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Preface

This book entitled, Paddy Straw Waste for Biorefinery Applications, provides
sustainable value addition of paddy straw and its different roles in biorefinery
applications. Additionally, the book explores different large-scale industrial uses
of paddy straw for different applications along with biorefinery grounds. Huge
production, availability, and advantage of the lignocellulosic waste need mass-
scale expansion for extensive industrial utilization as well as for effective environ-
mental management. Biotransformation and value addition of paddy straw also help
to resolve the issue of solid waste management around the globe because rice straw
is included among the most consumed cereal worldwide and releases huge amounts
of waste alongside. Therefore, this book gives the common ground to explore this
waste for various important biorefinery roles through its maximum utilization. Based
on this fact, this book has been divided into ten targeted chapters based on paddy
straw application in biorefinery industries. Chapters 1, 2, and 3 present the basic
biorefinery concept, importance, and current scenario with paddy straw utility as
promising feedstock. Chapters 4, 5, and 6 explore the sustainable possibility of
paddy straw in biofuels production via fabrication of nanomaterials and bioethanol
production. On the same pattern, Chaps. 7 and 8 explore the charcoal fabrication and
current ethanol production development as well as the challenges in the area.
Further, Chaps. 9 and 10 discuss the feasibility and improvement in hydrolytic
enzyme production and biochar synthesis using paddy straw as the basic and
initiated material. Since the book is exclusively based on the sustainable application
of paddy straw in biorefinery industries, it will prove its promising credentials in the
area to overcome the existing roadblocks and enrich the biorefinery industries.
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Chapter 1 ®)
Biorefineries: An Analogue to Petroleum s
Refineries

Anuja Gupta, Tanvi Sahni, and Sachin Kumar

Abstract This chapter explores the concept of biorefineries as a sustainable and
efficient alternative to traditional petroleum refineries. It delves into the increasing
global demand for renewable energy resources and the urgent need to transition from
fossil fuels to more sustainable options. The abstract begins by highlighting the key
objective of the chapter, which is to present biorefineries as a viable solution for the
production of various valuable products from biomass feedstocks. It emphasizes the
importance of integrating multiple processes in biorefineries to maximize resource
utilization and minimize waste generation. The chapter provides an overview of
petroleum refineries as a basis for comparison. It highlights the similarities between
the two refinery types, such as the conversion of raw materials into valuable
products. Additionally, it discusses the significant advantages of biorefineries,
including the utilization of renewable biomass resources, reduced greenhouse gas
emissions, and the potential for bioproduct diversification. Furthermore the abstract
delves into the different conversion technologies employed in biorefineries, such as
biochemical, thermochemical, and hybrid processes. It explores various biomass
feedstocks, including agricultural residues, energy crops, and algae, and their
respective conversion pathways. Moreover, this chapter emphasizes the importance
of biorefinery integration with existing industries and infrastructure, highlighting the
potential synergies and economic benefits. It also addresses the challenges associ-
ated with biorefinery implementation, including feedstock availability, technological
advancements, and market competitiveness. Finally, the abstract concludes by
summarizing the chapter’s key findings and discussing the future prospects of
biorefineries. It highlights the role of policy support and research and development
in fostering the growth of biorefinery sector and facilitating a sustainable transition
toward a biobased economy. Overall, this chapter serves as the comprehensive
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introduction to the concept of biorefineries, showcasing their potential as an ana-
logue to petroleum refineries and as essential component of the renewable energy
landscape.

Keywords Biorefineries - Feedstock - Petroleum refineries - Thermochemical and
hybrid processes

1.1 Introduction

With the advancement in technology and rise in population growth over the past
decades (Alalwan et al. 2019), there is a 64% increased demand for transport and
chemical energy with every passing day which results in enhanced usage of biofuels
up to ~111 million barrels per day (Mb/d) (Sharma and Singh 2017). Liquid fuels
have significant role in the economic development around the globe (Panda et al.
2010). Majorly the global population mainly depends on fossil fuels, which results in
the emission of greenhouse gases (Ramachandra et al. 2015). The main energy
requirements (80%) are currently fulfilled in the industrial and transport sectors
with chemical fuels and petroleum resources (Yusuf et al. 2011). Due to this, carbon
dioxide emission over the last 50 years has increased from 200 to 414 ppm
(Ballantyne et al. 2012). With this rate, this level can reach up to 500 ppm by
2045, which will cause the melting of the polar ice sheets. This in turn results in the
rise of the water levels in the sea to several meters, which gives us a valid reason to
shift our focus from the fossil fuels and find some renewable source of fuels for
energy production to reduce the carbon footprint on the earth. For example, when we
blend 10% bioethanol into gasoline, the emission of greenhouse gases is reduced up
to a great extent like reduction in emission of CO, by 6-10%, CO by 25-30%, NOx
by 5%, and volatile organic compounds by 7%, respectively (Suarez-Bertoa et al.
2015). Till date, oil is the main source of energy production and transportation. As
till date the total daily consumption of oil is about 84 million barrels which is likely
to be increased by ~116 million barrels by 2030 (Kjérstad and Johnsson 2009).
Studies conducted have shown that lignocellulosic biomass can be used as a good
alternative as well as renewable source of fossil fuels and can be efficiently used as
transportation fuel (Nanda et al. 2015; Kumar et al. 2023). As biomass availability is
also limited, it is necessary to use them efficiently. Thus, biorefineries are thought to
play an important part in decarbonizing energy (Stegmann et al. 2020). A noticeably
reduced amount of GHG emission can be attained by the use of biomass as biofuels
because the carbon dioxide released during the incineration of lignocellulosic plants
is balanced by the amount used during plant cultivation (Chen et al. 2021). Thus, the
production of bioenergy is proven to be the best alternative till date and contributes
~9% of the entire global energy supply (Gielen et al. 2019). During a research, it
was found that there is a significant reduction in GHG emissions in South Africa
through the use of advanced biofuels which were prepared from lignocellulosic
materials mainly constituting sugarcane bagasse and other biomass resources
(Ullah et al. 2015). Several other renewable sources of energy can be used as
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alternative sources for energy production apart from lignocellulosic biofuels
(Ho et al. 2014). Such as heat and electricity are generated from wind, solar, and
hydropower energy, the requirement of transportation fuel can be fulfilled from
lignocellulosic biofuels (Lange 2007). Biofuels are also helpful in decarbonizing
the harmful gases which are the by-products of flight and freight industries
(McCollum and Yang 2009). Using biomass for fuel production is a good alternative
for the improvement of the environment (Groom et al. 2008). The biomass produced
in the form of agricultural, industrial, forestry, aquatic, and municipal solid waste
creates environmental pollution by emitting toxic gases as it is decomposing with
unstrained methods; thus carbon-based solid wastes can be used as an abundant
natural source for biofuels (Inyang et al. 2022). To improve the degrading quality of
environment, it is necessary to grow biofuel consumption in automobile industry. It
will also prove useful in the growth and advancement of agriculture sector, which in
turn will produce more biomass for more biofuel production (Demirbas 2008). In
such way, lignocellulosic biomass and biofuel production will slowly dominate the
fuel industry in few years.

Over time, different researchers proposed different definitions of a biorefinery
based on their demand and usage which kept on changing in due course of time
(Borras Jr et al. 2016). “Biorefining is the sustainable processing of biomass into a
spectrum of marketable products and energy” (Mohan 2016). “A biorefinery is a
facility that integrates biomass conversion processes and equipment to produce
fuels, power, and chemicals from biomass” (Béligon et al. 2018). Definitions of
biorefineries on the basis of the economic importance of forest industry to the
biorefineries: “Full utilization of the incoming biomass and other raw materials for
simultaneous and economically optimized production of fibers, chemicals, and
energy” (Berntsson et al. 2008). “Maximising the economic value from trees,”
need “an improved business model and corporate transformation” (Berntsson et al.
2008). An overview of biorefinery is given below (Fig. 1.1).

Biorefineries are “Facilities that can combine biomass conversion processes and
equipment to generate fuels, power, and new materials in an economically, socially
and environmentally sustainable way” (Berntsson et al. 2008). Biorefinery is an
evolutionary concept in the fuel world; thus, it is defined as “A complex facility
(or network) that involves integral biomass conversion processes to produce a range
of products, mainly biofuels, power, materials, food, and feed as well as chemicals
and biochemicals based on biomass” (Cardona-Alzate et al. 2020).

A huge variety of biowastes are used by the biorefineries to produce a wide
spectrum of fuels, for example, glycerol is processed to obtain high-added second-
and third-generation fuel (Ferreira et al. 2019). Crop produce is used as potential
material in biorefineries to prevent land competition (Cherubini 2010). Due to the
above reasons, two different types of biorefineries are required by taking into
account the final products used during the manufacturing of biofuels. Energy-
focused biorefineries prioritize the production of biofuels, power, and heat as their
primary outputs. These biorefineries generate various forms of energy, including
biofuels such as biogas, syngas, hydrogen, bio-methane, bioethanol, FT fuels,
bio-oil, biodiesel, charcoal, etc. Additionally, they also produce electricity and
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Fig. 1.1 Overview of biorefinery

heat, emphasizing their core purpose of energy generation (Awogbemi et al. 2021),
whereas the industries that mainly focus on products are those biorefineries whose
main objective is to provide the major products used in energy-driven biorefineries.
Such products are:

* Chemicals (fine chemicals, building blocks) (Takkellapati et al. 2018)
* Organic acids (Becker et al. 2015)

» Polymers and resins (Thang and Novalin 2008)

* Biomaterials (Fahd et al. 2012)

* Food and animal feed (Jungmeier 2014)

» Fertilizers (Seghetta et al. 2016)

Bioethanol and biohydrogen have been recognized as beneficial fuels and base
chemicals (Gielen et al. 2019; Verma et al. 2023). However, the classification of
these products depends on their intended purpose and the demand in the market. In
recent times, the concept of biorefineries has emerged, referring to advanced systems
that integrate the processing or fractionation of biomass to produce a range of
valuable outputs. To achieve this, a comprehensive assessment of the raw materials
and the adoption of sustainable design principles are necessary, incorporating the
latest advanced technologies and approaches. It is important to note that these
considerations align with the three pillars of sustainability, ensuring the viability
of the biorefinery in terms of environmental, social, and economic aspects.
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1.2 Why Biorefinery Will Replace Oil Refinery?

The industry based on petroleum is unsustainable as the demand for petrochemicals
rises day by day due to the finite nature of the fossil fuels from which these chemicals
are created, as well as the environmental pollution that results from the overuse of
these fossil resources (Bhan et al. 2020). These problems create a need for an
alternate sustainable renewable source to meet up the daily energy demands over
the globe, which results in an unexpected increase in the development of the
biorefinery industry (Kurian et al. 2013). The economy’s major material handler in
recent years has been the oil industry. Around six billion tons of CO, was emitted
worldwide as the primary fuel or more than 1000 kg per person (Themelis 2003). In
comparison, the global steel industry produces approximately 700 million tons of
steel each year, equating to an average of approximately 120 pounds per person.
Renewable, photosynthetic biomass should be used as an alternative to oil. Natu-
rally, biomass is preserved in biofuels, and energy is dissipated; oil refineries
produce a lot of toxic waste products like phenols, sulfides, and heavy metals,
present in crude oil (Wan et al. 2022). During the refining of this crude oil, remaining
toxic substances such as cyanide, dioxins, and furans are produced, along with this
many other toxic wastes added to the air as well as groundwater, altering their natural
composition (Misra and Pandey 2005). The solution to this oil refinery pollution is
bioremediation which is one of the methods of biorefinery (Khatiwada et al. 2020).
For instance, certain microorganisms are used to break down the pollutants like
phenols (Karigar and Rao 2011). The process of refining oil at a petroleum refinery
begins with the receipt of crude oil for storage, processing, and shipping of finished
products. At the oil refinery, oil corporations utilize catastrophic event risk manage-
ment (as acceptable risk limits for environmental, public health, and safety).
Biomass-based chemicals typically require production procedures with less demand-
ing temperature, pressure, or solvent conditions. Hence the risk is diminished or
eliminated via biorefinery (Alfaqiri et al. 2019). In contrast to oil refineries, biomass
refineries recycle carbon dioxide. Hence, biorefinery suggests a favorable impact on
global warming (Gravitis 1998). The proper functioning of a power plant depends
upon how much carbon dioxide is emitted per kWh. Thus the efficiency of electric
power plants using wood to generate power is 60% more than the efficiency of the
power plants that use coal as the burning material which changes the fossil fuel to
plant material ratio to 30:1 (Spliethoff 2010). Several sources of biomass are wasted
and disposed of per year in huge amounts, for example, if we talk about the USA,
they dispose approximately 350 million tons of agricultural biomass as a waste
product every year, and also the biomass production of tropical plantations that is
unused is unexpectedly high (Tye et al. 2016). Thus, it is concluded that the world
has an enormous amount of residual biomass that can be used as fuel without any
harm to the forests and without causing soil erosion. Less than or equal to 40% of the
total residual mass from the fields is used for biofuel-ethanol production, and the
remaining is again provided back to the fields in the form of organic matter added to
the soil which will increase the fertility of the soil, reduce soil erosion, and also
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remove carbon dioxide in the environment in a noticeable amount (Sinclair and
Weiss 2010). Only a 1% rise in the organic matter added to the soil will reduce up to
40 t of carbon dioxide per hectare of land (Winsley 2007). Ethanol transportation
reduces up to 46% GHG of the total 25% of greenhouse gas emissions in the USA in
place of gasoline (Wang et al. 2011). Thus, to generate full potential from biofuels,
the biorefinery industry should be expanded, and engine designs should be improved
so that we can take more advantage of the biofuels.

1.3 Refineries vs. Biorefineries

When comparing the manufacturing technologies of biorefineries, it becomes evi-
dent that there is a significant and noticeable difference between hydrocarbon-based
crude oil and biomass. This disparity in quality can be attributed to the distinct soil
varieties from which they are derived, resulting in differing physical and chemical
properties of crude oil (Stedile et al. 2015). The properties of biomass, on the other
hand, are influenced by factors such as sunlight exposure, maturity duration, and the
levels of air and moisture it encounters. These factors contribute to variations in the
oxygen content of biomass, which is higher compared to crude oil (Bolan et al.
2021). The potential of biomass as a source for chemical has been extensively
studied in various research papers, highlighting its increasing popularity. These
biobased products have the potential to generate a significant revenue of more than
US$15 billion for the global chemical industry. However, the economic production
of transportation biofuels remains a considerable challenge for chemical industries
(de Jong et al. 2012). Currently, the fuel industry relies heavily on hydrocarbon
products such as LPG and natural gas for transportation, polyester, polyurethane,
polymers, glycol, ammonia, synthetic rubber, asphalt, and insecticides (Sudha et al.
2023). Developing biorefineries is aimed at replacing these harmful and finite
hydrocarbons with renewable alternatives like biomass-based products. Major dif-
ferences between refineries and biorefineries are given in Table 1.1.

Figures 1.2 and 1.3 also help in distinguishing between the biorefineries and
crude oil based on the different types of products obtained. In crude oil refineries,
there is certainty in the composition, technology, and products, but in biorefineries,
there is no certainty in the products, technology, location, and composition of the
products obtained, although the objective of the biorefinery is the same as that of
crude oil refinery (Cardona-Alzate et al. 2020).

In the formation of biorefineries or crude refineries, the location is the main factor
for the sustainable operation of the refineries as well as the analysis of the products
and their alternatives (DwiPrasetyo et al. 2020). The price of these products is
directly influenced by various factors, including the geostrategic policies established
by governments and the occurrence of conflicts or wars. Changes in these geopolit-
ical dynamics can disrupt the supply chain, leading to fluctuations in feedstock
availability and subsequent price volatility. As a result, the petrochemical industry
closely monitors and responds to geopolitical developments as they significantly
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Table 1.1 Comparison of refineries and biorefineries

S. No. | Based on Refinery Biorefinery
1 Feedstock Main component of feedstock is | Feedstock is heterogeneous.
typically a hydrocarbon, which | The bulk components are car-
contributes to its relative bohydrates, lignin, proteins,
homogeneity and oils
The amount of oxygen content | The amount of oxygen content
is low is high
As processed further the weight | As processed further, the
of the product is increased weight of the product is
decreased; thus it is important
to maintain the amount at the
start of the processing to obtain
the required quantity of end
product
Sulfur content is high in Sulfur content is low in
refinery-based products biorefinery-based products
although it is high in inorganic
substances like silica
2 Building block Building blocks of refinery The fundamental building
composition products are hydrocarbons: eth- | blocks involved in various bio-
ylene, propylene, methane, ben- | logical processes are glucose,
zene, toluene, and xylene xylose, and fatty acids. These
isomers building blocks play crucial
roles in biochemical pathways
and are essential for the syn-
thesis of diverse compounds.
Examples of fatty acids include
oleic acid, stearic acid, and
sebacic acid, each serving dis-
tinct functions within biologi-
cal systems
3 (Bio)chemical The process primarily involves | Biorefinery operations involve
processes chemical reactions, particularly | the integration of chemical and
the introduction of heteroatoms | biotechnological processes.
such as oxygen (O), nitrogen These processes are employed
(N), and sulfur (S). This to remove oxygen from the
includes techniques like steam | feedstock and undergo various
cracking and catalytic relative heterogeneous pro-
reforming, which enable a wide | cesses, such as dehydration,
range of conversion chemistries | hydrogenation, and fermenta-
to take place. These chemical tion. Through these transfor-
processes play a significant role | mations, the aim is to obtain
in transforming the composition | building blocks that can be fur-
and properties of the substances | ther utilized for the production
involved, allowing for the syn- | of desired products. These pro-
thesis of various valuable cesses are essential for
products converting the feedstock into
bioenergy, biofuels, chemicals,
and high-value compounds
4 Chemical inter- Produced in a wide range and Produced in fewer amount but

mediates pro-
duced at a
commercial scale

huge amount

its number is increasing with
more advancement




A. Gupta et al.

AzaAPHIY

s[eaImat)
¥ sjodjod

SINIAJOS '

SR
¥ SIUIA0S o

[004]8 sualidad pRE s

oH| |Ho
:Q\J\ J.>

apixo auajidord

SpuoP [4]E

s1a)sasjod

apuofm
Luna sjog

2Ad

1iad

S[EIWA D SWSIY

ERTTEHE 1 EXVTS

suonesrjdde Jofew syt pue ‘A1ouyer ur speorwoyoonad oiseg 7T *Si1g

S[ENM2T D) 9

smsay

‘9 HOIAN

sIamA[og
¥ souseld

sonseld ¥

wnajollad
pue
auajeyiyden

swpEng

[opaumng- |

\</\9._
HO

ELENINTIN R §

Smsay pue

; .
XU
‘smIsay o
HO'

oH

auajdy JuITUIG ELELTLT

DO<

9 WOIAN

saetansjod meo g

SUILY PUE SAIqL] “1)sasiod _

(S12WI0S] AUIAX pUE
JUIN[OL, ‘AMIZNIG JO IMYXTIN)
X1idg




1 Biorefineries: An Analogue to Petroleum Refineries 9

— "
~ g
/ 0 HO, OH o
/ % OH

/ O 4o N 4 L

[ ethanol % HO \
' HO OH

OH
OH OH glyeerol
lactic acid xvlitol
0 o]

HO/\AOH OH

hydroxypropanoic acid
0

levulinic acid
0] { \ =
HO A 0
OH furfural

sorbitol

0

HO
OH —o0

0 0
hydroxymethylfurfural

succinic acid

l \)L 0 ¢ |
'-.\ S /
\ H 0 f

b 1soprene furandicarboxylic acid v

Fig. 1.3 Proposed biobased platform molecule

impact the overall market conditions and profitability (Cardona-Alzate et al. 2020).
Thus, with the several factors governing the prices of crude oil refineries,
biorefineries have proven to be a great and economic alternative (Figs. 1.4 and 1.5).

There is a need for both the stabilization of biomass pricing and the advancement
of technologies to advance and optimize the usage of alternative feedstocks globally.
Moreover, biorefineries offset the carbon footprints of fossil fuels because using
fossil fuels results in significant CO, emissions that are penalized by society (Menon
and Rao 2012). The absorption of CO, during biomass growth is believed to provide
a balance and contribute to the potential benefits of biomass consumption in
mitigating climate change. The viability of the hydrocarbons sector was determined
by the market development for petrochemicals (Shahbaz et al. 2021). Initially, only a
small portion of crude oil was consumed, leading to significant environmental
damage due to the leftover waste. However, at that time, environmental concerns
were not a priority, and the increase in energy demand facilitated the growth of
unsustainable practices (Schnaiberg et al. 2002). With the concurrent development
of fractionation and conversion techniques, driven by the demand for novel
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products, especially plastics, the petrochemical industry gradually reduced the
residues to minimal levels that are widely recognized today. This progress led to
an increased reliance on crude oil as a primary raw material. Over time, crude oil
gained extensive usage due to its abundance and suitability for the production of
various petrochemical compounds. The industry’s ability to efficiently process crude
oil into different products has contributed to its widespread adoption as a key
feedstock in petrochemical manufacturing. Comparing the software and tools avail-
able today with those from that era is particularly difficult due to the significantly
lower quality and efficiency of the informatics systems back then (Zolfaghar et al.
2013). This method cannot be used using biomass as the basic material. The
expansion of biorefineries needs to be examined in the new sustainability context
that is now mandated. Although biomass is a complicated system and technology
maturity isn’t very high, it’s still important to incorporate sustainability concepts and
techniques, such as those in Table 1.2, during comprehensive design.
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Table 1.2 Difference between the biorefineries and crude oil refineries based on sustainability
principles as well as design strategies

S. No. |Refinery design strategy Biorefinery design strategy | Comments

1 The same quality of crude | Combining the feedstocks. | The biorefinery approach
oils is refined; rather spe- The overall biomass effi- should be maintained.
cific crude oils are refined | ciency and raw material New refineries now utilize
in a specifically designed utilization both rise as inte- | different feedstocks such
refinery gration levels rise as natural and shale gas

LEXINNOVA within the
facility

2 The best method used in The most effective technol- | Biorefineries incorporated
recent decades to produce | ogies combine fermenta- integrated petrochemical
petrochemicals, such as tion, saccharification, and industry technologies
reactive distillation, was separation into one system
integrated technology

3 Refineries did not prioritize | Based on various levels of | The design of biorefineries
reducing waste streams as a | integration, multiprocess- has always taken cues
primary goal. With time, ing biorefineries combine from the crude oil sector,
design techniques such as various raw materials and such as the pinch analysis
pinch analysis were added | products to produce addi-

tional products with added
value

4 Refineries were initially The best scenario is always | Any biomass-based pro-
designed as independent a multiproduct portfolio ject should take into
facilities without Technical, economic, account the maximum
conducting a comprehen- environmental, and social products that can be pro-
sive assessment of the fea- | process indicators typi- duced after using all bio-
sible and practical products | cally rise as the number of | mass, based on
that could be obtained from | go0ds increases preliminary or heuristic
them. The focus was pri- analysis
marily on the processing
and refining of crude oil to
produce conventional
petroleum products such as
gasoline, diesel, and jet
fuel. At that time, the con-
cept of integrated refining
and petrochemical com-
plexes was not extensively
explored

5 For many years, the refin- | The usage of other natural | Biorefineries must adopt
eries showed little concern | resources is decreased the concept of life cycle
for the ecosystems in gen- | because of the preservation | analysis (LCA) and avoid
eral or the environment. of ecosystems by second- making the same mistakes
The reputation of the crude | and third-generation raw by giving environmental
oil sector today is poor materials impact assessments the
mostly because of this well- same weight as economic
known assessments

6 The most advanced and The most widely used raw | In comparison to oil refin-

effective logistics are used
in the oil business. The

material in the world, bio-
mass, is found in all

eries, the logistical and
social aspects of

(continued)
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Table 1.2 (continued)
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S. No. |Refinery design strategy Biorefinery design strategy | Comments
actual societal impact is nations. Positive effects biorefineries are more cru-
minimal may result from effective cial. The supply chain will
logistics and a biorefinery, | determine the project’s
among other factors true success given the
massive amount of bio-
mass that can be dispersed
throughout many nations
or regions
7 Energy usage and It is necessary to value Energy consumption and
extremely complicated by-products and reduce the utilization of
by-products and wastes energy use during design by-products are important
were not a problem in crude to consider in the design of
oil refineries for a very long biorefineries when
time assessing the feasibility of
The energy was regarded a project
as being extremely abun-
dant, and any leftover oil
or by-products were sim-
ply dumped in open ponds
or landfills
8 The development of ther- Designing biorefineries Practically every design
modynamics, kinetics, with sustainability in mind | tool used in the crude oil
mass energy transfer, and is a crucial component. business is used in the
other fields was fueled by Using Aspen Plus and other | design of biorefineries. To
the crude oil business. The | specialized software is a be closer to the actual
most potent design soft- thorough technique to feedstocks and processes
ware was created and examine the processes’ utilized in biomass con-
developed by this sector convenient scale version, specialized soft-
from the start ware is required
9 Based on cutting-edge Create safer procedures. A | The design of a biorefinery
approaches for reliable good simulation aims to use | takes safety into account
computations, crude oil chemicals and materials using the same methods as
refineries were extremely under controllable circum- | the crude oil sector
worried about safety even | stances to guarantee the
in the early stages stability of the units
10 The past, present, and Sensitivity analysis could Before implementation,

future scenarios for oil
refining (including alloca-
tion variables, market
goods, etc.) are essentially
never taken into account by
the crude oil industry or
petrochemical facilities

The fact that we currently
have a steady market for
fuels and polymers, for
instance, provides a good
explanation for this

be incorporated into the
design to better understand
the potential uses of the
biorefinery

scenarios and optimization
techniques can reveal
information about the
biorefinery’s true sustain-
ability. This kind of
examination is especially
necessary for brand-new
crude oil refineries because
of the genuine risk that
biomass poses to them

(continued)
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Table 1.2 (continued)

S. No.

Refinery design strategy

Biorefinery design strategy

Comments

11

To stabilize prices, the
crude oil industry has
implemented quota produc-
tion models. This model
remains functional even
with varying levels of
uncertainty

To prevent unanticipated
and unfavorable fluctua-
tions in the pricing of the
energy and raw materials
utilized in the biorefinery,
hedging techniques should
be taken into account. This
enables the management of

In order to ensure stability
in the business model
regarding biomass prices,
it might be necessary to
establish an organization
similar to the Organization
of the Petroleum
Exporting Countries

financial risks

(OPEC)

1.4 Classification of Biorefineries

Biorefineries are categorized based on the type of biomass utilized and the resulting
products at each stage of biofuel production (de Jong and Jungmeier 2015). Cost-
efficiency plays a crucial role in biofuel production, encompassing both transporta-
tion and manufacturing processes. The classification of biorefineries is determined
by four main factors: the platform they operate on, the products generated, the
feedstocks employed, and the conversion methods utilized (Cherubini et al. 2009b).

1.4.1 Biorefineries Can Be Classified in the Following Ways
1.4.1.1 Technology-Based Classification

This categorization includes conventional and advanced biorefineries, which are
further divided into first-, second-, and third-generation technologies.

1.4.1.2 Raw Material-Based Classification

Biorefineries can be classified as whole crop biorefineries (WCBRs), oleochemical
biorefineries, lignocellulosic feedstock biorefineries, green biorefineries, and marine
biorefineries based on the type of raw materials they utilize.

1.4.1.3 By-product and Intermediate-Based Classification

This classification distinguish between the utilize syngas platforms and sugar plat-
forms, depending upon the by-products.
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1.4.1.4 Conversion Process-Based Classification

Biorefineries are further classified as thermochemical biorefineries, biochemical
biorefineries, or two-platform concept biorefineries, based on the specific conversion
processes employed.

Platforms refer to the intermediate substances generated during biofuel produc-
tion, which can serve as final products or be utilized as by-products to connect
different biorefineries. Examples of platforms include Cs/C¢ sugars, syngas, and
biogas (de Jong et al. 2012). The complexity of the biorefinery system increases with
the number of intermediates involved. Biorefineries mainly utilize two main feed-
stock groups: “energy crops” such as starch crops and rotation forestry, which are
used to produce “energy products” like bioethanol, biodiesel, and synthetic biofuels.
The other group is “biomass residues” such as straw, bark, wood chips, used cooking
oils, and waste streams. These residues are used to produce various products
including chemicals, materials, food, and feed (Cherubini et al. 2009a).

1.4.2 Examples of Biorefinery Classifications

The biorefineries can be classified into various forms on the basis of different
parameters. If we classify them on the basis of material than four major biorefineries
are as follows.

1.4.2.1 Oil Biorefinery

This type of biorefinery uses oilseed crops to produce biodiesel, glycerin, and
animal feed.

1.4.2.2 Cg4 Sugar Platform Biorefinery

These biorefineries produce bioethanol and animal feed using starch crops.

1.4.2.3 Syngas Platform Biorefinery

Utilizing straw, this type of biorefinery produces Fischer-Tropsch (FT) diesel and
phenols.
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1.4.2.4 Lignin Biorefinery

These biorefineries utilize wood chips to produce Cs and Cg sugars, electricity, heat,
and phenols for bioethanol production.
The other way to classify the refineries, is on the basis of raw materials used.

1.4.3 Conventional Biorefineries

In 1839 a Dutch businessman Scholten started the industrial manufacture of potato
starch which provided the base idea for the beginning of industrial refining which
began in the nineteenth century with steam-powered paper machines (de Jong and
Jungmeier 2015). In this process, high-quality native proteins were extracted from
the potato juice using advanced methods, which improvise the quality of proteins
making it suitable to use in food, cosmetics, and medicines as well as it can also be
used as feedstock which makes it the best end food product. It also used in the
manufacture of “Spiritus” or “Kartoffelsprit in German” which is the vodka or
ethanol. Twenty-five percent of this product was incorporated with petrol until the
1950s. The Scholten company produced a variety of goods, including thermoplastic
starch-based biopolymers, in addition to (modified) starch (Rahardiyan et al. 2023).
Industrial biorefining was revolutionized by the advancement in food production like
potato starch, wheat and corn starch, soy oil, proteins, vitamins, etc.

In 1801, Franz Achard of Germany introduced a series of processes including
extraction, filtration, evaporation, crystallization, and centrifugation, which are used
to produce crystalline sugar from beetroot (De Jong et al. 2010). Following World
War II, soybeans gained popularity as a source of edible oil and as a substitute for
protein-rich diets. Currently, soy is a major crop in countries like the USA, Brazil,
Argentina, and Paraguay, with significant export volumes (Garrett et al. 2013). The
process of obtaining soybean oil involves breaking the beans, controlling moisture
levels, and rolling them into flakes. Soybeans are utilized in the production of
various products such as margarine, butter, vegetarian burgers, oils, soap, cosmetics,
inks, and clothes and increasingly as a feedstock for biodiesel (Fig. 1.6).

1.4.4 Advanced Biorefineries

An advanced biorefinery is a type of facility that shares similarities with conven-
tional biorefineries as they both rely on a single feedstock. However, what sets
advanced biorefineries apart is their capability to produce a diverse range of goods.
Let’s explore two specific examples of advanced biorefineries:



16 A. Gupta et al.

o-amylase

Glucosamylase

1 liquefaction

S
p33))
WA
Distillation/dehy
— — dration/scrubber
— o@;

Steam  Ethanol

Fig. 1.6 Dry-mill ethanol process plant
1.4.4.1 Starch-Based Chemical Production

An advanced biorefinery of this kind utilizes starch as the primary feedstock. By
employing advanced processing techniques, it can generate a wide variety of
chemicals as end products. These chemicals find applications in various industries
such as pharmaceuticals, textiles, and plastics. The advanced biorefinery’s ability to
convert starch into multiple valuable chemicals sets it apart from conventional
biorefineries.

1.4.4.2 Cereal Grain-Based Carbohydrate Derivatives and Bioethanol
Synthesis

Another example of an advanced biorefinery involves the use of cereal grains as the
feedstock. Through the implementation of advanced processing methods, this
biorefinery produces not only bioethanol but also a range of carbohydrate deriva-
tives. These derivatives have applications in various industries like food, cosmetics,
pharmaceuticals, etc. By efficiently converting cereal grains into both bioethanol and
carbohydrate derivatives, this advanced biorefinery showcases its capability to
produce multiple valuable products.

We can say that advanced biorefineries leverage advanced processing techniques
to convert a single feedstock into various valuable products. These examples
highlight the versatility and efficiency of advanced biorefineries in meeting the
demands of different industries.



1 Biorefineries: An Analogue to Petroleum Refineries 17
1.4.5 Whole Crop Biorefinery

In a WCBR, the fermentation process is used for the processing of grains and straw
to obtain the final products, which is followed by dry and wet milling, and after
distillation of grains and straw, these are converted into end products (de Jong and
Jungmeier 2015). Sulfur dioxide is added to water-soaked grains during wet milling
to lose the hull and soften the kernels. The starch, cellulose, oil, and proteins can then
be separated from the grains using known processes (Rausch et al. 2019). Before the
flour is blended with water and the enzymes are liquefied, whole grains, including
the germ and bran, are ground in the dry milling procedure. The starch in the mash is
then broken down by boiling it. This hydrolysis phase can be avoided by adding
fermenting yeast and saccharifying enzymes to the fermenter at the same time. After
fermentation, the alcohol in the mash is concentrated, purified, and dehydrated using
a multicolumn distillation system (which is then turned into beer). The remaining
mash (stillage), which is composed of both liquid (syrup) and solid (wet grains)
phases, is combined, dried, and used as cow feed under the name “distiller’s dried
grains with solubles” (DDGS). The straw, consisting of chaff, nodes, ears, and
leaves, is a lignocellulosic feedstock that can be further processed (Fernando et al.
2006) (Fig. 1.7).
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Fig. 1.7 Whole-crop biorefinery process
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1.4.6 Oleochemical Biorefinery

An advanced version of Whole Crude Biodiesel Refinery (WCBR) involves the
extraction of biodiesel while simultaneously producing high-value vegetable
oil-based products. Advanced biorefineries utilize oil crop-derived fatty acids, esters,
and glycerol to produce sustainable feedstocks, platform compounds, monomers,
lubricants, and surfactants, aiding in the effective replacement of fossil fuel coun-
terparts. An enormous quantity of lignocellulosic biowaste is used in lignocellulosic
feedstock biorefineries. This biomass is also present in significant numbers in the
precursor feedstocks used to make products based on vegetable oils (Schneider et al.
2016).

1.4.7 Lignocellulosic Feedstock Biorefinery

Lignocellulosic feedstock biorefinery is made up of three fundamental chemical
fractions: (i) lignin, phenol polymers, (ii) cellulose, and (iii) hemicellulose. Hard
fibrous plant materials obtained from municipal waste are used in LCF. To divide
plant matter into its three components, it is first chemically cleaned and digested or
hydrolyzed using enzymes (hemicellulose, cellulose, and lignin). Sulfite and alkaline
(caustic soda) can produce cellulose and hemicellulose (acidic, bisulfite, alkaline,
etc.). Plant-based lignin is broken down by enzymes such as ligninases, lignin
peroxidases, laccases, and xylanolytic enzymes, leading to the hydrolysis of sugar
components. Hemicellulose, a branched carbohydrate composed of five different
sugars including uronic acid, C-5 sugars (D-galactose, D-glucose, D-mannose), and
C-6 sugars (D-xylose, L-arabinose), is formed during this process. Xylose, a com-
ponent of hemicellulose, is particularly valuable as it can be converted into furfural,
a key building block for nylon and other applications. Hydrolyzing cellulose using
chemical or enzymatic methods yields glucose and produces useful by-products such
as ethanol, acetic acid, acetone, butanol, succinic acid, and other fermentation
products (Calvo-Flores and Martin-Martinez 2022). While cellulose and hemicellu-
lose have various applications, lignin is currently utilized primarily as an adhesive,
binder, or direct combustion fuel. However, the lignin structure holds significant
potential for producing additional monoaromatic hydrocarbons, which could greatly
enhance the overall lignocellulosic fractionation (LCF) process if feasibly isolated.
In Missouri, an LCF facility utilizing 4000 t of feedstock per day produces approx-
imately 180,106 t of ethanol and 323,103 t of furfural annually. Additionally,
significant microbial conversion of glucose can yield hydrogen, methane, propanol,
and acetone, which are all petrochemical products (Calvo-Flores and Martin-
Martinez 2022) (Fig. 1.8).
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1.4.8 Syngas Platform Biorefinery (Thermochemical
Biorefinery)

The initial step in processing lignocellulosic biomass involves subjecting it to high
temperature and pressure through size reduction, drying, or torrefaction methods.
This treatment results in the production of gas, predominantly composed of carbon
monoxide (CO) and hydrogen (H,). The obtained syngas then undergoes purification
in a high-temperature gas cleanup system, where impurities are removed. The
composition of the gas is adjusted to meet the specific requirements of downstream
synthesis processes.

Following this, a catalytic synthesis method is employed to extract various
products from the clean gas. These products can include FT diesel, dimethylether,
a range of alcohols, as well as several fundamental chemicals such as ethylene,
propylene, butadiene, and others. The catalytic synthesis process enables the con-
version of the syngas into these valuable end products, which find applications in
industries such as transportation, chemical manufacturing, and energy production
(Haro et al. 2013) (Fig. 1.9).

1.4.9 Next-Generation Hydrocarbon Biorefinery

Advancements in nanoscience and technology have introduced various new methods
that aid in the development of fuel conversion techniques from biomass. However,
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there remains a need to establish economically viable hydrocarbon biorefineries.
One such method is liquid-phase catalytic processing, which involves the production
of functionalized hydrocarbons from intermediates derived from biomass, such as
hydroxymethylfurfural (HMF). This biorefining technique offers a means to convert
biomass into valuable hydrocarbon products (Huber 2008).

Another method involves the utilization of renewable furan derivatives, which
can serve as alternative raw materials for fossil fuels and polymers. These derivatives
are derived from Cs and Cg carbohydrates found in biomass, such as sugars,
hemicellulose, and cellulose. This approach enables the production of biofuels.
Avantium Chemicals, a company based in the Netherlands, is currently involved
in the development of chemical catalytic routes for this purpose. The development
and implementation of these innovative methods and technologies are essential in
advancing the field of biomass conversion and establishing sustainable and econom-
ically viable biorefineries.

1.4.10 Green Biorefinery

It was developed by a Dutch researcher that used grass and other leafy materials in
the biorefineries with grass costing more per ton than leaves (€50-70). The mechan-
ical refiner then degrades the leaf material to convert it into pure fiber with less than
11% protein content. The products thus formed are pressed to form juice, and the
residual juice thus obtained is evaporated to obtain a concentrated product. This
material is used as animal feed, building materials, insulation fiber, nursery pots,
packaging material, feedstock for biofuels, etc. This range of greens used in
biorefineries can be increased by including a wide variety of biomass. Occasionally,
mixed feedstocks, including fresh and silage grass, can be employed in between
lignocellulosic and green biorefineries. The majority of European green biorefinery
initiatives now being worked on in Austria, Germany, Ireland, and the Netherlands,
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center on grass refining. The objective is to extract useful materials with no waste
and no emissions and to use all by-products in a biogas plant to make sure the plant
can run on its energy (de Jong and Jungmeier 2015 n.d.) (Fig. 1.10).

1.4.11 Marine Biorefinery

Global biomass output is equally distributed between land and sea. Marine sources
like microalgae and macroalgae offer potential, yet policies have mainly focused on
terrestrial biomass. Diatoms, a type of microalgae, are the most common form of
phytoplankton, with an estimated 100,000 species and significant biomass potential.
Diatoms are known to accumulate oils and can vary in the production of oil, starch,
sugar, and vitamins based on species and growing conditions.

Golden and green algae are capable of producing oils, starch, and carbohydrates;
at the same time marine flora have been documented for their superior ability to
absorb CO, compared to terrestrial species, making them a potential feedstock
source for biofuels. However, the cost of biomass production and harvesting in
marine biorefineries remains prohibitively expensive for widespread use in bulk
chemical and fuel applications at present. Although marine biomass shows promise,
further research and technological advancements are needed to make marine
biorefineries economically viable and practical for large-scale chemical and fuel
production (Antelo et al. 2015).
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1.5 Key Challenges

Due to the challenges faced by the government like climate change, food security,
and energy availability, more experiments and explorations are done to inquire about
the set of biomass feedstock as an alternative for biofuels, bioenergy, and biochem-
ical (Creutzig et al. 2015). These issues can be resolved by particular regional and
national government initiatives. Yet, creating policies can be difficult because
focusing on one issue may be detrimental to another.

In the absence of specific policies, it is impossible to establish a proper supply
chain that ensures the availability of biomass feedstock. Therefore, there is a need to
formulate legislation that governs the collection, transportation, and handling of
biomass feedstock. Incentives should be provided to farmers to encourage their
participation in delivering feedstock to next-generation ethanol plants. The involve-
ment of farmers is crucial for the long-term sustainability of the ethanol industry, and
the design of appropriate policies is essential to achieve this objective (Sharma et al.
2020). To mitigate risks to the ethanol industry, a continuous supply chain must be
established. India, with its large population advantage, can capitalize on this by
implementing special training programs like Skill India to address any skill gaps.
Such initiatives will enhance the efficiency of the supply chain, maximize economic
potential, and deliver social benefits. Moreover, they will contribute to environmen-
tal improvements and reduce the high market risks associated with next-generation
ethanol industries.

The major obstacle in the bioethanol industry is the pretreatment of the feedstock.
Pretreatment is required so that the carbohydrates present in the lignocellulose can be
made available for conversion into the raw materials that are used in the cellulosic-
based bioethanol industry. But this pretreatment makes the whole process highly
cost-ineffective (Galbe and Zacchi 2007). This process is also important to avoid
product degradation as to make the carbohydrates in the lignocellulose available for
conversion is a significant obstacle in the manufacture of cellulosic-based
bioethanol. In addition to costs, the most important factor in choosing a pretreatment
procedure is its effectiveness in preventing product degradation which can prevent
the future hydrolysis and enzymatic fermentation of the product (Tian et al. 2012).

1.5.1 Lignocellulosic Biorefinery Commercialization
Difficulties

1.5.1.1 Economic and Technical Factors

It is a requirement for lignocellulose-based biorefineries to become industrialized to
resolve several fundamental problems that arise at various stages of the processing of
biomass. Atypical biomass conversion scheme consists of six main steps: (i) the
choice of the biomass and its pre-processing; (ii) efficient pretreatment; (iii) the
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creation of a hydrolytic enzyme cocktail on-site or off-site; (iv) enzymatic sacchar-
ification; (v) hexose and pentose fermentation; and (vi) downstream processing
(Tursi 2019).

1.5.1.2 Biodiesel Production

As biodiesel is made from biomass feedstock, food security is highly compromised
during the process, and also practically it is impossible to use edible oil for
bioethanol production as most of the edible oil supply in the country is imported.
High cultivation costs, low production, and inadequate supply of raw materials also
make the bioethanol production process cost-ineffective (Limayem and Ricke 2012).
Furthermore, if nonedible oil is used instead of edible oil for bioethanol production,
certain limitations arise. For instance, its performance may decrease in colder
regions, and there is a possibility of contamination by animal fats or other impurities.

The process of bioethanol production has further challenges like the whole
extraction process that needs further filtration which is plant specific and is unsuc-
cessful on a large number of biomass feedstock, which makes the whole process
highly expensive. Another limitation is that the production of n-hexane can cause
severe effects on the environment as well as human health as it produces large
amounts of intoxicants that will be added to water bodies as well as air in the form of
volatile organic compound emissions. Thus, noticeable government support is
required for the production of biodiesel, and this, the use of bioethanol, should be
legalized and incentive support should also be provided by the government to
promote the biodiesel program.

1.5.1.3 BioCNG Production

The main reason behind the failure of biogas plants is the reduction in the number of
farm animals in rural areas which results in the non-availability of the raw materials
used for the production of biogas. Any kind of fluctuation in the raw material supply
can alter the plant’s productivity as well as performance, and in turn, it results in the
loss of the biogas plant.

Individual domestic biogas plants can only produce small-scale biogas which is
used only as cooking fuel and a huge amount of monetary investment; however, the
large-scale production of biogas is controlled by private industries which are work-
ing in partnership to make a huge profit by producing products like heat, power, or
transportation fuel. Also, these days agriculture is more inclined toward the use of
organic fertilizers in place of chemical fertilizers which reduces the availability of
biomass for the production of biogas. In addition to the aforementioned factors,
several other reasons contribute to the decline in biogas plants. These include
inadequate feedstock supply, as well as a lack of awareness and acceptance regard-
ing the wide range of biomass that can be utilized for biogas production. Certain
biomass sources, such as human excreta and dead animal carcasses, are not widely
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accepted for biogas production. Therefore, it is essential to organize proper training
and awareness programs in rural areas to highlight the various environmental
benefits associated with biogas production. The lack of transportation and segrega-
tion of municipal solid waste in cities has hindered the rapid expansion of the biogas
plant industry. Additionally, significant regional variations pose challenges in stan-
dardizing the process. Most processes used for treating organic and industrial waste,
such as composting, vermicomposting, and waste-to-pellets, require transportation
either from rural areas to cities or vice versa. This adds to the overall expenses and
bulkiness of the process. In urban areas, industries tend to prefer inexpensive
treatment methods like composting, which is a slow process. Furthermore, the cost
of the procedure increases due to the additional infrastructure required for biogas
cleaning.

1.5.2 Challenges in Third-Generation Biofuels: Algal Biofuel

Third-generation biofuels, such as algal biofuels, face significant threats and chal-
lenges that hinder their widespread commercial acceptance compared to other
competing biomasses (Lee and Lavoie 2013). The expensive nature of algal biofuels
is one major barrier, deterring industries from adopting them. Additionally, the
process of algae converting atmospheric CO, to carbonic acid leads to a rise in the
ecosystem’s pH, impacting algal growth and hindering sunlight penetration in large
algal blooms (Larsdotter 2006). In addition to these factors, several other reasons
contribute to the difficulties faced by algal biofuels in gaining acceptance.

There is a lack of information regarding the effective use of algal biofuels in
vehicles and equipment, with limited research in this field. Further exploration is
necessary to establish their viability in various applications. Moreover, a high lipid
content in the feedstock is crucial for efficient conversion of algae into biofuels.
Lipids, which contain oils, can be used for production of biofuels from algae.
Extracting and processing these lipids enables the generation of biofuels from
algae, making it a valuable renewable energy source (Coma et al. 2017).

The process of converting algal blooms into biofuels is complex, involving
multiple stages that make it difficult to implement and adopt (Coma et al. 2017).
Another challenge is the high demand for fertilizers to create algal blooms, which
consumes significant energy and adversely impacts the environment by increasing
CO, levels at a rapid rate (Mata et al. 2010). Minimizing algal death caused by pests
and pathogens is a significant challenge in algal monocultures. Lack of biodiversity
makes them more susceptible to infestations and disease outbreaks, leading to
reduced productivity and economic losses. Developing sustainable methods for
protecting algal crops from pests and pathogens is crucial for the long-term viability
of algal production systems (Smith and Crews 2014). Water demand poses a
significant challenge as algae require substantial amounts of water to grow. How-
ever, rising temperatures due to global warming accelerate water evaporation,
reducing water sources for large-scale algal bloom production. Algal biofuel



1 Biorefineries: An Analogue to Petroleum Refineries 25

production is expensive compared to fossil fuels and other biomass fuels, making it
economically uncompetitive (Azar et al. 2006). Quality issues arise as not all species
of algal blooms produce the same quantity and quality of oil, posing challenges for
large-scale cultivation (Benemann 1992). Meeting the nutrient demands of algae,
including CO,, iron, phosphorus, sulfate, and nitrogen, along with water and light,
presents significant challenges in the current scenario (Ghernaout and Ghernaout
2012). Overall, these challenges collectively hinder the commercial acceptance and
widespread adoption of algal biofuels, necessitating further research, technological
advancements, and cost-effective solutions to make them a viable and sustainable
alternative energy source.

1.6 Conclusion

As the world faces increasing consumption of non-renewable fossil fuels, the need
for alternative and environmentally friendly energy sources has become crucial.
Biorefineries have emerged as a sustainable solution to produce marketable biobased
products, such as petro-based refineries, promoting a greener economy. However,
the adoption of biorefineries still faces challenges. Economic efficiency is a key
obstacle, requiring researchers to develop new reactions, technologies, and carbon
pathways for economically viable synthesis of substances. Additionally, the lignin
platform, despite being abundant in nature, lacks effective chemical and biotechno-
logical processes. Scaling up the production of aromatic compounds from lignin is a
significant challenge for the next decade. The entire biorefinery production cycle is
complex and poses technical, economic, ecological, sociological, and long-term
challenges. The dominance of the fossil-based economy in the current market,
along with factors like feedstock availability, market demand, resource recovery
effectiveness, and sustainability, further complicates the situation. Conducting life
cycle assessments can provide valuable insights into the environmental impact of
biorefinery projects and guide process optimization.

Biorefineries must optimize biomass utilization to align with market expectations
and compete cost-effectively with fossil fuels. Currently, petroleum refineries allo-
cate a large majority of their output to fuel production, with only a small portion
dedicated to organic compound production for the petrochemical industry.
Biorefineries should strive to replicate this proportion by producing both fuels and
organic compounds to meet market demands effectively. To achieve sustainability,
biorefineries must reduce their carbon footprint through the use of renewable energy
sources. This requires collaboration among stakeholders and integration with other
sectors and relevant technologies. By addressing these challenges proactively,
biorefineries can enhance sustainability, competitiveness, and successful integration
within the broader energy landscape.
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Chapter 2 ®)
From Organic Waste to Renewable Energy: <o
Rice Straw

Bindu Bala and Sachin Kumar

Abstract Organic waste production poses significant global challenges, with
mismanagement leading to adverse consequences for individuals and the environ-
ment. Anaerobic digestion, a biological treatment technique, offers a solution for
processing diverse biological wastes while also producing renewable energy. This
chapter explores the impact of various parameters on generation of biogas during
digestion of rice straw anaerobically. Approaches like codigestion with various
substrates are found effective in enhancing nutritional balance and increasing
biomethane outputs. Different pretreatment techniques are discussed as means to
improve digester performance. The review also addresses the digestion of rice straw
on various scales, considering strategies to overcome barriers and enhance
biomethane production. By understanding the factors influencing anaerobic diges-
tion and employing innovative tactics, this research aims to contribute to sustainable
waste management practices by optimizing biogas generation and energy production
while mitigating environmental impacts.

Keywords Rice straw - Waste - Anaerobic digestion - Biogas production -
Agriculture

2.1 Introduction

Half of the globe’s population relies primarily on rice as a source of calories and
nourishment (Arvanitoyannis and Tserkezou 2008), but its waste, i.e., rice straw
(RS), is a big problem for environmentalists. Various researchers are working to
convert this waste into a reliable and renewable energy source for the world (Zhao
et al. 2010). After the grain is harvested, RS is a fibrous, lignocellulosic residue that
stays in the field. When microorganisms break down lignocellulosic substrate under
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anaerobic circumstances, they produce biogas that is rich in nutrients and carbon
dioxide. This process is termed as “biomethanation” (Pore et al. 2016). Among other
gas compositions, the biogas mixture primarily consists of methane, carbon dioxide,
oxygen, nitrogen, and hydrogen sulfide. Since CH4 has the greatest amount of
energy of all the biogas constituents, it is also the most important component of
biogas. Methane cannot be further reduced or oxidized, making it the ultimate
reduced form and carbon dioxide the ultimate oxidized form in the anaerobic
digestion (AD) of organic substrate (Fig. 2.1).

The amount of organic carbon that is reduced determines how much biomethane
is produced during the process (Rajagopal et al. 2013). As more substrates are made
accessible for their use, the need for anaerobic conversion of lignocellulosic wastes
is growing (Riya et al. 2018). RS has a significant potential to be transformed to
biomethane among the range of agricultural waste products that are currently
available (Pore et al. 2016). It is one of the widely used lignocellulosic substance
in bioenergy liberation worldwide (Mustafa et al. 2016). Using agricultural straw
and manure as fuel, AD is a practical way to produce renewable energy (Forster-
Carneiro et al. 2008). This chapter is especially dedicated toward the process and
mechanisms involved to convert the RS into various useful products with special
with special emphasis on AD.
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2.2 Process of AD
2.2.1 Feedstock

Various types of feedstocks can be treated using AD. Yet, biomass made of
lignocellulose provides a viable source of alternative energy due to its significant
potential for the production of biogas (Hu and Ragauskas 2012). This kind of waste
material, which includes agricultural residues (such as crop residues), wood, and
grass, is widely accessible. Due to the intricacy of these materials’ structures, which
contain between 10% and 25% lignin, process repression is frequently observed
when these elements are digested (Sawatdeenarunat et al. 2015). As a result,
pretreatment is frequently required before using AD to produce biogas, while it
can also be codigested along with other feedstock (Yang et al. 2015). For such
feedstock, solid-state anaerobic digestion (ss-AD) digesters are the best option (Zhou
and Wen 2019).

2.2.2 Feedstock Degradation Pathway

AD is required for the biogas production process, which produces renewable energy
and nutrients from waste products. Feedstock degradation involves several unique
and sequential phases or steps.

2.2.2.1 Hydrolysis

The majority of biological substrates are macromolecules like lipids, proteins, and
polysaccharides. When these macromolecules are absent, monosaccharides are first
produced. The existence and ability of bacteria like Clostridium or Bacillus to
release extracellular enzymes determine the effectiveness of this stage. The occur-
rence of lignin in lignocellulosic substrates, with hemicellulose and cellulose units,
creates a 3D molecule. Therefore, hydrolysis is recognized as a phase that signifi-
cantly restricts the general rate of degradation, especially for these types of substrates
(Strduber et al. 2012). The biomass is shielded from the enzymatic attack by this
physical barrier. Therefore, higher enzyme activity in bacteria is necessary for
effective breakdown, especially when dealing with lignocellulosic biomass
(Tsapekos 2017) (Fig. 2.2).

2.2.2.2 Acidogenesis

The next step is acidogenesis, and it involves fermenting the hydrolyzed by-products
of macromolecules in accordance with several metabolic pathways. Various
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Fig. 2.2 Four major phases of feedstock degradation pathway

facultative and obligate bacteria produce a variety of volatile fatty acids (VFA), H,
CO,, and alcohols (Staphylococcus). Primary substrates for this process are sugar
and amino acids. Propionate and biomass are produced as a result of glycerol
fermentation (Angelidaki et al. 2011; Tsapekos 2017). High hydrogen concentra-
tions produced by acidogenesis bacteria during this phase may hinder the synthesis
of acetate.

2.2.2.3 Acetogenesis

In acetogenesis, longer fatty acids get transformed into H,, CO,, and acetates.
Acetogens, which produce hydrogen, employ the products of acidogenesis as elec-
tron receivers and use the H, and CO, ions as electron donors. Maintaining a
syntrophic relationship with methanogens is crucial to ensuring that acetogenic
events take place in an energetically favorable fashion because this biological
conversion route is not exergonic (Treu et al. 2016; Tsapekos 2017).

2.2.2.4 Methanogenesis

Methanobacterium, Methanobrevibacerium, and Methanoplanus, which are
acetotrophic and hydrogenotrophic methanogens, work to convert acetate, H,, and
CO, into methane and CO, in this last stage. Methane is mostly created from H, and
CO,, with a smaller amount coming from the conversion of acetate (Angelidaki et al.
2011). Alternately, based on the process variables, H, and CO, could be created
through a combination of the hydrogenitrophic pathway and synthrophic acetate
oxidation (Campanaro et al. 2016).
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2.3 Factors Affecting AD

2.3.1 Temperature

The effectiveness of process is significantly directed by temperature in terms of
reaction velocity, physical diffusion, and chemical breakdown (Atelge et al. 2020).
The fundamental requirement for lowering the susceptibility of the anaerobic system
and ensuring its durability is optimal temperature (Shetty et al. 2017). A typical
temperature range for AD bacteria is between 10 and 20 °C (psychrophilic), 30 and
40 °C (mesophilic), and 50 and 60 °C (thermophilic). Mesophilic and thermophilic
temperature ranges are ideal for the microbe’s rate of development because they also
deactivate most of the population which is harmful (Takdastan et al. 2005; Hagos
et al. 2017). The thermophilic range has advantages over the mesophilic range, like
early degradation and a higher rate of organic loading, which leads to increased
efficiency, but generation of FA results in acidification. Biogas’ production is
hampered by this acidity. Further drawbacks of AD in the thermophilic range include
decreased stability, poor effluent quality, increased toxicity, and reduced
methanogenesis. Mesophilic AD has stronger process stability and better diversity
of anaerobic bacteria, although they release less biogas than thermophilic
AD. Hence, methanogenesis in the mesophilic region and hydrolysis in the thermo-
philic range would be the ideal circumstances for AD (Ward et al. 2008) (Fig. 2.3).

2.3.2 VFA and pH

The range of pH between 6.6 and 7.6 is ideal for the biological process of AD
(McCarty 1964). The ideal pH range for AD, according to Sreekrishnan et al. (2004)
and Gerardi (2003), is 6.81-7.22. While bacteria producing methane are hampered
below 5.5, acidogenic bacteria continue to be active. Low pH conditions are avoided
because methanogenic bacteria are inhibited, lowering the amount of methane in the
biogas. If there is a significant buildup of fatty acids during the acidogenesis stage,
pH will often decrease during the AD process and fall below 6.6. Due to the rapid
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Fig. 2.3 Factors affecting AD of RS
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metabolism of hydrogenic, acidogenic, and acetogenic bacteria, VFAs can build
up. When they do, a significant amount of them can cause the reactor to foul by
increase in the hydrogen ions (Luo et al. 2018).

The toxic substances in the feedstock prevent the methanogens from producing
methane, which leads to pH fall, or the substrates becoming overloaded. In this
situation, it is necessary to stop substrate feeding in order to stop or reduce acid
production and allow acetogens and methanogens to breakdown any extra acid that
was created. Using lime to neutralize the acid and raise the pH to a desirable level is
another option. Moreover, AD is inhibited by a rise in pH (higher than 8.0).
Methanogenesis fully ends when the pH reaches 9.0 (Clark and Speece 1971).

In the reactor sodium hydroxide and NaHCO; can be added to adjust pH when it
turns sour (Ye et al. 2013). The ability of a solution to neutralize acid is known as
alkalinity. The ions employed to boost the alkaline conditions in the digester include
bicarbonate (HCO3; CO327 and OH).

2.3.3 Carbon to Nitrogen Ratio

Optimal bacterial growth achieved when the carbon to nitrogen (C/N) proportion
falls between 20 and 30. When the C/N ratio surpasses this ideal range, the
breakdown process slows down. Total ammonia nitrogen (TAN) and NH; may be
produced during AD of a nitrogen-rich substrate, which, when combined with a high
temperature and pH, may impede synthesis of biogas (Hansen et al. 1998). Unbal-
anced C/N proportion can prevent high ammonia nitrogen levels from occurring and
cause VFAs to accumulate (Meng et al. 2018) (Table 2.1).

Also, it is vital to observe that organic wastes utilized to produce biogas are
typically abundant in compounds resistant to lignin and cellulose (Yang et al. 2015).

Table 2.1 C/N ratio for different waste

Waste C/N ratio References
Kitchen waste 26:30 Guillaume and Lendormi (2015)
Food waste 2:18

Sugarcane waste 139:151

Vegetable waste 8:36

Grass cutting waste 11:15

Slaughterhouse waste 21:36

Cattle manure 15:26

Wheat straw 51:151

Corn straw 51:57

Sawdust 199:501

Algae 74:101

Sheep manure 20:34

Chicken manure 4:16
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In such scenario, pretreatments are required to use such wastes with anaerobic
organisms for brief retention times (Kabir et al. 2015). As a result, these materials
include a sizable quantity of “invalid carbon,” which has an impact on how C/N is
calculated. Because of this, C/N calculations only depict the broad properties of
organic wastes rather than the specific elements that anaerobic microorganisms
really use.

2.3.4 Organic Loading Rate

The anaerobic digestion (AD) process is affected by the organic loading rate (OLR).
It is crucial to consider this aspect due to the potential failure of the digester caused
by overloading the feedstock, as well as the extensive research on the impact of OLR
on digester performance (Nair 2013). While a high OLR can boost biogas generation
rate, it lowers the system’ stability. When organic loading rates reach their maxi-
mum, biomethane yield increases, but above that point, overloading causes a drop in
both biomethane yield and the rate at which volatile solids degrade (Hashimoto
1986). The efficiency of the RS AD system might be improved by using a low
organic loading rate and fewer feedings (Zealand et al. 2017). According to biogas
plant tests, the digester achieved a volatile solid decrease of 66.67% while still
producing the most gas at an OLR of 0.24 g/m® (Nagao et al. 2012).

2.3.5 Metal Elements

The successful operation of AD is definitely reliant on the presence of trace
materials, and their deficiency can lead to disturbances in the reactor (Choong
et al. 2016). During the organic matter breakdown, certain metal ions, including
sodium (Na*, potassium (K*), calcium (Ca**), ferric (Fe**), and magnesium (Mg**),
are produced. A higher concentration of these ions would inhibit microbial devel-
opment or potentially be harmful since the osmotic pressure they produce causes
bacterial cells to become dehydrated (Soto et al. 1993; Yerkes et al. 1997). When
Mg** concentration reaches 720 mg/L, methanogenesis is observed to be inhibited.
Moreover, methanogens may disaggregate at high magnesium ion concentrations
(>100 mM), which prevents the conversion of acetate (Schmidt and Ahring 1993).

Doses above 300 mg/L, Ca®* was modestly suppressive to bacteria. Nevertheless,
high Ca®* can result in carbonates and phosphates precipitating, which scales
biomass, reactors, and pipes. This lowers the specific methanogenic activity and
diminishes buffer capacity (Schmidt and Ahring 1993; Ariunbaatar et al. 2014).
Zhang et al. (2009) reported that iron (Fe®*) concentrations of 21 microgram per liter
or higher can inhibit 50-85% of biogas production activities by deactivating
enzymes within microorganisms through interactions with their functional groups.
However, the production of methane from a high Zn>* concentration is larger than
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that of the digester with no Zn?*. On the other hand, adding Zn>* at a slightly
enhanced level of 200 mg/L hindered methane productivity (Cai et al. 2017).

2.3.6 Toxins

When a substrate is degraded, toxic chemicals are either produced or already exist in
the system. Sulfate reducers and methanogens are both fatal to hydrogen sulfide
(H,S) at the non-dissociated concentration (Abudi et al. 2016). This form is thought
to be the most dangerous because it may easily diffuse past a cell’s membrane.
Proteins are denatured as a result, and bacteria’s assimilatory metabolism is also
hampered. Sulfur and H,S concentrations of less than 0.003 and 0.002 mole/L,
respectively, are regarded as inhibiting.

According to several studies, the unionized content of sulfur dioxide in the
6.8-7.2 pH range is connected to toxicity (Anjum et al. 2017). Other hazardous
materials that prevent microbial development in the reactor include detergents and
minerals with heavy metal ions. Lower quantities of these compounds encourage the
growth, while bigger concentrations may prevent it (Appels et al. 2008).

2.3.7 Stirring Conditions

Stirring plays a crucial role in maximizing the interaction between bacteria and
organic waste, thereby accelerating the AD. Stirring also hinders the accumulation of
solids at the digesters’ base and inhibits the accumulation of foam and scum on the
outermost layer of the fermentation solution (Fig. 2.4) (Haider et al. 2015). In the
digester, the presence of “dead zones” characterized by low bacterial populations
and inadequate breakdown of organic matter can hinder the total effectiveness of the
process. Furthermore, some areas may experience the accumulation and settling of
organic matter. To mitigate these issues, stirring or mixing is employed to promote
the breakdown process. The stirring can be achieved through continuous or inter-
mittent blending. While high-speed mixing has been found to reduce biogas pro-
duction, moderate-speed mixing allows the digester to accommodate interruptions
caused by shock loading.

2.3.8 Accelerator

Adding accelerants to the AD process increases production of biogas by facilitating
the adsorption of microbes onto the substrate and enhancing the localized surface
area. These accelerants can be categorized into organic additives, biological addi-
tives, and inorganic additives. Organic additives encompass a range of biomasses,
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such as plant extracts, weed by-products, lignocellulosic biomass, and ensilage,
which are derived from greenery sources. By incorporating these accelerants, the
AD process can create more favorable conditions for microbial activity and enhance
the efficiency of biogas production. The naturally occurring steroids in this extract
function as microbial metabolic stimulators. In earlier experiments, stimulants like
teresin and aquasan were employed to treat AD. The availability of cellulose and
hemicellulose is increased by biological additives like fungal, microbial consortium,
enzyme, etc., leading to improved digestibility.

2.3.9 Water Content and Dry Matter

For biogas generation and solid reduction, a digester’s dry matter level should be
between 9% and 11%. The amount of dry matter up to 20% aids in saving 45-55% of
the digester capacity but may cause foul smell (decrease of pH), which in turn lowers
the yield of methane. Monnet (2003) suggested adjusting the dry matter concentra-
tion of lot digesters to a range of between 5% and 10%.

2.3.10 Feedback Size

One of the elements influencing the generation of biogas is the size of the feedstock.
Overly big materials should be avoided since they can clog digesters and hinder
bacterial decomposition. Smaller materials will decompose more quickly because of
their greater surface area and microbial activity.
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According to several additional research, compared to digesters employing
untreated substrates, physical pretreatment techniques can drastically minimize
size of digester without lowering methane production (Gollakota and Meher
1988). It is challenging for microbes to decompose lignocellulosic materials on
their own due to their high lignocellulosic content. Farmers often dispose of and
burn the waste rice husks. In fact, it can be damaging to farmers and the environment
because the burning process creates CO, gas, which is bad for your health. In the
meantime, trash in the soil may be a cause of the disease in the subsequent crop.
Consequently, additional pretreatment is required before fermentation in the digester
in order to produce biogas from waste rice husk (Taherzadeh and Karimi 2008).

2.4 Pretreatment Method (Fig. 2.5)

2.4.1 Physical Pretreatment

This pretreatment may enhance the substrates’ porosity and area of accessibility
while decreasing the level of cellulose polymerization and crystallinity (Harmsen
et al. 2010). Ball-milling wheat straw prior to use increased the specific surface area
by 2.3 m%/g as opposed to 0.64 m?/g of raw straw (Gharpuray et al. 1983). Methane
output and fiber degradation increase with particle size reduction from 90 to 2 mm
(Mshandete et al. 2006). As a result, digestion time was shortened (23—59%) and
methane output rose (5-25%) (Hendriks and Zeeman 2009). RS that has been
chopped into 25-mm lengths contains more methane than RS that has not been cut
(Zhang and Zhang 1999). However, because it uses a lot of energy, adding a milling
phase to the AD process is expensive (Hendriks and Zeeman 2009).

Physical pretreatments are commonly employed in anaerobic digestion processes
and can include techniques such as milling, extrusion, grinding, steam explosion,
and liquid hot water treatment.

Pre-treatment

| Biological ‘ | Combined ]
i '

‘ .
* Milling + Alkali pre-treatment  + Microorganisms Chemical +
« Extrusion »  Acid pre-treatment Microwave
= Grinding * Hydrogen Peroxide Irradiation
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Fig. 2.5 Various pretreatment methods involved in AD
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2.4.2 Chemical Pretreatment

The effectiveness of this process, which primarily relies on the breakdown or
oxidation of molecules of organic matter utilizing acids, bases, and oxidants, is
greatly influenced by the properties of the substrate (Salihu and Alam 2016).

2.4.2.1 Alkali Pretreatment

Alkaline pretreatment is more efficient than adding Co®*, Ni**, and Se®* and
improved RS’s biomethane productivity by 21.4% (Mancini et al. 2018). By
destroying the ester and glucoside side chains, alkali pretreatment damaged lignin,
increasing the substrate’s porosity and making it more accessible to bacteria. The
greatest outcomes were obtained by using 1% sodium hydroxide (3 h) at room
temperature, reducing acetyl and a number of uronic acid replacements that are
blockers of sugar breakdown. This increased methane production by 34% (Shetty
etal. 2017). When RS was alkali pretreated with 6% sodium hydroxide, outputs rose
from 27% to 64% (He et al. 2008). With 6% sodium hydroxide and 5% sodium
hydroxide as pretreatments, comparable biogas yields were obtained (He et al. 2008;
Chen et al. 2010).

With 5% NaOH added after hydrothermal pretreatment, RS produced twice as
much biomethane as untreated RS (Chandra et al. 2012). For lignocellulose,
pretreatment with ammonia solution is beneficial. In contrast to carbohydrates, a
solution of ammonia reacts with lignin in a very selective manner.

2.4.2.2 Acid Pretreatment

As lignin condenses and crystallizes during the acid pretreatment, hemicellulose is
hydrolyzed into monosaccharides (Sousa et al. 2009; Salihu and Alam 2016). The
method works well for materials with a high content of lignocellulose, because it
degrades the lignin and hydrolytic microorganisms can adapt to an acidic environ-
ment (Salihu and Alam 2016). Enzyme activity significantly improved after acid
pretreatment, which successfully eliminated hemicellulose (Chen et al. 2007).
Because these acids are potent and aid in the hydrolysis of cellulose without the
need of enzymes, they are frequently employed for strong acid pretreatment of
lignocellulose with high concentrations of H,SO4 and HCI (Sun and Cheng 2002).
Because these acids have corrosion-causing qualities, they should be recycled to cut
down on pretreatment expenditures.
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2.4.2.3 Hydrogen Peroxide (H,0,) Pretreatment

Song et al. (2013) conducted an experiment where RS was subjected to a
pretreatment process at ambient temperature of 25 °C for 6.18 days. They used
2.68% hydrogen peroxide and a substrate/inoculum ratio of 1.08. This pretreatment
resulted in the production of 288 mL/g VS (volatile solids) of methane. Notably, the
hydrogen peroxides pretreatment led to significant reductions in cellulose (0.90% to
22.00%), hemicellulose (3.70% to 60.30%), and lignin (0.40% to 12.50%), respec-
tively. These findings highlight the effectiveness of H,O, pretreatment in modifying
the composition of RS, leading to a higher methane yield during anaerobic digestion.

2.4.3 Biological Pretreatment

Since it uses less energy than physical pretreatment and is less costly in comparison
to the chemical pretreatment, which is expensive since it calls for more expensive
chemicals, biological pretreatment for AD has attracted interest. Due to its
non-inhibitory nature and consideration for the environment, the biological approach
appears to have the most promise. These pretreatment techniques shorten the time of
AD to complete, improve the digestibility of the food, and boost gas liberation. This
is because the lignocellulose of the straw are digested into simpler chemicals during
AD, especially when utilizing microorganisms with a high capacity for lignocellu-
lose degradation (Cianchetta et al. 2014). The reactivity of fungi like white, brown,
and soft rot fungi is primarily related to biological therapy. Mustafa et al. (2016)
reported that pretreatment of RS using Trametes reesi did not have a significant
impact on lignin degradation. Pleurotus ostreatus and Trametes reesi pretreatments
resulted in increased dry matter and degradation of cellulosic components. Addi-
tionally, both treatments demonstrated a higher degradation of hemicellulose and
lignin compared to cellulose in RS. These findings suggest that P. ostreatus and
T. reesi pretreatments can effectively modify the composition and breakdown of
different components in RS. Comparing the pretreatment with 7. reesi to raw RS,
methane emission rose 9-78% at 65% and 75% content of moisture, but decreased
3-30% at 85%. There is significant potential when the incubation period and
moisture content are chosen correctly.

2.4.4 Combined Pretreatment (Chemical + Microwave
Irradiation)

Microwave irradiation has a high heating efficiency and can occasionally speed up
reactions and shorten their duration, which could result in significant energy savings;
it has been widely employed in chemistry. However, microwave processing might
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produce inhibitors like phenolic compounds and furfural as a side consequence (Hsu
et al. 2010).

To prevent the production of these inhibitors, it is crucial to manage the
pretreatment environment. Because of this, microwaves have not been utilized
alone to pretreat lignocellulosic biomass, but rather they have typically been
employed to help heat, acid, or alkaline pretreatment at less temperatures deprived
of affecting the benefits of the pretreatment (Zhu et al. 2005). Alkali (NaOH) and a
microwave and 1% NaOH were employed by Zhu et al. (2005). The outcome
showed that RS lost 44.6% of its weight and that its composition consisted of
cellulose at 69.2%, lignin at 4.9%, and hemicellulose at 10.2%. According to the
results, RS prepared using a microwave had a higher rate of hydrolysis and a higher
concentration of glucose in the hydrolysate than one made using an alkali alone.
Hydrolysis of pretreated RS with enzymes was also examined. The elimination
ratios of lignin were reported to be 46.1% and 51.54% using organic acid and a
combination of microwave and chemical treatments (CH3;COOH and
CH;CH,COOH), sugar yields were reported to be 71.41% and 80.08% under
optimal conditions, which included a 25% acid concentration, a solid-liquid ratio
of 1:15, a microwave intensity of 230 W, and an irradiation time of 5 min (Gong
et al. 2010). This shows that RS’s enzymatic hydrolysis sugar production can be
improved by pretreating the organic acid with a microwave.

2.5 Codigestion of RS with Different Substrate

For an AD to be successful, ideal working conditions must be provided. It is
generally recognized that certain nutrient deficiencies can result in poor performance
or even the blockage of a process (Nasr et al. 2012). In light of this, codigestion
presents itself as a practical and affordable means of resolving some of the chal-
lenges encountered throughout this process (Yang et al. 2015). Codigestion is the
simple process of combining two or more substrates, which balances nutrients,
increases diversity of microbes, boosts capacity of buffers, and dilutes inhibitors to
improve the utilization of nutrients. As a result, codigestion may produce more
methane than monodigestion of substrates (Nasr et al. 2012).

Due to its high concentration of cellulose and hemicellulose, lignocellulose
biomass is regarded in this context as a fantastic candidate for AD. But, when
used alone, its high C/N proportion and complex biomass composition obstruct
the process of AD (Giuliano et al. 2013). However, waste from animals has a
significant organic nitrogen content, which could lead to an ammonia accumulation
and possibly obstruct microbial activity due to a low C/N ratio (Abouelenien et al.
2014; Li et al. 2014). Digestion of lignocellulose or manure of animals leads to less
reliable performance and decreased methane generation because of the incorrect C/N
proportion. By obtaining an adequate ratio of C/N during the codigestion of ligno-
cellulosic biomass with adequate animal manure, it is possible to boost the AD
process and produce more methane (Ogunwande et al. 2008; Ye et al. 2013).
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Table 2.2 RS codigestion with different substrates to improve AD process

Temp | Working Methane yield
Substrate (°C) volume (L) increase by (%) Reference
Cow manure 37 2.5 5.8 Liet al.
+ 10 (2015)
Pig manure 55 20 32 Riya et al.
(2018)
Pig manure 35 9 37.8 Shen et al.
+0.5 (2018)
Pig manure + kitchen waste | 37 2 71.67 (than individual | Ye et al.
substrate) (2013)
Urea ammoniated rice straw | 35 1 8.83 Zhang et al.
+ food waste (2018)

Table 2.2 illustrates how the AD process is enhanced by RS codification with
various substrates.

2.6 L-AD (Liquid AD) and SS-AD

L-AD systems initiate biogas production quickly but are prone to foaming issues,
whereas SS-AD systems take longer to produce significant methane yields (Lianhua
et al. 2010). In the context of SS-AD, system instability can occur due to two main
factors: nutritional imbalance and ammonia accumulation. These issues can hinder
the efficient functioning of the AD process. Additionally, low methane production in
SS-AD can be caused by delayed mass movement, which affects the availability of
substrates for microbial degradation, as well as the recalcitrance of lignocellulosic
feedstock, which may resist decomposition by microbial enzymes. These factors,
identified by Li et al. (2011), contribute to challenges in achieving optimal methane
production in SS-AD systems. In the L-AD system, the primary metabolic mecha-
nism for methanogenesis is the hydrogenotrophic route (Zhou and Wen 2019).

By intensifying mixing and designing an optimum reactor system, foaming in
liquid anaerobic codigestion of straw and manure of pig can be reduced (Li et al.
2015). Compared to the typical liquid mesophilic AD process, thermophilic and
solid-state AD processes have different chemical and biological processes (Jiunn-Jyi
et al. 1997).

2.7 Plants for AD of RS at Pilot and Farm Scale

Knowing the fundamentals requires bench-scale study, but developing and operating
a farm-scale plant using such microcosms is challenging (Mussoline et al. 2012). A
farm-scale facility must also be monitored in order to gather comprehensive data and
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develop a deeper grasp of technology (Mussoline et al. 2012; Verma et al. 2023). It
also aids in determining operationally useful details, including the duration of the
startup stage and the energy, supply of co-substrates, and whether the system is long-
term sustainably viable (Mussoline et al. 2014).

A study was done on the Pilot scale, in which grass from the roadside was
combined with manure and RS in three separate digesters for AD (André et al.
2019). The biogas yield obtained by André et al. (2019) was comparable with yield
stated by Mussoline et al. (2012). The yield from the three digesters in André et al.’s
study was 226 L/kg VS (volatile solids). The BIORIST project successfully operated
a pilot-scale facility using an efficient AD method to treat RS and manure, as
documented by Larsen et al. (2019). Farm-scale biogas facilities are well-suited
for utilizing RS as a feedstock to recover energy and stimulate agricultural devel-
opment. Further research is necessary to enhance our understanding of the process.
Specifically, studies on the long-term viability of farm-scale AD plants are required,
addressing aspects such as startup and ongoing expenses, as well as the logistical
considerations of handling RS and other co-substrates.

2.8 Conclusion

When treated anaerobically, lignocellulosic residues can represent substantial
sources of renewable biogas. For RS digestion, AD is a dependable method. At
mesophilic and thermophilic temperatures, RS can be effectively digested. By
balancing nutrients, reducing toxic chemicals, adjusting content of moisture, increas-
ing buffer capacity, and improving system constancy, the use of an appropriate
inoculum and co-substrate in the AD of RS improves biogas/methane yield.

The biogas/methane yield is also improved by careful consideration given to the
mixing, OLR, etc. Pretreatments and codigestion appear to be the best solutions
among all those put up to address the issues lignocellulose wastes present in the
process. Inhibition must be taken into account in relation to the operational
conditions.

Among the various physical and chemical pretreatment methods, milling and
alkaline pretreatment using sodium hydroxide (NaOH) are commonly employed and
worth further investigation. These pretreatment methods enhance solubility, reduce
complexity, and improve biogas production. To establish a farm-scale biogas plant
for handling RS, it is crucial to design and define operational parameters based on
pilot-scale plants and trials. These steps will provide valuable insights and ensure the
successful implementation of AD for RS at a larger scale. Theoretically, it is feasible
to install biogas plants at a farm-scale that combine RS with other acceptable
substrates like PWW or other livestock waste. The nearby farm will receive energy
and nutrient recovery from it. Therefore, it is important to assess the plant’s
economic viability.
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Abstract The need to produce more food has increased the amount of agro-
industrial waste produced. Although this was generally recognized as a major
problem in the past, it is now believed that the development of sustainable industrial
processes depends heavily on this waste. Microbial transformations based on bio-
technology provide effective, affordable, and sustainable approaches for producing
goods with additional value. The production of nutrient-rich raw materials and
biorefineries could use agricultural waste as a sustainable resource. The prospective
use of agricultural residues for the synthesis of by-products such as levulinic acid,
xylose, lactic acid, and sophorolipids, adsorbents, in the construction sector and for
biofuels using numerous bioconversion methods is the main focus of this chapter. It
is clear that the use of crop residues that have withstood bioconversion as fuel is an
amazing area of research with enormous potential for massive-scale agro-industrial
production to effectively meet growing energy needs.
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3.1 Introduction

Ninety percent of the rice consumed worldwide is produced exclusively on the Asian
continent. Over 700 million tons of rice is consumed worldwide each year, making it
the second most popular food. The amount of rice straw produced per ton of rice
grains on agricultural land is said to be between 1.36 and 1.51 t. For every ton of rice
processed in the industry, rice husks, broken rice, and rice bran are produced.
Agriculture and the food industry produce large amounts of waste that can be utilized
as raw substrate for the development and production of biorefinery substances,
offering numerous potential production opportunities that are environmentally ben-
eficial (Ng et al. 2020). Because improper disposal could pose both a hazard to
human health and to the environment, the production of solid rice waste has become
a serious problem. Rice straw is one of these pollutants that are often burned in the
fields because it is relatively easy to remove, leading to environmental pollution,
dermatological problems, and respiratory diseases. In addition, burning rice straw
outdoors releases a significant amount of greenhouse gases into the air, including
carbon monoxide, nitrous oxide, sulfur oxide, methane, and particulates (Singh and
Patel 2022). The solid-state fermentation process can convert rice straw, which is
inherently lignocellulose, into a number of other products (Gunjan et al. 2023). In
addition, cellulosic polymers produced from agricultural and industrial wastes can
be used to produce new bioproducts such as hydrogels, bio-nanocomposites,
bioaerogels, biofilms, and some biomaterials which are majorly utilized in tissue
engineering (Soorbaghi et al. 2019). As shown in Fig. 3.1, the by-products of the rice
straw waste are utilized in the various biorefining processing stages. In this case,
high quality and yield of the final extract produced by eco-friendly extraction
methods have become a fantastic alternative for recovering high-value products
from agro-industrial waste (Soquetta et al. 2018). Advanced technologies have
been applied for the production of biorefinery products from the paddy straw
including ultrasound-assisted extraction (UAE), supercritical fluid extraction
(SFE), and microwave-assisted extraction (MAE) (Angoy et al. 2020). In addition,
compared to previous technologies, these are less energy intensive, require fewer
organic solvents, and work faster (Sik et al. 2020). The primary goal of upcoming
chapter is to provide a brief description of the biorefinery products made from rice
straw and the synthesis of chemical compounds from this biomass with significant
potential applications.

3.2 Microbial Bioprocessing of Paddy Straw

Microbial bioprocessing technology holds a unique place in waste management
plans around the world as it promotes sustainable growth and offers an environmen-
tally friendly alternative. The two fermentation-based methods used in this process
are submerged and solid-state fermentation. As shown in Fig. 3.2, microorganisms
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Fig. 3.1 Synthesis of biorefinery products from paddy straw

grow and produce biorefinery products in both processes by using agro-industrial
residues as a food source (Sodhi et al. 2022).

3.2.1 Submerged Fermentation (SmF)

A technique for microbial growth in suspension cultures, called submerged fermen-
tation, allows by-products to be released into the surrounding broth. Large volumes
can now be managed more successfully, and process variables such as dissolved
oxygen, pH, pressure, and temperature can be controlled in a better way (Pinotti et al.
2020).

3.2.2 Solid-State Fermentation (SSF)

Both industry and academia devote a great deal of attention to solid-state fermenta-
tion (SSF). Because SSF consumes almost no water, it closely resembles the
microorganism’s natural environment. Comparing this method to SmF, Ring et al.
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Fig. 3.2 Diagrammatic representation of microbial processing of agro-industrial waste

(2018) found that it provides better solid support for optimal microbial development,
ability to use complicated substrates in their natural state, and low relative humidity.

3.3 Advanced Extraction Technologies Applied
to Paddy Straw

The extraction and processing of extremely valuable materials from industrial and
agricultural waste is a new breakthrough in environmentally friendly processes. The
current trend is that novel extraction technologies are gradually replacing time-
consuming, expensive, and often organic solvent-intensive conventional processes.
Because they are more widely applicable, more selective in terms of the commod-
ities extracted, and more efficient overall, these environmentally friendly extraction
techniques can support the sustainability of the industry (Belwal et al. 2020).
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Fig. 3.3 Advantages and disadvantages of greener extraction technologies

Figure 3.3 displays the benefits and drawbacks of several ecologically friendly
extraction methods. Numerous studies on ecologically friendly extraction techniques
have recently been carried out all around the world. Supercritical fluid extraction
(SFE), ultrasonic-assisted extraction (UAE), and microwave-assisted extraction
(MAE) stand out among these cutting-edge methods.

3.3.1 Supercritical Fluid Extraction (SFE)

SFE refers to alterations in crucial variables such as pressure and temperature which
can transform a gaseous form into a supercritical medium with barely perceptible
liquid and gaseous phases. The main transport route in this mass transfer process is
the frequent turbulence in the saturated solvent phase (Soquetta et al. 2018). Since it
allows the extraction of various substances enriched with antioxidant properties and
also have numerous industrial applications, therefore supercritical fluid extraction is
considered an interesting way to utilize lignocellulosic wastes (Lizcano et al. 2019).
Biodiesel production is being increased by supercritical fluid technology.
Researchers used supercritical methanol and propane as co-solvents to produce
tons of biodiesel annually using this method (Ortiz and de Santa-Ana 2017).
Pretreating rice stalks with subcritical carbon dioxide ethanol reduced the amount
of lignin from 23.01% to 21.42% (Yang et al. 2018). An oil yield of 17.19% was
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achieved by supercritical CO, extraction over 120 min (Moreira et al. 2023).
Supercritical fluids can pretreat lignocellulosic residues under mild conditions with
some chemicals including catalysts, solvents, and reagents. In addition, this chemical
pretreatment results in high sugar yield, reduction in inhibitors, and high suscepti-
bility to enzymatic hydrolysis. Researchers found that lignocellulosic agricultural
residues gasified in supercritical water produced 5.56 mmol/g hydrogen (Salimi et al.
2016). The oil extracted G. glabra using this extraction method was found to have
maximum yield around 79% (Durak 2014).

3.3.2 Ultrasound-Assisted Extraction (UAE)

The UAE seems to be one of the least expensive unconventional extraction tech-
niques. Therefore, extensive research work has been carried out to make it practical
on an industrial scale. When cell walls break down, target components can be
released. This is achieved through the use of ultrasonic vibrations. This speeds up
diffusion, improves mass transfer, and allows for greater solvent penetration into the
sonicated matrix (Chakraborty et al. 2020). The cellulose and lignin separated from
rice straw showed improved thermal resistance; substrates decomposed faster at
higher temperatures. The UAE alkaline method has been proposed for the extraction
of lignin and cellulose from paddy straw (Vu et al. 2017). The cellulosic fiber yield
of the rice straw increased to 37% when heated by the ultrasonic reflux method.
Sonication has a direct impact on the crude enzyme extraction process from the
medium and hence showed that activity of industrial enzymes such as pectinase
(1.20-fold), carboxymethylcellulase (1.48-fold), and xylanase (1.30-fold) increased
(Li et al. 2015). Yang and Fang (2014) observed that ultrasonic assisted extraction
method induced the enzymatic hydrolysis of acidic treated rice straw and resulted in
conversion of total sugars (96.21%). Gallic acid (342 mg) was extracted from rice
husks using an ultrasonic extraction method (Freitas et al. 2022).

3.3.3 Microwave-Assisted Extraction (MAE)

Microwave radiation has a frequency range of 30 MHz to 300 GHz (Chen et al.
2017). MAE offers a number of advantages over traditional extraction techniques,
such as selectivity of extraction, easy maintenance, lower installation costs, less time
spent on process setup, shorter extraction times, and lower power consumption. Rice
straw treated with MAE showed a very high crystallinity index (54.6%) by using
X-ray diffraction (Singh et al. 2014). Under optimal microwave intensity conditions,
maximum efficiencies improved for cellulose (31.2%), hemicellulose (43.3%), and
total saccharification (30.3%) (Ma et al. 2009). During the enzymatic hydrolysis of
Chakhao Poireiton black rice, microwave treatment increased the release of glucose
by 25-50% (Moirangthem et al. 2021). The laccase enzyme isolated from Trametes
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hirsuta MTCC-1171 showed yield (53.9%) during the treatment of enzyme by
microwave-assisted three-phase partitioning (Patil and Yadav 2018).

3.4 Utilization of Paddy Straw Biomass: Bioconversion
to Biorefinery Products

3.4.1 Levulinic Acid (LA) Production

Among the 12 molecular substrates that create value-added products is levulinic acid
(Kim and Han 2021). Hexoses such as fructose, galactose, and glucose are hydro-
lyzed to produce LA. The high production interest is due to the chemical composi-
tion of LA, which includes both an acidic and a ketone carbonyl group. This
blueprint can be utilized in healthcare and agro-food industry. Important compounds
such as 2-methyltetrahydrofuran, acrylic acid, and 1, 4-pentanodiol can be industri-
ally produced using levulinic acid (Emelyanenko et al. 2018). Cafion et al. (2022)
reported that the overall output of ethyl levulinate per kilogram of rice straw was
0.115 kg and the total energy input was 133.2 kWh. The aqueous Soxhlet extraction
of pretreated rice hulls produced the maximum yield (59.4%) of levulinic acid
(Bevilaqua et al. 2013). The yield of LA from ultrafine ground steam-exploded
rice straw was 70% (Yaaini et al. 2012). Untreated rice straw yielded 49.8% LA with
an enhanced catalytic thermal liquefaction process (Ukarde and Pawar 2022).

3.4.2 Lactic Acid Production

Lactic acid and its derivatives are numerously utilized in multiple industries, includ-
ing agri-food sector, medical, healthcare products, and cosmetics, followed by
dermatological products. Polylactic acid is a biocompatible and biodegradable
plastic that has recently gained importance as an unprocessed product (Es et al.
2018). The majority of the cost of lactic acid production comes from the composition
of the medium, although the economics of such process is still difficult to under-
stand. To reduce the overall price of lactic acid production, numerous methods have
been used to hydrolyze cellulosic carbohydrates (Ahmad et al. 2020). Bioconversion
of agro-industrial residues products requires the hydrolysis of pretreated lignocellu-
losic materials into fermentable sugars (Kaur et al. 2023). Addition of
polyoxyethylene sorbitan monooleate (PSM) resulted in maximum acid (L-lactic)
production (Yao et al. 2007). From raw rice straw, Bacillus coagulans can extract up
to 64.03 g/L and 297.02 g/kg of lactic acid (Chen et al. 2019). According to Qi and
Yao (2007), rice straw could produce a maximum of 3.5 g of L-lactic acid.
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3.4.3 Xylose Production

Since lignocellulosic wastes are accessible, affordable, and renewable sources of
sugar, there is growing interest in biotechnological approaches to utilizing these
wastes. A technically and economically effective bioprocess for xylitol synthesis is
often developed using hemicellulose hydrolysates obtained from waste materials.
Seventy-seven percent of the xylose was recovered from the hydrolysis of paddy
straw (Roberto et al. 2003). The rice starch hydrolyzate treated with charcoal showed
highest xylitol (0.53 g/g) (Baek and Kwon 2007). After chemical pretreatment of
rice straw, 14.04 g of crystalline xylose was formed (Krishania et al. 2018). Candida
tropicalis GS18 produced xylitol titers from paddy straw ranging between 25 and
35 g/l (Kaur et al. 2022b). The fermentation of paddy straw hydrolyzate with
C. tropicalis resulted in production of 0.6 g/g of xylose-xylitol (Singh et al.
2021b). During consolidated bioprocessing, nanofiltration of the rice straw hydro-
lyzate allowed the elimination of inhibitors and allowed maximum xylitol synthesis
(38.1 g/L) (Guirimand et al. 2016). Lignocellulosic residues has the ability to yield
maximum xylitol ranging between 13 and 97 g/L (Azizah 2019).

3.4.4 Adsorbents for Contamination

Because it is a readily available and affordable substrate, lignocellulosic biomass
such as paddy straw play an integral role and act as an adsorbent to eliminate heavy
metals from wastewater. The highest results for raw rice straw during batch fermen-
tation were 20.9% and 8.4%, respectively. Adsorbents such as raw, alkaline, and
charcoal rice straw showed stronger adsorption of cadmium ions than adsorption of
zinc ions. According to Singh et al. (2016), rice straw powder has maximum
adsorption capacities for methylene blue, phosphorus, and nickel of 22.01, 4.2,
and 4.01 mg/g, respectively. Using a silica-based adsorbent for rice straw, adsorption
values were calculated for nitrate levels of approximately 15.04 mg/g and for
groundwater samples of 8.54 mg/g (Robles-Jimarez et al. 2022). Both rice and
straw husks absorbed fluorine in a range of 8—15 mg/g. According to Collivignarelli
et al. (2022), rice husks have an arsenic adsorption capacity of over 19 mg/g. At
appropriate dosage of rice straw, the highest chromium adsorption capacity was
15.80 mg/g (Wu et al. 2016). Rice straw charcoal was able to absorb the largest
amount of tetracycline from an aqueous solution (Fan et al. 2018). Congo red and
methylene blue are degraded by rice straw nanocomposites with adsorption capac-
ities of 399 and 410 mg/g (Sangon et al. 2021).
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3.4.5 Alternative Materials in Construction Industry

Due to population growth and demand for better building environments, the con-
struction industry is expected to generate more greenhouse gas emissions. Carbon
emissions can no longer be offset by the Earth’s carbon cycle. In order to stop the
emission of carbon dioxide from industrial processes such as the construction sector,
it is therefore imperative to use technologies that can absorb and store carbon
dioxide. This is required to drastically reduce the carbon footprint of the cement
processing sectors and bring about positive environmental changes. Paddy straw has
the potential to be a very effective carbon dioxide sorption material in cement-based
applications (Akinyemi et al. 2020). High-performance and environmentally
friendly construction walls can be made using bales of rice straw. Different concrete
strengths can be increased by utilizing rice straw ash (7%) and microsilica (24%),
respectively (Pandey and Kumar 2020). According to Jittin et al. (2020), the addition
of rice hull ash increases perceived porosity, which is critical to reducing brick
density. This allows the construction of infill walls from such bricks, thereby
reducing the overall mass of the entire structure (De Silva and Perera 2018).

3.4.6 Applications in Renewable Energy

Rice straw is an interesting resource for bioenergy production due to its accessibility
and abundance. It is one of the important crops that provide significant amounts of
silica-enriched biomass (Rathour et al. 2023). One of the major challenges in
converting rice straw into a biofuel that promotes green bioenergy development is
the chemical structure of the feedstock (Kaur et al. 2023). The ethanol yield and
concentration using the two-stage treated rice straw were reported to be 86.41% and
41.03 g/L, respectively, after 72 h of fermentation (Zhu et al. 2015). Nandal et al.
(2020) found that P. stipitis NCIM3497 and P. stipitis NCIM3498 had the highest
fermentation efficiencies for rice straw hydrolyzate within 24 h (57.30% and
53.02%, respectively). At an ethanol concentration (45% v/v), the straw produced
the hydrogen emission up to 19.70 mL/g (Asadi et al. 2017). Using co-substrates of
40% hydrolyzed rice straw and 60% fermentation culture supernatant, acetone-
butanol-ethanol fermentation resulted in hydrogen and butanol yields of 5897 mL/
L and 14.1 g/LL (Li et al. 2018). The synthesis of butanol increased significantly to
7.1 g/L after cellulase was introduced into delignified rice straw (Kiyoshi et al.
2015). The rice straw treated with sodium hydroxide yielded 28.05 g/L reducing
sugars. Saccharomyces tanninophilus produced ethanol with maximum yield of
84.1% using the different hydrolysis-fermentation techniques (Jin et al. 2020).
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3.4.7 Mushroom Production

One of the most cost-effective ways to recycle organic materials is to grow special
mushrooms on lignocellulosic waste as shown in Fig. 3.4 (Kaur et al. 2022a). The
most popular substrate for the mushroom industry is rice straw. According to
Moonmoon et al. (2010), Pleurotus eryngii on rice straw had a biological yield
and efficiency of 68.7%. Rice straw has remarkable potential for growing
Ganoderma lucidum, evidenced by the fact that it could be grown as a primary
substrate (Veena and Pandey 2011). Oyster mushrooms grow faster on rice straw,
with less mycelial density on the surface, faster production of primordia, lower yield,
and faster mycelial growth rate. With rice straw as a substrate, Volvariella volvacea
(Bull.) achieved the best biological efficiency (7.93%) (Zikriyani et al. 2018).

Paddy straw

J
Wetting for over-night

|
Mixing of spawn to the substrate

Filling of substrates in the bags @2.5kg/bags
(Propylene bags of 18x12 and 12x18 inches)

Incubation (18-24°C, 80-88% relative humidity)

Completion of spawn run

W

Opening of bags
Storage
Pinning
Harvesting in 4-5 weeks E— Drying

Fig. 3.4 Schematic representation of mushroom production using lignocellulosic waste
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3.4.8 Production of Sophorolipids

Oleic acid, carbohydrates, and other unconventional substrates, including agro-
industrial residues, can be used for biosurfactant production (Celligoi et al. 2020).
The cost of raw materials accounts for 10-30% of the total price for the production of
sophorolipids (Zaman and Hamid 2022). Therefore, the use of low-cost substrates
can be a choice that increases the accessibility of the production process while
reducing its negative impact on the environment (Satpute et al. 2017). Because of
their exceptional ability to promote emulsification, solubilization, and lowering
interfacial tension, sophorolipids are bioactive substances that have recently
received much attention. Compared to chemical surfactants, sophorolipids are
non-toxic, incredibly potent, and resistant to harsh conditions and have beneficial
environmental properties (de Oliveira et al. 2015). In a shake flask culture,
Wickerhamiella domercgqiae is able to grow on rice straw holocellulose hydrolyzate
and produce a significant amount of sophorolipids (53.7 g/L) (Liu et al. 2016). Using
rice straw as a substrate, a heterogeneous mixture of rhamnolipids from
Achromobacter sp. produced 31.73% of a mono-to-di-rhamnolipid ratio of 2.1:1
(Joy and Sharma 2021).

3.4.9 Biological Control Agents

Microbial fermentation techniques such as submerged and solid-state fermentation
have been in demand for the development and production of novel biocontrol agents
by utilizing lignocellulosic as a substrate. B. bassiana and T. harzianum were used in
fixed bed reactors to study the production of fungal bioinsecticides from rice husks
(Sala et al. 2020). T. asperellum cultured on fortified rice starch suppressed
F. oxysporum by 66.26% (Singh et al. 2021a). Due to its high silica content, rice
straw enriched with a novel source of nano-silica. The MIC (minimum inhibitory
concentration) of essential clove oil against F. oxysporum was determined to be
125 mg/L (Singh et al. 2023). The rice plants developed resistance to the pathogen
Pyricularia oryzae, which causes rice blast and neck rot, after treatments with the
biopesticide P. putida H10 (Hoesain and Wahyuni 2018).

3.4.10 Substrate for Enzyme Production

To make the whole process more affordable, attention is currently being paid for
developing innovative, environmentally friendly technologies to produce key
enzymes for industry. The agri-residues are utilized for enzyme production as the
substrate available is cost-effective and greener method (Fig. 3.5). Recently, many
industries, including oleochemicals, dairy, pharmaceuticals, detergents, and
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applications such as production of
biorefinery products
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Fig. 3.5 Enzyme production using paddy straw as a substrate under solid state fermentation

agricultural products, have shown interest in enzymes as potential biocatalysts. The
excessive utilization of lignocellulosic residues reduces raw material costs approx-
imately by 60%, thus enhancing the cost-expensive process (Kaur et al. 2023). In the
quest to produce cellulase from 7. reesei and H. insolens, rice straw was used as the
carbon source (Kogo et al. 2017). Streptomyces psammoticus was found to produce
laccase (17.3 U/g) while using lignocellulosic biomass as a substrate (Niladevi et al.
2007). The highest levels of hydrolytic enzymes such as carboxymethylcellulose and
filter paper were produced by Phanerochaete chrysosporium using paddy straw as
the substrate (Khan et al. 2007). Using paddy straw as the substrate, Trichoderma
reesei produced more cellulase (27.04 U/mg) during submerged fermentation (Naher
et al. 2021).

3.4.11 Microbial Pigments

The detrimental effects of synthetic colors on the well-being of individuals and the
ecosystem have led to the emergence of natural pigments, which have received
considerable attention in research and industry. Natural colors come primarily from
plants and microbes. However, due to a number of disadvantages such as seasonal
volatility, year-round availability, low pigment yield/stability, and inefficient
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manufacturing methods, plant sources are not the first choice for pigments (Sodhi
et al. 2022). Therefore, microbes are thought to be a good source of these colors.
Numerous research studies have examined the development of microbial pigments
from various agro-industrial substrates (Lopes and Ligabue-Braun 2021). The col-
ored pigments produced by fungus M. purpureus in rice straw hydrolyzate were
8.62 U/mL and 20.91 U/mL (Liu et al. 2020). P. sanguineus was able to produce
potent orange pigment with antibacterial properties in SSF at a reasonable cost
(Meng et al. 2022). Rice straw can be utilized as a natural dye and can act as
green technology. Since rice straw contains 49.3% carbon, it is black in color
(Kusumastuti and Hidayati 2022). The vanillin was extracted from paddy straw
with optimal concentration and yield of 0.4% and 3.96 g/g, respectively (Nurika
et al. 2020).

3.4.12 Single Cell Oil (SCO)

Microorganisms produce intracellular lipid molecules known as single cell oils
(microbial oils). These lipids, which resemble the lipids and fatty acids found in
plants structurally, are produced in significant quantities by bacteria when nitrogen
or phosphate levels are low (Ochsenreither et al. 2016). T. fermentans was cultured
on rice straw hydrolyzate that had been detoxified and treated with sulfuric acid. It
contained 40.1% lipids and had a biomass of 29.1 g/L. Geotrichum candidum
showed highest lipid titer (5.8 g/L) and enhanced biomass concentration (15.1 g/
L) in a 1:1 mixture of paddy straw hydrolyzate (Diwan and Gupta 2020).
T. mycotoxinivorans S2 can produce 45.02% lipids by mixing glucose and xylose.
The yeast was cultured with non-detoxified rice straw hydrolyzate to provide easily
accessible sugars, and with conversion productivity, 5.17 g/L of lipids was produced
(Sagia et al. 2020). According to Tsigie et al. (2012) Y. lipolytica had a maximum
lipid content of 11.01 g/L in the rice bran hydrolyzate under ideal conditions.

3.5 Challenges in Value-Added Product Synthesis

Traditional practices that harm the environment and run counter to the Sustainable
Development Goals include incineration, open landfill, and landfill. Modern pro-
duction methods have been used effectively to produce a large amount of high-
quality goods. Submerged fermentation and solid-state fermentation are two bio-
technological techniques that have the potential to utilize waste and produce goods.
However, before it can be successfully commercialized, a number of issues that limit
the overall capacity of the method to synthesize elements and the quality of these
products must be addressed.

Low product concentration, moderate complexity, and high production costs are
the main challenges in submerged fermentation. In order to digest large amounts of
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lignocellulosic waste, solid-state fermentation, a basic waste processing approach
with a straightforward process, needs to be improved in scale-up and bioreactor
management (Leite et al. 2019). One of the most significant constraints that needs to
be carefully considered to enable industrially feasible and ideal product development
is the design of the bioreactor. Massive diffusion, heat transfer rate, and compound
extraction are key requirements for an effective bioreactor (Mansour et al. 2016).
Because agro-industrial waste has poor thermal conductivity and accounts for the
majority of solid fermentation substrates, it can be difficult to dissipate heat, which
can lead to additional cell damage (Wei et al. 2015).

A laser-like emphasis on product extraction and purification methods is required
to deliver an innovative, cost-effective, and durable solution. The processing
methods such as separation and purification have a major impact on the cost of
essential product (Zhang et al. 2018). The sustainability of downstream processing
should be improved through the accessibility of novel techniques and materials that
meet end-product criteria (Pérez-Rivero et al. 2019). In this situation, the creation of
continuous processing systems can lead to cost savings, optimal substrate utilization,
and an improvement in product quality. Another area of concern is product quality
and contamination, particularly during the recovery process.

When using lignocellulosic biomass, contamination of the end products with
sugar residues, including salts and volatile compounds, is a common but significant
problem that makes further processing difficult and affects product quality. Product
yields are improved and further increased by using strains specifically designed to
reduce the production of unwanted secondary metabolites or by optimizing media
formulation. Extensive research on pathway optimization and techno-economic
product properties is also required to develop a metabolic engineering-based
bioprocess on an industrial scale (Ferndndez-Cabez6n and Nikel 2020).

3.6 Conclusion and Future Perspective

Rice straw was considered as the mostly useless garbage. However, other uses for
these minerals have been explored as disposal regulations have tightened. As a
result, several advances have been made in agriculture, power generation, pollution
management, and building materials. The diverse industrial uses for products made
from rice biomass conversion and the high value-added products of these products
continue to be a driving force behind the advancement of rice biomass conversion
technology. Among other things, the properties of rice plants should be improved
and the lignin concentration increased while reducing the silica content for thermo-
chemical processing, elevated temperatures, fermentation methods used for ethanol,
and the development of biorefineries. To adequately meet short-term green energy
needs, scientists need to conduct more research to ensure such an abundant source of
bioproducts is utilized.
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Chapter 4 )
Valorization of Paddy Straw Waste e
for Sustainable Development of Biofuels

Manmeet Kaur (», Ravneet Kaur, Shivani Sharma, and G. S. Kocher

Abstract Growing rice, an important global staple, generates a substantial amount
of straw-based biomass waste. Rice straw deserves special attention as a biomass
substrate for the development and production of next-generation biofuels due to its
wide availability and solid lignocellulose composition. Lignocellulosic biomass,
which is environmentally friendly, inexpensive, and renewable, can be converted
into biofuels. Agricultural waste can be processed into biofuel to improve waste
disposal, stop environmental deterioration, and ensure reliability in energy. The
methods of using rice straw as a lignocellulosic substrate for the generation and
production of biofuels such as bioethanol, biohydrogen, biobutanol, biogas, and
biomethanol form the basis for the content of this chapter. In addition, the impor-
tance of pretreatment techniques to break down the complex lignocellulosic biomass
and the implementation of fermentation to convert reducing sugars into biofuel was
highlighted.

Keywords Paddy straw - Lignocellulosic biomass - Bioethanol - Biobutanol -
Biohydrogen - Biogas and biomethanol - Sustainable environment

4.1 Introduction

Numerous challenges, including rising fuel prices, increased fuel consumption,
worrying global warming, and the depletion of renewable sources, have motivated
the search for viable alternatives to energy production. However, energy consump-
tion will increase maximally by 1.3% in the coming next years. Therefore, all
countries must change their energy policies without delay to ensure global energy
security. Several methods for converting biomass into biofuels have recently been
developed, taking into account their transport, storage, and energy densities
(Vamvuka 2011). The biomass content and optimal reaction parameters such as
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feed sizes, temperature conditions, reaction speed, and heating rate have an impact
on the biofuel yield. Biofuels, which are now an intriguing option to reduce
greenhouse gas emissions and combat biodiversity loss, support the idea of sustain-
able development, which includes improved food production from biomass and
effective use of water and many other resources (Sindhu et al. 2019). Agricultural
residues can be fermented to produce numerous biofuels such as biogas,
biomethanol, biohydrogen, biodiesel, and bioethanol (Singh and Chaudhary 2017).
Due to its accessibility and widespread use, rice straw is a promising substrate for
bioenergy production. It is one of the main crops that produce enormous amounts of
silica-enriched biomass (Satlewal et al. 2017). The hazardous gases which are
released during combustion increase pollution, public health problems, and green-
house gas emissions (Wang et al. 2016). The durability of rice straw as a fuel source
that enables conscientious bioenergy production is one of the main obstacles. Rice
straw requires a suitable pretreatment method due to its chemical structure consisting
of cellulose, lignin, and hemicellulose (Agrawal et al. 2017). Silica which is abun-
dant in rice and is necessary for the mechanical strength of cell walls also represents
its significant importance. However, it is not known how this affects the fermenta-
tion and saccharification processes. Consequently, rice straw consumption poses a
significant challenge, and it is crucial to improve the financial viability of such
conversion technologies (Huang and Lo 2019).

4.2 Paddy Straw-Lignocellulosic Biomass

The most important cereal crop, rice straw (Oryza sativa), produces a lot of agricul-
tural waste in the form of excess straw. Although this residual biomass is often used
as a raw material by numerous industries, significant parts of the residues are
incinerated or landfilled (Sharma et al. 2020). When the straw is ruthlessly burned,
numerous pollutants such as polycyclic aromatic hydrocarbons (n-alkanes), carbon-
dioxide, traces of sulfur dioxide, and carbon monoxide are released into the envi-
ronment. These pollutants are linked to serious human diseases such as asthma and
cancer. Carbon dioxide emissions from open-air combustion also pose a major threat
to the ecosystem and also had a major impact on global warming. Meanwhile, the
widespread practice of discarding rice straw in the field has resulted in significant
environmental damage and financial loss (Pham et al. 2019).

4.3 Structure of Agro-industrial Residue

It is important to understand the structure of lignin, especially its chemical compo-
sition, as well as the biosynthesis process in order to develop a pretreatment method
that can soften straw and add hydrolytic enzymes such as cellulase for cellulose
depolymerization. Figure 4.1 shows a typical conceptual framework for agro-
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Fig. 4.1 Schematic representation of pretreatment impact on lignocellulosic biomass (Adapted
from Nair and Sivakumar 2020)

industrial biomass. The cellulose microfibrils are tightly attached to the hemicellu-
lose matrix during cell formation, as they first divide to develop the basic cell wall.
The formation of connective tissue in the body occurs through the middle lamella, a
pectin-based layer, which fuses with the main wall of the cell to form the conductive
tissue system. Meanwhile, cell development concludes that the primary wall, sec-
ondary wall, and plasma membrane form the two upper layers of the cell. By
concentrating lignin in xylem fibers, the secondary wall often improves structure
by increasing mechanical strength. The majority of the biomass or xylem fibers can
be converted into bioethanol. To increase the stability of lignocellulose and prevent
its degradation, as well as to promote nutrition and water transport, the conductive
tissue system cross-links cellulose, hemicelluloses, and lignin (Hans et al. 2019).

4.3.1 Cellulose

The most common lignocellulosic biomass polymer, cellulose, is made up of
cellobiose as the main repeat unit which are connected by glycosidic linkages. The
microfibrilized cellulose chains consisting of glucose units are arranged into cellu-
lose fibrils by being bundled together (Robak and Balcerek 2018). Due to the
incorporation of cellulose fibrils into a lignocellulosic matrix, it is particularly
resistant to enzymatic hydrolysis. These hydrogen bonds align the chains parallel
to each other, forming a crystalline structure. As a result, cellulose microfibrils have
sections that are both highly crystalline and less ordered amorphous (Yoo et al.
2017).
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4.3.2 Hemicellulose

20-35% of the weight of biomass consists of hemicelluloses, heterogeneous group-
ings of biopolymers (Chandel et al. 2018). Xylans, xyloglucans, mannans, and
glucomannans are formed from a variety of monosaccharide subunits found within
them. Hemicelluloses have a significantly lower degree of polymerization as com-
pared to cellulose. The cellulose, lignin, and hemicellulose network as a whole is
more rigid due to the presence of hemicellulose that connects the cellulose fibers to
the lignin (Tian et al. 2018).

4.3.3 Lignin

After cellulose, lignin is the second-most prevalent polymer; it makes up roughly
12-38% of the dry weight of lignocellulosic biomass (Ragauskas et al. 2014). The
phenylpropanoid building blocks make up this extremely complex amorphous
heteropolymer. Properties of lignin include structural rigidity and hydrophobicity.
Due to the role of lignin as a barrier that prevents enzymes from penetrating
cellulose, the physical availability of macromolecules may be limited (Zoghlami
and Paes 2019). Furthermore, due to its hydrophobic structural properties, it is
capable of adsorbing cellulases and other cellulolytic enzymes during enzymatic
hydrolysis (Zeng et al. 2014). Lignin elimination often disrupts the lignin-
carbohydrate matrix and increases permeability and removal of enzyme adsorption
sites (Kruyeniski et al. 2019).

4.4 Pretreatment Methods of Rice Straw

Paddy straw can be used on various platforms to produce biofuels and bioenergy.
Before rice straw can be used on a biological platform, it must undergo a
pretreatment phase that alters the relationship between major components (cellulose,
hemicellulose, and lignin). This alteration enhanced cellulose accessibility, removes
carbohydrate-lignin complex, and decreased the cellulose crystallinity. The multiple
pretreatment methods increase the biofuel production via enzymatic hydrolysis of
the lignocellulosic biomass (Kaur et al. 2023). Table 4.1 lists the pretreatment
techniques used to convert lignocellulosic biomass into contributory biofuels
(Kumar and Sharma 2017).
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Table 4.1 Pretreatment methods of lignocellulosic biomass (Kumar and Sharma 2017)

Type of
Pretreatment pretreatment
method technologies Advantages Disadvantages
Physical Mechanical Reduction in cellulose Maximum energy output
pretreatment treatment crystallinity and often
leads to minimum degree
of polymerization
Steam pretreatment | Hemicellulose breakdown | Maximum temperature
resulted in degradation and pressure are
mandatory
Chemical Acid pretreatment | Hydrolysis of hemicellu- | Corroded substances
pretreatment lose; enzyme digestibility
occurred through cellulose
Alkali pretreatment | Eliminates lignin Minimum effective in
lignin related biomass
Physicochemical | Ozone Lignin content decreased | Highly priced
pretreatment pretreatment to some extent
Organosolv Breaks down the complex | Elimination of solvents
process bond between hemicellu-
lose and lignin
Steam explosion Alteration in the complex | Difficult to utilize in
structure leads to the deg- | softwoods as low amount
radation of carbon bond of acetyl molecule is
between hemicellulose found in the hemicellu-
and lignin lose component
Ammonia free Enzymatic hydrolysis The biomass with high
expansion generates destruction of lignin content is not
cell wall much used in this process
Biological Biological Delignification Prolonged incubation
pretreatment pretreatment time

(white rot fungi
and lignolytic
microorganisms)

Ligninolytic Alteration of lignin mole- | Hydrolysis rate is quite
enzymes (in vitro cule often leads to low, and secondly it is
degradation) degradation the most expensive
Consolidated Cost-effective Urgency of both cellulo-
bioprocessing lytic and alcoholic

microorganisms

4.5 Biofuels from Paddy Straw

4.5.1 Bioethanol

Bioethanol is produced by fermenting natural resources, typically plant derivatives
or agricultural waste, to yield a liquid, sustainable biofuel. The primary driver of
increased output was the need for bioethanol. Figure 4.2 shows the representation of
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Fig. 4.2 Schematic representation of enzymatic hydrolysis of paddy straw for bioethanol
production

the enzymatic hydrolysis of paddy straw to produce bioethanol. In 2016, the world
produced 100.2 L of bioethanol. By 2024, there will be 144.5 billion liters of
bioethanol in use (Busic et al. 2018). It is primarily used to fuel internal combustion
engines. Bioethanol production from rice husks and rice straw resulted in maximum
yield of 44.02% and 18.05 g/L, respectively (Srivastava et al. 2014). Rice straw was
saccharified with a sodium hydroxide (1%) yielding 22.15 g/L of reducing sugars.
S. tannophilus was inoculated in the substrate which leads to the ethanol production
with a yield and concentration of 9.53 g/L and 84.15%, respectively (Jin et al. 2020).
The fermentable sugar content of rice straw after pretreatment with alkali increased
from 56.3% to 80.0%. The optimized cocktail hydrolyzed alkali-treated paddy straw
with an efficiency of approximately 94.3% and produced a total of 75.3 g/L
fermentable sugars. After exposure to rice straw treated with 100 g/l SSF and the
ideal cocktail, M. circinelloides produced 31.03 g/L ethanol under aerobic condi-
tions (Takano and Hoshino 2018). S. cerevisiae MTCC-173 produced ethanol and
sugar yield (g/1) of 6.71 and 27.42 while simultaneously delignifying, saccharifying,
and fermenting rice straw in a single step (Bhardwaj et al. 2020). In cellulase
hydrolysis of rice straw, bacterial laccase produces glucose (16.1 mg/mL), reducing
sugars (21.82 mg/mL), and bioethanol (22.11 mg/mL) (Nazar et al. 2022).
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4.5.2 Biobutanol

Biobutanol is believed to have better fuel properties due to its greater energy content
and improved air-fuel ratio, which make it a more efficient fuel. Due to its higher
ignition point and lower vapor pressure than bioethanol, handling biobutanol is less
dangerous. Instead of 10% ethanol, fuel can contain up to 15% isobutanol, a
branched isomer of butanol. However, butanol is comparable to gasoline, although
it has a lower octane number than ethanol. So butanol cannot be used to increase the
octane number. The toxicity of butanol appears to be its main disadvantage (Liu et al.
2022). When microorganisms ferment renewable raw materials such as sugar, starch,
or cellulose, butanol with four carbon atoms is produced. It is an advanced biofuel
that vaporizes at higher temperature. Due to low fermentation yield, biofouling, and
scaling issues, the synthesis of biobutanol is not commercially viable (Karthick and
Nanthagopal 2021). Biobutanol yields of rice straw and sugarcane baggase of 2.90
and 1.91 g/L were achieved (Cheng et al. 2012). Researchers investigated that the
anaerobic fermentation of rice straw with C. acetobutylicum resulted in a butanol
yield of 14.12 g/L. Paddy straw was prepared by acidic enzymatic hydrolysis with
butanol production (3.43 g/L) (Gottumukkala et al. 2013). Pichia sp. and
S. cerevisiae produced 4.32 g/L. of butanol (Mohapatra et al. 2020). Fermentation
of rice straw hydrolyzate by C. acetobutylicum resulted in production of biobutanol
as 0.27 g/g glucose (Rahnama et al. 2014). Delignified paddy straw was inoculated
with C. thermocellum and C. saccharoperbutylacetonicum hence resulting in
biobutanol production of approximately around 5.5 g/L (Kiyoshi et al. 2015). Rice
straw fermented with C. beijerinckii produced more biobutanol (8%) under solid-
state fermentation as compared to separate hydrolysis and fermentation process
(Valles et al. 2020).

4.5.3 Biohydrogen

Biohydrogen is a cutting-edge biofuel produced from biomass utilizing thermo-
chemical and biological methods. It is secure, non-toxic, and devoid of carbon. It
is a highly flammable, flavorless, odorless, and environmentally friendly renewable
fuel. Due to its superior energy content and calorific value, it is the most beneficial
and best alternative among all biofuels. The use of biohydrogen, which has multiple
uses in industry, power generation, the manufacture of food and beverages, trans-
portation, and healthcare, substantially improves the capacitance (Kumari and Singh
2018). Due to the use of accessible, sustainable and highly renewable lignocellulosic
biomass, biohydrogen has an advantage over other renewable fuels (Awogbemi and
Von Kallon 2022). The two most commonly used methods to produce biohydrogen
are fermentation and biophotolysis. Biohydrogen production can also be accom-
plished by pyrolysis, solar gasification, thermochemical gasification, and supercrit-
ical conversion. These manufacturing approaches are more environmentally
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friendly, economically advantageous, and sustainable compared to traditional
methods (Singh et al. 2015).

Hydrogen can be produced using numerous advanced biohydrogen technologies,
including direct and indirect biophotolysis and photo-dark fermentations. Biochem-
ical and electrochemical methods of hydrogen synthesis are superior from an
ecological and energetic perspective. Cyanobacteria convert water into hydrogen
and oxygen via photosynthesis. Anaerobic bacteria can only obtain their electrons
and energy from organic molecules from which they produce hydrogen. Bacteria
such as Clostridia can produce biohydrogen by changing the temperature, pH,
hydraulic residence time (HRT) of the reactor, and other elements of the treatment
system. By using organisms such as microalgae, the fermentation process, and
photodegradation of organic materials, biohydrogen can be developed from agricul-
tural crops and photosynthetic bacteria (Hussy et al. 2005). To produce hydrogen
gas, microorganisms such as Aerobacter, Escherichia coli, and Clostridium spp.
ferment butyric acid, butylene glycol, and mixed acids. The dilution and metabolites
produced during fermentation were studied using this method. Anaerobic sludge
also utilizes heat shock to increase the hydrogen fermentation productivity of the
substrate (Keskin ~ and  Emiroglu 2010). Thermoanaerobacterium
thermosaccharolyticum M18 was added to the substrate after being treated with
urea and maximum biohydrogen production resulted to be 22.07 mmol/L (Dong
et al. 2018). Asadi and Zilouei (2017) reported that organosolv treatment of rice
straw resulted in 19.73 mL/g hydrogen. Rice straw hydrolyzate produced 5.52 L/L/
day of biohydrogen in a bioreactor with continuous external circulation (Liu et al.
2014). After exposure to 1.0% sulfuric acid, rice straw produced 55.6 mL of
hydrogen (Kim et al. 2022). During the treatment of rice straw with sulfuric acid,
hydrogen production rate enhanced to 250 mL/L/h (Safari et al. 2022). After
pretreatment of rice straw with Gymnopus contrarius J2, the hydrogen produced
increased to 5.71 mmol/g (Sheng et al. 2018). During Proteus mirabilis inoculation,
the rice straw hydrolysates treated with acid and alkali can produce hydrogen.
However, the alkaline hydrolyzate produced less hydrogen than the acidic hydroly-
zate (Mechery et al. 2021). According to Sen et al. (2016), the hydrolyzate of already
treated rice straw produced a lot of hydrogen at a rate of 771 mL/L. Researchers
found that cellulose waste contains about 3—4.5 moles of the H/glucose molecule
(Phillips 2021).

4.5.4 Biogas

Biogas, a valuable fuel, is produced as a raw product in fermenters from wastewater
or compost waste. Organic products are difficult to break down by anaerobic
bacteria. Organic chemicals accumulate when there is a lack of oxygen and release
methane. Anaerobic bacteria undergo a series of metabolic reactions to break down
organic molecules into simple compounds (Fig. 4.3). Anaerobic bacteria that pro-
duce methane require organic acids to complete the degradation process. Acidogens
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Fig. 4.3 Microorganisms and chemical reactions which are involved during anaerobic digestion

convert the unprocessed waste into less complicated fatty acids in the very first stage.
Methanogens assimilate the organic acids produced in the second stage by
acidogens, resulting in the synthesis of biogas. In the final step, the acids of the
organisms are completely converted into biogas (Kougias and Angelidaki 2018).
Simultaneous digestion of microalgae biomass (30%) and rice straw (70%) acceler-
ated the biogas production (Dar et al. 2019). Researchers studied that rice straw
treated with C. versicolor improved the amount of biogas rate by 26.01% (Phutela
et al. 2011). Rice straw processed with sodium carbonate in the microwave resulted
in a 54.4% increase in biogas production (Kaur and Phutela 2016). The highest
biogas value was determined with a methane content of 58.3% after 35 days (Pal
et al. 2022). Wati and Narula (2017) found that adding rice straw to biogas plants
increased gas production from 2.76% to 16.32%. When rice straw was treated with
sodium hydroxide, a biogas rate of 49.7% was produced (Garg et al. 2017). Rice
straw treated with Paecilomyces, Aspergillus, and Penicillium increased biogas
production by 41.5%, 37.01%, and 25.02%, respectively (Sahni and Phutella
2017). The largest biogas yield (360.8 mL/g) and the maximum biogas production
rate (8.17 mL/g/day) were obtained when the biomass and rice straw were simulta-
neously digested in a 1:1 ratio (Dar et al. 2021).
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4.5.5 Biomethanol

Methanol, one of the most significant chemicals in industry, can be used as a clean
fuel or added to petrol. For conversion to petrol, a shape-selective (ZSM-5) catalyst
can be utilized. There hasn’t been a sustainable, commercially feasible method of
producing methanol yet. The chemical process required to create methanol from
biomass is too costly. So far, the only biomass used to produce methanol is trash,
such as waste wood or organic waste. The biomass is converted into syngas
(hydrogen and carbon monoxide) in the presence of oxygen. Methanol is currently
produced using natural gas; however partial oxidation techniques can also be utilized
to create the chemical from biomass. Figure 4.4 displays the primary methanol and
biomethanol production facilities.

Demirbas et al. (2011) claim that in order to create biomethanol, biomass must
first be routinely gasified at high temperature, followed by a catalytic synthesis at
high pressures from the resultant mixture of carbon dioxide and hydrogen. Biomass
and biodegradable waste with sugar and starch are converted into biomethanol, an
oxygenated sustainable fuel. Due to its high octane rating and low cost, biomethanol
is a commonly available fuel for internal combustion engines. In transport applica-
tions, the use of biomethanol ensures complete and efficient combustion, which
ultimately results in a decrease in greenhouse gas emissions. In addition to having
excellent performance, biomethanol required minimum temperature, medium flam-
mability, and nitric oxide emissions. Furthermore, it also has a low energy content.
Additionally, when biomethanol is burned inefficiently, formaldehyde, formic acid,
and other pollutants are emitted (Gautam et al. 2020). Methanol is the alcohol of
choice for the trans-esterification process in addition to being used as a transportation
fuel because of its affordability, simplicity of recovery, superior reactivity, and
propensity to create azeotropes. Methanol is a key ingredient in the synthesis of
acetic acid, formaldehyde, chloromethane, and other chemical molecules.

Catalytic
Catalytic synthesis
synthesis from from carbon-
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Fig. 4.4 Major production facilities of methanol and biomethanol
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Pharmaceuticals, inks, synthetic resins, adhesives, coatings, and automobile anti-
freeze are all made using methanol (Sarangi et al. 2020). Researchers found that rice
straw can be turned into biomethanol with a lower yield and an energy efficiency
(40.5%). Because of its low cost, ease of recovery, superior reactivity, and propen-
sity to produce azeotropes, methanol is the alcohol of choice for the trans-
esterification process in addition to being utilized as a transportation fuel (Xiao
et al. 2009).

4.6 Merits and Demerits of Producing Biofuels from
Agro-industrial Residue

There is a discussion about fossil fuels that focuses on the pros and cons of biofuels
produced from agricultural byproducts, including reductions in greenhouse gas
emissions, greater efficiency, and greater biodiversity loss. According to Barisano
et al. (2020), biofuels have the following advantages and disadvantages (Fig. 4.5).
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Fig. 4.5 Positive and negative impact of biofuel production from paddy straw
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4.6.1 Merits

* Reducing greenhouse gas emissions

* Production of renewable energy

* Reducing energy imports to energy-scarce countries

* Improvement of the economic structure in rural regions

* Replacing petrochemical companies with those based on renewable resources

4.6.2 Demerits

* Cellulosic biofuels eliminate crop residues which are critical to maintaining soil
health.

* Loss of biodiversity.

* Technological advances to take advantage of soil.

» The need for financial incentives for economic viability.

4.7 Conclusion

To produce biofuels and bioenergy, researchers have worked tirelessly to develop
innovative bioconversion technologies, taking into account the harmful effects that
the widespread availability of large quantities of rice straw will have on nature and
individual health. The composition of paddy straw makes it difficult to use it to
produce bioenergy. This resilient composition allows biorefineries to use appropriate
pretreatment methods, increasing costs and complicating economic analysis. Several
research and development initiatives are underway around the world to address these
issues by developing novel useful technologies. The three main research areas that
should be considered by all research sectors are (a) reduced economic impact on
biofuel production, (b) increased efficiency, and (c) reduced or no formation of
dangerous gases or toxins and consequently no harm to the entire ecosystem.
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in Technology
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Nortoji A. Khujamshukurov, Alvina Farooqui, and Vishal Mishra

Abstract Paddy is amongst the most consumable crops in the world. In fact, in
Asia, it is known as the most stable food item. As per the growing population, there
is a need for the large amount of production of rice crops which also generates large
amounts of rice straw along with the rice as residue in the fields. Nowadays, farmers
and others are using this rice straw unsustainably by simply burning these paddy
straws in the fields which directly contributes to the population as it emits large
amounts of greenhouse gas in the environment. So, there is a need for the sustainable
development of these paddy straws to convert them into good end products to make
them used appropriately. Utilizing paddy straw as a valuable source of lignocellu-
losic biomass presents a promising method for generating bioethanol. This sustain-
able use of paddy straw for bioethanol will also bring lots of additional income from
the waste to the country. The present chapter comprises components of lignocellu-
lose biomass (LCB) in rice straw and different steps to produce bioethanol.

Keywords Paddy straw - Lignocellulose biomass - Bioethanol - Pretreatment -
Fermentation
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5.1 Introduction

The dependency of the world upon fossil fuels is growing gradually nowadays, to
fulfil its need for energy, and about 80% of worldwide energy is generated by
burning these fossil fuels; amongst them 58% of energy is expended in the carriage
section (Tripathi et al. 2022). Countries are facing problems regarding the fuel
availability fuel. Primarily, the hasty consumption of fossil fuels in various sectors
is directly connected to its fast exhaustion (Agarwal 2007). The depletion of fossil
fuel reserves on Earth is anticipated to occur within the next 40 to 50 years (Zabed
et al. 2016). Secondly, greenhouse emissions and global warming are directly
connected to fossil fuel combustion which is directly related to environmental
changes such as sea level rise, biodiversity rise, pollution, and others (Singh et al.
2010). Last but not least, the political crisis also led us to rethink our dependence on
fossil fuels; meanwhile these crises resulted in oil supply disruption, thus troubling
energy sectors of both developing and developed countries (Mussatto et al. 2010).
So, it is getting important to find a compatible alternative source for various sectors
of energy consumption. Lignocellulosic biomass (LCB) is renewable, sustainable,
effective, and cheap with lesser greenhouse emissions and a better way of producing
biofuel. LCB has become an alternative to fossil fuel due to its affluence of
producing biofuel with less toxicity (Zabed et al. 2014; Dubey and Yousuf 2021).
The conversion efficiency and bioethanol production yield are dependent on the
nature and content of LCB (Tye et al. 2016).

Plant biomass is chiefly composed of lignocellulose and is plentiful from various
renewable feedstocks such as agricultural waste, forestry wastes, municipal solid
waste, and dedicated energy crops (Singh et al. 2022). Globally, LCB is up to 10 to
50 x 10” t/years (Sticklen 2006). Paddy straw availability is about 731.3 Tg/annum
and 204.6 GL bioethanol (Volynets et al. 2017).

When accounting for both unused crops and entire residual crops, the annual
production of bioethanol from lignocellulosic biomass is projected to reach around
450 billion litres approximately (Kim and Dale 2004). The USA individually pro-
duces 1368 million tons of biomass for the bioethanol production from agricultural
waste that is about 428 MT, whereas forest waste contributes 370 MT, energy crops
377 MT, 87 MT from grains and crops, 58 MT from municipal and industrial wastes,
and other wastes 48 MT (Saini et al. 2015).

To put it more precisely, the energy consumption is estimated to rise by 49%
globally, between 2007 and 2035. This increase is attributed to the simultaneous
growth of the economy, expansion of the population, and societal demands (Prasad
etal. 2016). A significant portion of this substantial rise can be attributed to India and
China (Bhardwaj et al. 2020). Bioethanol has considerable oxygen content, leading
to improved combustion efficiency. Furthermore, its heightened octane rating facil-
itates the efficient operation of engines through increased compression ratios
(Branco et al. 2019). Bioethanol can be derived from various sources like maize,
sugarcane, grains, and sugar beets. The global bioethanol production is primarily
divided between Brazil and the USA, accounting for approximately 90% of the total.
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Brazil contributes to over 50%, while the USA’s share is under 30% (Branco et al.
2019). The complex constituents of lignocellulosic material comprise three core
constituents: lignin, cellulose, and hemicellulose. Cellulose, which consists of glu-
cose polymers, provides plants with structural stability. Hemicellulose is responsible
for bonding, while lignin contributes to the overall strength of the structure
(Bhardwaj et al. 2020). Consequently, these feedstocks necessitate labour-intensive
and expensive pretreatment processes before undergoing hydrolysis, fermentation,
and distillation. Pretreatment indeed holds a crucial role in this regard as it enhances
the extent of the non-crystalline area to facilitate the hydrolysis process and increase
the porous matrix’s porosity to enable the processes of chemical and enzymatic
hydrolysis to effectively break the bonds between cellulose and lignin and hemicel-
lulose (Tran et al. 2019). Within this chapter, we will explore various parameters
involved in the bioethanol production process.

5.2 Lignocellulosic Biomass

Lignocellulosic biomasses (LCB) are a sustainable resource of renewable bioenergy
and are produced in huge quantities mainly by plants. They comprise forestry or
wood waste and agricultural waste which majorly contain cellulose, lignin, tannin,
saponin, and hemicellulose. Cellulose, constituting a significant portion ranging
from 30% to 50% of the biomass’s total dry weight, is subjected to degradation by
the enzyme cellulase. This degradation leads to the conversion of cellulose into
glucose, eventually transformed into biofuel (Harris and DeBolt 2010). Aside from
cellulose, hemicelluloses exhibit an amorphous character attributed to the presence
of heteropolymers like glucomannan, xylan, and arabinoxylan (Cywar et al. 2022).
Hemicelluloses can be hydrolysed using diverse methods such as acid hydrolysis,
base hydrolysis, and enzymatic hydrolysis. Within LCB, lignin stands as the second
most abundant carbon source, following cellulose.

Globally, most common agricultural wastes are collected from wheat, rice,
sugarcane, etc., whereas the rest of the agricultural waste contributes to a very low
volume of worldwide biomass. The prevalent leftover material for bioethanol pro-
duction is corn stover, which amounts to around 1.0 kg/kg of corn grain or 4.0 t/acre.
This residual by-product stems from the corn kernel and encompasses components
such as stalks, leaves, cobs, and husks (Koul et al. 2022). Wheat straw yield is about
1-3 t/annum/acre. On the other hand, rice straw is regarded as an exceptionally
abundant form of lignocellulosic biomass, with a global estimated quantity of
731 million metric tons per year (Saini et al. 2015). Bagasse is obtained during the
processing of sugarcane which is also an important agro-waste with an estimated
global yield of 317-380 MT/year (Sanchez 2009). In Asia, mostly rice and wheat
straw are produced, while America produces large amounts of bagasse and corn
stover.

Several energy crops are used for the production of bioethanol. Amongst them,
various C3 (Miscanthus sp., Panicum virgatum, etc.) and C4 (Arundo donax,
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Medicago sativa, etc.) plants are there (Lewandowski et al. 2003). Forest biomass is
mainly composed of woody substances, while forest wastes comprise dead tree
branches, sawdust, wood chips, barks, etc. (Limayem and Ricke 2012). In the
USA, approximately 370 MT/year of forest woody feedstock is produced (Perlack
et al. 2005). Countries like Canada, Russia, Brazil, and China collectively contribute
to half of the whole forest area worldwide (Hadar 2013). Municipal solid wastes also
work as a good source for biofuel production. In 1990, it was reported that each
country approximately produces 250 kg of this waste which has a total global
production of approximately 1.3 x 10° t, and this data should be doubled in the
next 10 years (Hadar 2013). However, these are not ideal waste materials due to their
variety of composition and heavy contamination chances (Schmitt et al. 2012).
Figure 5.1 shows the advantages of the bioethanol produced from the rice straw.
Although there are great advantages of bioethanol from rice straw, it also has some
cons including the elevated transportation expenses and the utilization of gasoline/
diesel for conveyance and various applications, significant expenses associated with
pretreatment, the release of nitrous oxide resulting from the breakdown of nitrogen-
rich fertilizers, and emission of methane from paddy fields (Singh et al. 2016).
Figure 5.1 represents the advantages of bioethanol produced from rice straw.
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5.2.1 Components of LCB

Lignocellulosic biomasses mainly comprise holocellulose (celluloses and hemicel-
luloses) and lignins from which holocellulose comprises one third of the total LCB
dry weight and is also a chief material utilized as a foundation for generating
bioethanol (Cavka and Jonsson 2013). The content of LCB varies depending on its
source and physical properties of biomass. Holocellulose, i.e. cellulose and hemi-
cellulose, are bonded with lignin molecules via covalent interaction and H-bonding
that enables the whole arrangement vigorous and also intractable, and the recalci-
trance of LCB is due to the crystalline cellulose, available surface area, lignin
protection, and particle’s heterogeneous characters (Mosier et al. 2005; Bhatia
et al. 2020). Some additional components (pectin, polyamino acid chain, extractives,
ash, etc.) are also found, but it is in very less amount (Menon and Rao 2012;
Schutyser et al. 2018), and they are found within the cell wall’s middle lamella.
Generally, cell walls have different layers and are classified as primary walls and
secondary walls. The primary wall is very thin and has fewer amounts of cellulose
and lignin but a very large amount of pectin and hemicellulose. While the secondary
wall which is also subdivided is rich in cellulose, middle lamella has an abundance
of lignin (Pandey 2008; Aitken 2012; Gibson 2012). Table 5.1 represents the
percentage of the lignocellulosic components in different feedstocks.

5.2.1.1 Cellulose

Linear D-glucose homopolymer is associated through glycosidic linkages to form a
chain, and these chains vary from 100 to 10,000 monomers (Zhao et al. 2012) and
have an average weight of 100,000 (Saxena et al. 2009). Cellulose is water-insoluble
and doesn’t undergo depolymerization due to the presence of hydrogen bonds which
results in a crystalline matrix structure and microfibrils which are formed by the
cross-linking of hydroxyl groups. The primary cell wall has 15-30% dry weight of
cellulose, while the secondary cell wall has 40% of dry weight (Zhao et al. 2012).
While other starchy materials need high temperatures to become amorphous,

Table 5.1 Lignocellulosic components in different feedstocks

S. Lignocellulose Cellulose Hemicellulose Lignin

no. | waste (%) (%) (%) References

1 Rice straw 31.6 29.2 9.8 Watanabe et al. (1993)

2 Barley husk >20 >35 <20 Parajo et al. (2004)

3. Wheat straw 48.6 27.7 8.2 Saha et al. (2005)

4. Sunflower stalk >40 <30 >13 Jiménez et al. (1990)

5 Sorghum straw 35 >20 25 Vazquez et al. (2007)

6 Tall fescue straw | 31 20 14 Kumar and Murthy
(2011)

7. Barley straw >30 >25 >15 Nabarlatz et al. (2007)
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cellulose only requires 32 °C and 25 MPa pressure to be converted as an amorphous
molecule (Ashokkumar et al. 2022).

5.2.1.2 Hemicellulose

It is a short, linear, and branched heteropolymer of simple sugars. Major types of
monomers are hexoses, pentoses, and some sugar acids that are present and build up
the structure of hemicelluloses (Ravindran and Jaiswal 2016). Xylan is the backbone
of hemicellulose in which D—xylose and L—arabinose are linked together through
B-1, 4 linkages (Mood et al. 2013). Xylan and glucomannans are the most commonly
found hemicelluloses in the biomass. Hemicellulose acts as a bonding agent between
celluloses and lignin via non-covalent and covalent interaction, respectively. In this
manner, it helps to maintain the integrity of the biomass and also protects the fibres
from cellulase enzymes (Michelin et al. 2013).

5.2.1.3 Lignin

It is an extremely branched aromatic polymer especially found amongst woody
biomass (Drummond and Drummond 1996); mostly it is made up of three phenolic
compounds. Lignin is amorphous in nature as compared to the other contents of
biomass (Aitken 2012) with a molecular weight of about 10,000 Da (Mielenz 2001).
Woody biomass is rich in cellulose and lignin amongst which softwood barks have
high lignin content in comparison to hardwood, whereas grasses, agricultural resi-
dues, etc. comprise the lowest lignin content. A higher amount of lignin imparts
strengths plus rigidity to plants which also provide impermeability and work as a
physicochemical barrier against microbes (van Dyk and Pletschke 2012).

5.2.1.4 Paddy Straw as LCB

Paddy straw is a by-product of rice cultivation and represents an abundant
bio-resource. Paddy straw is amongst the richest LCB waste material on the Earth.
In Egypt, it delivered around 4 MT. Paddy straws might create 205 billion litres of
bioethanol each year on this planet, which is around 5% of all out of utilization
(Ballerini et al. 1994). It is the biggest sum from a solitary biomass feedstock, as
indicated by a new report led by the Public Organization for Interdisciplinary
Science and Innovation (NIIST), India. One of the most plentiful inexhaustible
assets for bioethanol creation is paddy straw with high sugar content. Regardless
of this, the executive of this humungous measure of paddy straw is the reason for the
main issue as a legitimate foundation for capacity objects is inaccessible. Subse-
quently, a huge piece of this straw is singed in open fields, which floods the
discharges of ozone-harming substances, yet, in addition, influences soil wellbeing.
One of the most plentiful inexhaustible assets for bioethanol creation is paddy straw
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with high sugar content. Regardless of this, the executive of this humungous
measure of paddy straw is the reason for the main issue as a legitimate foundation
for capacity objects is inaccessible. Subsequently, a huge piece of this straw is singed
in open fields, which floods the discharges of ozone-harming substances, yet, in
addition, influences soil wellbeing (Gadde et al. 2009a, 2009b).

Oryza sativa (rice) is one of Asia’s staple food. According to a study, in 2011
annual rice production in Asian countries was about 721.4 MT and 90.48% (Khan
2012) which produced 973.89 MT of rice straw (Kadam et al. 2000). Even though,
amongst the cereal crops, rice comes in second position and wheat remains the first,
still rice produces a greater amount of residues approximately 330 MMT (Robinson
2006). Amongst all other LCB wastes, cereal straws are utmost ample, cost-
effective, renewable, and easy to obtain (Park et al. 2011). On the planet, amongst
the agricultural harvest deposits, paddy straw becomes the most accessible cellulosic
source. A chief underlying constituent of straw’s cell wall is microfibrils. The
cellulosic chains of the cell wall are consolidated with H-bonds to form microfibrils
of crystalline nature. Microfibrils give mechanical solidarity to cell walls and are
reinforced in a matrix made up of hemicelluloses, lignins, and carbohydrates (Atanu
et al. 2006). The structure of paddy straw is made up of celluloses, hemicellulose,
lignins, ash, and silica, while the amount of the content depends on the environment
where it grows and the type of variety used. Generally, 33—-47% of cellulose,
approximately 30% of hemicellulose, 5-25% lignin (Saha 2003), and up to 18.3%
of silica are present in the paddy straw (Hessien et al. 2009).

The pentose sugars prevail in hemicellulose which mainly contains xylose. This
is the main sugar monitored by arabinose and hexoses. The starch content in paddy
straw includes the desired amount of various carbohydrates (Binod et al. 2010). One
of the most plentiful inexhaustible assets for bioethanol creation is paddy straw with
high sugar content. Regardless of this, the executive of this humungous measure of
paddy straw is the reason for the main issue as a legitimate foundation for capacity
objects is inaccessible. Subsequently, a huge piece of this straw is singed in open
fields, which floods the discharges of ozone-harming substances, yet, in addition,
influences soil wellbeing (Gadde et al. 2009a, 2009b).

5.3 Stages in Bioethanol Production

The procedure of bioethanol manufacturing from various sources includes
pretreatment, hydrolysis, fermentation, and ethanol recovery (Fig. 5.2). These pro-
cesses are mentioned below.
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5.3.1 Pretreatment

A group of methods has been proposed during the previous decades and is broadly
categorized into many groups like physical, chemical, physiochemical, and biolog-
ical or combination type of pretreatment (Farooqui et al. 2021).

5.3.1.1 Physical Pretreatment Methods

The type of physical pretreatment (i.e. chopping, milling, etc.) aims for the reduction
of the particle size of the LCB proportionally to raise the surface area of the biomass
which facilitates enzymatic hydrolysis. Various types of physical pretreatment
methods are given below in Fig. 5.3. The power required to acquire maximum
simplification in enzymatic hydrolysis is typically probability high. Hypothetical
energy content that is present in the biomass can be even much higher (Hsu 2018).
However, combining physical pretreatment with another type of pretreatment might
be an interesting choice (Galbe and Zacchi 2007). y-Rays are another technique that
has been suggested, and it involves irradiating cellulose that breaks glycosidic bonds
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and, thus, lowers crystal nature and provides maximum surface (Takacs et al. 2000).
To use this method in a large-scale process, however, would be extremely expensive.
Additionally, it is questionable whether it can be used in conjunction with environ-
mentally friendly technologies. Figure 5.3 shows different physical pretreatment
methods involved in the production of bioethanol.

Electron Beam Radiation

Cellulose in LCB gets despoiled into several fragile fibres, its constituent oligomeric
sugar, cellobioses, etc. when it undergoes irradiation (Kumakura and Kaetsu 1983).
This is due to the breaking of glycosidic linkage by irradiation on cellulose mole-
cules. This physical method of pretreatment is expensive and consumes high energy.
Bak (2014) concluded that pretreatment on dry-milled rice straw utilizes e~ beam
treatment. On doing enzyme hydrolysis of previously irradiated rice straw, the yield
of reducing glucose increases several times while comparing with untreated rice
straw after 5 days and 5 h hydrolysis. Physical changes are shown in the treated rice
straw while performing this type of pretreatment under SEM and X-ray diffraction
analysis.

Grinding and Milling

This type of pretreatment is done to minimize the particle size of the desired
biomass. The blending of this physical pretreatment method along with other types
of pretreatment has been done by which the crystal nature of the biomass gets
interrupted. According to a study conducted by Jin and Chen in (2006), they
found that during the hydrolysis process, using superfine ground biomass was
more effective than using biomass that had been ground normally. In other words,
finely grinding the biomass to a very small particle size yielded better results in terms
of the hydrolysis process compared to using biomass with a coarser grind. However,
the energy essential for this procedure is also to be considered while making it
commercialized. Wet disk milling in the case of rice straw pretreatment is much
better than that of ball milling in respect of energy consumption and glucose
reclamation (Hideno et al. 2009). There are many more types of grinding and
milling, but lack of reports is there with regard to rice straw.

Microwave Pretreatment

This physical pretreatment method has high efficiency and can be easily operated.
With this technique, changes in the cellulose content (Xiong et al. 2000) and
degradation of hemicellulose and lignin occur, and enzymatic susceptibility gets
increased (Azuma et al. 1984). Microwave pretreatment could enhance the enzy-
matic hydrolysis of rice straw in water as a medium (Rezania et al. 2020), likewise in
a medium rich in glycerine.
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5.3.1.2 Chemical Pretreatment Methods

Branched and unbranched cellulosic bonds create robust hurdles that prevent
enzymes from entering the fibres. The basic pretreatment (alkaline) is done by
emerging the biomass in an alkaline medium (like NaOH) through which swelling
of the pore can be achieved and then placing it at a high temperature for a definite
time interval. Internal surface area is increased due to the swelling caused by the
alkaline solution and a reduction in the amount of crystallinity and polymerization.
Generally, a key part of lignin along with some hemicellulose is being solubilized
together. However, a huge amount of hemicelluloses are obtained as oligomers.
Pretreatment with an alkaline medium interrupts lignin assembly by breaking bonds
between lignin and the carbohydrates, which makes the availability of carbohydrates
for enzymatic pretreatment. As it acts as a removal of lignin content, when compared
to wood products, it works better on agricultural waste and herbaceous crops, as we
know these materials commonly retain less lignin. For softwood species with high
lignin content, there is an observation of very little or negligible effect. However,
using lime for pretreatment is an additional alkaline method, mainly fitting for
agricultural wastes like hardwood materials, corn stover, etc. (Kim and Holtzapple
2005). A variety of chemical pretreatment methods are given in Fig. 5.4. By
immersing the biomass in an acidic solution then after heating it at 140-200 °C
for desired amount of time, diluted acidic pretreatment is carried out with sulphuric
acid concentration below 4 wt.%. Due to its low cost and effectiveness, it has
attracted the most interest in these studies. Mainly monomer sugars are obtained
by the hydrolysis of hemicelluloses. It was observed that materials that undergo acid
hydrolysis are thought to get fermented because of the existence of poisonous
compounds (Bajpai and Bajpai 2016).

Another way of chemical pretreatment is the use of an organic solvent mixture in
the presence of organic compounds (HCI/H,SO,), which are intended to lyse the
bonds of hemicellulose or lignin. This procedure is generally stated as the

: Chemical
Alkali Pretreatment
Methods

Organosolv Oxidative

Fig. 5.4 Different chemical pretreatment methods used in bioethanol production
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organosolvent method (Pan et al. 2005). These situations involve the dissolution and
recovery of the hydrolysed lignin during the organophilic phase. Before undergoing
the further downstream process of the bioethanol production process, the material
must be cleaned as the solvents could work in inhibitors aspects. Solvents like
ethanol, methanol, acetone, ethylene glycol, phenol, etc. are used. These solvents
are difficult to handle because some are explosive and highly inflammable. There are
many ways of chemical pretreatment amongst which some are shown in the Fig. 5.4.

5.3.1.3 Physicochemical Methods of Pretreatment

This method of classification involves a mixture of chemical and physical
pretreatment techniques. For the lignocellulosic biomass, pretreatment with steam
method is broadly used. It is also called an explosive method because it was believed
that to make the material viable for hydrolysis, the explosive action on the fibres of
the materials is needed. It was proved that the steam pretreatment effect occurs by
hemicellulose’s hydrolysis in the presence of acids, which elucidates how cellulose
gets easily decomposed in comparison to others (Knappert et al. 1980; Brownell
et al. 1986). Particularly, organic acids found in some types of hardwood and
agricultural wastes serve as catalysts for the hydrolysis of hemicellulose. Material
is put under high-pressure steam between approximately 150 and 250 °C and
6-34 bar pressure by using steam pretreatment for the specific period, and then
pressure is released. Mainly hemicellulosic content of the LCB gets dissolved during
this pretreatment as well as can be procured from the liquid phase in the form of
oligomers or monomers. Cellulosic content becomes more accessible to the enzymes
when present in the solid phase. In some cases, it can be challenging to discover an
environment that produces the maximum amount of both C¢ and Cs sugars while
also producing a cellulosic content that is simple to hydrolyse into hexose sugar
(glucose). Thus, a two-step steam pretreatment process is needed where the cellulose
fraction is pretreated more severely, while the hemicellulose sugars are recovered
with less severity. Figure 5.5 represents various types of physicochemical
pretreatment methods.

H,S0, or SO; (acid catalysts) improves this pretreatment method (steam). These
acids aid in improving enzyme hydrolysis as well as hemicellulose recovery. Since
softwood generally has a harder time degrading than other types of wood, it is crucial
to use an acid catalyst when working with softwood. Thus, pretreatment for enhanc-
ing hydrolysis and enzymatic digestibility of the raw materials that are most likely to
be commercialization is steam pretreatment in the presence of a catalyst, and it has
also undergone extensive testing using pilot-scale equipment (Galbe and Zacchi
2007). Hydrothermolysis is referred to as water treatment at high degrees. It is
known as LHW (liquid hot water) pretreatment and involves high-temperature
water treatment. The process is somehow comparable to steam pretreatment; how-
ever, it uses a minor temperature and fewer dry residues, thus recovering more
polysaccharides and oligosaccharides as a result (Bouchard et al. 1991; Griebl et al.
2005). Modification in this method is done by the addition of an acid which makes it
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Fig. 5.5 Different physicochemical pretreatment methods

similar to diluted acid pretreatment. Because there is significantly higher water
content than during steam pretreatment, the saccharide solution thus obtained is
more diluted which makes the subsequent process highly energy-intensive.
Processing of bagasse at a high temperature (220 °C) and then undergoing fermen-
tation using baker’s yeast (S. cerevisiae), there was essentially no variation in
ethanol production in the range of 1-10 wt.% dry matter (Mood et al. 2013). With
wet oxidation pretreatment, the biomass gets heated at a temperature above 120 °C
while being treated with H,O or O, and occasionally an alkali catalyst. Due to the
yield being lowered with increasing amounts of lignin and the fact that a significant
portion of lignin gets dissolved, this is a best practice appropriate for low lignin-
content materials (Schmidt and Thomsen 1998). This inability of lignin to work like
solid fuel with many other delignification processes significantly lowers the revenue
on industrial-level end products.

Parallel to this steam pretreatment method, the AFEX (alkaline ammonia fibre
explosion) method also works at high pressure. The dry matter is added to liquid
ammonia for 10-60 min at below 100 °C and more than 3 MPa (Teymouri et al.
2005). Up to 2 kg/kg ammonia and dry biomass are used. Since ammonia is amongst
the highly volatile chemicals at atmospheric pressure, it can easily be recycled just
by dropping the pressure. Only a small portion of the dry matter is dissolved during
pretreatment, leaving approximately no hemicellulose and lignin behind. The hemi-
cellulose is degraded into simpler sugars and other modifications (Gollapalli et al.
2002), which makes it insoluble. However, the material’s structure is altered, leading
to a higher water-holding capacity and digestibility. AFEX works best on agricul-
tural waste, like the other alkaline pretreatment techniques, but does not affect wood
due to its higher amount of lignin in it (Wyman 1996; Belkacemi et al. 1998).
According to a study of this process, no inhibitor formation occurs which could alter
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the downstream (Sun and Cheng 2002). APR (ammonia recycle percolation) tech-
nique is a different kind of ammonia-using process (Iyer et al. 1996). During this
procedure, a solution of aqueous ammonia (with a concentration of 10—15 wt.%) is
circulated through the biomass under elevated temperatures (ranging from 150 to
170 °C), following which the ammonia is reclaimed. ARP stands as an effective
delignification technique for hardwood and agricultural residues, yet it demonstrates
relatively lower efficacy with softwood. Figure 5.5 represents different physico-
chemical pretreatment methods.

5.3.1.4 Biological Method of Pretreatment

Application of lignin-digesting microorganisms, like fungi and some bacteria, can be
used as biological agents in biological pretreatment (Lee 1997). Thus this method is
environmentally friendly and energy efficient since it is achieved at minimum
temperature lacking any chemical use. It is a slow process as per its utilization in
industries. Meanwhile, these microorganisms consume the components of the LCB
(hemicellulose, cellulose, lignin) to various extents, and there is a gentle amount of
material loss (Wyman 1996). However, the technique could be applied as a first step
before utilizing some of the other pretreatment techniques.

5.3.1.5 Detoxification

While the pretreatment phase plays an essential role in the conversion of lignocel-
lulosic biomass (LCB) into ethanol, it brings along a significant drawback to the
overall process. This drawback arises from the fact that the conditions of
pretreatment give rise to the formation of by-products originating from lignocellu-
lose. These by-products can pose inhibition challenges for both fermenting micro-
organisms and enzymes between the process steps, particularly when their
accumulation reaches noteworthy levels (Bhatia et al. 2020). The pretreatment
procedure leads to the creation of diverse by-products, including sugar acids, acetic
acid, formic acid, hydroxymethylfurfural (HMF), furfural, and levulinic acid
(Jonsson et al. 2013). The majority of inhibitors that emerge from lignocellulose
trace their origins to the degradation of hemicelluloses and lignin during the
pretreatment phase. Moreover, the presence of cellulose and biomass extractives
can inadvertently contribute to the formation of inhibitors due to the effects of the
pretreatment conditions. These inhibitors stemming from the pretreatment stage can
be categorized into three primary groups based on their source: aliphatic acids, furan
derivatives, and phenolic compounds (Bhatia et al. 2020). A variety of approaches
have been put forth to tackle the challenges posed by inhibitors. These strategies
encompass alternative procedures for the conversion process as well as treatments
applied to the pretreated biomass with the aim of mitigating or neutralizing the
impact of inhibitors. These treatments encompass a range of biological, physical,
and chemical techniques. However, the specific types and quantities of inhibitors are
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influenced by the specific pretreatment methods employed. This consideration is
carefully weighed before opting for a detoxification strategy.

Detoxification becomes imperative when faced with scenarios involving pro-
foundly inhibitory hydrolysates during fermentation. This situation arises when a
significant build-up of inhibitors occurs within the fermentation mixture when a
fermenting microorganism with restricted tolerance to inhibitor is employed. The
detoxification procedure needs to be strategically devised to specifically target the
removal of inhibitors. Moreover, it should be economically viable and seamlessly
integrable into the comprehensive process (Kumar et al. 2020).

5.3.2 Enzymatic Saccharification and Fermentation

Once the paddy straw (rice) pretreatment is done, a hydrolysis (or enzymatic sac-
charification) process is initiated which uses enzymes to split cellulose and hemi-
cellulose polymers. After that fermentation occurs, this transforms the sugars into
ethanol. The amount of sugar recovered determines how much ethanol is produced,
the kind of modest sugar (pentose or hexose), and inhibitor formation (Singh et al.
2014a). Glucose is produced by the hydrolysis of cellulose, while several pentose
and hexose are released by the hemicellulose (Taherzadeh and Niklasson 2004).
Enzymatic saccharification is impacted by various factors, encompassing the sub-
strate’s composition, the method of pretreatment employed, enzyme dosage, the
efficacy of hydrolytic enzymes, and more. The cellulose’s degree of polymerization
and crystallinity significantly influence the pace at which enzymatic hydrolysis
occurs (Chang and Holtzapple 2000). The presence of hemicellulose has an impact
on enzymatic hydrolysis because when hemicellulose is removed, it leads to an
increase in the average pore size of the substrate. This larger pore size, in turn, speeds
up the enzymatic hydrolysis process, making the substrate more accessible to the
enzymes, and ultimately, this increased accessibility further accelerates the rate of
hydrolysis (Chandra et al. 2007). The maximum yields of approximately 90%, 70%,
and 80% for total carbohydrate, xylan, and sugars, respectively, were achieved at a
condition of the enzyme (40 FPU/g-substrate), sodium sulphite (12%), and temper-
ature (160 °C). Enzymatic saccharification increased by adding sodium sulfite-
formaldehyde to pretreated rice straw (Gu et al. 2013). Research by Yao et al.
(2011) on SO; collaborative dilutes alkali approach suggested that SO5 gas initially
penetrates the internal structure. Subsequently, it interacts with the moisture within
the straw, leading to an internal micro-thermal explosion. After removing the lignin
with a weak alkali solution, the rice straw was saccharified at a rate of 91% based on
pretreatment with SO; for 4 h and subsequent treatment with NaOH (1% w/v) for
about 7 h up to 50 °C. By removing lignin and hemicelluloses, rice straw’s
enzymatic saccharification also increases by microwave-assisted chemical
pretreatment (Singh et al. 2013, 2014b). Sulbaran-de-Ferrer et al. (2003) evaluated
that samples of rice straw that had been treated with ammonia had a higher
percentage of monomeric sugars (61%) than rice straw which is untreated (11%).
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The rice straw either undergoes SSF (simultaneously saccharified and fermented) or
SHF (separately hydrolysed and fermented) to produce ethanol. Gupte et al. (2022)
concluded the SHF processing of rice straw by biological agents. Using a technique
where saccharification and fermentation are carried out simultaneously is better than
the approach where hydrolysis and fermentation are done separately. This is because
the simultaneous method can eliminate the issue of end-product inhibition during the
saccharification process and also reduces the overall processing time. As a result, this
approach increases the yield of ethanol, making it a more efficient and effective
method for ethanol production (Alfani et al. 2000; Sarkar et al. 2012). Various
optimum temperatures for hydrolysis and fermentation are a major drawback of
the SSF process. The ideal temperatures for hydrolysing enzymes and yeast for
fermentation are, respectively, 30—35 and 50 °C (Kéadar et al. 2004). The bacterium
Zymomonas mobilis and the yeast Saccharomyces cerevisiae are well-known micro-
organisms for ethanol production (Claassen et al. 1999) and thus deal with high
ethanol production (of about >90% theoretically). According to research performed
by Jgrgensen (2009), it was concluded that the yield of bioethanol via fungus
(native) is up to 99%. Ethanol undergoes enzymatic hydrolysis via enzymes, fer-
mentation, distillation, and dehydration to achieve 99% purity. In a boiler, lignin,
unreacted saccharides, and some organic materials are burned to create process
steam and electricity.

5.3.3 Product Recovery

The recovery of ethanol from the fermentation blend is accomplished through either
sole distillation or a combination of distillation and adsorption methods (Rahmati
et al. 2020). Distillation serves as a long-standing approach for ethanol retrieval. The
initial step involves subjecting the fermentation mixture to distillation, leading to the
separation of ethanol from water and ultimately achieving an ethanol with 95%
concentration approximately. The resulting liquid at the bottom, containing lignin
residues, unreacted hemicellulose and cellulose, enzymes, ash, microorganisms, and
other constituents, is subsequently directed to wastewater treatment (Robak and
Balcerek 2020). These components have the potential to be concentrated and
harnessed as a process-driving fuel source or transformed into diverse by-products.

Bioethanol exhibits favourable attributes, including a higher-octane number,
notable heat of vapourization, and a low cetane number, rendering it well-suited
for amalgamation with gasoline. This blending approach contributes to reduced
emissions of particulate matter and nitrogen oxides, attributed to its 35% oxygen
content. Diverse countries have embraced distinct bioethanol-gasoline blending
ratios, with E85 (consisting of 85% bioethanol and 15% gasoline) gaining popularity
for light-duty vehicles (Mat Aron et al. 2020). In India, the initiation of the ethanol
petrol blending policy (EBPP) in 2003 aimed to promote ethanol utilization, evolv-
ing over time to mandate blending requirements of up to 20% by 2017. However,
achieving these targets solely with ethanol derived from sugarcane molasses poses
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challenges due to supply constraints. To surmount obstacles such as taxation issues,
the National Biofuel Policy introduced tax concessions for bioethanol. The utiliza-
tion of lignocellulosic biomass, such as rice straw, for bioethanol production
emerges as an environmentally conscious and sustainable avenue to meet blending
goals (Singh and Basak 2019).

5.4 Conclusion

The production of bioethanol from the lignocellulosic biomass requires an
eco-friendly and cheap alternative for its production on a large scale. Taking the
essentiality of second-generation biofuels into consideration, rice straw has appeared
as the most potent source for bioethanol production, owing to its availability in
abundance and attractive composition. Employment of hydrolysing enzymes for the
conversion of rice straw in the presence of biological agents into fermentable sugars
is the utmost smart practice nowadays from environmental point of view. However,
factors like the complex nature of lignocellulosic biomass, high ash content, and
high lignin content cause hindrances in the way of developing a cost-effective and
feasible technology for biofuel production. Numerous research are going on for the
development of efficient pretreatment methods to eradicate the undesirable portion
of lignocellulosic biomass. This will help to get the sugars readily available for the
bioethanol production. Considerable success has been achieved by various
pretreatment methods to date. The available research outcomes have evident the
need for bioethanol in transport areas that could be achieved by the utilization of rice
straw. More studies in the area of the process as well as strain engineering still need
to be explored for the improvement of the system efficacy and evasion of the
complications related to the combined fermentation of different types of sugars
(xylose, glucose, etc.). A much synchronized combination of all the above steps
for the production of bioethanol (pretreatment, hydrolysis, and fermentation) needs
to be selected to obtain the high efficiency of the method. The process of bioethanol
production using rice straw with the incorporation of advancements such as GMO
yeast, synthetic hydrolysing enzymes, and other technologies in the efficient com-
bination has the potential to be the most feasible technology in the future.
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Chapter 6 )
Nanomaterial Fabrication from Paddy s
Straw for Bioethanol Production

Manmeet Kaur @), Diksha Singla, Harinderjeet Kaur, Sandeep Kaur,
Tarun Sharma, and Ravish Choudhary

Abstract The depletion of natural resources and the relatively small carbon foot-
print they generate are the main reasons for the push for renewable energy sources.
Because they are renewable and emit little carbon dioxide, biofuels are considered
the best prospects for use as alternative energy sources. Furthermore, the lack of
effective processes and technologies makes large-scale bioethanol synthesis time-
consuming. Pretreatment of the rigid and inflexible agro-industrial waste to release
sugars is a mandatory step for ethanol production. Previously, this was achieved
through chemical, biological, and physical processes that required expensive sol-
vents and chemicals, large amounts of energy, effective organisms, and high tem-
peratures and pressures to release the tightly bound configuration of the substrates.
The production of unfavorable and inhibitory compounds as well as equipment
degradation is caused by these expensive and complex technologies. Nanotechnol-
ogy has been extensively studied for its potential to improve biofuel production
methods due to its superior adsorption, catalysis, and reactivity capabilities. The role
of these advanced nanotechnologies and associated nanoscale elements in biomass
conversion as well as their impact on yield and bioethanol production processes are
elaborated in this chapter.
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6.1 Introduction

Over-reliance on conventional energy sources inevitably leads to rapid depletion of
renewable energy supplies. In addition, it causes major environmental problems
such as climate change and loss of ecological integrity. Because of these dire
circumstances, scientists are exploring the prospects of viable energy substitutes.
Solar energy, wind power, biomass, and other forms of renewable energy are often
viewed as viable alternatives to traditional energy sources. However, because bio-
mass energy production is so widespread worldwide, it is guaranteed to take the top
spot among these forms of energy (Antunes et al. 2017).

Bioethanol is viewed as a safe and environmentally friendly substitute for gaso-
line as an independent fuel or as a fuel alongside petrol or diesel. The application of
this substance is anticipated to entirely halt the emission of SO,, which is responsible
for acidic rain, and reduce the greenhouse gas emissions from cellulosic ethanol and
maize ethanol by 80% and around 20%, respectively. Enzymatic hydrolysis of
sugars, pretreatment of lignin-rich biomass, and fermentation of hydrolysate to
produce ethanol and other significant biochemicals are the three steps in the produc-
tion of bioethanol. To conduct simultaneous saccharification (SSF), simultaneous
saccharification and co-fermentation (SSCF), and consolidated bioprocessing
(CBP), stages (ii) and (iii) may occasionally be combined. The essential steps of
the process of converting rice straw into bioethanol are schematically depicted in
Fig. 6.1.

The lignin released by the pretreatment can also be used to produce bioenergy and
other products with significant value.

A range of chemical, physical, physicochemical, and biological pretreatment
techniques are routinely used to process agro-industrial residues. Most of these
methods are considered fascinating, but their common application is limited by
certain drawbacks. Therefore, nanotechnology can provide novel solutions to the
research need to develop innovative alternatives to current pretreatment methods as
it can alter the structure of raw materials and biocatalysts used in the generation of
bioethanol. Nanotechnology can intervene in this situation and remove the signifi-
cant obstacles that are ruling in the industries. In recent years, nanotechnology has
grown rapidly worldwide, significantly advancing and exploiting an increasing
number of products in various sectors (Leo and Singh 2018). In light of this, this
chapter examines cutting-edge nanotechnology techniques that are enormously
utilized in the production of bioethanol.
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Fig. 6.1 Schematic illustration of the key phases in the synthesis of bioethanol from paddy straw

6.2 Novel Nanomaterials Utilized in Bioethanol Production

6.2.1 Magnetic Nanoparticles (MNPs)

Magnetic domain and paramagnetic atom are two analogies that produce
nanoparticles through the passage of magnetic field. The magnetic properties of
nanoparticles arise from both their intrinsic properties and the way they interact with
each other (Singh et al. 2020). Due to their tiny dimensions, excellent quantum
properties, and effective surface area, magnetic nanoparticles are capable of
transporting other molecules. Magnetic nanoparticles’ primary drawback is that
they are inherently unstable over long periods of time since they assemble and
emit energy due to their substantial high surface (Lai et al. 2018). Due to their
robust chemical activity, the magnetic nanoparticles are also easily oxidized and
dispersed, compromising their magnetic properties. To protect the magnetic
nanoparticles from chemical degradation during and after the production phase,
techniques such as coating or modification of layers can be recommended (Zhong
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and Sels 2018). According to Kim and Lee (2016), the addition of cobalt ferrite
silicate nanoparticles increased the production of biomass and ethanol by 227.01%
and 214.1%, respectively. Biocatalyst reuse and recovery becomes less complicated
by immobilizing biocatalysts on magnetic nanoparticles. In order to produce a
practical and ecologically acceptable technology, it is advantageous to use
nanobiocatalysts for the catalysis of agro-industrial biomass (Rai et al. 2019). The
prospect of reducing the amount of enzyme required for cellulose hydrolysis comes
from the improved stability of B-glucosidase immobilized on magnetic nanoparticles
(Park et al. 2018). Using lignin-based magnetic nanoparticles, cellulase was
immobilized and resulted in immobilization rate of 55.52% (Dong et al. 2019).

6.2.2 Carbon Nanotubes (CNTs)

Carbon nanotubes are cylinders a few nanometers in diameter made of graphite
layers that exhibit remarkable mechanical and biocompatible properties. The large
surface area of carbon nanotubes guarantees high enzyme loading capacity and
minimal diffusion resistance. Due to their numerous beneficial properties, CNTs
are considered to be the best nano-substrate for use in enzyme immobilization
(Bianco et al. 2011). Carbon nanotubes are regarded as an essential facet in biofuel
applications due to their capacity to bind to enzyme-active sites for immediate
transfer of electrons and the presence of electroactive zone that promotes the
quantity of enzymes and other redox chemicals on their surface (Rai et al. 2016).
Multiwalled carbon nanotubes were used as an environmentally friendly and long-
lasting catalyst to rapidly convert ethanol into acetaldehyde. With an ethanol con-
version of about 60% and an acetaldehyde selectivity of 93%, the improved carbon
nanotube catalyst enabled a remarkable level of reactivity (Wang et al. 2016a). A
pervaporation membrane bioreactor produced the ethanol with highest productivity
(0.51 g/h) (Amrei et al. 2020). Fathy (2017) claims that hydrothermally treated rice
straw with nickel nitrate salt in the presence of ferrocene was used to produce carbon
nanotubes. The carbon nanotube and zinc oxides/porous silica layer exhibited the
greatest sensitivity to ethanol gas, with a peak value of 2.004. The combination of
carbon nanotubes with zinc oxide leads to the formation of novel features and
characteristic effects due to the enhanced sensing capabilities of CNTs in identifying
various gases at suitable temperature (Hussein et al. 2021).

6.2.3 Mesoporous Silica

Trisunaryanti et al. (2020) claim that the advantages of mesoporous silica for
enzyme immobilization include its compatibility, high pore volume, hydrothermal
stability, and ease of surface modification. The covalent immobilization of active
centers is made possible by the silicon dioxide-based substances, which have a
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higher proportion of silanol molecules. Such properties are widely embraced to
improve catalytic performance in acid-catalyzed chemical reactions in terms of
activity, efficiency, and robustness (Bhanja and Bhaumik 2016). According to Lee
et al. (2014), 51% fructose production was achieved when cellulose waste was
converted utilizing iron oxide-encapsulated mesoporous silica nanoparticles. Chae
et al. (2014) discovered that to maximize the catalytic effectiveness of tantalum
oxide substrates for the production of butadiene from ethanol and acetaldehyde, the
mesopore structure of mesoporous silica samples was less important than the crystal
and pore size. The ethanol space-time yield of the cobalt-copper catalyst doped on
mesoporous silica was reported to be 0.23 mmol/(gmetal/h) (Wang et al. 2022a,
2022b)

6.2.4 Zeolites

In petrochemical and fine industrial plants, zeolites are often used as a primary
heterogeneous catalyst due to their crystalline inorganic framework, which gives
them exceptional heat stability. In addition, zeolites have well-organized micropores
and strong lewis and bronsted acid centers. It is important to emphasize that zeolites
have limited applications in liquid due to disadvantages such as their sensitivity
toward hot water. Zeolite active site functions as carbonium ion and can be used for
the combustion of biomass (Markandan and Chai 2022). The porosity of catalysts
constructed on the ZSM-5 platform can be altered by varying the concentration of
silicon or aluminum in the zeolite. According to Jorge et al. (2017), the lead-
exchanged catalyst showed more efficient performance in converting furfural to
isopropyl levulinate.

6.2.5 Metal Organic Frameworks (MOFs)

MOFs are exceptionally effective due to their exceptional high surface area. Scien-
tists discovered that several metal-organic frameworks functionalized with sulfonic
acids were used as a catalyst and playing an crucial role in alteration of fructose into
5-hydroxymethylfurfural. Fructose conversion with highest yield was reported to be
90%. Since it is considered a heterogeneous catalyst and is easy to utilize and reuse, a
solid acid catalyst composed of a metal-organic framework is promising for
exploiting the carbohydrate content of biomass (Chen et al. 2014). According to
Li et al. (2019), MOFs quantitatively determine the water content of ethanol (dry)
and bioethanol with a yield ranged between 90 and 107%. The addition of MOF
cocatalysis resulted in the most significant amounts of reducing sugar (390 mg/g)
and ethanol production (70%) (Ahmed et al. 2019). ZIF-71 (chlorobromide)-SE acts
as a favorable material for biofuel purification applications due to its enhanced
hydrophobic nature and maximum adsorption ability (Tiempos-Flores et al. 2022).
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According to de Lima et al. (2013), the metal-organic framework Zn, (BDC),(TED)
is extremely specific for the adhesion of alcohols and water and also functions as
filtration membrane during the ethanol production. Adsorbent-mediated ethanol
adsorption from water and methanol is a successful and promising method for
producing ethanol suitable for use in fuels (Li et al. 2022).

6.3 Advanced Approaches: Nanotech Biofuel World

The latest methods for pretreatment of lignocellulosic biomass before conversion to
simpler sugars and ethanol are discussed in the following sections

6.3.1 Nano-Shear Hybrid Alkaline Technique (NSHA)

During shearing at increased speed and at comparatively low temperatures, chemical
reagents for this process are coupled in special reactors, so-called nanomixers. Wang
et al. (2013) claim that it is mainly used to remove lignin units from lignocellulosic
biomass after short-term treatment. These studies showed that NSHA pretreatment
effectively removed lignin and hemicelluloses, which contributed to the degradation
of the cellulose nanostructure. This technology reported that complex parts of the
lignocellulosic biomass (lignin and hemicellulose) were eliminated, but the cellulose
remained at par around 80% (Arora et al. 2020). The synergistic action of cellulase
enzymes reduced biomass resistance and generated nanoscale polysaccharide aggre-
gation and easily converted into simple sugars by this advanced technology. This
mechanism offers advantages for introducing high shear forces into various chemical
products and pretreatment processes due to the synergistic effects of high shear rates
(de Oliveira et al. 2017).

6.3.2 Nanomaterials

Nanomaterials can have either immediate or subsequent impacts on bioethanol
production methods (Verma et al. 2013). The main applications of these
nanoparticles are the effective immobilization of these enzymes and the enzymatic
hydrolysis of lignin-based biomass. Laccases, hemicellulases, and other important
lignocellulosic degradants are immobilized in metal oxide nanoparticle matrices (Rai
et al. 2016). These nanomaterial-assisted enzymes, also called nanocatalysts, have
gained popularity due to their improved effectiveness. Pretreatment, catalytic hydro-
lysis, saccharification, and purification are the four main categories into which
nanomaterials are widely integrated. An efficient nano-biocatalyst was demonstrated
using methyl-functionalized cobalt ferrite silica, as it produces the most ethanol
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(127.1%) among all materials evaluated (Bosu et al. 2022). According to
Abdelkareem et al. (2020), cobalt was deposited on the surface of nickel foam and
showed significant activity as an electrode for ethanol oxidation. The nanomaterial
CZ75 can be used as a renewable functional catalyst for the conversion of ethanol
(Mahmoud 2014).

6.3.3 Nanomagnetic Nanocatalyst

According to Sirajunnisa and Surendhiran (2016), magnetic nanoparticles have a
number of industrial applications due to their magnetic properties for adhering to
substrates, their lower toxicity concerns, their nanoscale size, and their potential to
accelerate chemical reactions. Kim and Lee (2016) studied the effects of methyl-
functionalized silica and cobalt ferrite-silica nanoparticles on increasing bioethanol
production after syngas-based fermentation of Clostridium ljungdahlii. OPOsH
groups were immobilized on an iron oxide nanocellulose surface to prepare a
bio-based magnetic nanocatalyst (Salehi and Mirjalili 2017). This study demon-
strates the high yield and recyclable catalytic properties of this enzyme. Cellulase
was immobilized on magnetic nanoparticles using ultrasonic hyperactivation, which
increased the catalytic activity of the enzyme by 3.6-fold (Ladole et al. 2017).
Copper oxide nanoarchitectures were developed using nanoporous copper substrates
immersed in anhydrous ethanol (Dan et al. 2018).

6.3.4 Nanofiltration

One of the key factors affecting the production and quality of bioethanol is the
presence of chemical and microbiological pollutants. Due to their low energy
requirements, easy operation, cheap labor costs, and small working space, mem-
brane separation technologies such as nanofiltration have attracted attention in the
bioethanol purification industry. Nanofiltration could also be used during fermenta-
tion to concentrate the sugars in the mixture and remove possible yeast-based
fermentation inhibitors. Nanofiltration is one such high-pressure membrane filtration
method that is frequently used to separate bioethanol (Kang et al. 2014). A combi-
nation of forward osmosis (FO) and nanofiltration (NF) techniques have been
developed to enhance the bioethanol production by utilizing xylose-assimilating
S. cerevisiae (Shibuya et al. 2017). Additionally, this hybrid system has been proven
to efficiently eliminate known fermentation inhibitors. The effective separation of
bioethanol from pretreated biomass has been significantly improved by these hybrid
nanofiltration technologies.
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6.3.5 Nanofibers

To cross-link nanofibers, p-glucosidase enzymes can be administered in a placed
form (Lee et al. 2010). This enzyme will be extremely beneficial, especially in
eliminating the inhibition brought on by too much cellobiose. This method allowed
the enzyme to keep 90% of its activity with the potential of higher enzyme retention
owing to the usage of magnetic nanofibers for reuse and recycling. According to
Wang et al. (2015), the Yb-doped tin oxide hollow nanofiber-based sensors had the
greatest effectiveness for the detection of ethanol, as well as exceptional selectivity,
high responsiveness, and fast response times. The ethanol sensor made of zinc oxide-
tin oxide nanofibers has a distinctive oxygen vacancy, hollow structure, and n-n
heterojunction, which enhance sensing performance and reduce recovery time
(Li et al. 2015).

6.3.6 Nanocatalyst

As shown in Fig. 6.2, these enzymes can be immobilized on nanoparticles through
various techniques. These enzymes immobilized on nanoparticles are called
nanocatalysts. Cellulase enzyme has the ability to breakdown the complex lignocel-
lulosic substrate into simple sugars. Therefore, using immobilized nanocellulases
might elevate the enzymatic capacity for reuse and recuperation rate (Rai et al.
2016). Numerous biocatalysts, including cellulase, xylanase, cellobiose,
B-glucosidase, and laccase, can be immobilized on nanomaterials to improve the
efficiency and catalytic rate of enzymes (Rai et al. 2019). Ni-Pd/C is more actively

Adsorption
Physical
method
Entrapment
Cross-linking
Chemical
method

Covalent attachment

Fig. 6.2 Mechanisms involved in immobilization of enzymes onto nanoparticles
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involved in the ethanol oxidation process than Pd/C. The palladium-nickel surface
also reorganizes the catalyst surface and improves the arrangement of nickel and
palladium sites for effective ethanol oxidation (Obradovic et al. 2016). According to
the research of Wu et al. (2017), engineered copper-nickel-magnesium-aluminum
oxide nanocatalysts showed maximum level of activity and selectivity for the
hydrogenation process leading to the conversion of furfural into tetrahydrofurfuryl
during ethanol production. Palladium-silver/multiwalled carbon nanotube
electrocatalysts exhibit excellent electro-chemical activity for the ethanol oxidation
(Adam et al. 2020). Most active catalysts are required to break down the carbon-
linked bonds during ethanol formation (Bai et al. 2019).

6.3.7 Nanosensors

An essential step in the production of bioethanol is the identification of ethanol
through nanosensors. An ethanol gas sensor is built from branched TiO,/Ag( 35V,05
nanoheterostructures (Wang et al. 2016b). This sensor is significantly different from
traditional pure tin oxide nanofiber biosensors due to its fast response time, excellent
selectivity, and high sensitivity. According to Wang et al. (2022a, 2022b) in ethanol,
a Ce-doped (2%) device had a response time of 69.2, which is 2.1 times higher than
the response time of a tin oxide. At room temperature, a zinc oxide nanoparticle-
based surface acoustic wave ethanol gas sensor works with great sensitivity and
maintains its reliability over a short period of time (Wu et al. 2012). Tin oxide
sensors coated with iron oxide nanoparticles have been reported to be 1.5 to 7.1
times more sensitive to ethanol gas (Choi et al. 2017). In terms of reliability,
instantaneous response, sensitivity, and durability, gold nanoparticles were crucial
in improving the analytical effectiveness of the ethanol sensor (Madaci et al. 2023).
Tin sulfide nanoparticles are more susceptible to sensing ethanol gas due to their
chain-like structure and superior stoichiometry (Rana et al. 2019).

6.4 Nano-Based Pretreatment of Paddy Straw

The crucial step in the production of bioethanol is pretreatment, which helps to
modify the configuration of rice straw and facilitates the ability of cellulases to bind
to carbohydrates and hydrolyze them into simple sugars (Kaur et al. 2023). How-
ever, the most effective pretreatment approaches should take a number of things into
account, including:

* Be able to hydrolyze sugars

* Reduce sugar loss

+ Prevent the production of by-products
» Restrict fermentation processes

* Must be economically viable
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Fig. 6.3 Agro-industrial pretreatment nanotech advanced techniques

The ability to magnetically remove and recover nanoparticles from the medium
reduces the cost of the manufacturing process and enables the implementation of
pretreatment techniques based on nanotechnology (Fig. 6.3). The structural config-
uration of the biomass can be changed by simply incorporating the nanoparticles
during the pretreatment process. Due to their nanosize, metal nanoparticles may also
react more easily with lignocellulosic components and release reducing and total
sugars with minimal amount of inhibitor (Razack et al. 2016).

The use of nanobiocatalysts in processes such as acid functionalization and
enzyme immobilization is expected to modernize existing techniques as they can
be used continuously for numerous hydrolysis reactions (Pena et al. 2012). The use
of magnetic nanocatalysts with acid-functionalized enzymes could reduce the com-
plexity of the pretreatment processes since the acid would not need to be used in
every cycle. However, since a given enzyme can be used in numerous cycles, the
continuous use of nanocatalysts with immobilized enzymes would be more cost-
effective. As shown in Fig. 6.4, the release of significant amounts of fermentable
sugars could potentially be beneficial. The simpler carbohydrates make up the
majority of the pretreatment product. These are either hydrolyzed by acids or
converted into sugars and acids by enzymatic activity. Acidic sugar separation is
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necessary because the sugar component can only be used during fermentation. The
most popular and least efficient separation method is chromatographic separation.
Pure sugar molecules can only be produced with nanofilters. Nanofilter membrane
prevents the acid from passing through while still keeping the sugar molecules in
place. The large surface area of the nanomaterials allows them to be linked with the
specific amount of enzyme or acid.

6.5 Applicability of Nano-Advanced Techniques
in Bioethanol Production

Among liquid biofuels, bioethanol is one of the most important by-products from
biorefineries. Due to the numerous advantages that bioethanol offers over traditional
fuels, its production has received considerable attention. Various biomass and
industrial wastes are the main non-food raw materials for the production of
bioethanol (Tropea 2022). Bioethanol production is significantly influenced by
nanotechnology (Fig. 6.5). The inclusion of nickel oxide nanoparticles in the
pretreatment process increased the yield of bioethanol by 1.6 times and reduced
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Fig. 6.5 Schematic representation of bioethanol production via nanotechnology

the amount of acetic acid by 2.10 times (Sanusi et al. 2021). ZnO nanoparticles were
used to increase the ethanol yield (Gupta and Chundawat 2020). The saccharification
yields of alkali-treated rice straw were improved (375.39 mg/gds) by using cova-
lently immobilized magnetic enzyme-nanoparticle complexes (Kumar et al. 2017).
Rice straw immobilized after treatment with cellulase was hydrolyzed with a sac-
charification efficiency of 52.67 percent. A maximum of four saccharification cycles
could be performed while still retaining 50.34% of its activity (Kaur et al. 2021).
When immobilized on magnesium dioxide nanoparticles, cellulase enzymes can
synthesize bioethanol (Cherian et al. 2015).

When immobilized A. niger on nickel ferrite and iron oxide and immobilized
Cellic Tec2 on nickel ferrite were used to hydrolyze rice straw, the amounts of
fermentable sugars produced were 1.89, 1.91, and 7.2 mg/mL, respectively (Nayeri
et al. 2023). Cellulase was immobilized using cyclodextrin iron oxide nanoparticles,
and rice straw was hydrolyzed using an ionic solvent. The initial response rate
increased from 1.63 to 2.74 g/h/L. with the immobilized cellulase (Huang et al.
2015). Lin et al. (2016) used a two-step hydrothermal process to fabricate extremely
thin zinc oxide nanosheets with uniformly distributed silver nanoparticles to improve
surface response for ethanol monitoring. It turned out that silver was used, a precious
metal because it is extremely sensitive to gases. The ethanol vapor was released, and
the resistance was changed to monitor the activity of the zinc oxide-silver composite.
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The resistance was varied using gas sensors that can operate at exceptionally low
concentrations of ethanol vapor.

6.6 Significance of Nanotechnology in Riddance
of Inhibitors

During the biomass pretreatment phase, numerous inhibitors are produced, including
furans, carboxylic acid, and phenolic compounds. To eliminate inhibitory com-
pounds and accelerate the fermentation of hydrolysates, a detoxification step is
required. Tin oxide was used in conjunction with nanoparticle catalysts for the
photocatalytic degradation of phenolic compounds. However, this method has not
been applied to the hydrolyzate by-products of agro-industrial biomass (Rai et al.
2016). Phenol rapidly converts to carboxylic acid when exposed to UV radiation in
the presence of iodine-doped tin oxide nanoparticles (Hamdi et al. 2015). When used
in biomass pretreatment, nanoparticles significantly improve chemistry at the molec-
ular level and enable special catalyst modification (Razack et al. 2016). Due to their
small size, metallic nanoparticles are very effective in disrupting the cell walls of
untreated substrates and interact positively with biomolecules to cause the release of
sugars (Kushwaha et al. 2018). Phenol is known to photochemically degrade when
exposed to UV light and tin dioxide nanoparticles. However, the large band gap of
tin oxide makes phenol degradation less efficient under solar radiation (Hamdi et al.
2016).

6.7 Conclusion

Rice straw is one of the major agro-industrial waste which was utilized in the
synthesis of environmentally friendly bioethanol. Although there is great interest
and potential in exploiting the technology to produce bioethanol from high-yield
first- and third-generation feedstocks, the main obstacles are still rising production
costs and technological advances. With the help of nanotechnology, these difficulties
for the environmentally friendly production of bioethanol could be significantly
reduced. The unique properties of nanoparticles, including their high adsorption,
rigidity, and reactivity, can lead to significant advances in biomass conversion. The
end product and efficiency of biofuels are improved through the immobilization and
activation of enzymes, which also increases microbial and catalytic activity. Nano-
technological approaches were used to effectively reduce the stiffness and crystal
structure of the polysaccharides during the pretreatment process and ethanol pro-
duction. There is still much to be done regarding the importance of nanotechnology
for the pretreatment of complex and rigid lignocellulosic biomass for enzymatic and
biological saccharification. However, further research needs to be conducted on how
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nanotechnology can be managed, developed, and sustained in biofuel production
before its widespread use in biorefineries.

6.8 Future Prospects of Nanotechnology in Bioethanol
Production

The incorporation of nanoparticles increases the efficiency of the biofuel production
method (Nizami and Rehan 2018). The use of nanoparticles can achieve higher
product yields, more effective biomass conversion, and ultimately cheaper costs.
There are still some problems to be solved, although nanoparticles can reduce the
hurdles in the production of biofuels quite effectively. Finding a greener method to
produce more adaptive and selective nanoparticles is the first problem to be solved
(Devi et al. 2021). The second research area is the study of nanoparticles to localize
reaction intermediates and end products to control, monitor, and optimize the cost of
the biofuel production process (Kushwaha et al. 2018). Another difficult problem is
the commercialization of nanoparticles. Therefore, strategies for producing effective,
affordable, and ecologically harmless nanoparticles must be developed. The next
generation of studies should focus on biofuel transportation and storage. Despite the
promising future of nanotechnology in biofuel production, more research is still
needed to solve the technical problems and make the transition from traditional fossil
fuels to environmentally friendly biofuels (Sheikh et al. 2023).
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Abstract The global pursuit of sustainable energy sources has led to the emergence
of bioethanol as a promising alternative to fossil fuels. This renewable biofuel is
derived from biomass feedstocks through fermentation and holds the potential to
mitigate greenhouse gas emissions and enhance energy security. However, the
efficient production and purification of bioethanol remain pivotal challenges. Tradi-
tional purification methods often fall short in removing impurities and water effec-
tively, necessitating innovative strategies. Activated charcoal, known for its
remarkable adsorption properties, offers a sustainable solution for bioethanol puri-
fication. In this paper we explored the fabrication of activated charcoal for
bioethanol production, examining its characteristics, preparation methods, and appli-
cations in ethanol purification. By analysing existing literature, we shed light on the
advances, limitations, and implications of incorporating activated charcoal into the
bioethanol production process. This chapter will contribute to the understanding of
how activated charcoal can enhance the efficiency and sustainability of bioethanol
purification, fostering the progression towards a cleaner and more renewable energy
future.

Keywords Bioethanol - Activated charcoal - Carbonization - Pretreatment - Paddy
straw

G. Tripathi - S. Ahmad - A. Farooqui (P)
Department of Bioengineering, Integral University, Lucknow, Uttar Pradesh, India
e-mail: alvina@iul.ac.in

D. Sharma
Institute of Biomedical and Research, Mangalaytan University, Aligarh, Uttar Pradesh, India

P. Mishra - V. Mishra - Irum - P. Dubey
Department of Biosciences, Integral University, Lucknow, Uttar Pradesh, India

V. Mishra ()
School of Biochemical Engineering, IIT (BHU), Varanasi, Uttar Pradesh, India
e-mail: Vishal.bce @itbhu.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 127
N. Srivastava et al. (eds.), Paddy Straw Waste for Biorefinery Applications, Clean
Energy Production Technologies, https://doi.org/10.1007/978-981-99-8224-0_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-8224-0_7&domain=pdf
mailto:alvina@iul.ac.in
mailto:Vishal.bce@itbhu.ac.in
https://doi.org/10.1007/978-981-99-8224-0_7#DOI

128 G. Tripathi et al.
7.1 Introduction

In the face of global energy and environmental challenges, the pursuit of sustainable
and renewable energy sources has become imperative. One of the promising con-
tenders in this arena is bioethanol—a biofuel derived from biomass feedstocks
through the process of fermentation. Bioethanol possesses the potential to signifi-
cantly reduce our reliance on fossil fuels, mitigate greenhouse gas emissions, and
enhance energy security. However, the efficient production and purification of
bioethanol remain key challenges for realizing its widespread adoption (Farooqui
et al. 2021). In this context, activated charcoal, known for its exceptional adsorption
properties, has emerged as a promising solution for the purification of bioethanol.
This paper delves into the intricacies of fabricating activated charcoal for bioethanol
production, examining its characteristics, preparation methods, and applications in
ethanol purification. By critically assessing existing literature, we aim to illuminate
the advances, limitations, and implications of incorporating activated charcoal in the
bioethanol production process (Chen et al. 2021).

Bioethanol, an alcohol primarily composed of ethanol, is generated through the
microbial fermentation of various biomass feedstocks, including agricultural resi-
dues, lignocellulosic materials, and sugarcane molasses. The fermentation process
yields a crude ethanol-water mixture, laden with impurities such as residual sugars,
organic acids, and biomass remnants. The subsequent purification step is essential to
achieve high ethanol concentrations suitable for utilization as a transportation fuel.
Traditional methods of bioethanol purification, such as distillation and molecular
sieves, have limitations in terms of energy consumption, cost, and efficiency. These
methods often struggle to remove water and impurities effectively, leading to
increased energy expenditures during distillation and product losses due to entrain-
ment of valuable ethanol. As the demand for higher bioethanol purity intensifies,
there arises a need for innovative and sustainable purification strategies that address
these challenges.

Activated charcoal, a porous carbon material with an extensive surface area, has
long been recognized for its exceptional adsorption properties. The activation
process involves the controlled oxidation of carbonaceous precursors, creating a
network of pores and surface sites capable of adsorbing a diverse range of molecules.
This unique adsorption behaviour stems from the combined effect of physical and
chemical interactions, including van der Waals forces, electrostatic attractions, and
7-7 interactions (Abd-Rabboh et al. 2022).

The application of activated charcoal extends across diverse industries,
encompassing waste water treatment, air purification, and pharmaceuticals. In the
context of bioethanol production, activated charcoal’s remarkable adsorption capac-
ity, coupled with its ability to selectively adsorb impurities and colorants, positions it
as an attractive candidate for ethanol purification. The regenerability of activated
charcoal further enhances its appeal, offering a sustainable solution that aligns with
the principles of a circular economy.
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The production of activated charcoal involves a sequence of steps, including
precursor selection, carbonization, and activation. Carbonaceous precursors, which
can range from agricultural residues to wood-based materials, undergo controlled
thermal treatment under inert conditions to form carbon-rich intermediates. Subse-
quent activation, achieved through physical or chemical methods, creates a porous
structure characterized by micropores, mesopores, and macropores. The specific
surface area, pore size distribution, and surface chemistry of the activated charcoal
can be tailored to suit the intended application. In the context of ethanol purification,
the design and fabrication of activated charcoal involve optimizing parameters such
as precursor type, activation temperature, and activation time. The choice of precur-
sor significantly influences the properties of the activated charcoal, with variations in
elemental composition, pore structure, and adsorption characteristics. Furthermore,
the activation process type, whether steam activation or chemical activation, dictates
the final adsorption performance. These variables collectively influence the activated
charcoal’s affinity for water, impurities, and colorants present in the bioethanol-
water mixture (Singh et al. 2022; Roy 2023). In this chapter, we have explored the
fabrication of activated charcoal for bioethanol production, focusing on its proper-
ties, preparation methods, and potential applications in ethanol purification. By
delving into the scientific literature, we aim to provide insights into the advance-
ments and challenges associated with utilizing activated charcoal as an adsorbent in
the bioethanol industry. Furthermore, the environmental and economic implications
of integrating activated charcoal into the bioethanol production process will be
discussed.

7.2 Paddy Straw

Rice holds a prominent status among India’s primary food crops, both in terms of the
land dedicated to its cultivation and the overall yield. India ranks as the second-
largest global producer of rice, trailing only behind China. Owing to this, it also
produces a large amount of waste or by-product. The process of cultivating rice
results in two distinct by-products, i.e. rice straw and rice husk. In India, there is a
substantial abundance of rice straw, making it readily accessible for the production
of bioethanol (Singh et al. 2016).

Paddy straw stands out as a significant crop residue, resulting from the harvesting
of rice crops. The improper disposal of paddy straw, including unregulated decom-
position and the harmful practice of stubble burning, poses serious environmental
concerns. These practices not only endanger the health of living organisms but also
contribute to climate change by releasing substantial amounts of greenhouse gases. It
holds a promise as a valuable resource due to its rich content of hexose (Cg) and
pentose (Cs) sugars. This abundance of sugars makes paddy straw a potentially
valuable source for ethanol production. This involves breaking down the polysac-
charides in paddy straw into simpler sugars through hydrolysis, followed by fer-
mentation to produce ethanol (Hans et al. 2019). Rice straw can be described as a
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fibrous substance primarily composed of carbohydrate polymers, such as cellulose
and hemicellulose. It is intricately bound, either through covalent or non-covalent
bonds, with lignin. Additionally, rice straw contains various extractive substances
and inorganic compounds (Singh and Kumar 2019).

7.2.1 Components of Paddy Straw

Among agricultural crop residues, rice straw boasts the highest cellulose content
worldwide. The predominant constituents of rice straw include cellulose (making up
33—47% of its composition), hemicelluloses (comprising 19-27%), lignin (ranging
from 5-24%), ash (comprising 13-20%), and a notable presence of silica (approx-
imately 18.3%). This high cellulose content makes rice straw an exceptionally
abundant source of cellulose in the agricultural residue category (Singh et al.
2016) (Fig. 7.1).

7.2.1.1 Lignin

For the creation of useful chemicals, preserving carbon balance, and manufacturing
energy and fuels, it is essential to fragment the complex lignin structure into smaller
monomeric molecules using cutting-edge methods (Pulicharla et al. 2016). The
creation of lower molecular weight substances including vanillin, eugenol, ligno-
sulfonates, hydroxylated aromatics, aldehydes, aliphatic acids, and others is possible
thanks to the thermochemical depolymerization of lignin. Among these techniques,
base-catalysed depolymerization (BCD) is the most widely used and extensively
studied method for obtaining phenolic monomers by cleaving the predominant
(60%) p-O-4 bond in lignin (Kumari et al. 2008). Besides, other organic acids,
including citric acid, lactic acid, and acetic acid, have also been produced from
lignin-rich wastes. In the food processing sector, these organic acids are used as
acidulants or preservatives to protect food against microbial degradation (Yanti et al.
2012). The leather industry uses lignosulfonate, a lignin derivative that is insoluble
in water, as a tanning agent. In a particular study, lignosulfonate obtained from rice
straw was employed for leather tanning (Nasr et al. 2017). Moreover, as demon-
strated in a study, the sulfonation of lignin enhances its effectiveness, enabling its
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Fig. 7.1 Components of paddy straw
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usage as a binding material in the cement and dyeing industries (Aro and Fatehi
2017).

7.2.1.2 Cellulose and Hemicellulose

Rice straw encompasses Cg and Cs sugars among its constituents, which can be
subjected to microbial fermentation to yield desired biochemicals. Hemicellulose,
for instance, can be disintegrated into its individual components like arabinose,
xylose, mannose, galactose, ribose, lyxose, and more. These components, charac-
terized by an undefined structure, can be harnessed to produce all useful chemical
derivatives such as Xylitol, 5-aminovalaric acid, 1,5-diaminopentane, itaconic acid,
and levulinic acid and other compounds, as extensively detailed in studies focusing
on hemicellulose (Kumari et al. 2008). Notably, this process diverges from starch
primarily in the arrangement and bonding of glucose units.

Conversely, cellulose can be disintegrated into its individual monomeric compo-
nents through the enzymatic action of microorganisms. The fermentation of these
intricate sugars has been observed to generate a diverse array of organic acids,
including acetic acid, ferulic acid, lactic acid, formic acid, succinic acid, malic
acid, levulinic acid, aspartic acid, and numerous others. Extensive documentation
exists regarding the potential health advantages of these acids, including their anti-
diabetic, anti-cancer, neuroprotective, and antioxidant properties (Norrrahim et al.
2021; Sun et al. 2019).

7.2.1.3 Ash

Ash is another substantial by-product that results from the pyrolysis of waste
biomass, in addition to lignin, cellulose, and hemicellulose. Based on variables
including harvest time, climatic conditions, and the location of the production site,
the ash content may vary. Ash concentration in rice straw typically ranges from 13%
to 20% (El-Sayed and El-Samni 2006). As rice straw is transformed in biorefineries
to create products with value-added goods, partially burnt residues in the form of ash
can persist. Despite being commonly seen as waste, previous studies have
highlighted that rice straw ash contains a notable amount of silica, which is a
chemically and thermally stable composite. This silica can be effectively utilized
as a binding material (Do et al. 2020). In older times, silica was collected from the
waste produced during the processing of rice straw, and its significance as a
significant inorganic material has been acknowledged in a number of applications,
such as bioremediation, medicinal treatments, and the cement industry (Nandiyanto
et al. 2016).
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7.2.1.4 Silica

Silica is a crucial component with diverse applications, including biotechnology
materials (Galliker et al. 2010; Cheang et al. 2012), environmental treatment (Liu
et al. 2013, cement production (Singh et al. 2011), composite materials (Nandiyanto
et al. 2014; Nandiyanto et al. 2011), and medical applications (Kwon et al. 2013;
Estévez et al. 2009; Lu et al. 2007). Its popularity stems from its outstanding
properties such as chemical, physical, and thermal stability, compatibility with
various materials, wide availability, and cost-effectiveness (Galliker et al. 2010;
Cheang et al. 2012). Rice plant-related waste presents a promising source of silica,
particularly in tropical regions like Indonesia. Utilizing rice straw as a silica source
offers not only economic benefits but also environmental advantages (Lu and Hsieh
2012).

7.2.2 Applications of Paddy Straw in Various Sectors

Paddy straw, an abundant agricultural residue generated from rice cultivation, has
gained significant attention due to its potential applications across various sectors.
Historically considered a waste material and often burned after harvesting, paddy
straw is now recognized as a valuable resource with diverse uses. This versatile
residue can be harnessed in sectors ranging from agriculture and energy to construc-
tion and environmental conservation. In this paper, we explore the multifaceted
applications of paddy straw, highlighting its contributions to sustainability, waste
reduction, and economic growth. By investigating the utilization of paddy straw in
different sectors, we aim to underscore its role in creating a more circular and
resource-efficient agricultural landscape. Figure 7.2 represents the role of paddy
straw in various fields which are briefly explained below.

7.2.2.1 Production of Biogas from Paddy Straw

Producing biogas from rice straw entails placing shredded straw within an anaerobic
digester, where microorganisms decompose its organic elements. These results in
generating biogas with blend of methane and carbon dioxide. This could be serving
as a valuable source of energy for various applications, including power generation,
cooking, and heating. The by-product of this process, known as digestate, is rich in
nutrients and can be effectively utilized as a fertilizer. This approach provides
advantages such as waste reduction, renewable energy production, and the recycling
of nutrients. However, it necessitates careful management of the digester to achieve
optimal outcomes (Singh and Brar 2021).
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7.2.2.2 Paddy Straw as Hand-Made Paper

The production of biogas from rice straw involves placing shredded straw into an
anaerobic digester, where microorganisms break down its organic components. This
process yields biogas, a mixture of methane and carbon dioxide, which serves as a
valuable energy source for applications like power generation, cooking, and heating.
The resulting by-product, called digestate, is nutrient-rich and can be used as an
effective fertilizer. This method offers benefits like waste reduction, renewable
energy generation, and nutrient recycling, but it requires meticulous digester man-
agement to ensure the best results (Pushpa and Sinha 2011).

7.2.2.3 Paddy Straw as Feed

In India, rice straw has been a traditional feed for cattle and buffaloes for genera-
tions. In some regions, there may be a preference for feeding cattle and buffaloes a
combination of green fodder and whole wheat straw due to the presence of
“Degnala” disease, which is a prevalent issue. In areas where green fodder is in
short supply, rice straw is commonly used as the primary diet at home. Additionally,
after rice harvesting, livestock often graze on the remaining stubbles and ratoon in
the fields (Singh et al. 1995).
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7.2.2.4 Paddy Straw for Electricity Generation

The key factor in generating electricity from rice straw lies in the availability of the
raw material and its moisture content. Researchers determined the maximum avail-
ability of raw materials by using a straw-to-grain ratio, which was found to be nearly
0.75 (Logeswaran et al. 2020). Similarly, it was noted that rice straw with reduced
moisture content leads to elevated power output. To achieve this, the biomass was
subjected to sun-drying until it attained a consistent weight prior to further
processing (Gupta et al. 2015).

7.2.2.5 Paddy Straw as Bio-composite

Strawboard, a widely used bio-composite derived from biomass, offers a mutually
beneficial opportunity. In this process, lignocellulosic biomass undergoes
pretreatment with supercritical CO,, effectively elevating the fibre’s value while
simultaneously reducing production costs. Moreover, this biomass serves as a
valuable resource for crafting high-quality straw powder/polylactic acid
bio-composites (Yu et al. 2020).

7.2.2.6 Paddy Straw as Pellets and Briquettes

The process of producing pellets and briquettes involves several steps, including
cutting, drying, compacting, and binding loose straw using adhesives (Purohit and
Chaturvedi 2018; Nolan et al. 2010). In the process of pelletizing biomass, the finely
crushed biomass is compacted to enhance its density, resulting in the formation of
smaller-sized pellets. These (pellets) serve as a substitute for traditional coal, known
as bio-coal, which offers advantages such as ease of storage and transportation, as
well as high efficiency when compared to fossilized coal (Singh and Brar 2021).

7.3 Steps Involved in the Transformation of Rice Husk
to Activated Biochar

Due to its substantial surface area and excellent adsorptive capacity, AC has the
potential to be used as a carrier in solid forms. Since its application in the treatment
of industrial wastewater and gases to achieve environmental protection and material
recovery objectives, AC consumption has expanded globally (Naji and Tye 2022).
Utilizing economical resources for the preparation of AC is crucial. This involves
using low-cost agricultural and forest residues, considering the substantial expenses
associated with both AC production and regeneration processes. These carbona-
ceous materials’ great abilities to maintain the physiochemical attributes and
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Fig. 7.3 Steps involve in activated charcoal production from paddy straw

minimize inorganic constituents, hardness, low ash content, and elevated content of
carbon have all demonstrated that they are effective precursors to the production of
AC. Therefore, to make AC, any material with a high carbon concentration and little
inorganic component can be used (Narowska et al. 2020). Rice husks having carbon
content of 20.988%, volatiles content of 68.08%, ash content of 0.952%, and
moisture content of 10% can be used as a precursor for activated carbon. Figure 7.3
represents the steps involved in activated charcoal production from paddy straw and
is explained as follows.

7.3.1 Pretreatment

Prior to activation, these carbon-based materials undergo a series of preparatory
steps converting them into AC. These steps include (i) cleansing to eliminate
contaminants (Tripathi et al. 2022), (ii) dehydration to eliminate any residual
moisture that might impact the subsequent procedures (Sadeek et al. 2020), (iii)
grinding and sifting to acquire the carbon source materials (Mazlan et al. 2016), and
(iv) removing mineral content using acidic or alkaline solutions (like HCl and
hydrofluoric acids). The minimal amount of ash content and minerals are required
for AC to function as a catalyst (Phiri et al. 2017). Gao et al. (2011) suggested that
before cutting raw rice straw into 2—3 cm lengths, soaked it in NaOH solution (2 wt.
%) for 2 days to eliminate ash and other water-miscible materials. After reaching
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neutrality, the rice straw was rinsed in distilled water, dried, and placed in a storage
container.

7.3.2 Carbonization

Biomass thermochemical conversion employs heat to start the decomposition pro-
cess in order to transform organic materials into a more useful energy source.
Thermochemical conversion methods encompass co-firing, gasification, liquefac-
tion, carbonization, and pyrolysis as outlined by Tamalouzt et al. (2014). As all these
chemical reactions leading to the formation of solid ‘“char”, liquid “bio-o0il”, and
gaseous “biogas” occur within environments devoid of oxygen or with restricted
oxygen levels, pyrolysis is considered the fundamental principle underlying all
thermochemical conversion techniques. The volatile component of biomass is
where gases and bio-oil are produced, as opposed to the char, which is mostly
composed of fixed carbon (Sahri et al. 2018). Figure 7.4 gives a diagrammatic
view and elaboration of processes involved in carbonization step.

Carbonization is a process that turns organic material into elemental carbon by
removing non-carbon (volatile components). In this process, any material that
contains noticeable carbon is pyrolysed at temperatures between 600 and 1000 °C,
frequently within an unreactive atmosphere containing gases such as nitrogen (N5)
or argon. Precursors may have their physicochemical features retained by being
heated over 800 °C during the carbonization stage, producing AC with a high
thermal stability (Naji and Tye 2022).

The different process regions and heating stages of carbonization are explained as
follows:

* During the pre-drying phase of the carbonization process, the biomass is gradu-
ally heated from ambient temperature to approximately 100 °C, which serves as
the drying temperature.

* Drying: The only purpose of the heat used at this point is to move the biomass’s
moisture content from the liquid to the vapour phase. Due to the steady temper-
ature of evaporation during this stage, the temperature of the biomass remains
nearly constant regardless of the exterior temperature of the reactor. The raw
biomass should be sun-dried before being added to the reactor in order to
minimize heat loss during this phase.

* Post drying: The temperature at this stage varies from 100 to 200 °C. The
biomass doesn’t begin to decompose significantly at this point. During this

Low High
Pre-drying ‘ Drying . Post Drying ‘ Torrefaction ‘ Temperature . Temperature
Carbonization Carbonization

Fig. 7.4 Process involve in carbonization step
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step, only the water molecules locked inside the fibres and very light volatiles are
released. This process is typically quick and doesn’t require a lot of heat.

» Torrefaction takes place between temperatures of 200 and 300 °C. The break-
down twitches at this point. Hemicellulose is the first component of the biomass
to begin breaking down. Nearly all of the hemicellulose has been broken down at
this point, and minor amounts of cellulose have also begun to break down.
Torrefaction produces a product with a high energy density and low fixed carbon
content if the heating process is paused at this point to maintain the temperature.

* Low-temperature carbonization takes place at temperatures between 300 and
400 °C. Hemicellulosic and cellulose breakdown entirely at this stage, and lignin
begins to deteriorate. In comparison to torrefaction, the fixed carbon content
produced by the breakdown and decomposition of the biomass is marginally
higher. Lower energy density is the outcome, though.

» High-temperature carbonization: Charcoal that is extremely high in carbon is
produced if heating is allowed to go past 400 °C. The final temperature affects
how much lignin is degraded. Very high fixed carbon levels are obtained at this
stage. Rao et al. (2022) in their study maintained the carbonization temperature at
500 °C for 100 min while rising at a rate of 10 °C/min. Husk and straw yields for
carbonization were 44% and 37%, respectively. After that, a vessel was attached
to the muffle furnace’s base to provide steam to the machinery, keeping the mass
ratio of water to carbonizate at 2:1.

7.3.3 Activation

By means of activation procedures, the porous framework of the AC established
during carbonization can be more extensively developed. These activation proce-
dures work to increase the volume of pores, expand the size of pores, and raise the
overall surface area of the activated carbon. Improving the microporous arrangement
is attainable by removing disordered carbon and efficiently integrating lignin into the
activation process alongside the activating agent. The incineration of the walls
separating the pores often leads to their expansion. Consequently, following this
stage, there is noticeable growth in both temporary pores and microporosity.
Macropores >25 nm, 1 nm < mesopores <25 nm, and micropores <1 nm were
the three classification systems employed to categorize the pores developed on the
surface of AC (Naji and Tye 2022). There are two methods for doing the
activation step: chemical and physical.

7.3.3.1 Physical Activation

Carbonaceous materials are usually physically activated in two phases. After the
carbonization procedure, the resulting char is subjected to activation using oxidizing
gases like CO,, steam, or a mixture of air, at elevated temperatures ranging from
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800 to 1000 °C. This process leads to the formation of a porous structure character-
ized by a substantial surface area, brought about by the reactions described below
(7.1) to (7.3) (Mazlan et al. 2016).

C+ 0,—CO, (7.1)
C 4 CO, —2CO (7.2)

In comparison to chemical activation, physical activation has a number of
benefits, including a lower activation cost and the absence of chemical wastes
(Pallarés et al. 2018). The primary downsides of physical activation, on the other
hand, are its prolonged activation time and high energy consumption as a result of its
twin cooling phases (Yahya et al. 2015). The AC generated through this method also
exhibits certain deficiencies due to the necessity of using high temperatures (up to
1000 °C) during the activation phase. Consequently, it is not suitable for applications
requiring catalyst, adsorbent, or filtration functions (Tadda et al. 2016). Steam and
carbon dioxide are the primary and most valuable activation agents in physical
activation. Due to their smaller size of 0.265 nm, H,O molecules are more accessible
to carbon pores than CO, molecules as suggested in the study by Abd et al. (2021).
As a result, the reaction will happen quickly, creating new pores. Another benefit of
employing steam as an activator is that the AC produced has a lot of rapid increase in
surface area within a brief reaction period. Yang et al. (2010) conducted a study on
utilizing CO,, steam, and a combination of both for physically activating coconut
shell-derived activated carbon. The findings revealed that the duration for CO,
activation was approximately 2.5 times longer compared to the time required for
steam activation or a combination of steam and CO,. This disparity in time led to the
slowest reduction rate in AC yield for CO, activation, in contrast to steam activation.
Nonetheless, this heightened reactivity between carbon and the activating agent,
while demanding longer activation periods, brought about an elevated BET extent of
surface and volume of pores. Consequently, the augmentation in surface area and
pore volume contributed to the enhancement and formation of fresh pores. Thus,
CO; activation yielded a greater increase in AC surface area compared to both steam
activation and the steam-CO, activation combination. The extent of pore creation
exhibited a notable rise with increasing activation time for all three distinct activating
agents. The advantages of CO, activation stem from its purity and uncomplicated
management of gas flow. Additionally, compared to groups produced by steam
activation, a series of groups formed by CO, activation, such as CO, are more stable
(Pallarés et al. 2018).

Pallarés et al. (2018) investigated the effectiveness of CO, and steam as activation
agents for producing activated carbon from barley straw, finding a similar trend. The
outcomes indicated that the use of CO, activation significantly heightened the
microporosity of the resulting AC, yielding impressive BET surface area and
micropore volume of 789 m?%g and 0.3268 cm?/g, respectively. In contrast, the
AC produced via steam activation displayed values of 552 m%/g and 0.2304 cm’/g
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for surface area measured by BET analysis, and the volume of micropores exhibited
different levels of microporosity development. This distinction can be attributed to
the increased reactivity of steam at higher temperatures, leading to the formation of
larger and wider pores. As a consequence, this promotes the enlargement of
mesoporosity over microporosity. As a result of its high capacity to produce ACs
with a small micropore structure and delayed reaction time, physical activation using
carbon dioxide is strongly recommended (Tadda et al. 2016).

Based on the weight of the husk and straw used, Rao et al. performed the
activation at 800 °C, and the amount of AC produced varied from 27% to 29%
(Rao et al. 2022). Utilizing a batch-type pyrolysis reactor, Sakhiya et al. (2022)
generated biochar from rice straw through slow pyrolysis in the temperature range of
300 to 500 °C. This process involved a residence time of 60 min and a heating rate of
10 °C/min. To guarantee the reactor was in an inert state, the air was first removed
from it using a vacuum pump, and then 1.5 L/min of nitrogen was used to purge the
reactor (vessel). The produced biochar cooled at room temperature after 1 min of
operation in the batch-type pyrolysis reactor.

7.3.3.2 Chemical Activation

Wet oxidation is a common one-step method for chemically activating carbonaceous
materials. This method is frequently used for feedstocks abundant in cellulose
content, as noted by Yahya et al. (2015). The process involves the impregnation or
blending of carbonaceous materials with oxidants and dehydrating agents (such as
KOH, ZnCl,, H3PO,, K,COj;, etc.) for chemical activation. Subsequently, the
impregnated mixture is subjected to simultaneous activation and carbonization
accomplished in a solitary phase under moderate conditions ranging from 400 to
600 °C temperatures. This procedure results in the production of AC possessing
appropriate porosity, in accordance with findings by Tadda et al. (2016). This
chemical activation technique offers advantages such as minimal energy require-
ments, short activation durations, substantial microporosity on surfaces, and achiev-
ing surface areas of up to 3000 m*/g (Abd et al. 2020). The main disadvantage of the
chemical activation process, however, is the contaminated wastewater that results
from the chemical washing. The effectiveness of the chemical activation process
relies significantly on various factors. These elements include the choice of the
activating agent, the temperature and duration of activation, the ratio of activating
agent to dry carbonaceous material, the method of impregnation, and the incorpora-
tion of nitrogen or argon flow during carbonization (Yorgun et al. 2016). The choice
of activation agent is a crucial factor in creating an activated surface with exceptional
textural characteristics. Since the evident change in the thermal breakdown of pre-
cursors, these agents reduce the creation of bitumen, resulting in an elevated yield of
AC. Additionally, activating chemicals engage in redox reactions with the carbon
surface to etch minute pores into the structure and enhance surface area
(Heidarinejad et al. 2020).
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Typical substances have the potential to serve as agents (KOH, ZnCl,, NaOH,
AICl3, H;PO4, K,CO3, and MgCl,) (Abd et al. 2020). According to Yahya et al.
(2015), the employment of metal hydroxides, such as potassium hydroxide and
sodium hydroxide, during the carbon activation procedure yielded higher adsorption
capacity compared to other activating agents. Additionally, H;PO, and ZnCl, are
utilized to activate materials before carbonization, but they are also applied in
activating the precursor substances for charcoal and char. As a result, phosphoric
acid-based activation generally occurs between temperatures of 450 and 600 °C,
whereas activation involving potassium hydroxide takes place within the range of
450 to 850 °C. Notably, phosphoric acid necessitates a lower activation temperature
compared to potassium hydroxide. In contrast, sodium hydroxide (400-900 °C),
potassium carbonate (700—1000 °C), and zinc chloride (550-850 °C) activation at
respective temperatures. Yet, potassium hydroxide outperformed sodium hydroxide
in terms of performance and morphology for activation in a number of applications
(Byamba-Ochir et al. 2016). In comparison to KOH, NaOH is thought to be the
agents that are cost-effective and have a reduced environmental impact (Byamba-
Ochir et al. 2016). Additionally, too much activating agent reduces porosity and
generates a layer with insulating properties covering the surface of the AC (Zhong
et al. 2012). Nonetheless, its downside involves the presence of residual chemical
agents on the char, necessitating an additional washing step for complete removal.
Gao et al. (2011) conducted activation using (NH4),HPO,, which exhibited charac-
teristics akin to H3PO,4. They found that the resulting activated carbon had a surface
area of 1350 m*/g, with a predominantly microporous carbon structure. Meanwhile,
Sharath et al. (2017) employed sodium hydroxide (NaOH) as the activating agent for
chemically activating the activated carbon derived from rice husk pyrolysis. The
characterization of chemically activated carbons was conducted through assessment
of yield percentages and bulk densities. The resulting activated carbon yields from
rice husk at various activation temperatures—650, 700, and 800 °C—were approx-
imately 48% (with a bulk density of 0.2 g/mL), 47% (with a bulk density of 0.16 g/
mL), and 46% (with a bulk density of 0.117 g/mL), respectively.

7.4 Role of Activated Charcoal in Bioethanol Production

Activated charcoal, also known as activated carbon, plays a significant role in
bioethanol production, by effectively adsorbing impurities, facilitating dehydration,
and enhancing the quality and purity of the final product. The roles of activated
charcoal are given in Fig. 7.4 and are explained as follows.
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7.4.1 Removal of Inhibitors

With several applications in purification, AC is a potential solid carrier. For the
purpose of detoxification, activated carbon serves as an inhibitor adsorbent. The
growth of biomass was influenced favourably by this detoxifying technique. It had a
positive influence on the growth of biomass. There are a number of benefits of using
AC, including its structure with pores, substantial adsorption ability, extensive
surface area ranging from 500 to 5000 m?%g/L, fully developed micropores, and
diverse array of surface functional groups (Soleimani et al. 2015; Gupta et al. 2017).

A useful adsorbent in the synthesis of bioethanol is activated carbon, which has a
porous structure and a large surface area. These inhibitors are drawn to and bound by
the surface of activated carbon, which is rich in adsorption sites, using mild forces to
pull them out of the fermentation medium. As a result, inhibitor concentrations are
lower, which lessens their negative impact on yeast metabolism. By improving yeast
viability, growth, and ethanol production, the whole bioethanol output is optimized
(Fig. 7.5).

Due to its great sorption capacity and practical commercial use, activated carbon
adsorption is of interest. When separating the hydrolysates, valuable hydrolysates
such monosaccharide and soluble oligosaccharide should not be eliminated; hence
selective removal of inhibitors is extremely desirable. These sugars serve as the
starting point for the fermentation that produces ethanol (Duarte et al. 2005). In the
findings of Klasson et al. (2013), the adsorption capacity of biochar helped ligno-
cellulosic biofuel fermentation by eliminating inhibitory substances including fur-
fural and 5-hydroxymethylfurfural (HMF) produced during biomass pretreatment.

ENHANCEMENT OF FERMENTER
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7.4.2  Purification of Hydroxylate

Recently, pervapouration membranes for possible bioethanol recovery were exam-
ined and addressed (Peng et al. 2021). Additionally, membrane systems for the
detoxification of hydrolysates were investigated. Specifically, particular inhibitors
were removed using nanofiltration, diafiltration, and pervapouration, preventing the
loss of sugars. Due to the high porosity of the substance, which is also being
investigated for the detoxification of lignocellulosic hydrolysates, activated carbon
adsorption is frequently used for purification.

The activated charcoal particles have the ability to bind and hold contaminants
through surface contacts when added to a hydroxylate solution, effectively elimi-
nating them from the mixture. It preferentially absorbs impurities from the hydrox-
ylate solution, including organic pollutants and certain metal ions. To achieve
complete contact between the charcoal particles and the solution, the activated
charcoal is combined with the hydroxylate solution and frequently stirred. The
hydrolysates were kept at 4 °C and normally filtered or centrifuged to isolate the
activated charcoal for purification. The production of ethanol and butanol from
lignocellulosic biomass requires the removal of inhibitory substances produced
during hydrothermal or thermochemical pretreatment of the biomass, such as furfu-
ral, hydroxymethylfurfural (HMF), coumaric acid, syringic acid, vanillin, vanillic
acid, and cinnamaldehyde, which can severely inhibit enzymatic hydrolysis and
subsequent microbial fermentation (Klasson et al. 2013; Lee et al. 2011; Liu et al.
2015a, 2015b).

7.4.3 Adsorption of By-products

A promising method for creating effective adsorbent at cheap cost with enriched
functional groups and increased surface area is the manufacture of biochar from rice
straw (Khan et al. 2019; Melia et al. 2019). Aliphatic double bonds, hydroxyl,
carbonyl, and phenolic hydroxyl groups, as well as the benzene ring, are the main
functional groups found in RSB. These functional groups have given the RSB
qualities such a high capacity for adsorption, resistance to oxidation, hydrophobicity,
and environmental stability (Zhang et al. 2019).

By-products and contaminants from the bioethanol production process may build
up in the fermentation broth, reducing the process’ effectiveness and lowering the
ethanol’s quality. By-products such as organic acids, furfurals, aldehydes, heavy
metal ash, soluble pollutants, etc. can be adsorbed using activated charcoal. These
by-products are created during the breakdown of lignocellulosic biomass or result
from microbial fermentation metabolism. Because of the selective nature of the
adsorption process, activated charcoal has an affinity for particular substances.
Following adsorption, separation procedures are used to separate the mixture of
activated charcoal and adsorbed by-products.
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In general, lignocellulosic materials used to make monosaccharide-rich hydroly-
sates also produce a variety of other by-products, such as furfural and related
chemicals, during the chemical hydrolysis process. Pentose breakdown produces
furfural chemicals, which are extremely hazardous to species that ferment sugars.
Aside from acetic acid and phenolic chemicals, other by-products can also prevent
fermentation (Zhang et al. 2011). Optimizing elements like the dosage of the
charcoal, the contact time, the temperature, and the pH is necessary for the successful
use of activated charcoal adsorption. It can result in increased ethanol yields and,
consequently, better product quality in the bioethanol manufacturing process.

7.4.4 Enhancement of Fermentation

Since activated charcoal has the capacity to eliminate inhibitory compounds and
absorb by-products, it aids in promoting an environment that is more favourable to
microorganisms. This encourages their development, metabolism, and ethanol pro-
duction, which increases yields and boosts fermentation efficiency to a greater
extent. At multiple stages during the fermentation process, such as during
pretreatment, hydrolysis, or right into the fermentation tank, activated charcoal can
be added. Fermentation inhibitory substances, such as aliphatic acids, aromatic
compounds, and derivatives of furans, are produced during pretreatment and are
mostly determined by two factors:

1. The chemical composition of the lignocellulosic feedstock
2. The degree of the pretreatment technique used

Fermentation inhibitors such as aliphatic acids like acetic acid and furan alde-
hydes (furfural and HMF) are frequently present in pretreatment lignocellulosic
hydrolysates (Sarawan et al. 2019). In order of decreasing toxicity, the following
substances are toxic to the bioethanol fermentation system (Mussatto and Roberto
2004):

CH3;COOH > extractives > Aromatic compounds > furfural 5
— Hydroxymethylfurfural (HMF)

In one such study, lignocellulosic biomass-derived biochar was successfully used
to immobilize the fermentative microbes, S. cerevisiae, Kluyveromyces marxianus,
and Pichia kudriavzevii KVMP10, and the research findings revealed that the
immobilization of the yeast cells in repeated batch fermentations improved
bioethanol production (Kyriakou et al. 2019). Remarkably a bit of research has
previously been done on biochar made from lignocellulosic biomass. Many envi-
ronmental pollutants, such as organic, inorganic, and gas pollutants, as well as heavy
metals, have been successfully eliminated using biochar. According to a study, the
biochar in their self-sufficient system had high adsorption efficiencies for the
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fermentation inhibitors vanillin, syringaldehyde, and 4-hydroxybenzaldehyde,
respectively, of 98.6%, 98.15%, and 98.2%. Additionally, the biochar in their system
had a lower rate of lowering sugar adsorption (5.6%).

7.4.5 As a Promising Catalyst

The excellent thermal conductivity, meso-/microporous structure, and chemical and
thermal stability of ACs have made them the focus of research into their attributes.
The primary advantage of AC compared to alternative materials lies in the easy
availability of cost-effective source materials, facilitating the production of a diverse
range of AC catalysts. A lot of functional groups are present on the surface of AC,
which has a surface area of up to 1500 m*/g.

The elevated catalytic efficacy of AC is attributed to its acidic surface and
valuable surface characteristics, enabling its utilization as a catalyst support. The
O-surface functional groups act as sites for securing metallic substances, highlight-
ing AC’s attributes as a material for supporting catalysts. Lignocellulosic biomass
has been successfully hydrolysed and dehydrated using biochar-based catalysts
(Xiong et al. 2018). With the help of a charcoal catalyst, cellulose and hemicellulose
were hydrolysed, cleaving the glycosidic linkages in polysaccharides like glucan and
xylan to produce reducing sugars like glucose and xylose. By using a sulphonated
charcoal catalyst, these sugars can be further dehydrated to produce furfural and
HMEF. Biochar-based catalysts are less expensive, are easier to separate for reuse, and
have less environmental problems than enzymes or acids and bases (Sun et al. 2020).
It has also been widely used as an efficient catalyst in the manufacturing of biodiesel,
as well as for gas separation, solvent recovery, and wastewater treatment (Tavares
et al. 2022).

7.5 Conclusion

The fabrication and utilization of activated charcoal in bioethanol production present
a promising avenue towards enhancing the efficiency, sustainability, and economic
viability of the biofuel industry. Through a comprehensive exploration of the
properties, preparation methods, and applications of activated charcoal, it becomes
evident that this versatile adsorbent holds immense potential in addressing the
challenges associated with ethanol purification. Activated charcoal’s high surface
area, porosity, and selective adsorption capabilities make it a valuable tool for
removing impurities, colourants, and water from bioethanol-water mixtures. Its
regenerability adds a crucial dimension of sustainability, aligning with the principles
of circular economy and resource optimization. Moreover, the utilization of agricul-
tural residues, such as coconut shells, sawdust, or bamboo, as precursors for acti-
vated charcoal fabrication contributes to waste reduction and the valorization of
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otherwise underutilized materials. The integration of activated charcoal into
bioethanol production processes can lead to several positive outcomes. It can
enhance the overall ethanol yield by improving the purity of the final product,
minimizing energy-intensive distillation requirements, and reducing losses during
purification. Furthermore, activated charcoal’s potential to mitigate environmental
impacts through the adsorption of pollutants and its regenerable nature contribute to
a greener and more sustainable bioethanol industry. However, challenges persist,
such as optimizing activation parameters, tailoring activated charcoal properties to
specific feedstocks, and assessing the economic feasibility of large-scale production.
Furthermore, the broader adoption of activated charcoal in the industry requires
collaboration among researchers, policymakers, and stakeholders to ensure seamless
integration into existing production processes.

In conclusion, the fabrication of activated charcoal for bioethanol production
offers a transformative approach to address the purification challenges of bioethanol.
Its unique characteristics, renewable precursor materials, and versatile applications
underscore its potential to revolutionize the biofuel landscape. As the world seeks
sustainable energy alternatives, activated charcoal stands as a testament to the power
of innovation and resourcefulness in achieving a more environmentally conscious
and economically viable future.
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Bioethanol Production from Paddy Straw s
Lignocellulosic Waste
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Muhammad Khan, Alia Gul, Marcelo Franco, and Muhammad Irfan

Abstract A viable method for using trash as a source of waste management and
sustainable energy is the synthesis of bioethanol from lignocellulosic waste such as
paddy straw. Complex carbohydrates found in paddy straw, a common agricultural
waste product, may be processed into ethanol in a number of steps. An overview of
the generation of bioethanol from lignocellulosic waste using paddy straw is given in
this chapter. Pretreatment is the initial phase in the procedure, when the lignocellu-
losic structure of the paddy straw is broken down using methods like steam explo-
sion, acid hydrolysis, or alkaline treatment. The carbohydrate accessibility for later
enzymatic hydrolysis is improved by this pretreatment. Following enzymatic hydro-
lysis, enzymes like cellulases and hemicellulases convert the components of cellu-
lose and hemicellulose into fermentable sugars. The resulting sugar solution, which
comprises glucose, xylose, and other monomeric sugars, is then fermented. Saccha-
romyces cerevisiae, a common yeast strain, has the capacity to transform glucose
into ethanol. Generally speaking, the creation of bioethanol using lignocellulosic
waste from paddy straw offers a potential solution for the management of agricul-
tural leftover and the production of renewable fuels. Paddy straw has a lot of
potential as a feedstock for production of bioethanol; thus ongoing research is
working to make the processes more effective, save costs, and create new
technologies.
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8.1 Introduction

Rice straw (RS) is one of the lignocellulosic waste products that is widely dispersed
globally. Although it has a lower net yield than maize and wheat, rice is nonetheless
an important grain crop worldwide. In 2007, the globe produced about 650 million
tons of rice annually, according to FAO figures. According to Maiorella (1985),
1.1-1.5 kg of straw are generated for every kilogram of harvested grain. Across
650-975 million tons of RS are generated annually across the world; the bulk of this
material is discarded and utilized as cow fodder. Due to its high mineral content,
vulnerability to rice stem diseases, gradual topsoil deterioration, and sparse bulk
density, there are few options for disposing of RS. Despite the fact that it worsens air
pollution and endangers public health, field burning is now the main method used to
remove rice straw (Mussatto and Roberto 2004). Waste from the agriculture sector is
increasingly being used for energy-related purposes as the danger posed by climate
change to growth becomes more widely acknowledged. If true, using RS to meet our
energy demands in the future could prove to be a good decision. This chapter
provides a comprehensive review of the method for producing bioethanol that is
compatible with rice straw.

8.1.1 RS: Availability and Composition

In India, the Kharif harvest season results in a significant volume of rice straw waste
each year (Fig. 8.1). Planning how to use RS, either alone or in combination with
other biomasses, requires a thorough understanding of its chemical composition.
However, depending on the kind, season, climatic circumstances, and geographic
regions where rice is grown, the general makeup of this biomass may occasionally
change unfavorably. In addition to cellulose and hemicellulose, RS also includes
considerable amounts of lignin, silica, and other minerals. Chemically, the bulk of
RS is composed of 32% to 47% cellulose, 19% to 27% hemicellulose, and 5% to
24% lignin (Binod et al. 2010; Takkellapati et al. 2018). In order to provide the cell
wall of plants, a particularly strong structure of lignin is not found in plants as a
single molecule; rather, it forms a complex with phenolics, carbohydrates, and other
compounds. In terms of the carbohydrates present in its cell walls, the rice plant
nevertheless has great heterogeneity: —27% uronic acids, 63% lignin, 4% trans-
ferulic acid, 4% trans-p-coumaric acid, and —2% acetyl content (1%) (Lewis and
Yamamoto 1990).

RS has both esterified and etherified ferulic acid and p-coumaric acid in larger
amounts. Despite having lignified, hemicellulose, and cellulosic cell walls in addi-
tion to low content of nitrogen, RS includes a significant quantity of ash approxi-
mately 10% that has a high amount of silica (containing an estimated 75% SiO, and
less than 15% alkali content) (Saritha et al. 2013). Rice was among the earlier grain
crops that human cultivated. Nevertheless, the origins of rice, particularly the Oryza
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Fig. 8.1 Collected RS

sativa cultivation, are mainly linked to Asia (Callaway 2014). It is possible to contest
the origins of rice and the theory that it was domesticated in China by people of the
Yangtze River valley between 8000 and 10,000 BCE by recounting the words of
Dorian Fuller, a renowned archaeobotanist, “Asian civilization was established on
rice-on Oryza sativa, to be exact.” Some more modern kinds, however, might be
attributed to various periods and locations around the globe like O. indica,
O. glaberrima, and O. japonica. O. sativa, which originated in Asia, and
O. glaberrima, which originated in Africa, are the two widely produced and starkly
different types of rice. Although their domestication is highly debated, they have
widely cultivated varieties (Sweeney and McCouch 2007). Almost everywhere in
the world, rice is predominantly a significant edible, demonstrating its fundamental
significance in determining the past, present, and future of humanity. The high
productivity of rice and government incentives for farmers are projected to lead to
future increases in rice acreage as well. There will also be more RS available, which
can be processed using the right technologies to create biofuel, fertilizer, and other
value-added goods.
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8.1.2 Ethanol Fuel Production Potential of RS

The utilization of biomass-derived ethanol as a gasoline substitute is growing in
marketability. Unfortunately, the first generation of biofuels, bioethanol, which is
made from grains, has an unfavorable head-on conflict with the provision of food. A
change to a prevalent non-edible vegetative matter ought to help ease the strain on
the food crops. These plant components contain significant amounts of fermentable
sugar-producing hemicellulose and cellulose. Bacteria may use these carbohydrates
for fermentation to produce ethanol. RS is a suitable feedstock for ethanol produc-
tion due to a number of factors. These include large amounts of cellulose and
hemicellulose, which are quickly transformed into fermentable sugars. Hemicellu-
lose (19-27%), cellulose (3—47%), and lignin (5%) are straw’s primary chemical
constituents (Garrote et al. 2002; Maiorella 1983; Saha 2003; Zamora and Crispin
1995). While xylose takes from 14.8% to 20.2% of the total sugar content in
hemicellulose, pentoses predominate in this material (Maiorella 1983; Roberto
et al. 2003). Table 8.1 displays the theoretic production of bioethanol and carbohy-
drates from RS. The chemical makeup of the substrate has a considerable influence
on how well bioenergy is produced. The chemical properties of rice husk, wheat
straw, and RS are provided in the second table to highlight the unique variances in
feedstock. When compared to wheat straw, RS has a higher percentage of ash
(10-17% vs. 3%), and it has a higher silica concentration (75% vs. 55%, respec-
tively) (Zevenhoven 2000). RS has a somewhat lower overall alkali concentration
than wheat straw (K,0O and Na,O typically make around 15% of the total ash), which
frequently contains more than 25% alkali (Baxter et al. 1996).

The fractions of hemicellulose are presumed to be xylose polymers (Table 8.2).

Throughout the year and in different areas, straw quality varies greatly. Alkaline
and alkali chemicals are released from a straw in the field when it is subjected to
precipitation, raising the feedstock’s quality. Because of this, the recommended way
to use straw for making bioethanol relies on both its quality and availability.

8.1.3 RS’s Potential as a Green Biorefinery

As indicated in the introduction, traditionally, waste biomass produced during rice
processing was inflamed or utilized for fertilizing, flooring, and roofing, food for
animals, and some handiwork (Matsumura et al. 2005). Modernization, however,

Table 8.1 Theoretical RS

thanol vield and carboh Hemicellulose 19.7%

ethanol yield and carbohy-

drate breakdown Cellulose 38.6%
Theoretical ethanol yield (L/kg dry) 0.42
Theoretical ethanol yield (gal/MT dry) 110

Source: This information was taken from Zhu et al. (2005a,
2005b)’s Biomass Feedstock Composition and Property Database
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Table 8.2 The approximate | Wheat straw |RS Rice husk
composition of a few key ash

components of wheat straw,

Proximate analysis (% dry fuel)

rice husk, and straw (Jenkins Volatile matter 75.27 65.47 63.52

et al. 1998) Ash 7.02 18.67 20.26
Fixed carbon 17.71 15.86 16.22
Elemental composition of ash (%)
K,O 25.60 12.30 3.71
Na,O 1.71 0.96 0.21
CaO 6.14 3.01 321
MgO 1.06 1.75 <0.01
SiO, 55.32 74.67 91.42

has altered all of the concepts, and in recent years, reports of these leftovers as a
possible feedstock for biorefineries have been made. A biorefinery is a method for
effectively using biomass to create products with a marketable added value
(Abo-State et al. 2014). The concepts for biorefineries follow a sequential order.
The determination of the resulting compounds’ molecular makeup and the creation
of pathways for reactions for the maximal production of the required stock come
after the initial consideration of social demands and potential applications of the
products. The choice of appropriate feedstock for the production of the greatest
possible number of compounds is the most crucial phase in this process. Most
reported fine chemicals, biofuels, biopolymers, and organic acids come from bio-
mass feedstocks ample in carbohydrates (Abo-State et al. 2014; Matsumura et al.
2005; Song et al. 2012). Biomass pyrolysis is the process that is primarily utilized to
produce all types of fuels from these leftovers, including a liquid (bio-oil), a
combination of light gases (syngas), and a solid (bio-char) (Saritha et al. 2013). As
indicated in Fig. 8.2, RS can also be used to make various valuable goods, such as
alcohols (via microbial fermentation), enzymes, proteins, bioinsecticides,
biocomposites, hydrogen, coal, lactic acid, bio foam, biogas, furfurals, wood addi-
tives, and compost. The concentration and generation of these several final products,
however, are significantly impacted by the normal technique and its factors
(Abo-State et al. 2014).

According to reports (Abo-State et al. 2014; Saritha et al. 2013), RS was used in
biorefineries to create sustainable fuels, notably supplemental biofuels. Based on the
compositional section’s description that RS is mostly made of hemicellulose, lignin,
and cellulose, different types of biofuels can be created from this biomass.
According to a paper by Song et al. (2012), RS may be used to create biogas by
means of digestion (in absence of oxygen) process. The use of RS as a substrate for
bioenergy synthesis has increased in recent decades, and numerous researches have
been done since then to substantiate this assertion (Harun et al. 2022; Matsumura
et al. 2005; Song et al. 2012). The efficiency of RS as biomass for bioenergy
generation was examined by Dash et al. using the fungus Mucor circinelloides;
Takano and Hoshino (2018) employed RS as a raw material in another study to
produce ethanol. Rice waste’s potential as a preferred feedstock in biorefineries was
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assessed by Idris and Hashim (2021). Similar reports for composite creation from RS
can be found (Idris and Hashim 2021; Takano and Hoshino 2018). Harun et al.
(2022) emphasized the usefulness of RS in biorefineries in a recent study.

8.1.4 Sustainable Extraction of Straw

Because straw contains substantial nutrients, removing it from the field causes an
imbalance in the humus and depletes the solid nutrients (Singh et al. 2016).
According to Sheehan et al. (2003), straw removal from about 60% of the field
does not affect soil quality or productivity. Koga and Tajima (2011) investigated if
adding straw to the soil increased the amount of greenhouse gas emissions. Remov-
ing the straw from the field lowers the emissions of GHG.

8.2 [Ethanol as Bioenergy Resources

The bioenergy conceptualization is an eco-friendly high-technology that integrates
social, environmental, and economic concerns.

8.2.1 Bioethanol from RS

The most common method for reducing the straw’s intricate carbohydrate structure
to its basic form is enzymatic hydrolysis. However, a variety of elements such as
moisture content, cellulose crystallinity, degree of polymerization (DP), lignin
concentration, and accessible surface area limit the process (Laureano-Perez et al.
2005). So, pretreatment is crucial in the ethanol synthesis from straw process before
fermentation and enzymatic hydrolysis.

8.3 RS Pretreatment

Pretreatment techniques may be broadly classified as chemical (diluted acid, alkali,
organic solvents, and oxidizing agents,), physical (milling or grinding), physico-
chemical (autohydrolysis, wet oxidation, hydro thermolysis, and steam
pretreatment), biological, or a mixture of these (Fig. 8.3). Table 8.3 lists the specifics
of the conditions for pretreatment and how they affect the biomass.
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Fig. 8.3 Modes of pretreatment and different sources of lignocellulosic feedstock for bioethanol
production

8.3.1 Physical Pretreatment

Physical pretreatment involves milling, grinding, steaming, heating, irradiation, and
pressure that reduces the cellulose DP and crystallinity while expanding the pore size
and available surface area. According to Zhu et al. (2005a, 2005b), microwave
irradiation may alter the cellulose ultrastructure of cellulose, cause the breakdown
of hemicelluloses and lignin in lignocellulosic substances to break down, and make
them extra prone to enzymatic degradation (Abedinifar et al. 2009). According to
Hideno et al. (2009), wet disc milling performs better than ball milling in terms of
energy savings and glucose restoration.

8.3.2 Milling

By milling, the straw’s particle size is reduced, lowering the degree of polymeriza-
tion and increasing the amount of specific surface that is available (Chang and
Holtzapple 2000; Palmowski and Muller 1999). Elements including operational
expenses, capital expenses, scale-up potential, and equipment devaluation costs
are crucial for mechanical pretreatment. Based on the biomass type, length of
milling, the increase in shearing, and specific surface area are significant aspects
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Table 8.3 Bioethanol production pretreatment conditions for the RS
Conditions Xylan Glucan
followed for the | Advantages of recovery recovery
Reagents pretreatment pretreatment (%) (%) References
Pleurotus Using PI. Lignin removal |52 83 Taniguchi
ostreatus ostreatus, RS up to 41% et al.
with a 60% water (2005)
content was
pretreated for
60 days
Acid RS and sulfuric More than 90% | 4.7 57 Hsu et al.
acidina 1:10 xylan (2010)
mixture, with a solubilized
reaction time of
1-5 min at
160-180 °C and
a residence
period of 1 min
Alkali and Following the Increased lignin | 10.2 69.2 Zhu et al.
microwave application of and hemicellu- (2005a,
1% NaOH solu- | lose removal, as 2005b)
tion at a 1:8 solid | well as better
to liquid ratio for | hydrolytic
periods of 15 to | enzyme
2 h, the micro- accessibility
wave was oper-
ated ata
frequency of
2450 MHz and a
power setting of
700, 500, and
300 W,
respectively
Phanerochaete | On RS, Ph. RS spontane- 10.9 37.7 Bak et al.
chrysosporium | chrysosporium ously loses lig- (2009)
was grown for nin thanks to the
15 days on ligninolytic
response surface | enzyme that
method- white rot fungus
optimized generate
medium
Dilute acid After 20 h of Removal 0of 99% | 1 55 Abedinifar
hydrolysis soaking in 0.5% | of the hemicel- et al.
sulfuric acid at a | luloses is neces- (2009)

solid-liquid ratio
of 1:6.66, RS
was added to the
reactor, heated
with stream heat
for 1.5 min to
reach pressure of

sary for
enzymatic
hydrolysis

(continued)
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Conditions Xylan Glucan
followed for the | Advantages of recovery recovery
Reagents pretreatment pretreatment (%) (%) References
15 bar, and then
maintained at
this pressure for
10 min to allow
for hydrolysis to
occur
Alkali (calcium | For 1 h under There is no need | 81.5 95.2 Park et al.
capturing by 120 °C, combine | for a washing (2010)
carbonation) different step or a solid-
amounts of rice | liquid separation
and line with phase for the
water while solid part
maintaining a
solid to liquid
ratio of 1:20
Organosolv 75% (v/v) of RS | Pretreatment 22.4 62.3 Amiri et al.
was mixed with | with organosolv (2014)
aqueous ethanol | can be used to
at a solid-to-lig- | produce solvent
uid ratio of 1:8, from RS
with 1% (w/w) effectively
sulfuric acid
serving as the
catalyst. Treat-
ments were
conducted for
60 min at 180 °C
in a high-
pressure stain-
less-steel tank
Ionic liquids At a solid-liquid | The recovery 76 79 Nguyen
ratio of 1:20, rate for glucan et al.
ionic liquid was | and xylan is (2010)
combined with fairly high
RS before being
baked for 24 h at
130 °C
Alkali At a solid-liquid | Recovery rates 52 84 Nguyen
ratio of 1:10, RS | for glucan and et al.
was combined xylan are rela- (2010)
with 10% (v/v) tively high
ammonia solu-
tion and heated
to 100 °C for 6 h
Reagents Pretreatment Pretreatment Recovery | Recovery |References
conditions advantages of xylan of glucan
(%) (%)

(continued)
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Table 8.3 (continued)
Conditions Xylan Glucan
followed for the | Advantages of recovery recovery
Reagents pretreatment pretreatment (%) (%) References
Acid 10% (w/v) sub- Renders RS less | 10.8 50.7 Oberoi
strate concentra- | crystallin and et al.
tion of RS xylan-free, (2010)
subjected to 2% | improving its
(w/v) sulfuric suitability for
acid hydrolysis saccharification
under pressure
for 30 min at
132 °C
Alkali 10% (w/v) RSt Lignin 11.84 57.78 Oberoi
was autoclave- decreased by et al.
sterilized at 121 © | 47% and glucan (2012)
C for 30 min increased by
after being 50%
treated with
NaOH concen-
trations of 1-5%
(w/v) and incu-
bated at 40 °C for
an hour
Microwave 8% (w/v) RS was | Lignin 10.2 69.2 Zhu et al.
alkali microwaved for | decreased by (2005a,
30 min at 700 W | 76% because of 2005b)
after being pre- basic treatment
pared with 1% and changes in
NaOH aqueous the RS
solution for crystallinity
30 min under
boiling
conditions
Beam radiation | Employing Improve the — — Bak (2014)
accelerated elec- | enzymatic
trons from a lin- | digestibility
ear electron
accelerator to
ionize RS. The
straw spent the
entire night in
mineral water
before being
exposed to
radiation
Microwave A certain amount | Lignin removal | — — Gong et al.
organic acid of acetic acid ratio was (2010)
was combined 51.54%

with RS and
microwaved for
2—5 min at
100-700 W
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that, in addition to increasing the hydrolysis rate by a 5-25% increase in the total
lignocellulose production, also reduce the time for technical digestion by 23-59%
(Delgenés et al. 2002).

Wet disc milling is an applied and inexpensive preparation for the saccharifica-
tion of RS. It has been established that wet disc milling requires less energy than
other comparable procedures (Hideno et al. 2009). Comparing ball milling to
pretreatment by a steam explosion in wheat straw, ball milling is thought to be a
more efficient pretreatment with a higher yield of glucose and carbohydrates.

8.3.3 High-Energy Irradiation

Several reports demonstrated that this procedure enhances accessibility to the crys-
talline portions of cellulose by increasing lignocellulose’s crystallinity and lowering
the polymerization degree (Bouchard et al. 2006) (Stepanik et al. 1998). As noted,
pretreatment with electron beam treatment enhances the hydrolysis of RS by
enzymes (Bak et al. 2009). To physically prepare milled, dry RS, Jin et al. (2009)
used a linear electron accelerator to produce accelerated electrons in an electron
beam irradiation. Using enzymes, RS that had been exposed to a beam of electrons
and unprocessed RS generated 22.6% glucose yields and 52.1%, respectively, after
being enzymatically hydrolyzed for 132 h. Water-soaked RS was exposed to irradi-
ation by electron beam, according to a report by Bak (2014). When RS that had been
bathed in aqueous ammonia was exposed to proton beam irradiation, glucose
conversion was increased by up to 90%.

8.3.4 Microwave Pretreatment

In addition to altering the cellulose ultrastructure and hemicelluloses and lignin,
microwave radiation may also make RS more susceptible to enzymatic degradation
(Kitchaiya et al. 2003; Xiong et al. 2000). Its processing with alkali and microwave
together has an effect on loss of weight (41.5-44.6%), due to hemicellulose and
lignin elimination. Compared to an alkali-only hydrolysate, one produced using a
microwave and an alkali had a greater rate of hydrolysis and a higher concentration
of glucose (Zhu et al. 2005a, 2005b).

Likewise, Zhu et al. (2006) observed that using a microwave to treat wheat straw
that had already been alkali pretreated increased the yield and ethanol content. The
effect of alkali pretreatment by microwave on wheat straw was investigated for the
ability to release saccharides and lignin. The solid wheat straw could have lignin
(>90%) and hemicellulose (80%) removed from it without significant saccharide
degrading or significant cellulose solubilization (Janker-Obermeier et al. 2012;
Singh and Bishnoi 2012).
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8.3.5 Pretreatments Using Chemicals

Acids, alkali, peroxides ionic liquid (IL), and organic acid pretreatment methods for
biomass are typically combined with physical procedures including steam explo-
sions, sulfur dioxide explosions, and ammonia fiber explosions (AFEX) (Badiei
et al. 2014). According to Silverstein et al. (2007), RS hydrothermal or acid
pretreatment resulted in more solubilization of hemicellulose and cellulose
(Fig. 8.4).

8.3.6 Alkali Pretreatment

The amount of lignin was reduced by 36% after chopped RS was pretreated with
alkali (20% solids and 2% NaOH loading for 1 h at 85 °C) (Zhang and Cai 2008).
The split microfibrils improved the RS’s exterior surface area and porosity, which
made hydrolysis by enzymes easier (Tarkov and Feist 1969). According to Cheng
et al. (2010), the ideal temperature for the reaction of RS pretreatment with NaOH
and lime to remove about 23% to 27% lignin is 95 and 55 °C.

Wheat straw can be effectively pretreated by alkaline wet oxidation with Na,CO3,
which yields solid fractions with 96% cellulose recovery (96%) and a 67% conver-
sion rate to glucose by enzymes (Klinke et al. 2002). The complete procedure took
place at a low chemical concentration (0.2-0.5%) and low temperature (25-40 °C),
which led to lesser waste liquor production and comparatively inexpensive chemical
costs. Following the two pretreatments, 90% of the cellulose that was originally
present was recovered and lignin degraded by 81% (Curreli et al. 1997).
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8.3.7 Ammonia Treatment

Ammonia has strong specificity for lignin reactions that cleave C-O-C bonds and
ester and ether linkages in the complex of lignin and carbohydrate, rendering it a
useful reagent for swelling of lignocellulosic materials (Kim and Lee 2007). Ammo-
nia recycling percolation, a flow-through method, was created for pretreatment. A
biomass bed kept at 170 °C is used for pumping ammonia during this operation.
Using this method, it is possible to get up to delignification of 85% and a nearly
theoretical yield of 75% of glucose during hydrolysis by enzymes (Drapcho et al.
2008). The majority of the samples’ glucan and xylan were preserved by the
pretreatment method, which involved immersing the samples in aqueous ammonia
at temperatures between 40 and 90 °C for prolonged reaction times (Kim and Lee
2007; Kim et al. 2008). The highest enzymatic digestibility (71.1%) was obtained
after pretreating RS with an aqueous ammonia solution (21% (w/w)) at medium
temperatures of 69 °C for 10 h. One method to make xylitol and ethanol is by the
following fermentation of hydrolysate from ammonia-treated RS (Swain and
Chandraraj 2015).

Anhydrous ammonia is used in the AFEX procedure. No carbohydrate fraction is
lost during this treatment, and there is no requirement to modify the pH (Ko et al.
2009). Biomass treated by AFEX generates up to 80% xylose theoretical yield and
up to 90% theoretical yield of glucose when it is hydrolyzed using an enzyme.
According to reports, AFEX is a successful pretreatment method for RS because
pretreatment produced a loss of sugar of only 3% (Zhong et al. 2009). Ferrer et al.
(1997) used an ammonia reactor unit of laboratory scale that consisted of a 4-L
reactor together with the necessary additional apparatus to pretreat RS using a
procedure named ammonia depressurization and pressurization. The amount of
sugar production increased significantly as a result of pretreatment and enzymatic
hydrolysis.

8.3.8 Acid Pretreatment

Because the technique cannot remove lignin and produces little sugar, there is a
dearth of studies on the subject of hydrolysis by dilute acid of RS (Sumphanwanich
et al. 2008). Wheat straw that has been pretreated with a weak acid (0.75%) yields
better enzymatic saccharification. Enzyme detoxification and wheat straw hydroly-
sate treated with acid by over-liming decreased the time of fermentation to 39 h from
118 h in the case of SHF (pH 6.5, 35 °C), and as for SSF (pH 6.0, 35 °C), the yield of
ethanol increased from to 17 g/L from 13 g/L and time of fermentation declined to
112 h from 136 h (Saha et al. 2005). Because it contains more cellulose than steam-
exploded wheat straw alone does, it is a viable staple for ethanol manufacturing
(Zabihi et al. 2010). By adjusting the period of pretreatment, temperature, and maleic
acid concentration, Kootstra et al. (2009) stated the effects of wheat straw
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pretreatment with diluted maleic acid. The amount of furfural that formed was
constrained, and almost all of it was converted to glucan and xylan through subse-
quent enzymatic hydrolysis. Wheat straws can be pretreated with diluted maleic or
fumaric acid as a substitute for diluted sulfuric acid (Kootstra et al. 2009).

8.3.9 Oxidizing Agent Pretreatment

It is referred to as oxidative pretreatment when oxidizing compounds like peracetic
acid or hydrogen peroxide are introduced to the biomass during specific pretreatment
processes. Hemicellulose and lignin are removed during the pretreatment to make
the cellulose more accessible. During oxidative pretreatment, significant events such
electrophilic substitution, breaking of alkyl aryl ether linkages, side chain displace-
ment, or oxidative cleavage of aromatic nuclei occur (Hon and Shiraishi 2001). The
lignocellulosic matrix was loosened, and lignin was solubilized, increasing the
enzyme digestibility despite no obvious alterations to the structure of the highly
polymerized cellulose (Martel and Gould 1990). To describe how the lignocellulosic
structure of straw has changed, Wei and Cheng (1985) examined fluctuations in
accessibility for cadoxen solvent, the concentration of lignin, loss of weight, crys-
tallinity of straw, and water-holding capacity. In comparison to untreated straw,
pretreatment for 5 h at 60 °C in a 1% (w/w) solution of H,O, and NaOH caused
delignification by 60%, weight loss by 40%, a rise in Cadoxen accessibility by about
five times, a rise in water-holding capacity by 11%, and just a modest drop in
crystallinity. There are reports of using acetic acid to pretreat RS (Taniguchi et al.
1982). The cellulose’s crystallinity in the straw had little to no degradation as a result
of the acetic acid treatments. After treatment with 20% peracetic acid, the percentage
of solubilization by enzymes in relation to the quantity of leftover straw was 42%.
Alkaline peroxide pretreatment increased the number of monomeric sugars of wheat
straw generated during hydrolysis by enzymes (8.6% (w/v)) (Saha and Cotta 2006).
According to Jahan et al. (2006), RS was pretreated with either acetic acid or formic
acid. Maximum pentosan dissolution was seen in an 80 °C, 0.6% H,SO, catalyst,
and 80% acetic acid solution for 120 min. Pentosan was broken down by acetic acid
slower than by formate.

8.3.10 Organosoly Pretreatment

Delignification and hemicellulose removal are mostly handled by organosolv
pretreatment, leaving a residue rich in cellulose that increases hydrolysis by enzymes
at higher rates. Although the effect of organosolv pretreatment on cellulose’s
crystallinity is unknown, it has been shown that the kind of organic solvent used,
as well as its concentration and temperature, all have a substantial impact on how
much cellulose expands (Koo et al. 2011). To fraction the various components of
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biomass, the organosolv method utilizes heated organic solvents, like ethanol, that
have an acidic pH. Organsolov pretreatment did not require the addition of any
acidic material when carried out at high temperatures (185-210 °C) (Sun and Cheng
2002). RS was pulped using ethylene glycol and diethylene glycol combined with
atmospheric pressure (Xuebing et al. 2009). Moreover, the breakdown of carbohy-
drates into undesirable furfural and hydroxymethylfurfural was decreased by a mild
pretreatment temperature, pressure, and pH condition (Sun and Cheng 2002). Wheat
straw was able to produce rational enzymatic hydrolysis products of the wet sub-
strate (75%) and dried substrate (63%) thanks to the autocatalytic organosolv
pretreatment-crude glycerol. The reasons for the low yield of enzymatic hydrolysis
of dry pretreatment wheat straw were lignin-carbohydrate complex and/or lignin
recondensation (Sun and Chen 2008a, 2008b). Based on the yield of fermentable
sugar, Sindhu et al. (2010) indicated that RS pretreated with acetone can serve as a
good source of raw materials for the manufacturing of bioethanol.

8.3.11 Pretreatment with Ionic Liquid

ILs are molten salts that contain organic or inorganic anions or organic cations.
Because of their lack of flammability, high thermal and chemical stability, and low
vapor pressure, ionic liquids were once regarded as “eco-friendly” (Hallett and
Welton 2011). The lignocellulosic biomass undergoes considerable cellulose
decrystallization and/or extensive lignin extraction during the IL pretreatment,
which enhances the succeeding breakdown by enzymes (Lee et al. 2009). For
biomass pretreatment, attempts to produce novel ILs from biomaterials that are
renewable and natural have been made (Zhang et al. 2012). It is seen that the ionic
liquid anions are primarily responsible for the breakdown of lignocellulose and
cellulose (Wang et al. 2012). There has been less research on ILs that dissolve the
lignin and the impact of structures of IL on lignin dissoluteness than there has been
on cellulose-dissolving ILs (Hossain and Aldous 2012). Using glucose and
pinoresinol as models for cellulose and lignin, respectively, Casas et al. (2012)
investigated the cellulose and lignin dissolution in ionic liquids through simulation
by computer and discovered that, similar to the dissolution of cellulose in ILs, the
anion is crucial to the lignin dissolution process.

Pretreatment of RS with an ionic liquid, 1-ethyl-3-methylimidazolium acetate
([Emim][OAc]) before enzymatic hydrolysis, and yield of glucose was dramatically
enhanced, going to more than 75% for the treated straw from 25.7% for the untreated
straw, according to Poornejad et al. (2014). Similarly, cholinium lysine IL
pretreatment considerably expanded the pore volume and surface area, which greatly
increased the availability of polysaccharides to enzymes and improved the digestion
of polysaccharides. Enzymatic hydrolysis of pretreated RS produced sugar yields of
48% for xylose and 81% for glucose. The hemicellulose and cellulose-rich fractions
produced by pretreating wheat straw with 1-ethyl-3-methylimidazolium acetate
([Emim] [CH3COQ]) fully disintegrated biomass further demonstrated the extremely
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high degradability of the samples of cellulose and confirmed that the improved
pretreatment technique produced a high glucose yield (da Costa Lopes et al. 2013).

8.3.12 Pretreatment by Biological Methods

White-rot fungi like Phlebia subserialis, Ceriporiopsis subvermispora, Pleurotus
ostreatus, and Phanerochaete chrysosporium may metabolize lignin (Keller et al.
2003; Taniguchi et al. 2005). Many actinomycetes generate the enzymes required for
the lignocellulose to be broken down in a manner similar to this. According to Zhang
et al. (2016), RS was physiologically pretreated using Streptomyces griseorubens
JSD-1. The St. griseorubens JSD-1 cellulolytic enzyme favored the conversion of
cellulose to reducing sugars after 10 days of incubation, leading to an ideal sacchar-
ification efficiency of 88.13%. According to a 2011 article by Zeng et al., the
addition of inorganic salts to wheat straw solid-state fermentation greatly increased
the rate of biomass breakdown in Ph. chrysosporium. The digestibility of wheat
straw peaked in 21 days after a subsequent pretreatment with ligninolytic fungus
(Irpex lacteus and Pleurotus eryngii) after a moderate alkali treatment (Lopez-
Abelairas et al. 2013). For wheat straw pretreatment, five different fungi were
identified by screening (Patel et al. 2006). The maximum yields of ethanol and
total sugars were attained after Aspergillus awamori and Aspergillus niger
pretreatment.

8.3.13 Combined Pretreatment

According to Kun et al. (2009), the processing of RS by alkaline material with the
aid of photocatalysis effectively altered the material’s physical characteristics and
microstructure while lowering its lignin level. While the RS treatment with alkali
with H,O, exclusion favored the dissolution of the hemicelluloses with small
molecular size, which are derived from a-glucan and rich in glucose, the second-
stage treatment with alkaline peroxide improved the disintegration of xylose-rich
hemicelluloses with large molecular size (Sun et al. 2002). Kim et al. (2013)
described a two-step method of pretreatment of RS for the generation of fermentable
sugar using aqueous ammonia and diluted sulfuric acid. The processing of RS with
diluted aqueous ammonia and sulfuric acid resulted in fermentable sugar with a
crystallinity index that was almost identical to that of cellulose. According to Zhu
et al. (2006), RSs may be microwave processed in a number of methods to get rid of
lignin and hemicelluloses. The effects of ILs and ultrasonic irradiation for pretreating
RS under various ways were explored by Yang and Fang (2014). The greatest
enzymatic efficiency among the hydrolyzed RS samples was achieved by ILs and
ultrasonic pretreatment. Jin and Chen (2006) looked at how RS would react to steam
explosion, ultrafine grinding, and enzymatic hydrolysis. Low-severity steam
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explosion and superfine grinding were combined for RS treatment in order to speed
up the grinding process, save energy costs, avoid inhibitors, and boost enzymatic
hydrolysis. To minimize excessive hemicellulose degradation and the generation of
by-products from lignin and sugars, superfine grinding was done after the explosion
of RS with steam at a minimal Ro (steam explosion severity factor). It revealed
discrepancies between the residue of RS exploded with steam and steam exploded
superfine ground RS product in terms of chemical compositions, enzymatic hydro-
lysis, properties of fiber, and contents of the cell.

8.4 Enzymatic Hydrolysis

The second stage in the generation of ethanol process from lignocellulosic sub-
stances is enzymatic hydrolysis. The cellulolytic enzyme is used to cleave the
hemicellulose and cellulose polymers (Zhang and Lynd 2004). While cellulose
normally only includes glucans, hemicellulose is made up of polymers of many
sugars, including glucan, xylan, galactan, arabinan, and mannan. As a result, glucose
is the main by-product of cellulose hydrolysis, while hemicellulose generates a
variety of pentoses and hexoses (Taherzadeh and Niklasson 2004). However, the
increased lignin concentration reduces yield and hydrolysis rate, restricts enzyme
accessibility, and inhibits end products. Lignin, cellobiose, and glucose all work well
to block cellulases (Knauf and Moniruzzaman 2004). Enzymatic hydrolysis of
hemicellulose often takes place under mild conditions, such as a lengthy retention
time and low pressure. After 48 h of enzyme hydrolysis, straw pretreatment with
diluted sulfuric acid had a sugar yield of 0.72 g/g, which was higher than that of
steam-pretreated straw (0.46 g/g) and treated straw (0.60 g/g) (Abedinifar et al.
2009). Aderemi et al.’s (2008) research looked at the kinetics of A. niger’s synthesis
of glucose from RS. The research demonstrated that cell loading, substrate concen-
tration, and RS pretreatment all had an impact on the rate and volume of glucose
production. In contrast, RS treated with ammonia had an increase in monomeric
sugars from 11% to 61% when compared to RS that hadn’t been treated (Kun et al.
2009). Alkali was used to photocatalyze the hydrolysis of RS, and the enzyme
approach produced 2.56 times more hydrolysis than the alkali method did
(Sulbaran-de-Ferrer et al. 2003). Using a combination of enzymes, such as
pectinases, xylanases, and cellulase rather than only cellulase, improves the effi-
ciency of hydrolyzing lignocellulose biomass (Sulbaran-de-Ferrer et al. 2003).
After being enzymatically hydrolyzed for 12 h, the reducing sugars yield from
wheat straw pretreatment reached 54.8% with these ILs at 130 °C for 30 min. After
48 h, the pretreated wheat straw with ambient aqueous glycerol autocatalytic
organosolv showed a hydrolysis yield of above 90%. By eliminating the chemical
barrier and changing the physical structural hindrance, this approach improved the
saccharification of biomass containing lignocellulose (Sun and Cheng 2002).
According to Zhu et al. (2006), microwave-assisted alkali pretreatment accelerated
the rate of enzymatic hydrolysis as well as the amount of lignin and hemicellulose
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extracted from wheat straw. Nevertheless, the results of the second study revealed
that physically crushing and irradiating wheat straw before pretreatment both
enhanced saccharification (Yang et al. 2008).

8.5 Fermentation

An important measure in the manufacture of bioethanol is fermentation, which
results in the direct generation of ethanol from the metabolism by the fermenting
agent. Due to the complicated nature of the lignocellulosic hydrolysate, the proce-
dure of fermentation is particularly crucial (Fig. 8.5, 8.6). Inhibitors, pentose, and
hexose sugar created throughout the pretreatment of biomass make up the majority
of the hydrolysate’s chemical makeup. Hexose sugars can be easily fermented with
ordinary yeast. Nevertheless, in order to use pentose sugar, a particular fermentation
agent (yeast or bacteria) must be present, depending on how well it can digest
pentose sugar. Theoretically, 0.51 kg of ethanol and 0.49 kg of carbon dioxide can
be produced for every kilogram of glucose and xylose (Hamelinck et al. 2005).
Temperature and a certain pH range are necessary for the bacteria employed in
fermentation (Demirbas 2004). Since most fermentation agents are mesophilic
organisms, they thrive in temperatures between 30 and 35 °C (Hettenhaus 1998).

Biomass Acid
Steam

First stage acid Air Drying \,| First-Stage Hydrolysis
impregnation

| Flash Tank |

!

‘| pH adjustment and cooling | <\| Countercurrent Extractor |<_\ Water

l Washed Solids

Second-stage acid impregnation Acid

# x

Air Drying

|

| Second-stage Hydrolysis |<\Steam

\—‘ pH adjustment and cooling | «— | Flash Tank |

Fig. 8.5 Schematic flow diagram of the NREL’s two-stage dilute sulfuric acid pretreatment process
(Source: Drapcho et al. (2008)
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pH values between 6.5 and 7.5 are normally required for fermentation germs to
support growth (Aminifarshidmehr 1996). In comparison to bacteria, environments
with a pH range of 3.5 to 5.0 are suitable for fungi to thrive in (Balat et al. 2008). The
pace of tolerance to inhibitors, microbial growth and genetic stability, alcohol,
osmosis, ethanol yield, and productivity are additional elements that are crucial to
the fermentation process (Demirbas 2004). Many bacteria have been found that are
suitable as fermentation microorganisms. Often employed as a fermenting bacte-
rium, Zymomonas mobilis produces ethanol from glucose, sucrose, and fructose.
Hexose sugars are naturally consumed by Saccharomyces cerevisiae, just like
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Z. mobilis (e.g., glucose, fructose). Even though they are the most commonly used
microorganisms, neither S. cerevisiae nor Z. mobilis can ferment pentose carbohy-
drates. The capacity of Pachysolen tannophilus, Pichia stipitis, and Candida
shehatae for metabolization of xylose, a pentose sugar, is well-known. Several
studies seek to genetically alter the behavior and function of bacteria and yeast
due to their limitations as natural organisms. It is possible to give yeasts the ability to
ferment additional sugar types through metabolic engineering. According to Buaban
et al. (2010), after hydrolyzed sugarcane bagasse was fermented with engineered Pi.
stipitis BCC15191 for 24 h acting as the medium for fermentation, 8.4 g/L of ethanol
was produced. According to the study, the natural Pi. stipitis only had the ability to
ferment xylose sugar, whereas the engineered Pi. stipitis BCC15191 had the capa-
bility to ferment glucose and xylose. Table 8.4 contains a list of the modified
microorganisms used to increase ethanol output (Aditiya et al. 2016).

8.5.1 Separate Hydrolysis and Fermentation

This method provides a number of processing benefits. It allows fermentation
enzymes to work at elevated temperatures for better execution while allowing
fermenting organisms to work at mild temperatures, increasing sugar usage
(Wingren et al. 2003).

8.5.2 Simultaneous Saccharification and Fermentation

Since the inhibitors for hydrolysis are removed by fermentation, SSF is said to
produce a greater ethanol output, because of which this strategy is more appealing
(Gupta and Verma 2015; Sun and Chen 2008a, 2008b). Watanabe et al. (2012) used
the SSF method to extract ethanol from RS fronds, and it produced 38 g/L of ethanol
or roughly 84.7% of the expected produce. Controlling the solution environment is
difficult, though, because enzymes and microorganisms can only be used at the
preferred temperature and pH. Although those conditions jeopardize the viability of
microorganisms, most enzymes can still be made acceptable in mildly acidic envi-
ronments (pH 5), and they can withstand temperatures of greater than 31 °C (Huang
et al. 2005).

8.5.3 Simultaneous Saccharification and Co-fermentation

Although fermentation and hydrolysis occur simultaneously in the SSF process, the
primary target for fermentation is hexose sugar, while pentose sugar is left unaf-
fected. With the help of the SSCF method, mixed-culture microorganisms can begin
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Table 8.4 List of engineered microorganisms used in bioethanol production improvement (Aditiya

et al. 2016)

Employed Microorganism

microorganism type Ethanol yield Features

C. shehatae NCL3501 Yeast Immobilized cells pro- | Ferment xylose and

duced 0.5 g/g of sugar | glucose together
while autohydrolysis

produced 0.45 g/g of

sugar

Clostridium Bacterium 0.8 g/lL Increased ethanol

thermocellum DSM1313 production

Cl. thermocellum YDO1 | Bacterium 1.33 mol-ethanol/mole- | Improved ethanol

glucose equivalents, or | generation
3.0 times more than the
wild type
Cl. thermocellum YDO2 | Bacterium 1.28 mol-ethanol/mole- | Improved ethanol
glucose equivalent or generation
three times as much as
the wild type
Escherichia coli KO11 Bacterium After a 48-h fermenta- | Ferment glucose and
tion, 31.5 g/L, or xylose
potentially 91.5%

E. coli FBR5 Bacterium 2.25% (wiv) The process of
fermenting arabinose
and xylose was
bio-abated by
Coniochaeta ligniaria
NRRL30616

Pi. stipitis A Yeast 0.4 g of product per Bacterium concentra-

gram of substrate tion rose after it was
hydrolyzed

Pi. stipitis NRRL Y-7124 | Yeast 0.3 g of product per Adapted at increasing

gram of substrate concentration in
hydrolysate

Pi. stipitis BCC15191 Yeast 8.4 g/L after a 24-h Ferment glucose and

fermentation xylose

S. cerevisiae D5a Yeast 0.58% (w/v) or 100% Enhanced yield of

theoretical yield ethanol

S. cerevisiae RWB217 Yeast 0.43 g/g of sugars Ferment xylose and
glucose

Z. mobilis ZM4(pZB5) Bacterium 28 g/L with the addition | Ferment glucose and

with 5 g/L yeast extract | xylose

Z. mobilis AX101 Bacterium In the absence of acetic | Ferment glucose,

acid, 3.54 g/L/h; in the | arabinose, and xylose
presence of acetic acid,
1.17 g/L/h

Thermoanaerobacterium | Bacterium 37 g/l Ethanol with a higher

saccharolyticum ALK2 yield that can also fer-
ment mannose, glu-
cose, arabinose, and
xylose

Thermoanaerobacter Bacterium 0.39-0.42 g/g sugars Enhanced yield of

mathranii BG1L1

ethanol
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a continuous process without sugar separation and can use a variety of materials as
substrates without having to sterilize them (Kleerebezem and van Loosdrecht 2007).
For the manufacture of ethanol from wheat straw, RS, and other biomass, the SSCF
process has been successfully tested (Moreno et al. 2013). According to Moreno
et al. (2013), 20% solid loading of wheat straw which was laccase-mediated and
pretreated with acid resulted in 22 g/L ethanol. Olofsson et al. (2010) stated a 35 g/LL
concentration of ethanol from wheat straw that had undergone steam pretreatment
and an 11% solid loading. RS that had been mechanically milled and hydrothermally
processed yielded ethanol (52 g/L) from solid loading (25%) in the SSCF (Sasaki
et al. 2015).

8.6 Consolidated Bioprocessing (CBP)

CBP is one more alternative method. This method uses a cocktail of microbes to
accomplish self-cellulase synthesis, substrate hydrolysis, and pentose and hexose
fermentation all in one reactor for producing ethanol from cellulosic materials (van
Zyl et al. 2007), comparing CBP to SSCFF and SSF.

The advantages of the approach include cheaper manufacturing costs due to fewer
processes and no additional enzyme purchases, improved conversion efficiency, and
less energy consumption for the manufacturing system (Carere et al. 2008).
Although the use of specific microbes in the CBP approach has been described in
various studies, it is uncommon for wild types of bacteria to do so. A recognized
cellulolytic fungus, Trichoderma reesei, secretes cellulases for the breakdown of
biomass cellulose (Xu et al. 2009). Moreover, a number of fungi, including Fusar-
ium oxysporum, Paecilomyces sp., Clostridium thermocellum, and Neurospora
crassa, are supposed to be useful for consolidate bioprocessing (Sarkar et al.
2012). Unfortunately, a slow ethanol conversion rate and a very low yield of ethanol
are obstacles to the development of the CBP approach (Xu et al. 2009).

The only two categories into which the routes of modification in CBP may be
classified are:

1. Changing cellulolytic microbe strains (cellulase producers) to also create ethanol
(ethanologen). The potential of various fungi for this strain kind of change was
described by Amore and Faraco (2012). These include Aspergillus species (pri-
marily Aspergillus niger, Aspergillus sojae, Aspergillus terreus, and Aspergillus
oryzae), T. reesei, Rhizopus species (R. koji, R. oryzae, and R. stolonifer), and
F. oxysporum

2. Changing the genes of innately ethanol-producing bacteria to provide them with
cellulolytic abilities. Klebsiella oxytoca, Z. mobilis, and Escherichia coli are only
a few of the bacteria that have reportedly undergone modification. Yeasts
transformed include P. tannophilus, C. shehatae, Pi. stipitis, and S. cerevisiae
(Aditiya et al. 2016).
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8.7 Analysis of RS Biorefinery’s Bioeconomy

It is commonly acknowledged that waste biomass is a valuable supply that, when
used well to develop the bio-based economy, could significantly replace petroleum
feedstock. To fully analyze the rice-straw-based biorefineries value chain, it is
essential to identify the researched system and its boundaries. The bulk of
biorefineries based on biomass mainly focus on producing ethanol and other
second-generation biofuels.

A biorefinery concept, on the other hand, is under development to boost sustain-
ability and bio-economics by creating all conceivable useful goods from readily
available waste biomass (Ranganathan 2022). The five steps for a biorefinery using
RS separate fermentation and co-fermentation, liquefaction of lignin, synthesis of
compounds from lignin, and the production of furfurals from hemicellulose are all
processes carried out in a biorefinery. Furfurals are produced via separate fermenta-
tion and biochemical synthesis of hydrolyzed sugars. The separate hydrolysis and
fermentation are useful for synthesizing of chemicals from cellulose (Bhatnagar et al.
2022; Harun et al. 2022). Co-fermentation has reportedly been shown to reduce a
biofuel biorefinery’s overall production cost (Demichelis et al. 2020). During bio-
mass processing, the creation of co-products lowers expenses and improves the
environmental friendliness of the procedure. Similar research revealed that the
price of the entire process is reduced when bioethanol is produced with other
chemical wastes. High-value compounds including ferulic acid, acetic acid, cate-
chol, acetaldehyde, phenols, formic acid, and others are produced by this process
(Bbosa et al. 2018). According to earlier studies by Jarunglumlert and Prommuak
(2021) on techno-economics, co-production strategies help bring down the mini-
mum sale cost of bioethanol close to market value, suggesting the likelihood of
industrializing generation of bioethanol as a crucial alternative to fossil fuels.
Although the RS burning in open fields harms the environment, it may also be
used to make important goods like biocoal, which is used in power plants to generate
bioelectricity. At first, RS was utilized to produce bioethanol, but this idea fell short
of being a sustainable and economical biorefinery. Instead of using it for only one
product, RS should be channeled to several products (Zhou et al. 2021). A cost-
effective no-waste RS biorefinery can therefore be developed by extrapolating from
the available literature that technology developments can help reduce overall
processing costs, provide high-value co-products, and ease environmental con-
straints. By establishing a waste biomass-based bioeconomy and producing a
range of goods, we can manage waste, create wealth, protect the environment, and
open up several opportunities for jobs.

8.8 The Difficulties with Biorefining RS

Researchers have offered a variety of environmentally responsible and sustainable
methods for turning RS waste into beneficial goods through green biorefinery (Jusoh
et al. 2013; Ma et al. 2022; Saritha et al. 2013; Sweeney and McCouch 2007). Yet,
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some GHGs that can be turned into commercial CNG are still stimulated and
worsened during the processing of biomass employing recent technical
advancements:

1.

The chemical and thermal processing of RS results in significant volumes of ash
and caustic alkali metals. Moreover, the production of slag in the combustion has
the potential to damage boilers and heaters, impairing their overall performance.
However, this issue can be resolved, and the expense of the process can be made
up by using this slag and ash as cementing material (Bhatia et al. 2021; Zaky et al.
2008).

. As insects destroy the straw and alter the raw material quality, the harvesting time

also influences the distinctive composition of the raw material. To procure high-
quality biochemicals and value-added products, and to ensure that the material
used for different technological procedures has a similar chemical makeup, this
issue can be overcome by establishing a suitable structure for harvesting on time
(Saritha et al. 2013).

. The ongoing usage of chemical fertilizers has an impact on the RS’s ingredient

composition as well. Fertilizers, biofertilizers, and organic manure can be used in
place of RS compost to increase the RS and crop quality, cut back on the usage of
pricey chemical fertilizers, provide humus to the soil, and prevent pest-and insect-
borne diseases (Abo-State et al. 2014; Aysu and Kucuk 2014).

. Thirty to forty percent of the overall production cost is made up of the raw

materials and their logistics value chain. To lower logistics costs, a method must
be designed for the appropriate collection, processing (chopping, drying), and
raw material transportation. According to earlier researchers, the feedstock needs
to be compressed into minor pallets that can be shipped readily and can aid in
minimizing costs for a feasible biorefinery (Azadi et al. 2013).

. Drying is a crucial component of biomass processing in biorefineries, particularly

when bioenergy is being extracted from biomass. Yet, it may be advantageous to
eliminate the moisture content at a reduced cost by using solar radiation and its
associated natural renewable technologies. Transportation, time, and other logis-
tics expenses can be decreased when raw materials are transported after drying
(Erdocia et al. 2014).

. For RS, using compositional extraction techniques employing ultra-critical (CO;)

processes and other clean technologies comes at a high commercial cost. To
sustainably control the total expenditures of this green biorefinery, these technol-
ogies will, however, result in compositional fractions that are superior in quantity
and quality. Further, using cutting-edge biorefinery methods and scientific inter-
ventions, these fractions can be converted into any feasible goods.

8.9 Conclusion

In conclusion, the production of bioethanol from lignocellulosic waste derived from
paddy straw presents a sustainable approach to the provision of renewable energy
and trash management. Through improvements in pretreatment techniques, enzyme
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technologies, and fermentation techniques, ongoing research seeks to optimize the
bioethanol production process, increase efficiency, and lower prices. Paddy straw
lignocellulosic waste may be used to produce bioethanol, which not only suggests a
different energy source but also lowers greenhouse gas emissions and lessens
agricultural waste. The discovery and application of this technology might open
up new doors for rural areas, fostering economic development and job creation. In
general, producing bioethanol from lignocellulosic waste like paddy straw is a
realistic and ecologically responsible way to tackle our current energy and waste
management problems.
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Abstract Oryza sativa commonly called as rice is a second major cereal crop after
wheat and is thought to be originated from Asian regions that contribute about 90%
of its total global production. Besides feeding populations around globe, it is also
producing significant amount of lignocellulosic waste consisting of 28—45% cellu-
lose, 12-32% hemicellulose, and 5-24% lignin along with some other biochemical
constituents. Lack of management and awareness among crop producers leads to the
open field burning of heaps of paddy straw that is of huge environmental concern,
causing air, soil, and water pollution in nearby areas. However, the advent of new
biological and technological techniques has led to the efficient in situ and ex situ
management of paddy straw. The biotechnological approaches using
lignocellulolytic microbes in both solid-state and submerged fermentation condi-
tions to produce important hydrolytic enzymes using paddy straw as a biochemically
rich lignocellulosic waste are gaining much attention.
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9.1 Introduction

Rice crop commonly called as paddy is actually a grass (Gramineae) and a member
of genus Oryza. The rice varieties Oryza sativa and Oryza glaberrima were origi-
nated from Asia and Africa, respectively. Other places like India and Northern
Thailand have also been proposed in literature as origins of O. sativa. In addition,
Yangzi valley of Southern China is also considered among the domesticated places
of rice (Dobermann and Fairhurst 2002; Singh et al. 1995). Rice can be grown in a
variety of environments. But higher yields are reported in dry season characterized
by lesser cloud cover and more photosynthetic active rays in comparison to wet
season (Dobermann and Fairhurst 2002). For various geographical areas and envi-
ronments, the main rice harvesting season lasts from June through October
(Zhiqgiang et al. 2011). Normally, the growing season of rice crop is almost
260 days, but the most of the modern varieties commonly cultivated took relatively
shorter time of about 90—110 days (Dobermann and Fairhurst 2002).

Being the most popular cereal around the globe, rice (Oryza sativa) is mostly
consumed in the developing countries where it is a major diet component of
population (Ramos et al. 2022). For example, in South Asia alone, rice is consumed
by around 1670 million individuals (Meetei et al. 2020; Dutta et al. 2020; Urfels
et al. 2020). It is estimated by FAO (Food and Agriculture Organization of UN) that
164 Mha of global land is covered by around 760 Mt of rice that are produced each
year (FAO 2022). According to regional distribution, about 90% of the total global
rice is produced by Asia, and the remaining is contributed by Africa and Latin
America. In addition some quantity of this cereal crop is also produced in Europe but
only in Mediterranean regions (Ramos et al. 2022). Specifically, 2/3 of the European
rice consumption is supported mainly by European Union and Spain where 7.83
million tons of rice crop is being grown per annum (AEE_2022_WEB n.d.).

Considering abovementioned figures along with the world’s rice consumption,
the post-harvest rice processing produces a blend of lignocellulosic wastes such as
paddy straw (PS) in the fields and rice husk during milling process (Ramos et al.
2022). As a most consumed cereal after wheat, rice generates significant amount of
waste every year (972 t/anum). According to estimates, during each harvesting
season, around 6 t/ha of paddy straw (PS) is produced that is of huge environmental
concern (Torregrosa et al. 2021). The production of paddy straw (PS) annually
ranges from 370 to 520 million tons, making it a prevalent agri-waste globally
(Van Hung et al. 2020). One of the major causes of this enormous waste production
is the usage of combined harvesters in the rice fields that produce more waste as
compared to manual harvesting. This is because of their inability to cut rice stems
deeply, hence resulting in loose straw that offer great difficulties in operation of
agricultural machinery for sowing of subsequent crop (Nagar et al. 2020).

In rural populations, rice cultivation not only provides employment opportunities
but also ensures the food availability (Bhaduri et al. 2017; Nandan et al. 2021;
Taneja et al. 2019). But because of the lack of adequate awareness and poor
management of paddy straw (PS) generated in the fields, the farmers are left with
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Table 9.1 List of air and soil

Pollutants
pollutants.produced by open- Air pollutants Soil pollutants
field burning of paddy straw
(modified from Bressan et al. _St- No- Names kg/ha Names kg/ha
2022) 1 CO 212 ALO; 13.8
2 NO, 18.9 CaO 4.5
3 N,O 0.4 Fe,03 3
4 SO, 12.2 K,O 13
5 CH4 73 MgO 92
6 NMHC 24.4 MnO 0.9
7 PAH 0.11 Na,O 6.1
8 Total PM 79.2 P,0s5 45.7
9 PM 10 22.6 Si0, 973.2
10 PM 2.5 78.9

PM particulate matter, NMHC non-methane hydrocarbons, PAH
polycyclic aromatic hydrocarbons

the only option of burning this waste in the open fields. According to literature the
crop residues that are burnt every year majorly constitutes waste streams from rice
(40%) and then wheat (22%) and sugarcane (20%) (Nagar et al. 2020).

Even in this era of agricultural innovations, environmental sustainability is at
greater risk due to the burning of crop residues (Bimbraw 2019; Mondal et al. 2020).
High fiber content of paddy straw makes it less susceptible to biodegradation. So in
order to get rid of heaps of paddy straw, burning has been considered as a cheap,
affordable, and easy traditional solution but with greater social and environmental
effects. For instance, open-field burning of paddy straw (PS) results in smoke that
upon interaction with weather conditions cause certain respiratory diseases in nearby
population. In addition to smoke, this incomplete combustion also results in emis-
sion of highly volatile and polluting organic compounds. Besides, it causes emission
of several atmospheric particles. These particles badly affect the local hydrobiolog-
ical cycle, climate, and aerial clarity (Grillo et al. 2020; Singh et al. 2021; Singh et al.
2020b). The pollutants that badly affect air and soil are also mentioned in Table 9.1.
It is believed by farmers that PS burning is advantageous as it is helpful in the
preparation of fields for subsequent cropping. It is reported by researchers that
burning of PS helps in elimination of phytopathogens present in the soil (Chen
et al. 2019) with reduced energy costs and results in efficient residue removal in less
time (Trivedi et al. 2017; Singh et al. 2020a). On the other hand, the most common
disadvantages of PS burning include air pollution and loss of microbial diversity in
soil which also adversely affects agricultural sustainability (Goncharov et al. 2020).
In addition, it eliminates crucial agricultural resource, namely, straw. Furthermore, it
cause degradation of topsoil that lead to reduced arability of landscapes which can be
replenished by efficiently recycled paddy straw (Raheem et al. 2019). Advances in
science helps to avoid all these problems by both in situ and ex situ management of
PS as presented in Fig. 9.1 and production of various valuable products from it
(Singh and Brar 2021). Besides these, it can also be utilized in fermentation
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Fig. 9.1 In situ and ex situ paddy straw management methods

processes for the production of various multi-functional hydrolytic enzymes like
cellulase, xylanase, laccase, endoglucanase, -glucosidase, etc. The enhanced pro-
duction of these enzymes is reported in the presence of medias supplemented with
other residues and co-cultures of different microbes (Dhillon et al. 2011; Iyer and
Chattoo 2003). The main focus of this chapter is on the production of hydrolytic
enzymes utilizing paddy straw (PS) as a substrate in fermentation processes.

9.2 Paddy Straw as a Substrate

Morphologically, PS consist of cylindrical shaped stalk/stem having length ranging
from 60 to 120 cm with flat-shaped and elongated leaves that are distributed
alternately along the stem. Structural analysis of plant fibers shows that its complex
matrix is buildup of hemicellulose, cellulose, and lignin along with other biologi-
cally active compounds. Cellulose and hemicellulose bound together by hydrogen
bonds provide support to lignin which in turn serve as a natural glue. Hence, the



9 Utilization of Paddy Straw for the Production of Hydrolytic Enzymes 187

individual plant cells in the form of this structural network provide great strength to
plant (Ramos et al. 2022).

Paddy straw 1is actually a lignocellulosic biomass consisting of three
polycarbohydrates among which hemicellulose and cellulose are aliphatic, while
lignin is a natural polycyclic aromatic biopolymer. These hydrocarbon polymers can
easily be distinguished on the basis of their constituent sugars. For instance, cellu-
lose is a long linear biopolymer of f-glucose subunits that are linked by one to four
glycosidic linkages. It is found both in nature and in agro-industrial wastes. Crys-
talline fibers are formed by high molecular mass cellulose (Razali et al. 2022). On the
basis of structural configuration of carbon atoms and hydrogen bonds, cellulose is
categorized as primary (trees), secondary (plants), tertiary (agri-food wastage), and
quaternary (algae, bacteria, and certain marine organisms). In plants, cellulose being
trapped between lignin and hemicellulose is quite difficult to separate. In addition,
cellulose is abundant, cheap, and non-toxic, and owing to its complex structure, it is
insoluble in some common solvents like water (Razali et al. 2022).

On the other hand, hemicellulose is a shorter heteropolymer consisting of several
different polysaccharides including pentoses and hexoses like galactose, arabinose,
mannose, xylose, and rhamnose and uronic acids (Goodman 2020; Qaseem et al.
2021). The structure of hemicellulose is relatively complex. These polymers have
relatively low molecular weight as compared to cellulose which make them suscep-
tible to hydrolysis under mild conditions. These are second most abundant com-
pound that are found commonly in vegetable fibers. Owing to OH group in the
structure, it is hygroscopic in nature (can form bonds with H,O). In addition, it has
less degree of polymerization (80-200) than cellulose (Qaseem et al. 2021). Fur-
thermore, according to variation in structural configuration, hemicellulose are
divided into four groups, namely, xyloglucans, mannoglycans, xyloglycans, and
B-glucans, with mixed linkages showing diversity in ramifications and different
chains and bonds (Huang et al. 2021).

In contrast, the third biopolymer is lignin which is an aromatic hydrocarbon
polymer that is composed of oxidativley coupled 4-hydroxyphenylpropanoids usu-
ally p-coumaric with synapyl and coniferyl alcohols (Ralph et al. 2004). These
abovementioned polymers form very complex and stable 3D structure as illustrated
in Fig. 9.2. This structure is commonly named as lignocellulose in the plant cell wall
(Goodman 2020). Paddy straw also contains some amount of polyphenols. These are
found naturally as secondary metabolite of plants and contain at least a single
aromatic ring bound to one or more OH groups. These compounds prevent cellular
oxidation and play a role in defense mechanism of plants. According to their
structure, polyphenols are categorized mainly into flavonoids, stilbenes, and pheno-
lic acids, but different others can also be found in PS (Khosravi and Razavi 2020).

In addition, minor fractions of some other soluble and insoluble components like
proteins, pectin, waxes, and minerals are also present. Certain parameters like crop
cultivars and varieties, soil quality, growth stage, environmental conditions, and
other factors cause fluctuations in the proportion of these constituents (Kumar et al.
2018). This biochemically rich nature of paddy straw makes it a suitable substrate for
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Table 9.2 Biochemical % Components % Composition (%) | References
?ggl)p"smo“ of paddy straw == llose 2845 Kaur et al. (2017)

Hemicellulose 12-32

Lignin 5-24

Pentosans 23-28

Moisture 3.30-10.97 Kumar et al. (2021)

TS 89.03-96.70

VS in TS 73.28-95.26

Ash content 4.78-26.72

Carbon 31.00-47.00

Hydrogen 4.61-5.40

Nitrogen 0.28-1.39

Sulfur 0.14-0.72

Oxygen 50.46-59.98

TS total solids, VS volatile solids

enzyme production. The complete percentage compositions of all the components
present in PS are depicted in Table 9.2.

For its use in fermentation processes, PS must first be converted into simpler
forms through several pretreatment methods, because its complex components
cannot be utilized efficiently by enzyme producing microbes. The stable complex
structure of lignocellulose and other components makes it difficult to separate the
individual subunits from the polymers present in plant cell wall, although various
chemical, physical, or biological treatments are used individually or in combination
as displayed in Fig. 9.3 to convert polymers into simpler reducing sugars and
phenolic subunits. However, efficient utilization of PS-derived biomass is yet
under development (Wi et al. 2013). So accumulation of PS in soil and open field
burning are still commonly practiced despite their hazards to environmental sustain-
ability (Goodman 2020).

9.3 Microbes Utilized in Process

Different types of microbes can be used in fermentation process including bacteria,
fungi, yeast, and some others. Due to lignocellulosic nature of paddy straw, those
microbes are preferentially utilized in fermentation process that have ability to
degrade rigid complex structure of lignocellulose and to use its reduced subunits
as a carbon source to produce various desired valuable bioproducts. This chapter
mainly focus on the production of hydrolytic enzymes from fermentation of paddy
straw. The microbes that can be used for this purpose are discussed in this section.
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Fig. 9.3 Different types of pretreatment methods used for lignocellulosic biomass

9.3.1 Bacteria

Bacteria being the earliest and most basic form of life on earth play a crucial role in
cycling nutrients and maintaining earth’s ecology (Ho et al. 2020). It also plays
significant role as a producer microbe in fermentation processes. And due to the
accessibility and economy of lignocellulosic biomass, it is commonly used in
fermentation media as carbon source. So in order to break down lignocellulose,
bacteria use its cellulases and hemi-cellulases (Taha et al. 2015a, 2015b). Bacteria
are effective microbe for this purpose because of several advantages like ease of
culturing, possibilities of enhanced expression and accelerated production (Taha
et al. 2015a, 2015b), shorter generation times (Muaaz-Us-Salam et al. 2020), etc. In
addition, their metabolic versatility makes them able to endure environmental stress,
e.g., fluctuations in pH, temperature, oxygen availability, and salinity (Daniel and
Nilsson 1998). Also a recently discovered advantage is that during the latter stages of
lignocellulose breakdown, bacteria might show accelerated growth which is benefi-
cial because these stages are renowned for having components that are difficult to
hydrolyze. These accelerated growth rates leads to enhanced enzyme production.
Bacterial lignocellulases work in the form of multi-enzymatic complexes that are
affective for complicated degradation of complex biomass (Lépez-Mondéjar et al.
2019).
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Although bacteria use a variety of methods to degrade lignocellulosic biomass,
free-enzyme system is most commonly used among them. Aerobic bacteria largely
use this system of free enzymes. On the other hand, anaerobic bacteria mostly utilize
intricate protein complexes such as xylanosomes and cellulosomes which play role
as supportive enzymes to hydrolyze complex biomass (Malgas et al. 2017).

As cellulose is most abundant and common biomolecule, so the microbes that
degrade it are actually playing significant role in carbon flux in ecosphere
(McDonald et al. 2012). The cellulose degrading bacteria (cellulotyic bacteria) that
are mostly isolated belongs to two phylums Actinobacteria (order Actinomycetales)
that are aerobic and Firmicutes (order Clostridiales) that are anaerobic. Among these
two, Actinobacteria efficiently degrade cellulose because the other one is incapable
of penetrating cellulosic substances (Chukwuma et al. 2021). Mechanism of cellu-
lose degradation in aerobic and anaerobic bacteria is slightly different (Mohee et al.
2008). Aerobic bacteria do so by the action of free-cellulolytic enzymes in two steps
(Singhvi and Gokhale 2019). In first step (depolymerization), it converts cellulose
present in biomass into cellobiose; then in second step (fermentation), it hydrolyzes
cellobiose into organic acids, hydrogen, and carbon dioxide (Hassan et al. 2019).
After this, in the latter stages, bacteria dominating in the medium produce valuable
products by utilizing these secondary products as carbon and energy source (Beaton
et al. 2019). On the other hand, anaerobic cellulose fermentation also takes place in
two steps. It involves conversion of sugars into acids or alcohol in first step and then
production of biogas from these acids and/or alcohols (Hassan et al. 2019).

Following cellulose, the second most common macromolecule is lignin (Liao
et al. 2020) which cannot be easily hydrolyzed and is a major deterrent to lignocel-
lulose degradation. Streptomyces has been commonly identified as ligninolytic
bacteria that belong to Actinobacteria. Some other types of bacteria that can break-
down both lignin and carbohydrate content in lignocellulose include Thermobifida
fusca, Caldicellulosiruptor bescii, and Clostridium thermocellum (Lee et al. 2019).
Lignolytic bacteria breakdown lignin by three ways: cavitation, tunneling, and
erosion (Berg and Laskowski 2005). But the bacteria such as Proteobacteria and
Actinobacteria do lignin degradation by depolymerization, catabolism of aromatic
compounds, and biosynthesis of specific product. Depolymerization of lignin is
distinct from hemicellulose and cellulose because of the involvement of electron
transfer and redox reactions in it (Xie et al. 2016). The bacterial strains used
commonly for paddy straw bioconversion are mentioned in Table 9.3.

9.3.2 Fungi

Fungal species that can degrade lignin include mostly filamentous fungi. These can
be isolated from soil, plants, and lignocellulosic wastes where they are found
indigenously. It is reported in various studies that brown- and white-rot fungi display
effective lignocellulolytic capabilities. They have been found to degrade various
lignocellulosic biomass like softwood, wheat straw, wood chips, and Bermuda grass
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Table 9.3 Strains of bacteria that can convert paddy straw into various hydrolytic enzymes

% of Fermentation
Strain name degradation | state Time Enzymes References
Firmicutes, - Submerged 84 h Cellulase and Taha et al.
Proteobacteria fermentation xylanase (2015a)
Aeromonas 100 Submerged 72 h Strawase, Taha et al.
hydrophila, Strepto- conditions cellulase (2015b)
myces
thermoviolaceus,
Pseudomonas poae,
Bacillus
amyloliquefaciens,
Klebsiella oxytoca
Bacillus, Strepto- - Submerged 4 days | Cellulase Hu et al.
coccus, Enterococ- state (2017)
cus,
Sediminibacterium,
Lactococcus,
Rhodanobacter,
Afipia, Ralstonia,
Alkaliphilus,
Burkholderia,
Geobacillus, and
Erwinia
Streptomyces 6 Solid-state 6 days | Endoglucanase, Saratale
sp. MDS conditions exoglucanase, et al.
cellobiases, filter | (2017)
pa-perase, amy-
lase, and
xylanase
Paenibacillus - Submerged 48 h Endoglucanase, Bohra
polymyxa ND25 fermentation exoglucanase and | et al.
B-glucosidase (2018)
Sphingobacterium 60 Submerged 24 h Cellulase, Neelkant
sp. ksn-11 fermentation xylanase, et al.
pectinase, (2019)
mannanase, and
laccase
Lactobacillus - Both solid- 7 days | Endoglucanase, Zabidi
plantarum RI 11 state and sub- exoglucanase, et al.
merged B-glucosidase, (2020)
conditions and mannanase
Alcaligenes, 71 Submerged 20 days | Endo-glucanase | Zheng
Parabacteroides conditions et al.
Clostridium, (2020)
Lysinibacillus, and
Sphingobacterium
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Table 9.4 Fungal species that are reported to produce hydrolytic enzymes utilizing paddy straw

State of Incubation
Fungal species fermentation | time Enzyme References
Trichoderma reesei and | Submerged |5 days Cellulase Naher et al.
Aspergillus awamori fermentation (2021)
Streptomyces Solid-state 48 h Laccase Niladevi et al.
psammoticus fermentation (2007)
Aspergillus niger Solid-state 4 days Cellulase Maftukhah and
ITBCC L74 fermentation Abdullah

(2018)

Trichoderma reesei and | Submerged |7 days Cellulase, xylanase, Kogo et al.
Humicola insolens fermentation and beta-glucosidase | (2017)
Ganoderma lucidum Submerged |5 days Laccase Yuliana et al.
(white-rot fungi) fermentation (2020)
Fomitopsis meliae CFA | Solid-state 225.17h Endoglucanase Patela et al.
2 (brown-rot fungi) fermentation (2021)
Aspergillus fumigatus Submerged | 5 days Xylanase and Sarkar and
NITDGPKA3 fermentation cellulase Aikat (2014)
Aspergillus flavus Solid-state 7 days Protease Muthulakshmi

fermentation et al. (2011)

(Alexandropoulou et al. 2017; Cohen et al. 2017; Mishra et al. 2017). In ecosystem,
fungal species are the main degraders of wood in the forests. Also various fungal
species are used especially for their greater lignolytic efficiencies. For example,
white-rot fungus can breakdown lignin, hemicellulose, and cellulose. On the other
hand, brown-rot fungus degrades hemicellulose and cellulose polymers while leav-
ing the tougher lignin walls intact (Tsegaye et al. 2019). Despite their greater lignin
degrading potential, fungi are not suitable for larger-scale operations because of their
requirement for longer residence time which leads to increasing demands of larger
space and higher production costs. However, chemical-free operation,
eco-friendliness, and ability to work at mild temperature make them economic
alternative producer microbe in fermentation processes (Tsegaye et al. 2019).

In fungi, the mechanism of degradation of lignocellulosic biomass is classified
into two types, namely, oxidative and hydrolytic degradation. During oxidative-type
lignin degradation, reactive species of oxygen in the form of free radicals such as
hydroxyl are produced (Hammel et al. 2002). First, the mutual catalytic action of
three enzymes including glyoxaline oxidase, pyranose-2 oxidase, and aryl-alcohol
oxidase produces hydrogen peroxide (Martinez et al. 2009). Then these hydrogen
peroxides react with iron to produce hydroxyl radicals (Fenton reaction) which act
on lignin to degrade it into products of low molecular mass (Hammel et al. 2002).
Some other enzymes like laccases and manganese peroxidase also catalyze lignin
degradation in oxidative-type reactions (Eggert et al. 1997). In contrast, the mech-
anism of hydrolytic type of reaction involves the breakdown of glycosidic linkages
by means of hydrolytic enzymes (Feijoo et al. 2008). Fungal species used for
production of enzymes from paddy straw are indicated in Table 9.4.
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9.3.3 Yeast

Saccharomyces cerevisiae commonly called as yeast is mostly used in fermentation
processes. However, its inability to utilize hexose and lower metabolic activity at
higher concentration of ethanol make it less suitable for fermentation operations
involving lignocellulosic biomass. This is a major hindrance in its selection as
producer microbe in fermentation processes. Larger-scale production of enzymes
using paddy straw as lignocellulosic biomass is still poorly developed due to the
unavailability of suitable producer microbe that can efficiently utilize reducing
sugars like hexose and pentose (Gabriel and El-halwagi 2013).

9.4 Fermentation Process

The metabolic process of fermentation is used to convert carbohydrates to various
valuable metabolites. Paddy straw is lignocellulosic in nature and is used by
microbes as a carbon source in fermentation process to produce various hydrolytic
enzymes as demonstrated in Fig. 9.4. On the basis of physical state of medium,
fermentation is categorized into two types: solid-state and submerged fermentation.
The characteristics of these types of fermentation and the microbes utilized in them
are discussed below.

9.4.1 Submerged Fermentation (SmF)

SmF is a biochemical process in which microbes are cultivated in liquid medium
called broth. Several industrially important enzymes have been produced by this
method. This involves first the selection of a suitable microbe and then the prepa-
ration of fermentation medium containing sterilized raw material and some nutrients
that are essential for the growth of microbes in the presence of sufficient oxygen.
Finally, the microbe utilize these nutrients and ultimately degrade them into final

Fig. 9.4 Steps involved in Paddy Straw selection of microbe
paddy straw fermentation
Pre-treatment Inoculum development

Steriliza}tion

Fermentation
(Under controlled conditions)

Enzyme separation

Purification of enzymes
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product usually enzymes that are secreted into the fermentation broth (Renge et al.
2012).

Due to advancements in biotechnology, enzymes are now produced in significant
proportions in larger-sized bioreactors that can accommodate volumes of around
1000 cm®. According to the time limit and operation method, submerged fermenta-
tion is further classified into batch, fed-batch, and continuous modes. Batch mode
involves the addition of nutrients at the start of reaction only. Fed batch involves the
addition of nutrients during the reaction, and continuous mode involves the contin-
uous addition of nutrients and removal of broth from the system at a similar flow
rate. One of the advantages of submerged fermentation is that it is a highly controlled
process. All the parameters like pH, temperature, oxygen utilization, formation of
carbon dioxide, etc. are optimized for efficient working of microbe and enzyme
production. In downstream processing, first step mostly involves the removal of
insoluble microbial biomass by centrifugation and its recycling and inactivation by
its treatment with lime. Most industrially important enzymes are usually extracellu-
lar and are secreted in broth from which they can be concentrated by membrane
filtration, evaporation, crystallization, etc. according to their desired application.
Enzymes can be further purified by techniques like ion or gel chromatography,
etc. The final enzyme produced (powdered form) can be used either in solid form
(granules) or in liquid form (enzyme solutions) depending upon the required state for
particular application. Mostly enzymes are immobilized on the solid support for
prolonged usage (Renge et al. 2012).

Various microbes including bacteria and fungi can be used for paddy straw
degradation to produce enzymes. Some microbial strains (fungi and bacteria) that
can be utilized include species of Fusarium, Aspergillus, Phoma, etc. In addition,
Vibrio, Cytophaga, Cellulomonas, Polyangium, Nocardia, and Streptomyces also
show cellulolytic activities. Some white-rot fungi like Phanerochaete
chrysosporium have also been reported in literature for this purpose. These lignolytic
and cellulolytic microbes have frequently been utilized for the synthesis of enzymes
such as p-glucosidase, exo- and endo-cellulases, peroxidases, laccases, etc. using
lignocellulosic wastes like paddy straw in submerged fermentation conditions
(Mishra and Pandey Lata 2007).

9.4.2 Solid-State Fermentation (SSF)

The other method that is used for enzyme production is solid-state fermentation. It is
a type of fermentation in which microbes are cultivated on a solid support or raw
materials that are in solid state with low water content such as paddy straw, wheat
bran, sugar bagasse, husks, paper pulp, etc. (Renge et al. 2012; Subramaniyam and
Vimala 2012).

Like submerged fermentation, SSF has some advantages like simple operation
with less equipment, production of product in high concentration and volumes, and
generation of less effluent. These advantages make SSF a suitable alternate to
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submerged fermentation. In SSF, various substrates can be used, but lignocellulosic
substrates like straws, brans, and husks of wheat and rice are preferable. In addition,
corn and wheat flour, pulp of sugar beet, etc. are also used. Substrate selection
depends upon some factors like availability and cost of substrate. Moisture level and
particle size are some other factors. For example, small-sized particles result in better
proliferation of microbe on large surface area. However, too small particles cause
poor growth, impeded respiration, and hence lower enzyme production as well.
Similarly, larger particles result in efficient respiration, but the reduced surface
area badly affects other aspects (Renge et al. 2012). In the same way, moisture of
substrate also affects the rheology of medium and metabolic activity of microbe in
SSF and in turn enzyme production. So, water content should be carefully
maintained to minimize its detrimental effects on microbial activity. SSF have
widely been employed for the synthesis of vital hydrolytic enzymes like cellulases,
pectinases, proteases, and glucoamylases (Renge et al. 2012; Suganthi et al. 2011).

Microbes that are used mostly in SSF include filamentous fungi and yeast. Some
species of bacteria are also used. Filamentous fungi that are mostly used include
genera of Fusarium, Aspergillus, Trichoderma, Penicillium, and Rhizopus. Yeast
such as Candida sp., Saccharomyces cerevisiae, and Saccharomyces boulardii are
employed in SSF. Actinobacteria species used for this purpose include Streptomyces
thermonitrificans and Streptomyces chattanoogensis (Hu et al. 2012; Orozco et al.
2008; Munishamanna et al. 2017). Bacterial species that are notably used in SSF
include Bacillus mycoides, Bacillus megaterium, etc. Some species of Lactobacillus
including L. plantarum, bulgaricus, acidophilus, delbrueckii, coryniformis, and
rhamnosus are also reported to be involved in SSF (Oboh 2006; Hongzhang et al.
2011; Hsu et al. 2013; Andriani et al. 2015; Saanu and Oladiti 2018).

9.5 Hydrolytic Enzymes
9.5.1 Cellulases

Cellulase are the group of enzymes that are known for hydrolyzing -1, 4 glycosidic
bonds present in the polymeric cellulose to convert it into glucose molecules. The
classes of enzymes that are included in cellulase are beta-glucosidases, endo-
glucanases (endo 1, 4-p-d-glucanase), and exo-glucanases (exo 1, 4-p-d-glucanase)
(Schiilein 1988). Glycosyde hydrolase (GH) is a family of catalytic modules that are
further categorized into several sub-classes based upon their 3D structure and
sequential arrangement of amino acids. The catalytic modules of cellulase belong
to this family. The enzymes of this family hydrolyze glycosidic bonds present in
cellulose mainly via mechanism of acid—base catalysis. This catalysis take place by
the interaction of two major enzyme residues: a nucelophile and a proton donor
present at the regions of active site (Davies and Henrissat 1995). On the basis of
difference in spatial arrangement of the catalytic modules in enzyme structure, the
mechanism of hydrolysis may be inversion or retention. Three classes of cellulase
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enzymes containing particular catalytic residues do stepwise hydrolysis of cellulose
polymer as follows: (1) endoglucanases contain catalytic residues belonging to GH
families of mostly 74, 51, 48, 45, 44, 12, and 5-9. Endoglucanases act on cellulosic
polymer to break p-1, 4 linkages to expose its reducing and non-reducing ends. The
presence of catalytic module along with carbohydrate-binding module (CBM) is
reported mostly in fungal endoglucanases but with few exceptions (Kubicek 2013).
On the other hand, bacterial endoglucanases contain multiple catalytic modules with
their CBMs (Payne et al. 2015). (2) The next step of hydrolysis is performed by
exoglucanases also called as cellobiohydrolases (CBHSs) containing catalytic mod-
ules that belong to GH families of 74, 48, 9, 7, 6, and 5. These enzymes cause the
hydrolysis of polymeric cellulose into cellobiose by acting on the exposed
non-reducing or reducing ends in the chain. A great diversity has been observed in
both bacterial and fungal CBHs (Naga Padma et al. 2017). (3) The final step of
cellulose hydrolysis is performed by p-glucosidases. It catalyzes the cleavage of
terminal non-reducing p-d-glucosyl residues as well as the removal of f-d-glucose
(Leah et al. 1995). Catalytic modules of 9, 3, and 1 GH families are present in
B-glucosidases. Feedback inhibition regulates this cellulolytic process by the inter-
action of end product glucose with b-glucosidases. The main difference in the
structure of CBHs and b-glucosidases is absence of carbohydrate binding module.
At the last of this cellulose hydrolysis, glucose units are released from cellobioses
(Payne et al. 2015). A diverse range of microorganism, when grown on cellulose-
based material, produce cellulases as listed in Table 9.5. Most of the industrial
cellulases are produced by microbial sources like fungi and bacteria. Both aerobic
bacteria and aerobic fungi show similar cellulose-degrading mechanism. Cellulases
are widely used in food, textile, and paper industry. Most cellulases that are used in
food industry are obtained from fungal species Trichoderma and Aspergillus, while
bacterial cellulases are obtained from species Paenibacillus and Bacillus
(Sukumaran et al. 2005).

9.5.2 Xylanases

Hemicellulose consists of xylan that can be cleaved by using xylanases. These
enzymes are secreted by microorganisms. One of these three enzymes,
endoxylanases, exoxylanases, and p-xylosidases, is used to cleave the xylan, com-
ponent of hemicellulose. The p-1, 4 bonds of xylan core break by endoxylanase
(EC 3.2.1.8). Xylooligosaccharides are generated by non-reducing ends of xylan.
These xylooligosaccharides are secreted when exoxylanase breaks down the p-1,
4 linkages of xylan. Xylose is secreted when f-xylosidase cleaves the
xylooligosaccharides and xylobiose (Sukumaran 2009). Few kinds of xylanases
have an extra CBM for interacting to substrates, and the catalytic component
performs the majority of the enzyme’s important tasks. Carbohydrate esterases
(CE) and glycoside hydrolases (GH) are two main catalytic modes of hemicellulose.
The xylan core is hydrolyzed by endoxylanase, which includes catalytic cores from
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Table 9.5 Cellulases produced by various microbes using paddy straw as a substrate

State of Incubation

Microbe fermentation | PH | Temp time References

Aspergillus niger Submerged 6.0 |20 °C 48 h Saranraj (2011)
fermentation

Pleurotus ostreatus - 4.8 [3545° |- Vijaya and

(white-rot fungus) C Singaracharya (2005)

Trichoderma reesei Submerged - - 5 days Nabher et al. (2021)
fermentation

Aspergillus awamori | Submerged - - 3 days Naher et al. (2021)
fermentation

Volvariella volvacea | Submerged - 35+2° | 8 days Choudhary et al. (2009)
fermentation C

Bacillus subtilis - 4.0 [35°C 48 h Anu et al. (2021)

Stenotrophomonas Submerged 7.0 |37°C 72 h Tamilanban et al.

maltophilia conditions (2017)

Penicillium expansum | Solid-state - 30°C 8 days Sharifzadeh et al.
fermentation (2020)

Trichoderma Solid-state - 32°C 7-10 days | Karthick Raja

harzianum fermentation Namasivayam et al.

(2015)

Aspergillus fumigatus | Solid-state 4.0 [33°C 90 h Aikat (2012)

fermentation

the GH families 8, 10, 11, 30, and 43, with GH 10 and 11 proving to be most
prevalent (Collins et al. 2005). The GH10 seems to be more effective on modified
xylan, and these have different substrate aspects. They could possibly include
CBMs, much like cellulases (Sweeney and Xu 2012). The xylan core is randomly
split by exoxylanases from the inner side, generating longer chain xylo-oligomers
which then act as substrate for xylosidase enzymes. The mode of action of these
enzymes makes them the members of the GH families 3, 30, 39, 43, 52, and 54.
Xylanases is the name given to such two enzymes when they are combined.
Xylooligosaccharides and xylobiose are affected by xylosidase or xylan-1,
4-xylosidase, which secrete xyloses (Juturu and Wu 2014). Various microbes are
capable of producing xylanases as depicted in Table 9.6. Microbes such as actino-
mycetes, bacteria, and fungus secrete xylanases. Streptomyces, Bacillus, and Pseu-
domonas are the main actinomycete and bacterial species that produce xylanase
(Sanghi et al. 2010; Sharma and Chand 2012). The best temperature for xylanase
function is somewhere between 35 and 60 °C, whereas those produced by bacterial
and actinobacterial stains are efficient throughout wider pH ranges (5.0-9.0).
Because of the elevated concentration and extracellular emission of the enzyme,
fungi are important sources of xylanase (Nair et al. 2008). Aspergillus species,
Fusarium species, and Penicillium species are the main fungi that secrete xylanase.
The fungal xylanases are more catalytically active relative to bacteria or yeast
(Mandal 2015).
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Table 9.6 List of microbes that can produce xylanases using paddy straw
State of Incubation
Microbe fermentation PH | Temperature |time References
Volvariella volvacea | Submerged - 35+2°C 8 days Choudhary et al.
fermentation (2009)
Trichoderma Solid-state - 32°C 7 to Karthick Raja
harzianum fermentation 10 days Namasivayam
et al. (2015)
Bacillus flexus Both solid-state | — 37 °C 48 h Meurial and
and submerged Uthandi (2020)
conditions
Phanerochaete Submerged - - 15 days Mishra and
chrysosporium condition Pandey Lata
(2007)
Cytophaga Submerged — - 7 days Mishra and
hutchinsonii fermentation Pandey Lata
(2007)
Bacillus altitudinis - 7.0 |37°C 72 h Ketsakhon et al.
(2022)
Penicillium oxalicum | Submerged - 30 °C 4 days Zahari et al.
fermentation (2016)
Promicromonospora | Submerged 8.0 |65 °C 48 h Joshi et al.
sp. MARS fermentation (2011)
Aspergillus Solid-state 4.0 [33°C 90 h Aikat (2012)
fumigatus fermentation
Schizophyllum Solid-state 7.0 |30°C 8 days Gautam et al.
commune fermentation (2018)

9.5.3 Proteases

These are the enzymes that cause the hydrolysis of polypeptides and proteins by
breaking the peptide bond present between the amino acid subunits. Proteases are
extensively used in various sectors which include food, drug, and detergent indus-
tries. In market, about 60% of the enzymes that are used in industries are proteases
(Singh et al. 2016). The market demand for this enzyme has been increased globally
by 5.3% in the years 2014-2019. And the increasing applications of protease in
leather processing and bioremediation might increase its demands further more.
Microorganisms (including fungi and bacteria), plants, and animals are considered
as major sources from which protease can be obtained. Proteases can be categorized
according to their origin, type of reactive groups bound to the catalytic sites, and
their catalytic activities. Also according to the site of action along the polypeptide
chain, proteases are classified into endopeptidases and exopeptidases (Rao et al.
1998). Endopeptidases hydrolyze the peptide bonds in the inner chain region, while
exopeptidases do so at the ends of chain. On the basis of reactive groups linked to the
active sites, proteases are categorized into six classes such as metallo, serine,
cysteine, threonine, aspartic, and glutamic acid protease (Li et al. 2013). Various
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proteases that are obtained from plants include ficin, papain, and bromelain that are
widely used at industrial scale for food applications including brewing, milk coag-
ulation, and meat tenderization, for dihestive aid, etc. (Patel et al. 2013). Fungal
proteases that are acidic in nature have ability to work efficiently in low pH
environment hence playing a role in improving beer quality by balancing the profile
of its amino acids (Nogent-sur-Seine, France). In the process of cheese manufactur-
ing, proteases are used for the production of macropeptides and para casein by
hydrolyzing its peptide bonds at specific sites (Salleh et al. 2006).

9.5.4 a-Amylases

These are hydrolytic enzymes that are capable of degrading starch by the hydrolysis
of a-1, 4glycosidic linkages present in polysaccharides. This hydrolysis reaction
result in the short-chain product called dextrins (Sindhu et al. 2017). A variety of
living organisms are capable of producing a-amylases as indicated in Table 9.7.
These are actually metallo-enzymes that require Ca* ions for their structural integ-
rity, stability, and activity (Sindhu et al. 2016). These hydrolytic enzymes are of
great industrial importance with variety of applications including brewing, baking,
digestive aids, and starch liquefaction (Rodriguez Couto and Angeles Sanroman
2006). In addition, they play role in manufacturing of branched dextrins of high
MW. Powdery foods and rice cakes are also prepared by a-amylases by their glazing
action (Aiyer 2005). These enzymes do starch liquefaction as well which involves
the conversion of starch polymer into fructose and glucose syrups. This process of
starch conversion is comprised of three steps including (1) gelatinization, (2) lique-
faction, and (3) saccharification. The granules of starch are dissolved to form a
viscous suspension in gelatinization. Then partial hydrolysis of this suspension takes
place in liquefaction which results in reduced viscosity. At last, maltose and glucose
are produced in the final step of saccharification. This process of saccharification
requires a-amylase enzymes of thermostable characteristic that are obtained from
Bacillus stearothermophilus, B. licheniformis, and B. amyloliquefaciens (Van der
Maarel et al. 2002). In ethanol preparation, a-amylases are involved in the conver-
sion of starch to reduced sugars that are further fermented by Saccharomyces
cerevisiae to alcohol. The collaborative activities of pectinases and cellulases
along with a-amylases contribute to the clarity of fruit juices, yield improvement,
and reduce the processing cost as well (Kumar 2015; Garg et al. 2016).

9.5.5 Pectinases

Pectinase are the hydrolytic enzymes that hydrolyze pectic polymers by breaking
their glycosidic bonds. Pectin (substrate) is found in the walls/peels of fruits such as
tomato, apple, pineapple, lemon, orange, and some other fruits. On the basis of their
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functions, pectinase are classified into pectin esterases (responsible for removal of
methoxyl and acetyl groups), polygalacturonases (that catalyze hydrolysis of a-(1-4)
glycosidic bonds), pectate lyase, and pectin lyase (Saadoun et al. 2013). These
enzymes can be obtained from natural microbes as reported in Table 9.7, but
attempts have been made by recombinant technology for their increased yield and
thermostability (Rebello et al. 2017). Pectinases can attack both the hairy and
smooth regions present in pectin (Pedrolli et al. 2009). On the basis of pH, these
are classified as alkaline and acidic pectinases. While on the basis of site of action,
these are categorized as endopeptidase (random cleavage of bonds) and
exopeptodases (acting on terminal ends). Pectinases have vast range of industrial
applications like food processing, bleaching of paper, remediation, etc. (Pasha et al.
2013). Pectinase give juices a relatively clear appearance with filter-ability as
compared to other enzyme counterparts (Saadoun et al. 2013).

9.5.6 Laccase

Laccases are diversified group of multi-copper oxidases. They are usually called blue
oxidases. These are employed in numerous industries due to their higher capabilities
of oxidizing phenolic compounds. These enzymes have many applications as a
biocatalyst in synthesizing various chemicals, paper bio-bleaching, bio-sensing,
bioremediation, finishing fabrics, and stabilizing wines. They show distinct speci-
ficity regarding its substrates and hence have an extensive range of oxidizable
substrates which is primarily dependent on the microbial origin of enzymes
(Madhavi and Lele 2009). The large number of compounds can be oxidized by
laccases which include aromatic-amines, ascorbates, and phenolics (Giardina et al.
2010; Madhavi and Lele 2009). For the purpose of splitting up dioxygen linkage,
laccases contain four atoms of copper with four oxidized and four reduced electrons
(Giardina et al. 2010). Several microbial species are known to synthesize laccases as
mentioned in Table 9.7. Few fungal species are used in production of laccases by
secondary metabolism during fermentation (Morozova et al. 2007). Deuteromycetes,
Ascomycetes, and Basidiomycetes are well-known for the production of enzyme
lacasses (Gochev and Krastanov 2007; Sadhasivam et al. 2008). Laccase can be
produced from Funaliatrogii a white-rot fungus in absorbent mode of fermentation.
F. rogii can produce laccase at a maximum yield of 11,900 U/L, which is 4.97 times
higher than the output obtained by regular fermentation (Li et al. 2017). Transgenic
laccases are produced by Bacillus licheniformis for industrial applications (Tonin
et al. 2016). In last few decades, laccase production had been achieved by its
heterologous expressions in various microbes. For instance, fmb-103 genes of
Bacillus vallismortis were cloned in BL21 (DE3) cells of Escherichia coli to express
heterologously (Sun et al. 2017).
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9.5.7 Mannanase

Mannanases is an enzyme group that breakdown mannan, an integral component
found in cell wall of plants along with hemicellulose (Guan et al. 2018). Mannanases
is group of three enzymes that play role in hydrolyzing linear mannans. These
enzymes include beta-mannanases or 1, 4-f-D mannohydrolases, beta-glucosidases
or 1, 4-p-D glucoside glucohydrolases, and beta-mannosidases also called 1,4-p-D
mannopyranoside hydrolases (Chauhan et al. 2012). p-Mannanases catalyze the
endo-hydrolysis of mannan chains and produce short-chain products such as
B-1,4-manno-oligosaccharides also called mannobiose by breaking inner glycosidic
bonds (McCleary and Matheson 1983). Further hydrolysis is catalyzed by
B-mannosidases. This enzyme, by its exo-hydrolysis activity, attacks the
non-reducing ends of mannan polymer, hence hydrolyzing the mannobiose complex
(disaccharide) into separate mannose (monomer) units (Gomes et al. 2007). Beta-
glucosidase hydrolyzes the oligomers generated from hydrolysis of
galactoglucomannan and glucomannan. It attacks the non-reducing terminals of
their oligomers and results in individual B1, 4-glucopyranose units (Mamma et al.
2004). Several species of bacteria and fungi are reported in literature for production
of variety of mannanases. Among Bacillus spp., different strains of B. subtilis
produce mannanases. Some fungal organisms like Aspergillus spp. are reported as
producers of mannan-degrading enzymes (Dhawan and Kaur 2007). Some other
fungal and bacterial species that are known as mannanase producers include Strep-
tomyces spp., Penicillium spp., and Clostridium spp. (Chauhan et al. 2012).
Mannanase is attracting great attention in pulp and paper industries owing its
hemicellulolytic capability (Clarke et al. 2000). In addition, mannanases also have
a multitude of applications in textile, feed, oil, and food industries (Christgau et al.
1994; Naganagouda et al. 2009). The synthesis of mannanase utilizing lignocellu-
losic feedstock has also been reported by several researchers and is shown in
Table 9.7.

9.6 Conclusion

The biochemically rich nature of paddy straw makes it a potential substrate for its
bio-processing into numerous important biological products like hydrolytic enzymes
that are significant part of most of the industrial processes. Environmental pollution
and inefficient management strategies stimulate the utilization of PS in fermentation
processes. Isolation of new strains of microbes having high lignocellulolytic poten-
tial and advancement in pretreatment methods along with improvements in fermen-
tation technology has paved the way for efficient utilization of paddy waste.
Although various tests have been proven effective for production of hydrolytic
enzymes from PS, most of these finding are confined to lab-scale level and need
further developments in order to be scaled up. In order to scale up these processes to
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industrial level, interdisciplinary efforts involving microbiology, biotechnology,
mechanical engineering, software engineering, and analytical chemistry may be
required keeping in view the economics of whole process of manufacturing and
the end product cost in market.
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Chapter 10 )
Biochar: A Pyrolyzed Green Fuel from s
Paddy Straw

Tanvi Sahni, Diksha Verma, and Sachin Kumar

Abstract Rice straw is a major by-product that possess significant environmental
challenges due to its increasing production and the prevalent practice of open
burning for disposal. This practice not only leads to air pollution but also hinders
soil fertilization and crop establishment. To address these issues, the conversion of
rice straw into biochar has emerged as a potential solution. Biochar is produced from
rice straw through a thermochemical conversion known as pyrolysis. Due to the
environmental benefits and energy efficiency of biochar, it has acquired great
recognization. However, concerns regarding the greenhouse gas (GHG) mitigation
potential of biochar production need to be addressed. This chapter provides insights
into the synthesis of biochar using agricultural waste. RSB (rice straw biochar) is
considered a suitable amendment for the ecological and sustainable development of
ecosystems. It offers several advantages, including carbon neutrality, slow-release
effects of nutrients, and improved soil water content and porosity. Additionally, RSB
has been found effective in wastewater and soil contamination treatment. It acts as a
sorbent for inorganic and organic sorbents due to its cation exchange ability and
wide surface area. The physical properties of rice straw, such as bulk density and
moisture content, plays an important function in its handling as well as storage.
Processing methods such as pelletization and briquetting can increase its density and
reduce its volume for easier storage and transportation. The thermal properties of rice
straw, including calorific value and volatile matter, influence its conversion into
biofuels. Chemically, cellulose, hemicellulose, and lignin are major components of
lignocellulose found abundantly in biochar. These polymers vary quantitatively and
qualitatively based on factors such as variety, season, and geographical location.
Understanding the rice straw’s chemical composition is essential for the utilization
of it as a feedstock and soil fertility enhancer. The biochar production from rice straw
is carried out through thermochemical conversion technologies, including pyrolysis.
However, the GHG mitigation potential of biochar production needs further
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investigation to optimize the process and enhance its environmental benefits. In
nutshell, the utilization of rice straw as biochar offers a sustainable and efficient way
to manage agricultural waste, improve soil fertility, and mitigate environmental
issues. Further research and development are required to optimize the production
process and explore the full potential of rice straw biochar in various applications.

Keywords Biochar - Rice straw - Pyrolysis - Rice straw biochar - Green fuel

10.1 Introduction

Over 50% of the earth’s population hinge on rice as a staple crop, and 70-80%
(600-800 t) is produced from 143 million hectares (Mha) in Asia (Ministry of
Agriculture and Farmers Welfare 2021). In Asia, India possessed first rank for the
area under rice cultivation (44.6 Mha) but was followed by China in rice production
(Rani and Paul 2023). Most of India’s rice cropping land is located on the Gangetic
and Punjab plains where 124 million metric tons rice was produced during
2021-2022 in states such as Punjab, Uttar Pradesh, West Bengal, etc. Rice straw
is a major by-product formed during the harvesting of rice. In harvested crops,
except grain, all the parts (stems, leaves, and spikelets) comprise rice straw (Rathour
et al. 2023). This rate is increasing alarmingly due to shorter turnaround crop time
and as a consequence leads to open burning for its disposal. Open burning creates
oblivion in estimating rice straw production and also causes air pollution through the
emission of CO,, CO, CHy, NO,, and SO, gases (Gadde et al. 2009a, 2009b;
Mendoza and Samson 1999). In intensive cropping systems, rice straw is usually
grown two to three times a year, which provides a shorter period for decomposition
(Palaniappan 2006). This results in poor soil fertilization and crop establishment.
Rice straw is also used for mushroom plantation, activated charcoal, biodiesel, and
ethanol production (Goodman 2020).

Due to its importance in agriculture, rice straw-derived biochar has gained
attentiveness (Xu et al. 2020; Warnock et al. 2007; Vu and Nguyen 2011). The
optimum temperature range for RSD production through pyrolysis was found to be
300-600 °C (Medha et al. 2023). It brings carbon neutrality to the agricultural
system, but one of the major concerns toward biochar production is their
corresponding GHG (greenhouse gases) mitigation potential (Xia et al. 2023).
According to the 2018 Chinese census, 145 Mt/year of biochar are produced from
different waste sources, representing GHG emissions. To mitigate GHG emissions,
biochar should be prepared from crop residues, livestock manure, and food waste at
pyrolysis temperatures of 300-500 °C (Xia et al. 2023). Adsorption and partitioning
are commonly investigated mechanisms for their reported potential, and here biochar
possesses wide surface area and CEC ratio (Ahmad et al. 2014; Cao et al. 2011).
Biochar is structurally found similar to activated charcoal. These two materials are
prepared by pyrolysis, and they are both used as sorbents to control contaminants in
water and soil that includes inorganic and organic sludges (Enaime et al. 2020).
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According to Ibrahim et al. (2016), rice husk biochar (RHB) is a beneficial soil
amendment for contaminated soils. Lv et al. (2023) reported the use of RSB in rice-
based cropping systems which results in the slow release of ammoniacal nitrogen
and regulates the nitrogen uptake microbially. In one of the studies, an observation
was noticed that when rice husk biochar and straw compost was applied for the
second time, it caused hike in total carbon and exchangeable potassium in the
upland rice and soybean cropping system. Along with this, biochar also provides
significant improvement in soil water content: total porosity, micro-pores, and
soybean yield (Barus et al. 2023). Biochar also helps in wastewater treatment and
the removal of soil contaminants (Dai et al. 2020). Copper ions, one of the leading
soil contaminants, were adsorbed by RSB in a batch experiment study by Mei et al.
(2020). It also provides reactive sites for microbial action (Li et al. 2019). Thus,
RSB is found as a suitable amendment for the efficient, ecological, and sustainable
development of the ecosystem. The basic mechanism of RSB production is given
below (Fig. 10.1).

10.2 Characteristics of Rice Straw

All living cells depend on atmospheric carbon dioxide for their growth. In rice straw,
the concentrations of carbon, nitrogen, P,0s, K,O, and sulfur were (40-47%),
(0.5-0.8%), (0.07-0.12%), (1.16-1.66%), and (0.05-0.1%), respectively
(Dobermann and Fairhurst 2002; Nghi et al. 2020). Hence, biomass is known as a
carbon neutral fuel precursor (Ahamer 2022). It has low sulfur and nitrogen content
as compared to solid coal. Hence, carbon dioxide is more recoverable during
biomass burning as compared to coal (Demirbas 2004). In the process of biofuel
production, biomass physical properties, thermal properties, and chemical compo-
sition are mainly considered for thermal conversion.
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10.2.1 Physical Properties

Physical properties are mainly considered for the handling and storage of rice straws.
It includes bulk density and moisture content. Bulk density varies from 13—18 kg/m’
in dry matter (dm) of loose rice straw (Migo 2019) to 50—120 kg/m’ in chopped rice
straw of length 2—10 mm (Liu et al. 2011). It varies from equipment to equipment.
The density of rice husks varies between 84 and 114 kg/m>. Thus, loose rice straw
has higher volume and lower density per kilogram. Thus, it is recommended to
process rice straw via pellet mills (Pandey et al. 2023), roller presses (Das et al.
2023), piston presses (Wang et al. 2023), cubers (Abitha et al. 2023), briquette
presses (Rathour et al. 2023), screw extruders (Cui et al. 2023), and agglomerators
(Zeleke et al. 2023) to reduce rice straw volume and increase its density. Moisture
content refers to the amount of water (%) present in a particular material. Rice
straw’s moisture level is crucial in determining how it will be processed and what it
will be used for. A straw’s moisture content can have an impact on its heating value,
which is a factor that should be considered when the waste is intended to be used as a
source of energy. Additionally, rice straw should be moist between 12% and 17%
before compressing if it is to be reduced in volume (Kargbo et al. 2010).

10.2.2 Thermal Properties

The efficiency of biofuels produced from biomass was also evaluated by thermal
properties. The calorific value is one of the thermal properties which express the
amount of heat that can be produced by burning that fuel completely. CV of rice
straw (14.6 MJ/kg) is one-third that of kerosene (46.2 MJ/kg). In terms of rice straw,
we often expressed it in terms of heating value more conveniently than CV. This is
further categorized into high heating value (HHV) and (LHV) low heating value.
Rice straw’s HHV varies in the range of 14.08—-15.09 MJ/kg (Van Hung et al. 2020).
Volatile matter (VOM) refers to material that gets converted to a gaseous state once
the right conditions are met. Rice straw is characterized by high VOM
(60.55-69.70%) that leads to easier burning conditions; this also creates difficulty
in causing controlled combustion conditions (Liu et al. 2011).

10.2.3 Chemical Properties

Agricultural biomass rice straw is composed of lignocellulose which quantitatively
and qualitatively varies with geographical locations, climatic conditions, season, and
variety. The chemical composition provides its significance as livestock feed and
soil fertility. Thus, the chemical composition of rice straw along with the ultimate
element analysis from different countries is mentioned in Table 10.1.
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Table 10.1 Chemical configuration of rice straw

S.No. Components Percentage (%) (dry matter basis)
1. Total ash 18
2. Crude protein 4

3. Crude fiber 37
4. Organic matter 82
5. Non-fatty ester 43
6. Neutral detergent fiber 75
7. Acid detergent fiber 54
8. Silica 8

9. Cellulose 37
10. Lignin 8
11. Nitrogen 0.7
12. Phosphate 0.23
13. Potassium 1.75
14. Sulfur 0.08
15. Calcium 3.5
16. Magnesium 2
17. Iron oxide 0.85
18. Titanium oxide 0.09
19. Aluminum oxide 1.10

Moreover, rice straw is rich in cellulose (30-45%), hemicellulose (20-25%),
lignin (15-20%), and ash content (8.5-20.4%) (Binod et al. 2010; Takkellapati
et al. 2018), while all other polymers are present in smaller amounts. It is an
amalgam of the lignin-phenolics-carbohydrate complex that provides robustness to
cell wall. Rice straw is dominated by glucose (41-43.4%) and pentose sugars like
xylose (14.8-20.2%) (Maiorella 1985; Roberto et al. 2003), along with others like
arabinose (2.4-4.5%), galactose (0.4%), and mannose (1.8%) (Kumar et al. 2023)
(Fig. 10.2). It contains a higher amount of esterified and etherified forms of ferulic
acid and p-coumaric acid (Fig. 10.2).

10.2.3.1 Cellulose

D-Glucose subunits joined together to form cellulose. These are interlinked by inter-
and intra-hydrogen bonding and p-1,4-glycosidic linkage to form a linear condense
polymer known as cellulose. In rice straw, cellulose is crystalline in structure with a
higher degree of polymerization (1820) which will provide mechanical strength to
the cell wall (Yang et al. 2011; Abe and Yano 2009; Hallac and Ragauskas 2011).

10.2.3.2 Hemicellulose

Rice straw has xylan hemicellulose; it is the most reactive form of three polymers of
lignocellulose which carbonize and are volatile at temperatures below 250 °C. It has
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Fig. 10.2 Major compounds in rice straw

an average weight molecular weight of 18,800-48,700 and an average number
molecular weight of 8200-15,900. It has a lower arabinose/xylose ratio (0.17)
which means a higher degree of polymerization in the range of 80-200 °C (Kausar
et al. 2016) which means a lower arabinose/xylose ratio, i.e., 0.17 (Bezerra and
Ragauskas 2016). It also has a high degree of polymolecularity, poly-diversity, and
polydispersity. Xylan which is a heteropolysaccharide contains aliphatic acids like
acetic acid, aromatic acids like ferulic acid, p-coumaric acid, glucuronic acid, and its
o-methyl ether too or sugars like arabinose. Their structures are drawn in Fig. 10.2.
The subunits shown above have D-xylopyranose units in their backbone which are
joined by 1,4-linkage, viz., glycosidic bonding. The connection between cellulose
and hemicellulose is via hydrogen bonding, while hemicellulose and lignin are via
covalent and ester bonding (Bezerra and Ragauskas 2016). Isolation and character-
ization of hemicellulose were done by hydrogen peroxide method, through alkali,
alcohols, and a combination of alcohol/alkali hydrolysis through cleavage of the
ester linkage.

10.2.3.3 Lignin

In general lignin in biomass consists of aromatic subunits, namely, methoxylated
phenyl propanoic subunits. These subunits are similar to aromatic compounds in
fuels (Shuai et al. 2016). Rice straw lignin is a GSH type where G stands for
guaiacyl, S stands for syringyl, and H stands for p-hydroxy phenyl subunits as
shown in Fig. 10.1. It also had p-O-4 linkage in alkyl aryl ether, B-5 linkage in
phenyl coumarin compound (dehydrodiisoeugenol), f-p, a-O-4, and a minor amount
of a,f-diarylether as shown in Fig. 10.3. Various physical, chemical, and microbial
treatments like enzyme/mild acidolysis lignin method (EMAL) and spectroscopic
studies like FT-IR-XRD, "?C-NMR, 'H-NMR, *'P-NMR, and GC-MS spectral
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Fig. 10.3 Type of linkages in lignin

analysis were performed to investigate its structure. X-ray fluorescence study
revealed that ash mainly consists of silica oxide (69.2%), calcium oxide (3.46%),
potassium oxide (6.4%), magnesium oxide (2.81%), aluminum oxide (5.3%),
sodium oxide (3.43%), and iron oxide (0.9%) (Morsy et al. 2022).

10.3 Production of Biochar

Bioenergy is an intermittent-free and stable source of energy with its ability to store
biofuels from biomass in the character of solids, liquids, and gases. Biofuels are the
fourth largest source of energy. They are the best alternative to decline anthropo-
genic CO, emissions, suppress deteriorated greenhouse gases, and mitigate global
warming. Four main technologies are used to convert biomass into a green fuel:
(i) physical, (ii) chemical, (iii) biological, and (iv) thermochemical. Physical con-
version includes the drying of biomass, the separation of biomass, pulverization of
biomass, and pelletization of biomass. Biodiesel production through trans-
esterification is a notable chemical conversion. Biological conversions include
biogas, biohydrogen, bioethanol, and biobutanol through fermentation, saccharifi-
cation, or photosynthesis. It is noteworthy that thermochemical conversion is the
most significant pathway for the production of biofuels, except for combustion, due
to the production of heat as an end product. A variety of waste and blends can be
processed with thermochemical conversion due to its efficient nutrient recovery,
small footprint, and quick reaction time. Biochar can also be produced most effi-
ciently using this method as cited in the literature (Table 10.2).

Production of biochar mainly proceeds through thermochemical conversion.
Economically, four techniques are found operational with most of the researchers.
These are (i) pyrolysis, (ii) hydrothermal carbonization, (iii) gasification, and
(iv) torrefaction (Pang 2019; Lin et al. 2016). Depending upon the type of biomass,
the abovementioned techniques were employed by optimizing conditions like
heating rate, temperature, residence time, etc. For RSB production, all techniques
were used wisely, and their instances were described in each section. The basic
reactions occurring during these techniques are dehydration around 100 °C,
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Table 10.2 Thermochemical conversion methods

S. Thermochemical conversion | Temperature Oxygen

No. | methods range (°C) supply References

1. Pyrolysis 400-800 Absent Osayi et al. (2014)

2. Gasification 600-1300 Insufficient | Heidenreich and
Foscolo (2015)

3. Torrefaction 200-300 Absent Stepien et al. (2017)

. Liquefaction 200-600 Absent Nkosi et al. (2021)

5. Combustion 900-1500 Sufficient Shanmugam et al.
(2022)

6. Carbonization 400-1000 Absent Seow et al. (2022)

followed by degradation of lignin, cellulose, and hemicelluloses above 220 °C. The
other by-products obtained during these methods are syngas and bio-oil (Abdelaziz
et al. 2016).

10.3.1 Pyrolysis

Pyrolysis involves the anaerobic decomposition of biomass within 250-900 °C
(Osayi et al. 2014). Mainly depolymerization, fragmentation, and cross-linking
reactions take place during this process at specific temperatures. The gaseous
emission involves syngas (C;—C, hydrocarbons), hydrogen, carbon monoxide, and
carbon dioxide. Commonly used reactors for pyrolysis are paddle kilns, wagons,
agitated sand rotating kilns, and bubbling fluidized beds. In biochar production, the
optimum temperature is key for the maximum yield of biochar, any increase after the
optimum temperature will elevates the production of syngas and a decrease in
product yield (Wei et al. 2019). Based on pressure, temperature, and rate of heating,
pyrolysis is divided into i) slow pyrolysis and ii) fast pyrolysis.

10.3.1.1 Slow Pyrolysis

It involves pyrolysis at temperature of 5—7 °C with a longer residence time. This
technique was found to be best in terms of biochar yield for production (Liu et al.
2015; Al Arni 2018).

10.3.1.2 Fast Pyrolysis

It involves moderate temperature pyrolysis (400-600 °C) for a shorter period

(0.5-2 s) (Wang et al. 2014). In this process, applied energy converted solid biomass
to biogas, biochar, and bio-oil among which bio-oil is the major end product. RSB is
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prepared by the solvothermal method at two optimum temperatures of 400 and 600 °
C. Biochar thus obtained is combined with bentonite clay for reducing the leaching
of phosphate and ammoniacal ions (Medha et al. 2023).

10.3.1.3 Catalytic Pyrolysis

This process proceeds at 350-650 °C with a sweep gas flow rate of
0.02-11.00 L min~". The most commonly used catalysts are zeolites (SiO AlO3,
HZSM-5, ZSM-5), modified zeolites (Ni/ZSM-5, Zn/ZSM-5, Ga/ZSM-5), metal
oxide catalysts (i.e., ZnO, MgO, Ca0O), etc.

10.3.1.4 Microwave Pyrolysis

During this process, the disintegration occurs at 250-800 °C with sweep gas flow
rates of 0.05-20.00 L/min for 5-60 min.

Reactions Occurring in Paddy Straw Biochar During Pyrolysis: Cellulose
Decomposition

Cellulose degradation involves a reduction in the degree of polymerization. An
intermediate formed during fast pyrolysis includes levoglucosan. It also undergoes
dehydration to form hydroxyl-methyl furfural which underwent aromatization, con-
densation, and polymerization resulting in biochar production.

Hemicellulose Decomposition

Hemicellulose decomposition leads to the formation of oligosaccharides by depoly-
merization. It also involves decarboxylation, intramolecular rearrangement, depoly-
merization, and aromatization (Huang et al. 2012).

Lignin Decomposition

Lignin is decomposed at higher temperatures. The $-O-4 linkage as shown in the
diagrams above was broken down to form free radicals. These radicals further react
with protons present in the surrounding as derived from other species. Thus, a chain
propagation reaction starts in this decomposition process (Mu et al. 2013).
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10.3.2 Hydrothermal Carbonization

It is a profitable method in which heating is done with temperature range of
180-250 °C (Lee et al. 2018). The solid product procured after gasification and
pyrolysis is known as biochar, while the hydrothermal carbonization product is
known as hydrochar (Fang et al. 2018). In a closed reactor, rice straw is blended
with water, and the temperature will increase gradually. Biochar was obtained below
250 °C, and the process is known as hydrothermal carbonization (Zhang et al. 2017).
Bio-oil was obtained within 250—400 °C known as hydrothermal liquefaction. The
products such as CHy, H,, CO,, and CO, in their gaseous state, were obtained above
400 °C known as hydrothermal gasification (Khorram et al. 2016). Reactions that
take place during heating are condensation, polymerization, and intramolecular
dehydration, along with this products like 5-hydroxymethylfurfural, and their
corresponding derivatives will be obtained (Bakraoui et al. 2020). Lignin is a
complex matrix decomposed through reactions like dealkylation and hydrolysis.
Phenol products like catechols and syringols were obtained during this decomposi-
tion (Jain et al. 2016). Hydrochar was obtained at last through re-polymerization and
cross-linking which is much similar to the pyrolysis method.

10.3.3 Gasification

The aerobic combustion of biomass is commonly known as gasification. Gasification
agents like oxygen, air, steam, etc. are used to decompose biomass. Depending upon
the reaction temperature, two types of products were obtained, i.e., syngas and
biochar. (i) Drying: this process involves drying if biomass is higher in moisture
content without energy recovery. (ii) Combustion/oxidation: the second step is
combustions/oxidation where gasifying agents like air, oxygen, sub-critical water,
supercritical water, etc. react with combustible species to form products. Conven-
tionally, gasification is classified into steam, conventional, and supercritical water
gasification (Heidenreich and Foscolo 2015).

10.3.3.1 Conventional Gasification

In this method, the temperature ranges between 400 and 1200 °C using gasifying
agent (air) with an equivalence ratio (ER) of 0.15-0.4 and pressure ranges of
0.1-1 MPa. Output carbon conversion (%) is 63-95, while cold gas efficiency (%)
is 53-75.
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10.3.3.2 Steam Gasification

In this method, the temperature ranges between 600 and 1000 °C using gasifying
agent (steam) with an equivalence ratio (ER) of 0-0.37 and pressure ranges of
0.1-1 MPa. Output carbon conversion (%) is 42—124, while cold gas efficiency
(%) 1s 33-80.

10.3.3.3 Supercritical Water Gasification

In this method, the temperature ranges between 374 and 800 °C using water as
gasifying agent with pressure ranges of 22—50 MPa. Output carbon conversion (%)
is 4-97, while cold gas efficiency (%) is 32-91.

Syngas was produced in higher amounts than biochar. It is comprised of H,, CO,
CO, and traces of hydrocarbons. Increase in temperature CO, and H, production
increases, while CHy, CO, and H, production decreases (Prabakar et al. 2018).
During gasification, the biomass underwent reactions like water-gas reaction, com-
plete oxidation, steam methane reforming, partial oxidation, water-gas shift reaction,
water-gas reaction, and hydrocarbon reaction (Agarwal 2014; Young 2010).
Researchers mainly aim to use these syngas as another efficient fuel for heating,
drying, cooking, biofuel production, and electricity production. This is achieved by
removing non-combustible gases and water from production. In one study from
Young (2010), production of industrial chemical compounds like methanol, hydro-
gen, and ammonia can produce from CO and H, of syngas. Four types of gasifiers
used in gasification are (i) fluidized bed, (ii) fixed bed, (iii) moving bed, and
(iv) entrained-flow. Recent advancement in gasifiers is reported by Ngamchompoo
(2018). In this research work, the characteristic of gasification of air of rice straw was
evaluated in cyclone gasifiers. It was found that as gasifier temperature increases,
equivalence ratio (ER) also increases which leads to improving gas quality and
improved gasification performance. A smaller feedstock size with optimum moisture
content is more favorable. Wang et al. (2020) studied air gasification with
two-staging systems, i.e., medium-temperature bubbling fluidized gasifier and
high-temperature swirl-flow gasifier in a pilot scale study using rice straw as biomass
fuel. It was found that as gasification temperature increases, it improves the gasifi-
cation efficiency, syngas quality, and carbon conversion with an increase in agglom-
eration. An increase in ER has declined syngas heating value, carbon conversion, tar
yield, and tar concentration.

10.3.4 Torrefaction

Biochar is also produced through torrefaction, which is a relatively new technology.
It employs a low heating rate, known as high temperature drying, roasting, slow and
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mild pyrolysis, and wood cooking. A variety of decomposition processes are used to
remove the CO,, O,, and moisture present in biomass in the presence of inert
atmospheric air and absence of oxygen under 200-300 °C for 15-60 min. These
conditions should vary with different categories of biomass to accelerate the syn-
thesis (Stepien et al. 2017). In torrefaction, based on substrate heating, reactors are
mainly divided into two groups: direct and indirect. Indirect heating is found
accompanied by auger and rotary reactors, while direct heating is accompanied by
auger, microwave, moving bed, vibrating belt, multiple zone, rotary drum, and auger
reactors. Usually, direct heating reactor works in anaerobic condition have a heating
medium (Klimiuk et al. 2012; Koppejan et al. 2012). Rotary technologies mentioned
earlier have been put into application successfully on a commercial scale in the
Netherlands, the USA, Canada, Sweden, Germany, Spain, and France (Nhuchhen
et al. 2014).

10.4 Applications of RSB

A pot experiment (2 years) was done for the validation of the impact of rice straw
with varying combinations (5) of biochars on rice crops. Only an appropriate amount
of biochar, viz., 20 t/ha, with straw 7 t/ha was found to provide authentic results in
terms of alleviating N and P losses, increasing rice growth and yield, phosphorous
availability, and nitrogen retention (Li et al. 2023).

Not only biochar, their modified versions like rice husk-derived silicon-rich
biochar and their iron-rich modified versions were implemented to improve soil’s
various characteristics to lighten the PTE accumulation in rice cultivated pot trials.
RSB was employed for the removal of ciprofloxacin (CIP) antibiotic commonly
found in river sediments, domestic sewage, and pharmaceutical wastewater. The
adsorption mechanism of RSB was found maximum with pH = 5; maximum
adsorption capacity is 747.64 mg/g through the carbonyl (C=O0) bond. It also
revealed the role of electrostatic interactions, n-n interactions, and hydrogen bond
interactions. Functionalization of biochar surface with TiO, increases the photo-
catalytic performance and degradation of CIP (Qu et al. 2023).

Sakhiya et al. (2023) reported heavy metal removal from groundwater through
RSB. Biochar was produced at different temperatures, viz., 400-600 °C, through
pyrolysis. RSB produced at 600 °C was found suitable for Manganese and arsenic
removal from water due to wide surface area and adsorption capability. Electrostatic
attractions between metalloid and surface functional groups like COOH and OH
facilitate adsorption. Biochar applied at the rate of 0.1 g in 50 mL water had the
highest removal efficiency and lowers cancer risks in the community.

Biochar application may possess adverse effects on environment, soil, and water.
The overuse of biochar may disrupt soil structure by causing an imbalance in the
soil’s liquid and gas phases (Castellini et al. 2015). Soil fauna and carbon content
may get lowered and put adverse impact on wheat growth (Ji et al. 2022). Therefore,
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it is essential for conducting more research of how biochar application will interact
with crop yielding parameters and its related mechanisms.

10.5 Conclusion

Rice straw, a by-product of rice harvesting, poses significant environmental chal-
lenges due to its increasing production and the prevalent practice of open burning for
disposal. The conversion of rice straw into biochar has come out as a potential
solution to address the environmental issues related with its disposal. Biochar
production from rice straw through pyrolysis has gained attention for its energy
efficiency and environmental benefits. RSB offers several advantages as a soil
amendment, including carbon neutrality, slow-release effects of nutrients, and
improved soil water content and porosity. It has the ability to come up with the
ecological and sustainable development of ecosystems. Additionally, RSB has been
found effective in treatment of wastewater and the elimination of soil contaminants.
This dual functionality of RSB as both a soil amendment and a sorbent expands its
potential applications in various environmental remediation processes. The physical
properties like moisture and bulk density are important factors in its handling and
storage. Processing methods like pelletization and briquetting can increase its
density and reduce its volume, facilitating easier storage and transportation. The
thermal properties of rice straw, including calorific value and volatile matter,
influence its conversion into biofuels. Understanding these properties is crucial for
optimizing the production of biochar and other energy applications.

Chemically, it is composed of lignocellulose, with cellulose, hemicellulose, and
lignin as major components. The quantitative and qualitative variations of these
polymers in rice straw depend on factors such as variety, season, and geographical
location. Understanding the chemical composition of rice straw is essential for its
effective utilization as a feedstock for biochar production and as a soil fertility
enhancer. While biochar production from rice straw shows promise, concerns
regarding its greenhouse gas (GHG) mitigation potential need to be addressed.
Further research is desired to ameliorate the process of biochar production and
enhance its environmental benefits. Understanding the life cycle assessment of
biochar production from rice straw will provide valuable insights into its overall
environmental impact and its potential role in mitigating climate change. In conclu-
sion, the utilization of rice straw as biochar offers a sustainable and efficient way to
manage agricultural waste, mitigate environmental issues, and improve soil fertility,
and the multifunctional nature of rice straw biochar as a soil amendment and sorbent
expands its potential applications in various environmental remediation processes.
However, further research and development are required to optimize the production
process, address GHG mitigation concerns, and explore the full potential of rice
straw biochar in different applications.
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