (Gasson et al. 1998; Leonard et al. 2006),
Pseudomonas sp. Strain HR199 (Overhage et al. 1999), Pseudomonas putida
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KT2440 (Plaggenborg et al. 2003), plant species Glechoma hederacea and Vanilla
planifolia (Gallage et al. 2014; Negishi et al. 2009), Amycolatopsis sp. strain HR167
(Achterholt et al. 2000), Streptomyces sp. NL15-2K (Nishimura et al. 2018; Yang
et al. 2013) and strain V1 (Hua et al. 2007b), Streptomyces setonii (Muheim and
Lerch 1999), Delftia acidovorans (Plaggenborg et al. 2001), Rhodotorula rubra
(Huang et al. 1993), Halomonas elongate (Abdelkafi et al. 2006), Bacillus subtilis
(Gurujeyalakshmi and Mahadevan 1987), and Aspergillus niger CGMCC0774 and
Pycnoporus cinnabarinus CGMCCI1115 (Zheng et al. 2007). In the two-step con-
version process, feruloyl-CoA synthetase (fcs) converts ferulic acid into feruloyl
CoA and subsequently enoyl-SCoA hydratase/lyase (ech) mediates the conversion
of feruloyl CoA to vanillin and acetyl CoA (Fig. 6.1). Table 6.3 summarizes the
studies where the natural host strain or the recombinant strains expressed the
enzymes that could transform ferulic acid to vanillin and yields up to 28.3 g/L
were achieved. In the future, cloning an efficient ferulic acid esterase gene that can
release ferulic acid from hemicellulose (Bugg et al. 2011) in such clones can create a
path for producing vanillin directly from hemicellulose.

As such, ferulic acid is an excellent nontoxic precursor for vanillin synthesis. A
high concentration of ferulic acid can be fed to the microorganisms without
inhibiting microbial growth (Muheim and Lerch 1999). However, ferulic acid is
costly, and this has prompted research where eugenol (a plant-derived
phenylpropanoid) is being considered as a cheaper (USD 5/kg) and a more abundant
vanillin precursor. Several microbial strains and their enzymes have been shown to
aid in the biotransformation of eugenol into vanillin, including Rhodococcus
rhodochrous (Chatterjee et al. 1999), Serratia marcescens DSM30126 (Rabenhorst
and Hopp 1991), strains of the genus Bacillus (Hua et al. 2007a; Shimoni et al. 2000;
Zhang et al. 2000), strains of the genus Pseudomonas (Kasana et al. 2007; Unno
et al. 2007; Yamada et al. 2007), and Candida galli strain PGO6 (Ashengroph et al.
2011). Lately, the use of cell-free extracts rich in characteristic enzymes for bioca-
talysis of eugenol into vanillin has also been attempted. For example, vanillyl
alcohol oxidase enzyme (vaoA) from Penicillium simplicissimum CBS 170.90 has
successfully been used for the biocatalytic conversion of 1 g/L. of eugenol into
vanillin (0.24 g/L, the molar yield of 10%) and vanillic acid (1.1 g/L, the molar
yield of 44%) (Ashengroph et al. 2011). vaoA (Vanillyl-alcohol oxidase) gene when
cloned into a recombinant Escherichia coli, that had already been transformed with
the genes encoding coniferyl alcohol dehydrogenase and coniferyl aldehyde dehy-
drogenase from Pseudomonas sp. strain HR199, produced 0.3 g of vanillin per liter
of the fermentation medium from eugenol (Overhage et al. 2003).

Several attempts have been made to produce vanillin with a minimum of
co-products from lignin as the starting substrate. For example, Reiter et al. (2013)
recombinantly expressed three pB-O-4-cleaving enzymes, a Ca-dehydrogenase, a
[B-etherase, and a glutathione lyase from the proteobacterium Sphingobium
sp. SYK6 in E. coli BL21, and obtained the production of 58.2 mg/L of vanillin
from softwood lignin with a small amount of ferulic acid as the co-product (Reiter
et al. 2013). Exclusive production of vanillin from wheat straw lignocellulose was
also reported in a study by Sainsbury et al. (2013), where a mutant strain of
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Rhodococcus jostii RHA1 deficient in gene vanillin dehydrogenase was found to
accumulate up to 96 mg/L of vanillin, together with minor quantities of ferulic acid
and 4-hydroxybenzaldehyde (Sainsbury et al. 2013). These studies show that the
exclusive production of specific phenolic compounds from lignin is possible, pro-
vided the application of targeted pathway engineering can control the biocatalytic
routes for lignin breakdown. However, the reported yield and concentration of
products produced via this route are below 1 g/L and do not qualify as economically
efficient biotransformation. In these studies, the reported yield of vanillin production
of less than 1 g/L and associated efficiency of less than 10%, was due to the toxic
effects of vanillin on the cellular systems at concentrations above 1 g/L, leading to its
quick metabolization by the microorganism into vanillic acid and vanillyl alcohol
using vanillin dehydrogenase (EC 1.2.1.67) (Ashengroph and Amini 2017). Hence,
in microbial hosts, the respective alcohol or the respective acid typically gets
accumulated rather than vanillin.

To enhance the bioconversion yield of vanillin from eugenol or ferulic acid, the
use of static growth conditions is the first strategy adopted where resting cells have
been shown to delay degradation of vanillin to vanillic acid. Here, with the resting
cells of Psychrobacter sp. strain CSW4, a vanillin concentration of 1.28 g/L. (molar
yield of 13.8%) was achieved by Ashengroph et al. (2012). Secondly, researchers
have also, from time to time, reported the isolation of a few strains from nature that
are resistant to the toxic effects of vanillin, and hence can accumulate more vanillin
in a reduced reaction time. Pseudomonas chlororaphis CDAES is one such strain
that has demonstrated the potential to be a suitable candidate for biotechnological
production of vanillin from isoeugenol. Another study has shown Pseudomonas
chlororaphis CDAES to produce 1.2 g/L of vanillin, with a molar yield of 13%
(Kasana et al. 2007). Much higher productivity of vanillin has been reported by
Ashengroph and Amini (2017), where the yeast Trichosporon asahii transformed
5 g/L of isoeugenol into 2.4 g/L of vanillin with a 52.5% molar yield (Ashengroph
and Amini 2017). Even cell-free extracts rich in a designated enzyme have been
investigated for the process. Enzyme lipoxygenase is useful for this biocatalysis
approach, where Liu et al. (2020) tested a method for the synthesis of vanillin from
isoeugenol and eugenol using soybean lipoxygenase (lipoxidase). The reported
production of vanillin in this study was 2.68 g/L. A European patent dating back
to 1991 claimed a process for the preparation of vanillin (1015 g/L) from eugenol or
isoeugenol using lipoxidase (Markus et al. 1992), an enzyme from Glycine max
(soybean) that is now commercially available from Sigma Aldrich (L6632 and
L7395).

To augment these processes and improve productivity, the metabolic engineering
of microbial strains already known to have the tolerance to vanillin toxicity has been
documented in the literature. Specifically, Amycolatopsis sp. ATCC 39116, a
gram-positive Actinobacteria, was engineered with the deletion of its vanillin dehy-
drogenase-encoding (vdh) gene that codes for vanillin catabolism enzyme, vanillin
dehydrogenase. This mutation decreased the catabolism of vanillin to vanillic acid
by 90%, and resulted in an increase of the total vanillin production to 2.2 g/L from
ferulic acid, with a molar yield of 80.9% (Fleige et al. 2016). The same group
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achieved a vanillin concentration of 19.3 g/L (molar yield of 94.9%) by constitu-
tively expressing two of the vanillin anabolism genes fcs (coding for feruloyl-
coenzyme A (CoA) synthetase) and ech (enoyl-CoA hydratase/aldolase) in the
same stain of Amycolatopsis sp. 39116 (Fleige et al. 2016). The transcription of
ech and fcs eliminated the adaptation phase in the host. Moreover, by using an
improved fed-batch feeding strategy, the group could attain an even higher concen-
tration of vanillin, 22.3 g/L, which is the highest vanillin concentration reported to
date from any of the native wild host strains (Fleige et al. 2016). This study shows
that improvements in vanillin yield using whole cells are possible through the right
combination of strategies involving optimization of the fermentation parameters
with resting cells and metabolic engineering. The identical strategy of inactivating
vanillin dehydrogenase and overexpressing feruloyl-coenzyme A (CoA) synthetase
and enoyl-CoA hydratase/aldolase in Pseudomonas sp. have been documented by
Graf and Altenbuchner (2014). However, here the authors observed vanillin metab-
olism to vanillic acid, despite knockout of the vanillin dehydrogenase gene (vdh).
Hence, additional inactivation of a molybdate transporter gene was done in their
study, which led to the complete prevention of vanillin degradation. However, the
concentration of vanillin achieved in their study was only 1.2 g/l (Graf and
Altenbuchner 2014). This indicates that each microbial strain has a characteristic
tolerance to the amount of vanillin it can produce in the system. The highest
concentration of vanillin production of vanillin has been achieved at 1.2 g/LL with
any Pseudomonas strain to date.

Genetic engineering strategies have also been tried with recombinant E. coli
(transformed with vanillin synthesizing genes) as the preferred candidate for cost-
effective vanillin synthesis because it has a well-studied and understood fermenta-
tion process and has no vanillin degradation pathway (Lee et al. 2009). Lee et al.
induced an E. coli host transformed with feruloyl-CoA synthetase ( fcs) and enoyl-
CoA hydratase/aldolase (ech) genes to produce more vanillin by amplifying a glt
gene encoding citrate synthase in it. During the vanillin synthase from ferulic acid,
acetyl-CoA is a concomitant by-product whose accumulation impedes feruloyl-
CoA’s forward reaction to vanillin. The enzyme citrate synthase bio transforms
acetyl-CoA into CoA and helps the vanillin synthesis reaction to be pulled forward
by eliminating product inhibition. Therefore, in their study, by overexpressing the
gltA gene, 1.98 g/L of vanillin was produced, which was almost twofold more than
the vanillin production of 0.91 g/L obtained by the E. coli without gltA amplification
(Lee et al. 2009). In another study, Yoon et al. (2007) followed a two-step strategy to
enhance vanillin production in an E. coli harboring fcs and ech genes transformed
from Amycolatopsis sp. strain HR104. First, they generated mutants of E. coli that
were vanillin resistant, and second, they used XAD-2 resin for the adsorption and
removal of released toxic vanillin from the medium. This combined engineering
strategy increased the vanillin production from the recombinant host to 2.9 g/L,
which was three-fold higher than that for its wild-type strain without the use of the
resin (Yoon et al. 2007). Indeed, the utility of adsorbent resins with microporous
structures can be observed from a study by Hua et al. (2007a, b) where vanillin
produced by ferulic acid biotransformation by Streptomyces sp. strain V-1 was
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adsorbed on the resins, leading to high production of 19.2 g/L along with ease of its
downstream processing (Hua et al. 2007b). With a similar concept of obtaining the
product adsorbed onto a resin (HDS), Zhao et al. (2006) also obtained decent
production of vanillin (8.1 g/L) from isoeugenol. Recently, Luziatelli et al. (2019)
reported production of approximately 4.9 g/ concentration of vanillin from ferulic
acid in recombinant E.coli transformed with fcs and ech genes from a Pseudomonas
strain, using the concept of resting cells, optimization of the bioprocess variables
after using response surface methodology (RSM), and a unique solid-liquid separa-
tion system which had ferulic acid entrapped into 1.75% w/v agarose gel cylinders
(Luziatelli et al. 2019). Here, in contrast to the product’s adsorption, the substrate
was immobilized for its steady release in the media. Overall, these studies largely
demonstrate that product inhibition could be well sidestepped by the addition of
adsorbent resins in the fermentation systems.

Finally, in terms of using genetically engineered strains as the hosts, the study by
Yamada et al. (2007) is worth mentioning in which the authors cloned a rare
isoeugenol monooxygenase gene from a Pseudomonas putida strain IE27 into
E. coli BL21. With the expression of just a single gene in E. coli, the concentration
of 28.3 g/L of vanillin was realized from 230 mM isoeugenol in 6 h (Yamada et al.
2008). The achieved concentration of 28.3 g/L. was the highest concentrations of
vanillin ever reported in the literature from the use of either recombinant or native
cells or cell-free extracts. Although it was nearly close to the production attained
using wild Amycolatopsis sp. 39116 (22.3 g/L) by Fleige et al. (2016). The use of
E. coli as the host eliminates the complications associated with the use of
Amycolatopsis like microorganisms that are spore formers and do not have the
requisite Generally recognized As Safe (GRAS) status. Infact, Kaur et al. (2014)
have reported heterologous expression of fcs and ech genes in a lactic acid bacte-
rium, Pediococcus acidilactici BD16, with GRAS status. In their study, the authors
could recover 3.14 mM of vanillin within 20 min from 1.08 mM ferulic acid (Kaur
et al. 2014).

Nevertheless, the recombinant strains are associated with certain disadvantages
such as their genetic instability, inappropriate genetic tools, and high cost associated
with the cloning, transformation, or recombination. Hence, immobilization of
vanillin-producing microbial cells as biofilms has gained attention as yet another
strategy due to their exceptional operational stabilities when persistent bioconver-
sion times are required, high cell concentrations, and tolerance against harsh envi-
ronments. Yan et al. (2016) attempted biocatalysis of ferulic acid to vanillin in a
packed bed bioreactor, which had Bacillus subtilis cells immobilized as biofilms on
the carbon fiber textiles (CFT); their vanillin’s reported production was 1.84 g/L,
with the hydraulic retention time of just 20 h (Yan et al. 2016). Therefore, their
process represents a faster production of vanillin in stable biotransformation where
recycling or recovery of the immobilized biomass presents a potential economic
advantage.
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6.4.2 Specific Case of Polyhydroxyalkanoates (PHA)
Production

Within the biopolymer group, polyhydroxyalkanoates or PHAS that are synthesized
directly by microorganisms, are the plastic materials of the 21st century. PHAs are
deposited intracellularly within the bacteria during the stress conditions, as energy
storage or carbon reserves, (Getachew and Woldesenbet 2016). Their monomer
building blocks, formed mainly from saturated or unsaturated hydroxy alkanoic
acids, can vary in length from C3 to C14 carbon atoms with a variety of straight
or branched chain aliphatic or aromatic side groups. Typically, the structure of PHAs
depends on the feedstock monomers available together with the substrate specificity
of the PHA synthase (PhaC).

There are reports available where microorganisms have been isolated in nature
that grow on lignin as the sole carbon sources and transform derivatives of lignin to
(R)-3-hydroxyacyl-CoA (3HA-CoA) via fatty acid de novo biosynthesis pathways
for the biosynthesis of PHA. Pandoraea sp. ISTKB is one such strain tested for its
ability to degrade lignin and use the released derivatives for PHA (Kumar et al.
2017). For this testing, the authors grew ISTKB on kraft lignin and its lignin
derivatives, particularly syringol, vanillic acid, 4-hydroxybenzoic acid (4-HBA),
p-coumaric acid, and 2,6-dimethoxyphenol (DMP), as the only carbon sources in
the media, aerobically under nutrient-limited conditions for 6 days at 30 °C, pH
8, and 185 rpm. The concentration of PHA that Pandoraea sp. ISTKB accumulated
was 246 mg/L with 4-HBA, followed by 170 mg/L with p-coumaric acid, 72 mg/L
with p-coumaric acid, 69 mg/L with DMP, and 18 mg/L with kraft lignin (Kumar
et al. 2017). Their results indicate that the bacterium’s PHA accumulation decreased
with an increase in the substrate’s structural complexity. 4-HBA is an intermediate
produced down the p-coumaric acid degradation pathway and seemingly had the
simplest structure. Hence, ISTKB accumulated maximum PHA of the type poly
(3-hydroxybutyric-co-hydroxyvaleric) acid P(HB-co-HV) with 4-HBA, and least
with lignin (Kumar et al. 2017). Previously, with Ralstonia eutropha H16 as the
model strain, Satoshi et al. (2014) reported similar results. The authors tested the
capacity of H16 to synthesize P (HB-co-HV) from a variety of lignin derivatives.
However, it was with 4-HBA and 3-HBA as the substrates that maximum PHA at
63 wt.% and 65 wt.% was accumulated by R. eutropha H16 (Tomizawa et al. 2014).
With other intermediates, such as vanillic acid, ferulic acid, and p-coumaric acid, cell
growth inhibition and PHA accumulation were observed (Tomizawa et al. 2014).
Inhibition of cell growth was also observed in a y-proteobacterium marine isolate
Oceanimonas doudoroffii in the presence of p-coumaric acid, vanillic acid, ferulic
acid, caffeic acid, and gallic acid. With O. doudoroffii, the authors reported reason-
able PHA production (short-chain length polyhydroxyvalerate (PHV), 1.9 wt.% with
sinapinic acid, and 2.7 wt.% with syringic acid (Numata and Morisaki 2015), which
are again the simpler derivatives produced during lignin degradation.

In contrast to the aforementioned observations, where microorganisms tend to be
inhibited by lignin, strains of the genus Pseudomonas have been reported for PHA
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production from lignin itself. For instance, P. putida KT2440 has been demonstrated
to produce 150 mg/L medium chain-length (C6-C14) polyhydroxyalkanoates (mcl-
PHAs) from alkaline pretreated corn liquor rich in lignin (32% wt./wt.) and extrac-
tives of lignin (23% wt./wt. of p-coumaric acid, vanillic acid, and ferulic acid) by
Linger et al. (2014). The mcl-PHA biopolymer produced by P. putida KT2440 has a
molecular weight of 124 kDa and has side chains comprising 3-hydroxydecanoic
acid (55%), 3-hydroxyoctanoic acid (22%), 3-hydroxydodecanoic acid (16%),
3-hydroxytetradecancoic acid (4%), and 3-hydroxyhexanoic acid (3%) (Linger
et al. 2014). Alkaline pretreated lignin (APL) from corn stover was also used to
support P. putida KT2440, P. putida mt-2, and Cupriavidus necato growth and PHA
accumulation (Salvachda et al. 2015). Therein, the P. putida KT2440 and P. putida
mt-2 synthesized 52 mg/L and 60 mg/L of mcl-PHA, respectively. C. necator was
found to accumulate 162 mg/L. of short-chain length polyhydroxy butyrate (PHB)
(Salvachua et al. 2015). More recently, Pandoraea sp. B-6 has also been shown to
carry the potential to bio convert kraft lignin into PHA. Strain B-6 was shown to
degrade 40% of kraft lignin in barely 4 days, with a resultant 24.7% accumulation of
scl-PHB (Liu et al. 2019a). Similar findings were reported by Shi et al. (2017) with
Cupriavidus basilensis B-8, which could accumulate 128 mg/L of PHB from kraft
lignin (without any pretreatment) as the sole carbon source in 7 days (Shi et al.
2017). The authors in the study also highlighted the utility of fed-batch in enhancing
PHB production during the bioconversion, as 319.4 mg/L of PHB was reported with
5 g/L of lignin using the fed-batch mode of fermentation (Shi et al. 2017).

Overall, these studies lay a solid foundation for pursuing bioconversion of lignin-
rich streams to value-added biopolymers (Fig. 6.2). Generally, lignin and its aro-
matic intermediates are recalcitrant and toxic, and have been found to impede the
fermentation and bioconversions in the host. In the future, optimization of culture
conditions, the use of innovative fermentation modes, isolating new microbial
strains, and metabolically engineering existing strains may prove useful for enhanc-
ing the yield and percent accumulation of PHA inside the host when lignin or its
intermediates are used as the carbon source. Recently, CRISPR/Cas9n-based tool
was used to engineer Pseudomonas putida KT2440 to produce a higher amount of
mcl-PHA (270 mg/L) using ferulic acid as the feedstock. In yet another bioengineer-
ing study, Lin et al. (2016) improved the tolerance and productivity of Pseudomonas
putida strain A514 toward lignin and its derivative vanillin by overexpressing a gene
that codes for the VanAB enzyme of the p-ketoadipate pathway that is explicitly
induced in the presence of vanillic acid (Lin et al. 2016). The group further
channelized the vanillin bioconversion towards mcl-PHA synthesis by
overexpressing phaB and phaC genes in AS514. The results indicated that the
modified A514 could accumulate 65 mg/L. PHA, with a yield of 73.5% per CDW
compared with 54% in the wild strain of A514. After this two-step metabolic
engineering, A514 was also able to accumulate 75 mg/L. mcl PHA (C8-C14) with
kraft lignin, which is significantly more recalcitrant than the processed APL lignin
(Lin et al. 2016). In addition, the authors reported that enhanced PHA production
occurred through the complete growth cycle for both nitrogen-limiting and
nitrogen-excess conditions. Moreover, the composition of the produced mcl-PHA
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had side chains ranging from C8-C14, which in itself is valued highly for its ability
to be a precursor for the synthesis of jet fuels (C8-C16) (Lin et al. 2016). Wang et al.
(2018) enhanced the PHA production of Pseudomonas putida strain A514 to
246 mg/L from vanillin by further overexpression of long-chain fatty acid-CoA
ligase (alkK), and 3-hydroxyacyl-acyl carrier protein (ACP) thioesterase (phaG). In
the same study, these genes were identified after an extensive study of genomics,
transcriptomics, and proteomics data of A514 grown on vanillin under nitrogen-
limited conditions (Wang et al. 2018). Thus, molecular insights based on omics
study can help identify schemes to enhance PHA production from lignin or its
derivatives.

Generally, for synthesizing high-molecular-weight PHA copolymers, expensive
odd fatty acids (propionic acid, valeric acid) are supplemented in the medium as
co-carbon substrates (Govil et al. 2020b). This co-addition of additional feedstocks
not only increases the cost of production of PHA copolymer but also has a low yield
and accumulation of copolymers compared to the addition of homopolymers. How-
ever, the studies discussed in this section suggest that the lignin or its aromatic
derivatives can serve as low-cost platform precursors for synthesizing not only
scl-copolymers like P(HV) and P(HB-co-HV) but also mcl-PHAs with side chains
ranging from 3-hydroxyhexanoic acid to hydroxy-tetra decanoate.

Currently, the valorization process of lignin to PHA has an important drawback.
The concentration and the yield of the produced PHA are low, being in the tens or
low hundreds of milligrams per liter. The principal reason for this low yield is related
to the low reactivity and assimilation of lignin by the microbial hosts. However, a
study published in 2019 showed that co-utilization of lignin with a limited amount of
glucose could facilitate lignin biocatalysis to PHA. The authors used this concept to
produce the record titer of 1.5 g/LL of PHA by the synergistic bioconversion of lignin
and residual sugar released during corn stover pretreatment and hydrolysis by the
Pseudomonas putida strain KT2440 (Liu et al. 2019b). This shows that lignin-based
biorefinery sustainability is conceivable by applying innovative yet straightforward
concepts.

6.5 Conclusion and Future Directions

Lignin, a polyaromatic macromolecule, is one of the most underutilized fractions of
the lignocellulosic biomasses, whose valorization to fine chemicals has a much
higher economic and environmental benefit than burning it for heat and electricity.
The abundance of aromatic monomers in its skeletal structure makes lignin a
promising substrate for biocatalysis into an array of value-added products such as
aromatic biomolecules, biopolymers, bio-oil, and biofuels. Today, lignin is also
considered a commendable, environmental-friendly component or additive in the
preparation of epoxy resins, fire-retardants, antioxidants, adhesives, and concrete
admixtures. Hence, the production of lignin-derived co-products can support, and
enhance the profitability of second-generation biorefineries, and related industries.
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With the advancement of multi-omics knowledge, the sophisticated metabolic path-
ways essential for lignin degradation are being elucidated in detail. In the future,
engineering of these pathways in microbes for the overproduction of useful inter-
mediates such as ferulic acid, vanillin, and guaiacol is foreseen. In addition, the
central target for the near future should be the improvement of the technology for
separating lignin efficiently and cost-effectively from lignocellulosic biomass.
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fermentation conditions to be operated to the final product to be synthesized. For an
economical process that has a high yield with a minimum of operational costs,
bacteria enclosed as sessile cells inside biofilms have gained considerable interest.
Cells immobilized as biofilms in a reactor exhibit a distinct ability to carry on a
fermentative process continuously for a long time with a reduced lag phase and
operating time. Biofilm cells also exhibit higher resistance to metabolic stress as
opposed to their free cell planktonic suspensions, while being tolerant to toxic levels
of solvents and inhibitors. These features of the biofilm mode of growth have
positioned them as “cell factories” for sustainable production of certain commercial
value biofuels, organic acids, vitamins, amino acids, bioplastics, and also enzymes.
Further, biofilms have proven themselves useful for the treatment of soil and water
against recalcitrant organic pollutants and toxic metals. This book chapter summa-
rizes some such positive applications associated with biofilms as industrial cell
factories for bioremediation of the environment and production of value-added
products. The chapter also reviews the benefits of biofilms in agriculture as
biofertilizers to improve crop ecosystems.

Keywords Biofilms - Bioremediation - Industrial workhouse - Sustainable - Value-
added products

7.1 Introduction

In nature, there are two different physiological lifestyles that a bacterium can adopt:
(1) a unicellular planktonic mode of growth, where the bacteria thrive as free-floating
dispersed cells in the medium; (2) as biofilms, where the cells grow in as a sessile
syntrophic consortium that is reversibly attached or to a stationary substratum
through a self-produced extracellular polymeric substance (EPS) (Govil et al.
2019). These lifeforms have their associated benefits and hardships, and a bacterium
living in a biofilm typically has substantially distinct characteristics from its free-
living form. Lately, the importance of the biofilm mode of growth in biotechnolog-
ical applications has attracted increased attention.

A biofilm is a small habitat for microorganisms that can attach to a surface by
excreting a sticky EPS substance that encompasses the bacteria in a matrix. A
biofilm can be composed of a single microbial species or a conglomerate of species.
In most cases, biofilms primarily comprise bacteria, but they can also include other
organisms such as archaea, protozoa, fungi, or algae (Hall and Mah 2017). Together,
the participating strains create a complex micro-environment comparable to the
system existing within the multicellular organisms. In the biofilms, the microbes
interact with each other through an intricate communication system called quorum
sensing—a scheme based on chemical signals to coordinate different gene expres-
sions (e.g., N-Acyl homoserine lactone-mediated quorum sensing in Gram-negative
bacteria) (Berlanga et al. 2012). The surface association of a biofilm via EPS pro-
vides adequate strength and resilience to the cells to maintain their assembly against



7 Understanding the Potential Applications of Biofilms as Industrial “Cell. . . 167

dispersion under shear forces; this allows the host cells to last for much longer time,
in a relatively synchronized state, on a surface that supports their proliferation
(Berlanga et al. 2012).

The EPS biofilm covering comprises a variety of carbohydrates, proteins, glyco-
proteins, and glycolipids, which hold the biofilm cells in sync and preserve water.
This EPS biofilm habitat (a) keeps the extracellular enzymes close to the biofilm’s
cells through its sorption properties, thereby facilitating the digestion of dissolved
colloidal and solid biopolymers; (b) sequesters dissolved and particulate nutrients
from the surroundings; (c) protects the biofilm cells from environments which are
hostile to the microbial population by reducing the diffusion of certain toxic anti-
microbial compounds, like antibiotics from the surroundings; (d) expels waste and
toxic compounds formed inside the biofilms by the residing microbes (Berlanga
et al. 2012; Flemming et al. 2007; Jachlewski et al. 2015; Jefferson 2004). All these
factors allow microorganisms inside the biofilm to live at high cell densities while
maintaining their stationary, dormant, or slow-growing subpopulation. In addition,
different microbes in biofilms establish a balanced consumption rate of electron
donors/acceptors from a substrate to gain energy (Bruce and Perry 2001).

Altogether, enclosed within the polymer EPS matrix, a biofilm reflects a success-
ful symbiotic microbial consortium, wherein the cells synchronize distinct physio-
logical processes and cooperative activities. The formed biofilms can endure
antimicrobial agents and disinfectants at 10—1000 times concentrations that are
considered necessary to eradicate genetically parallel planktonic cells. Conse-
quently, it has been well documented that biofilms endanger human health and
cause billions of dollars of loss to industrial productivity, with particularly grave
and persistent consequences in healthcare (Jefferson 2004), food processing indus-
tries (Galié et al. 2018), and most industrial water-based process, including drinking
water treatment distribution systems and pulp and paper manufacturing (Muhammad
et al. 2020).

However, it has recently been recognized that biofilms can have a highly con-
structive impact as well. The density of microbial cells in the biofilms is high enough
to have the power to immobilize toxic organic hydrocarbons and inorganic metals.
Biofilms also provide controlled growth conditions to the cells, needed for optimized
production of the desired compound (Berlanga et al. 2012). Thus, biofilm systems
are remarkably suitable for bioremediation of recalcitrant compounds from hazard-
ous waste sites (Singh et al. 2006), biofiltering of industrial and municipal water and
wastewater (Asri et al. 2019), and forming bio-barriers to efficiently prevent the
propagation of contaminants towards the groundwater (EPA 2013). Also, the
potential of biofilms for the industrial production of various fermentation products
(Berlanga et al. 2012) is gaining interest. This book chapter summarizes some of
these positive applications of biofilms as environmental and industrial materials to
address emerging biotechnological problems.
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7.2 Use of Biofilms in Bioremediation of Environment

7.2.1 Remediation of Organic Hydrocarbons

The pollution of the environment by noxious and persistent chemical contaminants
like polycyclic aromatic hydrocarbons (PAHs) has increased during decades of
industrialization. Amongst the numerous methods known for remediating contami-
nants, in situ bioremediation processes are efficient, ecologically benign, and eco-
nomically viable. Moreover, the potential of biofilm cultures to be grown under
controlled laboratory conditions as a bioremediation tool has recently been recog-
nized. The biofilm cultures have a rapid pollutant degradation activity, which may
perhaps be attributed to the high microbial density, robustness, superior adaptation,
and survival (notably, stress endurance), and functional capabilities of the constitu-
ent cells encapsulated within the EPS matrix, which behave as a physical protective
barrier for the cells (Singh et al. 2006). The microbial cells, naturally immobilized
within the biofilms, also eliminate the requirement of artificial cell immobilization.
Using biofilm for bioremediation is, therefore, an advanced and cost-effective
method, which can be commercially deployed for the immobilization
(by biosorption) and the biomineralization of recalcitrant organic compounds, xeno-
biotics, and toxic metals (Fida et al. 2012; Mitra and Mukhopadhyay 2016; Shukla
et al. 2014; Singh et al. 2006).

A consortium of cultures isolated from an activated sludge sample and Pseudo-
monas putida grown in a rotating perforated tube biofilm reactor (RTBR) was used
to remove a chlorinated aromatic hydrocarbon (2,4-dichlorophenol (DCP)) from
synthetic wastewater, and nearly 100% DCP was removed (Kargi and Eker 2005).
Similarly, a hydrogenotrophic biofilm of microbes isolated from sources like the
anaerobic sludge from a swine wastewater treatment plant (Chang et al. 2004) and
rhizosphere of Phragmites australis (Caldeira et al. 1999) was used to remove
2-chlorophenol (2-CP) and 4-chlorophenol (4-CP) with efficiencies of >90% in
laboratory-scale bioreactors. On-site, pilot-scale degradation of trichlorophenolic
compounds from contaminated groundwaters using biofilms of Pseudomonas
sp. and Rhodococcus sp. has also been demonstrated (Puhakka et al. 1995). Other
halogenated phenols whose mineralization has been shown using biofilms of Pseu-
domonas sp., Sphingomonas sp., Rhodococcus sp., Alcaligenes sp., Caulobacter sp.,
Providentia sp., and Variovorax sp. include benzopyrene, phenanthracene,
2-hydroxytoluene, naphthene, hemellitol, n-alkanes, toluene, and
tetrachloromethane (Singh et al. 2006). A study conducted by Luke and Burton on
phenol bioremediation showed that a fungal biofilm of Neurospora crassa was able
to maintain its catalytic activity much longer (eight-fold) than the time noted for its
planktonic counterpart, without degradation or decontamination (Luke and Burton
2001). These studies establish that microbial biomasses immobilized as biofilms can
sustain their cell density and productivity for continuous bioremediation of organic
pollutants from natural contaminated environments over considerable time.
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Fig. 7.1 Bioremediation of contaminated samples (soil/wastewater) by microbial biofilms in a
bioreactor

Other than the halogenated and phenolic compounds, the bioremediation of
phenoxy herbicides like 1-(3-chlorophenyl)piperazine and 2-(2,4-dichlorophenoxy)
acetic acid was reported in a packed bioreactor with granular activated carbon
(GAC) as a support matrix using a consortium of herbicide-degrading bacteria
(Kye-Heon and Tuovinen 1994). Even the degradation of an azo dye, acid orange,
from municipal wastewaters was reported by Zhang et al. (1995) using Methylosinus
trichosporium in an RDBRs setup. Degradation efficiencies higher than 60% were
achieved at all loading rates (Zhang et al. 1995). Synchronized biodegradation and
adsorption of textile dye Everzol Turquoise Blue were examined using the white-rot
fungus Trametes versicolor biofilm in an activated sludge set up and showed the
highest color removal efficiency (82%) (Kapdan and Kargi 2002).

Biofilms are efficient in removing toxic pollutants from not only liquid contam-
inants but also from waste gases. This versatility of biofilm biomasses can be
witnessed from the study by Hekmat et al. (2004) where a multispecies biofilm
was assessed for the treatment of a mixture of aromatic hydrocarbons called
Solvessol100 with an unsterilized bench-scale Trickle Bed reactor (Hekmat et al.
2004). In this study, the bioreactor was filled with 10% cells and 90% EPS secreted
by these cells (Hekmat et al. 2004). The rhamnolipid surfactants contained in the
EPS were said to provide the hydrophobic surfaces for further attachment and
growth of biofilm cells. Further, the polyhydroxyalkanoates (PHAs) stored within
the biofilm-EPS matrix acted as an energy reserve, providing buffer against fluctu-
ating organic load in the pollutant gas feed. This maintained the performance of the
reactor during the entire time course of pollutant’s degradation.

Figure 7.1 illustrates that biofilm growth and metabolism in bioreactors attached
to packing beads of some sort are essential considerations in the remediation of
polycyclic aromatic hydrocarbons from soil and wastewaters.
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7.2.2 Biodegradation of Heavy Metals

Distinct biofilm reactors have also been employed to sequester heavy metals such as
zinc, cadmium, nickel, copper, cobalt, uranium, etc., from the metal-laden industrial
wastes, and to reduce them into the metal form of sulfides (Mohapatra et al. 2020).
Biofilm forming sulfate-reducing bacteria (SRB) are exceptionally valuable for
immobilizing metals into precipitates of metal sulfides (Smith and Gadd 2000;
White and Gadd 1998, 2000). In a study by Smith and Gadd (2000), SRBs biofilms
grown in a lactate medium with 500 pmol/L hexavalent chromium (Cr (VI)) were
found to reduce it to insoluble Cr(III) (Smith and Gadd 2000). The authors reported
that more than 80% of the total chromium was removed from the liquid, out of which
80% was precipitated out of the solution, and approximately 8% of the chromium
was retained by the SRB biofilm (Smith and Gadd 2000). When a flat-plate contin-
uous-flow reactor containing SRB biofilms was fed with 126 uM U(VI), 88-96% of
U was removed from the solution and immobilized in the biofilms (Beyenal et al.
2004). In another study, continuous cultures of SRB biofilms were shown to
accumulate up to 200 pmol of cadmium (Cd) in the form of cadmium sulfide
(CdS). Electron microscopy of the biofilm sections imaged the accumulation of
CdS in the superficial coat of the biofilm, implying that the possible mechanism of
Cd uptake was its entrapment (after precipitation) at the biofilm surface (White and
Gadd 1998). The same research group later studied the bioprecipitation of copper
ions as copper sulfide by SRB biofilms (White and Gadd 2000). In this study, a
concurrent increase in the carbohydrates and protein content in the EPS layer of the
biofilm was detected, which signaled the role of EPS in the entrapment of precipi-
tated copper sulfide at the surface of the biofilms (White and Gadd 2000). Other
bacterial strains that have been studied for the sequestering of heavy metals by its
EPS includes Pseudomonas aeruginosa (P8) biofilms remediating zinc, lead
(Meliani and Bensoltane 2016), and lanthanum (Langley and Beveridge 1999);
Pseudomonas putida biofilms for elemental mercury (Wagner-Dobler et al. 2000);
Burkholderia cepacia biofilms accumulating lead (Templeton et al. 2001), and
Rhodotorula mucilaginosa biofilm for remediating mercury, copper, and lead, with
an efficiency of up to 95% (Grujic et al. 2017).

Microbial outer coverings, as encapsulating cell walls or plasma membranes,
generally adsorb metal ions on the surface via ionizable groups in their structure
(carboxyl, hydroxyl, amino, and phosphate groups) (Singh et al. 2006). For instance,
adsorption of polycrystalline uranium salts to monophosphate groups of the lipo-
polysaccharide (LPS) in the cell wall of Citrobacter sp. N14 was observed by
Macaskie et al. (2000). The role of acid phosphatase, secreted and localized on the
biofilm cells’ outer membrane, was shown to further consolidate the uranium
deposition by forming ammonium uranylphosphate (NH,UO,PO,) film (Jeong
et al. 1997; Macaskie et al. 2000). Labrenz et al. (2000) showed the bioremediation
of zinc as sphalerite (ZnS) aggregates by aerotolerant SRB, Desulfobacteriaceae in a
natural biofilm (Labrenz et al. 2000).
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Recent studies suggest that some bacterial strains use their electrochemically
active biofilms (EAB) as an electron exchanger (Erable et al. 2010). This
electrocatalytic property of biofilms is becoming increasingly utilized in
bioelectrochemical systems to drive electron transfer across electrodes for bioreme-
diation, biosynthesis, and biohydrogen production (Kiran and Patil 2019). Li et al.
(2008) used microbial fuel cell (MFC) to reduce 99% Cr’" in real electroplating
wastewater and generate 1600 mW/m? of electricity simultaneously (Li et al. 2008).
The conductive biofilms of autotrophic and heterotrophic denitrifying bacteria as
collaborative partners in an MFC have also been used for denitrification of the
domestic sewage with >80% (Cong et al. 2013) and >97% efficiency (Zhao et al.
2011). In both these studies, the authors used an air-lift internal loop biofilm reactor
with aeration set in the center of the reactor, which supported the growth of aerobic
and anoxic biofilms simultaneously. This led to synchronized nitrification and
denitrification in the same reactor with the total nitrogen removal percentage being
<25% and >80% with axonic and anoxic biofilms, respectively (Zhang et al. 2013).
Hence, the studies reviewed in this section illustrate that biofilms are essential
catalysts for cleaning up contaminated environments. The use of electrochemically
active biofilms can result in synergetic increases in heavy metals’ remediation by
manyfold.

7.3 Application of Biofilms for the Biosynthesis
of Value-Added Products

Enclosed within the EPS matrix, biofilms maintain a balanced and controlled
environment for their cell growth. Their extracellular matrix protects the bacteria
against the extreme conditions of osmolarity, pH, temperature, and the presence of
the toxic substance. This property of the biofilms has been exploited to maximize the
fermentative production of various biological compounds by its member microbes.

7.3.1 Application of Biofilms for Production of Biofuels

A number of laboratory-scale studies illustrating the utility of biofilms of
Zymomonas mobilis for ethanol production are available. Ethanol productivity of
105 g/L/h. was achieved in the attached film expanded bed (AFEB) fermenter, which
had vermiculite as the support material for attachment of the Zymomonas mobilis
biofilms. In this study, ethanol’s productivity achieved with the Z. mobilis planktonic
cells was <4 g/L/h (Bland et al. 1982). Krug and Daugulis (1983) achieved 377 g/L/
h of ethanol productivity with 80% glucose conversion efficiency from a Z. mobilis
biofilm on ion-exchange resin after 200 h of operation (Krug and Daugulis 1983).In
another study, experiments were conducted with Z. mobilis ATCC 331821 in a
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packed-bed biofilm reactor with polypropylene and soybean hull-zein composites.
The highest ethanol productivity achieved in the biofilm reactor was 536 g/L/h,
outperforming the ethanol productivity of 5 g/L/h in suspension-culture reactors by
100-fold (Kunduru and Pometto 1996). In the same study, with an S. cerevisiae
ATCC 24859 as the fermenting strain, the total ethanol production was <76 g/L/h,
on the plastic composite-support with a 45% yield (Kunduru and Pometto 1996).
Furthermore, with a similar concept of immobilizing cells on plastic composite
supports (PCS), biofilms of Actinobacillus succinogenes, was used for succinic
acid production. Here also, while the highest concentration of succinic acid was
10.4 g/L with the biofilm cells, the concentration was lower at 7 g/L. with suspended-
cell batch fermentations (Urbance et al. 2004). These results demonstrate that biofilm
processes have the capability for greater productivity of biofuels than free-cell
suspension processes. In yet another study, acetone and butanol’s continuous pro-
duction was shown from Clostridium acetobutylicum ATCC 824 biofilms attached
to beechwood shavings in a glass reactor. In this study, the author showed that
maintaining nutritional conditions in the reactor is essential for retaining a stable
biofilm in the reactor (Forberg and Héiggstrom 1985).

In principle, the use of lignocellulosic biomasses (LCB) presents the prospective
for reduced biofuel production costs, as these substrates are cheap and available
abundantly. Their use removes the competition for use of food crops like sugarcane,
maize, and corn for the generation of fermentative products (Govil et al. 2020).
However, LCB requires a pretreatment to achieve the desired yield of monomeric
sugars for the microbial host to produce the biofuels, which generate numerous
lignin derivatives such as furfural, hydroxymethylfurfural (HMF), levulinic acid,
and certain phenolics. These co-compounds are inhibitory for microbial growth and
often lower the biomass conversion efficiency (Govil et al. 2020). Recently, numer-
ous detoxification methods have been tested to remove the inhibitory compounds
from the LCB hydrolysates prior to their application in the fermentation process.
Nevertheless, all these supplementary steps affect the final production cost. Hence,
more recently, the concept of growing different viable cells as biofilms, within which
the microbes encapsulated by EPS may tolerate the LCB inhibitors better than their
planktonic counterparts, is gaining attention. Using this concept, strides were made
when Z. mobilis grown as a biofilm was used to improve ethanol production from
rice bran hydrolysate (RBH). The achieved ethanol concentration was higher than
that obtained with its planktonic cells (Todhanakasem et al. 2014) and had a reported
ethanol production of 13.40 + 2.43 g/L, representing 72.47 + 6.13% theoretical
yield with the Z. mobilis ZM4, an obligatory fermentative alpha-proteobacterium
biofilm, inoculated on RBH. Planktonic cells of ZM4 produced almost no ethanol
(0.432 4 0.29 g/L). In their later 2016 study, the same research group developed a
composite of polystyrene and corn silk for improved growth of Z. mobilis TISTR
551 biofilms and obtained up to 0.51 g ethanol/g glucose consumed under batch
fermentation (Todhanakasem et al. 2016). This study, therefore, suggests that
fermentative microorganism biofilms could work as an efficient biocatalyst in the
production of biofuels from lignocellulosic substrates, since biofilms can tolerate the
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toxic LCB inhibitors released in the hydrolysates or the fermentative broths.
Biofilms also create an anaerobic environment, which aids in ethanol production.

In another study, a 2.2 L fluidized bed reactor was used for the two-phase
production of ethanol by Zymomonas mobilis from unsterile hydrolyzed starch
(Weuster-Botz et al. 1993). The results of this study indicated that the biofilm set
up was able to operate stably for more than 4 months in an un-sterile environment of
glucose from the hydrolyzed starch, yielding 50 g/L ethanol at a rate of 13 g/L/h
(Weuster-Botz et al. 1993), demonstrating the reactors’ resilience for long-term
experimental studies, even with an unsterilized fermenting medium.

Furthermore, microbial biofilms are acknowledged to be more resistant to toxic
amounts of ethanol in the fermentation broth, for which most of the ethanologenic
strains are intolerant. Zhou et al. (2008) developed a recombinant ethanologenic
Escherichia coli B strain KO11, whose biofilms were shown to have 2.3- to 15-fold
higher survival rates than those of free suspended cells. With the biofilms of KO11
immobilized on porous glass microspheres in a fluidized bed, a stable ethanol yield
of >85% was maintained for the duration of the fermentation (10 days) while, with
the planktonic cells of KO11, the ethanol yield declined to <60% (Zhou et al. 2008).
A similar approach was demonstrated by Qureshi et al. (2004) using recombinant
Escherichia coli FBR-5 strain biofilms for ethanol production from pentose sugars
(xylose) and corn fiber hydrolysates. The FBR-5 biofilms clay brick particles
operated continuously for more than 80 days without hindrance, causing improved
productivity of 2.21 g/L/h or a concentration of 27.7 g/L, whereas the ethanol
concentration achieved in batch fermentation with free cells was only 0.28 g/L/h
(Qureshi et al. 2004).

Structured packing of biofilms has also been recognized to aid in transformations
that require a gas-liquid exchange. Hickey et al. synthesized ethanol, butanol,
hexanol, acetic acid, and butyric acid from synthesis gas (a mixture of carbon
monoxide and hydrogen) with >90% efficiency (Hickey et al. 2011). Here, the
biofilm membrane reactor had anaerobic microorganisms supported as a concen-
trated layer on a microporous membrane, which facilitated diffusion of CO and H,
from the gas side across from the membrane to the biofilm side, where the attached
microbes transformed them into liquid products. More information about this inven-
tion is available in the related patent (US20090029434A1). The method is being
commercialized by Synata Bio, Inc. (USA) as part of their Gas to Liquid (GLT)
platform for converting syngas to liquids (Hickey et al. 2011).

The utility of biofilms for biofuel production has also been demonstrated by
Zhang et al. (2019), who conducted continuous production of up to 57.6 mL/L/h
hydrogens (yield of 1.8 + 0.1 mol H,/mol glucose) in a photobioreactor with a
photosynthetic bacterium, Rhodopseudomonas palustris grown as a biofilm. In their
study, the photobioreactor had a high surface-to-volume ratio that enriched the
biofilm density besides enhancing the carbon and other mass transfer ratios (Zhang
et al. 2019). Also, immobilization of cells within a biofilm prevented the cells from
being washed off with the suspended broth, improved tolerance to the metabolic
stress (e.g., pH, organic loading rates), and improved H, production stability during
long-term operation (Zhang et al. 2019). Similar results were reported by Guo et al.
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(2015) who used a biofilm photobioreactor with additional rough surfaces and
equipped with an optical fiber as the light source to enhance photo-hydrogen
production from Rhodopseudomonas palustris CQK 01. In this study, Guo reported
enhanced H, production at a rate of 1.75 mmol/L/h and a yield of 1.3 mol Hy/mol
glucose with reasonably steady long-term performance (Guo et al. 2011, 2015).
These studies suggest that biofilm-based photobioreactors are promising for the
scale-up of H, gas production due to the long-term stability of the production
systems and yields reaching a theoretical maximum. Moreover, van Groenestijn
et al. (2009) reestablished that biofilm reactors are useful for non-sterile laboratory
and commercial applications. Here, the thermophilic bacterium Caldicellulosiruptor
saccharolyticus produced 22 mmol of hydrogen/L of filter bed volume in 1 h
(100 mol H,/day) from sucrose in a non-axenic (microbiologically open) 400 L
trickle bed biofilm reactor. The yield obtained in this study (2.8 mol Hy/mol hexose
converted) is claimed to be much higher than that achieved in similar studies with a
similar reactor (van Groenestijn et al. 2009). It thus established the feasibility of
operating large volume biofilm reactors without sterilization at elevated tempera-
tures, which is of great industrial significance.

Another novel application from this field comes from the successful design of an
autotrophic biocathode where H, was produced as a sole product from an
electroactive biofilm grown on carbon dioxide as the only carbon source (Jourdin
et al. 2015). The electroactive bacterial biofilm grown on the cathode in this study
was found to avoid the development of H,-consuming microbes such as acetogenins
and methanogens. This sustained the hydrogen-producing consortium’s
bio-electrocatalytic activity for >1 year on the biocathode with an estimated per
day hydrogen yield of 9.2 L/m* (Jourdin et al. 2015). The microbial electrolysis
(MEB) concept with an enriched microbial consortium sustained as a biofilm on the
anode has also been shown to result in high hydrogen productivity of 9.35 L/day per
L of switchgrass-derived bio-oil (Lewis et al. 2018). Studies such as these serve as a
foundation for harnessing the capability of electroactive biofilms for hydrogen
production from renewable carbon sources. Table 7.1 summarizes few studies that
are discussed in Sect. 3.1, highlighting the reactor configurations along with yields
or productivity obtained with biofilm vs. planktonic setups wherever applicable.

7.3.2 Application of Biofilms for Production of Biochemicals

Since biofilms are recognized for their superior resistance to antagonistic conditions,
in contrast to free-living planktonic cells, Li et al. (2006) studied the ability of
Z. mobilis biofilms to tolerate the toxic substrate benzaldehyde and bioprocess it to
benzyl alcohol. The Z. mobilis as biofilm was found to tolerate up to 50 mM
concentration of benzaldehyde for 1 h while retaining about 45% of their metabolic
potential when planktonic cells were fully inactivated. When provided glucose in the
medium, Z. mobilis biofilms in continuous fermentation converted 10 mM
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benzaldehyde into 9 mM benzyl alcohol over a 45-h period, representing a yield of
90% (w/w) and volumetric productivity of 10 mM/h or 25.9 g/L/day (Li et al. 2006).

The robustness and utility of biofilms as catalysts for long-term yet stable
bioconversion of biologically challenging toxic reactants was also displayed by
Gross et al. (2007), where solvent-tolerant Pseudomonas sp. strain, VLB 120DeltaC,
was used for the biotransformation of styrene to (S)-styrene oxide in a tubular reactor
(Gross et al. 2007). In this reaction, both the substrate (styrene) and product ((S)-
styrene oxide) were volatile, which would not be as much toxic as the water-soluble
compounds. Still, the styrene oxide production process in the continuous biofilm
reactor with the Pseudomonas strain was stable for 60 days, yielding a maximal
volumetric styrene oxide productivity of 16 g/L/day. This operational period of the
reactor represented significant enhancement over a standard 10-50 h operation with
a batch reactor for suspension cultures (Gross et al. 2007).

Glyoxylic acid is another high-value industrial chemical with disparate usage in
food, pharmaceutical, cosmetics, and agricultural industries. Zhong Li (2012) stud-
ied the microbial production of glyoxylic acid from ethylene glycol by Pseudomonas
putida JM37 in a trickle bed reactor. The operation was stable for over 2 months
leading to steady-state productivity of up to 1.6 g/L/h (Zhong Li 2012). Overall,
these studies establish the potential of biofilms as “bio-factories” for the continuous
production of biologically challenging fine chemicals without biocatalyst degener-
ation or contamination (Zhong Li 2012).

Likewise, some organic acids whose continuous production has been documented
using cultures grown as biofilms include succinic acid (Brink and Nicol 2014;
Ferone et al. 2018; Longanesi et al. 2018; Salvachua et al. 2016; Urbance et al.
2004), lactic acid (Cuny et al. 2019; Dagher et al. 2010; Demirci et al. 1993, 2003;
Ho et al. 1997; Rangaswamy and Ramakrishna 2008; Schlegel et al. 2017), fumaric
acid (Cao et al. 1996, 1997), and propionic acid (Ozadali 1997). In these studies, the
authors achieved higher volumetric productivity of the respective acids, compared to
that using a stirred vessel with cells in the suspended state. Since biofilms support
high cell density fermentation by entrapping the cells disconnected from the liquid
broth and concentrated in the fermenter (Brink and Nicol 2014), the improved
stability of the cells in the biofilm reactors support continuous fermentation with a
shortened lag phase (Ho et al. 1997), months of stability with no apparent fluctua-
tions in both acids and biomass levels (Qureshi et al. 2005), as well presenting
survival advantages to the cells in a toxic environment (Dagher et al. 2010). These
factors make biofilms a useful biocatalyst for enhancing the industrial production
economics of biobased platform chemicals.
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7.3.3 Application of Biofilms for Production of Food
Products

An example of the utility of biofilms in the food industry for the production of value-
added products is the production of vinegar (or acetic acid) in a 60 m*® trickle-bed
reactor (TBR) using biofilms of acetic acid-producing bacteria grown on beechwood
shavings (Tayyab 1990). In this work, Acefobacter was employed to oxidize an
ethanolic solution to acetic acid in a TBR and an eventual vinegar concentration of
120 g/L has been reported (Tayyab 1990). According to the authors, vinegar
produced by acetic acid bacteria in TBR is superior in its aroma relative to vinegar
generated by the cells suspended in a submerged process (Tayyab 1990). Also,
because TBRs do not need mechanical agitation, the total energy consumption in
TBRs is lower than that required to run a continuous or batch fermenter. This has a
supplementary gain of reducing the cost of vinegar produced, which has prompted
the emergence of over 300 wood shavings-based trickle-bed plants in Eastern
Europe, producing high-value, superior-flavored vinegar (Rosche et al. 2009).

The applicability of biofilms for the biosynthesis of vitamin (Menaquinone-7
(MK7) has been demonstrated by Mahdinia and his group (Mahdinia et al. 2019a).
MK7, in its transform, is a high-value vitamin required in the diet for maintaining
healthy bones and the cardiovascular system (Ravishankar et al. 2015). Individual
food sources such as cheese, meat, and soybean have MKS, but at low concentra-
tions (for example, 1.5 pg of MK-7 per 100 g of the cheese) (Mahdinia et al. 2019a).
External supplementation of this vitamin in food products is quite expensive at
approximately $1200/kg in a 0.1% formulation (Berenjian et al. 2015). Recently,
cheaper production of trans MK-7 using bacterial hosts, especially members of
genus Bacillus subtilis, via static fermentation operations in biofilm reactors has
been acknowledged (Mahdinia et al. 2019a). Mahdinia’s group produced 35.5 mg/L
of MK-7 from glycerol using the B. subtilis natto biofilms, which was 2.3-fold
higher than the concentration achieved in suspended-cell bioreactors (Mahdinia et al.
2017, 2018, 2019b). This research established the potential of biofilm reactors for
static fermentative biosynthesis of vitamins.

Another example that exemplifies the usefulness of biofilms in the food sector
comes from the production of “kombucha,” a traditional fermented tea with an acidic
and effervescent taste. This tea is produced during the synergistic growth of a
community of (acetic acid-producing) bacteria and (ethanol fermenting) yeast as a
biofilm on a starter solution (sucrose-rich black or green tea). Initially, the yeast
starts the reaction by producing an invertase enzyme that reduces sucrose to its
monomeric components (glucose and fructose). Subsequently, while yeast utilizes
these reduced sugars to synthesize ethanol, the acetic acid bacteria convert the
produced ethanol into acetic acid. The acetic acid bacteria also produce other acids
during their glucose and fructose consumption, namely, gluconic acid, with lesser
proportions of tartaric, malic, and citric acid (May et al. 2019; Tran et al. 2020). This
makes “Kombucha” a slightly carbonated, sweet, and sour drink, which also con-
tains several amino acids, vitamins, antioxidants, and hydrolytic enzymes.
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As with the role of biofilms in the making of kombucha, it has been stated that the
participating bacterium in the consortium also generates a cellulose pellicle during
its growth, which supports the development of a thick surface biofilm. The biofilm
floats at the liquid-air interface and offers the following advantages: (a) gives shelter
to the community from invasion by microbial competitors from the environment
(Villarreal-Soto et al. 2018), (b) establishes an anaerobic surface barrier, assisting
yeast in its anaerobic ethanol fermentation, while simultaneously providing greater
access to oxygen for the bacterial community embedded within it (May et al. 2019),
(c) acts as storage for resources, and (d) functions like a mother scaffold that
promotes cross-kingdom interactions and ease of further inoculations (Tran et al.
2020). Thus, kombucha can serve as a model system highlighting the critical role
biofilms can play in the food sector to produce products with manifold health
benefits.

7.3.4 Application of Biofilms for Production of PHAs

Polyhydroxyalkanoates (PHAs) are intracellular bio-polyesters accumulated by
some microorganisms as energy storage reserves and are generally produced during
environmental stress conditions involving limited nutrients, especially nitrogen, but
with excess carbon (Govil et al. 2020). Being an intracellular biopolymer, the
content of PHA produced by a microbe is highly dependent on the dry cell mass.
Biofilms can serve as an effective means of increasing the percentage of biomass
attainable in a reaction under nutrient-limited conditions. Biofilms provide a natural
surface for accumulating cells by immobilizing them, and its EPS barrier helps in
maintaining the required nutrient-limited state. Khiyami et al. (2011) evaluated the
efficiency of a Bacillus SA biofilm grown with date syrup as a low-cost carbon
source for accumulating PHA (Khiyami et al. 2011). The production of PHB reached
the maximum amount at around 30 h with 15% (v/v) date syrup. Cell density was
7.3 g/L with a PHB content of 70.5% (w/w) (Khiyami et al. 2011), compared with a
relative cell density and PHA content of 6.4 g/L and 63.6% (w/w), respectively,
when Bacillus SA was grown as suspended cells. The somewhat higher cell dry mass
and PHA accumulation from date-syrup grown Bacillus SA may arise from the
biofilm’s resistance to the effects of toxic compounds such as acetic acid, propionic
acid, butyric acid, and formic acid released during the hydrolysis of the date syrup
(Khiyami et al. 2011). This study implies that PHA-producing biofilms may resist
inhibitors released during lignocellulosic biomass biodegradation, providing a pos-
sible strategy to enhance the cell growth and PHA accumulation of microbes
utilizing cheap and abundantly available agricultural raw materials as carbon
sources.

Another example that illustrates the relevance of biofilms for the production of
PHAs comes from studies conducted with low-temperature psychrophiles. It has
earlier been shown that PHA accumulation increases the fitness for survival during
growth at low temperatures (Koller 2017; Obruca et al. 2016). Tribelli and Lépez
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(2011) carried out experiments with Pseudomonas extremaustralis sp. grown on
sodium octanoate and reported that PHA accumulation and EPS formation grow in
parallel under cold conditions. The Pseudomonas sp. strain cells protected by
biofilms accumulated more PHAs while producing enhanced biosurfactants (Tribelli
et al. 2012; Tribelli and Lépez 2011). The authors did not report PHA yield or
productivity in their studies, but such studies demonstrate that the biofilm lifestyle of
benthic communities of psychrophiles might provide a vital source for isolating high
PHA-producing candidates. It is expected that similar studies in the future, with
other extremophilic biofilm cultures, will prove fruitful.

7.3.5 Application of Biofilms for Production of Enzymes

The enzymes used for the delignification of lignocellulosic substrates include
laccase, peroxidases (manganese peroxidase, lignin peroxidase, dye-decolorizing
peroxidase, and versatile peroxidase), H>O,-generating oxidases (glucose oxidase,
methanol oxidase, aryl alcohol oxidase, and glyoxal oxidase), etc. and have wide
biotechnological applications. These enzymes can also degrade diverse dyes and
xenobiotic compounds, making them also highly suited to application in bioreme-
diation of the environment (Mendonga Maciel et al. 2010). Considering the demand
for these enzymes in many industries, and their environmental benefits, an efficient
system for scaling up their production is of great research interest. Khiyami et al.
(2006) evaluated one such configuration where a stirred tank biofilm reactor was
used to increase the production of ligninolytic enzymes in Phanerochaete
chrysosporium, a fungal host (Khiyami et al. 2006). In their study, the group
reported the highest lignin peroxidase (LiP) and manganese peroxidase (MnP)
activity to be 47.3 U/L and 63.2 U/L, respectively. These activities were achieved
in the early growth phase of the fungus; the sixth day for LiP, and the third day for
MnP. By contrast, during batch culture operations, the group achieved LiP activity
of 30.0 U/L and MnP activity of 49.3 U/L. Hence, this study established the utility of
biofilm configurations for higher enzyme production levels, with the additional
possibility of decreasing the fermentation time, which could lead to substantial
cost savings for the industry. Table 7.2 lists some of the studies employing biofilms
for the synthesis of other value-added products.

7.4 Application of Biofilms in Agriculture

Interaction between plants and associated microbes (fungi/bacteria) is very much
dependent on the physical interaction between the two systems, and rhizobium-
forming bacteria (rhizobacteria) have been known to stimulate plant growth as well
protect them against soilborne pathogens (Ghiasian 2020). Rhizobacteria establish a
symbiotic relationship with their plant host by forming biofilms that enable root
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attachment, nodule formation, root hair development, and curling. Rhizobacteria as
biofilms increase cell aggregation and boost nutrient cycling. The EPS matrix also
enhances the endurance of the bacterial cells to drought situations and lengthens
their survivability and residence time in soils (Ghiasian 2020; Pandit et al. 2020).
Such naturally active biofilms, attached to plant roots, can improve crop ecosystems,
crop quality, and protect the host plant against various environmental stresses and
pathogenic attacks (Pandit et al. 2020).

Biofilms with biofertilizer capability can fix atmospheric nitrogen, mobilize
minerals such as phosphorus, increase soil carbon content, and enhance the produc-
tion of growth hormones that regulate and promote plant growth (Velmourougane
et al. 2017). Studies have shown that the use of biobased fertilizers could reduce the
use of chemical fertilizers by 50% in many crops under field conditions, together
with several additional beneficial roles considered necessary for the agroecosystem
(Seneviratne and Kulasooriya 2013). More details on the present status and pros-
pects associated with biofilms in agriculture can be found in some recently published
review articles on the topic (Ghiasian 2020; Pandit et al. 2020; Velmourougane et al.
2017). It is suggested that in the future, microbial biofilm-based agents should be
incorporated as next-generation products for sustainable agricultural practices in
crop nutrition, crop protection, soil quality improvement, and bioremediation
programs.

7.5 Conclusion

Interest in biofilms in biotechnology and bio-based industries has grown signifi-
cantly over recent years. Several studies report the benefits associated with biofilms
as bioremediation agents for recalcitrant organic pollutants, xenobiotics, toxic
metals, and wastewater treatment. Biofilms can also provide important biocatalysts
for enhancing the industrial economics of fine-chemical production. This high-value
application arises from the distinct capability of biofilms to enable (a) greater
productivity of fermentative products than free-cell suspension processes; (b) long-
term, stable, and continuous fermentation studies and production, even using
unsterilized fermenting media; and (c) higher tolerance of toxic amounts of inhibi-
tors and solvents than their planktonic counterparts. Biofilm reactors have the
additional benefit of aiding downstream processing. Therefore, microbial biofilms
in a bioreactor may serve as “bio-factories” for continuous production of biologi-
cally challenging biobased platform biofuels, biochemicals, bioplastics (e.g. PHA),
as well as enzymes, without biocatalyst degeneration or contamination. Various
factors play an important role in realizing “biofilm factories,” such as selecting a
suitable biofilm-forming microbial strain, developing new support materials, design-
ing suitable reactors, and establishing operating conditions for ideal mass transfer
and productivity. Overall, biofilm-based cell factories offer excellent systems for
scientific inquiry due to their direct applicability to environmental science, biotech-
nology, health, and industry. Increasing awareness among biotechnologists of the
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countless applications of beneficial biofilms for the execution of highly efficient
processes, promises to ensure their transition to widespread utilization in the sus-
tainable production of value-added products.
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Abstract Energy plays a pivotal role in the socio-economic development of every
country and serves as the backbone of any nation. However, a continuous increase in
energy demand due to the ever-growing population and industrial globalization leads
to a rapid depletion in sources of fossil fuels. In addition, the burning of fossil fuels
has led to the emission of greenhouse gases which raised many environmental
challenges such as climate change and global warming. All these concerns have
pressed toward exploring sustainable and renewable energy sources in the form of
bioenergies. Bioenergies mainly include the biofuels (bioethanol, biodiesel, bio-oils,
bio hydrogens, methane, butanol, etc.) obtained from a variety of biological mate-
rials like biomass, algae, etc. Different conventional methods have been developed
and routinely used for the production of second-generation biofuels. However, all
such methods have certain limitations such as high energy demand and specialized
processing equipment which ultimately escalate the associated cost. In this context,
considering the widespread applications of nanotechnology in various fields includ-
ing biofuel production, it is believed that the utilization of nanotechnology-based
solutions would be promising alternatives. Application of different nanomaterials,
particularly magnetic nanomaterials, in the development of nanocatalysts for biofuel
production facilitates the easy recovery and reuse of the same nanocatalyst for
multiple cycles which help to reduce the cost and make the process ecofriendly
and economically viable. The present chapter mainly focuses on an overview of
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biofuels and different conventional methods available for the production of
nanomaterials. Apart from these, a special focus has been given on interventions
of nanotechnology in the sustainable production of biofuels. Moreover, other aspects
such as challenges in the application of nanotechnology in biofuels production are
also discussed briefly.

Keywords Bioenergy - Biomass - Nanotechnology - Nanomaterials - Sustainable -
Renewable - Global warming

8.1 Introduction

Environmental pollution is one of the most serious global challenges that humanity
faces, attempting to preserve biodiversity, ecosystems, and human health worldwide
(Xu et al. 2018). This problem has intensified over the last few years, with an
increase of industrial and transport activities,that uses fossil fuels (Covert et al.
2016). Burning fossil fuels (e.g., diesel, gasoline, or coal) emits air pollutants,
such as nitrogen dioxide (NO,), sulfur dioxide (SO,), and carbon dioxide (CO,),
which are released into the atmosphere (Mitchell et al. 2018). According to the
NASA-Global Climate Change website (2020), the emission of these pollutant gases
was strongly decreased, and the air quality was improved due to the recent lock-
downs as a result of the spread of COVID-19. However, in a normal situation
(Fig. 8.1), the accumulation of pollutant gases is worrying. One alternative to reduce
the consumption of fossil fuels and, at the same time, mitigate the greenhouse effects
is the use of alternative green fuels, such as hydrogen, biofuels (ethanol, biodiesel),

March 15-April 15 ; ] -~ - March 15-April 15
2015-2019 Average ! 2020 Average

Fig. 8.1 Tropospheric NO, Column. (a) March 15-April 15, 2015-2019 Average and (b) March
15—April 15, 2020 Average, Southeast USA, With Cities. Pictures were obtained from the NASA-
Global Climate Change website ( 2020)
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fuel cells, etc. which have been extensively studied aiming to optimize their pro-
duction in the pilot- or large-scale and their techno-economic viability.

Biofuels are classified as first- (ethanol, biodiesel, biogas, etc.), second- (bio-oil,
lignocellulosic ethanol, butanol, etc.), third- (ethanol and biodiesel obtained from
microorganism), and fourth-generation biofuels (biohydrogen, biomethane, and
synthetic biofuels) (Itskos et al. 2016). Second-generation ethanol produced from
lignocellulosic biomass has been extensively studied over the last few decades.
According to the SCOPUS database, more than 500 articles on this topic have
been published only in 2019 (SCOPUS 2020). Most of these studies have focused
on the development of suitable and more efficient technologies for the deconstruc-
tion of recalcitrant biomass, the optimization of cellulose hydrolysis, and the opti-
mization of the fermentation process. Recently, innovative technologies have
attracted the interest of researchers. One of those is the promising use of
nanoparticles in biofuel industries mainly due to their high surface area, reactivity,
and functional properties, which promote the better performance of the process
(Khan et al. 2019). In this context, to date various kinds of nanomaterials have
successfully been used in different processes involved in biofuel production. For
example, Ingle et al. (2020a, b) demonstrated the use of acid-functionalized mag-
netic nanoparticles (MNPs) for the pretreatment of lignocellulosic biomass. In
another study, MNPs were used as support for immobilizing cellulase enzymes
aiming at enzymatic hydrolysis of biomass (Gaikwad et al. 2018).

Nanotechnology has been applied in biodiesel and biohydrogen production
processes, improving the recyclability of the catalyst and the performance of the
process by increasing the activity and stability of immobilized enzymes such as
lipases (Sarno and Iuliano 2019; Teo et al. 2019) or improving the stabilization of
oil-in-methanol Pickering emulsions which can be used as interfacial catalysts in the
transesterification reaction for biodiesel production (Peng et al. 2020). As already
discussed in this section, the development of innovative technologies for biofuels
production is a current challenge. Considering these facts, in the present chapter, we
have discussed the concepts and applications of nanotechnology in biofuels
production.

8.2 Biofuels: Green Alternative Fuels

A fuel produced using renewable biomass-based resources (plant biomass, microor-
ganisms, or animal by-products) is referred to as a biofuel. Global biofuel production
is mainly directed to the transportation sector and it is believed that an increase in the
supply of these fuels is essential to assure both energy security and the reduction of
greenhouse gas emissions (OECD/FAO 2019). According to Kamani et al. (2019),
biofuels have the following benefits over fossil fuels:

* Biodegradability, renewability, and contribution towards a sustainable economy;
* Auvailability limited only by the amount of biomasses resources;
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Fig. 8.2 General classification of biofuels (Source: Fatma et al. (2018), Kamani et al. (2018), Paul
et al. (2019))

¢ Reduction of the environmental impacts related to agriculture wastes disposal;

* Lower impact on the environment as compared to fossil fuels.

* Achievement of energy security;

* Fortification of the economy by creating more opportunities related to agriculture
and raising of agricultural incomes;

¢ Intensification of industrial investments;

Biomass is the important feedstock used for the production of the majority of
biofuels (or biomass-based fuels) and is usually obtained through thermal, physical,
or biological processes (Kamani et al. 2019). Despite a variety of definitions of
biofuels found in literature, biofuels are generally classified by their chemical nature
or are based on the feedstock source. Regarding their chemical nature, biofuels can
be derived from alcoholic fermentation, from the esterification of vegetable oils or
animal fat, or even from anaerobic digestion (Kamani et al. 2019; Roberts and
Patterson 2014). Fig. 8.2 shows three generations of evolution of the feedstocks
utilized for biofuel production.
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8.3 Global Production of the Major Biofuels

Nowadays, approximately 10% of the world’s total primary energy supply is
represented by bioenergy, with a global production of 154 billion liters in 2018.
Biofuels production is led by United States, Brazil, European Union, ASEAN,
China, and India; it is mainly represented by bioethanol, biodiesel, and biogas,
although other fuels exist in the state of solid (biochar), liquid (biobutanol,
biomethanol, bio-oil, 2,5-dimethylfuran) or gas (biohydrogen) (Sindhu et al. 2019).

Bioethanol production relies on the alcoholic fermentation of plant biomass
performed by yeasts. Globally, the most used crops for bioethanol production are
corn, sugarcane, cassava, sugar beets, wheat, and other grains. Since bioethanol is
mainly used for transportation, this biofuel offers an excellent opportunity to reduce
the utilization of crude oil and to scale down CO, atmospheric accumulation, an
imperative maneuver to mitigate the negative effects of the climatic crisis upon the
environment and our society and economy (Kamani et al. 2019).

Biodiesel has originated from the transesterification of natural lipids present in
plants such as soybean, rapeseed, canola, palm and corn, waste oils, or animal fat
(Carvalheiro et al. 2008). Algae are especially suitable for biodiesel production due
to their ability to consume atmospheric CO, to produce large amounts of oil: on a dry
basis, the lipid content of microalgae biomass is between 20 and 50%, but under
certain conditions, it can reach nearly 80% (Kamani et al. 2019; Nobre et al. 2013).

In the case of biodiesel, emissions of non-combusted hydrocarbons or CO are
lower than conventional diesel as well as there is no sulfur or aromatic compounds in
its composition. Furthermore, this biofuel outstands regarding its potential for
industrial scale-up and has been broadly marketed in numerous countries such as
the United States, European countries, Brazil, and Australia (Beschkov 2012;
Kamani et al. 2019).

Biogas, on the other hand, is produced by the anaerobic digestion of biological
wastes using microbes. Its main component is methane (50-80%) and minor con-
stituents are CO, (30-50%), CO, H,S, nitrogen, oxygen, hydrogen and ammonia
(Chen et al. 2015). Agricultural waste treatment generates expressive volumes of
biogas, which has a great heating power and can be used for heat or electricity
generation and, in specific cases, for internal combusting engines (Beschkov 2012;
Kamani et al. 2019). Besides biogas, biohydrogen is another important biofuel
generated from gasification of biomass. Several studies have been done toward the
sustainability of biohydrogen production. It is considered that the generation of a
coproduct simultaneously with biohydrogen from biomass is a path to ensure the
economic viability of the process (Sindhu et al. 2019). The production of important
biofuels using conventional approaches has been discussed in the following section.
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8.3.1 Bioethanol

Through the expansion of modern biorefineries concept and the exploitation of
renewable bio-based fuels, the world’s demand for more environmentally friendly,
less hazardous, and sustainable sources of energy has become one of the major
targets for a prosperous and ecological future (Boboescu et al. 2019). In accordance
with this fact, bioethanol has been a long-studied biofuel worldwide and a variety of
carbon sources have been utilized for its production. For instance, several countries
such as India, Brazil, the USA, and many others have been applying crops for
ethanol generation although from different raw materials comprising mainly sugar-
cane molasses, sugarcane stalk juice, and corn, respectively (Soam et al. 2018; Costa
et al. 2015; Cheng and Timilsina 2011). On the other hand, using food crops as a
source for biofuel production is considered first generation (1G) and competition
may intensify between food and energy supply, thereby increasing the prices in the
food market which can become a global issue (Lazar et al. 2018).

A solution to this problem is the substitution of the direct use of crops for
agricultural wastes and food wastes such as lignocellulosic materials (e.g., sugarcane
bagasse, wheat straw, corncob, rice straw, etc.) (Banerjee et al. 2010). For several
years, these materials were considered as wastes but due to extensive efforts of
scientists and researchers, now these materials can be utilized for the production of
high-value products. Therefore, lignocellulosic biomasses represent one of the
possible substrates for second-generation (2G) ethanol and biofuels in general. To
summarize the key role of agro-wastes implementation, Table 8.1 briefly displays a
variety of industrial bioproducts which have an overwhelmingly positive impact on
realistic environmental problems.

Keeping this in mind, it is of great importance to comprehend how the substrate
may influence the overall process of bioethanol synthesis. In the case of lignocellu-
losic materials, it is well known that its compact structure is a rigid and complex
mixture of polysaccharides and a macromolecule is composed of cellulose
(30-50%), hemicellulose (25-30%), and lignin (10-35%), respectively (Spyridon
and Willem Euverink 2016). In brief, cellulose is a linear glucose polymer-bonded
within 3-1,4-glycosidic linkages that provides a high degree of crystallinity due to
the extensive hydrogen bonds among the hydroxyl groups, whereas hemicellulose is
a heteropolymer of a short and highly branched chain of pentoses, hexoses sugars,
with some traits of organic acids (Limayem and Ricke 2012). Furthermore, the
macromolecule lignin is composed of 4-hydroxyphenylpropanoid units which are
considered its precursors. These units are linked throughout the chain via ether (C-O-
C) and carbon (C-C) bonds. Furthermore, its arrangement acts as a protection
structure and ensures entrapment of the restrained molecules in accordance with
the degree of entanglement among the polysaccharides and lignin (de Gonzalo et al.
2016).

These components are linked tightly together to form a recalcitrant structure to
hydrolytic attack and non-readily bio-digestible biomass (Bugg et al. 2011). To
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Table 8.1 Bioproducts synthesized using different lignocellulosic carbon sources

Process

Biomass Microorganism technique Product Reference

Corncob S. bombicola NBRC 10243 Submerged | Biosurfactant | Konishi et al.

hydrolysate fermentation (2015)

Opuntia ficus- | Kluyveromyces marxianus Submerged | Ethanol Lépez-

indica cladode fermentation Dominguez

et al. (2019)

Digestate Bacillus thuringiensis Solid-stated | Biopesticide | Cerda et al.

(bio-waste) fermentation (2019)

Agave bagasse | Yarrowia Lipolytica Submerged | Lipids Niehus et al.

hydrolysate fermentation (2018)

Sugarcane C. guilliermondii FT1 20037 | Submerged | Xylitol Sarrouh and da

bagasse fermentation Silva (2010)

hydrolysate

Elephant grass | S. cerevisiae CAT-1 Submerged | Ethanol Scholl et al.

fermentation (2015)

Apple pomace | A. niger NRRL-567 Solid-state Cellulase Dhillon et al.

fermentation (2012)

Pulp and paper | Rhizopus oryzae 1526 Solid-state Fumaric acid | Das et al.

solid waste fermentation (2016)

Olive pomace | Xantophylomyces Solid-state Pigment Eryilmaz et al.
dendrorhous/Sporidiobolus fermentation | (astaxanthin) | (2016)
salmonicolor

Wheat straw Bacillus sp. BBXS-2 Solid-state Amylase Qureshi et al.

fermentation (2016)

enhance microbial digestibility, a wise step pretreatment is required to depolymerize,
reduce the degree of crystallinity of cellulose and hemicellulose as well as remove
the lignin fraction. Moreover, the disruption of the fibers also reduces its compact-
ness which, in turn, facilitates microbial accessibility to the fermentable sugars
(Rastogi and Shrivastava 2017; Hendriks and Zeeman 2009). The bottleneck of
2G bioethanol relies significantly on the pretreatment features and progress. Thus, to
analyze whether the overall process is having a negative impact and to quantify
energy requirements and greenhouse gases emission, currently, there are practical
tools such as life cycle assessment (LCA) that evaluates environmental issues in any
step of biofuel production, including measurement of downstream processing and
waste materials generation (Cherubini et al. 2009; Dadak et al. 2016).

In alignment with the strategy of minimizing the deleterious effects of rendering
the pretreatments of lignocellulosic biomass, several methods have been developed
from the necessity to mitigate the excessive use of chemicals and energy. In this
respect, pretreatment assays may be carried out by a variety of approaches, including
chemical, physical, physicochemical, and biological. Each technique aims to exert
distinct effects on the biomass having inherent advantages and disadvantages. The
most common ones are mechanical comminution, irradiation, acid (sulphuric or
hydrochloric acid), alkali (such as calcium hydroxide), steam explosion, or
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combined processes that demand large energy input and high-cost equipment utili-
zation (Kumari and Singh 2018; Ruane et al. 2010). Likewise, biological
pretreatment is based on the natural ability of microorganisms to degrade lignin
via enzymatic performance in a step termed delignification. The cultivation and
growth of the targeted cells may be performed under submerged or solid-state
fermentation (Zabed et al. 2017; Yahmed et al. 2017; Mishra et al. 2017).

The aforementioned techniques are prerequisites to increase the availability of
cellulose and hemicellulose for enzymatic hydrolysis necessary to the conversion of
those into their respective fermentable sugars (Lamb et al. 2018). Specific enzymes
can hydrolyze cellulose and hemicellulose to selectively release their monomeric
sugars in relatively low temperatures ranging from 45 to 50 °C by the active sites of
cellulases and hemicellulases (xylanases), respectively (Duff and Murray 1996). In
summary, cellulase is a cocktail of enzymes that exert desirable effects onto cellulose
molecules and typically involves the synergistic action of endoglucanase,
exoglucanase, and B-glucosidase (Sun and Cheng 2002). Endoglucanase is respon-
sible to hydrolyze internal (8-1,4) glycosidic bonds throughout the p-glucan polymer
chain, producing cellodextrins out of the amorphous regions of cellulose, thereby
releasing free chain ends, whereas exoglucanase cleaves cellobiose and cellotriose
units from the non-reducing terminal. The response to this system generates dimers
termed cellobiose as an output which is a disaccharide of glucose that is consecu-
tively converted into glucose by the selective action of 3-glucosidase (Dotaniya et al.
2019; Zabed et al. 2017). To give a more illustrative representation of the cellulase
mechanism, Fig. 8.3 displays the summarized dynamics of cellulose degradation
according to the selectivity of each enzyme required.

Cellulosic Biomass
Enzymatic Hydrolysis

—_—— -—
-
-

Glucose

Maonomers Exoglucanase

Endoglucanase ﬂ-gluc‘osidnw

Fig. 8.3 Schematic representation of cellulose hydrolysis by cellulase catalysts
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The enzymatic machinery to break down the heteropolymer hemicellulose is
quite more complex due to its branched-chain and the specificity of the internal
bonds. Therefore, the xylanase (hemicellulase) system contains usually
endoxylanase, exoxylanase, B-xylosidase, a-arabinofuranosidase,
a-glucoronisidase, etc. Similarly, endo- and exo-xylanases catalyze selectively the
breakdown of the main chain of xylans resulting in reduced size chains. Furtherly,
B-xylosidase cleaves xylo-oligosaccharides into xylose. The other enzymes rather
act on the backbone of the xylan polymer and are responsible for the release of
arabinose and 4-o-methyl glucuronic acid (Saha 2003).

The resulting concentration of pentoses and hexoses may vary according to the
preceding pretreatment and the type of enzymes implied along with the hydrolysis.
Therefore, the fermenting microorganism must be suitably selected in order to obtain
maximum yield and productivity as well as avoid unwanted catabolic repression by
the substrates and inhibitory compounds (Banerjee et al. 2010). The ability to
co-assimilate C5 and C6 sugars is crucial for any bioethanol facility plant. For
instance, the utilization of Saccharomyces cerevisiae and Zymomonas mobilis is
frequently common to produce ethanol from hexoses; however, their inability to
concomitantly consume pentoses delays the development of more robust processes.
On the other hand, organisms that can ferment pentoses (e.g., Pichiastipitis,
Pachysolenthannopilus, Candida shehatae) offer very low efficiency in the conver-
sion factor (Hahn-Hégerdal et al. 2007). Yet, within the advances in metabolic
engineering tools, pertinent efforts toward genetically modified microorganisms
attempt to address this issue and to enhance co-assimilation of C5 and C6 sugars
(Wackett 2011).

Contemporarily, fermentation processes may be carried out by several
approaches including Separate Hydrolysis and Fermentation (SHF), Simultaneous
Saccharification and Fermentation (SSF), Simultaneous Saccharification and
Co-Fermentation (SSCF), and finally, a Consolidated Bioprocess (CBP) (Rastogi
and Shrivastava 2017). SHF consists of rendering a two-stage process, wherein
enzymatic hydrolysis is operated separately from fermentation. Albeit sugar accu-
mulation throughout hydrolysis inhibits enzyme activity, positive aspects are
encountered in this strategy, involving the implementation of optimal operation
conditions of each stage (Vohra et al. 2014). SSF offers advantageous features
such as reduction of inhibitors, less energy demand, and is economically attractive.
It is performed simultaneously with the hydrolysis step at the same unit which in turn
prevents undesired effects of sugar accumulation, thereby obtaining a higher ethanol
yield conversion if compared to SHF (Foust et al. 2009; Brethauer and Wyman
2010).

Moreover, SSCF integrates C5 and C6 sugar assimilation into only one stage. By
that, different methods may be reliable to concretize this operation which involves
the use of a consortium of organisms having distinct metabolic pathways consuming
synergistically both carbon sources. However, hexoses consumers grow faster, and it
may lead to growth inhibition of pentose-utilizing microorganisms. Furthermore,
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one single bacteria or yeast may be genetically modified to efficiently incorporate C5
and C6 substrates rather than the use of capable natural-born wild strains that
frequently lead to lower ethanol productivity (Sanchez and Cardona 2008).

Nevertheless, CBP is a robust attempt to integrate cellulolytic enzymes excretion,
saccharification, and fermentation at the same operation step mediated uniquely by a
microorganism community. The advantages rely strongly upon the fact that expen-
ditures associated exclusively with enzyme production are avoided by combining
those steps mentioned above. Aside from that, saccharification and fermentation are
entirely compatible regarding operational parameters (Vohra et al. 2014). To gain
insight, Lépez-Dominguez and collaborators (2019), investigated the capability of
Acinetobacter pittii and Kluyveromyces marxianus isolated from Opuntia ficus-
indica toward decay of cladode to produce cellulase and simultaneously saccharify
the targeted biomass and synthesize ethanol. The novelty of this study was the
utilization of wild strains which possess naturally metabolic machinery that can
achieve significant and promising yields of bioethanol in the near future.

To summarize, there is a broad scientific avenue favorable to the development
and implementation of diverse techniques in the enzymatic and bioprocessing fields.
The substitution of regular fossil fuels for biofuels still to some extent lacks
optimization and cost-effectiveness. Therefore, further discussion in this chapter
attempts to introduce the role of nanotechnology in enzymatic hydrolysis enhance-
ment and bioconversion of ethanol.

8.3.2 Biodiesel and Biohydrogen

Nowadays, alternative energy resources such as wind, solar, and biofuel have
grabbed the attention of scientists, researchers, and governments due to the rapid
consumption of fossil resources, global climatic change, and the interest in more
secure fuel supplies (Semwal et al. 2011; Chozhavendhan et al. 2020). Among
renewable sources of energy, biodiesel has been considered a notable candidate to
reduce environmental pollution and achieve sustainable development (Mahlia et al.
2020).

Biodiesel is typically produced through the transesterification process, in which
triglycerides react with an alcohol in the presence of a catalyst to obtain mono-alkyl
esters. These triglycerides may be obtained from micro-and macro-algae, fungi,
animal fat, and vegetable oil, lignocellulose material, etc. (Sharma et al. 2008;
Mahmudul et al. 2017). Since methanol is the most frequently used alcohol due to
its low cost, other common names for biodiesel are fatty acid methyl esters (FAME)
or B100, which means 100% FAME (Singh et al. 2020).

Biodiesel has many advantages such as it is eco-friendly, non-toxic, biodegrad-
able; has a low emission profile, and is a renewable energy resource (Avhad and
Marchetti 2015). In this sense, biodiesel is usually classified as first-, second-, and
third-generation based on the raw materials used in its production. First-generation
biodiesel is derived from edible feedstocks such as soybean oil, coconut oil, rapeseed
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oil, palm oil, sunflower oil, etc. (Mahdavi et al. 2015), while second-generation
biodiesel is obtained from agricultural wastes and non-edible feedstocks such as
neem oil, jatropha oil, nagchampa oil, karanja oil, etc. (Atabani et al. 2013).
However, these categories generate conflict between land use and food supply
(Mahlia et al. 2020). The case of third-generation biodiesel involves the use of
high oil-content microalgae further alternate sources for biodiesel production (Leong
et al. 2018). Moreover, a fourth classification has emerged from the metabolic
engineering of photosynthetic organisms, which has been transformed through
synthetic biology tools as another sustainable alternative (Chua et al. 2020).

On the other side, the biological production of hydrogen (biohydrogen) is another
alternative that fits well with the renewable energy concept. Among known fuels,
hydrogen has the highest gravimetric energy density and is compatible with elec-
trochemical processes (Mudhoo et al. 2011). The conventional method of hydrogen
generation is based on steam reforming or oxidation of natural gas and coal gasifi-
cation. However, these primary sources for the production of hydrogen are
nonrenewable and release carbon dioxide as a byproduct, which creates an environ-
ment negative effect (Hibino et al. 2018).

Thus, the sustainable production of hydrogen through biological routes such as
photobiological and fermentative processes has been reported as a different approach
(Rupprecht et al. 2006; Srivastava et al. 2020). Moreover, the generation of
biohydrogen has also been reported through the combination of different methods.
The advantages of these alternative processes include the production of hydrogen
from renewable sources and the generation of emissions free of pollution (Singh
et al. 2015; Sampath et al. 2020). The microorganisms involved in biohydrogen
production are classified into two groups: photosynthetic and non-photosynthetic or
fermentative hydrogen producers (Das and Veziroglu 2001). Also, metabolic engi-
neering has been an exceptional tool for improving the hydrogen productivity of
available microbial sources rather than discover new strains (Chandrasekhar et al.
2015).

In the case of photobiological hydrogen production which includes bio photoly-
sis, indirect bio photolysis, and photo fermentation, solar radiation is the driving
force for the process. Among the microorganisms that are best suited for this light-
dependent hydrogen production are some species of bacteria (purple-sulfur, and
purple non-sulfur), algae, and cyanobacteria (Barbosa et al. 2001; Kovécs et al.
2006). On the other hand, in dark fermentation or fermentative hydrogen production,
the obligate anaerobes and the facultative anaerobes have been explored as pro-
ducers for this purpose. The absence of energy light is the striking feature of this
process. Since agricultural waste and organic waste generated from domestic and
industrial activity can be decomposed through dark fermentation to produce hydro-
gen, this process is a particularly advantageous alternative (Guo et al. 2010; Lukajtis
et al. 2018).

Thus, microbial electrolysis cells (MEC) represent a versatile technology for
waste treatment processes. They were adapted from microbial fuel cells (MFCs)
and the conversion of a wide range of organic substrates into hydrogen occurs under
applied external potential (Cheng and Logan 2007; Chandrasekhar et al. 2015).
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However, the microbial physiology, electrode materials, physicochemical transport
processes, type of membrane used, and composition and concentration of the
substrate are important factors that affect the performance of MEC and limit its
commercial distribution (Hallenbeck 2011).

8.4 Limitations of Existing Conventional Methods

Though biofuels comprise a wide variety of energy sources derived from biomasses,
such as bioethanol, biodiesel, biogas, biomethanol, bioethers, biohydrogen, and
vegetable oils, the market seemed to be mainly focused on the first 3 i.e. bioethanol,
biodiesel, biogas (Callegari et al. 2020). Currently, marketable biofuels are mostly
produced from first-generation crops, which have similar drawbacks, related to
limited availability and food competition, and, therefore, make room for second
and third-generation feedstocks (Callegari et al. 2020). Among the second genera-
tion, biofuels derived from lignocellulosic byproducts and residues, driven by
economic, environmental, and even social-political purposes have been widely
explored in the last decades. Feedstocks have been selected based on their sustain-
ability, energy content, local availability and distribution, and environmental and
economic values (Karagiannidis and Perkoulidis 2009). Challenges related specifi-
cally to the feedstock have been addressed since their cost is an important issue in
biofuels production technologies, such as new varieties with desirable characteris-
tics, growing requirements, cultivation yields planting and harvesting techniques,
and logistics, among others (Callegari et al. 2020; Shanmugam et al. 2020).

Extensive research has enabled important advancements in the processes for
biofuels production from biomasses; however, there are still important technological
barriers to overcome and to make them mature for commercial scale and competitive
with fossil fuels (Khoo et al. 2020a, b). In this sense, the cost-effective release of
fermentable carbohydrates from biomasses is one of the biggest challenges on
biofuels production, with a high impact on the total process cost (Ingle et al.
2019a, b; Khoo et al. 2020a, b). The upstream steps include mainly biomass
pretreatment and further hydrolysis of polymeric carbohydrates to release ferment-
able sugars, for which several methods, involving chemical, physical, biological
methods and mixtures of them have been extensively studied. Despite the promising
results obtained at laboratory and pilot scales with the conventional methods, the
high cost jeopardizes their potential utilization at larger scales (Ingle et al. 2019a, b;
Shanmugam et al. 2020). Most of the conventional methods are performed in
intensive operation conditions, with high consumption of materials that are not
recycled or are difficult to be reused, and generation of contaminating by-products
and wastes, resulting in processes that are not economic and environmentally
sustainable (Ingle et al. 2019a, b).

Particularly, in the polysaccharide (cellulose) hydrolysis after pretreatment, enzy-
matic technologies have been extensively studied, in order to increase hydrolysis
efficiency and reduce enzyme-associated costs. In the technologies that have been
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mostly studied, enzymes cannot be reused or recycled, which increases the cost of
this step and consequently of the process. Therefore, several studies have been
focused on enzyme immobilization, in order to facilitate the separation of the
enzymes and/or their reutilization in various sequential reactions, which, in turn,
can reduce the overall process cost (Shanmugam et al. 2020).

In the particular case of biodiesel production, enzymatic transesterification is a
remarkable alternative, since it is a less energy-intensive strategy, with higher
selectivity, easier separation, less residual contamination when compared to chem-
ically catalyzed processes. However, it has a main drawback also about the high cost
associated with enzymes, which reduces its attractiveness to industrial applications
(Callegari et al. 2020). Regarding biohydrogen production, which has been consid-
ered as the most efficient and cleanest form of energy, it still has important draw-
backs to be addressed to achieve higher levels of readiness, such as low yield and
high production cost (Shanmugam et al. 2020). According to these authors, several
strategies for process intensification have been studied, including parameter optimi-
zation to improve the production rate, utilization of synthetic biology, and metabolic
engineering.

Nanotechnology has the potential to increase the overall efficiency, feasibility,
and sustainability of the biofuels production technologies, not only limited to the
upstream steps but also the conversion processes and downstream (Ingle et al., 2019;
Xu et al. 2019; Khoo et al. 2020a, b). Research and development on nanotechnology
have grown expressively in the last years in different areas and with the participation
of interdisciplinary and integrated science (Khoo et al. 2020a, b). For biofuels
technology and regarding first the upstream steps, nanomaterials can be used for
enzyme immobilization, named nano supports, which have advantages like large
surface area, biocompatibility, non-toxic effects, a variety of physical and chemical
properties that can enhance the activity of the enzyme, and the possibility of
improving the recuperation and reuse of the enzymes (Rai et al. 2019; Khoo et al.
2020a, b; Shanmugam et al. 2020).

Nanomaterials can contribute not only as immobilization or encapsulation matrix
for enzymes, promoting their reuse (Ingle et al. 2019a, b; Shanmugam et al. 2020)
but also as nanocatalysts, which have been highlighted not only based on environ-
mental and ecological issues compared to synthetic catalysts but also because, small
particle size (related to their cell wall penetrating advantages), biodegradability,
reusability and easy recuperation based on magnetic properties, functionalization
possibilities, low price, and high availability (Ingle et al. 2019a, b; Xu et al. 2019;
Shanmugam et al. 2020). However, some issues should be addressed regarding the
safety and toxicity of various nanomaterials, nanoparticles aggregation problems,
and synthesis costs (Ingle et al. 2019a, b; Khoo et al. 2020a, b).

Furthermore, in the case of biohydrogen production, nanotechnology strategies
have also been studied as potentially cost-effective alternatives to improve the
bioconversion step, since they can have a positive impact on the growth of the
microorganism, the intracellular electron transfer, and the efficiency and protection
of enzymes (oxygen-sensitive) involved in biohydrogen production (Yang and
Wang 2018; Shanmugam et al. 2020). Moreover, nanotechnology strategies can
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improve the control of the operation conditions, such as illumination, temperature,
and heat transfer, and even influence the bioreactor design (Shanmugam et al. 2020).

8.4.1 Socioeconomic and Environmental Considerations

It is an undeniable fact that an economy based on fossil fuels is no longer viable and
a substantial amount of data, research studies, and public policies and future
projected scenarios indicate that the shift to bioeconomy is a promising way to
ensure welfare, economic, and food security to the human population. Regarding this
conjecture, Johnson (2017) states that “A thriving bioeconomy that includes increas-
ing reliance on biological processes and biobased products is a key element of the
overall global sustainability transition.”

“Implement green chemistry and sustainability principles” is not only enough to
assure the success of a bioeconomy, but it is also necessary to establish coordinates
and steps to make the transition from our present models to a sustainable economy. It
is not only essential to develop a circular economy system, where waste generation is
reduced to its minimum and all the possible uses of biomass are considered, but also
to articulate social and economic sustainability in accordance with environmental
health. Moreover, an integration between national and global policies is vital, along
with the cooperation and comprehensive view between sectors that deal with
different biomass uses (e.g., energy, transportation, agriculture, forestry)
(Johnson 2017).

The production of first-generation biofuels is based on crops that are likewise
used for human and animal feeding. Therefore, a concern has arisen that an increase
in the production of these fuels can compromise food security (food versus fuel
debate). According to Sindhu et al. (2019) life-cycle assessment (LCA) of first-
generation biofuels indicates that, in most circumstances, there is a negative energy
gain; however, second-generation fuel models suggest an increase in energy gain,
while third-generation biofuels excel the previous categories in many aspects, such
as CO, sequestration, expressive accumulation of neutral lipids, high biomass, and
soil productivity (Sindhu et al. 2019).

Land use by biofuel crops is still a field of uncertainties, forasmuch as it is
connected to a huge number of variables, for instance, demand for other applications,
agriculture productivity, future demand for animal products, and the pressure upon
natural environments that can be seen as idle lands (such as grasslands), which can
result in biodiversity loss (OECD/FAO 2019; Sindhu et al. 2019). In this sense, it is
crucial to develop public policies to regulate land use and assure the sustainability of
biofuels; moreover, studies that aim at the production of biofuels with nonfood crops
or lignocellulosic biomass must be supported and promoted.
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8.5 Nanotechnology in Biofuels Production

Nanotechnology has emerged as a promising technology as far as biofuel industries
are concerned. It is reported to have applications in the production of different
biofuels like bioethanol, biodiesel, biohydrogen, etc.

8.5.1 Nanotechnology in Bioethanol Production

The use of nanotechnology in bioethanol production can improve the plant biomass
pretreatment and its conversion into fermentable sugars as well as the fermentative
process (Kushwaha et al. 2018). The recalcitrance properties in most agro-industrial
wastes, especially in the lignocellulosic biomass, is still a bottleneck for its conver-
sion into second-generation biofuels (Zuccaro et al. 2020) and the pretreatment plays
an important role in the manufacturing process and product value. Nanomaterials
can improve pretreatment efficiency and assists in bioethanol fermentation and
recovery. The major applications of nanoparticles in bioethanol production are
given in Fig. 8.4. Moreover, the reusability of nano compounds is an important
advantage for the biofuels’ economic viability (Beniwal et al. 2018).

Several types of nanoparticles have been studied for bioethanol production and
are applied in biomass pretreatment for the recovery of the sugars in different
lignocellulosic materials as feedstock. Pena et al. (2012 & 2014) studied the effects
of different acid-functionalized nanoparticles for the pretreatment of wheat straw and
corncob. Ingle et al. (2019a, b, 2020a, b) evaluated the pretreatment of sugarcane
bagasse and sugarcane straw using two different acid-functionalized magnetic
nanoparticles (alkyl sulfonic acid—Fe;0,_ MNPs@Si@AS, and butylcarboxylic
acid—Fe;0,_MNPs@Si@BCOOH), that presented maximum xylose recovery for
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Fig. 8.4 Major applications of nanoparticles in bioethanol production
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sugarcane bagasse (18.83 g/LL and 18.67 g/L), and sugarcane straw (17.06 and 15.40)
using the 500 mg/g of biomass.

Another utilization for nanoparticles in bioethanol production is for the immobi-
lization of the enzymes. Enzymes are biological catalysts produced by bacteria and
fungi and are a key factor for environment-friendly production biofuels because
enzyme such as cellulases and hemicellulases play importanat role in the breakdown
of cellulose and hemicellulose present in the lignocellulosic biomass (Mood et al.
2013). However, the utilization in the industrial scenario presents some obstacles to
become economically viable, such as costly production and reuse of enzymes as they
can contribute up to 30% of total processing cost in 2G sugars production (Sanchez-
Ramirez et al. 2016; Chandel et al. 2018).

The immobilization of enzymes is an alternative for reducing costs with enzymes
in an industrial scenario. Several supports can be used, such as inorganic materials,
hybrid materials, polymers, and metal-organic frameworks (Suo et al. 2020). Immo-
bilization methods vary in categories where the enzymes can be (1) bonded to
support, which acts as a carrier or matrix, (2) entrapped in an encapsulation structure,
or (3) cross-linked (Vaghari et al. 2015). The utilization of nanoparticles as an
immobilizing agent presents several benefits to the enzymatic process. The immo-
bilization of enzymes not only promotes increased yields and multiple cycles but is
also presented as an environment-friendly alternative for enzyme application, also
protecting them from inhibitory effects of alcohol and organic acids formed during
fermentation (Sekoai et al. 2019). Cherian et al. (2015) studied the immobilization of
cellulases using manganese dioxide (MnO,) nanoparticles for the hydrolysis of
sugarcane leaves to bioethanol (21.96 g/L), presenting 75% binding efficiency and
60% of catalytic activity, after five cycles. The biocompatibility, high specific
surface area, stability and low toxicity, and resistance to mass transfer are
highlighted, although the most prominent advantage is that immobilized enzymes
can be recovered for repetitive applications in catalytic reactions, which can con-
tribute to the overall reduction of costs in a biorefinery (Chandel et al. 2018; Suo
et al. 2020).

The utilization of magnetic nanoparticles (MNPs) can be advantageous after the
pretreatment of biomass as the catalysts can be recovered by the application of an
external magnetic field and reused in subsequent pretreatment cycles (Ingle et al.
2020a). The utilization of magnetic fields in iron oxide (Fe;O4) nanoparticles for
B-glucosidase immobilization in bioethanol production, studied by Verma et al.
(2013), resulted in 93% binding efficiency and 50% catalytic activity after 16 cycles.
Fe;0,4 NPs and Fe;0,4/Alginate nanocomposites were used for the immobilization of
cellulases produced by Aspergillus fumigatus and evidenced an increased enzyme
activity, resulting in a high sugar release during the rice straw pretreatment
(Srivastava et al. 2015). The improvement in the activity and the thermal stability
was also observed by Poorakbar et al. (2008), where cellulases from Penicillium
Sfuniculosum were employed with magnetic gold silica and showed a binding effi-
ciency of 76% to the support matrix, and recycled for five cycles. Still, nickel oxide
(NiO) nanoparticles were also used as bio-nanocatalysts in simultaneous saccharifi-
cation and fermentation of potato peel waste was studied by Sanusi et al. (2020), and
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showed an increased bioethanol yield (19%). Even though nanoparticle utilization
may be advantageous to bioethanol production, its use must be limited to its
optimum values as it can inhibit the growth of microorganisms in higher concentra-
tions (Sekoai et al. 2019).

Cells are microbial factories capable to synthesize enzymes for several industrial
purposes. Though the nanomaterials use in enzyme immobilization, these com-
pounds also act as supports to immobilize microorganisms (Rai et al. 2016a, b).
Calcium alginate is commonly used as a matrix for cell immobilization, but the
combination method with nano-structure materials has been demonstrated as prom-
ising alternatives for enhancing bioethanol production. Beniwal et al. (2018)
achieved up to 0.42 g/g ethanol yield in 36 h with Saccharomyces cerevisiae and
Kluyveromyces marxianus yeasts co-immobilized in calcium alginate using cheese
whey as substrate. The authors immobilized p-galactosidase in a silicon dioxide
nanoparticles matrix in a bioreactor for the same vessel hydrolysis and fermentation,
demonstrating the nanoparticle reusability of 5 cycles. Besides increasing bioethanol
yield in fermentation, nanoparticles could enhance the production of bioethanol in
the syngas platform, as demonstrated by Kim et al. (2014) by using methyl-
functionalized silica nanoparticles (0.3 wt %) during Clostridium Ijungdahlii
fermentation.

Another important use of nanomaterials is for bioethanol recovery from the broth.
The presence of the bioethanol produced during the fermentation presents a negative
effect on cell growth and viability, consequently decreasing the product yield (Xue
et al. 2016). Pervaporation is considered a promising method for bioethanol recovery
since it allows the integration of fermentation and biofuel recovery in situ (Fan et al.
2019). However, yeast cells can contaminate these membranes, fouling during the
pervaporation, but the use of carbon nanotubes coupled in membrane filters assists
the bioethanol recovery and enhances the antifouling performance (Xue et al. 2016).
Besides, a nanofiltration membrane combined with a forward osmosis system was
demonstrated to be effective for the removal of fermentation inhibitors and the
concentration of fermentable sugars in rice straw hydrolysate (Shibuya et al.
2017). Nanotechnology enhances bioethanol production, especially assisting in
enzyme immobilization (Rai et al. 2016a, b), helping to overcome bottlenecks and
reducing costs in the manufacturing process.

Several factors such as the synthesis approach (co-precipitation method, thermal
decomposition, microemulsion, hydrothermal synthesis, synthesis using biological
organisms (fungi and algae), synthesis using plant materials, temperature range
(100-700 °C), pressure, pH, and size may influence the performance of
nanoparticles in fuels. These factors affect the morphology, size, and stability of
nanoparticles as they have their advantages and disadvantages (Sekoai et al. 2019).
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8.5.2 Nanotechnology in Biodiesel Production

The use of biofuels has been increasing over the last century; the ever-growing
energetic demand, alongside environmental issues, has stimulated the search for
alternative renewable fuel sources (Gardy et al. 2019). Biodiesel is a biodegradable,
non-toxic, and environment-friendly alternative to petrol diesel. It consists of a
mixture of monoalkyl esters derived from the esterification or transesterification of
vegetable oils and animal fats with an excess of acyl acceptors, mostly short-chain
alcohols, such as methanol or ethanol, with alkaline or acid catalysts. The fatty acid
methyl or ethyl esters have properties similar to those of petrol diesel.

The biodiesel quality depends on several physicochemical properties, such as
viscosity, specific mass, cetane number, cold flow plugging point, flash point, etc.
The physicochemical properties and specifications limits are regulated by the
National Agency of Petroleum, Natural Gas and Biofuels (ANP) in Brazil,
European Standards (ES) in Europe, and the American Society for Testing and
Materials (ASTM) in the USA. Biodiesel can be used directly in diesel engines or
a mixture with petrol diesel. Several countries across the world have legally included
biodiesel in the energetic matrix. In Brazil, biodiesel is obligatory mixed with diesel
oil since 2008 and its use has increased currently to 12% v/v (B12), with a prediction
of 20% (B20) in 2022 (Flumignan et al. 2012; ANP 2020).

The most common, though not exclusive, path for biodiesel synthesis is the
reaction of feedstocks (in special, vegetable oils) with methanol and homogenous
alkaline catalysts. Recent research shows emerging alternative methods to obtain
biodiesel from sources like animal fats, residual oils, and other non-food feedstocks.
The use of other synthesis routes, such as interesterification (with methyl acetate and
dimethyl carbonate) and hydro-esterification (chemistry, enzymatic or supercritical)
is also reported (Flumignan et al. 2012).

8.5.2.1 Biodiesel Feedstocks

Oils and fats are composed of triacylglycerides, which consist of three fatty acid
chains esterified to a glycerol backbone. Generally, oils consist mostly of the
unsaturated fatty acid chains and are in the liquid state, while fats have a majority
of saturated fatty acid components and are solid at room temperature.

The use of crude vegetable oils in diesel engines is possible, but their high
viscosity and cold flow behavior cause overall damage to the engines. Thus, it is
more interesting to apply vegetable oils as a source to obtain biodiesel. Nowadays,
biodiesel derives majorly from refined vegetable oils (soy, corn, rapeseed, sunflower,
etc.), but the use of other feedstocks, such as residual oils and fats (waste cooking oil,
fish oil, beef tallow, chicken fat, etc.) and non-food crude oils (jatropha, macaw,
crambe, etc.) has been growing. Residual and non-food feedstocks are an appealing
alternative for environmental and economic reasons. Nevertheless, there are limita-
tions to the use of such feedstocks in the transesterification process employing the
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usual conditions. In the presence of homogeneous alkaline catalysts, high free fatty
acid and water contents can shift the reactants towards the saponification side
reaction (Gardy et al. 2019).

Moreover, heterotrophic microalgae can be considered a neutral source of
bioenergy; hence, the fact that they consume CO, from the environment around
them. In comparison to vegetable sources, microalgae growth is faster and cheaper,
and its use as a source of bioenergy does not compete well with other industrial
sectors (Zhang et al. 2013). Microalgae can accumulate up to 60% (w/w) of lipids,
which can be extracted and converted into biodiesel. Also, recent studies show that
microalgae biomass can be used in direct transesterification without the need for
lipid extraction (Pandit and Fulekar 2017, 2019). In this context, microalgae are
presented as an economic and environmentally interesting source for biodiesel
production.

8.5.2.2 Catalysts for Biodiesel Production

Catalysts are applied in chemical reactions to conduct the synthesis of the products
through a path that requires lower activation energy when compared to catalyst-free
reaction, without being consumed. The occurrence of esterification and
transesterification of oils and fats to obtain biodiesel requires the use of catalysts.
More commonly, alkaline catalysts provide highly efficient ester conversion in
relatively short reaction times, when compared to acid catalysts (Gardy et al. 2019).

Homogenous catalysts are in the same phase as reactants in the reaction medium,
whereas heterogeneous catalysts are in different phases. The use of homogeneous
catalysts is widely known, but can also cause corrosion of systems, soap formation
and require tedious purification steps to achieve recovery of products, which
increases both process cost and waste production. In this context, heterogeneous
catalysts can also provide efficient conversions and are easily removed from the
reaction medium with simple purification steps such as decantation, filtration, and
centrifugation. Furthermore, recyclable heterogeneous catalysts may be presented as
a more efficient, alternative industrial application (Gardy et al. 2019; Jain et al. 2014;
De and Boxi 2020; Zhong et al. 2020).

8.5.2.3 Nanocatalysts for Biodiesel Production

The use of nanosized particles as catalysts instead of other heterogeneous catalysts is
advantageous considering the high surface/volume ratio of nano-compounds as well
as high selectivity, easier recovery, and overall stability of catalytic activity when
applied in successive reactions. The nanocatalyst quality depends on the physical
properties of the materials used, such as size, shape, active sites distribution, thermal
stability, chemical stability, and spatial and electronic properties (Gardy et al. 2019;
Jain et al. 2014).
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Table 8.2 Metal oxide nanocatalysts for biodiesel production via transesterification process

Transesterification | Biodiesel
Reference Feedstock Catalyst conditions Production
Pandit and A. obliquus CaO eggshell waste Algae:MeOH 1:10 | 91.86% conver-
Fulekar biomass (1.7% wiw) (w/v)/70 °C/3.6 h sion; 86.41%
(2017) yield
Pandit and S. armatus CaO eggshell waste Algae:MeOH 1:10 |90.44% yield
Fulekar biomass (1.61% wiw) (w/v)/70 °C/3.6 h
(2019)
De and Boxi | Palm oil Cu impregnated TiO, | Oil:MeOH 1:20/ 90.93% yield
(2020) B% wiw) 45 °C/45 min
Tan et al. WCO CaO ostrich shell Oil:MeOH 1:10/ 98.97% yield
(2017) waste (1.50% w/v) 65°C/2h
Abdelhady Sunflower oil | CaO eggshell waste Oil:MeOH 1:4.5/ 94.70% yield
et al. (2020) (1.50% wiv) 75°C/1 h

CaO beet sugar waste
(1%)

93% conversion

Borahetal. | M. ferrea oil | Co doped ZnO (2.5% | Oil:MeOH 1:9/ 98.03%

(2018) w/wW) 60 °C/3 h conversion

Borahetal. |WCO Zn doped CaO from Oil:MeOH 1:20/ 96.74%

(2019) waste eggshell (5% 65°C/4 h conversion
wiw)

Baskar et al. | Castor oil Ni doped ZnO (11% Oil:MeOH 1:8/ 95.20% yield

(2018) w/w) 55°C/1h

Feyzi and Refined veg- | Cs-Ca/TiO,-SiO, Oil:MeOH 1:12/ 98% yield

Shahbazi etable oil 60 °C/2 h

(2015) blend

Raj et al. N. oculata PEG capped Mn-ZnO | Oil:MeOH 1:15/ 87.5% yield

(2019) lipid extract (3.5% wiw) 60 °C/4 h

Justine etal. | WCO ZnO Oil:MeOH 1:6/2h | 81.6%

(2020) Zn0-Si0, 54.6%

Botti et al. Soybean oil Na-geopolymer (3% 150% MeOH/70- | 85.1-89.9%

(2020) w/w) 75 °C yield

The reaction will occur in the active sites distributed throughout the surface of the

material. Thus, the smaller the size of the particle, the greater the surface area and the
greater the catalytic activity achievable. Also, nanosized particles can be dissolved,
precipitated, and crystallized successively, depending on the conditions of the
medium, which makes recyclability easier. Nanocatalysts can be obtained through
chemical, physical, and biological processes (Jain et al. 2014). Different types of
nanotechnology-based heterogeneous catalysts for biodiesel synthesis through
transesterification are explored hereafter. Table 8.2 summarizes results from
transesterification of vegetable and waste cooking oil (WCO) as well as algal
biomass and crude oil by applying different nanosized metal oxide particles and
geopolymers.

Calcium oxide (CaO) based catalysts are derived from waste produced in agri-
cultural and industrial activities, such as animal bones, egg and animal shells, paper
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Table 8.3 Magnetic nanocatalysts for biodiesel production via transesterification process
Transesterification Biodiesel

Reference Feedstock Catalyst conditions production

Liu et al. (2016) | Soybean oil MgFe,0,@Ca0O Oil:MeOH 1:12/ 98.3%
(1% wiw) 70°C/3 h yield

Mapossa et al. Soybean oil Nig 3Zng 7Fe304 Oil:MeOH 1:12/ 94% yield

(2020) 2% wiw) 180 °C/1 h

Feyzi and Sunflower oil Ca/Fe;04@Si0, | Oil:MeOH 1:15/ 97% yield

Norouzi (2016) 65°C/Sh

Baskar and Castor oil Fe (II) doped Oil:MeOH 1:12/ 91% yield

Soumiya (2016) 7Zn0 (14% w/w) | 50 °C/55 min

Alaei et al. Sunflower oil MgO/MgFe,04 Oil:MeOH 1:12/ 91.2%

(2018) (4% wiw) 110 °C/4 h conversion

Amani et al. Sunflower oil MgO/MgFe,04 Oil:MeOH 1:12/ 92.5%

(2019) (3% wiw) 110°C/3 h conversion

Banerjee et al. N. oleoabundans | Fe,O3 (1% w/w) | Biomass:MeOH 1:5 86% yield

(2019) lipid extract (W/v)I65 °C/6 h

industry, etc. Such catalysts are highly alkaline, relatively economical, and require
mild reaction conditions to obtain efficient ester conversions. They are obtained
through the calcination of materials, which convert CaCO; into CaO (Pandit and
Fulekar 2017, 2019; Tan et al. 2017; Abdelhady et al. 2020).

Zinc oxide (ZnO) can be obtained through precipitation in an aqueous solution
and annealing in a heated oven. Also, doping of CaO and ZnO with metals such as
cobalt and nickel shows interesting results in biodiesel conversion from vegetable
oils (Borah et al. 2018, 2019; Baskar et al. 2018). Titanium dioxide (TiO,)
nanoparticles are also widely used for catalysis in different industrial sectors,
including biodiesel production (De and Boxi 2020; Feyzi and Shahbazi 2015).
Nanocomposites and geopolymers (alkaline aluminosilicate powders) can also be
applied to oil and fat conversion into methyl esters (Raj et al. 2019; Justine et al.
2020; Botti et al. 2020; Bai and Colombo 2018). MNPs are composed of elements
with magnetic properties, most commonly of iron, nickel, and cobalt. They can be
obtained through combustion, co-precipitation, and thermal decomposition, amongst
others methods (Liu et al. 2016; Mapossa et al. 2020; Feyzi and Norouzi 2016;
Baskar and Soumiya 2016; Alaei et al. 2018; Amani et al. 2019; Banerjee et al.
2019). The magnetic properties are interesting to reduce the cost and labor of
purification processes; MNPs can be easily removed from the reaction medium by
using a magnet to apply an external magnetic field. Table 8.3 summarizes the results
of the transesterification catalyzed by MNPs.

The use of MNPs as catalysts for biodiesel production and also the use of
biocatalysts is interesting considering chemical catalysis. The use of enzymes
(lipases) as catalysts for transesterification of oils and fats, when compared to
chemical alkaline or acid catalysts, provides higher product selectivity and is
advantageous for avoiding soap formation and other contaminations. However,
enzyme cost still limits the application in industrial scales. In this context, enzyme
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Table 8.4 Enzymatic magnetic nanocatalysts for biodiesel production via transesterification
process

Transesterification | Biodiesel

Reference | Feedstock Catalyst conditions production
Nematian | C. vulgaris | R. oryzae lipase immobilized in | Three-step addi- 69.8%
et al. lipid extract | Fe;0,4 nanoparticles tion MeOH/45 °C/ | conversion
(2020) 24 h
Xie and Soybean oil | C. rugosa lipase immobilized in | Three-step addi- 92.8%
Huang grapheme oxide/Fe;0, tion of MeOH/ yield
(2018) nanocomposite 40 °C
Xie and Soybean oil | C. rugosa lipase immobilized in | Three-step addi- 92.8%
Huang poly(glycidyl methacrylate-co— | tion of MeOH/ yield
(2020) methacrylic acid)/Fe;04 40 °C

nanocomposite
Badoei- WwCO Cross-linked lipase aggregates Oil:MeOH 1:3/ 71%
dalfard with Fe;04 (0.3% w/w) 35°C/36 h conversion
et al.
(2019)
Ashjari WwCO R. mieheilipase immobilized in Three-step addi- 55.3%
et al. Fe;0,@Si0, nanoparticles tion of MeOH/ yield
(2020) (15.2% wiw) 40 °C/48 h

T. languginosuslipase 81% yield

immobilized in Fe;0,@SiO,

nanoparticles (18.6% w/w)

immobilization is an alternative to reduce overall cost, for it makes it possible to
recycle and reuse the biocatalysts. Immobilization consists of attaching the enzymes
to the pores and/or surface of a chosen support material and can also enhance
enzyme stability and improve kinetics (Zhong et al. 2020; Nematian et al. 2020).

Table 8.4 summarizes the results of the transesterification catalyzed by enzymatic
MNPs. It is worth mentioning that there are specific (i.e. C. rugosa and
T. languginosus) and 1,3-specific (R. miehei and R. oryzae) lipases; specific lipases
can achieve a full ester conversion, whereas 1,3-specific lipases can only convert 2/3
of the fatty acids from the triacylglyceride. Also, lipases are inactivated by high
concentrations of methanol. Thus, the three-step addition of the solvent to the
medium is important to achieve high yields. Also, the immobilization of lipases in
MNPs makes it possible to recycle the biocatalysts for an average of 3-5 cycles
without significant activity loss (Xie and Huang 2018, 2020; Nematian et al. 2020;
Badoei-dalfard et al. 2019; Ashjari et al. 2020).

The immobilization of lipases for biodiesel production is a promising field. Other
recent researchers are focusing on the development of nanoparticles as support for
lipase immobilization, though still without application in the transesterification
reaction for biodiesel production (Atiroglu 2020; Asmat and Husain 2019).
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8.5.2.4 Nanotechnology in Biohydrogen Production

Fossil fuels lead to serious environmental problems, which are responsible to worsen
the greenhouse effect; however, the continuous growth of the world population and
industrialized economy made them indispensables (Gaurav et al. 2017; Moreira et al.
2017). Thus, fossil fuels such as oil, coal, and natural gas have been known as the
main source of energy over the last century so that they have contributed to 80% of
the total energy produced, and dependence on them is expected to decrease to 78%
by 2040 (Hook and Tang 2013). Therefore, the establishment of alternative energies
(biofuels) is a top priority in developments sectors and is a target of big research
efforts directed through process intensification to enhance the efficiency of biomass
conversion in biorefineries (Gaurav et al. 2017).

Biohydrogen is the most efficient and cleanest carbon-free energy, and it is
considered a valuable and alternative fuels carrier to fossil ones (Kumar et al.
2019b; Sindhu et al. 2019). It also has the potential to reduce greenhouse gases
emissions, especially from the energy and transportation sectors. Biohydrogen
production has been attracting global attention due to its social, economic, and
environmental merits, and due to its high content of energy with an approximate
value of 122-141 kJ/g, which is higher than that of other fuels, such as methane
(55.65 kJ/g) and ethanol (29.7 kJ/g).

Hydrogen has been produced from fossil fuels, biomass, water, and the reform
of natural gas; besides, hydrocarbon oxidation, coal gasification, electrolysis of
water, and finally dark fermentation of organic substrates (Kumar and Himabindu
2019; Sindhu et al. 2019). Biohydrogen production by dark fermentation to
generate hydrogen energy is a friendly environmental alternative to fossil
fuels to help meet the needs of carbon emission reduction (Ren et al. 2011).
Nevertheless, the quantity of biohydrogen produced via dark fermentation is low
(Kumar et al. 2019b).

Nowadays, several advances and tools have been developed to increase the
chance of enhancing dark fermentation for biohydrogen production. Recently, an
application of nanoparticles (NPs) to enhance bioactivity and metabolite recovery
during dark fermentation has gained enormous attention due to the unique surface
and quantum size effect. Some examples of inorganic NPs that were used for
enhancing biohydrogen production are silver, cobalt, titanium, nickel, and iron;
the last one is one of the most promisors because of its versatility and compatibility
with other additives (Kumar et al. 2019a). The effect of those nanomaterials could
show a positive impact on metabolic key processes.

Yang and Wang (2018) described two mechanisms that enhance hydrogen
production during fermentation and were related to a decline in the oxidation-
reduction potential in the system, providing a better environment for fermentative
bacteria, assisting in the removal of undesired oxygen, thereby contributing to a
higher activity of the oxygen-sensitive hydrogenase. Both these mechanisms were
studied in zero-valent iron nanoparticles (FeO NPs) supplementation. In this study, it
was also proposed that Fe0 NPs could accelerate electron transfer between
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ferredoxin and hydrogenase and promote the activity of key enzymes by the released
Fe*. The hydrogen yield obtained with FeO supplementation (400 mg/L) in this
research was 73.1% higher than that of the control group. In 2016, Taherdanak and
collaborators, also reported the use of Fe and Ni nanoparticles on dark hydrogen
fermentation, specifically FeO and Ni0, and they compared them with their equiva-
lents in ion form. Results showed that the order of the hydrogen yield effects was as
follows: NiZ* ion (55%) > FeO NPs (37%) > Fe?* ion (15%) > NiO NPs (0.9%)
compared with the control without supplementation.

In 2014, Mohanraj and collaborators also reported that an enhancement of
ferredoxin oxidoreductase activity in response to NPs addition has been considered
to be important to increase the hydrogen production yield during dark fermentation.
Thereafter, in 2015, Gadhe and collaborators, showed that an improvement of
biohydrogen production with a co-addiction of hematite (Fe,O3) plus nickel oxide
(NiO) NPs at optimum concentration can be attributed to a higher activity of the
ferredoxin oxidoreductase, ferredoxin, and hydrogenase enzymes by surface and
quantum size effects of NPs. The hydrogen yield obtained by the co-addiction of
Fe,03 and NiO (50 mg/L and 10 mg/L respectively) was 1.2-fold higher than that of
the addition of individual nanoparticles. Also, Zhang and collaborators (2018)
studied other configurations of iron nanoparticles (ferric oxide/carbon
nanoparticles—FOCNPs) for hydrogen production enhancement. Fe,O5;/C NPs
also showed good performance when added to a dark fermentative process based
on glucose, reaching 33.7% improvement when FOCNPs were added in a concen-
tration of 200 mg/L.

In 2015, Seelert and collaborators, used magnetite (Fe;O4) nanoparticles
functionalized with chitosan and alginic acid polyelectrolytes, to promote bacterial
attachment (immobilization). They used Clostridium beijerinckii with these
nanoparticles, and its kinetics resulted in a shorter lag growth phase effect. The
greatest hydrogen yield was 2.1 £ 0.7 mol Hp/mol glucose, corresponding to
substrate conversion and energy conversion efficiencies of 52 £ 18 and 10 4 3%,
respectively. According to Zhong and collaborators (2020), the addition of magne-
tite nanoparticles resulted in the formation of electronic conductor chains that
enhance the electron transport efficiency and enhance key coenzymes activity in a
complex consortium (anaerobic sludge), promoting a relative abundance of ethanol-
hydrogen-producing bacteria. Results showed that an addition of 50 mg/L magnetite
NPs improved H, production by 53.7%.

All these research advances show biohydrogen as one of the most promisor
biofuels in the near future. However, there are many bottlenecks in this interesting
bioprocess, such as sustainable pretreatments for substrates availability, enhance-
ment stability of key enzymes and coenzymes, better performance in fermentation
modes, etc. Thus, the inorganic nanoparticles could be a promising additive in
practical application to achieve high hydrogen production, enhancing some of the
main challenges that could currently appear in the main steps in bioprocesses.
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8.6 Challenges in the Application of Nanotechnology
in Biofuels Production

Apart from the advantages of the utilization of nanomaterials in the production of
biofuel, several concerns and risks have arisen from the application of nanotechnol-
ogy. In this regard, the challenges of the use of nanoparticles in biofuel production
can be categorized into the following issues.

8.6.1 General Challenges

The nanoparticles could be applied successfully for the development of biofuel
production. However, the characterization of many nano-additives studied for bio-
fuel production has not been recognized well. In this regard, physical properties such
as particle size, shape, and clustering have been paid less attention (Hossain et al.
2019). More studies should be carried out to solve the problems related to the use of
nanomaterials which are accompanied by agglomeration, settling, and erosion.
Moreover, little is known about the mechanisms of heat transfer where
nanomaterials are applied (Khoo et al. 2020a, b).

On the other hand, enough availability of nanomaterials should be provided for
industrial applications since a low quantity of nano-additives is used for laboratory
scale. Furthermore, the choice of a proper nanomaterial, scientific approach used for
the preparation of nanoparticles for biofuel production should be taken into account
to attain the highest production of biofuels (Hossain et al. 2019).

8.6.2 Deleterious Effect of Nanoparticles on the Biofuel
Producing Microorganisms

Biofuels are mainly produced by microorganisms. In this context, different yeast,
bacteria, and microalgae are exploited for the production of liquid biofuels such as
bioethanol, biobutanol, and biodiesel. Furthermore, gaseous biofuels such as
biohydrogen as transportation biofuel are produced by microorganisms particularly
bacteria (Abdeshahian et al. 2014; Shukor et al. 2014). There is a controversy about
the deleterious effect of nanomaterials on microorganisms. It has been reported that
carbon nanotubes such as Al,Os, CuO, ZnO, and TiO, cause toxic effects on the
microalgae with oxidative stress, agglomeration, and inappropriate supply of nutri-
ents to algal cells (Khoo et al. 2020a, b). The utilization of nanoparticles in
electrodes made for microbial fuel cells (MFC) may cause toxic effects on electro-
genic microorganisms including bacteria and fungi, which in turn decreases elec-
tricity generation.
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8.6.3 The Cost-Effectiveness of Nanomaterials for Biofuel
Production

One of the main limitations of the use of nanomaterials is the production costs of
biofuel using nanoparticles. In this regard, many nano-materials are relatively
expensive which affects their industrial utilization for the economical production
of biofuel (Khoo et al. 2020a, b). The exploitation of nanomaterials in the chain of
biofuel production consisting of the raw materials to end-product utilization could be
analyzed in the aspect of the economic viability of the process. Hence, techno-
economical assessment is necessary to evaluate whether the use of nanomaterials for
biofuel production is economically variable as the commercialization of biofuel
production using nanoparticles is drastically targeted in transportation sectors
(Hossain et al. 2019).

8.6.4 Environmental Effect of Nanomaterials

The environmental toxicity of the nanoparticles has been poorly studied. It has been
found that nanoparticles have toxic effects on the environment (Khoo et al.
2020a, b). Several nanoparticles are not degradable and can enter the environment
and remain for a long time. The nanoparticles settled in the soil can penetrate the
deeper layer of the ground and enter the groundwater sources (Engelmann and
Hohendorff 2019).

The major concerns are related to the adsorption of the nanoparticles to living
organisms which could be accumulated in the cells. In this line, it has been found that
due to the low size of nanoparticles, biomolecules such as protein, lipid, and DNA
could react with nanoparticles, thereby causing toxic effects on the organism cells.
The toxicity of nanomaterials should be studied further in animal models to deter-
mine the possible damages to the human cells in the environment (Rai et al.
20164, b).

8.6.5 Deleterious Effect of Nanomaterials
on the Human Body

The nanoparticles could enter the human body through the respiratory system,
alimentary canal, and skin injuries. Owing to the small size of the nanoparticles,
there is a danger of entering the bloodstream (Engelmann and Hohendorff 2019).
Nanoparticles can go to different organs via bloodstreams and enter human cells.
They make oxidative reactions in the cells which, in turn, lead to cytotoxic reactions
in many tissues. The organs with high metabolism such as the kidney, lung, heart,
and liver are at a higher risk of the toxic effects obtained from nanomaterials. Hence,
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it is necessary to conduct more scientific research to find out the toxicity of the
nanomaterials on the human body (Rai et al. 2016a, b).

8.7 Conclusions

It is a well-known fact that the continuous increase in global population and
industrialization considerably increases the demand for fossil fuels and looking at
limited resources of these fuels, these fuels may be depleted soon. However,
environmental concerns like climate change and global warming are the other issues
raised due to the burning of fossil fuels. In this context, biofuels are the only
alternatives that are reported to mitigate these problems at a significant level.
Considering the limitations of conventional approaches commonly used for biofuel
production, nanotechnology has come up with the most promising solutions which
can make biofuels production easy and economically viable. The direct or indirect
use of nanotechnology in general and nanomaterials in particular in the production of
various biofuels has been found to be the most effective move which can boost the
conventional biorefining industries. Although primary studies conducted so far
presented the positive side of nanotechnology in this aspect, there is a constant
debate on the use of nanomaterials due to their toxicological concerns. There has
been always a difference of opinions from the scientific community about the
toxicity of nanomaterials, but we strongly think that further extensive studies are
essentially required so that concrete evidence can come out about the toxicity of
nanomaterials to the environment and associated living beings.
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Chapter 9 )
Role of Metabolic Engineering s
and Synthetic Biology in the Development

of Microbes for Biofuel Production

Raubins Kumar, Anju Mayadevi Nair, and Syed Shams Yazdani

Abstract Limited source of fossil fuel, increasing global need of energy, and
environmental concerns due to the use of fossil fuels, such as global warming,
pollution, and ozone layer depletion, led to demand for a non-conventional and
sustainable source of energy. Biofuels are one such source of energy that are
produced from various biological sources. Currently, biofuels are mainly produced
from sugars and vegetable oil from sugarcane, corn, soybean, palm, etc. and are
catagorized as first-generation biofuels. Considering that these feedstocks are also
used for human consumption, the focus has now shifted on second-generation
biofuels where non-edible plants and agricultural residues are explored for biofuel
production. However, due to the complexity of the feedstock involved, second-
generation biofuels need extensive research and development before it can be treated
as economically viable. Similarly, third-generation biofuels that are produced from
microalgae also need much innovation before it can be commercially realized. In
recent years, the rapid development in the field of metabolic engineering and
synthetic biology for microorganisms like bacteria, yeast, cyanobacteria, fungi,
and algae provides an immense scope for using these techniques and methods for
engineering the microbes for higher production of various fuel molecules. In this
chapter, we discuss the advancement in the area of metabolic engineering and
synthetic biology, along with their applications in enhanced production of biofuels
from different microorganisms.
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9.1 Introduction

As the world population increases, the proportional increase in energy demand is
inevitable. The limited energy source of conventional fossil fuels and petroleum
fuels are unlikely to fulfill the future global energy demand. Further, the partial
combustion of these fossil fuels deteriorates the environment and leads to increased
CO; and CO level in the air, high pollution, global warming, and ozone layer
depletion. To overcome these problems, there is a requirement of alternative energy
sources, which should ideally be renewable as well as sustainable in nature (Yim
et al. 2011).

Biofuel is one of the best alternative sources of energy to meet our global energy
demand. Today, biofuel is generally produced from edible plant crops like sugarcane,
corn, soybeans, and vegetable oils and is termed as the first-generation biofuel.
However, the first-generation biofuel production also sparked energy versus food
debate, leading to scientists and policy makers to focus on second-generation biofuel
that is produced from non-food feedstock like lignocellulosic biomass, agricultural
residues, and other biological wastes. Nonetheless, the current cost of processing to
make second-generation biofuel is so high that it cannot be made as a suitable and
cheaper source of energy (Dahman et al. 2019). Similar issues exist with the third-
generation biofuel as well where microalgae are used as platform to produce lipid.
Therefore, microorganisms like bacteria, yeast, fungi, cyanobacteria, and algae are
engineered to produce advanced fuel molecules like ethanol, propanol, butanol,
2-methyl-1-butanol, 3-methyl-1-butanol, and isobutanol. Properties such as low hygro-
scopicity, high energy content, less volatility, and compatibility with existing engines
make longer chain alcohols a good substitute for gasoline (Atsumi et al. 2008b).

Various genetic engineering methods have been used to engineer the natural
pathways of many microorganisms for biofuel production. The newly emerging
fields of metabolic engineering and synthetic biology have boosted the effort to
engineer these microbes for the production of various molecules like biofuel,
industrial relevant chemicals, and medicinally important compounds. Earlier, one
or two gene(s) or enzyme(s) were targeted for engineering the microbes. Now the
metabolic engineering provides tools for the integrative investigation of the com-
plete pathway, along with modulation, and optimization of these pathways for
increased production of the desired product. Similarly, synthetic biology provides
the facility of designing and synthesizing a complete non-natural pathway in a
microbial host to facilitate production of molecules of commercial importance
(Stephanopoulos 2012).

In this chapter, we will review the definitions of metabolic engineering and
synthetic biology, and the synergies and differences which exist between these
two fields. Various tools and techniques developed in these fields and their applica-
tion will also be reviewed. Finally, the successful examples of different microbial
hosts like bacteria, yeast, fungi, and algae that have been engineered by the appli-
cation of metabolic engineering and synthetic biology techniques for the production
of biofuel molecules will be highlighted.
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9.2 Metabolic Engineering and Synthetic Biology:
Definition, Synergy, and Differences

Defining the two terminologies, i.e., metabolic engineering and synthetic biology,
distinctly is difficult as most of the time these two terms are used in a closely related
context. In this section, we will discuss various definitions that have been attributed
to them, and the synergy and the basic difference between these two fields of
biological science.

9.2.1 Metabolic Engineering

The field of metabolic engineering foregrounded in the early 1990s when Bailey
discussed in his article the development of microorganisms as a platform for
producing various renewable chemicals and fuels by using metabolic engineering
tools (Bailey 1991). For the enhancement of yield and productivity of metabolites,
researchers mainly focus on enzyme overexpression and other modifications in the
pathway of that particular product. Stephanopoulos and Vallino described the
concept of metabolic flux optimization of the pathway by altering the metabolic
rigidity for high product yield after the transformation of the host with desired genes
that encode the synthesis of a particular product (Stephanopoulos and Vallino 1991).

Thus, the metabolic engineering is broadly defined as the discipline of engineer-
ing that involves genetic modulation and metabolic flux optimization of pathways of
living cells or microorganism, for overproduction of desired products like biofuels,
chemicals, and pharmaceuticals (Stephanopoulos 2012).

Although the metabolic engineering process uses all the methodologies and
techniques of genetic engineering, the distinctions have been made between the
two streams. Whereas genetic engineering explores the changes in an individual
gene or enzyme, and operon or gene cluster, metabolic engineering includes a
comprehensive analysis of integrated metabolic pathways and genetic regulatory
networks (Bailey 1991). It is far more complex rather than just arranging the genes
together to make a functional pathway (Stephanopoulos 2012).

In fact, metabolic engineering covers all common applications of genetic engi-
neering like gene deletion, gene replacement, the introduction of recombinant DNA
cassette, heterologous gene expression of foreign DNA in the non-natural host, etc.
(Jullesson et al. 2015). Apart from these molecular biology techniques, it also
includes analysis of the metabolic pathways to find target gene for genetic manip-
ulation (Ostergaard et al. 2000; Nielsen and Jewett 2008), redirection of metabolic
flux for the pathway modification (Park et al. 2007), alteration of protein level inside
the engineered cell, control of fine-tuned gene expression, and also the control of
regulators of gene expression (Lee and Lee 2006; Tang and Zhao 20009).

Nielsen suggested following three basic steps of metabolic engineering which can
be used or applied for any host engineering: (1) a pathway modeling or design, to
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target genes for genetic engineering, (2) a pathway construction, in recombinant
strains with improved properties, (3) optimization and analysis of recombinant
strains, in terms of their performance in comparison with the wild type strain
(Nielsen 2001). Metabolic engineering mostly targets the following properties of
the host cells for their improvement: (1) establishment of pathways for new products,
(2) removal of by-product formation pathways, (3) improvement of overall cellular
physiology, (4) enhancement of yield or productivity, (5) heterologous protein
expression in a new host, and (6) adaptation of host to various substrate ranges.
Various tools of metabolic engineering and their application for biofuel production
will be discussed in the later section.

9.2.2 Synthetic Biology

The exact era of the origin of synthetic biology is not very well understood. But
some of the researches believe that the emergence of synthetic biology is triggered
by the development of cheap and fast method for chemical synthesis of DNA,
whereas others think that synthetic biology originated with the development of a
genetic oscillatory network (Elowitz 2000) and genetic toggle (an on/off switch
having two repressible promoters that inhibit each other) in E. coli (Gardner et al.
2000). Furthermore, few support the idea that synthetic biology developed after
assembly of full pathway has been achieved with the help of synthetic DNA
elements (synthetic DNA which encodes scaffold proteins that direct the intracellular
signaling pathway) (Good et al. 2011; Stephanopoulos 2012). Cameron et al.
described a timescale-based history of synthetic biology (Cameron et al. 2014).
They divided the synthetic biology timeline in three distinct periods—(1) foundation
period, (2) intermediate period, and (3) recent period, based on scientific milestones
developed in this field. Synthetic biology has distinct relations with metabolic
engineering, genetic engineering, and system biology, and it also uses the tools
and applications from these fields for further advancements in understanding the
functionality of living cells. Metabolic engineering targets on the metabolic pathway
alterations and optimization for the maximum production of simple and cost-
effective chemicals from natural hosts, but synthetic biology attempts to design
synthetic genetic components (promoters, RBS, terminators, and transcription reg-
ulators), genetic circuits (toggle switches, oscillators, and repressilators) and assem-
bly of devices for developing model organisms with predicted behaviors of a natural
host. Genetic engineering includes the transfer of heterologous gene or operon from
one microorganism to another, but synthetic biology includes assembly of new
genetic elements or genetic circuits or complete genome, which are well standard-
ized for their function, in a natural host cell or microbe. System biology involves an
integrated approach of modeling and simulations like genomics, transcriptomics,
and metabolomics to explore the information of a whole biological system and their
comparison with the experimental data, whereas synthetic biology focuses on the
synthesis of small genetic components to be used in a biological system or synthesis



9 Role of Metabolic Engineering and Synthetic Biology in the Development of. . . 231

of a whole artificial biological system by using the tools and techniques of system
biology (Choi et al. 2019).

Synthetic biology simply defined as—a field of biology and engineering that aims
to design synthetic genetic components like promoters, RBS, transcriptional regu-
lators, synthetic DNA circuits, synthetic pathways to modify the biological parts of
living cells or even design a completely synthetic organism that does not exist
naturally. But there was no proper definition of synthetic biology available until
2014 when the European Commission came up with an operational definition for
synthetic biology. European Commission, 2014 defines—*“synthetic biology is the
application of science, technology, and engineering to facilitate and accelerate the
design, manufacture and/or modification of genetic material in living organisms.”
The definition was further extended by UN Convention of Biodiversity in 2015—
“Synthetic biology is a further development and new dimension of modern biotech-
nology that combines science, technology, and engineering to facilitate and accel-
erate the understanding, design, redesign, manufacture and/or modification of
genetic materials, living organisms and biological systems.”

Recently, development of new techniques, for example, different -omics,
metagenomics, DNA synthesis, BioBricks (Storch et al. 2015), recombinase tech-
nologies, Gibson assembly (Casini et al. 2013), Golden Gate assembly (Potapov
et al. 2018), Gap-repair, Lambda-red, MAGE (Multiplex automated genome engi-
neering) (Wang et al. 2012), gTME (global transcription machinery engineering)
(Tan et al. 2016), small RNA (sRNA) (Na et al. 2013), CRISPR-Cas9 (Cho et al.
2017), and synthetic scaffold (Lee et al. 2018), has given an immense scope to
synthetic biology from the artificial synthesis of codon-optimized genes to assembly
of a complete genome (Gibson et al. 2010). Various tools and applications of
synthetic biology for higher production of biofuel from different microbes will be
discussed in the later section.

9.2.3 Synergies Between Metabolic Engineering
and Synthetic Biology

Industrial biotechnology and system metabolic engineering are two fields that
extensively exploit the methods and tools of metabolic engineering and synthetic
biology. Synergistically, metabolic engineering and synthetic biology facilitate the
design and construction of various cell factories with improved and robust properties
for the high output of hundreds of chemicals, including biofuels (Atsumi et al.
2008a) and pharmaceuticals (Ajikumar et al. 2010). In industries, a limited number
of microbial platforms, for example, Escherichia coli and Saccharomyces
cerevisiae, are being used for a variety of biochemical production. This idea is
beneficial in many aspects—first, it is less capital intensive, as there is only need
to construct a new pathway on the same platform for producing a new product. When
anew pathway is inserted (by use of synthetic biology), initially there is likely to be a
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Fig. 9.1 Schematic representation of synergy between metabolic engineering and synthetic
biology

low yield of the new product. But by optimization and redirection of metabolic
fluxes with the help of metabolic engineering, yield can be improved significantly.
Second, more information about the system will be generated by using the same
organisms repeatedly. Knowledge about all the interacting components of a biolog-
ical system can lead to the development of mathematical models. These knowledge
base and mathematical models can be applied to predict new models in other
organisms to develop new platforms (Nielsen and Keasling 2011).

Computational approaches are utilized for designing metabolic pathways in
metabolic engineering and prediction of genetic elements or regulatory circuits in
synthetic biology (Holtz and Keasling 2010). Synthetic biology-derived genetic
devices or genetic components (promoters, ribosome-binding sites, terminators,
and transcriptional regulators) are used in the field of metabolic engineering for
controlling biosynthetic pathways in natural hosts (Nielsen et al. 2014). A schematic
representation of synergy between these two fields has been shown in Fig. 9.1.

9.2.4 Differences Between Metabolic Engineering
and Synthetic Biology

Basic aim of these two fields is different. The fundamental objective of metabolic
engineering is to develop a biological platform for higher production of the desired
chemical. Synthetic biology has the aim to build many biological elements, genetic
parts, and modules, which can be applied to manipulate many biological systems.
Metabolic engineering is a top-down method (also called as re-engineering) as it
involves alteration in already existing pathways or redirection of metabolic flux
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towards the desired product, whereas synthetic biology is a bottom-up approach
(also called as forward engineering) which involves the synthesis of new biological
genetic elements or new non-natural hosts (Nielsen and Keasling 2011). Figure 9.2
shows the schematic representation of differences between these two fields.

9.3 Metabolic Engineering and Synthetic Biology
Applications for Advancing Research in Microbes
for Biofuel Production

A variety of microorganisms, for example, bacteria (Escherichia coli, Clostridia,
Streptococcus, Bacillus, etc.), cyanobacteria (Synechococcus, Synechocystis, Nos-
toc, Spirulina, etc.), yeast (Saccharomyces cerevisiae, Pichia pastoris, Yarrowia,
Rhodotorula), fungi (Trichoderma, Aspergillus, Penicillium, etc.), and microalgae
(Chlorella, Parachlorella, Dunaliella, etc.), have been modified for the production
of biofuel molecules like ethanol, propanol, isopropanol, butanol, 3-methyl-1-buta-
nol, isobutanol, biodiesel, and long-chain alkanes, using metabolic engineering and
synthetic biology techniques. Here, we will discuss different biofuel molecules
produced from the engineered strains of microorganisms.
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9.3.1 Ethanol

At present, ethanol is the most significant and widely used biofuel. The largest
producer of bioethanol is America and Brazil. Approximately 98% of bioethanol is
produced using sugars derived from sugarcane and corn mainly via fermentation
with the help of Saccharomyces cerevisiae (Sun et al. 2015; Kim et al. 2014).
Ethanol is also produced as a coproduct by various microbes, such as Clostridium
acetobutylicum (Harris et al. 2001), Clostridium beijerinckii (Ezeji et al. 2007), and
Clostridium saccharoperbutylacetonicum (Thang et al. 2010). As the debate of food
versus fuel came into light, the focus has been shifted to non-edible lignocellulosic
biomass-based bioethanol production. Lignocellulosic biomass contains mixtures of
various sugar molecules like cellulose, hemicellulose, lignin, and many types of
hexoses and pentoses. Hence, pretreatment of lignocellulosic biomass is a necessary
step before using it as a source for bioethanol production. Yeast Saccharomyces
cerevisiae has been engineered to produce bioethanol by using sugars of lignocel-
lulosic biomass. S. cerevisiae prefers glucose for the production of ethanol. Thus, it
has been engineered by cloning and expression of xylA gene-encoding xylose
isomerase under the control of the yeast PGK1 promoter to use xylose as a sugar
source and produce a comparable amount of bioethanol (Walfridsson et al. 1996).
Another pathway involving xylose reductase (XR) and xylitol dehydrogenase
(XDH), where xylose is first converted to xylitol and then oxidized to xylulose, is
also commonly used in yeast for fermenting xylose to ethanol (Walfridsson et al.
1997)

The strain was further improved for ethanol production by expressing genes
transporter for xylose uptake (Katahira et al. 2008) and cellobiose uptake
(Ha et al. 2011). Attempts were also made to develop more effective technique for
ethanol production via consolidated bioprocessing (CBP). This method consolidates
three steps—secretary expression of cellulase, hydrolysis of cellulose, and produc-
tion of biofuel in one pot (Lynd et al. 2008).

In recent years, a technique called biomass gasification has got attention due to its
potential of converting lignocellulosic biomass into syngas containing hydrogen and
CO and CO,, These oxides of carbon (CO, CO,) can get assimilated in microbes by
the Calvin cycle and the Wood-Ljungdahl pathway. Microbes carrying these path-
ways have been modified for ethanol production. In photosynthetic plants and some
microorganisms, the Calvin cycle has been known to assimilate CO, in the form of
glucose and other carbohydrates. Calvin cycle yields precursor for glucose formation
in three steps—CO, fixation, reduction of 3-phosphoglycerate, and ribulose
1,5-bisphosphate recycling. 3-phosphoglycerate can be catalyzed to produce pyru-
vate and acetyl-CoA, which can further be converted to ethanol. In metabolic
engineered cyanobacteria like Synechococcus elongatus, flux from pyruvate has
been redirected towards ethanol production by expressing pyruvate decarboxylase
from Zymomonas spp. (Dexter et al. 2015). In acetogens, CO and CO, are used as
carbon sources via the Wood-Ljungdahl (WL) pathway. The WL pathway consists
of two branches—first is the methyl branch, where CO, is converted to formate by
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the enzyme formate dehydrogenase, further the formate produces methylated
corrinoid iron-sulfur protein (methyl-CoFeSP) by a cascade of reactions, and second
is the carbonyl branch, where carbon monoxide dehydrogenase converts CO, to a
carbonyl group. The sequential action of acetyl-CoA synthase unite complex
methyl-CoFeSP (of the first step) and carbonyl group (of the second step) to generate
acetyl-CoA (Jones et al. 2016). Different acetogens like Clostridium
carboxidivorans have been engineered to convert acetyl-CoA into ethanol via the
WL pathway (Cheng et al. 2019).

9.3.2 1-Propanol

1-Propanol or n-propanol is a better biofuel than ethanol as it is one carbon atom
longer with higher octane value than ethanol. Synthesis of propanol has been
achieved through many pathways, for example, the Wood-Werkman pathway,
acrylate pathway, threonine pathway, citramalate pathway, succinate pathway, and
1,2-propanediol pathway. Atsumi et al. reported propanol synthesis in Escherichia
coli by engineering L-threonine pathway. L-threonine was first transformed into
2-ketobutyrate by L-threonine dehydratase (//lvA/TdcB) and then converted to
1-propanol using 2-ketoacid decarboxylase (kdc) (Atsumi et al. 2008b). Further,
the group engineered the E. coli for heterologous expression of citramalate synthase
enzyme from Methanococcus jannaschii. This enzyme transforms pyruvate directly
into 2-ketobutyrate and hence skips the threonine biosynthesis pathway, making the
pathway for 1-propanol synthesis shorter (Atsumi and Liao 2008). Later on, the
production of 1-propanol in E. coli was enhanced by synergistically combining the
threonine pathway and the citramalate pathway. Here, the higher yield (0.15 g/g of
glucose) and productivity (0.12 g/L/h) of 1-propanol was achieved in comparison to
individual pathways, i.e., the threonine pathway or the citramalate pathway (Shen
and Liao 2013).

9.3.3 Isopropanol

Clostridium spp. are native producers of isopropanol. Hanai et al. first reported
isopropanol production from engineered E. coli by the heterologous expression of a
combination of genes from Clostridium acetobutylicum (thl gene, encodes for acetyl
coenzyme A acetyltransferase and adc gene, encodes for acetolactate decarboxyl-
ase), E. coli (atoAD gene, encodes for acetoacetyl-CoA transferase), and
C. beijerinckii (adh gene, encodes for alcohol dehydrogenase). This engineered
strain of E. coli productivity for isopropanol (0.41 g/L/h) is much higher than the
native producer C. beijerinckii (0.18 g/L/h) (Hanai et al. 2007).

The cyanobacteria Synechococcus elongatus has been also genetically modified
for production of isopropanol by Kusakabe et al. They made a synthetic pathway
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with the same genes using same species of bacteria as mentioned above by Hanai
et al. and reported 26.5 mg/L of isopropanol after 9 days under anaerobic and dark,
optimized conditions (Kusakabe et al. 2013). Soma et al. developed a genetically
engineered E. coli for production of isopropanol from cellobiose, where cellobiose
degrading enzyme B-glucosidase was present on the cell surface of E. coli. They
have reported 69 mM of isopropanol production in 21 h by cellobiose fermentation,
which is 34.6% lower than that of glucose (105.4 mM) (Soma et al. 2012).
Isopropanol production pathway was also established in Cupriavidus necator strain
Re2133, by deleting genes (phaBIB2B3 and phaC) encoding for poly-3-
hydroxybutyrate [P(3HB)] and overexpressing two native genes, i.e., phaA and
phaC and two heterologous genes, i.e., adc and adh. These deletions and expression
helped to divert flux from P(3HB) towards isopropanol, producing about 3.44 g/L of
isopropanol from fructose (Grousseau et al. 2014).

9.3.4 1-Butanol

Butanol has lower hygroscopicity, lower vapor pressure than ethanol, high octane
value, and high energy content. These properties make butanol an alternative biofuel
to substitute gasoline. Few species of Clostridium naturally produce butanol via the
CoA-dependent pathway. Since Clostridium is slow growing species, and there is a
limitation of available tools of genetic engineering in Clostridium, the focus has been
shifted towards construction recombinant E. coli and S. cerevisiae for production of
butanol. A set of essential genes Al (encodes for acetyl-CoA acetyltransferase), hbd
(encodes for acetoacetyl-CoA thiolase), crt (encodes for 3-hydroxybutyryl-CoA
dehydrogenase), bcd (butyryl-CoA dehydrogenase), etf (electron transfer flavopro-
tein), and adhE?2 (aldehyde/alcohol dehydrogenase) were transformed into E. coli,
which produced around 13.9 mg/L of butanol. Further, by deleting competing
pathways and optimizing culture media, the butanol production was increased to
552 mg/L (Atsumi et al. 2008a). The final improved strain of E. coli produced 30 g/L.
butanol anaerobically by—modifying NADH level via expression of formate dehy-
drogenase and disruption of competing NADH consuming pathway, introducing
irreversible gene ter (trans-enoyl-CoA reductase) for stopping the reversible reac-
tion in the pathway, and replacing rate-limiting Clostridium thl gene with atoB gene
of E. coli (Shen et al. 2011).

Cyanobacteria Synechococcus sp. has also been engineered for the production of
butanol by expressing five heterologous genes: afoB, (from E. coli), hbd, crt, and
adhE2, (from C. acetobutylicum) and ter (from Treponema denticola). The
engineered Synechococcus strain made 0.01 g/L of butanol during anoxic fermen-
tation performed with 150 pE m 2 s~ ' of light for 7 days (Lan and Liao 2011).

Genetically engineered E. coli has been developed to produce n-butanol via fatty
acid biosynthesis (FASII) pathway. This pathway involves two steps—first produc-
tion of butyric acid (Jawed et al. 2016) and second conversion of butyric acid into
corresponding four carbons chain alcohol, i.e., butanol (Jawed et al. 2020). In the
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first step, the team has compared three thioesterases from three different bacterial
species—Anaerococcus tetradius (TesAT), Bryantella formatexigens (TesBF), and
Bacteroides thetaiotaomicron (TesBT). The maximum yield of butyric acid was
1.46 g/L by E. coli strain that expressed tesBT gene. Process optimization and
fed-batch cultivation in phosphorus and carbons limiting source, finally produced
14.3 g/L of butyric acid (Jawed et al. 2016). In second step, butyric acid was
converted to butanol. Here, E. coli cells expressing native carboxylic acid reductase
(car) gene and phosphopantetheinyl transferase (spf) gene from Bacillus subtilis
convert butyric acid into butyraldehyde, and subsequently alcohol dehydrogenase
(adh2) gene from Saccharomyces cerevisiae converts butyraldehyde to butanol.
Under fed-batch condition, the co-cultivation of butyric acid producing strain from
step 1 and butanol producing strain from step 2 yielded-2 g/L butanol titer. In mono-
cultivation method under same fed-batch condition, where single strain expressing
all the necessary genes to convert glucose into butanol via butyraldehyde, yielded
2.9 g/L of butanol, which was 2.45 fold higher than the co-cultivation approach
(Jawed et al. 2020).

9.3.5 Isobutanol

Isobutanol is one of the isomers of n-butanol and has similar properties like butanol
(i.e., less corrosive, high energy content, less vapor pressure than ethanol, and less
hygroscopic). At the same time, isobutanol is less toxic to the microorganism than
linear butanol. Hence, it is a good biofuel candidate to substitute gasoline, as it is also
compatible with the existing infrastructure. Atsumi et al. engineered E. coli for
isobutanol production by introducing only two heterologous genes, i.e., kivD from
Lactococcus lactis and adh2 from S. cerevisiae. kivD encodes 2-keto-isovalerate
decarboxylase that converts 2-keto-isovalerate to isobutyraldehyde, which got
converted to isobutanol by aldehyde dehydrogenase encoded by adh2 gene. The
concentration of isobutanol is dependent on the level of keto-acids. Hence, to
increase more amount of keto-acids, the endogenous ilvCD gene of E. coli and
another gene alsS from Bacillus subtilis that is known to produce more amount of
keto-acids were overexpressed. More amount of keto-acids led to more amount of
isobutanol production (22 g/L) in E. coli (Atsumi et al. 2008b).

Since this method utilizes the intermediates of the amino acid biosynthesis
pathway, the accumulation of different keto-acids via this method can produce
different alcohol molecules. For example, (1) isoleucine biosynthesis pathway pro-
duces 2-ketobutyrate (a precursor for 1-propanol) and 2-keto-3-methyl-valerate
(a precursor for 2-methyl-1-butanol), (2) leucine biosynthesis pathway generates
2-keto-4-methyl-pentanoate (a precursor for 3-methyl-1-butanol), (3) phenylalanine
biosynthesis pathway generates phenylpyruvate (a precursor for 2-phenylethanol),
and (4) norvaline biosynthesis pathway generates precursor for 1-butanol (Atsumi
et al. 2008b).
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E. coli has also been genetically engineered to produce isobutanol from ligno-
cellulosic biomass having cellobiose. A B-glucosidase gene was expressed on the
cell surface of E. coli or in extracellular media, which helped in the degradation of
cellobiose and cells used it as sole carbon source. Then, the genes involved in
isobutanol synthesis were introduced into the system. This system produced
isobutanol titer 7.64 g/L at productivity of 0.16 g/L/h (Desai et al. 2014).

S. cerevisiae produces isobutanol as a by-product in fermentation. This
isobutanol formation happens as a result of the catabolism of valine in the cytosol
via Ehrlich pathway. On the other hand, valine is formed in mitochondria from
pyruvate. The spatial separation of valine synthesis and valine degradation in two
different compartments of the yeast cell is one of the major restrictions for higher
isobutanol production. Wess et al. improved the titer of isobutanol production in
yeast by relocating the enzymes of valine synthesis and valine degradation in one
cell compartment, i.e., cytosol and also blocking the competing pathways. By this,
the team achieved 59.55 mg isobutanol/g of glucose in S. cerevisiae at shake flask
level (Wess et al. 2019).

9.3.6 Biodiesel

Biodiesel is an environment friendly, non-toxic, and biodegradable alternative
energy source. The principal source of industrial production of biodiesel is
triacylglyceride-rich vegetable oils. It raises a public concern because a vast land
is required for growing seeds for the production of vegetable oils for biodiesel.
Hence, focus shifted towards the microbial production of biodiesel as a renewable
source of energy. The free fatty acid can be used as a precursor for biofuel synthesis.
E. coli can produce free fatty acids by expressing gene encoding acyl-acyl carrier
protein (acyl-ACP) thioesterase, which breaks the long-chain fatty acyl-ACP to
release free fatty acid. Zhang et al. reported the overexpression of the acyl-ACP
thioesterase gene from five different heterologous microorganisms in E. coli. The
acyl-ACP thioesterase gene from Ricinus communis and Jatropha curcas, produced
the maximum free fatty acid with a titer of ~2.0 g/L in 48 h (Zhang et al. 2011). A
modular engineering technique has been developed by Xu et al. to remove bottle-
necks and improvement in the flux towards fatty acid metabolic pathway. The fatty
acid biosynthesis pathway of E. coli is categorized into three modules: first, forma-
tion of acetyl-CoA, second, activation of acetyl-CoA, and third, fatty acid synthase
module. The optimization of these three modules at the level of transcriptional and
translation led to a balanced availability of acetyl-CoA and utilization of malonyl-
CoA/ACP. The improved strain produced 8.6 g/L of free fatty acid in the fed-batch
fermentation (Xu et al. 2013).
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9.3.7 Alkanes/Alkenes

Bio-based alkanes or alkenes are important biofuel molecules as they have properties
similar to hydrocarbons present in petroleum products (Rahman et al. 2014).
Depending upon the number of carbon atoms present, alkane or alkene can be
short chain (C4-C;,) and long chain (C;3-C;;) (Peralta-Yahya et al. 2012). The
simplest alkane used as fuel is methane, a major component of natural gas.
Methanogens are engineered for overproduction of methane (Lieber et al. 2014).
Challenges associated with methane-like production need strict anaerobic condition,
difficulties in capture and storage of methane, greenhouse effect of methane, have
given attention towards the longer chain alkane or alkene production (Sun et al.
2015). Naturally, cyanobacteria are known to have a pathway for production of
alkanes. The pathway consists of two steps—first, acyl-ACP reductase (AAR)
converts fatty acyl-ACP into fatty aldehyde and second aldehyde-deformylating
oxygenase (ADO) converts them into alkane. The synthesis and secretion of a
mixtures of alkanes and alkenes with C;3 to Cy; carbon chain length were shown
in E. coli by heterologous expression of this alkane operon (Schirmer et al. 2010).
ADO activity is rate-limiting step for alkane production. Fused expression of
AAR-ADO leads to increased production of alkanes by 4.8 fold in comparison to
strain expressing these two enzymes separately. The spatial organization of ADO:
AAR-binding site on DNA scaffold in 3:1 ratio further increased alkane production
by 8.8 fold as compared to control strain (Rahman et al. 2014). Choi et al. developed
E. coli as platform for production of short-chain alkanes (SCAs), free fatty acids
(FFAs), fatty esters, and fatty alcohols. Mutated thioesterase that catalyzes the
conversion of short-chain fatty acyl-ACP into their respective free fatty acids is
subsequently converted into short-chain alkanes by action of fatty acyl-CoA syn-
thetase (FadD), acyl-ACP reductase (AAR), and aldehyde-deformylating oxygenase
(ADO). They also disrupted the fadE and fadR genes to avoid catalysis of fatty acyl-
CoA via p-oxidation pathway, which further enhanced fatty acid biosynthesis. The
developed strain of E. coli produced 580.8 mg/L of SCA (Choi and Lee 2013).
Fatma et al. developed flux balance analysis (FBA)-based metabolic model in E. coli
for the production of hydrocarbons. Based on in silico predictions, overexpression of
aar, ado, and zwf genes and deletion of edd, ppsA, IdhA, aceA, poxB, and plsX were
done in E. coli. The engineered strain produced 425 mg/L alkane and 1506 mg/L
fatty alcohols. Finally, fed-batch cultivation of genetically modified strain of E. coli
shown to produce 2.54 g/L titer of alkane or alkene and 12.5 g/L titer of fatty alcohol
(Fatma et al. 2018).

Table 9.1 summarizes the production of different biofuel molecules by applica-
tion of synthetic biology and metabolic engineering.
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Table 9.1 Different biofuel molecules produced from microorganisms by application of synthetic
biology and metabolic engineering

Biofuel
molecule Engineered microorganism References
Ethanol Clostridium acetobutylicum Harris et al. (2001)
Clostridium beijerinckii Ezeji et al. (2007)
Clostridium Thang et al. (2010)
saccharoperbutylacetonicum
Clostridium carboxidivorans | Cheng et al. (2019)
Saccharomyces cerevisiae Lynd et al. (2008), Kim et al. (2014)
Synechococcus elongatus Dexter et al. (2015)
1-Propanol | Escherichia coli Atsumi et al. (2008b), Atsumi and Liao (2008),
Shen and Liao (2013)
Isopropanol | Escherichia coli Hanai et al. (2007), Soma et al. (2012)
Synechococcus elongatus Kusakabe et al. (2013)
Cupriavidus necator Grousseau et al. (2014)
1-Butanol Escherichia coli Atsumi et al. (2008a), Shen et al. (2011), Jawed
et al. (2020)
Synechococcus sp. Lan and Liao (2011)
Isobutanol Escherichia coli Atsumi et al. (2008b), Desai et al. (2014)
Synechococcus sp. Wess et al. (2019)
Biodiesel Escherichia coli Zhang et al. (2011), Xu et al. (2013)
Alka(e)ne Escherichia coli Rahman et al. (2014), Choi and Lee (2013), Fatma
et al. (2018)

9.4 Microbial Engineering of Microorganism for Producing
Biofuels

9.4.1 Bacteria as a Biofuel Producer

Considering that ethanol is not an ideal fuel due to its high corrosiveness and low
hygroscopicity, butanol is thought to be the most feasible biofuel in the existing fuel
infrastructure (Stephanopoulos 2007). However, native microorganisms produce
butanol in low quantities under conditions not very feasible under industrial condi-
tion (Ingram et al. 1999). A synthetic approach was made to express the non-native
products in the E.coli by altering the already existing metabolic pathways (Spies and
Kowalczykowski 2005; Atsumi et al. 2008b). A major source of ethanol and
biodiesel are agricultural food resources which are limited in the current situation,
but there is a wide unexplored resource of lignocellulosic biomass from agricultural
wastes that can be a substrate for the production of biofuel economically and
substantially (Blanch et al. 2008). But the production of an efficient and sustainable
process for converting lignocellulosic biomass into biofuels has many roadblocks.
The major issues are the absence of proper recombinant engineering tools for
organisms which has inherent ability to synthesize biological product (non-model
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organisms) and difficult in balancing the redox state and metabolic pathways in the
engineered microbes (Mukhopadhyay et al. 2008). Over the period of time, synthetic
biology and metabolic engineering will be able to overcome the roadblocks in
engineering strains to efficiently utilize lignocellulosic biomass for the production
of biofuel (Lee et al. 2008). Some of the developments in key non-model organisms
have been discussed below.

94.1.1 Clostridium

Clostridium sp. is one of the major producers of biofuel in the industry. Clostridium
acetobutylicum is known for the biphasic fermentation which leads to butanol and
ethanol production. Butanol production via butyryl-CoA pathway seems to more
productive than the conventional pathway of acetyl-CoA. Butanol production in
Clostridium acetobutylicum has been increased to a titer of 18.9 g/L by disrupting
the genes coding for phosphotransacetylase and butyrate kinase and simultaneously
overexpressing aldehyde/alcohol dehydrogenase gene (Lee et al. 2012b). Successful
genetic engineering of Clostridium ljungdahlii, which is an acetogenic-anaerobic
bacterium, leads to the production of ethanol by using carbon monoxide and carbon
dioxide. The genomic database of this species is completely annotated and simple
genetic engineering methods can now be used to do the transformation. Thus,
Clostridium ljungdahlii can be used as an efficient platform for biofuel production
industry for synthesis of ethanol using syngas (Kopke et al. 2010). To further
increase the ethanol titer, the culture can be grown together/co-cultured with another
species Rhodospirillum rubrum. High ethanol production is obtained under
non-growth conditions of Rhodospirillum rubrum via a two-stage cultivation using
bioreactor with a high mass transfer (Klasson et al. 1992). To enhance and stabilize
the alcohol yield, specific reducing agents like methyl and benzyl viologen is used.
These reducing agents increase the ethanol yield by alteration in electron flow (Rao
and Mutharasan 1986). These changes contribute to NADH forming out of free
hydrogen and direct carbon transfer from acid to alcohol. Butanol pathway from
Clostridium has also been engineered into E. coli. Expression of these genes in
E. coli helps in enhanced production of butanol in a cost-efficient and large quan-
tities (Bond-Watts et al. 2011; Shen et al. 2011). Microbes open up many indirect
fermentation pathways other than direct fermentation for the biofuel production. As
discussed earlier, either co-culture of Rhodospirillum rubrum and methanogens or
by using Clostridum ljungdahlii alone, production of ethanol, butanol, and methanol
has been demonstrated from syngas (Klasson et al. 1992). For this strategy, syngas is
mainly derived from carbon rich feedstock such as coal, natural gas, and biomass.
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9.4.2 Cyanobacteria as a Biofuel Producer

Cyanobacteria have been vastly genetically and metabolically engineered for opti-
mum production of biofuel. Synenchococcus elongatus PCC 7942, a freshwater
cyanobacterium, has been used as host for producing 1-butanol by expressing
butyryl-CoA-dependent pathway from Clostridium (Lan and Liao 2011). Other
well-known cyanobacterium Synechocystis sp. PCC6803 has been modified genet-
ically by insertion of genes encoding enzyme pyruvate decarboxylase and alcohol
dehydrogenase (ADH) from Z. mobilis (Liang et al. 2018). Co-expression of four
Calvin-Benson-Bassham (CBB cycle) enzymes, i.e., ribulose-1,5-bisphosphate car-
boxylase/oxygenase, transketolase, fructose-1,6/sedoheptulose-1,7-bisphosphatase,
and aldolase in this cyanobacterium led to increased ethanol and total biomass
production. A free-floating filamentous cyanobacterium Arthrospira platensis was
also used as feedstock for direct-ethanol production by adding lysozyme enzyme for
lysis and using recombinant Saccharomyces cerevisiae expressing a-amylase and
glucoamylase for ethanol fermentation (Aikawa et al. 2018).

9.4.3 Yeast as a Biofuel Producer

Biodiesel is a major alternative for fossil fuels, and it is mostly obtained from
soybeans which do not affect the food supply chain, but the major limitations are
low yields and the oxidation capacity (Hu and Lu 2015). As compared to oil plants,
oleaginous microorganisms, has the capability to accumulate lipids to more than
20% of their dry weight, and are efficient biofuel producers, due to their numerous
advantages as higher growth rate and oil productivity, less labor consumption and
smaller land coverage, making them potential feedstocks for oil production
(Spagnuolo et al. 2019).

9.4.3.1 Yarrowia lipolytica

Yarrowia lipolytica, an oleaginous yeast, is an emerging biodiesel producer and acts
as an efficient platform for the production of biodiesel due to its inherent lipid
synthesis capacity. It is seen that 90% of cell mass gets accumulated with lipid in
this oleaginous yeast when the carbon source is glucose (Blazeck et al. 2014). This
species can be metabolically engineered easily due to a completely known sequence
of the genome (Ledesma-amaro et al. 2016). Using glucose as a sugar source,
Y. lipolytica has been modified to produce up to 98.9 g/L fatty acid methyl esters
(FAME) at 0.269 g/g yield and 1.3 g/L/h productivity in the past few years (Qiao
et al. 2017). Normally fatty acids are extracted from the organisms using harsh
techniques but recent development made Y. lipolytica release fatty acid in the
culture. This helped in an increase in the lipid accumulation capacity and reduction
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in the cost of lipid extraction (Ledesma-amaro et al. 2016). These developments
have made this lipid-rich yeast as a major platform for biodiesel production via
metabolic engineering. One such effort is to engineer Y. lipolytica for production of
biodiesel from agricultural wastes. However, the major challenge hear is to make this
strain amenable to utilize all the major sugars present in lignocellulosic biomass.
Among these sugars, the research is mainly focused on xylose-utilizing Y. lipolytica
where notable progress has been done over the past few years (Ledesma-amaro et al.
2016). The potentiality of native xylose pathway in Y. lipolytica has been exploited
and demonstrated in recent studies. However, its native ability to utilize xylose is
negligible due to the absence of strong promoters. Two major genes, i.e., genes
encoding XKS and XDS, for xylose metabolism have been studied. When these
genes were constitutively overexpressed under a strong promoter, higher cell
growth, and increased lipid density were obtained. Also, better co-utilization of
glucose and xylose and the lipid accumulation were observed when the cells were
grown in nitrogen-rich media (Rodriguez et al. 2016). Through metabolic and
transcriptomic analysis, native sugar putative pathways in Y. lipolytica was studied
and found that they have transporters specific for each sugar and specific metabolic
enzymes for the assimilation of these sugars. They have a mild carbon catabolite
repression (CCR) mechanism which helps in the simultaneous consumption of
mixed sugars or co-utilization of sugars (Ryu et al. 2015). Other approaches to
obtain more efficient xylose catabolism is by overexpression of the heterologous
gene-encoding xylose reductase (XR) and xylose dehydrogenase (XDH) from well-
known xylose-utilizing yeast Scheffersomyces stipitis (Li and Alper 2016). When
XR and XDH were overexpressed in the model organism S. cerevisiae, it efficiently
utilized xylose, but additional evolutionary engineering needed to be done in
Y. lipolytica for achieving significant growth (Li and Alper 2016). In most of the
case, the lower titer was due to the production of xylitol and citric acid as
by-products (Ledesma-amaro et al. 2016). These results suggest that more advanced
tools and methods are required to be developed for Y. lipolytica for metabilizing
xylose.

Several other features useful for using lignocellulosic biomass as feedstock have
been developed in Y. lipolytica. For example, a number of fungal cellulases were
overexpressed in Y. lipolytica for hydrolyzing cellulosic biomass and accumulating
into lipid for biodiesel (Guo et al. 2017). In addition, Y. lipolytica was found to
produce extracellular laccase that could eradicate inhibition by lignin-derived gen-
erated during pretreatment process (Lee et al. 2012a). Along with the available
genomic editing tools such as CRISPR-Cas9, Y. lipolytica is likely to be a promising
candidate for biodiesel production (Schwartz et al. 2015).

Other wide range of oleaginous yeasts, such as Rhodosporidium toruloides,
Cryptococcus curvatus, and Lipomyces tetrasporus, also has the ability to produce
lipids from lignocellulosic hydrolysates. A recent study has shown R. toruloides as
an alternative platform for the production of cellulosic biodiesel via metabolic
engineering (Zhang et al. 2016).
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9.4.4 Fungi as a Biofuel Producer

For sustainable development of the economy, the source of biofuel production
should not be costly or economically inconvenient. Agricultural wastes contain a
large amount of lignocellulose that can serve as a feedstock for biofuel production.
However, the high cost and less efficient lignocellulosic enzymes affect the release
of fermentable sugars from agricultural wastes.

9.4.4.1 Trichoderma reesei

Filamentous fungi, such as Trichoderma reesei, are known to be very efficient
producers of copious amount of biomass saccharifying enzymes, such as cellulases,
hemicellulases, and ligninases. It is highly desirous to increase the efficiency of
enzyme production and efficacy of enzyme composition for successful valorization
of lignocellulosic biomass. Various approaches have been implemented to achieve
these objectives. The magnetic nano-particle has been used to immobilize cellulose
obtained from filamentous fungi Trichoderma longibrachiatum, which was further
used to hydrolyze Sesbania bispinosa biomass and ferment to ethanol (Baskar et al.
2016).

The presence of inducers in cellulase production is one of the rate determining
factors in the synthesis. The cost-effective production of 7. reesei cellulase depends
on the efficient and low-cost cellulase inducers. Many recent reports establish that the
presence of inducers show a significant change in the production of cellulase. Usage
of pulp and paper sludge as substrate has shown to have increased cellulase produc-
tion (Lai et al. 2017). When substrate used for cellulase production from 7. reesei is
bead milled straw, the cellulase activity in the extracellular medium increased by 1.5
times compared to the wild type. There is also a 23 times increase in p-glucosidase
activity (Zheng et al. 2017). T. reesei is known for higher cellulase enzyme yield, but
it produces less amount of p-glucosidase. The beta-glucosidase is one of the major
enzymes for producing fermentable sugars. So, the above-mentioned work shows a
significant increase in beta-glucosidase which is a notable milestone. Soluble
inducers can be used for cellulase production conveniently in 7. reesei. Efforts
were made to produce cheaper inducers for cellulase production by using glucose-
disaccharide mixed sugar along with transglycosiding f-glucosidase, leading to
improved cellulase production by several times (Li et al. 2016; Srivastava et al. 2018).

9.4.5 Microalgae as a Source of Biofuel

The third-generation, algae-derived, biofuels are candidate for fulfilling future
energy demand. But their slow-growth rate and the extensive energy requirement
for algal cultivation have been the major obstacles preventing the commercialization
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Table 9.2 Microalgae as biofuel source: chemical composition (% of dry matter)

Lipid Protein Carbohydrate

Strain content (%) | content (%) content (%) References

Chlamydomonas 21 48 17 Mata et al. (2010)

reinhardtii

Chlorella vulgaris 14-22 51-58 12-17 Mata et al. (2010)

Dunaliella salina 6 57 32 Gouveia and
Oliveria (2009)

Haematococcus 25 - - Satyanarayana et al.

pluvialis (2011)

Spirulina maxima 6-7 60-71 13-16 Satyanarayana et al.
(2011)

Euglena gracilis 4-20 39-61 14-18 Mata et al. (2010)

of microalgal biofuels (Borowitzka 2013). Even then there are many algal species
which are being explored for having relatively higher growth rate, efficient photo-
synthetic machinery, and higher lipid content (Peng et al. 2016). Microalgae has the
ability to convert carbon dioxide and sunlight into a wide range of products such as
carbohydrates, vitamins, proteins, lipids, and many compounds of pharmaceutical
significance (Ugwu et al. 2008). The major advantage of using microalgae in the
production for biofuels is overall reduced carbon dioxide emission, which is the
main greenhouse gas, thereby reducing adverse climate impact (Costa and de Morais
2011). Carbohydrates, lipids, and protein ratios vary from microalgal species
(Table 9.2). Different species of algae produce different proportion of carbohydrates,
proteins, and lipids. Major portion of lipid in microalgae in accumulated as triacyl
glycerol (TAG), a precursor for biodiesel synthesis, which makes microalgae a good
alternative for fossil fuels (Johnson 2009). There is a need to increase the microalgal
lipid content for better economic impact. One way to achieve this goal is to minor
manipulation of chemical composition in their culture medium to modulate algal
metabolism (Chisti 2007). Microalgae such as Botryococcus and Chlorella have a
lipid content of 60-80% which is sufficient for the production of biofuel (Costa and
de Morais 2011). Tetraselmis sp. and Dunaliella sp., which are marine microalgae,
have lipid content of 56% and 50% of their dry cell weight, respectively (Peng et al.
2019). Suitable growth conditions lead to a doubling of biomass in less than 24 h.
Selection of microalgal species, thus, are on the basis of traits such as faster doubling
rate, higher lipid content, and ease in cultivation (Zhao et al. 2010). In the following
section, we will be discussing about a eukaryotic green microalga Scenedesmus
obliquus and its biofuel application.

9.4.5.1 Scenedesmus obliquus

Scenedesmus obliquus belonging to Phylum Chlorophyta, class Chlorophyceae,
order Chlorococcales, and family Scenedesmaceae, is a freshwater alga commonly
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known as a cosmopolitan green alga. The colony morphology changes significantly
according to the medium used for the cell growth. In a growth medium containing
low salt or phosphorous concentration, it grows as single, unicellular long elliptical
cells of size 10 pm. It has the ability to grow either in light or dark, photoautotro-
phically, and heterotrophically at 30°C (Funes et al. 2002). This is a pioneer species
to be investigated by biologists due to its ease of cultivation and maintenance
(Wiinschiers and Lindblad 2002). These factors paved the way for the discovery
of hydrogen metabolism. Under anaerobic conditions, if the air is replaced by
nitrogen it releases hydrogen 10 times faster than in the presence of light (Gaffron
and Rubin 1942). The TAG content in Scenedesmus obliquus is estimated at
40-55%.

An efficient genetic engineered S. obliquus has been developed by transferring
the type 2 diacylglycerolacyltransferase (DGTT1) gene from a green algae
Chlamydomonas reinhardtii to increase the lipid content. The results revealed that
expression of the DGTTI1 gene in S. obliqguus has stimulated growth rate of
microalga as well as its oil production capacity to 234.3 mg/L/day and 18.1%,
respectively. The rate of biomass production and oil content were 125 mg/L/ day
and 12.3%, respectively, in a 40 L tubular photobioreactor. Thus, genetic engineer-
ing of S. obliquus by insertion of DGTT1 seems to have enhanced both the lipid
content as well as productivity (Chen et al. 2016).

The presence of saturated fatty acid-palmitate and monounsaturated oleate as
lipid makes S. obliquus a relevant feedstock for the production of biofuel (Mandal
and Mallick 2009). Many strategies of genetic engineering have been documented in
this species. A strain of Scenedesmus, named R-16, which can grow in high glucose
(up to 100 g/L) and a wide range of pH (4.0-11.0), was isolated and characterized.
By varying the carbon and nitrogen source they found that optimum glucose (10 g/L)
and nitrogen (0.6 g/L of sodium nitrate) leads to the lipid accumulation of 43.4% in
heterotrophic condition. And, the biomass production was increased to 3.46 g/L
(Ren et al. 2013). Above this, when the Scenedesmus undergoes nitrogen-deprived
situation, the accumulation of lipid is increased to 52.6% of their dry cell weight. UV
mutagenesis of Scenedesmus obliquus leads to the first starchless mutants which
have shown an enhanced TAG content without compromising cell growth rate. The
study shows that the mutants can grow in dark-light illumination in nitrogen
depletion condition and gives a lipid content of 49.4% of cell’s dry weight (De Jaeger
et al. 2014). When the mutant strain was grown in outdoor condition, the maximum
yield of TAG was increased to 0.217 4 0.011 g TAG/mol photon.

Depending on the partial hydrogen pressure, Scenedesmus can either take hydro-
gen or release hydrogen. In both light and dark conditions, hydrogen gas is released
anaerobically by Scenedesmus. As oxygen’s pressure drops below the partial pres-
sure, photosynthetic organisms undergo dark fermentation (Gaffron and Rubin
1942), where oxygen and hydrogen are produced simultaneously in anaerobic
conditions (Wiinschiers and Lindblad 2002). In the light, oxygen is produced by
photosynthesis, leading to a halt in hydrogen production. So, algae produce hydro-
gen only when it is grown in anaerobic conditions. This may be a limiting factor for
growing these algae in bioreactors or open ponds. But anaerobic conditions can be
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adapted for microalgae via two different methods: flushing nitrogen gas for 3 h
continuously or growing algae in dark conditions for overnight. In the first condition,
it creates an effect similar to fermentation where oxygen is replaced by nitrogen and
the cell is forced to undergo fermentation. In the second method, oxygen is used by
respiration. The addition of sodium-thionate will remove the oxygen produced by
photosynthesis in the algal cell and remove the remaining oxygen during experi-
ments. It is hypothesized that the redox environment activates the inactive hydrog-
enase thereby increasing the hydrogen production.

As demands for an economic, pollution-free, sustainable energy increase,
microalgae are the major alternative for fossil fuels. This third-generation fuel
doesn’t depend on the feedstocks or lignocellulosic biomasses; it depends on the
algal biomasses. Therefore, genetic engineering of these microalgal strains and
developing mutant strains having the ability to produce higher lipid content is an
essential step. There should be efficient mechanisms for extracting lipids and
by-products effectively and in large quantities. In addition, the availability of lots
of sunlight and favorable tropical temperature will facilitate the production of
hydrogen in a closed low-cost photobioreactor (Shumbulo and Ki 2018).

Table 9.2 summarized various strains of microalgae engineered for biofuel
production.

9.5 Conclusion and Future Perspective

In this chapter, we have discussed the origin and definition of metabolic engineering
and synthetic biology. Synergy and differences between these two fields are also
discussed. We have also discussed the engineering of microbes for the production of
biofuels molecules like bioethanol, 1-propanol, isopropanol, 1-butanol, isobutanol,
and biodiesel by the application of various tools and techniques developed by
metabolic engineering and synthetic biology. Also discussed here about how meta-
bolic engineered and synthetic biology advances the research for developing new
microorganisms or living cells as cell factories. Many examples of bacteria,
cyanobacteria, yeast, fungi, and microalgae have been given which are engineered
for the production of biofuels.

Recent developments in rapid DNA assembly, rapid, and high fidelity DNA
synthesis, omics studies resulted in the development of various mathematical models
that can predict the different domains of cell function and behavior. In the near
future, the combined approach of metabolic engineering and synthetic biology can
lead to the creation of standardized and optimized microbes or living cells whose
function and behavior are completely known. System metabolic engineering is
emerging as a new field that brings metabolic engineering and synthetic biology
together and will be extremely useful in developing microbial platform for efficient
production of biofuels.
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Abstract The study of new approaches, as well as the straightness of the current
environment-friendly process for biofuels production, are pivotal keys for the
sustainable development of the world. In this context, the present chapter mainly
focuses on an overview of the current status of biogas, biodiesel, and bioethanol in
Brazil, based on microbial biotechnology for renewable and sustainable energy.
Brazil has a large territorial land as well as a healthy climate for different and
abundant crops, enabling it to provide potential different renewable substrates to
bioprocesses. Firstly, the process of biogas production will be elucidated based on
the feasibility for production and the possibility to scale up in Brazil. Then, different
processes to obtain bioethanol, such as the consolidated first-generation production
(from sugarcane juice); the second generation approach and its challenges (from
lignocellulosic biomass), and the third generation possibility (from algae) will be
discussed. In the last subject presentation, the fundaments of biodiesel production
faced in the currently available and feasible substrates will be pointed. Prospects will
be taken into account according to processes technology feasibility verified in the
light of literature.
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10.1 Introduction

The consumption of fossil fuel energy sources, such as petroleum has led to the
emission of greenhouse gases worldwide, thereby causing adverse effects upon the
environment including massive pollution and ecological imbalance (Krajick 2001).
Additionally, the scarcity of those resources is a matter of concern due to the limited
stock available globally. To address this issue, advances in bioprocess technologies
have contributed to the development of different means to synthesize biofuels from a
variety of renewable feedstocks (e.g., crops, lignocellulosic materials, vegetal and
microbial-derived oils, dairy manure, microalgae, etc.) which represent reliable
alternatives for substituting the conventional combustible fossil sources owing to
their eco-friendly status, renewability, and lower degree of gases emission
(Mussgnug et al. 2010; Mathur et al. 2017; Winquist et al. 2019; Yew et al. 2019).

In this respect, biofuels can be synthesized in three different manners termed as
first-, second-and third-generation processes, whereby food crops (e.g., sugarcane
and corn), biomasses (e.g., lignocellulose), and algae biomass, respectively are used.
The primary generation (1G) can be achieved simply by microbial fermentation
using the entrained carbohydrates in food crops as carbon source; however, this
process may generate competition between food supply and biofuels negatively
affecting the agricultural lands and food prices (Boboescu et al. 2019; Lazar et al.
2018). The second-generation (2G) comprises nonedible plant biomass feedstock,
such as lignocellulose and biowastes. Finally, third-generation (3G) is an extent of
the others and is based primarily on the utilization of algae biomass as feedstock
(Behera et al. 2015).

For instance, Brazil has a considerably vast climate potential nationwide and has
inexhaustibly favorable land to cultivate different types of crops. Furthermore,
agribusiness represents one of the major commercial guidelines for Brazilian eco-
nomics. In 2019, Brazil exported more than USD 90 billion in agro-products
(Agrostat 2020). Meat (from cattle, poultry birds, and pigs) production has also a
notable influence on the economy contributing to 25 tons of total meat production
(Bolfe 2018). Within this context, it is known that tons of agricultural residues and
animal manures are generated from harvesting those commodities which represent a
valuable opportunity to increasingly enhance its utilization in biorefineries in order
to form value-added and profitable products such as biofuels.

For many years, stalk juice from sugarcane has been the main substrate for
bioethanol production conferring approximately 79% of the total ethanol titer in
Brazil (Costa et al. 2015). As mentioned above, this pathway may create competition
with the food supply chain. Moreover, the seasonal availability of sugarcane is
another relevant constraint factor that may stimulate the search for diverse and
alternative feedstocks, e.g. microalgae and lignocellulosic biomasses. The latter
has great potential to be exploited and can be divided into several groups, such as
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perennial grasses, aquatic plants, forest materials, and finally agricultural residues
(Zabed et al. 2017). The structure of lignocellulosic materials is composed of three
major molecules: hemicellulose (pentoses and hexoses), cellulose (hexoses), and
recalcitrant macromolecule lignin, whereas the respective portion of each may vary
according to cultivation conditions, type, and crop hybrids (Zabed et al. 2017).

To facilitate microbial access to those fermentable sugars lignin must be removed
by pretreatment process in order to decrease the degree of toxicity for microbial
digestion and ameliorate productivity (Mahmood et al. 2019). Thus, meticulous
methods have been concretized for pretreating those materials and their main
objectives are to reduce the crystallinity and the degree of polymerization of
cellulose as well as increase porosity of the fibers by disrupting its compactness
structure, thereby releasing soluble entrained sugars for the fermentative phase
(Rastogi and Shrivastava 2017). Nevertheless, microalgae biomass also represents
a valuable carbon source for the generation of bio-based fuels and consists in the
cultivation and harvesting of microalgae cellular biomass. Its attractiveness relies
largely on the fact of the easier digestibility due to the absence of lignin (Rizza et al.
2017). Its cultivation may be mediated with low-cost nutrients such as municipal
waste and besides it might assist in the management of industrial waste and waste-
water treatment (Zhou et al. 2013).

Likewise, biodiesel can be obtained through first- and second-generations pro-
cesses and is synthesized commonly from animal fats, vegetal oils, recycled greases,
and the attractive arising choice of microbial derived-oils (Drozdzynska et al. 2011;
Lazar et al. 2018; Spagnuolo et al. 2019). The chemical structure of biodiesel is
precisely characterized as long-chain alkyl esters formed by transesterification
reaction whereby triacylglyceride reacts with alcohol in the presence of a catalyst
mostly assigned as NaOH or KOH (Mitrea et al. 2017). The overall conversion
generates biodiesel and glycerol as a by-product which can be further purified and
used as a carbon source for a series of various microbially mediated bio-based
products such as citric acid (Garlapati et al. 2016; Rywiriska et al. 2013).

To contextualize, in 2013 over 2.8 billion liters of biodiesel were produced by
several Brazilian biodiesel facilities where main feedstock such as soybean oil,
animal tallow, and cottonseed oil was utilized (Brasil et al. 2017). On the other
hand, the current emerging technologies demonstrate a promising pathway in the
near future to substitute crops and vegetal oils for oleaginous yeast derived-oils.
There are advantageous aspects in the lipid production by oleaginous microorgan-
isms such as the utilization of inexpensive substrates that are further metabolized
under nitrogen limitation to considerably accumulate fatty acids in the form of
triglycerides (Zhu et al. 2012). Furthermore, the advances in genetic engineering
tools have provided an optimist perspective for scientists to tailor engineered
microorganisms to over-accumulate lipids and significantly increase microbial
derived-oil synthesis capability thereby enhancing the productivity of biodiesel
(Bhutada et al. 2017; Niehus et al. 2018).

Another sustainable energy generation approach available in the Brazilian market
scenario relies on biogas utilization. Early and concurrently inexhaustible efforts
have been exerted in the field of biogas production (Zhong et al. 2012; Elniski et al.
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2019; Sangeetha et al. 2011; Carotenuto et al. 2016). This combustible gaseous
substance is composed of two major components: carbon dioxide (40-45% v/v) and
methane (55-60% v/v) plus minor traces of other gases and organic acids are
assessed as well (Lopes et al. 2004; Kalia and Singh 2001). The fermentative process
for biogas synthesis occurs through anaerobic digestion in a synergistic consortium
composed of bacterial and archaeal diversity. Its attractiveness may be attributed to
the broad range of digestible feedstocks commonly used to produce biogas, com-
prising microalgae biomass, food wastes, animal manures, municipal solid wastes,
agricultural wastes, etc. (Zabed et al. 2020; Elalami et al. 2019).

To gain insight, it is noteworthy to underline the abundance of such types of
feedstock in the Brazilian agricultural land which notably presents 172.3 million
hectares under pasture and 76.7 million hectares under the cultivation of food crops
(de Oliveira et al. 2018), thus a strategy for more sustainable management of the
residues generated in these tillable lands is of significant benefits; however, several
drawbacks are inevitable and each substrate imposes different hurdles to be over-
come in order to have higher productivity of biogas. Therefore, this chapter attempts
to guide the Brazilian market to a more ecological approach and to address the
valuable utilization of the low-cost feedstocks available in the predominant local
agribusiness. In alignment, the recent advances, challenges, and future economic
prospects regarding biogas, bioethanol, and biodiesel production are disclosed
throughout this work to prompt alternative green products realization.

10.2 Ethanol

10.2.1 First Generation Ethanol

Fermentation of sugars to produce fuel ethanol in Brazil predates the 1920s and this
industry is based on sugarcane (Soccol et al. 2005; Andersen 2015). According to
Eaglin (2019), in the beginning, ethanol was a by-product of sugar production, and
from the 1970s onwards it became an important part of the Brazilian energy sector.

As can be seen in Fig. 10.1, which highlights the main events in the history of
ethanol production in Brazil, in the early 1930s, to stabilize and modernize the sugar

Fig. 10.1 Timeline: Highlights in Brazilian Ethanol Production History
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economy, the Sugar and Alcohol Institute (IAA) was created by president Getulio
Vargas.

Shortly thereafter, the government made it mandatory to blend anhydrous ethanol
with gasoline (Decree-Law No. 737). In 1942, Decree-Law No. 4722 declared the
alcohol industry of national interest and established price guarantees for alcohol and
the raw material intended for its manufacture. In the 1960s, the Society of Alcoholic
Sugar Technicians of Brazil (STAB) was created to promote scientific and cultural
exchange between various regions producing sugarcane, alcohol, and derivatives,
not only in Brazil but also abroad, and the Sugarcane Technology Center (CTC) was
created to invest in the development of more productive varieties and add quality to
the production of sugar and alcohol. In 1971 the National Sugarcane Ethanol Plan
(Planalsucar) was implemented with the aim of developing new varieties, improving
productivity, and modernizing agricultural and industrial parks. Finally, in 1975, the
National Alcohol Program (Prodlcool—DECREE-LAW No. 76593) was established
with the main objectives to stimulate the production of alcohol, providing the needs
of the domestic and foreign market and the automotive fuel policy (Morgera et al.
2009; Cruz et al. 2016; Stolf and Oliveira 2020).

The following years (Second Phase of Proalcool) were a period when alcohol
production grew substantially, with emphasis on the 1985-1986 harvest. Production
started to be also in autonomous distilleries, dedicated exclusively to the production
of alcohol, without sugar production. It was the beginning of the production of
hydrated alcohol, which would allow its widespread use in alcohol cars. The 1990s
were marked by the end of Proalcool. During this period, Proalcool formally ceased
to exist as a government incentive program to produce fuel alcohol. However,
policies to support the production of sugarcane and the use of fuel alcohol were
continued, given the increase in the production of alcohol vehicles by the automobile
industry. It was also the time of the extinction of the Sugar and Alcohol Institute
(IAA). The 2000s can be considered the ethanol program resumption period when it
was observed that the introduction of flex-fuel technology (flex-fuel vehicle) in
Brazil, associated with a new geopolitical strategy aimed at Agroenergy (ethanol,
bioelectricity, biorefineries, and biodiesel) boosted this agro-industrial sector. In the
late 2000s, integration of the 1G ethanol process was proposed with possible 2-G
routes through biochemistry and thermochemistry with the energy cogeneration.
Also, studies have highlighted the recovery of 3G biofuels, from algae. In this
period, the new company Petrobras Biocombustiveis was also created, boosting
research in the ethanol area cellulosic, biodiesel, other biofuels, and second-
generation biochemicals (Leite and Cortez 2008; Cruz et al. 2016; Stolf and Oliveira
2020).

The Brazilian sugar-alcohol sector has shown great organization and increased
productivity and competitiveness. Most of the plants, with autonomous distilleries,
can produce ethanol and sugar in variable proportions, within certain limits
established for reasons technical, commercial, and political, mainly adaptable to
the changes in the prices of these products due to competitive market and the impact
that the price of gasoline has on the sugar and alcohol sector (Moraes and Bacchi
2014; Melo and Sampaio 2016; Gilio and Castro 2017).
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Sugarcane crushed (millions of tons)
Alcohol (millions of liters)
Sugar (millions of tons)

Crop Seasons

Fig. 10.2 Production of sugarcane crushed (green bar), alcohol (blue bar) and sugar (red bar) in
different crop seasons in Brazil (data from ANP 2020a; CEPEA—Centro de Estudos Avancados em
Economia Aplicada 2020)

As can be verified in Fig. 10.2, the amount of crushed sugarcane has increased in
different crop seasons, consequently, there is also an increase in the production of the
two main products of the agro-industrial sector (sugar and alcohol). According to
Moraes and Bacchi (2014) and Melo and Sampaio (2016), the main factors that
greatly interfered with that were the introduction of flex vehicles from 2003,
mandatory addition of anhydrous ethanol to gasoline, petroleum price, and interna-
tional price of sugar.

As stated earlier, ethanol production is strongly impacted by international sugar
market prices and the sugar and energy sector takes advantage of its industrial
production flexibility to adjust to market fluctuations. In the 1989/90 and 2019/20
crop seasons (Fig. 10.2), in which the dynamics of the sugar market were reversed
and, together with the increase in the price of gasoline to the consumer, the
destination of total recoverable sugar (TRS) was boosted from cane for ethanol
(ANP 2020a; CEPEA—Centro de Estudos Avancados em Economia Aplicada
2020; EPE 2019).

As ethanol production is subject to the harvest and off-season cycles, influenced
by market and opportunity laws and imbalance between supply and demand,
different factors contribute to a fluctuation in prices, as shown in Fig. 10.3, which
shows the variation in the prices of ethanol and sugar over the last 15 years in Brazil.
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Fig. 10.3 Variation in prices (without taxes) of sugar (red symbol), hydrous ethanol (light blue
symbol), and anydrous ethanol (dark blue symbol) in the last 15 years in Brazil (data from ANP
2020a; CEPEA—Centro de Estudos Avancados em Economia Aplicada 2020)

Figure 10.3 also shows the price differences between anhydrous and hydrous
ethanol. Hydrous ethanol is the common ethanol (minimum content of 92.6% and
maximum content of 93.8% of ethanol), the one used to supply cars with alcohol or
flex-fuel, while anhydrous ethanol (minimum content of 99.3% and maximum
content of 99.6% ethanol) is blended into gasoline (Almeida et al. 2017; ANP
2020a). In the analysis of Fig. 10.3, it is also highlighted that the demand for fuels
is intricately linked to the growth of the economy and income. In 2010, Brazil
recorded, according to the IBGE, a great economic development, registering a
significant increase in Gross Domestic Product—GDP (7.5%), among other factors
that favored the prices of the sugar and alcohol industry products (Torquato 2011;
Fronzaglia and Torquato 2007; Torquato 2011).

The growth of the flex-fuel vehicle fleet in the Brazilian market associated with
government actions, direct and indirect, such as the increase in the anhydrous
ethanol mandatory blending requirement for gasoline from 20% [E20 blend] to
25% [E25 blend] (MAPA 2013) and to 27% [E27 blend] (MAPA 2015), has been
providing conditions for the growth of the sugar and alcohol sector.

Currently, Brazil has more than 360 active sugarcane alcohol plants and distill-
eries, most of them are in the state of Sdo Paulo (Novacana 2020a; UDOP 2020).

According to the National Supply Company (Conab), for the 2019/20 crop
season, more than 642.7 million tons of sugarcane were harvested, representing an
increase of 3.6% compared to 2018/19. The estimative of ethanol production was
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34 billion liters, an increase of 5.1% compared to 2018/19, 10.1 billion liters of
anhydrous ethanol (used blended with gasoline) and 23.9 billion liters of hydrous
ethanol. Sugar production was 29.8 million tons, an increase of 2.6% compared to
that produced in the 2018/19 harvest (Conab 2020).

In addition to ethanol from sugarcane, Brazil also produces ethanol from corn.
Total production of corn-based ethanol more than doubled over the past crop season.
It went up from 791.4 million liters in 2018/19 to 1.6 billion liters in the 2019/20
season: 390.7 million liters of anhydrous ethanol and 1.25 billion liters of hydrous
ethanol were produced, corresponding to increases of 66.8% and 124.5%, respec-
tively compared to 2018/19 (Conab 2020).

According to the National Union of Corn Ethanol (Unem), Brazil has 15 corn
ethanol plants in operation and three in the pre-operational stage, in addition to
23 projects at different levels of development in states in the Midwest region (MT,
GO and MYS), in Sao Paulo, Parana and Roraima. Most of them are models of “flex”
plants, which allow the production of ethanol through the processing of sugarcane
and corn (Canal 2020; Unem 2020).

Therefore, the total ethanol produced in the 2019/20 crop season, from sugarcane
and corn, is 35.6 billion liters, registering an increase of 7.5% higher over the
previous year (Conab 2020). This means that Brazil is the world’s second-largest
producer of ethanol, after the USA, which has almost twice the production by Brazil
(Garside 2019).

The prospect of replacing gasoline with biofuel and advancing policies to decar-
bonize transport matrix, as well as a scenario of expansion of domestic demand, is
increasing in several countries, which with greater interest for blending ethanol-
gasoline contribute to increasing Brazilian ethanol exports because flex-fuel vehicles
can run on any proportion of gasoline and ethanol, together with the mandatory E27
blend throughout the country; these factors stimulate Brazilian ethanol production in
the coming years (Magalhdes and Braunbeck 2014; EPE 2019; Ramos 2019).
According to the Brazilian Sugarcane Industry Association (Unica), in the 2018/19
period, there was a significant increase (about 9%) in sales of ethanol in the domestic
market (Unica 2020). In addition, analysis of the trade balance indicates that sales to
the foreign market should reach 1.6 billion liters in the 2019/2020 crop season and
that imports should total 1.25 billion liters in this cycle (Albuquerque 2019; OECD/
FAO 2019).

At the domestic level, the federal government created RenovaBio, the National
Biofuel Policy instituted by Law No. 13576/2017, a program to stimulate the
production of biofuels. RenovaBio seeks the energy efficiency of the entire produc-
tion system with consequent cost reduction in the production of biofuels and rewards
the agents with the highest energy productivity and the lowest CO, emissions, which
should encourage new investments in this sector of renewable fuels in Brazil (FIESP
2018; ANP 2020b). Unica’s estimates indicate broad adherence to the sugar sector
program. Mills already certified or in the process of certification accounted for 85%
of domestic sales of biofuel in 2019 (Unica 2020).

Recent estimates project growth of the sugar and alcohol sector, with sugarcane
production of 817.6 million tons (an increase of 36%), sugar production of 42.8
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million tons (an increase of 39%), and ethanol 41.9 billion liters (an increase of 43%)
for the period 2028/29. There are also estimates for expansion of corn ethanol
production, expecting a rise from the current 4-20% in 2028 (FIESP 2018; Unem
2020).

However, due to the Covid-19 pandemic, the entire sector has been suffering in
different ways. According to data from Conab (2020), a 2% reduction in sugarcane
crushing in the 2020/2021 crop season is estimated compared to the previous period.
Such reduction is directly related to social distancing measures (reducing and staff
reallocation), new practices to minimize the impacts of the health crisis, the possi-
bility of interruptions in planting and harvesting, in processing, in addition to
unavailability in its supply and service chain (EPE 2020a).

Another important factor affecting the transport sector is the decrease in travel
and economic activities, which reduced the consumption of fuels such as ethanol
(EPE 2020a). It is estimated that there will be a reduction in the total production of
biofuels by around 13% in 2020, with a 15% reduction in the production of ethanol
(IEA 2020a, b). According to Unica (2020), during the period January—April, the
volume of ethanol sold totaled 6.35 billion liters, 11.3% lower than that registered in
the same period of 2019.

There are predictions that 25% of sugar and alcohol plants in operation in the
country are in danger of closing their doors by the end of the year, especially those
that are only distilleries, that is they produce only ethanol as they lack the flexibility
to make sugar, and are exposed to drop in both consumption and the ethanol price
(InfoMoney 2020).

For some more capitalized groups, the alternative is to change the industry mix,
starting to produce more sugar to pass the most acute moment of the crisis. With this,
it is expected a gain of sugar participation in the production mix, which, despite the
fall in the international sugar quotation, with the devaluation of the Real against the
U.S. dollar favors exports (EPE 2020a; InfoMoney 2020).

10.2.2 Second-Generation Ethanol

The integral energy utilization of sugarcane, in addition to ethanol and sugar
production usually obtained in the sugar-alcohol sector in a conventional way, is
linked to the current concept of a biorefinery that allows the use of lignocellulosic
biomass as raw material for the production of different chemicals and/or biofuels
(Janior et al. 2020; Rend et al. 2014). Over the last years, researchers from different
sectors of academia and industry have been making efforts to develop technologies
that increase the efficiency and sustainability (economic and environmental) of the
second-generation ethanol process. The importance of the use of lignocellulosic
biomass as a raw material for the production of second-generation ethanol and other
bioproducts is evident, as it is the largest source of natural carbohydrates, with an
estimated 50% of the biomass in the world (Singhvi and Gokhale 2019; Claassen
et al. 1999).
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These studies are based on the development of bioethanol production processes
from a variety of vegetal biomasses, though mainly from the sugarcane bagasse, due
to its large quantity in the sugar-alcohol industry despite its usual use for energy
cogeneration (Hossain et al. 2017; Balat 2011; Quintero et al. 2011; Cardona et al.
2010). It is considered that for each ton of processed cane, 280 kg of straw and
280 kg of bagasse are generated. In addition, it is increasingly evident that to enable
the production of second-generation ethanol, this technology must be coupled with
the already established technologies of the first-generation ethanol process.

According to National Agency for Petroleum, Brazil produces first-generation
(1G) and second-generation (2G) ethanol. In 2019, 99.20% of ethanol was produced
from sugarcane as raw material and 0.80% from other raw materials, with only
0.98% from other raw materials such as bagasse or straw, indicating that 2G ethanol
production is still incipient (ANP 2020a, b). This production comes from two
commercial 2G ethanol plants (Granbio and Raizen) with a nominal production
capacity of 60 and 40 million liters per year, respectively. There is also an experi-
mental plant at the Sugarcane Technology Center (CTC 2020; EPE 2020b; GranBio
2020a; Raizen 2020).

During the 2018/19 crop season, Raizen’s 2G ethanol production was 16.5
million liters, a record production according to the company (Raizen 2019).
GranBio, on the other hand, declared that it was capable of breaking its daily
production records on several occasions and that the daily production volume was
equivalent to 40% of the capacity authorized by the ANP; however, the company has
accumulated losses and often chooses to stop ethanol production in benefit of
electricity generation with the same raw material (GranBio 2020b).

The projection of ethanol supply in Brazil considers a series of premises, includ-
ing the technological stage of second-generation ethanol—cellulosic or 2G (EPE
2020b). As reported by Yusuf et al. (2019) and Milanez et al. (2015) in 2015 the
country had an installed production capacity of around 140 million liters of 2G
ethanol per year, of which 82 million liters were produced at Bioflex 1-GranBio, the
first plant with a commercial scale 2G ethanol production capacity in the country.

However, according to Milanez et al. (2017), the current commercial 2G ethanol
plants tend to be considered experimental units, due to the associated technological
uncertainties that still exist. There are still barriers such as breaking down the
lignocellulosic matrix that need to overcome in order to ensure the availability of
monomeric sugars, e.g., C6 (glucose) and C5 (xylose and arabinose) for the fermen-
tation by microorganisms to ethanol. One of the difficulties for the use of biomass as
raw material is inherent to the nature of plant cell wall which consists of cellulose
(homopolymer of glucose), hemicellulose (a mixture of several polymerized mono-
saccharides, mainly xylose and a smaller amount of arabinose, glucose, galactose,
and mannose) and lignin (polyphenolic macromolecule) (Rezania et al. 2020; Balat
2011; Cardona et al. 2010; Sanchez and Cardona 2008). Moreover, the deconstruc-
tion process of the lignocellulosic matrix is not trivial due to (1) the complex
interactions between hemicellulose and cellulose present in the cell wall of plants
and between these polysaccharides and lignin, (2) the crystalline nature of cellulose,
(3) the physical barrier formed by lignin around the cellulosic fibers and, and (4) the
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difficulty of operating the equipment stably and continuously. For this reason, the
biomass must be pre-treated to separate the lignin, reduce the degree of crystallinity
of the cellulose and allow consistent hemicellulose hydrolysis, improving the effi-
ciency of the chemical or enzymatic attack process (Loow et al. 2016; Brethauer and
Wyman 2010; Wyman et al. 2004). Besides, engineering solutions that apply to
other fiber processing industries, such as cellulose and paper, could not be successful
in processing large quantities of cane straw, which present excessive levels of
moisture, impurities, abrasiveness, heterogeneity, and low density, requiring solu-
tions not yet developed.

The enzymatic hydrolysis process of cellulose, which has been extensively
studied, involves the synergistic action of cellulolytic enzymes that present a high
cost associated with low production (Hu et al. 2018). Several studies have been
carried out in the search for enzymes capable of hydrolyzing cellulose more effec-
tively, either by the optimization of fermentative processes, by the combination of
enzymes to obtain more efficient cellulosic complexes, or by the improvement of
species through genetic engineering methods (Bala and Singh 2019). The large-scale
industrial production of cellulases requires an understanding and control of the
parameters involved in the growth of the microorganism and its capacity to produce
the enzyme (Singhania et al. 2010). The use of cellulolytic enzymes in lignocellu-
losic hydrolysis has been studied extensively for the liberation of fermentable sugars
from the cellulose matrix (Houfani et al. 2020). Although there are several studies on
the production of cellulases by microorganisms, the development of new projects is
still necessary, since natural reserves have the great biotechnological potential for
the exploration of new wild strains not yet studied.

One aspect of the investments is in the production of enzyme cocktails with high
efficiency with a range of diverse enzymes: endoglucanases, exoglucanases, beta
glucosidases, lytic polysaccharide monooxygenases (LPMOs), and xylanases, acting
in a complementary way to make even more feasible production of 2G-ethanol from
sugarcane straw and bagasse and boost this type of process in Brazil (Embrapa 2020;
Novacana 2020b). On the other hand, it is necessary to obtain enzymes more
economically because of the high cost of commercial enzymes. For example, the
cost of producing one gallon of ethanol without the use of enzymes is about US$
2, while in the enzymatic process this value rises to US$ 2.00-3.60 due to the cost of
producing these proteins. However, it is estimated that in an efficient and optimized
process of enzymatic hydrolysis from lignocellulosic biomass this value can be
reduced (Carrigan 2016).

Some projections indicate the integration of cellulosic ethanol production with
conventional methods makes the production process more economical and compet-
itive, which should lead plants that already have cogeneration and are interested in
producing cellulosic ethanol to assess the availability and diversity of raw material,
as well as the efficiency of the production process (exchange of boilers and turbines
and electrification of equipment). The 2G-ethanol production should use a small
amount of bagasse and straw and should increase gradually, reaching around
722 million liters in 2029 (yield factor 300 ethanol liters/dry metric tonne of
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sugarcane bagasse), with an estimated investment of approximately U$ 22 billion
between 2010 and 2029 (Aradjo 2016; EPE 2020b).

Finally, it is important to highlight new economic opportunities that have
emerged in the sugar and alcohol industry from the use of materials that were
considered as residues, such as bagasse, stillage, and other by-products. One of the
most effective and inexpensive alternatives to the total use of cane biomass is the
co-generation of energy using bagasse, tops, and leaves, becoming not only an extra
source of revenue in a short term of investment but the third main product of the
sugar-energy sector (Rosillo-Calle and Cortez 1998; EPE 2020a). The energy usage
of residual biomass generated in the industrial processing of sugarcane, both in the
production of heat and electricity, is intended for self-consumption and the produc-
tion of surplus electricity, exported to the Brazilian National Interconnected Sys-
tem—SIN (EPE 2020b).

Therefore, it is believed that it is possible to establish synergy between sugar-
energy products, with bioelectricity from sugarcane bagasse considered as another
asset in this sector, which involves the sale of four products (Fig. 10.4): sugar,
ethanol (1G and 2G), electricity and, more recently, decarbonization credits. With
the full implementation of the RenovaBio program, it may induce an increase in the
efficiency of the sugar-energy producing units, increasing the score for environmen-
tal energy efficiency, favoring a sustainable and environmentally friendly bioenergy
production chain (Niphadkar et al. 2018; EPE 2020b).



10 Microbial Biotechnology for Renewable and Sustainable Energy: The Current. . . 267
10.2.3 Third Generation

Currently, most fuels are from fossil origin. Studies on renewable alternatives have
been increasing. In Brazil, there are consolidated techniques in the first and second
generation for the production of bioethanol from sugarcane biomass (Dragone et al.
2010; Darda et al. 2019). The first generation of ethanol production is produced from
the fermentation of glucose present in the sugarcane juice, using yeasts such as
Saccharomyces cerevisiae. In other countries, other sugar-rich crops used for the
production of bioethanol are potatoes, beets, cassava, wheat, yams, and barley
(Mussatto et al. 2010; Silva and da Silva 2019). In the case of second-generation
ethanol, residual crop material (e.g., sugarcane bagasse in Brazil) is used as the main
source for this process (Carneiro et al. 2017). And, ethanol production using
microalgae is classified as third-generation (Jambo et al. 2019).

In addition, third-generation biofuels are composed of high hydrogen content
thanks to proteins and chlorophyll. When compared to many sources for the pro-
duction of biofuels, the third generation has a higher caloric power, low density and
viscosity, which make it more suitable for the production of biofuels with 1G origin
(Miao et al. 2011; Suganya et al. 2016).

Ethanol represents a product with great impact, due to its demand in the market,
and because current production is limited, making ethanol from the fermentation of
algae biomass is a possible alternative for fuel demand (Silva and da Silva 2019).
The advantages of the third-generation process are:

1. Its raw material does not compete with land for food cultivation since algae can be
found in the seas, and

2. It can be created artificially in pools and farms. For example, in the production of
1G and 2G bioethanol, the raw material promotes competition in the use of
agricultural land for food production, which can stimulate social issues, thereby
increasing their cost (Balat et al. 2008; Gouveia and Oliveira 2009; Borines et al.
2013; Mesa et al. 2016) in addition to the cost of the 1G and 2G production
process, which has up to 40% of its total cost from raw materials (Farrell et al.
2006; Silva and da Silva 2019).

As algae are responsible for covering more than 70% of the Earth’s surface, they
are disposed of in oceans. Being an abundant raw material and easy to grow, it does
not require an agricultural area or drinking water. Furthermore, there are more than
10,000 species and their growth is greater than terrestrial cultures (Torzillo et al.
1986; Goh and Lee 2010). Brazil possesses a large tropical coastal area that has
approximately 12% of the world’s freshwater supply and contains approximately
34% of the total cataloged species in the world (Forzza et al. 2012). Worldwide
cultivation of algae has grown by 10% over the last 10 years (Mesa et al. 2016; Silva
and da Silva 2019). Brazil produces 30% of total world microalgae and just 700 tons
(<0.1%) of macroalgae annually (EMBRAPA 2020).

An alga is an aquatic photosynthetic microorganism that develops in different
environments such as saltwater, wastewater in urban areas, or on land unsuitable for
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agriculture (Chen et al. 2011; Suganya et al. 2016). Microalgae are microscopic
organisms (Kose 2017). There are several species of microalgae and macroalgae
suitable for the production of biofuels (Brennan and Owende 2010; Pablo et al.
2019). Indeed, the amount of lipids and carbohydrates, such as the presence of
starch, produced in its interior, is highlighted. In addition, some characteristics are
important to make the biofuel production process possible. For example, the carbo-
hydrates rate of macroalgae and microalgae is up to 50% and 70%, respectively of its
weight or favors the production of ethanol (Wi et al. 2009; Behera et al. 2015; Rizza
et al. 2017). Algae also have lower recalcitrance, being more amenable for hydro-
lysis procedures, because of lack of lignin compared with lignocellulosic materials
(Hargreaves et al. 2013). For example, Smachetti et al. (2020), identified useful
microalgal strains and provided optimized conditions for sucrose production using
seawater, and modeled efficient conversion into ethanol by mild methods with a
productivity of 4200 L ethanol-ha™'-year™'.

According to Brennan and Owende (2010), another important characteristic is
that the microalgae can tolerate shear stresses found in photo bioreactors; be
dominant over contaminating microorganisms; absorb large amounts of CO5; toler-
ate temperature variations, which occur due to seasonality; high photosynthetic
efficiency; can self-flocculate by forming cellular aggregates, and facilitate the
recovery of microalgae biomass. The species Chorella vulgaris, for example, is
widely studied for the production of biofuels because it is easy to grow and sensitive
to different process conditions (Jambo et al. 2016; Pablo et al. 2019).

These parameters sought in species of micro and macro algae are essential
because the production of bioethanol goes through the following stages:

1. First, the cultivation of micro algae is carried out using solar energy. In this stage,
several types of reactors such as open, covered lagoons or closed
photobioreactors can be used (these can be tubular, flat plate, or other models)
(Klein 2013; Jambo et al. 2016).

2. In the second stage, the biomass needs to be concentrated at least 30 times to
perform starch (carbohydrate) extraction. This extraction can be physical or
biological (carried out by enzymes).

3. In the third stage, the starch is broken down enzymatically with the aid of amylase
enzymes.

4. In the fourth stage, the fermentation of simple sugars is promoted by the fungus
species S. Cerevisiae which promotes alcoholic fermentation (Dragone et al.
2010).

5. In the last stage, the alcohol broth is pumped into a holding tank to feed a
distillation unit, finalizing the production of ethanol as biofuel. In this context,
some studies seek to find methods that contribute to the release of more glucose
from these algae (Yoon et al. 2010; Suganya et al. 2016) in order to improve
ethanol production through alcoholic fermentation (Mussatto et al. 2010; Klein
2013; Darda et al. 2019).
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10.2.3.1 Current Status

Recurrently, different ways of increasing 3G ethanol are being studied, some studies
show that it is possible to release a greater amount of glucose from specific species of
algae (Yoon et al. 2010). In addition, instead of extraction, some species of algae are
capable of conducting automatic fermentation (de Souza et al. 2012; Carneiro et al.
2017).

In Brazil, studies with 3G ethanol advance with research in the field of cultivation
of microalgae species, where the concentration of CO, in the medium of innovative
sources of nutrients such as N (NaNOj3) and pH of cultures are studied (Klein 2013;
Carneiro et al. 2017), in addition to the reuse of water in the cultivation process,
luminous flux and the impact on the production of carbohydrates and 3G ethanol
(Pablo et al. 2019). Photosynthetic efficiency and variation of the use of luminous
flux by microalgae species affect directly the carbohydrate yield and production of a
greater amount of 3G fuel produced from the microalgae (Klein 2013). Another way
to optimize production is through design, which enables the reuse of process inputs,
such as solvents and catalysts. At the end of the process, waste can be reused as
fertilizers. The fundamental of a project that aims to the best performance and
maximum use of the system, is to proceed with microalgae species that grow fast
(Silva and da Silva 2019).

10.2.3.2 Market and Challenges

From the financial comparison, it can be concluded that the production cost of third-
generation bioethanol is quite higher than of the first and second generations (Jambo
et al. 2016). The productivity rate of algal feedstock such as seaweed is very high
until it has become one of the sources of income for the coastal population by
increasing the employment opportunities through seaweed farming or cultivation
(Noraini et al. 2014). In recent years, the total global production of aquatic plants
(macro and microalgae) has increased exponentially and reached 30.1 million tons of
wet weight in 2018 with a value of more than US$ 1.5 billion (current biomass prices
average about US$ 50 per dry ton) (Bjerregaard et al. 2016; Pablo et al. 2019).

Annual seaweed harvesting could produce about 1.25 billion megawatt-hours’
worth of methane or liquid fuel. The world used about 85 billion megawatt-hours of
energy from fossil fuels in 2012, so energy production from these seaweed products
equates to roughly 1.5% of current energy use from fossil fuels (IEA 2014). In the
case of microalgae, this microorganism could produce approximately
5000-15,000 gal of ethanol per acre annually which is more reliable than the first-
generation bioethanol feedstock (707.4 gal/acre from sugarcane in Brazil)
(Goldemberg and Guardabassi 2010; Nguyen 2012).

However, the commercial viability of algal bioethanol is still in the doubt, in spite
of the promising opportunities envisioned for microalgae-integrated biorefineries,
the economic viability of large-scale algal biomass cultivation for low-value
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products (e.g., biofuels, bulk chemicals, and biomaterials) has not been achieved yet.
And one of the main factors for its commercialization is the lack of an efficient and
reliable established technology, this in addition to the costs for microalgae biofuel
production two-fold higher than for its fossil-based counterparts (Jambo et al. 2016;
Brasil et al. 2017). Another challenge is the concerns regarding water scarcity, food
availability and competition with human being feed, and land/soil degradation are
increasing, and these issues are far from being independent of bioenergy production.
The competing need for land and water resources in food and bioenergy production
has been at the forefront of policy debates (Benites-Lazaro et al. 2020).

Brazilian microalgae production chain has considerable potential for develop-
ment, the largest barriers to the Brazilian microalgae production chain are the cost of
raw material production (US$ 0.37-3.80 per kg) and the lack of organizations
representative of the sector. Currently, only a few companies (~17, when compared
with top algae country producers) produce or commercialize microalgae in Brazil,
demonstrating that the Brazilian microalgae production chain is still under develop-
ment and has yet to demonstrate itself as a commercially viable industry (Andrade
et al. 2020).

10.3 Biogas

Biogas is a biofuel produced by some microorganisms during the anaerobic diges-
tion of several biomasses and is mainly composed of methane (CH,4) and carbon
dioxide (CO,) (Santos et al. 2018). The technological strategies in biogas are present
in the whole manufacturing process comprising: feedstocks, production, treatment,
logistics, and uses, but the biotechnological approaches are more focused on pro-
duction and treatment (Oliveira and Negro 2019).

Several organic materials can be used as substrate for the anaerobic digestion,
which comprises the following steps: (1) hydrolysis, (2) acidogenesis,
(3) acetogenesis, and (4) methanogenesis (Yang and Ge 2016). Methane and carbon
dioxide contribute about 50-75% and 25-50%, respectively, of the final biogas
composition (Da Costa-Gomez 2013). However, other common components and
some impurities such as H,O, O,, H,S, NH3, N,, chlorines, and siloxane (Da Costa-
Gomez 2013; Yang and Ge 2016) are present in low concentrations.

The process is generally performed at mesophilic temperatures (35-37 °C) for
about 30-35 days (Wang et al. 2018; Yilmaz and Sahan 2020), though it can vary
according to each biomass, microbial load, and environmental conditions. After the
biogas production, a liquid effluent (bioslurry) and solid residues (sludge and scum)
are also generated, though in low amounts (FAO 2013). The inoculum is obtained
from anaerobic biodigesters such as slurry and sludge and consists of a diversified
microbial community (Holliger et al. 2016; Juarez et al. 2018; Wang et al. 2018).
Microorganisms involved in hydrolysis and acidogenesis processes consist of obli-
gated and facultative anaerobic bacteria, while methanogenesis is performed by
methanogens archaea (Neshat et al. 2017). Some of the most common
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Fig. 10.5 Biomass digestion for biogas production

microorganisms in bioslurry include bacteria belonging to the genus Clostridium,
Methanosaeta, Terrisporobacter, Methanobacterium, and Methanosarcina (Zuo
et al. 2019). Figure 10.5 shows the digestion steps for biogas production.

The feedstocks used as a substrate for biogas can be divided into three main types:
(1) agro-industrial wastes and animal manure, (2) urban wastes, and (3) industrial
effluents (Da Costa-Gomez 2013); they can be used alone or in association for a
co-digestion process. From a biogas production perspective, the utilization of food
waste is a better substrate than sludge, as promotes a weak alkaline environment and
avoids the excessive acidification effect, gradually increasing the digestion reaction
(Liu et al. 2016a).

These biomasses are rich in carbohydrates, proteins, and/or fats, and the biogas
composition and purity are directly influenced by the type of organic biomass (Yang
and Ge 2016; Freitas et al. 2019a, b).

Animal manure contains several nutrients and has traditionally been used as a
fertilizer for crops, but this practice is declining over the last decades due to an
increase of synthetic fertilizers and the use of new cultivation and logistics tech-
niques (Neshat et al. 2017). The growing amount of manure generated daily and its
nutrient composition make this residue a great feedstock for biogas production
through anaerobic digestion. In a study performed by Yilmaz and Sahan (2020),
the authors evaluated the anaerobic digestion of poultry manure and obtained the
maximum cumulative biogas production of 8965.87 mL, composed of 71.3%
methane and percentage of chemical oxygen demand (COD %), removal of
68.47% under optimum conditions after 35 days. Wang et al. (2018) investigated
the co-digestion of fresh deer manure and mushroom residue, added with biogas
slurry, and obtained up to 24,346 mL of cumulative biogas production after 31 days.

Agro-industrial wastes can be used alone or along with animal manure in the
anaerobic digestion co-digestion after a pre-treatment process. Ning et al. (2019)
studied the co-digestion of corn straw and pig manure; corn straw was pre-treated
with 5% NaOH solution at room temperature for 5 days before using, obtaining
biogas with 62.17% methane content. Zuo et al. (2019) used rice straw pretreated
with 2% ammonia for 3 days but obtained a slow decrease in the biogas production
after 10 days. Juarez et al. (2018) used microalgae biomass grown in pig manure as a
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substrate for biogas production, mixed species of microalgae, cultivated in a
photobioreactor fed with diluted pig manure. These species were treated using
different physical-chemical pretreatments and used in anaerobic digestion under
mesophilic conditions, achieving the highest methane yield after alkali pretreatment
with 5% NaOH. Vinasse also has a great potential for biogas generation, Cruz-
Salomén et al. (2016) used vinasse as feedstock for biogas production and improved
the methane content, obtaining 2140 mL per day.

The municipal wastes, rural wastes, and landfills are rich in organic matter and
good feedstocks for biogas production. Lavergne et al. (2019) compared the diges-
tion of sewage sludge and its co-digestion with pig manure and observed no
significant differences between these two processes. In another study, the concen-
trated primary sludge was anaerobically digested and the authors observed that
alkaline conditions (pH >8) have increased the methane production and decreased
the hydrogen sulfide content (Zhao et al. 2020). Villanueva-Estrada et al. (2019)
studied the biogas emission from a landfill and reported 75% of biogas generation
with about 55% of methane content from wells.

Brazil predominates in the use of biodigesters with low solid matter feedstocks,
most related to pig farming, and placed close to the residues sources lands (ABBM
2016; Freitas et al. 2019a, b). The anaerobic digestion plants are divided into high-
solids and low-solids (LS) systems. Low-solids anaerobic digestion (LSAD) systems
are reported by presenting 5-10% of solids in the feedstock, as the high-solids
anaerobic digestion (HSAD) systems present up to 40% solids (Guendouz et al.
2008). Even though LSAD systems are still mostly used, this process still presents
many limitations such as waste management, including water wasting, inconvenient
operation, low energy recovery, and low fermentation slurry concentration (Chen
et al. 2015). Therefore, there is a fast growth of HSAD systems, as they are easier to
handle, presenting lower energy and heating requirements and smaller operational
reactor volumes. (Guendouz et al. 2008; Liao and Li 2015). The drawback presented
in the utilization of high-solids feedstock is the generation of high concentrated
intermediates, which correspondingly increases the risk of system imbalance,
resulting in the accumulation of inhibitory intermediates (Liao et al. 2014; Liu
et al. 2016b). In high-solid systems, there are two primary technologies: plug-flow
and dry fermentation. A plug-flow reactor is a reactor type that presents separated
acidogenic and methanogenic phases through the reactor path. This separation could
improve reactor stability and pretreatment efficiency (Namsree et al. 2012). The dry
fermentation technology presents some advantages related to the lower feedstock
pretreatment, such as organic waste on size reduction, removal of inert materials
such as plastic (which accumulates inside the digesters or clogging pipes and
pumps). Dry anaerobic digestion also does not present foaming, sedimenting, and
crust surface formation, and requires no energy for stirring, allowing similar biogas/
energy production when compared to the wet digestion process (Chiumenti et al.
2018). It is observed that both low and high-solid technologies are interesting as can
be used for producing energy or renewable biogas, contributing to the greenhouse
gas emission reduction and the preferred operational model to be implemented must
be based on waste type and desired biogas volume output.
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10.3.1 Current Status

Biogas production has been growing in Brazil in the last two decades (Fig. 10.6),
based on its large potential to improve sustainability and diversity of energetic
matrix both at the national and local and decentralized level, to represent a viable
technology for waste treatment, and to promote the creation of income sources (EPE
2019a, b; Freitas et al. 2019a, b). The progressive improvement based on its
economic and technical viability has promoted the emergence of small, midsize,
and large plants in the country since 2003 (Fig. 10.6a), which offers biogas for
various applications (Fig. 10.6b) and use diverse waste and byproducts as substrates
(Fig. 10.6c¢).

According to the database Biogdsmap (CIBiogéas 2020), 486 biogas plans were
operating in Brazil in 2019, of which almost 76% were small plants (less than
2.500 Nm3/day), 18% were midsize plants (2500-12,500 Nm3/day) and 6% were
large plants (higher than 12,500 Nm*/day). Most of the plants are located in states
from the south, southeast, and midwest regions, where plants implementation started
sooner (since 2003), while the first plants appeared in the northeast region in 2010
and the northern one just in 2017. For comparison, world biogas production is led by
Germany (more than 10,000 plants) and the United Kingdom (approximately 1000
plants), whereas Brazilian production is similar to Korea, Denmark, and The Neth-
erlands, and higher than other European countries (IEA 2020a, b).

The main application of biogas generated in Brazil is for electrical energy (76%)
followed by thermal energy (22%), as shown in Fig. 10.2b. Regarding substrates, the
highest proportion (approximately 70%) of biogas plants in Brazil in 2019 were
based on the use of waste from pig farming (Fig. 10.6c), which were also the oldest
ones (since 2003) and mostly small and midsize plants. Wastes from the food and
beverage industry (FBI, 11%), cattle (Ct, 7%), and the landfill (Lf, 5%) were in
second, third, and fourth places (Fig. 10.6¢c), respectively, which mainly include
midsize and large plants in the case of FBI and Lf, and small plants for Ct. Other
sources for biogas productions are sewage sludge (3.7%), waste co-digestion (1.6%),
laying or cutting poultry (0.8%), sugar-and-energy industry (0.6%), and poultry and
swine slaughterhouse (0.4%), which in most cases correspond to small and midsize
plants.

The continuous increase in biogas production in Brazil has been driven by public
policies, private initiatives, and research. Regarding the last one, it is noteworthy that
Brazilian scientific documents in the Scopus database with the keyword biogas
started to be published in increasing numbers since 2004-2005, as shown in
Fig. 10.7b, and with a growth tendency coherent with the world’s research trends
(Fig. 10.7a). Until June 2020, 978 documents had been published (77% are papers,
5.6% reviews, and 3.2% chapters, among others), but patents were not found.
Brazil’s scientific production on biogas represents 3.2% of the global production
(30,378 documents) and is in eighth place (Fig. 10.7c). Worldwide scientific
research is largely dominated by China, United States, Germany, India, and other
European countries (Fig. 10.7c). Nevertheless, it is interesting to notice that
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Brazilian funding agencies, such CNPq and CAPES, occupy positions 4 th and 6 th
worldwide (Fig. 10.7d), suggesting the federal commitment to this issue.

As can be observed in Fig. 10.7b, scientific publication growth was accelerated in
2004-2005 and 2012-2013, which can be associated with the fact that biogas
production has remarkable accelerations in 2007-2008, which lasted until 2014,
and in 2014-2015, which remained relatively steady at least until 2019 (Fig. 10.7a).
Furthermore, both accelerations in biogas plants and scientific publication were
related to the introduction of some public policies, which have been also one of
the drivers for the growth of Brazilian biogas production, such as the ones on the
distributed generation in 2012 and 2015 (Resolu¢des normativas 482/2012 and 687/
2015) (EPE 2019b), and the National Biofuels Policy in 2017 (RenovaBio, Lei
13.576 de 2017) (ANP 2019).

Total biogas production in Brazil in 2019 was approximately 1328 hm?/year,
which represented a 25% growth from 2018 (Fig. 10.7a). Biogas participation in the
internal offer of the Brazilian energetic matrix has steadily grown in the last years
(EPE 2019b; IEA 20204, b), for example, a 6.7% growth in 2018 compared to 2017
(EPE 2019a). Biogas began to have significant participation in the energetic matrix
since 2010 (15,000 tons of oil equivalent—toe) and reached 204,100 toes in 2018,
which represented approximately 0.07% of the internal offer. In this regard, it is
highlighted that Brazilian currently energetic matrix has one of the largest partici-
pations of renewable sources in its internal offer (almost 45% in 2018), compared to
other countries around the world, which had on average 13.7% in 2016 (EPE 2019a).

10.3.2 Future Perspectives and Challenges

According to the Andalise de cojuntura dos biocombustiveis ano 2018 (EPE 2019b),
biogas participation in the internal offer is still modest in comparison with its
potential and the participation of other sources. Biogas introduction in the internal
offer has the potential to contribute to improving the sustainability of the energetic
matrix (EPE 2019a, b), and particularly the electrical matrix (Freitas et al. 2019a, b).
In this regard, the biofuels policy (RenovaBio) and specifically the national energetic
expansion plan foresees to achieve a stable proportion of renewables sources of at
least 48% by 2029 in the energetic matrix (EPE 2019a; Brasil 2019). According to
this plan, it is expected higher participation of biogas in the national energetic
matrix, driven mainly by the technologies for digestion of the by-products vinasse
and “filter pie” (torta de filtro) in the sugar-and-energy sector, besides animal and
municipal wastes (Brasil 2019).

From the above-mentioned technologies, the potential biogas production can
reach up to 7.2 billion N m> in 2029, which can account for 11% of the
thermoelectrical energy based on biomass, and can represent also almost 3.9 bil-
lion Nm® of biomethane, (Brasil 2019) which may have a large potential to cover a
high proportion (approximately 40-50%) of the total natural gas demand (Schmid
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et al. 2019). It is expected that the biogas offer for the electrical matrix should be at
least 30 MW/year since 2023 (Brasil 2019).

Despite the existence of federal policies and plans for biogas promotion, authors
argued that there are still political, economic, and social challenges to allow a higher
growth on the implementation of biogas generation and waste treatment (Freitas
et al. 2019a, b; Nadaleti et al. 2020; Ribeiro et al. 2020). Since biogas production
technologies are already considered technically viable, the main bottlenecks are the
need for robust public policies and regulation to promote financial aids to make them
economically viable both in rural and urban areas (Freitas et al. 2019a, b). Renew-
able energy can represent a higher initial investment than traditional technologies,
but that the potential economic, environmental, and social gains can be also larger
(Nadaleti et al. 2020; Ribeiro et al. 2020; Campello et al. 2020). Furthermore, a
higher promotion of research and national and international cooperation programs is
necessary to provide and keep suitable equipment, storage, distribution grids, human
resources for technical support and negotiation of energy offers, available for all the
potential partners in the country (Freitas et al. 2019a, b; Nadaleti et al. 2020; Ribeiro
et al. 2020).

Regarding technical challenges that can be addressed by each particular biogas
production plant, factors that affect the anaerobic digestion are substrate and organic
matter concentration, temperature, pH, carbon-nitrogen ratio, macro and
micronutrients, and presence of heavy metals (Campello et al. 2020; Ribeiro et al.
2020). Ribeiro et al. (2020) also highlighted the importance of some operations
factors, such as residence time, water excess, and possible contamination from
washing and disinfection. The challenges already mentioned are especially impor-
tant regarding biogas production from vinasses (Nadaleti et al. 2020). According to
these authors, not only biomethane production from vinasses in sugar and ethanol
plants seemed to be technically and economically viable, but also bio digested
vinasses had better properties to be used for fertirrigation.

10.4 Biodiesel
10.4.1 Fundaments

Biodiesel is composed of alkyl esters of fatty acids, can be synthesized by chemical
or enzymatic catalysis, from renewable feedstocks such as vegetable oil, non-edible
vegetable oil, algae oil, waste frying/cooking oil, and animal fats.

Historically, the production technology in Brazil began in the 1980s with the first
pilot plant by Expedito Parente in northeastern Brazil (Suarez et al. 2016). Since
then, in the world, biodiesel has attracted attention because it is a renewable,
biodegradable, and non-toxic fuel, enabling the development of a sustainable energy
source.
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Fig. 10.8 Transesterification reaction of a triacylglyceride

Biodiesel is miscible and physically-chemically similar to diesel oil and usable in
diesel engines without the need for significant or numerous adaptations (Knothe
et al. 2010).

The main biodiesel production route is the transesterification reaction by homo-
geneous base catalysis. The term transesterification, in general, is used to describe an
important class of organic reactions in which one ester is transformed into another,
through the exchange of alkoxide groups in the presence of a catalyst producing a
mixture of monoalkyl esters and glycerol (Fig. 10.8).

The biodiesel synthesis is a sequence of three consecutive and reversible reac-
tions in which the triacylglycerides are gradually converted into diacylglycerides and
monoacylglycerides as intermediates, one mole of the ester is released at each stage.

The transesterification reaction can be accelerated by chemical catalysts (homo-
geneous or heterogeneous), biocatalysts (free or immobilized), or non-catalytic
(supercritical), as shown in Table 10.1. The advantages and disadvantages of each
process are also detailed. Beyond that, biodiesel can be produced by other routes,
such as esterification, hydroesterification, or non-catalytic processes.

In the history of biodiesel production in Brazil, the industry opted for the use of
transesterification via alkaline catalysis using mainly sodium methoxide as a catalyst
for the production of monoalkyl esters, as it had a low cost. However, there are
disadvantages in this method mainly due to the occurrence of secondary reactions
(Fig. 10.9), which reduce the yield in monoalkyl esters productions. In addition, it is
aroute that requires large amounts of energy, wastewater treatment, and high-quality
raw material requirements (low levels of water and free fatty acids), limiting the use
of various raw materials, increasing thus the price of the production of esters.
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Table 10.1 Comparison of types of catalysts for biodiesel production (Robles-Medina et al. 2009;
Aransiola et al. 2014; De Lima et al. 2016; Norjannah et al. 2016)

Catalyst type Advantages Disadvantages
Homogeneous | The very fast reaction rate Low-quality glycerol produced thus
requires a lengthy distillation process
for purification
High conversion (>99%) Hydroscopic nature of catalysts
(NaOH, KOH)
Feedstock must be of high quality in | Basic homogeneous catalyst—FFAs
order to maintain the yield of the react with the catalyst and form soap
process: free of FFAs (<0.5%) and
water (<0.3%)
Sometimes, esterification and Acid homogeneous catalysts are very
transesterification occur in conjugated | harmful, very corrosive to the reactor
processes and pipeline, and require careful
handling
Relatively low-cost basic catalyst and | The water promotes hydrolysis of the
available (NaOH and KOH) alkyl esters to FFAs
A preferred method for high-grade The high-quality feedstock represents
feedstock 70-95% of the final cost of biodiesel
1% of catalyst based on the mass of | The purification stage of the biodiesel
oil process is relatively difficult and
requires a huge amount of water
The catalyst can not be reused
Heterogeneous | High catalytic stability against Converts triglycerides at a relatively
leaching slower rate
Easy separation of the catalyst from | Complicated catalyst synthesis proce-
the product dures lead to higher cost
The separation of the glycerol and Effectively active only on surface
catalyst from biodiesel is much easier | atoms
Economic because of its reusable
nature
Biocatalyst FFAs are converted into biodiesel, Long process time due to very slow

without loss of raw material

reaction rate (8—72 h)

Low-price feedstock can be employed

Sensitive to alcohol, that can deacti-
vate the enzyme

High possibility to reuse and regen-
erate the catalyst

High cost of biocatalyst

Only a simple purification step is
required

Easy separation of biodiesel and bio-
catalyst by filtration

Easy separation of biodiesel and
glycerol by decanting

Glycerol is of high quality and has a hi

gh sale value

Enzymes are biodegradable

Non-catalytic
(supercritical)

Low-quality feedstock could be
transformed easily into biodiesel

(continued)
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Table 10.1 (continued)

Catalyst type Advantages Disadvantages

More energy is required by the reac-
tion step especially in the heating step
as high power consumption is involved

High-quality glycerin is generated as | Possible generation of thermal degra-

a coproduct dation products

Simpler separation and purification High temperature and pressure
steps involved required

High conversion (98%) High alcohol to oil ratio is needed

Short reaction time (7—15 min)

No catalyst cost

o) O
Reaction 1 )_t + HO —>» )J\ + ROH
R' OR -«—— R OH
O| O
Reaction 2 )_\ + — )k + ROH
R' OR NaOH - R O'NA*
o} o)
Reaction 3 P — o+ o
R' OH NaOH - R' O'NA*

Fig. 10.9 Secondary reactions that may occur during the transesterification of vegetable oils:
(1) hydrolysis; (2) saponification and (3) neutralization

In this context, interest in the use of biocatalysts has increased as it is a viable
interdisciplinary technology that provides a more sustainable production of biodiesel
production. Thus, the difficulties presented by conventional catalysts (Table 10.1)
can be eliminated.

10.4.2 Biocatalysts in Biodiesel Production

The use of enzymes for the production of biodiesel has presented many advantages.
Among biocatalysts, the application of lipases is the class of enzymes most widely
used in organic synthesis, because it has excellent catalytic activity, high specificity,
and can catalyze different reactions.

Lipases (triacylglycerol acyl hydrolases-EC 3.1.1.3) are enzymes generated
through microorganisms (Table 10.2), animals and/or plants. (Christopher et al.
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Table 10.2 Different sources of lipase (Christopher et al. 2014)
Fungi Bacteria Yeasts

Alternaria brassicicola

Achromobacter lipolyticum

Candida deformans

Aspergillus niger

Aeromonas hydrophila

Candida parapsilosis

Candida antarctica

Bacillus subtilis

Candida rugose

Mucor miehei

Burkholderia glumae

Candida quercitrusa

Rhizomucor miehei

Chromobacterium viscosum

Pichia burtonii

Rhizopus chinensis

Pseudomonas aeruginosa

Pichia sivicola

Rhizopus oryzae

Pseudomonas cepacia

Pichia xylosa

Streptomyces exfoliates

Staphylococcus aureus

Saccharomyces lipolytica

Thermomyces lanuginosus

Staphylococcus carnosus

Geotrichum candidum
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2014; Filho et al. 2019). They belong to the class of hydrolases, capable of
hydrolyzing the insoluble triacylglycerols at the interface between the substrate
and the water. In addition to hydrolysis, they are capable of carrying out various
types of reactions, depending on the composition of the reaction system such as
esterification, transesterification, interesterification, alcoholysis and acidolysis
(Fig. 10.10). All of these processes will generate monoalkyl esters (biodiesel).
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Moreover, all co-products generated and obtained in all processes, in special glyc-
erol, are of high purity and quality.

Lipases could be classified as extracellular and intracellular. Extracellular cells
are obtained mainly from the purification of living products produced by microor-
ganisms. The main extracellular microorganisms are Mucor miehei, R. oryzae,
C. antarctica and P. cepacia (Fjerbaek et al. 2009; Norjannah et al. 2016). Intracel-
lular lipases are present within the cell or in the cell-producing wall. In most cases,
intracellular lipases are found in immobilized form.

The lipases possess different regioselectivity, specificity, and catalytic activity. In
terms of regioselectivity, lipases can be divided into four groups (Gog et al. 2012;
Guldhe et al. 2015):

1. Sn-1,3-specific: hydrolyze ester bonds at position sn-1 and sn-3;

2. Sn-2-specific: hydrolyze ester bond at position sn-2;

3. Fatty acid-specific: hydrolyze ester bonds of long-chain fatty acids with double
bonds in between C9 and C10;

4. Non-specific: hydrolyze ester bonds at any position.

Enzymatic transesterification gained strength in 1988 when researchers discov-
ered that the enzymes were tolerant to organic solvents (Zaks and Klibanov 1986).
The advances in the development of molecular biology of protein engineering in
1990, called “direct evolution”, have provided the production of biodiesel from
biocatalysts (Bornscheuer et al. 2012).

Since then, many studies have been carried out to apply transesterification
reaction, esterification, and combined processes (hydroesterification and two-steps)
aiming at increasing biodiesel production (Pourzolfaghar et al. 2016). The main
biocatalysts used in the transesterification reaction are non-specific lipases, such as
C. antarctica, C. rugosa, P. cepacia and P. fluorescens, which present high yields
above 99% conversion using a temperature of 30-50 ° C.

Several Sn-1,3 lipases have also shown to be efficient with yields higher than
theoretical efficiency (66%, maximum conversion) due to the acyl migration of
position due to the reaction system. This is because each lipase has different
specificity about its substrates (Norjannah et al. 2016).

Lipase catalyst transesterification follows ping—pong bi—bi mechanism. Ping—
pong bi-bi mechanism can be described as two substrates react to produce two
products through the formation of enzyme-substrate intermediates (Gog et al. 2012).

The literature proposed three kinetic pathways:

1. direct alcoholysis of glycerides (triglycerides, diglycerides and monoglycerides)
into alkyl esters;

2. two consecutive steps which consist of hydrolysis (conversion of glycerides into
free fatty acids) and followed by esterification (conversion of free fatty acids into
alkyl esters);

3. simultaneous reactions of both alcoholysis and hydrolysis followed by
esterification.
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Table 10.3 Comparison between free lipase versus immobilized lipase (Ranganathan et al. 2008;
Hanefeld et al. 2009; Sheldon and Van Pelt 2013)

Lipase
catalyst

Advantages

Disadvantages

Free lipase

More efficient catalytic activity

Inactivation of lipase by
alcohol

Highly selective

Unstable lipase with a small
change in the reaction
medium

High cost

Unable to recover

Immobilized
lipase

Better stability, especially towards organic sol-
vents and higher temperatures

High resistance to mass
transfer

High operational stability

Lower reaction rate

Co-immobilization with other enzymes is
possible

Centrifugation and filtration
required for the separation

Use of fixed bed or batch reactors without the
need of membrane to isolate enzyme from
product

Enzyme activity decreased
during the immobilization
process

Recycle

Reduced costs of downstream

processing

In addition, it is important to examine enzyme Kinetics, because they help in the
determination of the optimum reaction parameters, in special, studies involving
lipase type, lipase immobilization, solvent type, the effect of temperature, reactant
concentrations, and mass transfer limitations; which are very important to scaling-up
the process and to reactor design.

The use of immobilized lipase is more preferred than free lipase, as it reduces the
high cost of the biocatalyst, which is the biggest obstacle to the use of lipases.
Moreover, immobilized lipase promotes easy recovery and allows the reuse of the
enzyme. The advantages and disadvantages of each type of lipase are illustrated in
Table 10.3 (Ranganathan et al. 2008; Hanefeld et al. 2009; Sheldon and Van Pelt
2013).

On the other hand, enzyme immobilization can affect the enzyme activity,
specificity, and selectivity of the enzyme and also change its structural form.
These changes are not always beneficial. Someone can cause possible effects such
as temperature stability, solvents (alcohol) stabilization of the hyperactivated form of
the enzyme, dispersion of the enzyme on the support surface, and denaturation,
while others can lead to negative effects such as the inhibition of lipase.

The immobilization method and the support material are essential for good
immobilization. The most used methods for immobilization are adsorption, entrap-
ment, encapsulation, and crosslinking, new area of promising immobilization
methods are cross-linked enzyme aggregates (CLEAs) and protein-coated micro-
crystals (PCMCs), cross-linked PCMC (CLPCMC), magnetic particles carrier, and
electrospun nano-fibers (Hanefeld et al. 2009; Sheldon and Van Pelt 2013).
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The commercial immobilized lipase widely used to produce biodiesel by
transesterification is Novozym 435 (Candida antarctica) which is immobilized by
the method of adsorbed on a macroporous resin called Lewatit VP OC 1600.
According to the information given by the Novozymes Co. on their website, this
lipase produces biodiesel with above 97% (w/w) of monoalkyl esters (José et al.
2013).

Currently, Novozym 435 (Candida antarctica) is the commercial lipase that
surpasses the high cost of the biocatalyst, as it presents the best biodiesel production
yield when compared to other immobilized lipases. However, it is not tolerant to
high concentrations of methanol and water, which promotes its denaturation, a
negative effect that is easily contemporary because the biodiesel industry operates
observing the water levels and fractionally applying alcohol. Finally, the efficient
recycling of the biocatalyst and the control of final product composition promote a
better advantage to the commercial process.

10.4.3 Current Status: Biodiesel Plant in Brazil

Brazil is among the three largest biodiesel producers in the world. The production of
commercial biodiesel in Brazil started in 2005. Figure 10.11 shows the growing
production of biodiesel in Brazil until June 2020 with 58 production plants in the
country.

Biodiesel production in Brazil

7000000
6000000
5000000

4000000

3000000

2000000

1000000 I I
’ - N

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 June -
2020

Biodiesel m?

Year

Fig. 10.11 Brazil: Biodiesel Production. B100 years: 2005-2020 (m3). (Source: ANP (National
Agency of Petroleum Natural Gas and biofuels)—Data updated on July 23, 2020)
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Fig. 10.12 The Feedstocks that were used for the production of biodiesel in Brazil in the first half
of 2020. (Source: ANP (National Agency of Petroleum Natural Gas and biofuels)—Data updated
on July 23, 2020)

Most of the plants are located in the south and midwest of the country (Kuss et al.
2015). Binary mixtures of biodiesel and diesel petroleum oil are designated world-
wide by the BX nomenclature, where X is the percentage by volume of biodiesel
added to diesel oil. For example, B2, B5, B20 and B100 are fuels with a concentra-
tion of 2%, 5%, 20% and 100% biodiesel, respectively.

In 2008, the mixture of B2 became mandatory regulated by the ANP (National
Agency of Petroleum Natural Gas and biofuels). And an increase plan as stipulated
by the Brazilian Law “Lei 13.263” (Brazil 2016). The mix in 2020 is B11 and the
prospect is that in 2030 it will reach B100 since biodiesel is a strong ally against
climate change.

However, it is necessary to develop technology, 68% of the production uses
refined soybean oil as feedstock (Fig. 10.12). This characteristic limits a large part of
the Brazilian production potential, especially the productions that necessitate
low-quality feedstock, due to its high water content and free fatty acids (Suarez
et al. 2016).

Several Brazilian biodiesel plants operate using the conventional
transesterification route. Commercially, there are no plants in Brazil producing
biodiesel from biocatalysts. However, there are research groups that have concen-
trated efforts on the development of efficient biocatalysts for biodiesel production
using low-quality feedstocks, such as crude and residual oils, in addition to studies in
bioreactors to minimize costs with the enzyme.

10.4.4 Commercial Prospects

Biodiesel is the main biofuel used in the heavy transport sector. The increase in
Binary mixtures will stimulate demand for raw materials.

Brazil suffers from an idle capacity from a very promising market, which allows
replacing the use of diesel oil. A large part of this capacity is not used because
industries are unable to work with various feedstocks, especially low-quality ones. It
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occurs because industries use basic homogeneous transesterification and depend on
the demand for refined soy oil, which increases the cost of production (Dagosto et al.
2015).

Encarnagdo (2007) explained that with half of the animal fats, fatty acids, and
residual oils already possible to meet 80% (v/v) of the demand for biodiesel in Brazil
in addition to the environmental benefits that biodiesel presents as a reduction of
gases with a sponge effect and the recycling of residual oils.

10.4.5 Challenges

In the last 20 years, the objective of the chemical industry has been on implementing
sustainable processes, the use of biotechnology is essential in this progress.
Biocatalysts for biodiesel production have an advantage over other routes, which
are (a) the control of the final composition of the product, and (b) the co-product
(glycerin) with more high purity and, consequently, more economic value (Dagosto
et al. 2015).

However, the production cost of biocatalysts remains a significant challenge. The
development of research on immobilized enzymes and reactors will help to leverage
the production of biodiesel using biocatalysts, which present technological advan-
tages that point to a bright future.
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Enzymatic Saccharification Technologies <o
for Biofuel Production: Challenges

and Prospects
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Julie A. Maupin-Furlow, and Sivakumar Uthandi

Abstract Significant advancement has been made in biomass valorization, espe-
cially in the twenty-first century. Reasons for these advancements include population
growth, depletion in petroleum and fossil fuels, and growing demand for fuels, lignin
derivatives, and petrochemicals. The energy demand is increasing tremendously,
and today’s energy needs can be met by producing fuels and chemicals from
renewable feedstocks. Agricultural by-products and other lignocellulosic biomass
(LCB) are abundant feedstocks for this purpose. A plethora of biocatalysts are
available for biomass conversion, and the discovery of new and efficient enzymes
is ever increasing. The significant challenges faced in this area are bridging the
efficient utilization of biomass and developing enzyme cocktails with improved
saccharification efficiency in a cost-effective manner. Overcoming the inhibitors
generation during pretreatment, understanding biomass complexity, enhancing bio-
catalyst efficiency, optimizing saccharification, and reducing operating costs are
challenging needs. This chapter provides a comprehensive review of biomass
feedstocks, the enzymes available for the conversion and saccharification of these
renewable substrates, the challenges for optimized conversion, and the production of
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platform chemicals that can serve as substrates for generating other high-value
products.

Keywords Biomass conversion - Saccharification - Glycosyl hydrolases -
Thermozymes - Platform chemicals

11.1 Introduction

Most biorefineries rely upon the production of biogas, bioethanol, and/or biodiesel
from lignocellulosic biomass (LCB). Biogas fuel is generated by breaking down
biomass in anaerobic environments using methanogens and acidogenic microbes
that produce a biogas mixture of 40% carbon dioxide and 60% methane. Bioethanol
is a renewable and ecofriendly liquid fuel that is recovered from the fermentation of
sugars released from LCB pretreated with physical, chemical, or biological hydro-
lysis techniques. Biodiesel is produced by trans-esterification processes that employ
feedstocks such as oilseeds and can be used to replace fossil diesel (Nikkhah et al.
2020). Platform chemicals produced from LCB are also gaining attraction owing to
the dwindling supply of fossil reserves, fluctuating crude oil prices, and environ-
mental concerns. Whether the finished products are fuels or chemicals, LCB-based
bioconversion is of global interest to strengthen economies, minimize climate
change, conserve energy, and maximize food security (Limayem and Ricke 2012).
In the process of bioethanol production, the cost for LCB saccharification is still
extraordinarily high, owing to primarily the cost of cellulase to saccharify the
cellulose. The presently available industrial cellulases are not optimal for harsh
conditions and lack sufficient enzymes for complete hydrolysis. LCB-based
biorefineries opt for cellulases that possess temperature tolerance and wider range
of stability to pH, metal ions, and solvents. Additionally, the saccharification process
to achieve higher sugar recovery needs to be optimized. Hence, the present chapter
focuses on the biocatalysts, their suitability for enhancing the saccharification
process, and the issues and challenges about biomass conversion.

11.1.1 History of Feedstock

Historical transitions have occurred in the type of feedstock supplies used for
bioenergy production. Accordingly, the first-generation biofuel production plants
rely on edible food crops like grains, starchy, and sugar-rich feedstocks, and they are
competing with the food supply. The second-generation (2G) biofuel production
utilizes non-edible biomass such as energy crops and waste residues from forestry
and agricultural processes. Also, the LCBs abundant in nature are highly feasible for
use as a substrate in bioenergy. Second-generation biofuels might not affect food
security and the environment than first-generation biofuels. Thus, 2G biofuels crops
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could be grown on marginal lands without competing with the land used for food
industries. The third generation utilize algal sources such as microalgal (Cholera
vulgaris) and macroalgal (Ulva sp.) biomass as a major substitute for biofuel
production. The third-generation biofuels present the best possibility for alternative
fuels as they show a rich nutritional profile with high lipids and carbohydrates and
are easily cultivated in an aquatic environment. However, there are still some
limitations in making them economically feasible. The fourth-generation biofuels
are derived from genetically modified algae to enhance biofuel production (Raud
et al. 2019). However, the potential environmental and health-related risks such as
modified algal systems are yet to be studied.

11.1.2 Composition of Lignocellulosic Biomass

LCB remains a sustainable material for use as feedstock in biofuels and bioproducts.
LCB contains a carbohydrate fraction of cellulose and hemicelluloses and a
non-carbohydrate fraction of lignin, proteins, and extractives (Yoo et al. 2020).
Lignin is found at 15-40% of the LCB material. Lignin is a complex macromolecule
composed of monomeric units of para-coumaryl, coniferyl, and sinapyl alcohols that
are cross-linked via stable covalent bonds between the polysaccharides and lignin
polymer. This lignin-based cross-linked matrix complicates the degradation of
biomass using microorganisms (Dragone et al. 2020).

The lignocellulosic residues comprise an abundance of complex carbon compo-
nents derived from plant sources after harvesting or processing. Lignin forms the
protective layer for the hemicellulose and cellulose matrix. The cellulose polymer
consists of glucose units linked via p-1-4 glycosidic bonds and forms a linear
crystalline structure. Cellulose requires three types of enzymes for efficient degra-
dation, including (1) cellobiohydrolases (CBHs) to cleave the cellobiose from the
reducing and non-reducing ends of cellulose chains, (2) endo-f-glucanases to cleave
the glycosidic bonds, and iii) f-glucosidases for hydrolysis of the free cellobiose and
cellodextrin fractions; hemicellulose is located between the cellulose and lignin. It is
a complex polysaccharide mainly composed of arabinoxylan with branched
heteropolymers of b-glucose, b-galactose, b-mannose, and p-xylan. Xylan and lignin
are covalently bound together by cinnamic acids. Hydrolysis of the xylan component
of hemicellulose requires endoxylanases and accessory enzymes like f-xylosidases,
a-L-arabinofuranosidases, 4-O-methyl-D-glucuronidases, and acetyl xylan esterases
(Cintra et al. 2020). Lignin is the most recalcitrant molecule to degrade among the
LCB constituents, as it is a complex polymer of phenolic, amorphous, and hydro-
phobic nature due to its varied precursor components (Pereira et al. 2016).

Lignin acts as a physical barrier and hinders the conversion of biomass to biofuel.
It affects both the pretreatment and enzymatic hydrolysis process due to its resistant
nature and cross-linked networks. Thus, lignin has been targeted by various
pretreatment methods like alkaline, alcohol-based organosolv, ionic liquid
pretreatment, and biological methods such as enzymes and microbes (Yoo et al.
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2020). Ligninolytic enzymes are produced by certain fungi and bacterial strains in
large amounts. The efficient and beneficial characteristics of these strains are highly
preferable for biocatalyst development for biofuel production, biopulping, textile
industries, and platform chemicals (Gaur et al. 2018). The on-site enzyme produc-
tion and tailor-made enzyme cocktail formulation can be used to pretreat LCB
effectively. However, these added enzymes are of high-cost commodity due to the
production cost, including nutrient costs, operational and capital cost, formulation,
transport cost, and enzyme activity. Moreover, the performance of the enzyme is
another limitation that usually differs based on the lignocellulosic substrates
(Dragone et al. 2020).

11.2 Renewable Lignocellulosic Feedstocks

Agricultural residues (e.g., rice straw, sugarcane bagasse, corn stover, stalks, and
other secondary products), energy crops, forestry residues, and industrially
processed residues can be used as feedstocks for the production of biofuels and
chemicals (Raud et al. 2019). These plant-based feedstocks are sustainable and have
the potential to be generated under harsh conditions like saline, drought, and hot
climates. Sweet sorghum is a highly feasible lignocellulosic crop containing both
soluble and insoluble sugars to improve the sugar yield for further conversion to
biofuel. The sorghum biomass produces (1.26—1.80 t acre™") bioethanol compara-
tively higher than any other feedstocks (Dar et al. 2018). On the other hand, the
biomass from sugarcane, cassava, and plant seeds can also be used as renewable
feedstocks based on the availability of bioenergy production resources (Adewuyi
2020). Several crop wastes are also considered for biofuel production. The avail-
ability of banana peduncle is 1% compared to that of sugarcane. One in five parts of
sorghum is considered waste and has been employed for bioethanol using commer-
cial fermentation using yeast and biogas production (Pazmifio-Hernandez et al.
2019). Alternative biomass for biodiesel production includes plant-based oils (e.g.,
olive oil, rapeseed oil, and palm oil), waste cooking oil, and crude tall oil derived as a
by-product of pulping woody residues.

11.2.1 Industrial and Municipal Solid Waste

Industrial and municipal waste can be used for renewable fuels and chemical
production. Municipal wastes, including animal waste, rotten vegetables and fruits,
and tubers, have been used for bioethanol production (Adewuyi 2020). Paper mill
sludge (PMS) materials from paper and milling industries can also be used as
renewable feedstocks for biofuel production using feasible biological conversion
approaches. As the PMS materials are obtained from the woody biomass, an
increased amount of cellulose and other components like hemicelluloses and lignin
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with minimal quantity can be effectively utilized as a feedstock (Tawalbeh et al.
2021).

11.2.2 Macroalgal and Microalgal Sources

Macroalgae and microalgae are useful feedstocks with numerous beneficiary
bioproducts. Microalgal oil, seaweeds, and natural algae are large-scale and renew-
able feedstocks used for biofuel production. Algal varieties with high lipid content,
fast growth rate, reduced nutritional requirement, and biological traits amenable to
pretreatment methods that reduce production cost include Chlorella vulgaris and
mixed cultures like Chlorophyceae sp., Cyanophyceae sp., Euglenophyceae sp.,
Bacillariophyceae sp., and Nannochloropsis sp. (Japar et al. 2017;
Thirugnanasambantham et al. 2020). Industrial effluents, often a menace to the
environment, can also be useful resources for bioenergy production. The meat
processing industry is one such manufacturing unit where the effluent is often
organic rich and amenable for use as a bio-based feedstock for algal cultivation.
Techniques like thermal, physicochemical, and biochemical methods are preferred
for algal biomass conversion (Okoro et al. 2017). Macroalgae, such as Ulva sp.,
predominantly known as seaweeds, that has high sugars (at least 50%) can be used in
biofuel production (Margareta et al. 2020; Nagarajan et al. 2020). Microalgae pro-
duces several different kinds of renewable biofuel, such as (a) anaerobic digestion of
the algal biomass produces methane, (b) biodiesel from microalgal oil, and
(c) biohydrogen through photobiological mechanism (Rajkumar et al. 2014).

11.3 Challenges in Biomass Processing

Biorefinery process designs must consider multiple factors to ensure the system is
economically viable. Biomass processing requires optimized conditions like pH,
temperature, inoculum, agitation rate, biocatalyst, and the concentration of the final
product for efficient conversion. The nature and complexity of the biomass used as
feedstock can dictate the combination of pretreatment techniques needed to ensure
efficient bioconversion. These factors can lead to technical complications that could
render the system economically unprofitable. The utilization of waste resources,
while renewable and of limited impact on food security, can harbor undesired
variables as the biomass can be diverse and include drastic fluctuations in patho-
genic, organic, and moisture content (Okoro et al. 2017).
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11.3.1 Consideration of Pretreatment Versus Inhibitors
Generated

Pretreatment of biomass is an essential step for overcoming the recalcitrant nature of
lignocelluloses and enabling access to the sugars for fermentation. The degradation
products produced from pretreatment of lignocellulose depends on both the biomass
and the pretreatment conditions, including temperature, duration, pressure, pH,
redox conditions, and presence of catalysts (Klinke et al. 2004). Fermentation
inhibitors are generated as by-products during pretreatment that interferes with the
metabolism of microorganisms during bioconversion and further fermentation.
Short-chain aliphatic acids (formic acid, acetic acid, and levulinic acid) are reported
as inhibitors (Zhang et al. 2011a, 2016). The concentration and composition of
inhibitors generated depend on the raw materials and the pretreatment method
(Bellido et al. 2011). The choice of pretreatment often affects inhibitor formation.
Acid-based pretreatments often generate aliphatic carboxylic acids, phenolic com-
pounds, furans, and other related by-products. Likewise, hydrothermal processing
produces acetic acid and furan aldehydes. Mild alkaline pretreatments methods are
considered to be slow processes and may produce several acids and phenolic
compounds that can inhibit biocatalysis. Similarly, oxidative methods produce
aldonic and aldaric acids, furoic acid, phenolic acids, and acetic acid. Contrary to
these methods, ammonia fiber explosion produces inhibitors such as ferulic acid that
attack the biofuel process (Chundawat et al. 2010; Jonsson and Martin 2016;
Piotrowski et al. 2014).

During ethanol fermentation, acetic acid affects the growth of Saccharomyces
cerevisiae by a prolonged lag phase (Pampulha and Loureiro-Dias 2000; Zhang et al.
2011b). Similarly, several compounds of phenols, furans, ionic liquids, and other
types of inhibitors are generated during pretreatment when harsh processes are
employed. The presence of furan aldehydes in the fermentation media during ethanol
production can decrease the specific growth rate and ethanol yield. Inhibition
problems are increased due to the by-products accumulation during water
recirculation and the high solid loads that are used to obtain more amount of sugar
(Jonsson and Martin 2016).

The inhibitors generated after pretreatment include dehydrated sugar monomers
(furans), degraded lignin polymers (phenols), and small organic acids). The major
degradation products of glucose and xylose are 5-(hydroxymethyl)-2-furaldehyde
(5-HMF) and furan-2-carbaldehyde (furfural), respectively (Damido Xavier et al.
2018; Rasmussen et al. 2014). 5-HMF may result from the dehydration of hexoses
and furfural, resulting from the dehydration of pentoses during pretreatment. Pre-
treatments involving high temperatures and high acid concentrations for lignin
removal result in undesirable compounds such as furans (Kabel et al. 2007). It was
observed that there was a significant decrease in ethanol yield and productivity due
to the synergistic combination of acetic acid, furfural, and lignin derivatives than due
to the combined inhibition of individual compounds (Nigam 2001). In ethanol
fermentations, furfural is more toxic than HMF, promoting the inhibition of enzymes
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acting on carbon catalysis, including acetaldehyde dehydrogenase, alcohol dehydro-
genase, aldehyde dehydrogenase, glyceraldehyde 3-phosphate dehydrogenase, and
pyruvate dehydrogenase (Guo et al. 2008).

The phenolic compounds generation depends on the molecular weight, polarity,
and side-chain characteristics of the lignin structure and pretreatment method
applied. Phenolic compounds inhibit cellulases and increase the pretreatment sever-
ity with liquid hot water, resulting in the solubilization of phenolic compounds
(Michelin et al. 2016; Ximenes et al. 2011). Phenolic compounds affect the integrity
in biological membranes, cell growth, ability of cell membrane to serve as barriers
and enzymatic matrices, decrease the cellular assimilation of sugars, and inhibit
protein synthesis. Low-molecular-weight phenolics or salts are more toxic by pen-
etrating the cell membranes, whereas fermentation inhibitors with high molecular
weight affect the transporters of sugar and ion (Kang et al. 2012; Klinke et al. 2004).

11.3.2 Lignin Complexity

Lignin in LCB acts as solid adhesive to cellulose and hemicellulose and contributes
for the compactness and integrity of the structure. Lignin contains diverse phenolic
acids such as p-coumaryl, coniferyl, guaiacyl, syringyl, and sinapyl, which is one of
the dominant compounds that can release various inhibitory by-products during the
pretreatment (Kim 2018). Pretreatment is the primary step in producing biofuel
production from LCB, followed by saccharification or hydrolysis of the biomass.
The removal of lignin enables efficient access to the cellulosic biomass for enzy-
matic hydrolysis. The saccharification process is the rate-limiting process since the
utilization of all sugar in the biomass is vital to achieve the maximum end product.
The high bulk lignin content in softwood might be responsible for strong inhibitory
effect. Removing bulk lignin can improve enzymatic hydrolysis (Yoo et al. 2020).
The inhibitory role of lignin on enzymatic hydrolysis revealed that the type of lignin
and molecular weight influenced the inhibition. Similarly, kraft pine lignin precip-
itated on the cellulose surface, preventing it from contacting with the enzyme. The
low-molecular-weight lignin could bind enzyme non-productively, and when the
molecular weight increased, the steric repulsion was caused by lignin deposition on
cellulose. The lignin structural features like functional groups and syringyl/guaiacyl
ratio affected the behaviors of lignin in enzymatic hydrolysis. The high aliphatic
hydroxyl groups and low carboxylic groups lead to high surface hydrophobicity,
increasing the adsorption between lignin and enzyme. In addition, substrate reactiv-
ity is also an essential factor that affects enzymatic hydrolysis (Li and Zheng 2017).
The extent of lignin inhibition on enzymatic hydrolysis is closely related to how
lignin undergoes non-productive binding and physical blocking of the enzyme
biocatalyst (Kumar et al. 2012; Li and Zheng 2017). It has been shown that the
bulk lignin can be more inhibitory than the extractable lignin owing to differences in
the physicochemical properties and condensed subunit content of these lignin
fractions. Milled wood lignin possess a higher enzyme adsorption capacity, leading
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to the stronger inhibitory effects of residual lignin during enzymatic hydrolysis, as
compared to extractable lignin. Milled wood lignin from softwood exhibits a
stronger inhibitory effect on enzymatic hydrolysis of Avicel than pretreated
sweetgum (Lai et al. 2015, 2017).

Of the several pretreatment strategies, biological-based methods are promising, as
they minimize inhibitor formation, consume less energy, and are eco-friendly. A
combination of more than one pretreatment method is also found to enhance
delignification efficiency (Wang et al. 2012). Recently, coupling hydrodynamic
cavitation with laccase was successful in LCB pretreatment (Thangavelu et al.
2018). The cavitation effect of degrading lignin moieties generates highly reactive
radicals (-H and -OH) (Davis et al. 2016). In this hydrodynamic cavitation reactor
(HCR)—laccase process, phenoxy radicals are released, eliminating recalcitrant
portions of LCB and improving delignification. Coupling a multi-copper oxidase
(LccH) from the hyper laccase-producing fungus Hexagonia hirta MSF2 in a HCR
was also found to be successful for delignification of corn cob and wood biomass
(Kandasamy et al. 2016).

11.3.3 Economics of Enzyme Production

Enzyme production is the most costly process in converting LCB to bioethanol,
which covers about 40% of the total cost of the conversion process (Du et al. 2010)
(Kabel et al. 2007). Finding cheaper methods of producing cellulase and
hemicellulase fractions to use as substrates is another challenge for meeting the
economics of biofuel production. Improved means of enzyme production and
commercially economic enzyme on a large scale are some of the most pressing
needs of the industry. Discovering new thermostable enzymes and optimizing
methods to produce enzymes from natural polymers through solid-state fermentation
(SSF) is envisioned as cost cutting and efficient bioconversion approaches. While
doing so, the simultaneous saccharification and enzymes of cellulase and
hemicellulase productions are gaining momentum. In this regard, a thermotolerant
enzyme cocktail that includes a novel GH family 13 enzymes from the thermophilic
fungi Chaetomium thermophilum EDWF1 has registered endoglucanase (EGL)
activity of 484.10 TU.mL ' under SSF along with xylanase activity (Saranya 2017).

11.3.4 Biomass Size, Complexity, and Utilization Factors

Enzymatic saccharification of LCB is affected by various inhibitors that limit
enzyme activity. In order to attain effective conversion of cellulosic substrates, the
factors negatively affecting saccharification productivity must be overcome (Su et al.
2017). The main factors influencing enzymatic hydrolysis are the type of substrate
and enzyme-related factors. In general, the two main chemical and physical
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parameters that affect substrate saccharification using cellulases are (1) the cellulose
crystallinity and its degree of polymerization and (2) the complexity of the lignin-
cellulose structure that acts as a physical barrier that blocks the enzymes from
reaching the cellulose (Cateto et al. 2011; Fockink et al. 2016; Zhang and Lynd
2004). The lignin and hemicellulose content, the particle size, and the accessible
surface area of the substrate also affect the saccharification efficiency.

Furthermore, cellulase-mediated hydrolysis includes three major steps: (1) cellu-
lase adsorption to substrate surface, (2) fermentable sugar production, and (3) desorp-
tion of the cellulase. However, the substrate content, enzyme level, and reaction
condition influence the above steps. The biomass particle sizes influencing the sugar
recovery were studied using biomass with different sizes from 0.5 to 2.5 cm. The
particle size of 1.0 and 0.5 cm gave 99.6% glucan and 67% xylan recovery, while the
particle size of 2.5 cm yielded the maximum sugar conversion (100% for glucan and
83% for xylan). With the particle size increase, the surface area of pretreated biomass
significantly increased with a decreased crystallinity index of pretreated biomass
resulting in maximum hydrolysis and sugar conversion. The large particle size of
corn stover biomass also helped in better mixing during steam explosion
pretreatment (Liu et al. 2013). Therefore, conditions including the size of the
biomass must be optimized to achieve maximal sugar recovery.

11.3.5 Product Inhibition During Saccharification

Metal ions are reported to act as potentiators or inhibitors of the enzymatic sacchar-
ification of LCB. Metal ions that potentiate or inhibit cellulases and hemicellulase
activity include Co?, Mg2+, Fe?*, Fe**, Mn*, Ni%*, Cu?*, Hg2+, Zn%*, Ca®*, Na*,
and K* (Mandels and Reese 1965). Metal ions association with the enzyme catalyst
alters enzyme activity and the formation of various complexes. The ions interact
with the carboxyl and amino groups and affect the enzyme structure (Pereira et al.
2016). Metal ions formed during the acidic processing of biomass may corrode
equipment and release metal ions, such as copper, nickel, chromium, and iron, and
can be inhibitory to fermenting microorganisms(Watson et al. 1984). Other cations,
viz., Na, Ca, and Mg, may result from the chemicals used in pretreatment or pH
adjustment (Jonsson and Martin 2016). Biofuel end products themselves are inhib-
itory. Ethanol and isobutanol produced during saccharification can act as
end-product inhibitors that reduce enzyme activity. Implementing ethanol-tolerant
microbes for fermentation can address this latter issue.
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11.4 Biomass Hydrolyzing Enzymes

Biomass hydrolyzing enzymes require synergistic action of many enzymes, and
there are different classes of enzyme with unique functionality. The complexity of
biomass varies enormously, and the enzymes for its hydrolysis also vary consider-
ably. Plants have unique cell walls composed of (1) middle lamella, (2) primary cell
wall, and (3) secondary cell wall structures. In general, the plant cell wall compo-
sition, including lignin content, varies among monocots, dicots, softwood, and
hardwood (Rytioja et al. 2014; Vogel 2008). The major polysaccharides of the
plant cell walls are cellulose, hemicellulose, and pectin, and its complexion with
lignin makes the plant cell wall recalcitrant. The depolymerization of LCB requires
the synergistic action of numerous oxidative, hydrolytic, and non-hydrolytic
enzymes (Sistakameshwar and Qin 2018). According to the CAZy database, plant
biomass polysaccharide-degrading enzymes and their subunits can be divided into
six major families: (1) glycoside hydrolases (GHs), (2) glycosyl transferases (GTs),
(3) polysaccharide lyases (PLs), (4) carbohydrate esterases (CEs), (5) carbohydrate-
binding modules (CBMs), and (6) auxiliary activities (AAs) based on structural or
sequence similarities (Lombard et al. 2014).

The group of enzymes involved in cellulose hydrolysis are classified into cellu-
lases, hemicellulases, lignin-modifying enzymes, and non-hydrolytic proteins. In
general, redox enzymes catalyze the auxiliary activities (AAs) that can assist and
work simultaneously with other GHs to saccharify LCB. Cellulose decomposition
was thought to be mediated primarily through the hydrolytic action of cellulases.
Later, polysaccharide degradation was discovered to be mediated by oxidative
reactions catalyzed by CBM33s (chitin-binding proteins in bacteria) and GH61s
(EGs in fungi) (Vaaje-Kolstad et al. 2010). These are called lytic polysaccharide
monooxygenases (LPMOs) and are reclassified as AA families 10 and 9, respec-
tively, in the CAZy database (Levasseur et al. 2013).

The non-hydrolytic proteins that take part in the amorphogenesis of cellulose
include swollenin (SWO1), which resembles plant expansins can degrade crystalline
cellulose. Trichoderma reesei, SWO1s possess close amino acid sequence similarity
to the plant expansins (Arantes and Saddler 2010; Gourlay et al. 2012). Similar to the
expansins, SWOI1s with no catalytic activity appear to disrupt the structure of
cellulose microfibers, possibly by breaking hydrogen bonds (Saloheimo et al.
2002). SWOI synergistically enhances endoxylanase and then endoglucanase or
cellobiohydrolase activities during enzymatic hydrolysis of pretreated corn stover
(Gourlay et al. 2013). The proposed mode of action of SWOI is that the protein
renders the xylan portion of LCB more accessible for degradation by xylanases and
thereby indirectly promotes the action of cellulases. The two proteins CIP1 and CIP2
(cellulose-induced protein), which are induced along with most of the cellulases
(Brown et al. 2003), are shown to be essential to degrade lignocellulose efficiently
(Banerjee et al. 2010). CIP1 has synergistic activity with swollenins, while CIP2
cleaves hemicellulose-lignin cross links. CIP1 consists of a GH family 1 CBM
connected via a linker region to a domain with yet unknown function. Though
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CIP1 lacks lyase activity, it shows structural similarities with lyases (Jacobson et al.
2013). CIP2 is a glucuronoyl esterase of the carbohydrate esterase family 15. The
glucuronoyl esterase could separate the lignin from hemicelluloses by hydrolysis of
the ester bond between 4-O-methyl-D-glucuronic acid moieties of glucuronoxylans
and aromatic alcohols of lignin (Pokkuluri et al. 2011). Expansins cell wall loosen-
ing action weakens the lignocellulose structure and enhances cellulose hydrolysis by
cellulases (Baker et al. 2000).

11.5 Glycosyl Hydrolases (GHs)
11.5.1 Cellulases

The discovery of T. reesei (then T. viride) for its astonishing extracellular cellulases
producing potential is exploited by many industries. Predominant biorefineries use
T. reesei enzymes to saccharify lignocellulose from renewable plant biomass in
order to produce bio-based fuels and chemicals (Bischof et al. 2016). Among 14,000
molds screened for cellulase, Trichoderma sp. QM6a was found to display the ability
to degrade native crystalline cellulose. This strain was regarded as the 7. reesei
reference strain, and most of the mutants used in industry today have been derived
from this strain. Subsequently, a 20-fold increase in the extracellular protein pro-
duced by the original strain QM6a was achieved through mutagenesis, which opened
its industrial applicability (Bischof et al. 2016). By the end of the 1990s, Hypocrea
Jjecorina, the sexual form of T. reesei, was discovered. Since then, numerous
cellulolytic microorganisms have been discovered, and their cellulases have been
characterized.

Cellulolytic microorganisms have developed two major cellulase strategies:
discrete non-complexed cellulases and complexed cellulases (Lynd et al. 2002;
Zhang and Lynd 2004) (Fig. 11.1). Most aerobic cellulolytic microorganisms
degrade cellulose by secreting a set of individual cellulases, which possess a CBM
linked N-terminus or C-terminus to the catalytic module. In contrast, most anaerobic
microorganisms produce large (> one million Da molecular mass) multienzyme
complexes, called cellulosomes, which are attached to the cell surface of the
microorganisms (Bayer et al. 2004). Only a few of the enzymes in cellulosomes
contain a CBM, but most of them are attached to the scaffolding protein that contains
a CBM. Certain anaerobic bacteria produce both cellulosomes and free cellulases.

The whole process of cellulose bioconversion to glucose occurs in two steps. The
first step is catalyzed by exoglucanases and endoglucanases that reduce the degree of
polymerization in the liquefaction stage, releasing cellobiose; the second step is
performed by fB-glucosidase that cleaves cellobiose to glucose. Synergism has been
observed between endo- and exo-f-glucanases as well as among exo-f-glucanases
that act from the reducing and non-reducing ends. Four different types of synergism
exist among these enzymes as proposed by Teeri (1997): (1) endo—exo synergy
between endoglucanases and exoglucanases, (2) exo—exo synergy between
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Fig. 11.1 Schematic portrayal showing enzymatic depolymerization of cellulose and hemicellu-
lose. CBH I & II hydrolyze the cellulase chain from the non-reducing end (NR) and the reducing
ends (R) of the cellulose chain, respectively, liberating glucose or cellobiose. EG hydrolyze the
cellulose chain randomly in the amorphous region of the cellulose. fG acts on the cellobiose to
produce glucose units. Hemicellulose is a branched polymer consisting of many different sugars.
The complete hydrolysis of hemicellulose requires the concerted action of many enzymes. The
enzymes that participate in xylan biomass hydrolysis include endo-1,4-pB-xylanase (EX),
exo-1,4-B-xylosidase or p-xylosidase (XS), f-mannanases (PMan), f-mannosidase (fMS), a-D-
galactosidase (aGal), a-L-arabinofuranosidase (AF), a-D-glucuronidase (AG), acetyl xylan esterase
(AXE), ferulic acid esterase (FAE), para-coumaroyl esterase (CAE), and acetyl mannan esterase
(AME); BG also act on glucose and mannose linked units to liberate free sugars. CBH
cellobiohydrolase, EG endoglucanase, fG B-glucosidase, Glc glucose, CB cellobiose, Man mannan,
Gal galactose, Xyl xylose, Ara arabinose, EL ester linkage, CA para-coumaric acid, FA ferulic acid,
GA glucuronic acid. Red arrows represent the enzyme action on glycosidic bonds or ester linkages
present in the biomass component

reducing-end exoglucanases and non-reducing-end exoglucanases, (3) synergy
between exoglucanases and B-glucosidase, and (4) intramolecular synergy between
CBMs and catalytic modules. The CBMs aid in disrupting the cellulose fibers as well
as helping the cellulases bind to the cellulose (Zhang and Zhang 2013).

Cellulases of bacteria are ideal compared to the fungal enzymes owing to the fast
multiplication, various genetic diversity, and ease of genetic manipulation (Chandel
et al. 2010). Many bacteria produce endoglucanases that can hydrolyze amorphous
celluloses viz. carboxymethyl cellulose (CMC) but can be limited in the efficient
hydrolysis of crystalline cellulose (Wilson 2011). Only few Bacillus spp. produce
microcrystalline cellulose (Avicel)-degrading endoglucanases (Han et al. 1995).
Furthermore, thermotolerant bacteria identified to synthesize cellulases with
B-glucosidase activity can overcome the rate-limiting steps of the saccharification
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process leading to increased glucose yield (Bhalla et al. 2013). However, successful
biomass hydrolysis and synergistic action of cellulase rely mainly on an optimum
pretreatment process.

11.5.2 Endoglucanase, Exoglucanase, and f-Glucosidase

Endoglucanase, 1,4-p-D-glucan-4-glucanohydrolase, or carboxymethylcellulases
(CMCases) (EC 3.2.1.4) are found to cut randomly at the -1,4-bonds of cellulose
chains, generating new ends. EGLs hydrolyze cellulose at the amorphous regions
and produce accessible free chain ends for the further action of CBH (Fig. 11.1). In
general, fungal EGLs possess a catalytic module with or without a CBM, while
bacterial EGLs may have multiple catalytic modules, CBMs, and other modules with
unknown functions. The catalytic modules of most EGLs possess a cleft/grove-
shaped active site, which allows the endoglucanases to bind and cleave the cellulose
chain that generates glucose, soluble cellodextrins, or insoluble cellulose fragments.
Certain EGLs act “processively,” to hydrolyze crystalline cellulose and produce the
major products as cellobiose or longer cellodextrins (Cohen et al. 2005; Medve et al.
1998).

Exoglucanases, 1,4-p-D-glucan glucohydrolases (EC. 3.2.1.74), or CBHs acts on
the reducing or non-reducing ends of cellulose chains, releasing either cellobiose or
glucose as major products. CBHs join with the ends of cellulose microfibrils and
then processively slide down the strands and cleave off cellobiose. The processive
nature of CBHs is mediated by tunnel-like active sites, which can only accept a
substrate chain via its terminal regions. These exo-acting CBH enzymes function by
threading the cellulose chain through the tunnel, removing cellobiose units in a
sequential manner (KuraSin and Viljamde 2011; Yeoman et al. 2010). The CBHs
also act on swollen, partly degraded amorphous substrates and cellodextrins but do
not hydrolyze soluble derivatives of cellulose like carboxymethyl cellulose and
hydroxyethyl cellulose (Sajith et al. 2016).

B-Glucosidase is also called as cellobiase (EC 3.2.1.21) that completes the
process of cellulose hydrolysis by cleaving cellobiose and removing glucose from
the non-reducing end of oligosaccharides. The f-glucosidases hydrolyze
B-glucosidic linkages present in disaccharides, oligosaccharides, or conjugated glu-
cosides. Based on substrate specificity, f-glucosidases are divided into three groups:
aryl-p-glucosidases,  cellobiases, and  broad-specificity  p-glucosidases.
Aryl-p-glucosidases prefer hydrolysis of aryl-B-glucosides, whereas cellobiases
only hydrolyze cello-oligosaccharides and cellobiose. Broad-specificity
B-glucosidases show significant activity on both substrate types and represent the
most commonly observed group in cellulolytic microbes (Bhatia et al. 2002).
B-Glucosidase is the rate-limiting enzyme because it hydrolyzes the final step of
lignocellulose breakdown in which cellobiose and short cellodextrins are converted
into glucose.
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11.5.3 Hemicellulases

Hemicellulose is complex and heterogeneous, and the complete hydrolysis of
hemicellulose requires the interactive action of several hydrolytic enzymes (Beg
et al. 2001). In hemicelluloses, xylanase is involved in the enzymatic hydrolysis of
xylan. Based on the mode of action on the substrate, endo-1,4-B-xylanase or
endoxylanases (EC 3.2.1.8) and exo-1,4-p-xylosidase or p-xylosidase or xylobiase
(EC 3.2.1.37) hydrolyze the hemicellulose. The xylan hydrolysis demands the use of
endo-f-1,4-xylanases, acting randomly on the internal bond of xylan to release a
diverse range of products, such as xylobiose, xylotriose, xylotetraose, and longer
and/or branched xylooligomers (Collins et al. 2005). Reducing-end xylose-releasing
exooligoxylanases are called Rexs (EC 3.2.1.156). Rexs hydrolyze the xylan back-
bone or xylo-oligosaccharide (XOS) from the reducing end producing short XOSs
and xylose (Malgas et al. 2019). p-xylosidase hydrolyzes the non-reducing ends of
xylose chains, xylobiose, and xylo-oligomers to release xylose but do not hydrolyze
xylan (Huy et al. 2015; Knob et al. 2010; Yan et al. 2008). Several supplementary
enzymes, such as o-L-arabinofuranosidase (EC 3.2.1.55), a-D-glucuronidase
(EC 3.2.1.139), a-D-galactosidase (EC 3.2.1.22), acetyl xylan esterase
(EC 3.1.1.72), and feruloyl esterase (EC 3.1.1.73), participate in xylan biomass
hydrolysis (Fig. 11.1).

Hemicellulose in softwood has mannan as the major component. Mannan is
primarily composed of mannose residues. This polysaccharide is known as
glucomannan when combined with glucose residues, galactomannan when com-
bined with galactose, and galactoglucomannan with all three sugar units are present.
-mannanases or endo-f-1,4-mannanase (EC 3.2.1.78) hydrolyze mannan linkages
via cleaving -1,4 bonds and producing new reducing and non-reducing ends. Most
of the f-mannanases are active on oligosaccharides containing three or four mono-
mers. P-mannanases hydrolyze mannan with the help of p-mannosidase or
exo-f-1,4-mannosidases (EC 3.2.1.25) and produce the terminal, non-reducing
B-D-mannose residues. p-glucosidases can cleave the bond between one mannose
and one glucose residue during glucomannan degradation. In softwood,
endomannanases also catalyze internal linkages in mannan chains, constituting
galactoglucomannans and glucomannans (Andlar et al. 2018). Acetyl mannan ester-
ase (AME) (EC 3.1.1.6) plays a key role in removing side-chain acetyl substituents
attached at various points on the mannan structure.

Generally, debranching enzymes can remove side groups linked to the main chain
of the polysaccharides or oligomers. a-L-arabinofuranosidases cleaves arabinose
residues from arabinan, arabinoxylan, or pectin. This activity facilitates the
debranching and degradation of xylan and disrupts the lignin-carbohydrate complex.
Similalry, a-glucuronidases catalyze the release of glucuronic acid or 4-O-
methylglucuronic acid from xylan, showing a synergistic effect with endoxylanases.
a-D-Galactosidases are involved in the cleavage of terminal a-1,6-linked galactose
residues of galactomannans, galactoglucomannans, and oligosaccharides (Ademark
et al. 2001; Lei et al. 2016).
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Carbohydrate esterases act synergistically for efficient hemicellulose degradation.
These accessorial enzymes are acetyl xylan esterase (AXE) (EC 3.1.1.72), feruloyl
esterase (FAE) (EC 3.1.1.73), para-coumaroyl esterase (CAE) (EC 3.1.1.B10),
exo-acting a-L-arabinofuranosidase (EC 3.2.1.55), endo-acting arabinofuranosidase
(EC 3.2.1.99), xylan a-1,2-glucuronosidase (EC 3.2.1.131), and a-glucuronidase
(EC 3.2.1.139). The esterases are considered as hemicellulases since they hydrolyze
the ester bonds between hemicellulose and other components (Andlar et al. 2018;
Malgas and Pletschke 2019; Zhang et al. 2011b). AXEs are involved in the liberation
of acetic acid from acetylated polysaccharides by hydrolysis of ester bonds, thereby
the main chain is accessible to GHs. FAEs cleave ester bonds between a hydroxyl-
cinnamate and acetyl xylan, liberating phenolic acids including ferulic acid or p-
coumaric acid (Wong et al. 2013). Glucuronoyl esterases (EC3.1.1.B11) cleave ester
bonds between lignin-aliphatic alcohols and the 4-O-methyl-p-glucuronic acid sub-
stituents of glucuronoxylans (Arnling Baath et al. 2016). Ferulic and para-coumaric
acid esterases hydrolyze ester bonds between hydroxycinnamic acids and sugars and
release ferulic acid and para-coumaric acid from these polymers. a-Glucuronidase
catalyzes the hydrolysis of xylan into glucuronic acid or 4-O-methyl-glucuronic
acid. The action of esterases can enhance the accessibility of the cellulose fibers and
be used to produce bioactive chemicals and biofuels (Polizeli et al. 2005). Pectinases
(EC 3.2.1.15) depolymerize (hydrolases and lyases) and deesterify (esterases) pectic
substances present in the plant cell wall.

11.6 Thermophilic Biocatalysts Hydrolyzing Plant Biomass

The industrial conversion of LCB necessitates a pretreatment step that facilitates the
subsequent enzymatic saccharification. This step is often characterized by a combi-
nation of extremely harsh conditions (high temperatures, pressures, and pH).
Thermozymes are enzymes that works under high temperatures. These highly stable
enzymes offer advantages during pretreatment steps to minimize the cost and
complication of varying process conditions, including enzymatic hydrolysis steps.
Of the extremozymes, polyextremophilic enzymes simultaneously withstand a com-
bination of more than one harsh condition such as high temperature and pressure
(thermopiezophilic), low temperature and high pressure (psychropiezophilic), or
high temperature and low pH (thermoacidophilic). These enzymes allow saccharifi-
cation at higher temperatures, shortens the reaction time, and avoids contamination
(Guerriero et al. 2015).

Physical, chemical, and biological pretreatment processes can be customized
based on the nature of the LCB. Laccases, also called green catalysts, hold a critical
role in biological pretreatment processes and provide flexibility to the pretreatment
process when these enzymes are expressed at high levels in a stable form. One such
example is the laccase of the halophilic archaeon Haloferax volcanii (LccA). LecA is
secreted at high levels into the culture supernatant of H. volcanii US02 with peak
laccase activity detected at the stationary phase, thus, finding application in
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biorefineries. LccA is tolerant to high salt, mixed organosolvents, and high temper-
atures, with a half-life of inactivation at 50 °C of 1.3 days (Uthandi et al. 2010, 2012;
Hepowit et al. 2012). A hyper laccase-producing white-rot fungus, Hexagonia hirta
MSF2 (1944.44 U.mL "), is also found to hold promise in pretreatment strategies as
it delignifies wood and corncob biomass to a level of 28.6 and 16.5%, respectively
(Kandasamy et al. 2016). HCR coupled with H. hirta laccase pretreatment shows
47% delignification efficiency in corn cob in 1 h (Thangavelu et al. 2018). As
inhibitors are typically not generated using biological pretreatments, robust enzymes
are needed to develop economic and efficient LCB bioconversion processes. Xylitol
was produced from the pretreated corncob biomass (Ariyan and Uthandi 2019;
Yamunasri et al. 2021).

Thermophilic bacteria are bioprospected for LCB-modifying enzymes. Bacillus
spp. including Bacillus tequilensis, Bacillus subtilis, and Bacillus licheniformis were
isolated for this purpose by in situ enrichment methods from the hot springs of
Manikaran (~95 °C), Kalath (~50 °C), and Vasist (~65 °C), The Himalayas, India
(Thangappan et al. 2017). Cellulases and xylanases identified by this approach are
found tolerant of temperatures up to 80 °C and pH 7. The identified endoglucanases
also exhibit high-level activity in the presence of calcium and potassium ions
(Thankappan et al. 2018). Under submerged conditions, the thermophilic bacterium
B. aerius CMCPS]1, isolated from paddy straw compost, showed maximum activity
of FPAse of 4.36 IU mL~" and endoglucanase of 2.98 TU mL ™" at 44 h (Ganesan
et al. 2020). The GHs encoding genes from thermophilic fungi engineered in a
suitable yeast-based vector system are also a feasible technology for the optimal and
sustainable production of GHs from thermophilic fungi. While bioprospecting
endophytes for biomass conversion, perennial grasses are also unique sources of
GHs. Endophytes from a C4 perennial grass Neyraudia reynaudiana L viz., Bacillus
tequilensis BTS and Alcaligenes faecalis B12, show FPAase, B-glucosidase, and
xylanase activities (Vegnesh et al. 2019).

11.7 Accelerated Saccharification

Multifunctional cellulases are showing high-temperature tolerance, work at harsh
conditions, and accelerate saccharification (Bhalla et al. 2013). The cellulase with
high catalytic efficiency would reduce the viscosity of the medium and simulta-
neously increasing the diffusion of simple sugars from complex polysaccharides.
Thus, screening diverse cellulases suitable for industrial requirements is an impor-
tant goal (Krahe et al. 1996; Mozhaev 1993).

Multi-functional cellulases of the Bacillus subtilis CMCPS]1 recorded a sacchar-
ification efficiency of 55% at 50 °C and pH 5.0 (Ganesan et al. 2020). Similarly,
thermophilic fungi are more efficient than bacteria, as they produce good yields of
GHs. However, the maintenance of thermophilic fungi under laboratory conditions
is challenging (Saranya and Uthandi 2017). The thermophilic fungus Chaetomium
thermophilum EDWF1 was isolated from elephant dung and produces
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thermotolerant and alkali-tolerant cellulases, endoglucanases, and beta-glucosi-
dase (Saranya and Uthandi 2017).

A novel one-pot enzyme technology that comprises laccase, cellulase, and
B-glucosidase have been co-immobilized to facilitate bioethanol production from
Typha angustifolia, Arundo donax, Saccharum arundinaceum, and Ipomoea carnea.
The co-immobilized enzyme system is more stable at different temperatures com-
pared to free enzymes. Enzymatic saccharification of S. arundinaceum recorded the
highest reducing sugar of 205 mg/g and the highest bioethanol yield of 63% with
L. carnea among the LCB (Sankar et al. 2018).

The enzymes involved in cellulose degradation are not produced at an optimal
level in a single microbe, and cellulases from a single organism may not be
hydrolyzing different feedstocks. The enzyme-producing firms make cocktails of
cellulase by enzyme assembly (multienzyme mixtures) or use of engineered micro-
organisms to express the desired combination of enzymes. Enzyme cocktails are also
often produced from the co-fermentation of several microorganisms. The most
productive major source of cellulases comes from the filamentous fungi and mutant
strains of Trichoderma (T. viride, T. reesei, and T. longibrachiatum). The two
leading companies that supply commercial cellulases are Novozymes and Genencor,
supported by the US Department of Energy. Genencor has launched four new
blends: Accelerase®1500, Accelerase®XP, Accelerase®XC, and Accelerase®BG.
Each of these enzyme blends includes two or more enzymes. Accelerase™1500
includes exoglucanase, endoglucanase, hemicellulase, and f-glucosidase.
Accelerase®XP improves both xylan and glucan conversion. Accelerase®XC com-
prises of hemicellulase and cellulase activities. Accellerase®Duet has exoglucanase,
endoglucanase, f3-glucosidase, and xylanase enzymes and can hydrolyze LCB into
fermentable monosaccharides such as glucose and xylose (Genencos 2010). In
contrast, Accelerase®BG includes only p-glucosidase enzyme designed as an acces-
sory product to supplement whole cellulases deficient in beta-glucosidase.

Similarly, Cellic CTec in combination with Cellic HTec produced by Novozymes
can be helpful for the conversion of the carbohydrates in biomass materials into
simple sugars using a wide variety of pretreated feedstocks, such as sugarcane
bagasse, corn cob, corn fiber, and wood pulp. Most of the commercial cellulases
are optimally active at 50 °C and pH of 4.0-5.0. Similarly, enzyme mixtures
produced Biocellulase A and Cellulase AP 30K produced by Quest Intl. (Sarasota,
FI) and Amano Enzyme Inc., respectively can work at higher temperatures from
50 to 60 °C (Verardi et al. 2012).

11.8 Conclusion and Perspective

Many times, the combination of more than one pretreatment method is helpful in
effective delignification and deconstruction, resulting in maximal saccharification
efficiency. Regardless of the pretreatment method, it should aim for the recovery of
monomers without the generation of inhibitors. Another approach for effective and



314 P. Ramachandran et al.

economical conversion of biomass is to find suitable multi-functional thermophilic
GHs. Applications of GHs in biorefineries to produce sugars and concomitant
fermentation products can be accelerated by using enzyme that possess multi-
stability of pH, temperature, metal ions, and organic solvents. Therefore, methods
to enhance saccharification efficiency are urgently needed and may be solved by
staggered enzyme loading, assembly of enzyme cocktails, and optimizing the con-
ditions of monosaccharide generation. Additionally, candidate microbial strains that
produce multi-functional GHs should possess cellulase activity in the presence of
hydrophobic solvents at thermo-alkali conditions. Such strains are more potent in
terms of activity and stability and, thereby, make the strain a cost-efficient resource.
High-value commodity chemicals from biomass can be produced using the opti-
mized process of in-house thermophilic GHs production through submerged and
solid-state fermentations. While producing GHs through SSF, cheaply available
renewable biomass materials, such as corn cob and Erianthus, may be used as
substrates.

Valorization of lignin has gained importance in recent years for the production of
low-molecular-weight value-added products in industries because of the abundance
and aromatic polymeric structure of lignin. The integrated biorefinery approach of
catalytic depolymerization of lignin using enzymatically pretreated LCB seems to be
a viable technology for lignin routed high-value commodities. However, this com-
bined and sequential process needs to be perfected for the recovery of high-value
platform chemicals. Hence, catalytic and biocatalytic approaches of deconstructing
LCB for lignin-derived platform chemicals holds promise.
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Abstract Currently, society is looking for new alternative energy sources, cleaner
and less harmful to the environment, and an example of this is the depletion of fossil
fuels and the search for biofuels from various renewable materials, which can be
classified as first and second generation. The most common in the industry is the
first-generation biofuel obtained through edible oils or vegetable sugars, mainly corn
and sugar calla, and the second-generation biofuel obtained from the exploitation of
residual raw material residues from food industries, forest residues among others. On
the other hand, the third-generation biofuels are obtained from non-food species by
using molecular biology techniques in which microalgae currently stand out, and
finally, in a similar way, the fourth-generation biofuels are manufactured from
non-arable land. However, unlike third-generation biofuels, it does not require the
destruction of biomass. The relationship between the different types of biofuels is the
search for the saccharification process, which is a process in which a polysaccharide
is transformed into fermentable sugar. Enzymatic hydrolysis is a type of saccharifi-
cation in which the process is catalyzed by a group of enzymes generically called
cellulases, which are a mixture of different enzymatic activities whose combined
action degrades cellulose. During enzymatic hydrolysis, cellulose is degraded by
cellulases to reducing sugars that can be fermented by yeast or bacteria to ethanol.
This chapter will address the recent developments in the enzymatic saccharification

N. Ramirez-Guzman (0<)

Center for Interdisciplinary Studies and Research (CEII-UAdeC), Universidad Auténoma de
Coabhuila, Saltillo, Mexico

e-mail: nathiely.ramirez@uadec.edu.mx

E. M. Pefia-Lucio - O. de la Rosa - J. Angulo-Lépez - S. Saldafia-Mendoza - S. Pacios -
L. J. Valencia-Hernandez - L. Rodriguez - C. N. Aguilar (D<)

Bioprocesses and Bioproducts Research Group (BBG-DIA), Food Research Department,
School of Chemistry, Universidad Auténoma de Coahuila, Saltillo, Mexico

e-mail: cristobal.aguilar@uadec.edu.mx

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022 321
J. K. Saini, R. K. Sani (eds.), Microbial Biotechnology for Renewable

and Sustainable Energy, Clean Energy Production Technologies,
https://doi.org/10.1007/978-981-16-3852-7_12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3852-7_12&domain=pdf
mailto:nathiely.ramirez@uadec.edu.mx
mailto:cristobal.aguilar@uadec.edu.mx
https://doi.org/10.1007/978-981-16-3852-7_12#DOI

322 N. Ramirez-Guzman et al.

(ES) technologies for biofuel production in their current state, challenges, products
in the market, and prospects.

Keywords Saccharification - Enzyme - Biofuel - Cellulase - Lignocellulose

12.1 Biofuels

Mainly, the energy demand has been covered by fossil fuels; however, the increase
in the population has generated the development of different energy supplies to
improve the quality of life (Rodionova et al. 2016). The use of fossil fuels presents
some disadvantages such as the generation of pollutants and the emission of
greenhouse gases (Beig et al. 2021). Recently, other energy generating alternatives
have been investigated, for example, biofuels, which are energy-rich chemicals
generated through biological processes or derived from the biomass of living
organisms such as microalgae, plants, or bacteria (Rodionova et al. 2016). The
production of biofuels has been studied in some species of bacteria such as
Escherichia coli and Bacillus subtilis (Hasunuma et al. 2013). Saccharomyces
cerevisiae is an another microorganism that has been utilized for the efficient
production of ethanol by a fermentative process (Rodionova et al. 2016). It has
been found that some species of algae can produce biofuels; Botryococcus braunii
and Chlorella protothecoides contain high amounts of terpenoid hydrocarbons and
glyceryl lipid, which can be transformed into shorter hydrocarbons to produce
bioethanol, triterpenic hydrocarbons, isobutyraldehyde, and isobutanol (Rodionova
et al. 2016).

Biofuels can be used in a wide variety of ways — liquid fuels (long-chain alcohols,
bioethanol, biodiesel, and biobutanol) and gaseous products (methane and hydro-
gen) (Beig et al. 2021). They are composed of ethanol, 1-butanol, isobutanol,
isobutene, isoprene, and farnesene. To obtain, it requires the fermentation of sugars
derived from biomass such as corn, sugar cane, and vegetable oil (Choi et al. 2020).
Biofuels have been classified into three different generations, the first generation
which is derived from food biomass (Immethun et al. 2016); the second generation
which is derived from non-edible biomasses, or lignocellulosic biomasses (Saladini
et al. 2016), and the third generation which is derived from photosynthetic micro-
organisms as microalgae (Alaswad et al. 2015).

12.1.1 Conventional Biofuel Production

The application of the biomass resource that is produced in vicinity of the site of
production of the biofuel has some advantages in its procurement and less cost in
transportation (Grisolia et al. 2020). Biofuel production requires some characteris-
tics, for example, easy availability, technical and environmental feasibility, and
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economic competitivity (Grisolia et al. 2020). Commonly, biofuel production is
realized by the biomass from organisms and plants, such as firewood, wood chips,
pellets, animal waste, forest and crop residues, and landfill gas. These materials are
composed of ethanol, alcohols, triglycerides, fatty acids, lipids, carbohydrates, and
cellulose, which are considered as the major biofuels sources (Rodionova et al.
2016). Bioethanol and biomethane are produced through the fermentation of starch
or sugars; biodiesel is obtained by the transesterification of oil crops and the
hydrogen from microalgae and microbes (Dragone et al. 2010). Lignocellulosic
biomass is an important source of sugars for the production of bioethanol. Currently,
lignocellulosic biomass from rice straw or cane has been used for the biofuels
production; also, some plants with a high content of starch such as maize has been
applied. Bioethanol is produced by distillation, hydrolysis, and subsequent fermen-
tation (Dias et al. 2009). Lipids are commonly accumulated in cell biomass which
can be converted into multiple products (Dong et al. 2016). Biofuels are also
produced by the oleaginous microorganisms; obtention of biological lipids is
favoured because direct lipid extraction from the wet cell biomass eliminates the
need for costly dehydration (Dong et al. 2016).

12.1.2 Use of Enzymes in the Production of Biofuels

In the production of second-generation biofuels, lignocellulosic materials are
employed. These materials come from a wide variety of sources and their compo-
sition can vary. In general, lignocellulosic materials are composed of cellulose,
hemicellulose, and lignin. The process involves several steps: fermentation,
pretreatment, and enzymatic saccharification (ES) (Binod et al. 2019).

The pretreatment is considered to be a very crucial initial step as it needs to be
well chosen to ensure the hemicellulose and lignin removal from the biomass to
improve the enzyme contact with the matrix (Guo et al. 2018). Different kinds of
pretreatments can be applied to the lignocellulosic biomass such as chemical,
physical, and biological and their severity can deteriorate the biomass to release
polymeric sugars (Guo et al. 2018; Nargotra et al. 2018; Rattanaporn et al. 2018).
When choosing the pretreatment method, it should be considered that some pre-
treatments can release inhibitors for fermentation (Guo et al. 2018).

Oxidation pretreatments have also been reported to be successful for lignocellu-
losic materials. A recent study (Xiao et al. 2017) evaluated two oxidation pretreat-
ments (Fenton reagent and peroxyacetic acid) for biofuel production employing
sugarcane bagasse, Eichhornia crassipes, and Metasequoia glyptostroboides.
Peroxyacetic acid resulted in the improved lignin removal for sugar cane bagasse
(reaching carbohydrate content up to 90.63%) and Metasequoia glyptostroboides
(up to 93.73% of carbohydrates). On the other hand, the Fenton reagent displayed
better performance on Eichhornia crassipes. Also, the results showed higher poros-
ity and improved surface area for the action of enzymes. This highlights the
influence of different pretreatments methods on the different types of materials.
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To perform the enzymatic saccharification, the enzymes to be used need to be
properly chosen due to the complexity of the biomass. One single enzyme is not
sufficient to perform the enzymatic hydrolysis; so a pool of enzymes is often selected
to carry out the process. These enzymes are grouped as cellulases, xylanases,
peroxidases, and laccases (Binod et al. 2019; Guo et al. 2018; Siqueira et al. 2020).

The cellulases are composed of endoglucanases EC 3.2.1.4 (which randomly
hydrolyze internal p-1,4-glucosidic bonds), cellobiohydrolases EC 3.2.1.91 (which
can produce cellobiose by hydrolyzing p-1,4-glycosidic linkages at the reducing and
non-reducing ends), and p-glucosidases EC 3.2.1.21 (which may act on cellobiose
degrading it into glucose) (Binod et al. 2019; Guo et al. 2018; Gupta et al. 2016;
Siqueira et al. 2020). Lignocellulosic enzymes are also composed of xylan which can
be degraded by xylanases. These englobe endo-1,4-f-xylanase (EC 3.2.1.8),
B-xylosidase (EC 3.2.1.37), and a-arabinofuranosidases (EC 3.3.1.55) (these
enzymes release xylooligosaccharides that are further degraded to xylobiose and
sequentially to xylose) (Biely et al. 2016; Binod et al. 2019; Cui and Zhao 2012;
Thomas et al. 2013). Peroxidases such as lignin peroxidase enzyme (LiP, EC
1.11.1.7) and laccases (EC 1.10.3.2) help cellulases in hydrolyzing lignocellulose
(Gupta et al. 2016).

12.1.3 Enzymatic Saccharification and its Use
for the Production of Biofuels

For efficient saccharification, the process parameters need to be well defined. These
parameters involve pH, optimal enzyme concentration, temperature, and time (Bala
and Singh 2019; Faizal et al. 2020; Rattanaporn et al. 2018).

A recent study (Narra et al. 2020) employed response surface methodology to
optimize the culture conditions for four hydrolytic enzymes from the fungi Asper-
gillus tubingensis M7. Among those, the optimized parameters were incubation
time, inoculum size, moisture content, and substrate (g%). The results showed a
high saccharification efficiency up to 86.02%.

An optimized saccharification process for the bioethanol production was reported
by (Faizal et al. 2020) utilizing four species of duckweeds, Lemnaaequinoctialis,
Landoltia punctata, Spirodelapolyrrhiza, and Wolffia arrhiza. Best starch conver-
sion to sugar was achieved after 24 h at 50 °C with a 2: 1 (v/v) of a-amylase and
amyloglucosidase. Sugar conversion was further carried out obtaining 0.16-0.19 g
of ethanol/g of dry biomass.

Enhancement in the enzymatic saccharification yield is highly influenced by the
pretreatment; several authors focus on pretreatment to reach more efficiency by their
enzymatic methods. (Nargotra et al. 2018) reports an improved enzymatic digest-
ibility (163.42 mg sugars/g biomass) followed by an alkali (NaOH) and ionic liquid
1-butyl-3-methyl imidazolium chloride pretreatment. (Rattanaporn et al. 2018)
reports a chemical pretreatment composed of organic acids (acetic acid, oxalic
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acid, and citric acid) in which enhancement of enzymatic saccharification was
observed to be around 2.3 times higher sugar yield compared to the untreated
biomass.

12.2 Challenges for Research and Development

Biofuel production from lignocellulosic residues is one of the most common alter-
natives (Beig et al. 2021). However, there are many challenges in obtaining biofuels
from lignocellulosic biomass. Biomass is a highly oxygenated and highly
functionalized material, so it is necessary to increase energy density and reduce
reactivity when generating a biofuel (Alonso et al. 2012). The conversion of
lignocellulosic materials into fermentable sugars as fuel precursors such as ethanol
(Lin et al. 2019) has several stages that start with a pretreatment step (Yang et al.
2020; Wang and Lii 2021), followed by enzymatic hydrolysis, and ends with the
fermentation of the obtained sugars (Yang et al. 2020; Wang and Lii 2021). The
pretreatment applied to biomass represents 20-30% of the total costs associated with
biofuel production (Axelsson et al. 2012; Beig et al. 2021). Hydrolysis of hemicel-
Iulose and cellulose into reducing sugars is a critical point in the conversion process
(Alonso et al. 2012). Thus far, biofuel production from lignocellulosic material has
been limited (Lin et al. 2019). This is mainly attributed to the hydrolysis stage, where
some barriers are present, which affect the viability of the process. Some of them are
the cost associated with the enzymes in charge of hydrolyzing the biomass (Lin et al.
2019), the low hydrolysis efficiency, and the high production costs (Wang et al.
2020). On the other hand, there is a need for low-cost feedstocks that can be
effectively digested by hydrolytic enzymes (Lin et al. 2019) with low processing
costs(Sandesh and Ujwal 2021).

Hydrolyzing the lignocellulose into monosaccharides remains a technical chal-
lenge due to the indigestibility of the cellulose structure (Khaire et al. 2021).
Pretreatment of the lignocellulosic biomass is paramount to improve the cellulose
accessibility for the enzymes to release fermentable sugars at the hydrolysis stage
and reduce the enzyme usage (Marulanda et al. 2019). Several studies have focused
on determining the process conditions that allow better yield at a lesser cost.

Pretreatments applied to lignocellulosic biomass before enzymatic hydrolysis that
require high energy demands (Beig et al. 2021) can be biological, physical, chem-
ical, and physicochemical (Shafiei et al. 2015; Lin et al. 2019; Houfani et al. 2020).
These are applied independently or in combination to improve the enzyme efficiency
during saccharification (Jamaldheen et al. 2018). The combination of methods has
greater advantages than a single pretreatment method as it favors the monosaccha-
ride production, reduces the inhibitor formation at high concentration, and reduces
the effects of extreme pretreatment conditions. The combination of pretreatments
results in higher productivity. The most effective pretreatments for lignin and
hemicellulose removal are the combination of dilute acid with a steam explosion,
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alkaline pretreatments, and microwave-assisted alkaline pretreatments (Lu et al.
2009).

Accordingly, the current challenge lies in the development of an efficient
pretreatment process that meets the following requirements:

1. To be energy efficient without compromising production.

2. Minimize the loss of compounds and products, particularly sugars.

3. Avoid the application of products that may act as inhibitors to the reactions.
Avoid washing or neutralization steps that increase the cost of operation.

4. Synchronize subsequent operations to increase the overall efficiency of the
process.

5. Include a subsequent sugar preconcentration step to improve the efficiency of the
process.

6. Optimize the fermentation time between 3 and 4 days (Houghton 2006; Axelsson
et al. 2012; Beig et al. 2021).

Other challenges for the practice of large-scale enzymatic saccharification are the
low enzymatic activity and the high costs (Chen and Fu 2016; Guo et al. 2018).

12.3 Marketing and Products in the Market

The development of biofuels from the renewable sources is an essential issue for the
conservation of the planet’s fossil resources. Different raw materials have been
reported as substrates to produce biofuels. Biomasses such as food crop, non-food
lignocellulosic biomass, microalgae, forest, agricultural residues, and agri-food
residues (Raud et al. 2019) have gained global importance due to their environmen-
tal impact on the ecosystem (Torres-Valenzuela et al. 2020). An important case is
that of agro-industrial waste, which could generate up to five billion tons of waste per
year globally (Naidu et al. 2018). The use of this wastes in the production of biofuels
requires an initial stage of enzymatic hydrolysis or saccharification which is decisive
for the viability of the process with a contribution of 25% of the operational costs
(Valdivia et al. 2016). The saccharifying enzymes are used as the complex carbo-
hydrate degraders in biofuel production and play an important role in the optimiza-
tion of the process conditions.

As analyzed by the Business Communication Company (BCC), in 2023, total
world-wide industrial enzyme market should reach $7.0 billion and the estimated
compound annual growth rate is 4.9% from 2018 to 2023. By 2021, market studies
predict an increase in the production of technical enzymes including those used
to produce biofuels which is directly related to the creation of new production
processes.

The countries with the highest demand for enzymes are North America, Western
Europe, Japan, and Canada. By 2021, it is estimated that the global enzyme market
could increase by 6.8—7.9% for the North American and Asia-Pacific regions. Other
markets such as Eastern Europe, Middle East, and Africa have also been highlighted.
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In 2016, the global technical enzymes market was dominated by Europe, the Middle
East, and Africa, accounting for approximately 35%; however, the market may grow
further in North America and the Asia-Pacific region in the coming years (Dewan
2014). For the biofuel enzyme market, sales of more than $300 were predicted in the
Europe and North America regions by 2020 (BBC Research 2015).

New enzymatic technologies have made it possible to overcome the problems of
converting recalcitrant biomasses or lignocellulosic materials. Currently,
saccharolytic enzymes are produced in the market by making blends of enzymes
(Lange 2017; Lange et al. 2021). Many enzymes are available on the market mainly
from Novozymes (Denmark), Danisco/Dupont (US), BASF (Germany), DSM
(Netherlands), and Abengoa representing an important segment of total enzyme
production (Dewan 2014). Other important companies are Denykem (UK),
Megazyme (Ireland), Advanced Enzymes Technologies (India), and MetGen (Fin-
land). Novozymes released an annual report in 2019, estimating that it comprises
approximately 48% of the global enzyme market; it also reported that sales during
the same year increased moderately with predominant growth in India and a weak-
ening of the market in China and emerging markets. Currently, Novozymes has
launched the product Fortiva®, composed of alpha-amylase, to increase ethanol
production yields by 1%. It should also be noted that this company has focused its
efforts in the production of yeasts to produce the first-generation biofuels, under the
name Innova® yeast technology. According to its annual report, sales in the
bioenergy sector are expected to grow 1-5%.

Commercially available enzymes for biofuel production from different feedstocks
can be grouped into cellulases, amylases, p-glucosidases, xylanases, proteases,
lipases, keratinases, laccases, lignin peroxidase, and manganese peroxidase
(de Pereira Scarpa et al. 2019). The applications of these enzymes can vary
according to the type of fermentation such as solid-state (SSF) or submerged
(SmF) fermentation (de Castro and de Castro 2012). Among the saccharifying
enzymes that dominate the market are cellulases that are popular due to the wide
range of industrial applications; other enzymes such as lipases, catalase, and
xylanase are being investigated based on catalytic activity (Chapman et al. 2018).
In the market, these enzymes can be prepared as cocktails which contain different
enzymes with specific properties and other substances such as secondary metabolites
produced by microbial strains (Alvarez et al. 2016). The main option in the biofuel
enzymes market is Spirizyme®, portfolio launched by Novozymes (Table 12.1),
which contains eight gluco-amylases for saccharification. The most outstanding
enzyme is trehalase which has allowed to increase the starch ethanol production
yields with reducing fermentation times (Novozyme 2021).

Market studies have shown that the price of the enzyme should stabilize at $0.4/
gallon; however, this cost may increase in a commercial presentation. By 2020, the
total cost of enzymes for biofuel has been estimated at $1.0 billion (BBC Research
2015; Lopes et al. 2018)). Previous studies report that the enzyme costs higher than
30% in the bioethanol production (Solarte-Toro et al. 2019). Stabilization of the
enzyme cocktail costs requires increasing demand and competition. The design of
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Table 12.1 Commercially available enzymes in the biofuel market

Trade names Companies | Enzyme type Reference
Spirizyme® Novozymes | Glucoamylases | Novozyme (2021)
Celluclast®, Cellic Novozymes | Cellulase Khare et al. (2015); Scott et al.
CTec2 Cellic CTec3 (2016); Brar et al. (2019)
HTec3® Novozymes | Cellulase Sharma et al. (2016)
Termamyl1® Novozymes | Amylase Fasim et al. (2021)
AMG1® Novozymes Fasim et al. (2021)
Viscozyme L® Novozymes | Multienzyme Gama et al. (2015)
Novozyme 188® Novozymes | Glucosidase Khare et al. (2015)
BrewZymeLP® Danisco B-Glucanase Sharma et al. (2016)
Boli GA-150® Boli Glucoamylase | Sharma et al. (2016)
bioproducts
Spezyme® Genencor Cellulase Khare et al. (2015)
Accelarase 1500 Genencor Cellulase Khare et al. (2015)
Optimax L-1000% Genencor Pullulanase Sharma et al. (2016)

new enzymes or preparations from lignocellulosic biomass is necessary to ensure the
stability of this market segment (Valdivia et al. 2016).

Genetic engineering has played a crucial role in the design of new enzymes or
enzyme preparations. Currently, there is an increasing interest in improving the
thermal stability of the enzyme, the temperature being a determining factor in the
viability of the plant material. The enzyme production yield and its catalytic effi-
ciency, as well as the reduction of protein production costs, and inhibition of the final
product are some of the issues under study (Elleuche et al. 2014; Valdivia et al.
2016).

The production of technical enzymes is affected by the Research & Development
(R&D) activities and the environmental policies and legislation in each country. The
Paris Climate Agreement encourages the production of fuels from renewable sources
to reduce greenhouse gases, a situation that has favoured the demand for
saccharifying enzymes (Dewan 2014). However, the cost of technical enzymes
remains an important factor in the growth of the market.

12.4 Success and Failure Stories and New Trends
in Enzymatic Saccharification Technologies

12.4.1 Success and Failure Stories

The enzymatic saccharification is an efficient and environment friendly process to
enhance the reducing sugars from polymeric sugars in the lignocellulosic biomass
(Tan et al. 2016; Manisha 2017).
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The lignocellulosic material was decomposed to monosaccharides using acid-
catalyzed or alkali-catalyzed hydrolysis. Acid hydrolysis can be performed using
dilute acid or concentrated acid. Alkaline hydrolysis results in efficient lignin
removal and low inhibitor formation, but this technique is expensive and results in
alteration of the lignin structure (Saeed and Saleem 2018). However, it causes
corrosion of the gas equipment and produces by-products that inhibits further
fermentation.

The enzymatic hydrolysis is of great interest because it could overcome the
disadvantages of acid and alkali catalyzed hydrolysis. However, there are still
some downsides such as slow reaction rate and limited enzymatic accessibility to
polysaccharides. Pretreatment is necessary to open the biomass cell wall structure
which would increase the enzymatic accessibility during enzymatic hydrolysis
(Saeed and Saleem 2018).

The obstacles for carrying out enzymatic saccharification on a larger scale are
increased costs and little profitability (Chen and Fu 2016). Genetic engineering has
been one of the solution tools for enzyme technology. However, it suffers from
various drawbacks such as posttranslational modifications, inclusion bodies, costs,
tediouness, time-consumption, and expertise requirement. Immobilization has been
the foremost enzyme technology being used due to its simplicity, decreased labor,
and cost-efficacy. It leads to physical confinement or localization of enzymes in a
specifically defined region of space with retention of their catalytic activities and less
sensitivity towards their environment with insistent usability (Dwevedi and
Kayastha 2011).

Since several obstacles are encountered in the process, it was first necessary to use
extensive pretreatment processes. Since the objective is to fractionate the cellulose,
hemicellulose and lignin of the biomass, to later hydrolyze it using selected enzymes
at reduced doses. (Zhang et al. 2016). Pretreatment with an organic solvent has been
studied. (Li et al. 2016). However, the selection of the solvent should meet several
requirements such as low risk to health, production of cellulose for the subsequent
phases, and low cost.

The reducing sugars obtained in the saccharification stage will be fermented in the
next phase and will be able to produce some biofuel. Separate saccharification and
fermentation (SHF) is a standard practice; however, its optimal conditions are
generally different (Guo et al. 2018). Therefore, there is strong research interest to
seek combined processes to increase general enzymatic saccharification and subse-
quent fermentation of yeast that include simultaneous saccharification and fermen-
tation (SSF), presaccharification and simultaneous saccharification and fermentation
(PSSF), and consolidated bioprocesses (CBP) (Loaces et al. 2017; Hilares et al.
2017).
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12.4.2 New Trends in Enzymatic Saccharification
Technologies

As mentioned above, the enzymatic saccharification processes have been accompa-
nied by the genetic recombination processes of microorganisms to obtain higher
enzyme titers and enzyme recovery for reuse in search of an increase in the
production yields (Guo et al. 2018). Nowadays, research on the production of
biofuels continues to make use of the enzymatic saccharification processes. The
main difficulties derive from the crystallinity and degree of polymerization of
cellulose, the accessibility to the substrate surface, and mainly from the presence
of lignin. The last one prevents the swelling of fibers and produces non-productive
adsorption of cellulases (Sheng et al. 2021). Novel pretreatments accompany the
enzymatic saccharification processes to contribute the delignification of the ligno-
cellulosic biomass.

The hybrid pretreatment of ultrasound and organic solvents consists of solvents
synergistic action with free radicals production. These radicals are produced through
the sonochemical effect to exert an attack on the biomass components and reduce the
cellulose crystallinity by rearrangement of molecules through mechanoacoustic
development (Lee et al. 2020). Research has been carried out on the use of lytic
polysaccharide monooxygenases (LPMOs) in conjunction with cellulase enzymes to
improve saccharification yields through the oxidation of substrates surface, facili-
tating the access of hydrolytic enzymes (Velasco et al. 2021).

In recent years, the use of deep eutectic solvents (DES) as a pretreatment in the
enzymatic saccharification has been reported. DES has properties similar to the ionic
liquids, although they stand out for being simple to synthesize, biodegradable, and
have a low cost (Ling et al. 2020). As lignin is an essential component of lignocel-
lulosic materials, its revaluation in saccharification processes could contribute to
biofuel production’s profitability (Huang et al. 2021). Research has recently been
conducted using DES with lignin derivatives. In 2020, the first report of DES
prepared with p-hydroxybenzoic acid (derived from lignin) and choline chloride
for the pretreatment of woody biomass improved the percentage of delignification
enzymatic hydrolysis, also achieving a sustainable process by recycling the DES
used (Wang et al. 2020). Similarly, Huang et al. (2021) reported that using a DES
pretreatment consisting of choline chloride/guaicol (derived from lignin) with traces
of AICl; contributed significantly to the degradation of hemicellulose and lignin,
resulting in complete enzymatic hydrolysis from wheat straw.

Use of the alkaline hydrogen peroxide has been reported to increase the enzy-
matic digestibility of corn stubble leading to the breaking of the hydrogen bonds of
cellulose and hemicellulose and the elimination of lignin, reducing the
non-productive adsorption of cellulases to the biomass (Yang et al. 2021). The use
of a novel hybrid pretreatment has recently been reported by Tang et al. (2021). They
combined an organic surfactant (humic acid) with dilute sulfuric acid, achieving an
increase in the percentage of lignin and hemicellulose removal and the ES of wheat
straw, reaching a saccharification percentage of 92.9% (Tang et al. 2021). Similarly,
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a pretreatment effect based on ozonolysis with a subsequent washing with sulfuric
acid under mild conditions before enzymatic saccharification has been evaluated
with good results in cane bagasse (Perrone et al. 2021).

There is currently a trend toward the use of enzymatic saccharification using the
macroalgal biomass. The use of macroalgal biomass is because, in contrast to the
terrestrial lignocellulosic biomass sources, they do not requireland for agriculture or
fertilizers, water, or pesticides. In some cases, they respond better to the thermal
pretreatments, increasing the percentage of saccharification compared to that
achieved with some terrestrial biomass (Thygesen et al. 2020).

12.5 Conclusions

In this chapter, after reviewing, it was concluded that the need for replacement and
overexploitation of fossil fuels is imminent due to the consequences and risks they
represent, for which it is very important to continue research and studies of new
sources of renewable energies such as biofuels. It is essential to invest time and
efforts to improve their production and yields and investigate new technologies that
offer greater benefits. Enzymatic saccharification is an option, as we observed in this
chapter, is quite interesting and attractive for its use and that has already been used
with active products in the market and with very interesting success stories; how-
ever, there is still a long way to go, starting with research focused on this issue since
there are still complications that have not been studied and it is important to consider
better production processes at the industrial level.
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Abstract Oleaginous microorganisms accumulating more than 20% of their dry
weight biomass as lipids are used for the production of microbial lipid, also called as
single cell oil (SCO). SCO from oleaginous yeasts with a fatty acid profile compa-
rable to that of vegetable oil can be a potential feedstock for biodiesel production.
Biodiesel is a renewable biofuel, alternative to petroleum fuels. Due to increasing
energy demand and depletion of existing fossil fuel reserves, intensive research has
been focused on sustainable biodiesel production. Oleaginous yeasts are more
advantageous compared to other oleaginous microorganisms because of their fast
duplication rate, shorter life cycle, easier to scale up, and amenability to genetic
modifications. Production of microbial lipid with oleaginous yeasts from nonedible
and abundant lignocellulosic biomass has been viewed as a novel potential technol-
ogy to fulfill the increasing energy demand. But lignocellulosic biomass being
recalcitrant requires pretreatment step and hydrolysis for the conversion of complex
polymers into their respective monomers like glucose that can be assimilated into
lipids by oleaginous yeasts. These pretreatment methods also generate various
degradation products that inhibit enzyme hydrolysis and subsequent fermentation.
Understanding the mechanism of lipid accumulation, improvement of strains for
high lipid yield from lignocellulosic hydrolysate is necessary for sustainable biodie-
sel production. In this chapter, we discuss the importance of lignocellulosic biomass
as a raw material for sustainable single cell oil production from oleaginous yeasts.
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13.1 Introduction

The growing energy demand accompanied with limited reserves of fossil fuels and
global environmental degradation associated with the use of fossil fuels propelled
the worldwide attention in alternative clean and renewable energy sources. In this
respect, biofuels produced from renewable resources are of utmost importance as
these are produced directly or indirectly from organic material including plant and
animal wastes. Thus, biofuels can serve as a feasible alternate to fossil fuels for
easing the world energy crisis and also for mitigating the greenhouse gases emission.
The two most common types of biofuels are biodiesel and bioethanol. Biodiesel is a
type of biofuel made from methyl esters of fatty acids that are derived from
renewable resources. Burning of biodiesel results in lesser emission of carbon
monoxide, hydrocarbons, sulfate oxides, and further toxic compounds than that
after burning fossil fuels (Lotero et al. 2006).

Vegetable oils like soybean oil, palm oil, and rapeseed oil are used mainly as the
triglycerides feedstocks for biodiesel production. Such biodiesel made from vegeta-
ble oils as prominent feedstock is termed as first-generation biodiesel. However, due
to competition in the food chain leading to the “food vs fuel” controversy, there is a
necessity to look for other non-edible eco-friendly renewable oil sources. This has
given rise to second-generation biodiesel that is derived from non-edible oil
resources like jatropha, jojoba, animal fats, and grease as well as waste oils from
cooking. But these non-edible oils are not available in abundance to meet the global
needs for biofuel generation. Further, biodiesel from animal fats do not perform well
in cold weather. Moreover, using vegetable oils and animal fats as substrate covers
70-85% of the total cost of production and thus unsuitable to substitute the fossil
fuels. Microbial sources can be used for biolipid production throughout the year,
unlike plants. The above-mentioned limitations in first- and second-generation
biodiesel has led to the growth of third-generation biodiesel from microbial
resources (oleaginous microbes); the so-called single cell oil (SCO) seems to be an
attractive substitute for the plant, animal, and crude oil feedstock for biodiesel. The
term single cell oil is used analogously to single cell protein to represent oils of
microbial origin. The composition of microbial oil closely resembles that of vege-
table oils (Li et al. 2008) and thus makes it appropriate as biodiesel feedstock
(Karatay and Donmez 2010). Oleaginous microorganisms are those species that
accumulate more than 20% of their biomass as lipids. These classes of microorgan-
isms include bacteria, algae, fungi, and yeasts that utilize an organic carbon source to
synthesize lipids in their intracellular compartment. Oleaginous microorganisms
have better productivity than oil-producing crops, with higher lipid yield, lack of
any seasonal and climatic changes, less labor intensive, easier to scale up, and
amenable to genetic modification.

The use of synthetic media makes the microbial oil economically uncompetitive;
therefore, the use of low-cost carbon substrates for microbial lipid synthesis will be
of great significance. Among the various low-cost substrates, non-edible biomass
like lignocellulosic biomass seems to be a suitable option because of its availability
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and low cost. Lignocellulose is a recalcitrant biopolymer and is composed of several
classes of polymers including cellulose, hemicellulose, pectin, and lignin. The
recalcitrance of lignocellulosic biomass makes its hydrolysis into desired monomers
ineffective. Therefore, pretreatment is needed to degrade the crystalline structure and
to separate these polymers, thus making each of the polymers available for enzy-
matic hydrolysis. Several methods including physical, physicochemical, and biolog-
ical pretreatments have been developed which are suitable for different types of plant
materials (Saritha et al. 2012). However, the pretreatment process leads to the
formation of some inhibitors like neutral and acidic phenolics, hydroxymethyl
furfural, furfural, and acetic acid necessitating detoxification and also the selection
of microbial strains that can tolerate such inhibitors during fermentation (Almeida
et al. 2009). The lignocellulosic material will be saccharified after pretreatment using
microbial cellulases to release monosaccharides and oligo-saccharides. In nature,
hydrolytic enzymes are secreted by microbes such as bacteria and fungi. At the
industrial scale, commercially available cellulase cocktails comprising cellulases,
hemicellulases, and pectinases are utilized for the deconstruction of lignocellulosic
biomass. Following saccharification, a mixture of monosaccharides like glucose and
xylose is obtained, out of which glucose is fermented to bioethanol by yeast leaving
behind the xylose part. Therefore, oleaginous yeasts that can co-metabolize both
glucose and xylose available in saccharification hydrolysates will be better suited for
single cell oil production.

13.2 Oleaginous Yeasts

For thousands of years, yeasts have been used commercially for several biotechno-
logical applications including the production of recombinant proteins. Recent years
of research in yeasts are dedicated to the sustainable and renewable production of
fuels and value-added chemicals. Torula pulcherrima was found with the ability to
accumulate intracellular fat by Lindner in 1899 (Woodbine 1959). In 1915, Lindner
observed that lipid accumulation in Endomycopsis vernalis (currently, Guehomyces
pullulans) occurs in the medium under nitrogen-limited conditions and used the term
“Fetthefe” (yeast fat in German) for the lipids accumulated by oleaginous yeasts.
Sulfite waste liquor as carbon source was used for industrial fat production by
Endomycopsis vernalis (Lundin 1950). Lipids stored in intracellular lipid bodies in
oleaginous yeasts are mainly of diacyl and triacylglycerols (TAGs). Fatty acid
composition of lipids accumulated (palmitic acid, stearic acid, myristic acid, oleic
acid, linolenic acid, and linoleic acid) makes oleaginous yeasts, the most preferred
microorganism for the production of triglyceride feedstock (Sagia et al. 2020; Wang
et al. 2019; Fakas et al. 2009).

Oleaginous yeasts can accumulate lipids in the range of 40-70% of their dry
weight with the capability to grow on a multitude of carbon sources (glucose, xylose,
glycerol, arabinose, mannose, etc.). The typical oleaginous yeast genera include
Rhodosporidium, Rhodotorula, Candida, Lipomyces, Trichosporon, Yarrowia, and
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Cryptococcus. Oleaginous yeasts for SCO production possess advantages over other
microorganisms like filamentous fungi and microalgae viz. shorter duplication
period, higher growth rates, higher lipid content, easier scale-up, no requirement
of light, and better control of bacterial contamination due to lower pH requirements.
Lipid accumulation in oleaginous yeasts is categorized into two types of mecha-
nism—de-novo and ex-novo lipid accumulation. De-novo lipid accumulation occurs
with hydrophilic substrates under nitrogen limited conditions, whereas ex-novo lipid
accumulation occurs when hydrophobic resources are used as a substrate.

The composition and proportion of fatty acids in the single cell oil (SCO) vary
depending on the type of cultivation process and the substrate (Tanimura et al.
2014). Yeasts can utilize several types of carbon source for biomass and lipid
production including glucose, xylose, cellobiose (Yu et al. 2014b), acetate (Gong
et al. 2015), molasses (Karatay and Donmez 2010), glycerol (Polburee et al. 2015),
hydrolysate of cassava starch (Wang et al. 2012), industrial and municipal organic
wastes (Zhou et al. 2013), and lignocellulose hydrolysates such as rice straw (Huang
et al. 2009), corncob (Gao et al. 2014), sugarcane bagasse (Huang et al. 2012), wheat
straw (Yu et al. 2011), and fruit pulp (Patel et al. 2015). Accumulation of lipid in
oleaginous yeasts occurs under the limitation of nitrogen or other nutrient sources
except for carbon (Zhao et al. 2008; Wu et al. 2010), and the lipid accumulation is
found to be optimal at molar C:N ratio of 65-100 (Calvey et al. 2016). Hydrolytic
properties in addition to lipogenic properties possessed by certain yeasts prove to be
advantageous in using low-cost substrates for oil production. Trichosporon asahii
was reported with endoglucanase (CMCase) and p-glucosidase activity of about
0.11 TU/mL and 0.55 TU/mL, respectively. Lipase activity of about 50 IU/mL and
64% w/w lipid production with soap stock of pomace olive oil refining was reported
in Yarrowia lipolytica (Ayadi et al. 2018).

A pilot-scale study was undertaken for biodiesel production with single cell oil
from Rhodosporidium toruloides with sugarcane juice as the carbon source (Soccol
etal. 2017). Lipid productivity of about 0.44 g/L/h was obtained in the study. Diesel
engine test with the obtained lipids showed 220% reduction in CO, emission, seven-
fold reduction in CO emission, and 50% reduction in NO, emission when compared
with first-generation biodiesel from soybean oil. Although the main storage form of
yeast lipids is triacylglycerol (TAG), they also contain a relative amount of C,¢ and
C,g fatty acids. Apart from being a potential feedstock for biodiesel, lipids from
yeasts can also be used as cocoa butter substitute (CBS). Cocoa butter is chiefly
composed of three types of triacylglycerols—1,3-dipalmitil-2-oleoil glycerol (POP)
(Cl6:0_C18:1_C16:O)’ l(3)-palmitil-3(1)—estearil-2— glycerol (POS) (Cl6:0_C18:1_
Cis.0), and 1,3-diestearil-2-oleoil glycerol (SOS) (C;g.0-Ci8.1—Cig.0) (Tanimura
et al. 2014). Trichosporon oleaginosus was reported to produce 28% POP and
POS with a total TAG of about 0.3 g/g dry cell weight (Dionisi et al. 2004; Wei
et al. 2017).
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13.3 Biochemistry of Lipid Accumulation in Oleaginous
Yeasts

De-novo accumulation of lipid in oleaginous yeasts occurs through quasi-inverted
B-oxidation process with acetyl Co-A from intermediate cellular metabolism as the
basic unit. The fatty acids being formed will be esterified with glycerol forming
structural and storage lipids (TAG-triacylglycerol). Glucose and xylose are the
abundant simple sugar compounds found in the lignocellulosic biomass. Glucose
metabolism and xylose metabolism yield about 1.1 and 1.2 moles of acetyl Co-A per
100 g of glucose (~0.56 moles) and 100 g of xylose (0.66 moles), respectively. If all
acetyl Co-A produced from glucose and xylose metabolism is channelized to lipid
biosynthesis, theoretical lipid yield will be 0.32 g g " and 0.34 g g~ ' for glucose and
xylose, respectively (Ratledge 1988).

Pyruvic acid, the net product of glycolysis, will be decarboxylated by pyruvate
dehydrogenase to acetyl Co-A. This acetyl Co-A either enters the Krebs cycle or into
the pathway for lipid biosynthesis. However, in oleaginous microorganisms, acetyl
Co-A for lipid accumulation comes from the TCA cycle intermediate, citric acid.
Under the limitations of nitrogen in the culture media, AMP deaminase (adenosine
monophosphate deaminase) of oleaginous yeasts converts AMP into IMP (Inosine
monophosphate) and NH4*. This NH4" serves as an intracellular nitrogen source for
cell material synthesis under nitrogen exhaustion conditions. The events result in a
decrease in the concentration of intracellular AMP which in turn alters the TCA
cycle. Isocitrate dehydrogenase (responsible for isocitrate to a-ketoglutarate trans-
formation) which is allosterically activated by AMP loses its activity. Loss in the
activity of isocitrate dehydrogenase leads to the accumulation of isocitric acid inside
the mitochondria (at concentration equilibrium with citric acid). Citric acid enters the
cytoplasm in exchange with malic acid when the citric acid concentration inside the
mitochondria reaches the critical value. Citric acid will be broken down into
oxaloacetate and acetyl Co-A by ATP-citrate lyase (ATP-CL), a key enzyme of
lipid bio-synthesis in oleaginous microorganisms. This acetyl Co-A will be used for
fatty acids synthesis by the quasi-inverted -oxidation pathway. ATP-citrate lyase
(ATP-CL) is found to be absent in non-oleaginous yeasts. In non-oleaginous yeasts,
the citric acid accumulated as a result of nitrogen exhausted is secreted into the
extracellular environment or accumulated as intracellular polysaccharides on
inhibiting 6-phosphofructokinase (Boulton and Ratledge 1980; Boulton and
Ratledge 1981; Wynn et al. 2001).

In ex-novo lipid accumulation, free fatty acids which are produced by the
hydrolysis of the hydrophobic substrates with extracellular lipase are first incorpo-
rated inside the microbial cells. These fatty acids may either be dissimilated for
cellular growth or subjected to bio-transformations, wherein lipid profile with new
fatty acid profile indifferent to the initial hydrophobic substrate will be synthesized.
Ex-novo lipid accumulation is a growth-coupled process, i.e., lipid accumulation
takes place concurrently with cell growth and is independent of nitrogen limitation in
the culture media (Papanikolaou et al. 2001; Papanikolaou et al. 2002) (Fig. 13.1).
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Fig. 13.1 Biochemistry of lipid accumulation in oleaginous yeast

13.4 Low-Cost Substrates for SCO Production

Being a developing technology, the cost of microbial oil production is higher than
that of plant oils due to the high cost of culture media. Therefore, exploration and use
of low-cost substrates together with efficient oleaginous yeasts to utilize low-cost
renewable substrates are essential. The substrates used for lipid accumulation can be
categorized into two major groups—hydrophilic and hydrophobic substrates—based
on the type of lipid accumulation (de-novo and ex-novo). Various hydrophilic
substrates like cane and beet molasses, glycerol, acetate, wastewater, lignocellulosic
hydrolysate, cellobiose, brine, starch hydrolysate, propionic acid, and butyric acid
have been used for de novo lipid production. Hydrophobic materials like fatty esters,
vegetable oils, soap stocks, pure free fatty acids, and fish oils are used for ex-novo
lipid production (Qin et al. 2017) (Fig. 13.2). The fatty acid profile varies with the
yeast strain and substrate used (Table 13.1).
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Yeast genera

Fig. 13.2 Low-cost substrate used for SCO production from oleaginous yeast

13.4.1 Hydrophilic Substrates
13.4.1.1 Molasses

Molasses is a brown viscous liquid byproduct of sugar manufactured from sugarcane
or sugar beet. Major sugars present in the molasses include sucrose, fructose, and
glucose and therefore are widely used for industrial fermentation of ethanol, levan,
biosurfactant, and lactic acid. Even though oleaginous microorganisms grow well in
molasses, lipid accumulation is limited due to the low C/N ratio (12.5) of molasses
(Jiru et al. 2018).

13.4.1.2 Crude Glycerol

Crude glycerol (80% glycerol) is a major byproduct of biodiesel production. The
manufacture of 10 kg biodiesel generates about 1 kg glycerol as a byproduct (Bauer
and Hulteberg 2013). This crude glycerol is treated as a waste since its purification is
expensive and cumbersome. A wide variety of oleaginous yeasts were reported to
convert glycerol into single cell oil. With a greater degree of reduction, low cost, and
less competition with food production, crude glycerol can be a potential carbon
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Table 13.1 Low-cost substrates used for single cell oil (SCO) production from oleaginous yeasts

Fatty acid Lipid yield
Yeast strain Substrate composition (gL™h Reference
Rhodosporidium Glucose Cie:0 (22.49%) | 9.26 Kraisintu et al.
toruloides Cig.0 (14.56%) (2010)
Cig.1 (41.54%)
Cig2 (15.12%)
Cryptococcus Acetic acid Cie:0 (8.38%) 5.30 Huang et al.
curvatus Ci7.0 (0.40%) (2018)
Cis.0 (29.75%)
Cig.1 (50.37%)
Cis:2 (6.44%)
Cis:3 (1.50%)
Cso.1 (1.53%)
Cryptococcus Molasses Cie.0 (16.74%) | 1.60 Elfadaly et al.
curvatus Cig.1 (22.66%) (2009)
Cis.2 (30.68%)
Yarrowia lipolytica Glycerol C16:0 21%) 2.60 Canonico et al.
Cl16:1 (21%) (2016)
C18:1 (36%)
Rhodosporidium Paper and pulp Ci6.0 (21.86%) | 8.56 Patel et al.
kratochvilovae industry effluent Cig.0 (0.5%) (2017)
Cis.1 (45.43%)
Cis.2 (1591%)
Lipomyces starkeyi Sewage sludge Cie:0 (55.93%) 1.00 Angerbauer
Cis.0 (13.8%) et al. (2008)
Cis:1 (25.89%)
Cis:3 (0.12%)
Rhodosporidium Bioethanol Ci6:1(11.2%) 3.8 Zhou et al.
toruloides wastewater Cig.0 (16.9%) (2013)
Cis:1 (49.9%)
Cis.0 (13.6%)
Cryptococcus Municipal - 29.9 Chi et al.
curvatus wastewater (2011)
Rhodotorula glutinis | Wheat straw Ci6:1(31.4%) 1.4 Mast et al.
Cis.0 (9.0%) (2014)
Cis:1 (31.6%)
Cis:2 (19.3%)
Cryptococcus Volatile fatty Cie.0 24%) 14.5 Christophe
curvatus acids + glucose Cig.0 (13%) et al. (2012)
Cis:1 (33%)
Cis:2 (18%)

source for SCO production from oleaginous yeasts. The re-use of crude glycerol
from biodiesel production for oil production by oleaginous yeasts not only reduces
the cost of production but also serves to recycle the waste glycerol. Moreover, crude
glycerol also possesses other macro elements like calcium, potassium, and magne-
sium which support the growth of yeast. Yeast genera, namely Rhodosporidium,
Rhodotorula, Candida, Trichosporonoides, Lipomyces, Yarrowia, Cryptococcus,
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and Schizosaccharomyces, are reported to utilize crude glycerol for SCO production
(Guerfali et al. 2020).

13.4.1.3 Wastewaters

Wastewaters from food processing and agro-industries are difficult and expensive to
treat since it has very high concentrations of organic matter. Such wastewaters with
abundant organic materials and free sources of nutrients can be used as a carbon
source for yeast lipid production. The use of wastewater as a raw material for
lipogenesis can also reduce the energy spent on treating wastewaters. Several
wastewater sources like industrial wastewaters, olive mill wastewaters, sewage
sludge, monosodium glutamate wastewater, butanol wastewaters, and livestock
wastewaters have been used for SCO production. Several yeast species have been
found capable of producing versatile extracellular enzymes like protease, lipase, and
lignin peroxidase for better utilization of nutrients in wastewater (Yang et al. 2013).
However, there is a necessity to screen and improve the yeast strains to be capable of
lipogenesis in high organic concentrations in wastewater for efficient and cost-
effective lipid production. Since oleaginous yeasts can flourish at a low pH, this
criterion can be exploited for scaling up of SCO production with unsterilized
wastewater as a substrate. Acidic pH can be used to generate a yeast-dominated
microflora under non-sterile conditions since it is cumbersome to sterilize large
volumes of wastewater.

13.4.1.4 Lignocellulosic Biomass Hydrolysate

Lignocellulosic biomass serves as the most abundant and promising feedstock for
future renewable biofuels. Among the various low-cost substrates, non-edible bio-
mass like lignocellulosic biomass seems to be efficient which would be converted
into fuel. Almost in most of the developing countries, lignocellulosic biomass is
subjected to direct combustion for heat generation, cooking, and waste elimination in
agricultural fields. This direct combustion leads to various problems including
environmental pollution. Instead, lignocellulosic biomass can be valorized into
high-quality products like bioethanol and lipids using microbes (Cherubini and
Ulgiati 2010).

13.4.2 Hydrophobic Waste Resources

Hydrophobic wastes like volatile fatty acids, n-alkanes can be used as a feedstock for
ex-novo lipid production. This ex-novo lipid accumulation results in the intra-
cellular biomodification of lipid substrates by oleaginous yeast leading to the
production of new fatty acid profiles. Therefore, waste fat resources can be upgraded
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to lipid products of higher value like cocoa butter substitutes (Vajpeyi and Chandran
2015). Lipid yield in oleaginous yeast was found to increase with supplementation of
volatile fatty acids with an additional simple carbon source. Volatile fatty acids
(VFAs) which are derived from wastes also contain organic acids like propionic
acid, isobutyric acid, acetic acid, n-butyric acid, and isovaleric acid (Huang et al.
2016). Conversion of these organic acids into SCO by oleaginous yeasts can
therefore help in sustainable waste management (Bialy et al. 2011).

13.5 Lignocellulosic Biomass as a Substrate for SCO
Production from Oleaginous Yeasts

13.5.1 Structure, Composition, and Recalcitrance
of Lignocellulosic Biomass

Lignocellulose is composed of several polymers including cellulose, hemicellulose,
lignin, pectin, starch, and ashes in lesser quantities. Cellulose is the most abundant
biopolymer and is made of glucopyranose units (500-1400) linked by p 14
glycosidic linkage. Cellobiose is the fundamental repeating unit of cellulose
(Robak and Balcerek 2018). Cellulose concentration ranges from 34 to 50% in
softwood species, 41-50% in hardwood species, and 15-45% in most of the
agricultural crop species, and it increases with maturity of the plant (Monlau et al.
2014). The degree of polymerization and crystallinity plays a critical role in the
recalcitrance of lignocellulosic biomass. Lignocellulosic biomass with shorter cel-
lulose chains and fewer hydrogen bonds is easier to hydrolyze than long cellulose
chains with more hydrogen bonds. Crystalline cellulose fibers are slower to hydro-
lyze than amorphous cellulose. Hemicelluloses constitute 20-35% of lignocellulosic
biomass and may be homoglycans or heteroglycans (Chandel et al. 2018). Hemicel-
lulose is a branched heteropolysaccharide and composed of hexoses like mannose,
glucose, and galactose; uronic acids like glucuronic and galacturonic acids; and
pentoses like xylose and arabinose. Xylan is the predominant hemicellulose ranging
from 12 to 37% of the lignocellulosic biomass in the case of agricultural residues
(Monlau et al. 2014). Acetylation of hemicellulose units limits the cellulose acces-
sibility to enzymatic hydrolysis (Pan et al. 2006).

Lignin is a polymer of aromatic nuclei made up of a single repeating unit or
several similar components. It is a very complex heteropolymer with phenyl propane
(sinapyl, coumaryl, and coniferyl alcohol) as the basic unit of lignin. Lignin consti-
tutes about 15-35% of the lignocellulosic biomass of wood species and 3.5-30% of
grass species (Monlau et al. 2014). Cellulose and lignin content is higher in
hardwood and softwood plant species than in agricultural crops. Lignin is insoluble
in neutral organic solvents and hot water. Cellulose and hemicellulose remain
associated with hydrogen bonds, and lignin is linked covalently to hemicellulose
thus forming a lignin-carbohydrate complex (LCC). Lignin thus presents a
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physiochemical barrier to enzymatic degradation of lignocellulosic biomass by
forming close inter-linkage with cellulose and hemicelluloses. Hydrophobic struc-
tural characteristics of lignin also adsorb hydrolytic enzymes irreversibly (Tarasov
et al. 2018; Valdés et al. 2020). Therefore, an effective pretreatment method is
required for the disruption of lignin-cellulose matrix and reducing enzyme adsorp-
tion to lignin complex for the subsequent valorization of lignocellulosic biomass to
valuable products like biofuels.

13.5.2 Pretreatment of Lignocellulosic Biomass

The recalcitrance of lignocellulosic biomass makes its hydrolysis ineffective. There-
fore, pretreatment is needed to degrade the crystalline structure and to separate these
polymers, thus making each of the polymers available for enzymatic hydrolysis.
Particle size reduction by milling, grinding, and extrusion before pretreatment
efficiently deconstructs lignocellulosic biomass with an increased rate of hydrolysis
(size threshold depends on the lignocellulosic feedstocks). Various methods of
pretreatments like physical (mechanical comminution, extrusion, pyrolysis, and
pulsed electric field), chemical (alkali pretreatment, acid pretreatment, ozonolysis,
and organosolv process), physiochemical process (steam explosion, ultrasound
treatment, CO, explosion, liquid hot water treatment, ammonia fiber expansion,
oxidative pretreatment, and wet oxidation), thermochemical process, and biological
pretreatment (fungal or bacterial) are used. An effective pretreatment should be cost-
effective, should remove lignin portion without degrading cellulose and hemicellu-
loses layers, should produce minimum inhibitory compounds, should be low energy
demanding, and should be ecofriendly and safe to use. Chemical pretreatments are
the most commonly used technique for lignocellulosic deconstruction.

13.5.2.1 Physical Methods

Mechanical comminution and pyrolysis are the commonly used physical methods of
pretreating lignocellulosic biomass. In mechanical comminution, the size and crys-
tallinity of biomass are reduced by the combination of chipping, milling, and
grinding (Cadoche and Loépez 1989). In pyrolysis, cellulose is decomposed by
exposing the biomass to high temperature (>300 °C) (Kilzer and Broido 1965).
13.5.2.2 Chemical Methods

Acid Pretreatment

Acid pretreatment (with hydrochloric acid, sulfuric acid, phosphoric acid, and acetic
acid) solubilizes hemicellulose and reduce cellulose through disruption of hydrogen
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and covalent bonds in the lignocellulosic complex. This process hydrolyzes hemi-
cellulose especially xylan into its monomers. Acid pretreatment is found to be
suitable for the disruption of lignocellulose complex in agriculture residues and
hardwood species. Pretreatment with concentrated acids results in effective hydro-
lysis releasing a high concentration of simple sugars. However, the use of concen-
trated acids partially degrades hemicellulose into furfural, hydroxymethyl furfural,
and other organic acids whose presence in the hydrolysate inhibits the fermentation
process (McMillan et al. 1994). Therefore, a two-stage acid pretreatment method has
been proposed, wherein the extraction of hemicellulose is done with less concen-
trated acid in the first phase followed by high concentrated acid in the second phase
for cellulose destruction. But using concentrated acids necessitates the use of
corrosion-resistant equipment, thus increasing the cost and also possesses safety
issues. Pretreatment with dilute acids, on the other hand, is less aggressive, econom-
ical, more environmentally friendly, and generates fewer inhibitory compounds
(furfural and HMF). However, pretreatment with dilute acid requires a higher
temperature than that required for concentrated acids (Solarte-Toro et al. 2019;
Singh et al. 2015). The dry dilute acid method has been used as an alternative to
the wet acid method (concentrated and dilute acids), wherein both the biomass and
product are solid. Dry biomass is impregnated with acid for efficient adsorption.
Comparable assimilable sugar yields with reduced amounts of inhibitory compounds
can be obtained with the dry dilute acid method (He et al. 2014).

Alkali Method

This method of pretreatment is carried out by the addition of bases like NaOH, KOH,
and Ca(OH), to the lignocellulosic biomass. In this process, the internal surface area
of the biomass is increased by swelling the biomass, reduces the degree of polymer-
ization, crystallinity, and breaks the lignin carbohydrate complex. Ester and ionic
bonds interlinking hemicellulose and other components are saponified thereby
increasing the porosity of the lignocellulosic complex (Tarkow and Feist 1969).
Alkali pretreatment is found to be effective with biomass with low lignin content
compared to those with high lignin content (Singh et al. 2015; Xu and Sun 2016).
Alkali pretreatment resulted in the highest recovery of cellulose (59.66) and hemi-
celluloses (28.34) from corn cob (Sharma et al. 2017), 92.5% delignification, and
81.5% w/w cellulose yield in paddy straw (Kobkam et al. 2018). The main advan-
tage is its low cost and mild operation conditions. But the process results in the
formation of salts that are difficult to remove, and the reaction time is also longer.

Ozonolysis
Ozonolysis is used for the efficient degradation of lignin at room temperature and

pressure. Yield from enzymatic hydrolysis has been shown to increase after
pretreating the biomass with ozone. While lignin is efficiently removed,
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hemicellulose is only partially degraded in this process. Ozonolysis does not lead to
the production of any inhibitor compounds during the pretreatment. However, this
method requires large quantities of ozone, thus making ozonolysis expensive (Vidal
and Molinier 1988).

Oxidative Delignification

In this method, peroxidase enzyme is used to decompose lignin in the presence of
hydrogen peroxide. Solubilization of 50% lignin and hemicellulose was achieved
with 2% hydrogen peroxide within 8 h at 30 °C. Glucose yield with enzymatic
hydrolysis of cellulose after pretreatment was also found to be increased with
oxidative delignification (Azzam 1989).

Organosolv Pretreatment

In this method, organic solvent (ethanol, methanol, glycerol, phenol, acetone, formic
acid, and acetic acid) is added to the lignocellulosic biomass to separate lignin from
cellulose. Solid phase with cellulose, hemicellulose, and liquid fraction with lignin is
obtained at the end of pretreatment (Borand and Karaosmanoglu 2018). Excision of
O-aryl bonds of lignin with carbohydrates occurs during solvent treatment resulting
in the dissolution of lignin along with organic solvent. This process also generates
acetyl compounds which help in the autohydrolysis of hemicellulose and cellulose.
Organic solvents can be recovered and reused. The main disadvantage of this
process is the generation of several inhibitor compounds (guaiacol, vanillin, vanillic
acid, syringaldehyde, syringic acid, and ferulic acid) (Zhao et al. 2009).

13.5.2.3 Physicochemical Method
Steam Explosion Pretreatment

Steam explosion, a physicochemical method, is a very energy efficient method
(Conde-Mejia et al. 2012). In this process, the biomass is first exposed to saturated
steam at high temperature (162-260 °C) and pressure (5-50 atm) for a short interval
of time. The steam expands into the lignocellulose matrix as the pressure is reduced
gradually, thus separating the cellulose fibers and thus disrupting the cell wall. This
process also generates acetyl compounds that auto-hydrolyze hemicellulose (Grous
et al. 1986). This method generates less inhibitory compounds than acid and alkali
methods. Steam explosion is less effective in softwood species with less content of
acetyl groups. Acid compounds can be used as a catalyst in such cases to improve
cell wall deconstruction, but it leads to the generation of fermentation inhibitor
compounds (Singh et al. 2015).
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Ammonia Fiber Explosion (AFEX)

In this method, the biomass is treated with liquid ammonia (1.2 kg of liquid ammonia
for 1 kg of lignocellulosic biomass) at high temperature (90 °C) and for a short
period (30 min), after which the pressure is reduced rapidly. The AFEX method is
not efficient for biomass with high lignin, and hemicellulose is not solubilized
significantly with this method. However, this method does not require a small
particle size and does not produce inhibitor compounds (Holtzapple et al. 1991).

CO, Explosion

This method works by increasing the hydrolysis rate with carbonic acid generated
from carbon dioxide. But the yields of hydrolysis are low when compared to that
achieved with ammonia fiber explosion methods and steam explosion. However,
pretreatment of lignocellulosic biomass with CO, explosion does not result in the
formation of fermentation inhibitor compounds (Zheng et al. 1998).

13.5.2.4 Biological Pretreatment

Microorganisms or biocatalysts from microbes are used to open the cell wall matrix
in this method of pretreatment. White-rot, brown-rot, and soft-rot fungi and actino-
mycetes can be used to degrade lignin and hemicellulose components of waste plant
biomass. White-rot fungi target lignin, whereas brown-rot fungi degrade cellulose
(Hatakka 1983). White-rot fungi have been reported with enzymes degrading lignin,
cellulose, and hemicellulose polymers. Phanerochaete chrysosporium is the well-
studied white-rot fungi with lignin-degrading property. P. chrysosporium has been
shown to produce lignin-degrading enzymes like manganese-dependent peroxidases
and lignin peroxidases (Boominathan and Reddy 1992). Actinomycetes were also
investigated for their ability to degrade lignin. Small laccases similar to fungal
laccases were shown to affect lignin degradation in Streptomyces coelicolor, Strep-
tomyces lividans, Streptomyces viridosporus, and Amycolatopsis sp. (Saritha et al.
2013; Majumdar et al. 2014). The requirement of longer duration, specific growth
conditions, and aseptic environment makes it less preferable for industrial-scale
operation. A combination of biological methods with a common pretreatment
method can be advantageous in the deconstruction of the lignocellulosic cell wall
matrix.

13.5.3 Conversion of Biomass into Fermentable Sugars

Since most of the oleaginous yeasts lack cellulolytic activity, the pretreated ligno-
cellulosic biomass should be hydrolyzed before the fermentation process. This
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process depolymerizes cellulose and hemicellulose into hexose and pentose mono-
mers which can be assimilated by oleaginous yeasts into biolipids/single cell oil.
Enzymatic hydrolysis is advantageous at mild process conditions compared to acid
and alkaline hydrolysis. Microorganisms like bacteria and fungi are endowed with
the abilities to produce hydrolytic enzymes for depolymerizing lignocellulosic
biomass. Bacterial genera, Bacillus, Clostridium, Ruminococcus, Microbispora,
Cellulomonas, Erwinia, Bacteriodes, Thermomonospora, Acetovibrio, and Strepto-
myces, have been reported to produce cellulolytic enzymes. Among the cellulolytic
fungi  (Phanerochaete  chrysosporium,  Aspergillus,  Sclerotium  rolfsii,
Schizophyllum, Trichoderma, and Penicillium), Trichoderma has been widely used
for the cellulase production (Duff and Murray 1996). Cellulases are a group of
enzymes that includes endoglucanase, exoglucanase/cellobiohydrolase, and
B-glucosidase. Endoglucanase is active against amorphous regions/less crystalline
regions and creates new free chain ends which are then attacked by other enzymes.
Exoglucanase attacks crystalline cellulose and generates glucose/cellobiose units.
Finally, p-glucosidase hydrolyzes cellobiose to monomer sugars like glucose. Other
accessory enzymes attacking hemicellulose, glucuronidase, acetylesterase,
B-xylosidase, glucomannanase, galactomannanase, and xylanase act synergistically
with cellulase enzymes and convert cellulose-hemicellulose into assailable free
sugars (Singh et al. 2015; Fan et al. 2012; Sternberg 1976). The rate of hydrolysis
can be improved by increasing the concentration of cellulase. Usually, in laboratory,
cellulase is used at the dose of 10 FPU/g cellulose for high monomer (glucose) yield
in 48-72 h of reaction time (Gregg and Saddler 1996). Irreversible adsorption of
cellulase to cellulose and lignin deactivates the enzyme which can be minimized by
the use of surfactants (Tween 20, 80, cationic Q-86 W, antihole 20BS,
polyoxyethylene glycol, Emulgen 147, and anionic Neopelex F-25) in enzymatic
hydrolysis (Wu and Ju 1998; Park et al. 1992; Ooshima et al. 1986; Helle et al.
1993). Cellobiose and glucose, which are the end products of hydrolysis, inhibit the
activity of cellulase. High loading of enzymes, removal of hydrolysis products
formed during hydrolysis, and supplement of B-glucosidases during the reaction
can minimize the inhibition of cellulase by end products. From the reaction mixture,
cellulases can be recovered and reused for the next batch of hydrolysis (Kumar et al.
2017). But the efficiency of hydrolysis decreases gradually with each step of
recycling (Ramos et al. 1993).

13.5.4 SCO Production with Oleaginous Yeasts from
Lignocellulosic Hydrolysate

Various waste products and lignocellulosic hydrolysates have been used by
researchers for single cell oil production from oleaginous yeasts (Table 13.2).
SCO was produced with 45% lipid yield from Endomycopsis vernalis with sulfite
waste liquor as a carbon source by Lindner in 1922. Lignocellulosic hydrolysate
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Table 13.2 SCO production by oleaginous yeasts from lignocellulosic biomass
Pretreatment
Substrate strategy Oleaginous yeast | Lipid yield (g L") Reference
Wheat straw | Dilute sulfuric | Yarrowia Detoxified | Non-detoxi- Tanimura
acid lipolytica hydrolysate | fied et al.
hydrolysate (2014)
0.30 0.40
Rhodotorula 2.40 3.50
glutinis
Lipomyces 3.70 4.50
starkeyi
Cryptococcus 4.20 5.80
curvatus
Paper mill Ultrasonication | Cryptococcus 7.80 Deeba
sludge vishniaccii et al.
(2016)
Corn cob Enzymatic Trichosporon 12.30 Gao et al.
residues hydrolysis cutaneum (2014)
Wheat straw | Acid Rhodotorula 1.40 Mast et al.
hydrolysis glutinis (2014)
Sugarcane Sulfuric acid Trichosporon 15.80 Huang
bagasse fermentans et al.
(2012)
Paddy straw | Sulfuric acid Trichosporon 7.70 Huang
fermentans et al.
(2009)
Rice bran Defatting and Yarrowia 48.02% of dry cell weight Tsigie
acid hydrolysis | lipolytica et al.
(2012)
Wheat straw | Dilute sulfuric | Rhodotorula 9.70 Enshaeieh
acid mucillaginosa. et al.
(2015)
Corn stover | Alkaline Cryptococcus 15.5 Sitepu
hydrolysis humicola et al.
(2014)
Sugarcane Acid Lipomyces 0.14 Xavier
bagasse hydrolysis starkeyi et al.
(2017)
Waste sweet | Enzymatic Trichosporon 9.6 Zhan et al.
potato vines | hydrolysis fermentens (2013)
Paddy straw | Alkaline Trichosporon 5.17 Sagia et al.
hydrolysis mycotoxinivorans (2020)

contains hexoses like glucose, galactose, and mannose and pentoses like xylose and
arabinose. Hexoses can be readily utilized by all microorganisms, but the utilization
of pentoses which constitute a significant portion of hydrolysate is essential for the
complete valorization of lignocellulosic biomass into single cell oil. Various oleag-
inous yeast strains have been reported with the ability to use both these hexoses and
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pentoses as carbon sources for lipid accumulation. Therefore, xylose- and pentose-
utilizing oleaginous yeast isolates possess an advantage for the economical produc-
tion of SCO from lignocellulosic biomass.

High biomass loading during saccharification leads to a higher level of inhibitor
compounds having an inhibitory effect on fermenting microbes and subsequent
reduction in lipid yield. Greater biomass loading also results in lower sugar yield
due to feedback inhibition in enzymatic hydrolysis and subsequent reduction in lipid
yield.

Lipid production by oleaginous yeasts from lignocellulosic biomass can be
proceeded after pretreatment by three processes—SHLP (separate hydrolysis and
lipid production), SSLP (simultaneous saccharification and lipid production), and
CBP (consolidated bioprocessing). Separate hydrolysis and lipid production is
commonly used, wherein lipid production is carried out in hydrolysate after sac-
charification by hydrolytic enzymes. The main disadvantage of SHLP is the feed-
back inhibition of hydrolytic enzymes by the end products. Simultaneous
saccharification and lipid production can resolve the problem of feedback inhibition,
wherein saccharification and lipid production is carried out simultaneously. How-
ever, it requires the use of thermotolerant microorganisms for fermentation since
enzymatic hydrolysis requires the optimal temperature of 50 °C, but the optimal
temperature for most oleaginous yeasts for fermentation is <30 °C. SSLP was
demonstrated with Cryptococcus curvatus at 37 °C and regenerated corn stover as
the substrate. The lipid yield of 6 g L™" was obtained with 5% substrate loading after
48 h. Consolidated bioprocessing is extensively used in bioethanol production from
lignocellulosic biomass, wherein enzyme production, carbohydrate hydrolysis, and
fermentation/lipid production are integrated into one process. Isolation of natural
populations of cellulolytic oleaginous yeast strains or genetic engineering of oleag-
inous yeasts for production of extracellular cellulolytic enzymes will pave the way
for inexpensive and rapid lipid production from lignocellulosic biomass (Gong et al.
2013). Consolidated bioprocessing with genetically engineered cellulolytic yeast
Yarrowia lipolytica was attempted with 12 gL.™" cellulose consumption and 14%
lipid accumulation (Guo et al. 2018).

Based on the method of pretreatment and hydrolysis, toxic lignocellulosic deg-
radation byproducts may be produced. These include acetic acid, furfural,
hydroxymethyl furfural, formic acid, and vanillin. These degradation compounds
can inhibit cell growth and subsequent fermentation. Furfural was found to be the
most toxic among the other degradation compounds. A decrease in the yeast biomass
weight and lipid yield of Cryptococcus curvatus by 78.4% and 61% for glucose and
72% and 59.3% for xylose, respectively, was reported in the presence of furfural
(10¢g LY (Yu et al. 2014a). The generation of inhibitory compounds necessitates
detoxification of hydrolysate which may further increase the cost of the whole
production process. The selection of oleaginous yeast with high tolerance to inhib-
itory compounds or the ones capable of utilizing lignin degradation compounds as a
carbon source is therefore a good tactic for lipid production from lignocellulosic
hydrolysates. A fed-batch lipid production from Trichosporon cutaneum was
performed with 4-hydroxybenzaldehyde as the sole carbon substrate. The lipid
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yield obtained was 0.85 g L™' (0.039 g/g of 4-hydroxybenzaldehyde) (Hu et al.
2018). An inhibitor degradation study was undertaken, wherein the biodegradation
of inhibitors was examined by providing each inhibitor as the solitary carbon source.
It was found that furfural, hydroxymethyl furfural, 4-hydroxybenzaldehyde, vanil-
lin, and syringaldehyde were converted to corresponding nontoxic acid—furoic
acid, HMF acid, 4-hydroxybenzoate, vanillate, and syringate—by Trichosporon
cutaneum. The enzymes involved in the biodegradation of inhibitors were found
to be alcohol dehydrogenases, aldehyde reductases, aldehyde dehydrogenases,
salicylaldehyde dehydrogenase, D-lactaldehyde dehydrogenase, aminoadipate-
semialdehyde dehydrogenase, betaine aldehyde dehydrogenase, semialdehyde dehy-
drogenase, alcohol oxidase, vanillyl alcohol oxidase, glucose oxidase, and choline
oxidase (Wang et al. 2016). Phenolic aldehyde from lignin was also used as the only
carbon source for SCO production by Trichosporon cutaneum. Resistance to inhib-
itors was demonstrated in Rhodosporidium toruloides. The study conducted showed
that the presence of inhibitory compounds does not have a profound effect in the
distribution of major fatty acids of Rhodosporidium toruloides—palmitic acid
(C16:0), stearic acid (C18:0), and oleic acid (C18:1) (Hu et al. 2009). High recalci-
trance of lignin makes it difficult to valorize it into valuable bioproducts. However,
aromatic metabolic pathways for metabolizing lignin-related aromatic compounds
have been found in certain oleaginous yeast species. Products of this aromatic
metabolism include acetyl Co-A which is a precursor for fatty acid synthesis thus
leading to the conversion of lignin-related aromatic compounds into lipids (Yaguchi
et al. 2020).

13.6 Genetic Engineering for Enhanced SCO Production
from Oleaginous Yeasts

Under the conditions of excess carbon and limited nitrogen conditions,
non-oleaginous microbes accumulate excess carbon as polysaccharides like glyco-
gen, whereas oleaginous yeast accumulates excess carbon as intracellular lipids.
Two different approaches are generally used for the improvement of the wild
microbial strains for enhanced single cell oil production. The first is to improve the
metabolic pathways of lipid biosynthesis in oleaginous yeasts, and the second is to
recombine fatty acid synthesis genes from oleaginous yeasts into non-oleaginous
yeasts or other microbes (Saccharomyces cerevisiae and Escherichia coli).
Approaches used for metabolic engineering to enhance the lipid yield include
overexpressing the enzymes involved in fatty acid and TAG (triacylglycerol) bio-
synthesis pathway, regulation of enzymes related to TAG biosynthesis, and inhibi-
tion of lipid catabolism (Fig. 13.3). Key lipid biosynthesis genes identified are
ATP-citrate lyase (ACL), acetyl Co-A carboxylase (ACC), diacylglycerol acetyl
transferase (DGAT), glycerol 3-phosphate dehydrogenase, glycerol 3-phosphate
acyl transferase (GPAT), and acetyl Co-A synthetase (ACS) (Liang and Jiang
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Fig. 13.3 Metabolic engineering strategies for enhancing the lipid yield from oleaginous
microorganisms

2013). A two-fold increase in lipid content in Yarrowia lipolytica was achieved by
the overexpression of the key enzyme ACC 1 (acetyl Co-A carboxylase). An
increase in lipid content by 41% in Yarrowia lipolytica was achieved by simulta-
neous co-expression of ACC 1 and DGA 1 (acetyl Co-A carboxylase and
diacylglycerol acetyl transferase) by combining both the genes in a gene construct
(Tai and Stephanopoulos 2013). A three-fold increase in lipid yield has been
achieved by redirecting the carbon flux towards TAG biosynthesis by deletion of
GUT 1 (glycerol 3-phosphate dehydrogenase) (Beopoulos et al. 2008). Ester syn-
thesizing genes can be introduced into non-oleaginous yeasts for fatty acid esters
production from carbohydrates. This approach results in the direct biodiesel produc-
tion from raw material rather than lipid production (Kalscheuer et al. 2006; Schmidt-
Dannert and Holtzapple 2011). Enzymes not directly involved in lipid biosynthesis
like malic enzyme and ATP:citrate lyase (ACL) also influence the lipid yield. Malic
enzyme supplies NADH for fatty acid synthase (FAS) and desaturases. ACL cata-
lyzes the citrate to acetyl-CoA conversion and is the key enzyme in oleaginous
microorganisms. Besides genetic modification approach for high lipid yield, engi-
neering for other desirable characteristics like simultaneous/co-utilization of various
sugars (like glucose and xylose), lipid production at high temperature thus facilitat-
ing for simultaneous saccharification and fermentation after pretreatment of ligno-
cellulosic biomass, and resistance to inhibitor compounds generated from various
pretreatment approaches of lignocellulosic biomass could lead to economical and
sustainable single cell oil production.



356 S. Sajish et al.

13.7 Fatty Acid Composition and Application of Lipids
from Oleaginous Yeasts

The fatty acid profile of oleaginous yeast varies with the species, strain, substrate
used, and culture conditions. The common fatty acids in diacyl and triacylglycerols
accumulated by oleaginous yeast includes myristic acid (C14:0), palmitic acid
(C16:0), stearic acid (C18:0), oleic acid (C18:1), and linoleic acid (C18:2) (Sagia
et al. 2020; Patel et al. 2014; Patel et al. 2015). The fatty acid composition of the
single cell oil determines the potentiality of biodiesel to be used in diesel engines.
Higher octane number and a lower degree of unsaturation are essential for better
ignition and stability. EU (European Union) has set a limit for iodine value, which
measures the degree of unsaturation as 120 g 1,/100 g (Knothe 2006). Oleaginous
yeasts like Trichosporon fermentans and Rhodotorula glutinis have been reported to
produce single cell oil from lignocellulosic hydrolysate with iodine values within the
threshold limit (Hoekman et al. 2012). High saturated fatty acids increase the shelf
life of biodiesel, whereas unsaturated fatty acids determine the cold flow plugging
property of biodiesel. An optimum ratio of saturated to unsaturated fatty acids is
necessary for kinematic viscosity and oxidative stability of biodiesel. The cold flow
plugging property (CFPP) determines the low-temperature operability of the biodie-
sel. CFPP is defined as the lowest temperature at which biodiesel (20 ml) flows
through a wire mesh screen in 60 seconds under vacuum. Biodiesel solidifies and
blocks the engine once the CFPP is reached. Several oleaginous yeasts have been
reported with CFPP within the threshold limits of CFPP set by EU (<5/<-20).
Oxidative stability of the biodiesel increases its shelf life. Oxidative stability is
inversely proportional to the number of double bonds in the cis configuration.
Linolenic acid (18:3) is highly prone to auto-oxidation, and therefore, a limit of
12% linolenic acid is set by EU (Knothe 2006; Patel et al. 2016). Oleaginous yeasts
like Yarrowia lipolytica, Trichosporon cutaneum, Rhodosporidium toruloidies, and
Lipomyces starkeyi have been shown to produce SCO from lignocellulosic hydro-
lysates with physical properties suitable for biodiesel application in diesel engines
(Patel et al. 2016).

13.8 Possibilities for Improved Profitability from SCO
Production

Oleaginous yeast can be co-cultured with microalgae for enhanced biomass and lipid
yield. Microalgae provide oxygen for heterotrophic yeast, and yeast supplies carbon
dioxide for autotrophic microalgae thus minimizing the requirement for mechanical
aeration. Enhanced lipid yield and biomass were achieved with the synergistic
association of microalgae (Chlorella vulgaris) with yeast (Rhodotorula glutinis)
compared to pure cultures (Zhang et al. 2014).
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In addition to lipid production, oleaginous yeast can also be used for the synthesis
of other value-added chemicals like -carotene, torularhodin, and torulene. Carot-
enoids exhibiting provitamin A was shown to be produced by the oleaginous yeast
Rhodotorula glutinis (Chaturvedi et al. 2018). Oleaginous yeast is also reported to
produce enzymes like phenylalanine ammonia lyase (for aspartame production),
invertase, o-L-arabinofuranosidase, tannase, and pectinase (Cui et al. 2015; Kot
et al. 2016; Taskin 2013).

13.9 Conclusion

Biodiesel has been currently produced with high-cost vegetable oils. Lipids from
oleaginous yeast have been confirmed as a potential alternate feedstock to vegetable
oil for biodiesel production. Therefore, the use of oleaginous yeasts for microbial
lipid production is a promising way for biodiesel production and to combat the
energy crisis. Abundant and nonedible lignocellulosic biomass can be used as a
low-cost raw material for single cell oil production, thus making biodiesel produc-
tion sustainable, economical, and renewable. However, the recalcitrance of ligno-
cellulosic biomass necessitates pretreating the biomass which results in the
production of various inhibitor compounds. Selection and improvement of oleagi-
nous yeast isolates with high lipid yield, biomass yield, osmotolerance, inhibitor
resistance, SCO production at high temperature, and low pH make the process highly
advantageous over vegetable oil production. Optimization, scale-up, and technolog-
ical advancements in the sustainable conversion of lignocellulosic biomass into SCO
by oleaginous yeasts can help to meet the increasing energy demand by the increas-
ing population.
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Chapter 14 M)
Techno-economic and Life Cycle s
Assessments of Microbial Process
in Renewable Energy Production

Na Wu, Shunchang Yang, Pratap Pullammanappallil, and
Ghasideh Pourhashem

Abstract Energy security, environmental concerns, and the increasing demand of a
growing population present opportunities for adopting alternative pathways for
energy and chemicals. Microbial biotechnologies have been making progress in
the context of renewable energy production towards creating more sustainable
societies. While the state-of-the-art production of bio-based energy, chemicals, and
materials promises competitive functionality and quality, evaluation of their sustain-
ability is crucial, particularly for emerging biotechnologies. Analytical methods such
as techno-economic analysis (TEA) and life cycle assessment (LCA) are standard-
ized techniques that are used to quantify economic viability and environmental
sustainability of processes and products and offer decision-making information on
their research, development, and deployment. However, challenges still exist for
TEA and LCA studies to support biotechnology transition to a more sustainable
future. Examples of such challenges include data availability and accessibility
considering technology readiness levels in TEA studies, broadening the impact
assessment to categories other than a single impact indicator (e.g., global warming
potential), and estimating full life cycle performance in LCA studies. To address
these challenges and to promote a sustainable bio-based economy, this chapter
provides a systematic overview of the status of renewable bioenergy and
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biochemicals commercialization, markets, and policies. Additionally, the chapter
discusses possible knowledge-based process design approaches, identifying the
interrelations between the challenges and development regarding resource efficiency
and waste minimization, and bridging the gap between research and commerciali-
zation. Case studies of biobutanol production pathways are also discussed for
learning and optimization potential for sustainability gains. Finally, the chapter
emphasizes the engagement of multiplayers for interdisciplinary work to bring
renewable energy into reality.

Keywords Techno-economic analysis - Life cycle assessment - Sustainability -
Microbial process - Biobutanol

14.1 Introduction

Techno-economic analysis (TEA) and life cycle assessment (LCA) are prospective
methods in the assessment of green/sustainable technologies. Green products or
technologies, by definition, are to be environment friendly. Research, development,
and deployment (RD&D) of green products or technologies are actions taken to
achieve different sustainable development goals (SDGs), such as the ones adopted
by United Nations (UN) in 2015, including affordable and clean energy, climate
action, economic growth, and clean water, for creating a more sustainable future.
While technical feasibility and functionality of biotechnologies is a knockout crite-
rion for researchers and interested industry players to identify opportunities, further
assessments such as economic viability, ecologic sustainability, and social accep-
tance are also essential. For example, “yields,” “energy efficiency,” and “reaction
rate” are typical technical indicators; however, high scores in these indicators may be
accompanied by downsides such as expensive equipment, high global warming
potentials, or high eutrophication risks. Extreme cases are green technologies that
are neither “green” nor affordable but run against the SDGs. Environmental and
economic impacts are two essential criteria for these green chemical technologies,
not only to their qualification for lower environmental impact than their conventional
counterparts but also their ability to replace conventional technologies
commercially.

The fundamental idea of renewable energy production through microbial pro-
cesses is the processing of biobased resources into energy/chemicals/materials. The
challenge for such process development is the scarcity of resources in terms of
natural capital and money (Buchner et al. 2018). Thus, the process development
needs to achieve three goals: (1) maximizing utilization of all biomass components
and minimize waste, (2) evaluating the tradeoffs resulting from the interactions
between technical advances and sustainability parameters, and (3) building the
decision-making platform of resource allocation for raw material suppliers, pro-
ducers and stakeholders (Wu et al. 2019). Based on these objectives, this chapter
presents the structure and content of TEA and LCA methodologies to understand the
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framework of sustainability analysis; reviews and discusses challenges and oppor-
tunities for microbial processes in renewable energy production to address the
importance of biotechnology for a biobased economy; and finally illustrates TEA
and LCA applications through case studies. In the end, key factors and concepts are
discussed for the roadmap to bring the microbial process in renewable energy
production into reality.

14.2 TEA and LCA Methodologies

Developing appropriate tools and methods for measuring sustainability is necessary
for inducing new technologies, especially those in a position of making a difference
in developing our sustainable future. This chapter focuses on the specific context of
two popular ones: TEA and LCA.

LCA is a systematic technique to assess the environmental impacts associated
with all the stages (production, distribution, use, and end-of-life phases) of a
product’s or service’s life. During an LCA, the upstream and downstream processes
throughout the entire life cycle of a product, process, or service are included. For
example, in the LCA of bioenergy, the environmental impacts cover biomass
cultivation with all relevant inputs and outputs from the environment (e.g., carbon
dioxide emission or sequestration and water consumption) as well as emissions from
incineration into the air, water, and soil.

Techno-economic analysis (TEA) measures the technical and economic perfor-
mance of a process, product, and service. To evaluate a specific technology (e.g.,
compare different options, analyze commercialization feasibility), TEA is an integral
tool that usually combines process design and simulation/model with establishing
capital and operating cost profiles. For profit-oriented stakeholders, TEA is the most
important basis for decisions about research, development, and deployment
(RD&D). Specifically, TEA connects research, engineering, and business. Having
the capability of being conducted at different technological stages and production
scales, TEA can be used as a basis for making a variety of decisions. For example,
researchers can use TEA to identify process hotspots of production cost at bench
scale, engineers can compare process conditions and configurations for financial
impact during process design and development, and investors can determine the
potential economic viability of a project by averting unnecessary expenditures.

TEA and LCA share similar logic for contents. They are assessments of a product
or process that provide essential decision-making information. As defined by ISO
standards, LCA consists of four phases: goal and scope definition, life cycle inven-
tory (LCI) analysis, life cycle impact assessment (LCIA), and interpretation of
results (Fig. 14.1). Cost estimation and market investment are important components
of TEA, where cost and revenue are calculated for profitability analysis. Similar to
TEA, life cycle costing (LCC) is a cost assessment tool over the life of a project.
Therefore, LCC and LCA have analogous procedures with a consistent definition of
the product system and measures the financial impacts. Considering the scope and
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Fig. 14.2 Overall framework interlinking methods and goals for sustainability

boundaries, TEA can be applied as the basis for life cycle costs inside the plant gate.
In a broader concept, LCC and LCA together with social life cycle assessment are
three pillars of life cycle sustainability assessment (LCSA). LCSA is an integrated
framework for the application of life cycle thinking. For example, in modern
business practice, life cycle management is a comprehensive decision process,
which addresses the three pillars and assesses the cost and performance tradeoffs.
When carried out in parallel, TEA and LCA have usually the same goal and
scope, as well as they overlap in inventories such as mass and energy balances in
terms of physical, chemical, and biological flows (Fig. 14.2). The assessment out-
comes can be reflected in different category indicators/indices/metrics. For example,
the sustainability metrics cover a wide range of aspects including economic, envi-
ronmental, and social factors. Currently, no universal metrics are recognized for
evaluating the sustainability of a product or process; however, many studies (Bare
et al. 2006; Horvath et al. 2017; Tabone et al. 2010) employ widely used approaches
such as green chemistry metrics and life cycle assessment. A positive correlation has
been found between adherence to green design principles and a reduction of the
environmental impacts of a process (Tabone et al. 2010). The principles for green
chemistry and green engineering (green metrics) are well known for the design of
chemical products and processes that utilize resources (e.g., raw materials, energy)
efficiently and reduce waste and toxic/hazardous chemicals use. Mass-based metrics
such as atom economy and E-factor (environmental factor), which are core parts of
green process design, need to be augmented by metrics of measuring the environ-
mental impact and assessing economic viability (Sheldon 2018). With limited
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* Economic
* Environmental
* Social

Sustainability

* Techno-economic analysis (TEA)
* Life cycle assessment (LCA)

* New & emerging chemical processes (lab scales)
* Commercial scales (industrial confidentiality)

* Mass balance
* Energy balance

Fig. 14.3 The logic of process modeling as a simplified approach for TEA and LCA

information and resources, identifying the essential metrics could be important for
decision-making in chemical manufacturing processes.

Data access and quality are common issues faced by both TEA and LCA
methods, which can complicate conducting such analyses. One crucial concept,
here, is the technology readiness level (TRL). TRL rates the technological maturity
of R&D projects, which indicates the data availability and the corresponding accu-
racy of the results. For LCA practitioners, the method of building life cycle inventory
is also closely related to the database, which could be challenging considering both
time requirement and model accuracy. Building and running TEA and LCA models
require extensive data collection and analysis for inventories. For example, cost
inventory requires operational and capital expenditure and life cycle inventory
requires material and energy flow data sets, not only for the studied process but
also for upstream chemicals/materials processes. To address the missing data issue,
process simulation is a valuable method for inventory data estimation, especially
either for chemicals that are not currently commercially produced or for which the
primary industrial data are not accessible. An example of such is that the process to
produce some chemicals at commercial scales is kept confidential. Figure 14.3
shows the logic of process modeling as a simplified approach for TEA and LCA.
The process simulation, however, still requires sufficient data such as concept proof/
validation in the laboratory, knowledge of detailed process design parameters and
operating conditions, which could have an impact on the quality of inventory data
obtained from the simulation. Therefore, the more details achieved in the process
model, the more accurate results are obtained from those assessments. In this
chapter, we will also introduce a computer simulation platform integrating
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sustainability assessment tools along with technical performance to compare bio-
technology alternatives.

14.3 Microbial Process in Renewable Energy Production:
Challenges and Opportunities

Biotechnology uses microorganisms and enzymes for renewable energy production.
Microorganisms are “unseen majority”—abundant and diversified, which have the
potential to help solve the global energy and climate change challenge (Cavicchioli
et al. 2019). Specifically, microbial technologies provide mitigation solutions such
as biofuels and CO, fixation from the contribution of marine and territorial biome.
Biofuels, as renewable energies, could be a large-scale approach. Microorganisms
and their environment interact and affect each other. On the one hand, microorgan-
isms convert nutrients to various potentially useful by-products (e.g., biofuel) with
evolved metabolic strategies under changing environments; on the other hand, the
environment is influenced by the products (e.g., methane) generated by the micro-
organisms. In addition to a systematic understanding of the biological mechanism of
energy and carbon transformation, in many cases, the development of microbial
processes requires economically viable options, optimized process design, scale-up
concepts, and ecological insights. With this in mind, this section presents the
challenges for R&D, commercialization aspects, and success/failure cases and
closely relates TEA and LCA in the following aspects: (1) early stages for directing
research efforts, (2) commercial-scale production for developing a framework, and
(3) promote biotechnology contributions to solving environmental sustainability
problems.

14.3.1 Status of Renewable Bioenergy/Biochemicals
Commercialization, Markets, and Policies

Until now, various biofuel types (alcohols, biogas, hydrogen, biodiesel, hydrocar-
bons) using a variety of feedstocks (e.g., lignocellulosic, algal biomass, industrial
waste) and strains of microorganisms have been researched and developed at
different levels from laboratory scales to industrial scales. However, substantial
commercial production of biofuels such as cellulosic biofuels is still limited if any
available. An example is cellulosic ethanol, an important biofuel whose production
has been scaled up for commercialization. Among the three major commercial
startup projects in 2014, namely DowDuPont, POET-DSM, and Abengoa SA,
none produces cellulosic ethanol commercially at present. Abengoa sold its
U. S. ethanol plants in 2016, DowDuPont sold its plant to the company Verbio in
2018, which produces renewable natural gas instead of ethanol, and POET- DSM’s
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plant is converted to an R&D facility while their ethanol production ceased in 2019.
The commercialization of cellulosic ethanol has been tried without success. The
reason for this could be three-fold: operational, feedstock-related, and socio-
economic aspects. Technically, operation difficulties such as temperature control,
microbes contamination, solids handling, and equipment functioning have made
processing conditions suboptimal, which prevent the laboratory results (yields and
conversion efficiencies) from being realized and economically viable at industrial
scales. Likewise, the supply of biomass, including the quantities, collection, trans-
portation, and storage feedstock is still not reliable. Moreover, the socio-economic
aspects such as market competition with traditional corn ethanol, the overall “blend-
wall” for ethanol, social acceptance of vehicles with high ethanol blends (e.g., E85),
and regulatory uncertainties (e.g., investment deterrence) have hampered the devel-
opment of cellulosic ethanol.

Biodiesel has been commercialized, especially in Europe, as a key biofuel.
Currently, the main feedstock for biodiesel conversion is still plant oil, which may
be a controversial topic for the potential impact on food markets. Waste and
microbial oil (e.g., microalgal lipids) show good future potential for biodiesel
development. Renewable natural gas, which is from the biogas product of anaerobic
digestion, has been increasingly addressed, for its flexibility in utilizing renewable
waste materials (e.g., agricultural residue, municipal solids waste, urban wastewater,
livestock manure). Biohydrogen produced through biological means promises merits
as a clean fuel with high energy content, however, its commercialization needs to be
further validated by improving yield, storage, and transportation logistics, and
overcoming the difficulties in strains, fermentation (e.g., substrate), engineering
aspects (e.g., bioreactors design). Algal biofuel has been a very active research
field since 2005, for its promising features (e.g., high photosynthetic efficiency,
using low non-arable land and low-quality water) over terrestrial feedstocks.
Although algal biomass depicts a bright future of sustainable energy, additional
effort including strain selection, cultivation conditions, and the downstream process
is required to advance the practical utilization of algal biomass. Table 14.1 shows the
commercialization status of different types of renewable energy through a variety of
microbial processes, industrial plants, and future deployment considerations. Poli-
cies play important roles in the development of biofuels, both in the R&D and
market stages. In general, policies related to bioenergy in the US include feed-in
tariffs, carbon tax, biofuel standards for transportation, sustainability standards, and
certification, and electricity and heat policies. Due to the complex interaction of
various factors, policies have been a controversial topic for promoting bioenergy use
and lowering emissions. For example, a carbon tax may affect some economic
sectors such as the coal industry and interfere the social equity, while the policy
itself may to some extent be limited in impacting climate change. However, good
practices and considerations could be designed to adapt to target-specific policies
(Smolinksi and Cox 2016). For instance, flexible rates and differentiating payments
according to different scenarios (e.g., fuel type, project size, upstream producers/
downstream customers), and integrating other policies such as water/land/agriculture
could be more resilient and effective in facing the implementation challenges. Policy
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Table 14.1 Commercialization status of different types of bioenergy
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Type of Future deployment

bioenergy Commercialization status Examples considerations

Ethanol Commercialized, mostly DowDuPont, POET- Feedstock supply,
first-generation ethanol, a DSM, and Abengoa enzyme recycling, yields,
small share of cellulosic efficiency
ethanol

Renewable | Commercially viable in Ameresco’s, Van- Optimized digesters,

natural gas

Europe under preconditions
such as high subsidized
market prices for electric-
ity. In the US, biogas pro-
jects are operational/under
construction/planned for
pipeline injection or use as
vehicle fuel

guard Renewables

steady market and subsi-
dized prices, low trans-
portation and
Operation&Maintainance
(O&M) cost, improve gas
yield such as supplement
addition

Biodiesel Commercialized and takes | Advanced Biodiesel Non-food feedstock such
80% and 6% of the market |Inc., Agromond USA | as waste oil instead of oil
for transport biofuels in LLC, Allied Renew- crops
Europe and the US, able Energy LLC
respectively

Hydrogen Limited information in Verbio Improve process perfor-
commercialization, ample mance such as yields and
findings in R&D energy requirement, solve

distribution and storage
issues

Microalgae- | Limited information in Algenol Improve algal biomass

based commercialization, remains cultivation strategy, scal-

biofuels in the R&D and demon- ing, harvesting, and

stration stage

dewatering techniques

innovation could also be a powerful tool in reducing risks, thereby encouraging
investments in promising bioenergy technologies. One example is the suggestion of
a reverse auction instead of government subsidies for corn stover biofuels to reduce
the long-term risk for investors as presented in TEA research by Petter and Tyner
(2014). Overall, for bioenergy markets and bioeconomies, proper policies could play
a key role, especially in a phenomenon of fragile crude oil price and market
fluctuations, to secure a structural transition to a downward trend in non-renewables.

14.3.2 TEA and LCA in Research, Development,
and Technology Deployment

The scientific literature explicitly using TEA and LCA or an economic and life-cycle
approach, to estimate the economic and environmental impacts of bioenergy pro-
duction and use, as well as other sustainability dimensions has been increasing.
These publications can be classified into three main categories: (1) technological
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system and its direct impacts (e.g., financial performance, emissions), (2) develop-
ment of evaluation tools (e.g., TEA and LCA methods, sustainability metrics), and
(3) sustainability trade-offs and indirect impacts (e.g., social benefits, land use, food
security, biodiversity). Intensive research addresses the first category, due to the
relatively low technology readiness level of the entire bioenergy industry. Specifi-
cally, for the microbial process, the fermentation step is emphasized (Crater et al.
2018). For example, effective microbial communities by systems biotechnology and
enzyme/biocatalyst engineering in fermentation have improved capabilities in
bioenergy conversion (e.g., higher yields, less inhibition) (Srivastava 2019). This
is critical because the fermentation step has a direct impact not only on the econom-
ics but also on the technical performance of downstream processing. The importance
of “begin with the end” should be also noted for understanding scale-up effects. In
many studies, feedstock, pretreatment, and geographical information are starting
points within the context of a conceptual design and early guidance for reliable scale-
up results of end production. Cherubini and Strgmman (2011) have reviewed
evolving bioenergy LCA studies and found most research results show more favor-
able environmental impacts of bioenergy than that of fossil fuels in terms of GHG
emission reductions and fossil energy consumption. However, the economic out-
comes are more diversified depending on the assumptions (e.g., government incen-
tives, feedstock compositions, geographic and seasonal factors) (Vasco-Correa et al.
2018). Nevertheless, these discussions about bioenergy encourage moving the
research and technology deployment towards the direction of development in a
more sustainable manner. The areas can be the following technical aspects.

14.3.2.1 Biorefinery Concept

The biorefinery concept has been increasingly focused by researchers, especially
TEA and LCA practitioners. Strategies such as byproducts valorization and diver-
sifying product portfolio could potentially reduce the economic risk of investing in a
single product by maximizing resource utilization and minimizing “waste”. Accord-
ingly, methodological progress is needed such as allocation of LCA, which should
be selected to represent the system with less uncertainty or avoided by using the
proper functional unit and defining different system boundaries.

14.3.2.2 “Waste” Materials/Non-food Crops as Feedstock

Biomass as a feedstock for bioenergy production could be an expensive choice,
which may also entail environmental burdens to some extent. For example, food-
based feedstock cultivation could require substantial inputs such as fertilizer and
water and has an indirect influence on the food price, which could result in an
increase in both monetary values and mass inflows in the system. As discussed
previously, using “waste” materials does not necessarily mean automatic cost-
effectiveness or an eco-efficient process. For instance, the process of using
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lignocellulosic biomass to produce bioenergy or other bio-based products is still
limited to the R&D stage, due to the technical difficulties and trade-offs across
various sustainability sectors.

14.3.2.3 Process Enhancement

Despite the endeavors by researchers and engineers to use the biomass more
efficiently in process hotspots such as pretreatments, microbial culturing and
processing, and integrated downstream processes, there is no clear breakthrough
technology that significantly makes changes to the energy conversion and the
developed system that delivers gains in both bio-based production/processing and
waste treatment. At least, fundamental issues such as microorganisms’ potentials,
plant phenotyping, reaction mechanism, and inter-and transdisciplinary research
need to be more thoroughly understood.

Complexity and diversity of the bioenergy systems (e.g., system boundaries in
LCA, production capacity in TEA) have made different studies non-comparable,
which means there is still space to improve the methodology for knowledge-based
decisions. For example, considering end-of-life scenarios and environmental port-
folios including indirect effects (not just GHG emission), addressing data scarcity,
and building the analysis framework. Moreover, the 2020 trade-offs should be
addressed such as industry bearing and competing for scenery (e.g., regions revenue,
market growth trends, manufacturers) (Escobar and Laibach 2020). The example of
the first generation of bioethanol and cellulosic ethanol could illustrate the concept.
The existence of first-generation bioethanol (such as sugar-based) with its market
and suppliers, although criticized by many researchers for its long-term impacts on
the environment and food security, could be the result of trade-offs in economic
drivers, energy security, resource re-allocation, and the farmers’ benefits. The rare
success stories of cellulosic ethanol could be partially attributed to the competition
with traditional ethanol, either first-generation or fossil-based, where the underlying
approaches are the interactions of different groups of interest. For the chemical
industry using biomass as the raw materials, sustainability metrics such as green
chemistry metrics need to be taken into account when designing the process and
evaluating its economic, environmental, and societal impacts. To bring bioeconomy
into the reality, as harnessed by bioenergy, it requires the efforts of players from a
wide range such as chemists, engineers, microbiologists, economists, governments,
stakeholders, and the communities.
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14.4 Case Studies: Lignocellulosic Butanol as an Advanced
Biofuel

To illustrate TEA and LCA in evaluating the learning and optimization potential of
bioenergy technologies, the biobutanol production processes were investigated and
compared as a case study, which covered novel approaches, traditional fermentation
methods, and the fossil-based benchmark. This section presents the background of
biobutanol production, TEA and LCA modeling details, and key aspects to
reinvigorate butanol for bioenergy applications.

14.4.1 TEA of Biobutanol Production Alternatives

The traditional fermentation method for butanol production is called Acetone—
butanol-ethanol (ABE) fermentation. Although ABE fermentation has been indus-
trially exploited in the US since the beginning of the last century, it was replaced by
the petrochemical industry around the 1960s (Ezeji et al. 2007). The main problems
included high feedstock cost, product inhibition, low ABE yield, low productivities,
and inefficient recovery processes. However, butanol has increasingly attracted
researchers’ attention for its various advantages (high energy content, low water
solubility, high blending ratio in gasoline, etc.). Specifically, utilizing cost-effective
cellulosic feedstock has motivated the biosynthesis of butanol in the recent era
(Kumar et al. 2012). Table 14.2 shows the status of leading biofuel companies
producing bio-butanol.

Economic analysis of ABE fermentation has been performed by several
researchers (Pfromm et al. 2010; Kumar et al. 2012; Tao et al. 2014; Qureshi et al.
2013) with regard to different feedstocks and process parameters (fermenter size,
plant capacity, microbial strains, production yield, etc.). In these studies, the ABE
fermentation butanol yields are 0.11-0.3 g/g biomass. Many of these studies were
performed on the lab scale and multiple additional assumptions. The low yields were
due to the low concentration of butanol in the fermentation broth (12—-18 g/L) and the
presence of a variety of inhibitory chemicals (furfural, hydroxymethylfurfural
(HMF), etc.) generated before and during fermentation. The industrially confirmed
yield of 0.11 g butanol/g of corn corresponds to 34 wt% conversions of solvents
(Pfromm et al. 2010). Debates exist in energy yield comparison between ethanol
fermentation and acetone-butanol-ethanol (ABE) fermentation (Wu et al. 2007,
Swana et al. 2011; Tao et al. 2014). To improve the yields of bio-butanol production
as an advanced biofuel, a new and promising scheme for the “hybrid conversion”
process employs anaerobic bacteria to produce an alternative intermediate—butyric
acid, which has a higher titer (more than 60 g/L) and then converting butyric acid to
butanol through a catalytic process (more than 98% conversion rate) (Lee et al.
2014).



14 Techno-economic and Life Cycle Assessments of Microbial Process in. . .

371

Table 14.2 The status of bio-butanol production in leading biofuel companies

Company Product Status Note
Cobalt n-butanol | Closed One of the leading companies of
Technologies commercializing the production
of bio n-butanol for chemical
and fuel
Gevo Isobutanol | Conversion of corn ethanol More plants for cellulosic
plants for butanol production, isobutanol
process optimization
Eastman n-butanol | Producing n-butanol from Commercialization of the
petroleum bio-catalysis technology for
producing bio-based butanol
Green n-butanol | Commercial facility operation Producing n-butanol from corn
Biologistics ceased with possible reasons of
cost disadvantage, small volume
fermentation
Butamax Isobutanol | Develop a commercial facility Previous work includes piloting
for the biobutanol production and risk mitigation, beginning
process of isobutanol retrofit project
Butalco Isobutanol | Focused on bioethanol Develop integrated production
GmBH fermentation processes to ferment xylose into
isobutanol by yeast strain
Cathay n-butanol | Shut down Scaled-up biobutanol produc-
Industrial tion from corn
Biotech
ZeaChem Butanol - Indirect production of butanol
from ethanol

There is very limited research on the comparisons of traditional ABE fermenta-
tion and the butyric acid to butanol catalytic process from domestic lignocellulosic
biomass such as corn stover and wheat straw, which are representative of their high
cellulose content and biomass yield per unit area (Swana et al. 2011). Thus, this
research will focus on bio-butanol production with lignocellulosic feedstock and
concentrate on one of the major bottlenecks in the overall process—the difficulty in
product purification from the fermentation broth. To address the challenge, different
biorefinery scenarios (conversion and product recovery) are discussed to separate
butyric acid/butanol from other byproducts, mainly acetic acid/ethanol in both
perspectives of energy and economic analysis.

14.4.1.1 TEA Method

This research is focused on the catalytic process for converting butyric acid to
butanol of the “hybrid” conversion process. Here, butyric acid is used as direct
input in the fermentation broth. Information such as the butyric acid concentration
and yields fermentation process is based on literature (Sjoblom et al. 2015). Since the
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Table 14.3 Thermodynamic properties of acetic acid and butyric acid

Component Formula Molar mass Boiling point
Acetic acid CH;COOH 60 g/mol 244.6 °F (118.1 °C)
Butyric acid C4HgO, 88 g/mol 326.3 °F (163.5 °C)

fermentation broth contains butyric acid and other coproducts (mainly acetic acid),
two scenarios were investigated:

Scenario 1: First catalytically convert the acids (butyric acid and acetic acid) in
the mixture from fermentation broth to alcohols and then separate the alcohols to
around 95% mass purity.

Scenario 2: First separate the two acids in the mixture, catalytically convert each
of them to their corresponding alcohol, and finally purify the alcohol to 95% mass
purity.

The thermodynamic properties of butyric acid and acetic acid are shown in
Table 14.3. Considering a plant capacity of 30 million gallons/year of butanol,
assumptions made in this study are as the following:

e Acetic acid and butyric acid could be catalyzed by the same catalyst
(ZnO-supported Ru-Sn bimetallic catalyst).

* The catalysts have the same selectivity (99.9%) and conversion rates (98.6%) on
both acetic acids and butyric acid.

* The concentration of acetic acids and butyric acid does not affect the catalyst’s
selectivity and conversion rates.

» The catalytic process was operated on the same condition: 265 °C and 25 atm.

» The concentration of butyric acid and acetic acid in the fermentation is 58.8 g/L.
and 11.46 g/L, respectively.

* The capital cost is borrowed at an interesting rate of 10% for 20 years.

The catalytic process is through the conversion of hydrogenation of acids in the
vapor phase by a stable and selective catalyst. Metal catalysts such as Cu/ZnO/Al,0;
and ZnO-supported Ru-Sn bimetallic catalysts could have more than 98% yield of
butanol from biomass-derived butyric acid. The selectivity (ratio of substrate
converted to desired product to total substrate converted, addressing unwanted
reactions) and conversion rates are important criteria in selecting the catalysts.
Here, the main reactions are:

Acetic acid(CH3COOH) + 2H, — Ethanol + Water
Butyric acid + 2H, — Butanol + Water

Then Aspen plus V8.8 was used to simulate the processes of the two scenarios
and the economic performance is evaluated.

Scenario 1: The process flow diagram (PFD) of scenario 1 is shown in Fig. 14.4.
The feed broth and hydrogen are introduced into the catalytic reactor R1, where
acetic acid and butyric acid are converted to ethanol and butanol through
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Fig. 14.4 Process flow diagram (PFD) of Scenario 1

hydrogenation reaction, respectively. The effluent from the reactor goes into a
distillation column (BEERCOL). Here, two azeotropes are formed ethanol and
water, butanol, and water (as analyzed by ASPEN, shown in Fig. 14.5). The distillate
(S2) contains most ethanol and butanol as well as a portion of water. The S2 is sent
for further distillation SEPDIST, where ethanol and butanol are separated for
individual distillation for a 95% mass purity. The distillation column ETOHD pro-
duces the target ethanol and column BTOHD produces the target butanol. For
butanol purification, a decanter is used for two liquid phase separation for removing
water. The n-butanol/water azeotrope is heterogeneous, which is different from the
ethanol/water system (homogeneous), and therefore the constituents of the mixture
are not completely miscible in the decanter (two liquid phases). This process refers to
the double effect distillation to obtain ABE as final products (Naleli 2016). Here, the
property method chosen is UNIQUAC (universal quasichemical). Vapor-liquid
equilibrium for ethanol and butanol is shown in Figs. 14.6 and 14.7. The ternary
diagram for butanol ethanol and water is shown in Fig. 14.8.

Scenario 2: The flowsheet of the process of scenario 1 is shown in Fig. 14.9.
Different from scenario 1, in this scenario, the mixture of butyric acid and acetic acid
is sent to the distillation column DISTO1 for separation. Here, the acetic acid solution
AA is obtained at the bottom of the distillation column, and the azeotrope of butyric
acid and water is obtained as distillate, as analyzed by the azeotrope search report
(Fig. 14.10) in ASPEN. Then, acetic acid and butyric acid are sent to the catalytic
process separately. In reactors RAA and RBB, each acid is converted to its alcohol.
The ethanol and butanol solutions obtained are sent for purification by distillation.
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AZEOTROPE SEARCH REPORT
Physical Property Model: UNIQUAC Valid Phase: VAP-LIQ

Mixture Investigated For Azeotropes At A Pressure Of 1 ATM

Comp ID Component Name Classification Temperature
ETHANOL ETHANOL Saddle 7831C
BUTANOL N-BUTANOL Stable node 117.76 C
WATER WATER Stable node 100.02C

2 Azeotropes found

Number Of Components: 2 Temperature 78.16 C
Homogeneous Classification: Unstable node
01 MOLE BASIS MASS BASIS
ETHANOL 0.8999 0.9583
WATER 0.1001 0.0417
Number Of Components: 2 Temperature 91.60 C
Homogeneous Classification: Saddle
02 MOLE BASIS MASS BASIS
BUTANOL 0.2376 0.5619
WATER 0.7624 0.4381

® Aspen Technology, Inc.

Fig. 14.5 Azeotropes in Scenario 1

Then, over 95% mass purity alcohols are obtained. The butanol purification process
is similar to that of scenario 1.

14.4.1.2 Results and Discussion

The capital cost and operation cost were obtained by ASPEN Process Economic
Analyzer with its built-in evaluation method of sizing based on the mass and energy
balance. The economic analysis summary is shown in Table 14.4. The cost of the
main equipment is shown in Table 14.5. The utilities include electricity, steam,
refrigerant, and cooling water. The overall economic performance of scenario 1 is
better than that of scenario 2 due to the significant savings in operating costs. The
high capital and operating costs of Scenario 2 are mainly caused by the distillation
difficulties in separating butyric acid and acetic acid and huge utility requirements.
Here, without considering the butyric acid fermentation cost, the unit cost for
scenario 1 is 0.21 $/L butanol, while scenario 2 has a unit cost of 0.84 $/L butanol.
Thus, the process in which the butyric acid fermentation broth was catalyzed before
products recovery has better economic performance.

The butyric acid fermentation process is similar to the bioethanol fermentation
process. The major difference is the microbes involved in the fermentation. Consid-
ering the butyric acid concentration of 58.8 g/L. (Sjoblom et al. 2015), ethanol
fermentation has a similar titer. The lignocellulosic ethanol fermentation process
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Fig. 14.6 Vapor-liquid equilibrium of the mixture of ethanol and water (1 atm)

(Wu 2018) was used as a reference for the economic analysis of butyric acid
production cost. The butyric acid production cost is estimated to be 0.71
USS$/L. To produce 1 kg of butanol, 1.19 kg of butyric acid is required. The butanol
production cost is estimated to be 0.87 U$/L in Scenario 1. Due to limited studies
available in the literature about the production cost of butyric acid, future work of
evaluating the production cost of butyric acid for the specific fermentation methods
is necessary.

Baral and Shah (2016) estimated the butanol production cost from traditional
ABE fermentation to be 1.8 $/L. Qureshi et al. (2013) also presented a techno-
economic analysis of ABE fermentation with a production cost of 1US$/L. How-
ever, different assumptions were made regarding the plant capacity, biorefinery
concepts, and recovery methods. Therefore, it is difficult to make comparisons in
many aspects.
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Fig. 14.7 Vapor-liquid equilibrium of the mixture of butanol and water (1 atm)

The butanol purification process could be further optimized as the following:
Butanol-water system will form two liquid phases once condensed. This is a steady-
state simulation of an azeotrope mixture of system butanol and water in which case
two columns were used with a decanter located in between (Luyben 2008). Decanter
separated two liquid phases and returned on the aqueous phase and organic (butanol
rich) phase to a column as a reflux stream. Recycling and recovering steps for the
remaining product in the waste stream are needed but not discussed in this study,
which could be further investigated in future work.

The TEA work studied different scenarios about the butyric acid to butanol
catalytic process to obtain the final product—butanol. Catalytically converting the
acids (butyric acid and acetic acid) in the fermentation broth to alcohols before
separating the alcohols shows promising economic advantages. With the advantage
of a higher titer than ABE fermentation, butyric acid fermentation still needs a more
detailed techno-economic analysis to investigate whether it achieves a competitive
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Fig. 14.8 Ternary diagram for butanol ethanol and water

cost or not. Besides, the waste stream from the whole process is another area for
future research with the purpose of recovering energy and improving economic
performance.

14.4.2 Environmental Impacts Considerations: LCA
of Butanol Production Alternatives

An LCA study was carried out to evaluate environmental impacts along with process
design for the implementation of bio-butanol technologies, support the strategic
decision-making process, and analyze and compare different production alternatives
of butanol. A wide variety of processes for butanol production have been studied
through LCA such as the effect of different pretreatment methods (Baral et al. 2018),
conversion methods such as oxo synthesis (Brito and Martins 2017), and ABE
fermentation (Pereira et al. 2015), different feedstocks (e.g., corn and wheat straw)
(Wu et al. 2007), different microbial strains (e.g., clostridia, cyanobacteria) (Nilsson
et al. 2020), and different separation processes (Mahmud and Rosentrater 2020). The
assessment applied in this case study used the TEA results from the previous section,
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Table 14.4 Economic sum- Scenario 1 Scenario 2
mary of butyric acid to buta- 0 e Se o (million $) 155 275
nol catalytic process - —

Capital charges (million $) 1.8 32

Total operating cost (million $) 21.7 92.7

Total utility cost (million $) 18.3 83.5
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Table 14.5 Major unit operation equipment cost and installation cost

Equipment cost (million | Installed cost (million
Name $) $)
Scenario | Hydrogenation Reactor (R1) 0.27 0.46
1
Distillation column (SEPDIST) |0.38 0.88
Heat exchanger (EXC1) 0.44 1.05
Heat exchanger (EXC2) 0.08 0.25
Decanter 0.02 0.13
Distillation column (ETOHD) |0.15 0.55
Distillation column (BTOHD) | 0.11 0.48
Distillation column 1.35 2.75
(BEERCOL)
Scenario Distillation column (DISTO1) 8.57 14.97
2
Heat exchanger (EX01) 0.02 0.09
Heat exchanger (EX02) 0.63 0.99
Decanter 0.02 0.12
Distillation column (PURFO1) | 0.21 0.66
Distillation column (PURF02) |0.15 0.51
Reactor (RAA) 0.08 0.23
Reactor (RBA) 0.14 0.32

which compare different alternatives of the butyric acid catalytic process to show the
economic potential.

14.4.2.1 LCA Method

We used the LCA method as a tool to environmentally assess, identify hotspots and
recommend strategies to improve the butanol production process. The LCA model
was built according to the international standards ISO 14040 and ISO 14044. To
conduct the LCA, the SimaPro 9.0 and Traci 2.1 V1.05/US 2008 methods were used.

14.4.2.2 Goal and Scope Definition, Functional Units, and System
Boundary

The main purpose of the assessment was to compare different proposed process
configurations for butanol production as a fuel. Here, three cases were investigated
(Fig. 14.11): (1) butanol production through the catalytic process of butyric acid
(two scenarios) from lignocellulosic (wheat straw), (2) butanol production through
direct fermentation: ABE by clostridia (wheat straw) and fermentation by E.coli of
lignocellulosic (corn stover) biomass, and (3) Butanol production through the
petrochemical pathway. The functional unit is defined as 1 MJ of butanol product.



386 N. Wu et al.

Butyric acid Butyric acid to
production by butanel catalytic
fermentation process

—— Hybrid conversion s

Lignocellulosic biomass Butanol production by fermentation

BUTANOL

Direct fermentation

Crude oil _?___’ Fossil-based butanol production

Petrochemical pathway

Fig. 14.11 Butanol production scenarios investigated

A “well to wheel (WTW)” system boundary is considered in this case study, which
uses butanol as the final product of the industrial production facility.

14.4.2.3 Life Cycle Inventory

The materials and energy inputs of the inventories for the production of butanol
using different processes are obtained from a combination of sources: process
simulation results were mainly used and literature and Ecoinvent database v.3
were used for data gaps when needed. The inventory for the petrochemical pathway
was directly provided by the Ecoinvent database v.3. Specifically, the petrochemical
process includes propylene hydroformylation (oxo synthesis) with subsequent
hydrogenation of the aldehydes formed. The hybrid conversion process includes
two main processes: butyric acid fermentation, and butyric acid to butanol catalytic
process. The butyric acid fermentation process data were based on the process model
developed by Baroi et al. (2017) (Table 14.6), where the yield and concentration of
butyric acid are in the same range as the TEA model presented in the previous
section. Considering the substitutive catalytic process, minor modifications for the
inventory data were made to exclude extraction and purification steps. Mass alloca-
tion was considered for the two main products: butyric acid and acetic acid. The
energy consumption for the following butanol catalytic process was estimated by the
previous process simulation section for the industrial scenarios. As a benchmark for
the hybrid conversion process, two butanol production through direct fermentation
processes were also evaluated: ABE process data from Brito and Martins (2017) and
butanol conversion process using corn stover hydrolyzed sugars from the GREET
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Table 14.6 Life Cycle Input (materials and energy) Unit Value
Inventory (LCI) for butyric :
. . Enzyme mix tonnes/year 700.52

acid production
Wheat straw tonnes/year 46150.21
KOH tonnes/year 10.58
K2HPO4 tonnes/year 157.13
NaOH tonnes/year 622.22
H2S04 tonnes/year 857.14
Urea tonnes/year 1078.58
Water tonnes/year 1,10,120.89
Output (product)
Butyric acid kg/year 8,900,000
Acetic acid kglyear 1,100,000

Table 14.7 Summary of data sources for processes of different cases involved in this study

Case Process pathways Data source
1. Hybrid Step 1. Butyric acid fermentation Baroi et al. (2017)
conversion Step 2. Butyric acid to butanol catalytic process | Process simulation
(two scenarios as in the TEA)
2. Direct Pathway 1. ABE fermentation by clostridia Brito and Martins
fermentation (wheat straw) (2017)
Pathway 2. Butanol fermentation by E.coli Dunn et al. (2015)
(corn stover)
3. Petrochemical | Hydroformylation of propylene Ecoinvent database v.3
conversion

model by Argonne National Laboratory (Dunn et al. 2015). The summary of data
sources for processes of different cases considered in the LCA is shown in Table 14.7.

14.4.2.4 Results and Discussion

This case study of LCA covers a wide range of mostly hypothetical processes, which
also means the process is still in the R&D stage and currently does not exist at a
commercial scale. The overall objective of this study was to explore the potential of
butanol production through a novel catalytic process (the modeled hybrid conversion
system) by comparing it with the traditional configurations. Our results could be
helpful for researchers to focus on areas for sustainability in the future.

14.4.2.5 Environmental Impact Assessment

The main difference observed in the environmental impacts between the process
pathways is related to energy consumption in terms of electricity, heat, and cooling
energy. Figure 14.12 presents the comparison of impacts for 1 MJ of butanol through
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Fig. 14.12 Comparison of butanol production (1 MJ) alternatives

all the cases investigated. The hybrid conversion processes include two scenarios of
process design, where scenario 1 (butanol 01) performs better in all environmental
categories than scenario 2 (butanol 02). It can be inferred that the separation of final
products after the catalytic reaction shows benefits in the environmental impacts,
which is also in agreement with the economic results (lower operational cost due to
lower utility usage). Thus, the results highlight the importance of catalytic process
development in the aqueous phase for both economic and environmental advantages.
The comparison also points out the environmental desirability of the hybrid conver-
sion process for butanol, compared to the traditional ABE fermentation, since both
scenarios of the hybrid conversion process show less environmental burden in most
TRACI 2.1 categories, especially acidification, non-carcinogenic, and ecotoxicity. It
should be noted that although butanol production from corn stover through fermen-
tation of E.coli shows promising results in all the categories, it was modeled on
additional assumptions such as fermentation temperature and retention time, as
described in the GREET model, where further process refinement is required.
Surprisingly, most of the bio-based routes for butanol production, except butanol
from corn stover, have more environmental burden than the fossil-based route. This
may partially be due to a lack of optimization of energy networks for the bio-based
systems, whereas the fossil-based route is a mature industrial technology. Thus, we
can conclude that at the current stage of biobutanol production, it may be difficult to
compete with fossil-based butanol, both economically and environmentally.

For the process improvement, Fig. 14.13 shows the impact analysis of butanol
hybrid conversion for both scenarios 1 and 2. Heat energy consumption and butyric
acid are the main contributors to the environmental burdens, regardless, scenario 2 is
more energy-intensive in terms of product purification steps. Figure 14.14 shows the
environmental impacts in ten categories for 1 kg of butyric acid production. Elec-
tricity is a key factor for the technology, where it was mainly used for removing and
recovering organic acids (butyric acid and acetic acid) using membranes. The
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Fig. 14.13 Environmental impact analysis of butanol (1 MJ) hybrid conversion scenario 1 (top)
and 2 (bottom)

separation of organic acids is essential for the downstream processes, either catalytic
process or direct distillation. The connections between the steps determine the
success of the biotechnologies’ development to some extent. Similar to butanol
hybrid conversion scenario 2, the ABE fermentation process requires significant
amounts of steam for butanol purification (Fig. 14.15). Nevertheless, the bottleneck
for butanol production could be the energy-intensive downstream product purifica-
tion process. The high-energy demand will also be reflected in a higher production
cost. For the fermentation step in both the butyric acid and ABE process, enzymes
inputs are the second major contributors to the environmental impacts, especially in
categories such as eutrophication, non-carcinogenic, and ecotoxicity. It should also
be noted that the waste stream treatment process is not considered for all the cases,

which could add credits (energy and nutrients recovery) to these emerging
biotechnologies.
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14.4.3 Uncertainty

Variability in system parameters including inputs and design leads to the inherent
uncertainty in the outcomes. Similar to other technology assessment methods, LCA
and TEA could be associated with uncertainty risks when used for informing
decisions. In the presented case studies, variability in feedstock composition, pro-
duction and processing, allocation decision, geographic factors, and data estimation
methods could cause variation in the environmental impacts and therefore uncer-
tainty in the results. The sustainability impact scores may change substantially if
variations in the input parameters are taken into account. Identifying the sources of
uncertainty in the model and addressing them through a comprehensive uncertainty
analysis will help increase the robustness of the results and reliability of recommen-
dations for a wide range of potential process and market conditions. This highlighted
data-driven research as a powerful tool in minimizing risks and maximizing benefits.

14.5 Conclusions, Guidelines, and Roadmap for the Future

This chapter provides state-of-the-art information and presents knowledge of ana-
Iytical methods such as techno-economic analysis (TEA) and life cycle assessment
(LCA) as standardized techniques that are used to quantify economic viability and
environmental sustainability of microbial processes and products and assist with
decision-making. R&D challenges while incorporating sustainability analysis to
support biotechnology transition to a more sustainable future were discussed, espe-
cially in the area of data availability and accessibility considering technology
readiness levels. Both challenges and opportunities for microbial process in renew-
able energy production were presented by a systematic review of commercialization
status of renewable bioenergy/biochemicals, where success/failure stories were
discussed and the main TEA and LCA findings in R&D and Technology Deploy-
ment were summarized.

The application of TEA and LCA tools and their main features in assessing the
economic viability and environmental performance of microbial processes were
further demonstrated through a case study of biobutanol production. The study
evaluated the economic and environmental implications of different biobutanol
production pathways representing the development of technologies, as well as
improved configurations in the future. In general, an integrated or combined butanol
production pathway (microbial and chemical) can be beneficial in terms of sustain-
ability performance such as exhibiting lower environmental impacts as well as
promising outcomes in the financial assessment. Although compared to a fossil-
based route, the results of the case study may depict an unfavorable situation for the
biobased route under current technological conditions, key sustainability improve-
ments can be obtained by considering technological advances, waste treatment, and
optimized energy networks. Compared to fossil-based energy, the microbial process
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in energy application still needs to overcome many shortcomings such as the input
enzyme production, product recovery, and the interactions between the upstream and
downstream steps. To bridge the gap between research and commercialization, this
chapter emphasizes the role of interdisciplinary work, namely, analytics, science,
engineering, politics, business, and society in building a harmonized and realistic
roadmap for future sustainable biotechnology.
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