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Preface

Biorefinery systems are one of the basic ways to mitigate the negative effects of

the functioning of local ecosystems by converting biomass and organic waste into
various substances such as chemicals or biomaterials and energy carriers. The
research carried out so far has shown the effectiveness of waste biomass processing
by obtaining the so-called added value in products and minimizing the amount

of naturally generated or produced waste substances. Biorefinery systems are
industrial open systems where biomass, other waste substances, and energy streams
flow into these systems as inputs. Inside the system, there are several processes that
result in, among others, energy exchange of the system with the environment in the
forms of heat and work. The output streams of biorefinery systems include several
products, such as fuels, chemicals, high-value chemicals obtained in small amounts,
low-value chemicals obtained in large amounts, feed and food products, polymers,
and other materials, as well as processed energy in cogeneration or trigeneration
(heat, electricity, and cooling) and process wastes. An additional advantage of the
functioning of biorefinery systems is the possibility of further use of the generated
waste substances in subsequent technological processes. Hence, biorefinery systems
should be a tool for the implementation of sustainable development in the processes
of energy use of natural and waste resources. According to the concept of sustain-
able development, this type of energy-generating installation is the most optimal
solution, which at the same time considers continuous technological development
and the production of so-called clean energy and other products while reducing
emissions of greenhouse gases and harmful compounds. It is a low-waste technol-
ogy that uses the existing potential of waste biomass, which is currently not used at
all or is used in an unreasonable way.

The basic biorefinery processes used after the pretreatment of biomass material
include enzymatic hydrolysis and fermentation, including enzymatic hydrolysis,
rapid pyrolysis, and hydrothermal processing (HydroThermal Upgrading [HTU]),
called liquefaction or hydrothermal pyrolysis, with a possible further hydrodeoxi-
dation (HDO) process. Currently, there are two basic technological concepts for the
implementation of biorefinery processes. The first includes systems in which value-
added products such as biochemicals, including biopolymers, are recovered, and
the post-process residues are processed into energy carriers for internal use. The
second involves the processing of waste raw material into various types of energy
carriers, and in the second stage, further processing of the residues into products
with added value.

Considering the progress in research aimed at developing technologies that can
be used in biorefinery processes, the intention behind publishing this book is to
examine the current state of research and the prospects for implementing the
results of these studies in the construction of biorefinery systems fully complying
with the principles of sustainable development.

Chapter 1 discusses selected environmental conditions for the functioning of
biorefineries and biorefinery systems and their impact on the circular economy.



It characterizes the basic indicators for assessing the level of sustainable development
of biorefinery systems, which enable these systems to fit into the circular economy.
The chapter also mentions the concept of petrosynthesis as a process enabling

the use of industrial waste substances in the production of conventional energy
carriers.

Chapter 2 describes the state of research on the possibilities of using simulated
technologies in biorefinery systems and other industrial processes like the simulated
moving bed (SMB), the use of which enables effective purification of commercial
end products with a higher level of purity and greater process efficiency. The chapter
presents several examples of the use of the discussed technology.

Chapter 3 presents an overview of the possibilities of using enzymes in major
biorefinery processes, enabling effective and efficient bioconversion processes. It
discusses the enzymatic resources existing in the environment and analyzes the
processes of biomass hydrolysis, lignin valorization, and glucose conversion.

Chapter 4 examines progress in the co-pyrolysis of coal and biomass. It summarizes
the work on the mechanisms of synergy of co-pyrolysis processes, including the
migration of alkali metals and alkaline-earth metals (AAEM). It also character-
izes the influence of these metals on the basic properties of co-pyrolysis products.
Finally, the chapter discusses prospects for further development of the discussed
technology.

Chapter 5 summarizes the available research results on the processes of obtaining
bioplastics from algae raw material. It characterizes the required properties of bio-
plastics and demonstrates the potential of algae and cyanobacteria as raw materials
for their production. The chapter also discusses basic achievable biopolymers and the
prospects for the production of biopolymers in the future, also based on biorefinery
technologies.

Finally, Chapter 6 assesses the technological advances in synthetic biology and their
use in the production of ethanol from cellulose raw material. The chapter presents

a broad analysis of patented solutions in this area based on extensive bibliographic
sources.

The chapters presented in this monograph do not cover all issues related to the state
of research in the field of further development and industrial implementation of
biorefinery systems, but their selection is characterized by the level of development
of current research and analyzes leading to the development of comprehensive
industrial technologies characterized by a high degree of sustainability, at the same
time leading to obtaining both products as well as energy carriers.

I would like to thank Ms. Paulina Luiza Grzelak, MSc, for her invaluable substantive
and editorial help in developing this monograph. I hope that Ms. Paulina’s partici-
pation in the editing of this monograph will contribute to her further scientific
development.

On behalf of myself and the authors, I would like to thank Ms. Karmen Daleta

from IntechOpen for her patience, understanding, and, most importantly, effective
coordination of the complex publishing process of this book.
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I dedicate this book to my former son-in-law Grzegorz Chojnacki, a recognized
producer of brand-name food alcohols, with the hope that he will expand his
production potential with the processes of using post-production substances in a
biorefinery system implemented for his own needs.

Krzysztof Biernat

Professor-Area Lider,

Lukasiewicz R&D Network — Automotive Industry Institute,
Warsaw, Poland
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Chapter1

Introductory Chapter:
Environmental Conditions of the
Functioning of Biorefineries and
Biorefinery Systems and Their
Impact on the Circular Economy

Krzysztof Biernat and Paulina Luiza Grzelak

1. Introduction

According to the assumptions contained in many scientific studies and reports,
biorefinery systems should constitute a permanent element of the circular economy,
because an important feature of these systems is the full use of various types of
substances, mainly waste organic substances and their environmentally friendly
processing into energy carriers and other products with added value. The basic
diagram characterizing the basic value chain in the bioeconomy, consisting of the
use of biorefinery systems, was developed already in 2013 and presented in Figure 1.

Biomass and organic waste
From the agro-based industries
Feedstock originating from the agriculture
and agro-food industries
Agricultural crops such as flax, hemp and fibre

Co-products, side streams, and residues from
the agriculture, including animal manure

and from the agro-food industries, including
residues from food processing plants

Bio-based products & markets

+ Bio-based chemicals

* Bio-based plastics, polymers,
materials, packaging
Specialties (for example
bio-based surfactants,
lubricants, pharmaceuticals,
nutraceuticals, cosmetics)

From the forest-based industries
Feedstock originating from the forest
and forest-based industries
‘Woody and non-wood forest feedstock’
+  Co-products, side streams, and residues from
the forest and forest-based industries, including
the wood industry, saw mills, Paper and Pulp

From the aquatic-based industries Textiles
Food ingredients and feed

* Advanced biofuels

+ Feedstock originating from the aquatic and
aquatic-based industries, including aquaculture,
the fish and fish processing industries

Co-products, side streams and residues from
the aquatic and aquatic-based industries

Bio-waste and CO,

Biodegradable garden and park waste
Food and kitchen waste from households,
restaurants, caterers and retail premises
Waste water and sludge

Co.

1

Figure 1.
Value chains in the bioeconomy [1].
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The possible processes of processing waste raw materials through biorefinery
systems shown in Figure 1 should be considered desirable and consistent with the prin-
ciple of sustainable development. This compliance can be determined by monitoring
these changes with the use of tools such as measures or indicators of sustainable devel-
opment. These tools allow to determine the pace and scope of changes, as well as the
effectiveness of the activities carried out. The measures are also intended to verify and
objectify the goals set by the international community and individual countries [2].

2. Assessment indicators of the sustainable development in biorefinery
systems

One of the first international organizations which attempt to develop a system of
measures was the United Nations European Commission of Economy—UNECE. It
developed a system of twelve measures, which were also assigned to twelve environ-
mental problems. However, they did not fully reflect the complex and interdisci-
plinary nature of sustainable development.

Only the list of measures presented in the report “An Overview of
Environmental Indicators, State of the Art and Perspectives”, developed under the
United Nations Environment Program (UNEP), can be considered comprehensive
and allows for the assessment of various aspects of sustainable development [3],
as well as the measures included in two reports elaborated by the United Nations
Commission on Sustainable on Sustainable—UNCSD:

* Indicators of Sustainable Development: Methodology Sheets
(April-May 1996);

* Indicators of Sustainable Development: Framework and Methodologies
(August 1996).

As part of the UNCSD program for the sustainable development indicator
systems, a list of 130 indicators compiled under the cause-state-reaction scheme
was developed [4].

On the cause side, one should look for those forms of human activity that directly
or indirectly affect the sustainability of development. State indicators define the
implementation of sustainable development, while response indicators show human
activities (e.g. changes in environmental policy and others) in response to the chal-
lenges of sustainable development) [2].

The indicators developed by UNCSD are to be used in the environmental poli-
cies of individual UN member countries. They also provide a kind of background
for the definition of national indicators. In order to facilitate this task, UNCSD
has prepared a list of methodological recommendations for their construction,
including, inter alia, the reference of the indicator to the Agenda 21 objectives or the
relevance to the sustainable development policy [4].

The hope placed on the concept of biorefinery installations as an element con-
tributing to the creation and ensuring of sustainable development made it necessary
to introduce sustainability measures for the individual planning and design stages
of such installations. Their complexity and multifaceted nature led to the derivation
of anumber of economic, environmental, and social indicators in this regard. The
proposed indicators are often characterized by similarities as well as divergences,
but they become useful when they are used as complementary measures. The
system of indicators is constantly evolving, growing, and new methodologies are

being proposed.
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The environmental impact of biorefineries is significant in terms of climate
change, eutrophication, water scarcity, land use, energy, and material depletion, as
well as water pollution and toxicity. Several aspects can be categorized according to
the type of biorefineries. Therefore, among a number of indicators characterizing
sustainable development, one can list those that will be used in the analysis of the
impact of biorefinery installations on the environment. These are the indicators:

* Process efficiency (energy conversion efficiency),

* Use of primary resources (accumulated primary energy, abiotic resources,
land, clean water),

* Environmental impact (GHG emissions to the atmosphere, water eutrophica-
tion, soil acidification, potential for the formation of photochemical oxidants,
emissions of toxic substances to water reservoirs and watercourses),

* Economic efficiency (income potential of biorefineries).

In the indicator methodology proposed by Sacramento-Rivero [5] sustainable
development is mainly understood as a state of efficiency of a biorefinery in which
the consumption of resources and the associated effects are at such a level that the
biorefinery can operate successfully for an indefinite period with a limited envi-
ronmental impact. This means that current human needs (those corresponding to
the activities of biorefineries) are met without compromising the ability of future
generations to meet their needs. It also means that the good performance of the
assessment today may not be as good in the future if conditions change, for example
if the legislation tightens the permitted emission levels or if agricultural yields start
to decline.

A biorefinery is assumed to have a number of points where it is, is not sustain-
able to some degree. On this scale “0” represents the ideal state of sustainability,
and “1” is the critical limit beyond which the installation becomes unsustainable.
Consequently, the scale takes real values from zero to infinity, while sustainable
development takes place with values from zero to one. The closer to zero, the
more sustainable development is, while the closer to “1”, the more sustainable
development decreases. Values greater than one mean unsustainable development
(Figure 2).

In this normalized sustainability scale, values from zero to one represent bal-
anced states, while values equal to or greater than one represents unsustainable
system operation. The state of ideal durability, in the conventional “0” point, is
purely conceptual - it represents the ideal value of the indicator, in the absence of
environmental impact (zero-emission), impossible to achieve in reality.

sustainable unsustainable

0 1
Ideal Critical
sustainability value (triggers
(theoretical) "systemic collapse™)

Figure 2.
Sustainability scale—range of states of sustainability [5].
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On the other hand, the critical value is the point “1” at which the system becomes
unbalanced in the sense that it represents an excessive negative environmental
impact relative to the reference system (e.g. conventional oil refinery) or is uneco-
nomical. The “1” limit point is a moving point that depends on the ideal durability
indicator and the critical value based on various factors, incl. Reference to national
and international targets (e.g. reduction targets). For some indicators, this critical
value will require periodic recalibration.

The critical limit value must be reliably established determined on a solid
scientific basis and confirmed by national or international targets, agreements, or
certification bodies. The selection of the appropriate critical value will depend on
the results of the Life Cycle Assessment (LCA) of the installation and its products
and the sustainability assessment taking into account the definition of the indicator.
When at least two sources propose different critical values, the general recommenda-
tion is to choose the most stringent criterion, in line with the precautionary principle.

Using the example of the indicator: “Reduction of greenhouse gas (GHG)
emissions”, an ideal system would not emit greenhouse gases (this state would be
described by a zero value on a normalized scale), and the system at the critical limit
point would be one that releases exactly the amount of greenhouse gases, which the
atmosphere is able to take without reaching a catastrophic rise in temperature. Due
to the complexity of determining the above, the critical reduction of greenhouse
gas emissions would be the one required by the appropriately adopted target (e.g.
the reduction target), the benchmark should be the results achieved by the refer-
ence system. Therefore, if a biorefinery is designed for a country belonging to the
European Union (EU), then the reduction targets, and thus the critical (border)
reduction value, will be determined on the basis of the currently applicable RED II
(Renewable Energy Directive) on renewable energy sources. In the RED II Directive
[6], the level of reduction of greenhouse gas emissions is min. 65% for installations
launched after 01/01/2021 and min. 70% for renewable fuels of nonbiological ori-
gin. In this case, where two objectives apply to the designed biorefinery, the critical
value should be established according to more stringent regulations.

3. Sustainable development criteria in the field of energy carriers as
biorefinery products

The European RED Directive establishes sustainability criteria, which were
then revised and tightened up in RED II in Article 29 (1). 2-8 and 10. They read as
follows:

* Biofuels produced must not come from raw materials obtained from land with
high biodiversity (i.e. primeval forests and other wooded lands, protected
areas, grassland with high biodiversity),

* Produced biofuels cannot come from raw materials obtained from land rich in
carbon (i.e. wetlands, wooded areas, peatlands),

* Agricultural raw materials grown in the EU and used for the production of
biofuels should be obtained in compliance with minimum requirements con-
cerning good agriculture culture in accordance with environmental protection
and with certain statutory management requirements set out in the Common
Agricultural Policy,

* The greenhouse gas emission savings through the use of biofuels, bioliquids,
and biomass fuels should be at least 50%, 60%, and 65% respectively for
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biofuels, biogas consumed in the transport sector, and bioliquids produced in
installations put into operation before October 5, 2015, before December 31,
2020, and after January 1, 2021.

Although biofuels are very important from the point of view of reducing green-
house gas emissions in EU countries, it should be borne in mind that the production
of currently known and used biofuels usually takes place using arable land that was
previously used for other agricultural purposes, such as food or feed production.
These are the so-called first-generation biofuels (conventional biofuels). Since
agricultural production for food is and will remain necessary, it can lead to the
expansion of food crops to land that has not been cultivated so far, thus includ-
ing high-carbon areas such as forests, wetlands, and peatlands. Indirect Land Use
Change (ILUC)—as the above-described process is called—can cause the release of
CO, stored in trees and soil, which may counteract the process of reducing green-
house gas emissions resulting from the increase in the share of biofuels. To tackle
the ILUC issue in the “Clean Energy for All Europeans” package [7], the revised
Renewable Energy Directive introduces a new approach. It sets limits for biofuels,
bioliquids, and biomass fuels with a high ILUC risk, with significant expansion in
areas with high carbon content. These limits will have an impact on the amount of
these fuels that the Member States can count toward meeting their national targets
when calculating the total national share of renewables and the share of renewables
in transport. EU Member States will still be able to use (and import) fuels that fall
under these limits, but will not be able to take these amounts into account when
calculating the extent to which they have met their renewable energy targets. The
limits in question are to be frozen in the period 2021-2023 at the 2019 levels, and
then until the end of 2030, the limit is gradually reduced to 0%.

RED II also introduces an exemption from these limits for biofuels, bioliquids,
and biomass fuels certified as having a low ILUC risk. In order to implement this
approach, as required by the Directive, the Commission has adopted Delegated
Regulation (EU) 2019/807.

According to the current target by 2030, at least 14% of transport fuels are to
come from renewable sources, with first-generation ILUC-risk biofuels no longer
counting toward the EU’s renewable energy targets from 2030. As a part of this goal
has been set a target for advanced biofuels produced from feedstocks listed in Part A
of Annex IX. The share of advanced biofuels and biogas produced from raw materials
listed in Part A of Annex IX to the Directive (biofuels and biogas with low ILUC risk)
as a share of final energy consumption in the transport sector will be at least 0.2% in
2022, at least 1% in 2025 and at least 3.5% in 2030.

Member States of the European Union may exempt fuels suppliers that sup-
plying fuels in the form of electricity or renewable liquid and gaseous transport
fuels of nonbiological origin—with regard to these fuels—from the requirement
to achieve a minimum share of advanced biofuels and biogas produced from raw
materials listed in Annex IX, Part A.

Raw materials for the production of biogas for transport and advanced biofuels,
the share of which in the minimum shares referred to in Art. 25 Section 1, the first
and fourth paragraphs, can be considered as twice their energy value.

The share of biofuels and bioliquids, as well as biomass fuels used in transport,
if produced from food and feed crops, may not be higher than by one percentage
point than the share of these fuels in final energy consumption in transport and rail
transport sectors in 2020, with a maximum of 7% of energy consumption in the
road and rail transport sectors in Member State.

Fuels produced from high-risk ILUC raw materials will be constrained by a
stricter consumption cap in 2019. The share of biofuels, bioliquids, or biomass fuels
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with a high indirect land-use change risk, produced from food and forage crops,
where the significant expansion of the production area into carbon-rich land shall
not exceed the consumption of such fuels in the Member State in 2019, unless they
are certified as biofuels, bioliquids or biomass fuels with a low risk of indirect land-
use change. From 31 December 2023 to 31 December 2030 at the latest, this limit
will be gradually reduced to 0%.

In relation to the changes introduced by the currently applicable RED II direc-
tive, it is reasonable to use raw materials with a waste status in biorefinery produc-
tion from various industries (agriculture, food, livestock, etc.), catering waste, or,
for example, out-of-date food products. The use of this type of raw material is also
supported by a significant reduction in emissions in the life cycle of the biorefinery
system, resulting from the avoidance of the need to use the land for the cultivation
of the raw material and all processes related to sowing, harvesting and transporting
the raw material to the biorefineries.

Therefore, biorefinery installations will undoubtedly contribute to the more
ambitious target of a 55% reduction in greenhouse gas emissions by 2030 [7], fore-
casted in the Climate Goals Plan [8] in the frame of the European Green Deal [9].

4, Conclusions

In the light of the latest regulations, the indicators analysis for biorefineries
comes down to the calculation of the emission factor for the full life cycle of a
biorefinery product, which is a biofuel/biocarbon biocomponent. For chemicals
and other value-added products, comparisons can be made by assessing the LCA of
non-biorefinery product equivalents. The emission factor defines the possibility of
using a fuel/biofuel or a product with an added value on the market, and thanks to
this indicator it can be assessed whether this fuel or product actively participates in
the achievement of the reduction target. However, it should be noted that in 2021
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the concept of petrosynthesis [10] appeared as a series of complex technological
processes using mainly the final products of combustion, such as carbon dioxide
and water (water vapor), and other greenhouse gases using energy from renew-
able sources generating electricity, to the production of hydrocarbons and their
compositions which are equivalent to products manufactured so far by the refining
and petrochemical industries. According to its author, this concept is a practically
possible substitute for photosynthesis processes, as it was shown in Figure 3.

The concept presented in Figure 3 may partially complement the processes
carried out by comprehensive biorefinery systems, allowing for the full use of all
possible post-process waste, including water and carbon dioxide, in the so-called
closed cycle. However, the actual implementation of this concept requires further
work, especially in the field of obtaining waste carbon dioxide from dispersed
processes and hydrogen directly from industrial, municipal, and salt waters, as well
as from other sources, which is related to the increasing shortages of water neces-
sary for biological processes, in including drinking water.
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Chapter2

Simulated Moving Bed
Technology: Overview and Use in
Biorefineries

Deepak Sharma

Abstract

Synthesis of chemical compounds oftentimes produce a mixture of desired
and undesired components. The ease of purification and recovery of the desired
component more often than not determines the viability of the production tech-
nology. Simulated Moving Bed (SMB) technology is a continuous purification
and separation technique with better performance (less solvent consumption and
higher throughput) than traditional batch chromatography. SMB is a continuous
separation technology which can be used to achieve the desired product purity with
considerably lower power and raw material consumption. A lot of research and
development is undergoing in the SMB technology which is enabling the search for
more economical and carbon neutral ways of producing industrial chemicals. SMB
has proven to be of great assistance in extracting products produced in biorefinery
fermentation processes in an economical and energy efficient fashion. This chapter
outlines the various processes the author has developed using SMB technology, its
use in biorefineries, and prospective use in the future.

Keywords: Simulated Moving Bed, Chromatography, Adsorption, SMB, Purification,
Separation, Unit operation, Manufacturing, Adsorbent, Desorbent, Extract,
Raffinate, Biorefienry

1. Introduction

Simulated Moving Bed (SMB) technology is an improvement over the traditional
batch chromatography to a continuous chromatography process. SMB allows scale-
up of lab chromatography process for high production outputs needed in the chemi-
cal industry. Most chemical reactions also produce many byproducts along with the
desired product. Therefore, many purification steps are needed in order to achieve
the desired purity of the final product. Synthesis of products have traditionally been
given more importance in the chemical industry. The recovery and purification
of desired product is often more time consuming and costly in comparison to the
synthesis reaction. There are several widely employed purification techniques, such
as distillation, crystallization, filtration etc. Almost every chemical manufacturing
operation requires the use of purification process to achieve the desired product
purity. Oftentimes the choice and efficiency of the selected purification technol-
ogy determines the quality and cost of the product. Liquid-phase adsorption has
traditionally been used in the industry to remove specific by-products produced
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during synthesis of industrial chemicals. Batch chromatography used for purifica-
tion of feed streams use principles such as adsorption, size exclusion, complexation,
ion-exchange, hydrogen bonds or a combination of these mechanism. SMB chro-
matographic technique was first used in the petrochemical industry in the 1940s [1].
In this chapter the author focuses on use of SMB in the energy, pharmaceutical, and
nutraceutical industry and how the use of this technology enables the development
of greener and sustainable process.

2. Background

Batch chromatography has been used in the industry for several years, however,
the technology has suffered from low yield, high solvent consumption, poor column
utilization and high product dilution. SMB technology was developed to overcome
the limitations of batch chromatography and convert it into continuous process.
The very nascent form of SMB technology dates all the way back to the 1840s where
fixed beds and moving ports to simulate a counter current movement of liquids and
solids was first used in Shank’s system for leaching [2]. A family of SMB processes
were developed by UOP LLC (Des Plaines, Illinois, U.S.) for the petrochemical
industry. Some of the processes industrialized by UOP were Parex for the recovery
of para-xylene, Molex for the separation of linear paraffins, Ebex for the separation
of ethyl benzene from a mixture of C8 aromatic isomers, Olex for the separation of
paraffins and olefins. Until 1970 most of the processes for SMB technology were in
the petrochemical industry. The sugar industry started seeing SMB process devel-
opment around 1980s when UOP developed the Sarex sugar purification process [3,
4]. In 1990s the use of SMB technology in pharmaceutical industry caught speed.
Several processes were developed using chiral stationary phase [5-7]. SMB technol-
ogy has found its use in almost all chemical industries including pharmaceutical,
petrochemical, waste removal, enzyme separation, organic acid separation, puri-
fication of fine chemicals. Traditionally SMB technology has only been used for
binary separations i.e. two component or at most three components. Most recently
there has been developments in SMB technology to separate multiple components
from a complex feed stream. The author has developed several complex SMB
processes that are outlined in this chapter.

3. Separation principles for batch chromatography and SMB

In batch chromatography a column is packed with adsorbent material which is
called the stationary phase or sorbent. The stationary phase is determined based
on the characteristics of the feed stream. Typical stationary phase used are carbon,
silica gel, alumina, modified silica etc. Once the column is packed it is flushed with
a mobile phase. Mobile phase is a single solvent or a mixture of solvents that are
decided based on the solute solvent interactions. Similar to analytical chromatog-
raphy the feed solution is injected into the column and then eluted with the mobile
phase called desorbent. Mobile phase and desorbent will be interchangeably used
in this chapter. The components of the feed that have higher affinity for the sorbent
are referred to have a higher partition coefficient. Having a higher partition coef-
ficient means that the component is strongly bound to the sorbent so has a higher
concentration on the sorbent than in the mobile phase. Since only the components
in the mobile phase migrate with the desorbent a higher affinity feed component
migrates slower than a low affinity feed component thereby creating a concentra-
tion gradient in the column resulting in separation of the various feed components.
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Batch chromatography can be used to separate such components by collecting
the desired product in one vessel and reject byproducts to a separate vessel. In most
industrial applications there are components in the feed that either have a higher
affinity or lower affinity than the desired product. A higher degree of separation is
desired from the two undesired components to achieve a pure product. In an ideal
world one would assume that one can easily achieve this in a single column with a
reasonable column length. In practice this is not feasible as the short column length
does not give enough run length to the components, as a result of which both purity
and yield is compromised. To overcome this drawback of single column separation,
SMB technology was developed to provide the much-desired solution.

SMB technology overcomes most of the shortcomings of batch chromatography.
In a SMB several identical columns are connected in series. Figure 1 shows eight
columns connected in series such that the outlet from one column is connected to
the inlet of the next column. In this figure the desorbent enters the first column and
feed enters the fifth column. The feed in this illustration contains two components
A and B. The fast-moving component A is removed in the raffinate stream which
comes out from the bottom of column # 7. The component B, which is strongly
adsorbed on to the stationary phase, is tapped from the bottom of column # 3,
labeled as extract. The inlet and outlet ports divide the eight-column setup con-
nected in series into four zones. Each zone in a SMB has different flow rate. The
ports move periodically along the loop to follow the migrating solute bands. On
every switch of SMB port, the desorbent and feed move one column downstream
to the inlets of column 2 and column 7 respectively. Even the extract and raffinate
port move one column downstream and are drawn from column 3 and column 8
respectively.

The inlet and outlet streams determine the various zones in the SMB. The zone
between the desorbent inlet and extract outlet is zone I which is called the desorp-
tion zone. The zone between the extract and feed port is zone II which is called the
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Figure 1.
SMB setup with column switch illustration.
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rectification zone. The zone between the feed port and the raffinate port is zone III
which is called the adsorption zone. The zone between the raffinate and desorbent
is zone IV which is called the regeneration zone. The column switch time is deter-
mined carefully such that the slow-moving feed component B never reaches the raf-
finate port and the fast-moving component A never reaches the extract port. Fine
tuning the switching time ensures the fast-moving component A only come out
from the raffinate port and the slow-moving feed component B only comes out of
the extract port. The setup can be optimized to achieve the desired product purity
and yield. This periodic port switching achieves a simulated counter current move-
ment of the solid phase with respect to the mobile phase. This enables a continuous
process where the desired product can be continuously produced.

4. Advantages of SMB technology

There are several advantages of using SMB over batch chromatography or any
other industrial purification technologies. One of the advantages of SMB is the
continuous purification of feed components achieved at high product purity and
yield. SMB also considerably reduces the amount of desorbent usage over batch
chromatography. The continuous regeneration of the adsorbent in a single setup
also reduces the usage of adsorbents considerably thereby increasing the overall
adsorbent utilization. The reduced consumption of desorbent [8] and adsorbent
makes this a greener process as it enables in reducing the carbon footprint of
achieving the same purification with higher efficiently. These improvements also
lend its advantage to cost savings not only in operating cost but also in capital cost
by requiring a smaller footprint, equipment size, and manpower. More importantly,
SMB technology is particularly useful in biorefineries as it is naturally favorable for
the low concentration product stream from biorefineries. Fermentation reactors are
typically limited by the concentration of product one can achieve in the fermenter
before the producing organisms get deactivated. The low concentration is favorable
for adsorption, making SBM the preferred technology to achieve economic purifica-
tion of the products.

Biorefineries particularly face a huge challenge in isolating the desired products
from the reaction mixer. The cost of separation and purification account for a large
portion of costs in biorefineries. SMB provides the much-required cost effective
solution which makes biorefinery production feasible and competitive to tradition
synthetic production techniques.

5. Shortcomings of SMB technology

In the past decade a lot of technological development has happened in the field
of SMB technology. The author has enabled the commercialization of some of the
purification processes. An SMB process involves a complex design which requires a
lot of inputs. A typical 4 zone SMB requires research on multiple lab-scale experi-
ments to determine the flow rate of feed, desorbent, extract, and raffinate. Along
with that the frequency of switching the columns need to be determined, the zone
length for each of the four zones, and the operating temperature. A total of ten
design parameters need to be identified for the successful run of SMB setup.

During startup of SMB processes all the ten parameters need to be developed
using experimental setups and scaled up to parameters for the manufacturing
unit. Every run of the SMB setup involves optimization which leads to production
of off spec product. Even slight variation in any parameter can easily disturb the
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equilibrium of the entire process. Moreover, some parameters drift and are heavily
dependent on accuracy of pump flow rate and varying pressure drop in the different
columns.

6. SMB operation

In this setup the author will compare SMB process with a hypothetical moving-
bed system shown in Figure 2. In the schematic the desorbent D moves from the top
to bottom counter current to the adsorbent which moves from bottom to top. The
desorbent chosen is a solute which has a lower boiling point than the feed compo-
nents. This setup explains separation of a binary mixture A and B. Component A
is the faster moving component and does not interact with the adsorbent as much
as B does. Component B is adsorbed selectively on to the adsorbent. As shown
in the Figure 2 feed enters the column at a particular point on the column. The
desorbent moves the faster moving component A which has little interaction with
the adsorbent with it and comes out with the desorbent from the raffinate which is
right below the feed point. The adsorbent moves the component B due to increased
interaction with the adsorbent and come out at the extract port right above the feed.

The inlet and outlet of streams split the entire column into 4 zones:

Zone 1: This is the desorption zone. The zone between extract and desorbent is
called the desorption zone. In this zone component B is removed from the adsor-
bent (solid).

Zone 2: This is this rectification zone. The zone between the feed and extract is
called the rectification zone. In this zone component B is selectively enriched on the
adsorbent over component A.

Zone 3: This is the adsorption zone. The zone between the raffinate and feed is
called the adsorption zone. In this zone component B is adsorbed on the adsorbent
(solid).

Zone 4: This is the regeneration zone. The zone between the desorbent and raf-
finate is called the regeneration zone. This zone acts as a buffer to prevent compo-
nent B from reaching the raffinate port.

In practice there are two types of continuous chromatography operations
prevalent in the industry. Moving bed operation [9] where the actual adsorbent bed
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Figure 2.
Illustrating SMB as a distillation column.
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moves and another one is a simulated moving bed [10] where the movement of the
beds is simulated by series of valves [11, 12].

7. SMB parameters
7.1 Adsorbate-adsorbent interaction

Selection of separation technology employed for any particular application
is determined by the phase relation that can be developed using various separa-
tive agents. Adsorption is a complex phenomenon compared to any other form of
separation technique employed in the industry. Adsorption is typically used as a last
resort when none of the other separation techniques are practically feasible.
Interaction of components that are intended to be purified need to have selectiv-
ity for the adsorbent that is chosen for purification. Moreover, there needs to be
enough selectivity between components to achieve a higher purity and yield of the
components. There is not much literature on adsorbate-adsorbent interaction. The
only literature available is covered in patents [13-21]. With the little that has been
established it has been concluded that the selection of adsorbent is more of an art
than science.

7.2 Adsorbents used in the industry

The choice of an adsorbent for any adsorption process is primarily governed by
four parameters; mass transfer rate, capacity, long-term stability, and selectivity.
Adsorbents traditionally used in the industry are silica, activated alumina, and
activated carbon due to their large micropore volume and surface area.

As arule of thumb silica and alumina are used for polar components.
Equilibrium data published in the literature [13-20] can be used to identify a
suitable adsorbent. The order of affinity of various chemical species is; saturated
hydrocarbons, aromatic hydrocarbon, halogenated hydrocarbons, ethers, esters,
ketones, amines, alcohols, carboxylic acids [10]. For non-polar components the
widely used adsorbent is activated carbon or modified silica. Equilibrium data is
available in the literature for activated carbon [13, 14, 18-20]. Polymeric resins are
mostly used in the pharmaceutical and food industry. Polymeric resins have ionic
properties which have shown selectivity for cation-anion exchangers and sugar
separations [21]. Resins are primarily used in aqueous phase separations.

7.3 Normal phase

Normal phase adsorbents are primarily adsorbents that are polar in nature. Polar
adsorbents can either have a solid base or the solid base can be modified by chemi-
cally bonding a polar molecule to a solid base. Separations using normal phase chro-
matography typically use non-polar solvents or solvent mixtures with somewhat
lower polarity than the adsorbent. Separations using normal phase chromatography
separates molecules in order of increasing polarity. For products that are generated
in biorefineries in a non-polar medium, one can use normal phase adsorbent to
achieve the desired separation.

7.4 Reverse-phase

In reverse phase chromatography the adsorbent is non-polar and the sol-
vent used is polar. Like the name suggests separation using reverse phase
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chromatography separates molecules in reverse order of polarity. Most commonly
used adsorbents for reverse phase chromatography are silica base adsorbent bonded
with trimethyl, octadecyl, cyano, butyl, octyl ligands. Reverse-phase chroma-
tography packings find its application as both physically adsorbed-phase and
bonded-phase materials, application of bonded-phase packaging have dominated
the industry since the early 1980’s. Fermentation products that generate products in
polar medium can use reverse-phase stationary phase to achieve the separation.

7.5 Ion-exchange

As the name suggests ion-exchange separates solute molecules based on their
ionic interaction with the adsorbent. Adsorbents used for ion exchange are com-
posed of a base material like silica or a cross linked polymer primarily with a pore
diameter range of 10 to 100 nm derivatized with negatively or positively charged
ligands. The ligands chosen determine if the adsorbent would be a weak or strong
ion-exchange resin based on the pH range they are operated in. In addition to
extraction of Tagatose from a mixture of glucose and galactose from a biorefinery
discussed in Section 9.1, Ion exchange has been used in biorefineries to remove
inhibitors from biomass hydrolysate (acid, salts), carboxylic acid, impurities in bio-
diesel (glycerol, methanol, soap etc.), purification of succinic acid and many other.

7.6 Size exclusion

Size exclusion chromatography is used to separate molecules based on their
molecular size. Another name for size exclusion chromatography is gel permeation
chromatography. Pore size of the adsorbent determines the size of molecule the
adsorbent can separate. Operating pressure of the apparatus is very critical when
using size exclusion chromatography. Adsorbents used for size exclusion chroma-
tography are carbohydrates (soft gels) or carbohydrates cross linked with agarose
or acrylamides or silica 5-10 micron in diameter possessing a controlled pore size
distribution.

Recently there have been several advances in the development of new sorbent
materials. New adsorbents like acrylamide gels and microscopic rods of silica are
being developed for chromatography application.

7.7 Desorbent selection

Selection of desorbent is equally important to the selection of adsorbent. Even
though the desorbent is an inert solvent that is not a desired product, particular atten-
tion needs to be paid to the selection of the desorbent to ensure it does not compete
for the adsorption sites and reduce the active sites available for the components to
be separated. Another factor to consider is the boiling point of the desorbent should
be somewhat different than the components to be separated so that the separated
products can be easily recovered. Lower boiling point of the desorbent also favors the
economics of the process. A sweet balance between safety and stripping cost should
be given due consideration while selecting a desorbent. Low boiling solvents can cause
a flammability hazard mitigating which can turn out to be costly for operation.

8. Lab experiments for scale-up of SMB

Every process that is commercialized and produced in the industry goes through
a discovery phase. Like any other unit operation even SMB process has unique
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experimental setup’s that can be used to determine parameters required to scale up
and run industrial scale SMB setup. The author has conducted extensive research
in identifying experimental setups that can be used by anyone assessing the use of
SMB technology for separation of a mixture of compounds. Some of the experi-
mental setup’s that provide insight on the feasibility of the technology is outlined in
this section. Every separation is unique, based on the properties of the product and
medium in which the product is produced one can perform sequential experiments
to identify the right adsorbent and mobile phase to achieve the separation.

8.1 Adsorbent capacity determination

The selection of adsorbent to be used for a particular separation depends on the
capacity and selectivity of the adsorbent for the component in question. The capac-
ity of the adsorbent can be determined by using the setup shown in Figure 3.

A column with a length of 250 mm and internal diameter 10 mm is packed with
dried adsorbent for which the adsorption capacity needs to be determined. Before
packing the column with the adsorbent the initial weight of the column is recorded
and after filling the adsorbent with the adsorbent in consideration the final weight
of the column is measured. The difference between the initial and final weight tells
you the weight of adsorbent added to the column.

In order to determine the capacity of the adsorbent for a particular component,
isolated pure components can be purchased from any vendor (example Sigma
Aldrich) for the study. It is important that pure component is used for the study
as the presence of impurity in the component can interact with the active sites of
the adsorbent thereby giving a false adsorbent capacity. A 1-5% solution of the
component is prepared in the mobile phase. Say if it is desired to study the adsorp-
tion capacity of ethanol on activated carbon then a 1% solution of ethanol can be
prepared in water and passed through a column packed with activated carbon. To
determine the adsorption of the component, the solution is passed through the
column using a pump at a fixed flow rate say anywhere between 1 and 5 gpm. The
effluent from the column is collected in vials. Sterilized 50 ml vials are available
from several vendors for laboratory experiments. Since we do not know the capac-
ity of the adsorbent, it is best to collect 10 ml samples of the effluent. If a rough
estimate needs to be determined for the exact point of the breakthrough then the
effluent from the column can be directly connected to an IR detector to determine
when the peak happens. Based on the rough breakthrough volume one can decide
the volume of sample required. The effluent samples collected are injected in a high-
pressure liquid chromatogram to determine when the sample collected contains the
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Figure 3.
Adsorption test setup.
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component adsorbed on the adsorbent. It will be seen that the first few vials only
contain the mobile phase in which the component is dissolved. Since the adsorbent
will keep adsorbing the component till it has capacity, once the adsorbent is satu-
rated the component will break through at which point no more adsorbent will get
adsorbed on the adsorbent. The first vial which matches the composition of the feed
solution marks the breakthrough point and can be called the breakthrough vial.
Calculate the cumulative volume of all the vials before the breakthrough vial. Based
on the cumulative volume identified one can calculate the mass of the component
adsorbed on the adsorbent. Dividing the mass of component adsorbed by the mass
of the adsorbent gives the adsorption capacity of the adsorbent.

Mass of component adsorbed

Adsorption capacity of adsorbent = x100 (1)

Mass of adsorbent in the column

Mass of componet adsorbed = wt%of component in the feed
X Cumulative volumne before breakthrough —(2)

8.2 Pulse test

Pulse test is primarily done to identify the residence time of various components
as they pass through a column packed with the adsorbent used for achieving the
separation in an SMB.

If one wants to conduct a quick pulse test using a lab scale SMB column
(250x10mm), one can connect the discharge of the column directly to IR detector or
UV detector based on the characteristics of components to be identified as shown
in Figure 4. One can first inject a blank injection to know the void volume of the
column. Blank injection can include any component that does not interact with the
adsorbent and hence comes out at the void volume. For activated carbon one can
use salt solution like NaCl. In the next step one can inject a solution of the compo-
nent to find the residence time of the component in the IR or UV detector. Knowing
the residence time of the various adsorbents can give a rough idea of starting condi-
tion of a SMB which can then be optimized.

Several applications of SMB require separation of multiple components from a
feed stream. Some feed streams can contain 20-30 components that fight for the
adsorbent sites. For such feed components one might need to run multiple SMB
runs to get the desired component. As an example, the author has developed a
process for isolating alpha-tocotrienol from palm oil [22]. Palm oil contains several
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Figure 4.
Residence time detection.
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Figures.
Shows the results of a pulse test conducted for the palm oil extract feed. Source [22].

components like alpha-tochopherol and tocotrienol; beta-tocopherol and tocotri-
enol; gamma- tocopherol and tocotrienol; delta- tocopherol and tocotrienol; and
several other backend and frontend components.

A detailed pulse test is required to get a good idea of residence time of various
components and identify the effect of the presence of one component on other
components.

In order to conduct a pulse test a stainless steel column is packed with the desired
adsorbent. Tare weight of the column is registered before filling the column with the
adsorbent to know the exact weight of adsorbent added to the column. Once filled
the column is kept in a water bath and maintained at the operating temperature
desired for the SMB run. In order to equilibrate the column the desorbent chosen
for the separation is passed through the column for 30 minutes. Once the column
is equilibrated a known amount of feed dissolved in the desorbent is fed to the top
of the column preferably 5 ml solution of 5% feed dissolved in the mobile phase.
Once the feed is injected it is then eluted with the desorbent at a desired flow rate
preferably 1-5 ml/min. The effluent from the column is directed to a RI detector or
a UV detector based on the constituents of the feed to get a rough estimate of the
elution of the components. For detailed analysis the effluent is also collected in 10 ml
vials. The vials collected are then injected in a high-pressure liquid chromatograph
to know the exact composition of the effluent stream. The results of the chromato-
grams are plotted on a graph to study the separation profile of the various compo-
nents. Figure 5 shows results of a pulse test conducted by the author to identify the
elution profile of a-Tocotrienol and other feed components in palm oil extract feed.

9. Application of SMB in the industry

The first industrial scale SMB process was commercialized by UOP (United Oil
Products check) for the separation of n-paraffins from branched paraffins, and
aromatics. The first plant was started in 1960 and was used for the manufacture of
biodegradable detergents. Traditionally p-xylene was purified using crystalliza-
tion, however the SMB technology showed a big improvement over the crystal-
lization process. After being successful in hydrocarbon separations there has been
several novel processes that were developed for fatty chemicals, pharmaceuticals,
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carbohydrates, and biochemicals [10, 23-42]. Recently, a lot of process develop-
ments happened at Orochem Technologies with which the author was directly
involved either in the R&D phase [22, 43-45] or in the commercialization phase
[46-50].

9.11Ion-exclusion SMB process

The extraction of sucrose from molasses have been researched extensively in the
industry, in 1953, Dow Chemical company invented [51] an ion-exclusion process
to separate the ionic and nonionic constituents of molasses. It was identified that
under equilibrium conditions certain non-ionic components of molasses could be
separated from the ionic components of molasses using SMB technology with high
throughput and yield. This SMB technology can also be used for extracting sugar
or related products from other biorefineries in addition to the one discussed in this
section.

In 2012, the author was involved in developing a process using SMB technology
to separate d-Tagatose from a mixture of d-Galactose and d-Tagatose produced in
a biorefinery [43]. The process uses a strong acid cation exchange resin to provide
a pure d-Tagatose product from a mixture of d-Tagatose, d-Galactose, glucose, and
calcium salt. Figure 6 shows a bench scale lab SMB that was run to find conditions
to run the commercial scale SMB. In the lab scale setup, a 2-3-3 column configura-
tion was established for the columns in a simulated SMB setup where a plethora of
solenoid valves simulated the movement of the columns. Desorbent entered from
top of 1st column and feed entered from top of 6th column. Extract was drawn from
the bottom of 2nd column and raffinate was drawn from the bottom of 8th column.
Column 1-2 are in desorption zone. Column 3-5 are in rectification zone and
column 6-8 are in adsorption zone. After determining the flow conditions the flow
rates were scaled up to run a commercial unit in Italy.

At industrial scale a continuous moving SMB was used for this process and a
pilot unit was run to illustrate this process in Italy. The continuous SMB consisted
of 30 ports to which 30 columns were connected. The 30 columns were separated
into 3 sets of 10 columns each. Figure 7 shows a schematic of the SMB process for
separating d-Tagatose from d-Galactose using the continuous SMB. The desorbent
which is water enters the 1st column as shown in Figure 7. The feed which isa
mixture of d-Tagatose, d-Galactose, and salt enters from top of 5th column. Since
the adsorbent has selectivity for d-Tagatose it gets preferentially adsorbed on the
adsorbent and moves with it to come out from the bottom of 2nd column, this
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Figure 6.
Lab scale SMB process for separation of d-tagatose from d-galactose.

19



Biorefineries - Selected Processes

P l
NN —1

- - - - - ~
Calumn Column Colurn calumn Column Column Column c”‘;‘”"” E°';'“" c°':"""
# # i
1 2 3 4 5 6 7 8 s o
__ N ,T,/ — M ; - M
Extract Primary Sacondary

Raffinate Raffinate

Figure7.
Industrial scale SMB setup to separate d-tagatose from d-galactose.

stream is called extract and consists of pure d-Tagatose. D-Galactose the faster
moving component comes out from the bottom of 7th column and is called the
raffinate stream. In the continuous SMB a 2-3-2-1 column setup was employed to
concentrate the raffinate stream and recycle part of desorbent making it a greener
and more efficient process. Using SMB to concentrate streams saved considerably in
energy cost by reducing the load on evaporators. This setup illustrates that not only
can SMB be used to achieve an efficient separation with high purity and yield. The
technology can also be used to build a greener process where process intensification
can be used to integrate concentration steps to reduce the load on other unit opera-
tions such as evaporation.

9.2 SMB process to extract oxygenates from dilute fermentation stream

The author was involved in developing a novel process for extracting ethanol
and other oxygenates produced in dilute fermentation processes in a biorefinery.
Bio fermentation processes have extensively been used to produce products such as
ethanol, non-condensable gases such as methane, oxygenated organic compounds
such as 2,3 Butanediol (2,3-BDO). Oxygenated organic compounds have tradition-
ally been produced from sugar sources such as corn, sugarcane, molasses, etc.

The author has worked in collaboration with Lanzatech for isolating ethanol and
other oxygenates produced in dilute fermentation broth. The process developed

by Lanzatech uses unique microbes to convert carbon monoxide and other flue
gases from power plant exhausts to useful chemicals such as ethanol, 2,3BDO. The
Lanzatech process uses microbial gas fermentation to convert carbon monoxide
containing gases produced by industries such as steel manufacturing, chemical
production, and oil refineries as well as gases generated by gasification of forestry
and agricultural residues, municipal waste, and coal into valuable fuel and chemical
products to produce ethanol and other oxygenates such as 2,3-BDO [52, 53]. This
process can also be used for extraction of products from other biorefineries working
towards producing other products.

Since the ethanol and associated oxygenates such as isopropanol, 2,3-butanediol,
and other diols are produced in very dilute concentrations in aqueous fermentation
solutions, recovery of these constituents by traditional means such as distillation
and crystallization is largely hindered by the energy requirements. The energy
requirement for separating ethanol from a dilute mixture of ethanol and water is
about 30,000 BTU/gal of ethanol produced. The author has developed a SMB pro-
cess which can achieve the same separation with 75% less energy consumption [44].
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9.2.1 Experiment for identifying capacity of adsorbent

A bench scale setup is used by the author to calculate the capacity of the adsor-
bent [44]. In the setup a column with a length of 250 mm and diameter of 10 mm
is packed with the desired adsorbent. In this experiment the adsorbents chosen
for comparison are activated carbon (E-325 Orochem adsorbent) and fluorinated
activated carbon (E-325 an Orochem Technology proprietary product). A 1% solu-
tion of ethanol in demineralized water is passed through the columns with different
adsorbents to find out the capacity of the adsorbents. The results of the adsorbent
studies are shown in Table 1.

Another adsorbent studied for the SMB process was silica bonded with C-18.
Since the performance of the fluorinated carbon was better than C-18 silica further
analysis of the C-18 is not discussed in this chapter, more information can be found
in the patent application [52].

9.2.2 Desorbent analysis

Once the adsorbent was finalized for the SMB process a solvent analysis was
performed. The solvent selected should be selectively able to remove the adsorbed
components without compromising the relative selectivity desired to achieve the
separation. Solvents studied for this analysis were methanol, ethanol, propanol,
methyl tertiary butyl ether (MTBE). In order to test the viability of the desorbent it
was passed through a column saturated with the feed and eluted with the desorbent.
10 ml samples of the eluent was tested using a high-pressure liquid chromatogram
to see if the desorbent was completely able to regenerate the column. Once regener-
ated the adsorption capacity of the adsorbent was calculated to understand if the
regeneration was successful.

9.2.3 SMB setup

Lab scale SMB for extracting ethanol and butanediol from dilute fermentation
broth was developed by the author. The SMB setup shown in Figure 8 illustrates
an 8-column setup where each column was packed with fluorinated carbon. The
columns were connected in series to a bench scale SMB from Semba. Methanol
was used as the desorbent. Synthetic feed solution containing 6% ethanol and 2%
2,3-butanediol was prepared and pumped to the top of column # 6. The complex
SMB valve system facilitated switching of the inlet and outlet ports of the columns
at regular intervals. The interval after which the inlet and outlet of the columns
were switched is called the cycle time. The SMB setup is a continuous process where
the desorbent and feed enters the columns and extract and raffinate are drawn out
of the columns as designated in Figure 8. The switching of the SMB valve simulates
a continuous counter current movement of the adsorbent and mobile phase. In the

Exp#1 Exp#2 Exp#3 Exp#4
Organic @1% in water Ethanol 2,3-Butanediol Ethanol 2,3-Butanediol
Adsorbent E-325 E-325 FC-5 FC-5
Breakthrough Volume (ml) 68 108 106 188
EtOH adsorbed(gm) 0.68 1.08 1.06 1.88
Adsorption ratio (W/W) 6.07 9.64 946 16.7

Table1.
Below are the results of the adsorption capacity of the various adsorbents.
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lab setup it was demonstrated that the extract stream did not have any water and
the raffinate stream contained pure water. In order to achieve pure water at the
raffinate stream the column had to be purged with nitrogen at 140°C to eliminate
the methanol filled in the column. Since there was no way to establish the purging
and heating of the column in the SMB setup the column was physically removed
and replaced with a fresh column already purged with nitrogen at 140°C to simulate
the concept. In the 2-3-3 SMB setup 2 columns between the desorbent and extract
are in desorption zone, 3 columns between the extract and feed ports are in the
rectification zone, and 3 columns between the feed and raffinate port are in the
adsorption zone.

The lab scale setup explained in Figure 8 was scaled up to asa 10 column SMB
setup for industrial scale. Figure 9 shows the 10 column SMB setup. The desorbent
which was chosen to be ethanol as shown in Figure 9 moves from left to right and
the adsorbent beds switch from right to left simulating the counter current move-
ment of the adsorbent and desorbent. During the next valve switch the column
marked as column#1 moves to the position of column marked as column #10
and each column moves one position to the left. In the setup shown in Figure 9
two columns are in an isolated regeneration mode. Column # 1 has steam passing
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Figure 8.
Lab SMB setup for extracting ethanol and 2,3-BDO from dilute fermentation stream.
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Figure 9.
Industrial setup to extract ethanol and 2,3-BDO from dilute fermentation stream.
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through it at 100-120°C to eliminate any residues of ethanol - the ethanol water
mixture derived from column # 1 is mixed with the feed entering the top of column
# 8. Column # 2 has nitrogen heated to 80-120°C entering the column to strip as
much ethanol as possible and mix with the desrobent which is ethanol. In the setup
shown in Figure 9 the raffinate contains only water which comes out from the bot-
tom of column # 10. The 2,3-BDO contained in the feed comes out in the extract as
a mixture of 2,3-BDO and ethanol.

The SMB processes explained in this section are an improvement over the tradi-
tional distillation or crystallization processes as the SMB process excessively reduces
the amount of energy required to achieve higher purity and yield of the oxygenates
produced in the fermentation process. Further optimization of the SMB process has
been achieved by the author for several processes where the desorbent consumption
can be reduced to achieve higher purity and yield of the feed components versus
using any other separation technology.

In a further optimization of the SMB process for extracting ethanol and 2,3-BDO
from dilute fermentation stream the author has developed a schematic depicted
in Figure 10. In this SMB setup the same stationary phase can be used either
fluorinated carbon or C-18 bonded silica [45]. For commercial scale a 15 column
SMB setup is recommended where 5 columns can be dedicated to an improved
and separate regeneration step from the rest of the 10 columns that perform the
actual separation of the feed components. As depicted in Figure 10 desorbent
which is chosen to be ethanol is passed through the first column. Each subsequent
column from 1 to 10 are connected in series like other SMB setup’s such that the
outlet of first column is connected to the inlet of the next column. A portion of the
outlet stream from column # 3 is drawn as extract. The extract contains ethanol,
2,3-Butanediol and < 0.5% water. Feed enters the top of column # 7. Raffinate
which is the water contained in the feed stream comes out of column # 9 and 10.

In the improved SMB setup 5 columns are dedicated for improved regeneration. In
the improved regeneration the columns are heated using superheated ethanol. As
the columns step through the various zones once the column comes in the regenera-
tion zone it is heated using superheated ethanol. The adsorbent bed is heated in 4
steps and eventually purged using nitrogen to remove the interstatial ethanol in the
adsorbent bed. The columns are heated to about 110°C. Before the purged column
must enter the adsorption zone it needs to be cooled to achieve the desired separa-
tion. The cooling is achieved by passing water coming out of the raffinate stream
through the column to cool it to room temperature. The columns from 1 though 10
follow the same separation mechanism identified in Figure 9.

In order to heat the columns in the regeneration step superheated steam is passed
through the columns, since the effluent from the columns would be hot it can be

‘Supsibealed Ethanol

T (=) Heatir
Desarzent (Ethznsl) & | 2] Heating
Ry ¥
¥
L SR . A s I 0 A S S S S S
T ST S R T T N e N e N T e
ol Coll Eolum Colurm Co Column Calurn E“‘. ol 2 Colum Culumn ol ol G
] [ ¢ u ¥ i 4 " [ Il a ¢
B : a o 7 g H 0 n i ] 1 1
LR LU (L N I B N I N I I . S I N N N W R N N W
| 3 ¥ ¥
Extract £y Cooled
Raffinate (Watery (;’ Etnanol
Figure 10.

Improved SMB setup for extracting oxygenates from fermentation broth.
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cooled down using coolers and be used as the desorbent. The optimized SMB setup
shown in Figure 10 has removed the need to recycle a dilute ethanol stream from
the SMB back to the feed stream as shown in Figure 10. If other desorbents like
methanol, propanol, or MTBE were used for the separation then streams containing
a mixture of desorbent and water would be created that would need to be distilled
separately. More details on the different regeneration setups can be found in the
work published by the author [44, 45].

9.3 Use of SMB for extracting biorefinery products

Most biorefineries produce products in dilute aqueous mixtures. For most cases
the amount of energy required to separate the chemicals by traditional separation
means is cost prohibitive, thereby making industrial scale production of biore-
finery products impractical. The simulated moving bed technology provides the
much-required unit operation for extracting biorefinery products at a fraction of
the cost for traditional separation means. The author was involved in the extrac-
tion of fermentation products created in a bioreactor using SMB technology. If
conventional distillation techniques were employed to separate the fermentation
chemicals the technology would not have be feasible as the amount of energy
required to separate the products using distillation was much more than the fuel
value of the chemicals. The chemicals produced in the technology were ethanol
and butanediol in a 6% and 2% concentration in the fermentation broth. Specifics
of the technology can be found in Section 9.2. Until recently, most of the chemi-
cals were produced by fossil fuel-based resources that are now depleting and are
not sustainable. The depleting fossil fuels have catalyzed the use of biotechnology
techniques for generating chemicals to meet the growing population. SMB tech-
nology has proven to be very successful in aqueous product streams. Moreover,
the lower concentration of the product streams is favorable to SMB technology as
it works on the principles of adsorption. In the examples outlined in this chapter
SMB technology has demonstrated feasible for extraction of biorefinery chemicals
such as ethanol, lactic acid, sugars (Tagatose, Galactose, Glucose), butanediol
etc. As new processes are developed SMB technology can be applied to several
biorefineries using techniques explained in this chapter to produce many other
biorefinery products.

9.4 SMB in pharmaceutical industry

The use of SMB is not only limited to the petroleum, energy, biorefinery, or
sugar industry. Recently there has been a lot of development in isolating active
pharmaceutical ingredients using SMB technology. The author has developed a
novel SMB process for isolating alpha-tocotrienol from palm oil extract [22]. In
all the SMB processes we discussed the stationary phase used was non-polar and a
polar solvent was used as desorbent. In the SMB setup for isolating a-tocotrienol
[22] from palm oil extract the adsorbent used is either silica or alumina (polar
adsorbent) and the mobile phase is a non-polar solvent. In this SMB setup
a-tocotrienol need to be isolated from the rest of the components in palm oil
extract like f-tocopherol/tocotrienol, p-tocopherol/tocotrienol, 8-tocopherol/
tocotrienol, front end and back end carotenoids. The SMB process developed
creates a novel and green process due to the reduced amount of solvent required to
achieve higher purity and yield of a-tocotrienol which would not have been pos-
sible using any other separation technology. The author has also contributed to the
commercialization of the use of SMB technology for purification of highly pure
EPA/ DHA from fish oil. The technology for purification of fish oil is documented
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in patents [46-50]. In addition to developing processes for achieving purification
using SMB technology the author has worked on several other optimization proj-
ects for several other industries specifics of which can be found in publications
referenced [54-56]. The author has also delivered several talks on safety topics
with one of the topics on pump safety being published in CEP magazine [57].
The polar stationary phase SMB setup developed by the author can also be used
to extract biorefinery products that are non-polar. Pharmaceutical products that
are produced via fermentation can use SMB technology to achieve a cost effective
separation with high throughput.

10. Future research directions

The use of SMB in biorefineries is gaining traction. With the growing
population the need to conduct further research on using SMB for isolating bio-
refinery, pharmaceutical, and other biological products sustainably is impera-
tive. The pharmaceutical, neurocritical, and biologics industry has primarily
used batch processes which are limiting by capacity throughputs. The use of a
continuous technology will create new opportunities in these industries and
enable large scale production of products required to meet the growing demand
of the world.

11. Conclusion

Adsorption processes have successfully been demonstrated for purification of
commercial products. For those processes SMB technology has shown great advan-
tage over batch chromatography. One can achieve higher yield and purity using
SMB technology. Various process developments in using SMB for multi component
feed streams have been successfully commercialized. Process Intensification can be
achieved using this novel technology in biorefineries. Fermentation products that are
produced in dilute streams have found an efficient way of extraction using the SMB
technology. Higher throughput processes in the pharmaceutical and bio-fermenta-
tion industry will enable the use of SMB technology. The successful implementation
of SMB will enable increased capital investment for R&D related to this technology.

Several processes have been developed using SMB technology to achieve separa-
tion in biorefineries: e.g. purification of glycerol from biodiesel production (using
the Ambersep BD50 resin, or gel-type acidic ion-exchange resin beads) where the
raffinate stream contains salts and organic impurities including free fatty acids,
purification of oligosaccharides (made up of xylose and arabinose units), isolation
of lactic acid from acetic acid, separation of sugars (glucose and xylose) [58] to
name a few. The SMB technology has shown immense promise in achieving a sus-
tainable, cost effective, and safe product isolation technology for various industries
with equivalent promise for biorefineries. Future research in the field has a bright
future for developing industries such as biorefineries.
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Abstract

The biorefinery concept in its modern meaning has emerged after it has become
apparent that biofuel production from non-food biomass is struggling for economic
viability. Lignocellulosic biomass is more recalcitrant and more complex than the
starch-based feedstocks used for food. The former, therefore, calls for a more com-
plex approach to its utilization. This chapter reflects MetGen’s vision of the future
development of biorefineries. We will discuss the zero-waste approach to lignocel-
lulosic biomass utilization and various ways to valorize the resulting streams to
boost the economic viability of the biorefinery. We will mostly explore the relevant
enzyme-based approaches and will make a special focus on lignin valorization.
Enzymatic and cell-based approaches to sugar valorization will be discussed as well.

Keywords: enzyme, lignocellulosic biomass, lignin, cellulose, hemicellulose, laccase

1. Introduction: from bioethanol to biorefineries

The progenitor of the modern biorefinery concept was bioethanol production.
In the 1970s, Brazil and the United States started mass production of bioethanol
grown from sugarcane and corn respectively. The most common usage of bioetha-
nol is to power automobiles by mixing it with petrol. The sugar yield from these
feedstocks is very high and the biomass processing is rather simple, thus fueling the
transportation this way was economically viable, especially in the countries with
scarce fossil fuel resources, like Brasil.

Bioethanol is generally CO, neutral because the released during the burning
of ethanol is compensated by the absorption of the CO, by growing the feedstock
biomass. This however does not consider the CO, generated by the logistics of the
biomass production and processing. Besides, blending bioethanol with gasoline
helps to reduce greenhouse gases (GHG) emissions by oxygenating the fuel mixture
which makes it burn more completely. Thus bioethanol was considered to be an
environmentally friendly alternative to petrol.

In the future, with improved efficiency, utilization of non-agricultural feed-
stocks and use of renewable energy, the respective life cycle GHG emissions could
be cut by up to 86 percent relative to gasoline as reported in EPA’s Emission Facts
[EPA (2007) Emission Facts; Greenhouse Gas Impacts of Expanded Renewable
and Alternative Fuels Use. Emission Facts Report (EPA420-F-07-035). Office of
Transportation and Air Quality, EPA, US].
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Thus the agenda of bioethanol production was shifted to the products derived
from lignocellulosic biomass to avoid competition with food and limit the use of
agricultural land.

In the brink of the 21st century a considerable public and private effort to
implement the so-called second-generation bioethanol industry based on lignocel-
lulosic, non-edible feedstock was undertaken, and eventually faded away due to
economic inefficiency. The frustrating experience of lignocellulosic bioethanol
hype of the past years triggered the formation of a broader view of the biorefinery
concept. It grew with the understanding that if only a part of the biomass, namely
the cellulose, is used to make a product, moreover, not a high-value product such as
bioethanol, the economics of such an undertaking does not work [1].

This notion coincided with the growing understanding that biomass is not
merely a quick fix for a deficit of fossil resources in some countries, but a funda-
mental raw material for bioeconomy. Consequently, a biorefinery concept was
forming with the term borrowed from the petroleum oil refinery, which goes
beyond the exhaustion of biomass into a spectrum of products. Biorefineries are
based on four principles [2], namely principles of sustainability, cascading,
non-conflict with food, and neutral carbon footprint.

Thus to implement the biorefineries as fundamental units of bioeconomy, all bio-
mass components cellulose, hemicellulose, and lignin need to be utilized. Moreover,
the general approach should be similar to the oil refinery concept - the raw material
needs to be fractionated to result in a range of intermediates leading to a variety of
products from high to low-value. Ideally, there has to be in-built flexibility allowing
to change the product portfolio according to the current market demands.

One of the fundamental differences of biorefineries from oil refineries is the
repertoire of tools that can be used, where enzymes - the natural catalysts play an
important role.

Nature is using biocatalysts — the protein molecules called enzymes - for per-
forming virtually all biochemical reactions happening inside organisms, and often
outside as well.

Itis logical to assume that a bio-based economy would be largely relying on bio-
catalysis. Extremely high specificity and selectivity as well eco-friendliness make
enzymes potentially very attractive in many industrial applications.

2. Biorefinery as an industry sector

Following the concept of Biorefineries, the society has to make a leap from
biofuel factories using local agricultural feedstocks to produce bioethanol for fulfill-
ing local demand for automobile fuel to the biorefineries providing raw materials
for various industries from energy to chemicals and materials producers. From
this perspective, wood seems to be the most likely feedstock to be able to fulfill the
industry demand.

It has to be noted that biomass alone, wood or other types, is unlikely to fulfill
the energy demand of modern society from the volume point of view. Other energy-
providing technologies, like solar and wind energy need to fill in the gap. However,
biomass is suited to assume other roles in a circular economy, related to materials
and chemicals. This notion provides only more motivation for diversifying the
biorefineries’ product range.

Wood is one of the most abundant, sustainable raw materials on Earth, which
is available around the year. It requires no roof for storage and has a high density,
which is favorable for logistics and handling. Furthermore, it requires no additional
field space and has no agricultural or nutritional use.
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If wood is the most likely feedstock of the rising bioeconomy, then the pulp
and paper industry is the most likely first block in the value chains of the biobased
products. This industry has many years of experience in maintaining and working
forests, as well as harvesting, transporting, and processing wood. It is also note-
worthy that in the Nordic countries, the volume of sustainably harvested forests is
growing faster than the current consumption: regulation and standardized systems
are in place to allow forests to be harvested sustainably to meet significant indus-
trial demand.

The drawback of this industry being at the foundation of the biobased economy
is that this industry has highly refined processes focusing on cellulose fibers only,
the industry is highly conservative due to low-margin economic positioning and
besides this industry in its current state is used to offering a very narrow product
portfolio which is marketed through distributors.

Diversifying the product offering of the pulp and paper industry may require
changes in the processes or the addition of parallel process lines and more intimate
interaction with various markets. This in turn requires investments and a change in
attitude.

Biorefineries can be positioned on the interface of pulp and paper/forestry
industry and chemicals and materials industry. And it has to be admitted that this
interface is yet to be created. For example, it can be implemented with a third party
operating a biorefinery with the over-the-fence supply of raw materials (feed-
stocks) and possibly even utilities from a pulp and paper mill. These feedstocks may
comprise lignin, zero fibers (short fibers disposed of with the wastewater), pulp
products depending on the demand of both markets. This could be set up as a joint
venture so that both organizations can benefit from this model. Alternatively, a joint
venture with the end-user of the biorefinery products can be envisaged as well.

Enzymes as an important part of the economics and the technology of the biore-
fineries can also be considered as part of the production process. On-site manufac-
turing of enzymes allows saving costs on concentration, formulation, storage, and
shipping of the enzymes. Some companies embracing biorefineries, develop their
own enzymatic solutions to be implemented in their biorefineries, and can set up
on-site manufacturing at their will. Whereas other types of biorefinery owners, like
pulp and paper companies, usually rely on an external enzyme supplier. Usually,
enzyme suppliers are not open to providing their production strains to third parties
for on-site manufacturing. In this respect, MetGen has a more flexible business
model towards supplying enzymatic solutions for biorefineries, including a pos-
sibility of on-site manufacturing.

3. Enzymes—ultimate tools for biobased industries

Many if not most industrial chemical processes are dependent on catalysts -
substances that accelerate chemical reactions without themselves being consumed
in the catalyzed reaction and can continue to act repeatedly. Because of this, only
very small amounts of catalyst are required to have a dramatic effect on the reaction
rate. The development of affordable durable and efficient catalysts was vital for
the establishment and economic viability of fossil-based chemistry and material
science.

It is equally important for the biobased economy to adapt and further develop
nature’s catalytic tools.

The historic concern about enzymes is that they are vulnerable to industrial
conditions and often could not be applied to existing industrial processes. Modern
molecular biology and bioengineering pave the way to much wider use of enzymes
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in the industry by making it possible to adapt enzymes to performing in unnatural
harsh conditions. The development time for new enzymes was further reduced with
the development of bioinformatics tools and genome editing.

Especially as new bio-based processes are being developed it is a good time to
consider making them more enzyme-adaptable by assuming somewhat longer reten-
tion times while transitioning to lower temperatures and pressures, as compared to
currently common conditions.

Enzymatic processes are truly similar to chemical catalysis. They can be run as
homogeneous catalysis with a soluble enzyme added and disposed of with every
production batch, or as heterogeneous catalysis, where the enzyme is used in the
immobilized form and reused from batch to batch or used in a continuous process
with a column set up.

Importantly, the enzymes present also a third option not applicable with the
chemical catalysts - a continuous membrane bioreactor. Sometimes this technol-
ogy is called “enzymes immobilized by perfusion”. This setup exploits the best
of the previous two - affordability of the soluble enzyme and reusability of the
immobilized one. In this setup, the enzyme is trapped in a bioreactor connected to a
tangential flow micro-filtration membrane unit allowing the low-molecular-weight
product to penetrate through the membrane but retaining the enzyme inside.

This setup allows not only an efficient use of the enzyme but can also provide
product fractionation and more complex designs with parallel processes. Ultra and
nano-filtration is also a very useful and economical water removal tool. We will
further discuss this setup in the section dedicated to lignin valorization.

3.1 Bioconversion—enzyme or whole cell?

One important aspect of enzyme-dependent catalysis is the necessity of a cofac-
tor for some enzymes. Cofactors are important accessories to biochemical processes.
They are small organic compounds or metal ions empowering enzymes to function
at maximal catalytic effectiveness or endurance. Cofactors may aid in substrate
binding, catalysis, stabilizing the transition state, or contributing to the overall
stability of the enzyme’s structure. In some cases cofactors are modified during the
reaction, for example, providing or accepting an electron in reduction—oxidation
reactions, or providing energy through a high energy bond braking. In this case, in
order to be reused, cofactors need to be regenerated during the reaction - oxidized/
reduced/phosphorylated respectively. Regeneration requires another enzyme and
a co-substrate to be oxidized or reduced. With the cofactor regeneration in place,
the reaction can proceed continuously with only a small amount of the cofactor
present. The chemistry of cofactor regeneration is well known nowadays [3]. The
challenge is mostly regarding how to achieve the regeneration with immobilized
enzyme systems which are preferred for industrial processes to facilitate the
recovery and continuous use of the catalysts. This has become a great hurdle for
the industrialization of many promising enzymatic processes. Once again, recent
advances in membrane technologies led to the development of sustainable methods
based on membrane entrapment [4].

Nevertheless, the necessity of a cofactor complicates the enzymatic process and
increases the cost. Thus most of the bio-transformations involving cofactors have
been traditionally performed in the industry with living cells often referred to as
microbial cell factories [5].

Whole-cell biotransformation has advantages and disadvantages as compared
to the enzymatic process. As mentioned before it solves the problem with the
cofactors as they are widely used in cell metabolism and regeneration routes are in
place. The balance of cellular metabolic fluxes can be further genetically adjusted
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for the increased level of the components necessary for the product synthesis.
Another advantage of the microbial cell factories is that multistep reactions can be
carried out, and it is often possible to use simple and affordable raw materials such
as glucose because the cell has a metabolic pathway in place to convert it to a large
variety of precursor and eventually to the final product. Among the shortcomings
of the cell factories, one should mention a very narrow operational space due to
microorganisms viability constraints. While some individual enzymes can tolerate
high temperatures close to water boiling point and a wide range of pH, industrial
microorganisms are usually performing only in ambient conditions. Besides, there
are often multiple pathways in the cell to convert the starting material, which leads
to the formation of side products. In more detail, the cons and pros of enzymatic
and whole-cell bioconversions are listed in Table 1. In conclusion, as opposed to
whole microorganism bio-conversions, more common in the past, enzymes provide
faster and safer processes with a broader operational range.

Enzymes are also attractive in industrial use from the safety point of view:
enzymes are not living organisms and they cannot breed (as opposed to the
whole-cell factories) and can be considered environmentally safe. Additionally,
being proteins, enzymes do not create toxic waste and decompose naturally over
time. It should be noted that enzymes — as is the case with all proteins — may cause
allergenic irritation. Therefore, the use of highly concentrated industrial enzymes
should always be done according to handling instructions and material safety
documentation.

Thus, with all the pros and cons in mind, the preferred type of bioconversion
needs to be identified for each particular process.

Respective sectors of molecular biology dealing with enzymatic processes and
whole-cell bioconversions are Enzyme engineering [6] and Metabolic engineering
[7] respectively. Where enzyme engineering provides tools for optimizing protein
structure for better performance; and metabolic engineering provides tools for
optimizing the microbial genome to redistribute metabolic pathways in favor of the
desired product formation. It has to be noticed that industrial process engineering is
extremely important to go hand in hand with molecular engineering.

3.2 Enzyme resources of nature
Enzymes are extremely abundant in nature and exist in all living organisms

from bacteria to humans. All industrial enzymes have their origin and prototypes
in nature, where wood is decomposed by rot microorganisms, the most efficient

Enzymatic process Whole call process
Temperature, pH range Wide Narrow
Substrate/product load High Low
Tolerance to solvents Moderate Low
External cofactors/cofactor Needed Not needed
regeneration system
Multistep processes Difficult Natural
Control over the reaction speed By increasing the enzyme Only by increasing the size
concentration of the vessel
Side products No Yes

Table 1.
Engymatic process vs. whole-cell bioconversion.
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of which are fungi. It is thus natural that most enzymes used in industry for wood
and other biomass applications are of fungal origin. Robust industrial strains and
processes for fungal enzyme production have been developed through decades of
optimization.

One of the major problems of fungal enzymes is that fungi are not known to
live in extreme environments, such as elevated temperatures and extreme pHs, and
their enzymes are usually not tolerant to harsh industrial conditions, which is some-
times limiting their application. In contrast, bacteria populate such environments
as hot springs, salt lakes, and ocean depths. Some bacteria also possess individual
enzymes with relevant catalytic activities for industrial biomass applications.
Recent advances in molecular biology, genome sequencing, and genetic engineer-
ing made bacterial enzymes an attractive alternative to their fungal counterparts.
Bacteria offer more diverse natural prototypes, and there are better-developed tools
for genetic engineering in bacteria, allowing further optimization of the enzymes to
required conditions.

Some unique industrial enzymes of bacterial origin have been developed in the
past years breaking the boundaries of industrial enzyme applications. Nevertheless,
when multiple enzymes are required in one process, such as cellulases, fungal
production is usually a preferred option.

4. Biomass hydrolysis
4.1 Biomass pretreatment

The biorefinery platform requires pretreatment of lignocellulosic materials,
which can be very recalcitrant, to improve further processing through enzymatic
hydrolysis, and for other downstream unit operations.

Pretreatment employs a combination of chemical and physical elements such as
temperature, pressure, and acid or alkali. This partially separates biomass com-
ponents such as cellulose, hemicellulose, and lignin from each other resulting in a
paste-like rather than a solid substance. This level of destruction allows access of
enzymes to all the biomass components and further separation and hydrolysis.

Many pretreatment methods and unit operations were inherited from the
bioethanol-oriented processes, where the target product was a fermentable sugar
mix, and the ultimate goal to reduce the cost of the process. Now, when the focus of
the biorefinery concept has shifted from the design of more or less energy-driven
biorefineries to much more versatile facilities where chemicals and other raw
materials can be produced apart from energy carriers, the view to the pretreatment
has been transforming as well. In some cases, a pretreatment with a higher cost, but
also better separation of the biomass components and higher quality streams are
preferred. For example, organosol or chemical treatment employing ionic liquids
and deep eutectic solvents. In the end, the choice of pretreatment must be based on
a thorough techno-economic evaluation considering the proposed applications and
the source of the biomass. This topic is reviewed in detail elsewhere [8, 9].

4.2 Cellulases for biomass hydrolysis

It is well known that wood is efficiently decomposed in nature by filamentous
fungi. In their natural habitat, these microorganisms live on a solid substrate like
wood and secrete a number of hydrolytic enzymes degrading all wood components
down to low molecular weight substances that can be used as nutrients. In industry,
the enzyme preparations were traditionally obtained by the propagation of the
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fungal strains in a liquid medium, and such production method resulted in a cock-
tail of different enzymatic activities, often generally referred to as cellulase [10].
Fungal metabolism has a complex regulation in order to be able to produce the set of
enzymes relevant to the available type of biomass [11]. Thus, for example, cellulase
production by the fungal cells is induced by certain compounds generated in wood
hydrolysis. The enzymatic cocktail produced by a fungus depends on the fungal
strain properties and is not always optimal for a particular industrial application.

The most noticeable hurdle for the industrial application of natural fungal cel-
lulase cocktails is the mechanism preventing glucose accumulation in the environ-
ment of the fungal cell. Such accumulation could provide a favorable environment
for competing microbes such as bacteria, which cannot degrade wood themselves.
To achieve this regulation, all of the enzymes of the cellulase cocktail are inhibited
by their reaction products [12]. As seen in Figure 1, cellulose is initially attacked by
a number of enzymes most prominent one - exoglucanase (also known as cel-
lobiohydrolase or CBH) comprising more than 50% of total protein in the cocktail,
which is assisted by accessory enzymes endoglucanase, oxidative cellulase lytic
polysaccharide monooxygenase (LPMO), and indirectly by other enzymes. The
concerted action of these enzymes results in the formation of glucose dimer, cello-
biose. This is followed by the last step of the cellulose hydrolysis, splitting cellobiose
to two glucose, performed by beta-glucosidase. Glucose is further absorbed by the
cell and metabolized. If the hydrolysis proceeds faster than glucose is consumed
causing glucose accumulation, beta-glucosidase is inhibited by glucose and slows
down, this, in turn, results in cellobiose accumulation slowing down exoglucanase,
and thus the entire chain of the reactions is regulated by the feedback response
from the last step (as shown with red arrows in Figure 1). However, in industrial
biomass hydrolysis, glucose accumulation is the ultimate goal. Thus, this feedback
loop needs to be overruled. This is usually done by artificially increasing the amount
of beta-glucosidase in the cocktail. This can be done by inserting additional genes
for beta-glucosidase into the fungal strain. Besides, some beta-glucosidases are less
inhibited by glucose (or more glucose-tolerant) than others, and this can also be
exploited in composing industrial cellulase cocktails. It has to be noted that glucose
tolerance of beta-glucosidases is poorly understood and occurs more often in bacte-
rial enzymes than in fungal ones. Elucidating the molecular mechanisms of glucose
tolerance is a very important aspect of cellulose biotechnology research of glucose
tolerance [13].

Apart from providing a feedback regulation of hydrolysis speed, beta-gluco-
sidase has another important function - generating the inducers of cellulase gene
expression and ultimately the cellulase production. Those inducers are unusual
glucose dimers of which sophorose, a glucose dimer with p-1,2 bond, is the most
efficient one. In nature, these compounds appear in small amounts in the presence
of cellobiose as a result of a side-activity of some beta-glucosidases. This activity is
referred to as trans-glycosylation [14]. The molecular mechanism underlying the
ability of the beta-glucosidase to perform trans-glycosylation is obscure. There are

inhibition inhibition

Exoglucanase I

Endoglucanase, LPMO B-gluc05|dase

Cellulose - Cellobiose - Glucose H;V\) (Metabolism)

(glucose dimer)

Figure 1.
Natural vegulation of cellulose hydrolysis.
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several different glucosidases in the fungal cell, extracellular as well as intracellular.
Most probably it is the intra-cellular beta-glucosidases that are responsible for the
inducer generation in nature [15].

In the industrial hydrolysis process, the inducer sugar is produced artificially
from glucose either using random chemical dimerization catalyzed by phosphoric
acid under elevated temperature and pressure or using beta-glucosidase with
transglucosylase activity.

Thus in cellulose hydrolysis, CBH is the most prominent enzyme compris-
ing more than a half of the total protein content of the cocktail, however, beta-
glucanase is the most important enzymatic tool to providing cellulase efficiency in
industrial hydrolysis applications.

Biochemists and molecular biologists have been studying the components of
fungal cellulases and identified specific proteins responsible for the degradation
of various plant polymers such as cellulose, other glucans, pectin, xylan, mannan,
lignin, etc.

The native cocktails were improved after discovering that certain additional
activities could enhance the conversion rates of specific biomass feedstock types
[16-19]. For example, feedstocks could comprise different plants, pretreatments,
or combinations of both. These augmented cellulases were produced by blending
different secretomes containing the desired activities. More recently, some required
activities have been genetically engineered into production strains.

Despite the considerable improvements in general-purpose cellulases available
from the main enzyme-producing companies, a “one-size-fits-all” cellulase does not
effectively address the wide range of biomass type-pretreatment chemistry combi-
nations. However, customization of the cellulase cocktail is not commonly offered
by enzyme producers. On the contrary, MetGen offers customization of the hydro-
lysis solution MetZyme® SUNO™ to the client’s specific substrate/pretreatment as
well as an option for on-site enzyme manufacturing.

4.3 Special enzymes for biomass degradation and valorization

Biomass is mostly comprised of polymers. The main structural components of
plant biomass are polysaccharides (cellulose, hemicellulose, starch, pectin, and
other plant polymers), and polyphenols (lignin). All these polymers apart from
cellulose are branched and diverse in structure. In the plant cell, they are interlaced
to form a complex and often recalcitrant structure.

Natural fungal cocktails are instrumental in the full hydrolysis of the biomass to
monomers or low molecular weight compounds. This was the mainstream strategy
of non-food biomass processing in the biofuel era. When we think of wider and
wiser use of the biomass in a range of industrial applications it may appear sensible
to preserve the polymeric structure of certain components. This can be partly
achieved by choosing the right pretreatment method and other chemical and physi-
cal methods of processing the streams. Further, the process of biomass fraction-
ation can be tuned by enzymes.

Generally speaking, the same enzyme toolbox is applicable both in the biorefin-
ery industry and in Pulp and Paper sector. Notably, however, while in the P and P
industry enzymes are minor and optional components of the process, in the biore-
finery concept, enzymatic processes play a major role and represent a major cost,
thus also opening a major market.

Let us consider how various product streams from biomass can be tuned by spe-
cific enzymes. An overview of the individual enzyme activities used in enzymatic
solutions provided by MetGen is given in Table 2.
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Generic activity Application Reaction MetZyme® family

conditions

Cellulase (cocktail) Biomass hydrolysis 55C, pH5.0 MetZyme® SUNO™

Endoglucanase Cellulose fiber modification, High/ambient MetZyme® BRILA™
nanocellulose production; temperature, components
biomass hydrolysis; acidic/alkaline pH,

Xylanase Hydrolysis of xylan for fiber High/medium MetZyme® BRILA™
modification; customization of temperature, optional components
hydrolysis cocktail acidic/alkaline pH MetZyme® Suno

optional components

Mannanase Hydrolysis of mannan for fiber High/ medium MetZyme® BRILA™
modification; customization of temperature, acidic optional components
hydrolysis cocktail pH MetZyme® SUNO™

optional components

Pectinase Hydrolysis of pectin for fiber High/ medium MetZyme® BRILA™
modification; customization temperature, acidic optional components
of hydrolysis cocktail; R&D - pH/highly alkaline MetZyme® SUNO™
pectin valorization pH optional components

Glucose isomerase Low purity glucose to fructose High temperature MetZyme®
conversion for platform Acidic to PURECO™-GI
chemicals production moderately
(especially suited for alkaline pH
lignocellulosic glucose).

Pyranose oxidase Glucosone from Glucose Medium MetZyme®

temperature PURECO™-Pyranose
Acidic to oxidase

moderately

alkaline pH

Lytic Fiber modification (adding Not commercially

polysaccharide charge to cellulose fibers) available. Lab samples

monoxygenase are available from

(LPMO) MetGen for joint

product development.

Laccase Phenol/Polyphenol oxidation METNIN™ - lignin

refining technology

MetZyme® BRILA™

optional components

MetZyme® SUNO™

optional components
Table 2.

MetGen’s product families and respective enzymatic activities.

4.3.1 Lignin valorization

In the earlier biorefinery concepts, lignin was often mostly regarded as a
recalcitrance factor, fermentation inhibitor, sugar stream contaminant, etc. A
broader view of the biorefinery, however, considers the valorization of lignin as
a vital component of the economics of the entire concept. This is why it is one of
the fastest-growing research and development areas in the biomass valorization

field [20-23].

The main hurdles of lignin valorization are its diverse structure and poor
solubility. Liquefaction of lignin would allow its use as fuel, as it is reached in
high-energy chemical structures. More precise depolymerization or fragmentation
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of lignin may enable higher-value products for various industries from construction
to high-performance materials. Even though lignin-based replacement products
have already been reported [20, 24-26] to be useful as binders, coatings, and fillers,
and others, these applications are not yet widely industrially implemented. The
main challenges for the full valorization of lignin are the economical production of
suitable lignin and maintaining consistent quality throughout different batches. In
order to achieve desirable properties for the industrial application, lignin usually
needs to be fragmented and refined to a lower molecular weight and often chemi-
cally modified as well.

Enzymatic degradation of lignin, which occurs in nature, was speculated for
a long time to be applicable in the industry [27]. This approach seems attractive
because the catalysis takes place in water and under mild conditions avoiding high
pressure, temperatures, and hazardous and expensive chemical catalysts, thus sav-
ing CAPEX and lowering environmental impact.

Research efforts for enzymatic lignin depolymerization were especially focus-
ing on laccases (copper oxidases), as these enzymes require no cofactors, or co-
substrates (such as hydrogen peroxide), they use oxygen as an electron acceptor
and produce water as the only by-product. Prospective and challenges of laccase
application in biotechnology were recently reviewed [28, 29]. The vast majority of
industrially available laccases are fungal enzymes. These enzymes, however effi-
cient, work in acidic-to-neutral pH [30], at which lignin is hardly soluble in water.
This prevents their industrialization in this area.

Recently METGEN has developed and brought to the market a proprietary lignin
refining technology METNIN™. This technology is based on combining enzyme-
catalyzed lignin oxidation and cascading membrane fractionation. The enzymatic
element of this technology is a proprietary artificially evolved enzyme MetZyme®
METNIN™ laccase able to function under extremely alkaline conditions (typical
process pH 10.5) [31, 32]. METNIN™ process is outlined in Figure 2. Membrane-
based separation of lignin by molecular size provides useful fractions of various
molecular weights.

Lignin preparations of different molecular weights can be further valorized
and utilized in various industrial applications [20, 25] as long as chemical/physical
properties are matching the requirements [33]. Thus, the target of lignin refining
is to create lignin fractions that are bioequivalent, for example, to oil-based com-
pounds used as resins, adhesives, composites and foams (Table 3).

Importantly, the absence of organic solvents in the reaction mixture allows for
utilization of polymer-based ultrafiltration membranes widely used in the food
industry, making this technology scalable and economically feasible. Ultrafiltration
membranes of different cut-off are available and widely used in industry. The
choice of membranes can be customized and adds flexibility to the technology. By
adjusting process parameters, outcoming lignin properties and mass distribution
between the fractions can be changed.

Demethylation is a desirable process in lignin upgrade, as it increases the number
of hydroxyls and thus results in activation of lignin. Demethylation can be moni-
tored by measuring MeOH in the reaction mixture after depolymerization using
Purpald-method [34]. This is a fast and convenient method to monitor the oxida-
tion process, however, it does not give the full picture of the chemical modification
of the lignin, as some of the resulting hydroxyls can end up in new ester bonds or be
further oxidized. For further characterization, titration methods and NMR need to
be used. Using these methods, we observed an increased number of hydroxyls and
sometimes carboxylic groups per gram of dry matter, especially towards lower Mw
fractions.
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Figure 2.
METNIN™ process, schematic representation.

Lignin type Application areas examples Bio-equivalent of Indicative price
of the oil-based
chemical
Crude Lignin Fuel Oil/Electricity 50-100 €/ton
METNIN™ Bitumen, Fillers (Market SBS Polymer, Inorganic 400-600 €/ton
MACRO established products, agro) fillers
METNIN™ Coatings & Surface treatment Phenol resins, AKD, 1000-2000 €/ton
MICRO (Sizing value chain, Carbon ASA, Wax, Latex
fibers, agro)

METNIN™ Composites (Toy value chain) Polyols 1500-3000 €/ton
ULTRA
METNIN™ Carbon Fibers (re-polymerized Specialty Chemicals, > 4000 €/ton
NANO version), new materials aromatics & phenols

Table 3.

METNIN™ products.

METNIN™ process allows tuning the resulting fractions in several ways: by
choosing membranes with different cut-offs according to the desired molecular
weight, by adjusting the extent of oxidation to tune other properties such as the
content of OH-groups (phenolic aliphatic and carboxylic), and controlled polym-
erization, which affects reactivity and solubility of the resulting fractions. Thus
variance in the starting material can be compensated by the process adjustment and
the refining process results in more homogeneous fractions with a less batch-to-
batch variation. Post-fractionation processing of the fractions can further tune the
properties — purity and solubility in water or solvents.

Refining of lignin in METNIN™ process is accompanied by chemical activation
via demethylation and benzylic oxidation as well as increased solubility in neutral
and acidic pH and altered colloidal behavior. The process parameters largely depend
on the starting lignin itself. In practice, each new lignin needs to be investigated to
understand its behavior in the process.

One of the biggest challenges of lignin valorization is that lignin’s structure is
highly dependent not only on the species of wood but also on the treatment and
extraction method. Therefore, the process parameters of lignin oxidation and
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fractionation need to be optimized experimentally. MetGen not only provides the
licensing of the technology but also offers customer-specific projects for demon-
stration of the impact of METNIN™ process on customer’s lignin.

METNIN™ process has been demonstrated and is routinely run at a pilot-scale
(400 Liters reactor vessel). In addition, technology transfer to a ton (1000 kg) scale
batch production has been completed and an engineering package for the industrial
scale is developed and available for licensing from MetGen. Lignin fractions were
tested in various applications.

Oligomeric fraction METNIN™ ULTRA was used as lignopolyol to completely
replace a commercial polyol in polyurethane rigid foam formulations [35]. The
specifications of the obtained foams such as closed cell count, water uptake, and
compression characteristics, were all within industry standards for rigid foam
applications.

METNIN™ MICRO showed excellent potential in paper coating application and
the respective product is being developed together with the pulp and paper indus-
try. Other applications are being tested with industry partners.

4.3.2 Cellulose fibers modification

Cellulose is the most traditional product from non-food biomass. Cellulose
fibers further turned into paper were produced for centuries by the pulp and paper
industry. However, if the printing and writing paper used to be the main product of
this industry, the recent changes in the consumer market and the digitalization of
the information market shifted the focus of the pulp and paper industry to hygiene
and packaging products, which are much more diverse in terms of the required
properties of the fibers (strength, softness, odor, water absorption/resistance etc).
Changing the fiber properties can be achieved by adjusting the wood refining and
chemical treatment, however, it can also be enhanced by enzymatic treatment [36].
For this purpose, individual enzymes or a set of enzymes are needed rather than a
natural hydrolytic cocktail.

The main component of fiber strength improvement cocktail is endoglucanase,
an enzyme that introduces individual brakes in a cellulose strand [37]. It attacks
amorphous regions of cellulose fiber, where the crystalline structure was distorted
by refining. These brakes make fibers more “hairy” and improve fibrillation
(incorporation of the fibers into paper webbing), which eventually translates
into improved strength properties of the paper [38, 39]. This enzymatic activity
can also be used to even further cleave the amorphous region and help to create
nano-cellulose [40], which is widely used in various applications from packag-
ing to electronics and health. The conventional mechanical process of obtaining
nanocellulose is highly energy demanding and enzymes can considerably reduce
the required refining energy. Another cellulose base product with growing
demand is the so-called dissolving pulp, which is used for viscose production. The
process of liquefying the pulp by separating the fibrils (the strands of cellulose)
is also highly energy demanding and chemically polluting. Viscose production
can be more eco-friendly and economic by using enzymes, specifically xylanases
and cellulases to selectively remove hemicelluloses and improve pulp reactivity,
respectively [41].

These cellulose products are usually not considered to be in the scope of biore-
fineries but rather pulp and paper industry, however, some fiber-based products
could be introduced into the biorefineries offering. The MetZyme®BRILA™
product family of MetGen’s portfolio is dedicated to fiber modification solutions
(see Table2).
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4.3.3 Glucose conversion

The main outcome of cellulose processing in the biorefineries is currently
glucose. Glucose is the central nutrient in the microbial world. Almost all microor-
ganisms can be cultivated on glucose with some supplement of nitrogen-containing
compounds and microelements. Thus the demand for glucose will grow as the
bioeconomy develops. And glucose can be a starting material for bioconversion to
practically any natural compound by a whole-cell microbial factory.

Apart from being a central nutrient for microbial production glucose can also
serve as a starting material for platform chemicals [42]. By acid catalysis, sugar
molecules can be converted to platform chemicals such as hydroxy-methyl furfural
(HMF), furfuryl alcohol (FAL), and levulinic acid (LA) which can be further used
for polymer synthesis [43].

HMF is an important emerging platform chemical that can be further converted
to 2,5-furan dicarboxylic acid (FDCA) by chemical [44] or enzymatic [45] oxida-
tion. In turn, FDCA is a precursor for a new to the world polymer polyethylene
2,5-furandicarboxylate (PEF) which provides an alternative to the oil-based plastics
polyethylene terephthalates (PET) used for the majority of disposable plastic
bottles. Remarkably, PEF represents not only a biobased alternative to PET but also
provides a technical advantage in gas retention, which is extremely important for
carbonated drinks’ shelf life. Apart from PEF, other polyesters and various polyam-
ides and polyurethanes containing FDCA have been described in the literature [46].

HMEF can be obtained by dehydration of carbohydrates. The preferred substrate
for dehydration is fructose, which can be obtained by the chemical or enzymatic
isomerization of glucose (Figure 3).

The respective enzyme is called glucose isomerase, although biochemically
speaking it is xylose isomerase with a side activity of glucose isomerization [47].
These enzymes are widely available: they are one of the largest in volume in the
industrial enzyme market for their production of widely-used High Fructose Syrups
(HFS) for food applications. Isomerization is a reversible reaction; enzymes bring
the mixture of glucose and fructose to the equilibrium ratio of about 1:1 and the
reaction stops. Fructose provides sweetness for food and beverages, but can also be
used as an intermediate for bioplastics.

The currently available commercial enzymes are highly sensitive to substrate
sugar impurities. This is acceptable for food industry applications, where sugar has
to be pure anyway. Typically, even sugar produced from starch requires activated
carbon filtration, ion-exchange chromatography, and degasification before it can
proceed to isomerization reaction as described by the technology providers, see, for
example https://www.myandegroup.com/starch-syrup-process-technology.html.
Sugars produced from 2nd generation biorefinery (especially from wood) have
much more impurities than starch-derived sugar, including lignin, extractives, etc.
It would need a lot of purification to enable utilization of currently available glucose
isomerase, and the required level of purity is not justified for the technical sugar.
MetGen has developed a proprietary industrially relevant recombinant bacterial
glucose isomerase with high tolerance to substrate impurities. The enzyme can
work directly in biomass hydrolysate. Lower requirements for purification lead to
reduced process costs. This enzyme was further engineered to be much less sensitive
to the presence of xylose - a preferred substrate of all of the natural glucose isomer-
ases, and thus a potent competitive inhibitor in the reaction with glucose.

Proposed enzymatic solutions for biorefinery and especially for sugars-
to-biochemicals pathways are numerous, however, they are still mostly in the
research and development stage [48], and the takeoff of the bio-based economy
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Figure 3.
Bioconversion of glucose using MetZymes® and related processes.

largely depends on the success of this effort. MetZyme® PURECO™ product
family - to which previously mentioned glucose isomerase also belongs - is
dedicated to next-generation enzymes allowing specific conversions towards
high value-addition renewable chemicals, which are beyond sugars. One of these
enzymes MetZyme® PURECO™Pyranose oxidase opens an economical route to
previously commercially unavailable above a gram scale compound glucosone
(2-Keto-D-glucose). While until now the use of d-glucosone has been limited

due to its high price and limited availability, it has been envisaged for a long

time to provide an alternative route to fructose [49]. As opposed to isomeriza-
tion reaction, oxidation of glucose to glucosone can be driven to completion,

and glucoson’s aldehyde group can be further reduced with high specificity to a
hydroxyl leading to fructose (Figure 3). The second step can be performed either
by chemical hydrogenation [50] or enzymatically by an aldose reductase [49].
Recently, more applications of glucosone started to be developed, for example, it
has been shown, that certain fine chemicals such as kojic acid could potentially be
produced from this source (Figure 3) [51].

MetZyme®PURECO™ Pyranose oxidase and glucose isomerase are com-
mercially available proprietary enzymes developed by MetGen in the course of the
Horizon 2020 research and innovation program, funded by the European Union’s
Bio-Based Industries Joint Undertaking.

5. Concluding remarks

MetGens philosophy in serving biobased industries is to provide a full solution
rather than on-shelf enzymes to the customers, and where possible an engineering
package. Therefore, MetGen embraces all stages of enzyme technology develop-
ment from enzyme discovery and molecular biology to application testing, stream-
lined efficient production, and integration into an industrial process. We call this
ENZYNE platform.
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Another vastly important principle for us is to take an active part in open
innovation to combine forces with industry players to build the new value chains in
the bioeconomy.

Building consumer awareness is also key for the expansion of the bioeconomy.
Society needs to gain a common understanding of the importance of bio-based
solutions and their impact on sustainability and circularity.
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Progress on the Co-Pyrolysis of
Coal and Biomass
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Abstract

In this chapter, the synergistic mechanism and the resulting influence during
co-pyrolysis of coal and biomass, are summarized. The properties of coal and
biomass, the release and migration of alkali and alkaline earth metals (AAEMs), the
interaction between volatile and char, the characteristics of the resulting volatiles, and
the physicochemical structure and reactivity of co-pyrolysis char, are also analyzed.
In addition, the influence of AAEMs on the properties of the co-pyrolysis products is
reviewed. Moreover, the analysis of the co-pyrolysis industry demonstration is also
mentioned. Finally, this chapter also proposes some additional possibilities, based on
further literature research.

Keywords: Co-pyrolysis, Coal/Biomass, Characteristics of co-pyrolysis products,
Volatiles-char interaction, Alkali and alkaline earth metals

1. Introduction

Energy supply is the fundamental basis for rapid economic growth and sustain-
able social development. Due to abundant reserves of coal worldwide, it has been
become one of the most important fossil fuels of the past two centuries, and may
continue to be used, somewhat, for up to an additional 200years in the future [1].
However, the use of coal can cause serious environmental problems. For example,
sulfur dioxide and nitrogen oxides produced while burning coal can pollute the air
and water, and are extremely harmful to humans, animals, and other organisms. In
addition, coal burning is one of the main sources of greenhouse gas (GHG) emis-
sions, accounting for at least 20-30% of total CO, emissions [2].

Biomass energy, resulting from natural photosynthesis, represents a renewable
form of energy, and is the fourth largest energy source after coal, oil, and nature
gas [3]. It can supply about 14% of the world’s energy consumption, and about 38%
of the energy consumption in developing countries [4, 5]. Because of its green,
low-carbon, clean and renewable characteristics, it has become one of the most
important sustainable energy sources [6, 7]. In order to actively respond to climate
change, China has announced that it intends to reach its national CO, emission peak
before 2030, and thereafter achieve carbon neutrality before 2060 [8]. Under this
background, biomass energy, as a zero-carbon energy source, will play an important
role, and the biomass energy industry will usher in a period of major development
opportunities. At present, China produces about 6.3 billion tons of various organic
wastes (including: agricultural and forestry residues, domestic waste, domestic
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sludge, livestock and poultry manure, fruit and vegetable residues, and industrial
organic waste liquids) every year; this organic waste is equivalent to about 800 mil-
lion tons of standard coal. Of this total amount of organic waste, it is estimated that
the amount of biomass resources that can be utilized as an energy source in China
each year, is approximately equal to 460 million standard tons of coal [9]. Among
these, the amount of agricultural waste is about 400 million tons, which is equivalent
to about 200 million tons of standard coal. The amount of forestry waste is about
350 million tons, which is also equivalent to about 200 million tons of standard coal.
The remaining organic wastes are equivalent to about 60 million tons of standard
coal. The development of biomass energy can result in the utilization of eco-friendly,
sustainable energy, and also reduce pollution due to the inappropriate discarding
of organic wastes; it can also realize the utilization of an otherwise ignored energy
resource. More importantly, the utilization of biomass energy cannot only assist
in achieving carbon neutrality, but can also result in “negative” carbon emissions
when biomass energy is utilized via carbon capture and storage (BECCS). However,
biomass has its drawbacks, such as seasonal harvest rather than year-round availabil-
ity, wide distribution, low energy density, and high transportation costs [10]. These
shortcomings, especially the limited supply of biomass raw materials, currently
restrict its large-scale industrial application in China. Unfortunately, China’s current
utilization of organic waste energy is less than 5%. But if China can expand its use of
available biomass, it can begin to reduce its use of coal.

The co-utilization of coal and biomass can not only reduce the pressure of
coal supply and environmental problems, but also save the cost of building direct
biomass utilization equipment. In terms of fuel characteristics, coal and biomass
also have a great possibility to complement one another. In order to utilize them on
a large, efficient scale, the co-utilization of coal and biomass may offer a potential
benefit, as a promising technical method. As the initial stage of thermal chemical
conversion, the co-pyrolysis process of coal and biomass is very important, since
it determines the formation characteristics, structures, and properties of volatiles
(gas products), tar (liquid products) and char (solid products). The main compo-
nents of biomass pyrolysis are volatiles and tar; in comparison, the main component
of coal pyrolysis is char, which can reach 40-60%. When biomass is combined with
coal, the yield of char is affected by the ratio during the co-pyrolysis of biomass and
coal. The reaction of the solid phase product (co-pyrolysis char) is the slowest step
in the whole thermochemical conversion process, and its reaction rate determines
the rate of the whole thermochemical reaction. On the one hand, during co-
pyrolysis, the volatiles produced from the biomass and coal, can interact with the
co-pyrolysis char, which leads to changes in the properties of the resulting char and
volatiles. On the other hand, the changes in the properties of the char and volatiles,
can also affect the interactions between volatiles and co-pyrolysis char. The two
are interrelated and influence each other. Therefore, during co-pyrolysis, it is very
important to study the interactions between the resulting volatiles and char.

Compared to coal, biomass contains more CaO, K,0, P,0s, MgO, Na,0 and Mn,
and less SiO,, Al,O, Fe,03, SO; and TiO,. Among these, K*, Na*, Ca** and Mg**
belong to alkali and alkaline earth metals (AAEMs) [11]. The content of the alkali
and alkaline earth metal oxides in biomass ash exceeds 27%, while the content in
coal ash is only 6-10%. The content of silicon and aluminum oxides in biomass
ash is 22-57%, while the content in coal ash exceeds 80% [12, 13]. AAEMs play
an important role in the process of coupling utilization of coal and biomass, and
are good catalysts for combustion and gasification reactions, which can signifi-
cantly affect the reactivity of the resulting co-pyrolysis char [14]. The presence of
AAEMs can affect the dynamic pyrolysis process, and has a direct catalytic effect
on the cracking of volatiles and their precursors. However, due to the diversity and
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superimposition of the reactions, the nature of the interactions between coal and
biomass during co-pyrolysis has not been fully understood, especially the catalytic
influence of AAEMs, including the influence mechanism of AAEMs on the volatiles
generation, the influence of AAEMs on the interaction between volatiles and char,
and the influence of AAEMs on the co-pyrolysis char reaction. Therefore, the
chemical mechanism of AAEMs during co-pyrolysis is one of the key issues that
needs to be investigated further, regarding the basic research of coal and biomass
co-utilization.

In this chapter, a comprehensive overview of the co-pyrolysis of coal and
biomass is presented. The focus of interest is mainly on the chemical mechanisms,
during co-pyrolysis. The properties of coal and biomass, the synergistic mecha-
nism, the release and migration of AAEMs, the interactions between volatiles and
char, the volatiles production characteristics, the physicochemical structures and
reactivity of co-pyrolysis char, are analyzed in this chapter. Moreover, the influence
of AAEMs on the properties of the co-pyrolysis products, is also presented.

2. Properties of coal and biomass

Coal is an extremely complex and heterogeneous mixture composed of organic
macromolecules and inorganic minerals [11]. It was formed by ancient plants,
buried in the ground and experienced complex chemical changes at high tempera-
tures and pressures. The transformation process involved the loss of hydrogen and
oxygen and the condensation of carbon. “Coal” can be divided into peat, lignite,
bituminous, and anthracite coals, according to the stage of formation and degree of
coalification. Although peat is fuel, it is not actually coal, but a “pre-coal”. The main
components of the organic macromolecular networks of coal are carbon, hydrogen,
oxygen, nitrogen, and sulfur. Calculated by weight, carbon is the main component,
accounting for 60% - 95% of the total weight. The carbon content of most coals is
below 90%, and the hydrogen content is generally around 5%, while the hydrogen
content of coals containing 95% carbon drops to about 2% [15]. The nitrogen
content of coals is generally between 1% - 2%. Sulfur is also a very important com-
ponent of most coals, accounting for 1-4%. The oxygen content is inversely propor-
tional to the carbon content, that is, the higher the carbon content in coal, the lower
the oxygen content. The oxygen content in coal is important because coal with
more oxygen is more likely to catch fire. Carbon in coal mainly exists in two forms,
namely fixed carbon or volatile matter. The ratio of fixed carbon to volatile matter
determines the rank of coal [16]. Inorganic minerals account for a small proportion
in the overall composition of coal. However, AAEMs in the minerals have obvious
catalytic effects on the thermochemical conversion reaction of coal [14, 17].

A wide range of biomass fuels are available in the environment, ranging from
wood to materials derived from herbaceous plants and straw. Usually, biomass fuels
are classified according to their source and properties. Biomass can be divided into
primary residues, secondary residues, tertiary residues, and energy crops according
to their sources [18]. Primary residues include biomass such as wood, straw, grain,
and corn, which are usually obtained as by-products from forest products and food
crops [19]. Secondary residues are derived from biomass materials used in industrial
products and food production, such as sawmills, paper mills, food and beverage
industries, apricot and other fruit seeds. Tertiary residues include waste materials and
dismantled timber, from other previously used biomass materials [20]. Energy crops
may include willow, poplar, switchgrass, and miscanthus grass. In addition, biomass
can be divided into four types based on properties: woody biomass, herbaceous bio-
mass, organic waste, and aquatic biomass (such as kelp) [21]. Among all these types
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Figure 1.
The proportions of four types biomass with the largest reserves.

of biomass, the four types of biomass with the largest reserves are straw, firewood,
forestry residues, and agricultural residues; their proportions are shown in Figure 1.
Biomass is mainly composed of cellulose, hemicellulose, and lignin. Generally,
lignocellulosic biomass contains about 35-55% cellulose, 20-35% hemicellulose,
and 10-30% lignin [15]. Cellulose is a linear polymer formed by the connection of
glucose molecules through ether bonds, which is the most abundant carbohydrate in
nature and the main component of plant plasm cells. It decomposes in the tempera-
ture range of 240-350°C. Hemicellulose is a mixture of different polysaccharides
with a low degree of polymerization and no crystal structure, so it is easily hydro-
lyzed. The thermal degradation of hemicellulose occurs at temperatures between
130°C and 260°C, mainly above 180°C. Lignin is composed of hydroxyphenyl
propane, guaiacyl propane and syringyl propane. These monomers are formed by
disordered combination of C-C bonds and C-O bonds through dehydrogenation
polymerization. Lignin decomposes over a wide temperature range of 280-500°C.
There are significant differences between biomass and coal in proximate analysis,
ultimate analysis, calorific value, ash composition, physical structure, chemical
structure, and reactivity. The key differences in the properties of biomass in compar-
ison with coal (see Tables1 and 2) are [6, 11, 24-26]: (1) more moisture and vola-
tiles, less fixed carbon and ash content; (2) more O, H and Cl, less C, N and S; (3)

Fuel Ultimate analysis (db.% w/w) Proximate analysis (% w/w) LHV (M]J/kg)
C H o N S Ash VM FC M

Rice husk 35.20 4.79 59.00 1.01 — 940 66.12 13.80 10.65 1312
Bamboo dust 43.45 5.49 50.74 033 — 2.68 70.83 15.62 10.87 14.85
Wood Sawdust 42.30 517 51.73 0.80 — 140 69.29 17.84 11.37 12.86
Cedar wood 51.10 590 4250 012 0.02 0.30 80-82 18-20 — 19.26
Olive-oil 50.70 5.89 36.97 136 0.30 4.60 76.00 1940 9.50 21.20
residue

Rice straw 38.61 4.28 3716 1.08 0.65 12.64 65.26 16.55 5.58 14.40
Pine sawdust 50.54  7.08 4111 015 0.57 0.55 82.29 1716 — 20.54
Spruce wood 49.30 590 4440 010 — 0.30 74.20 1710 8.40 18.50
pellet

Marc of grape 4966 556 3442 223 014 7.83 65,77 26.40 — 19.51
Coffee husk 4680 490 4710 060 0.60 1.00 74.30 14.30 10.40 16.54

Coffee ground 5297 651 3662 280 0.05 1.00 71.80 16.70 10.50 22.00

Larch wood 4418 638 4932 012 — 0.12 76.86 14.86 8.16 1945
Grapevine 4697 580 4449 067 0.01 206 78.16 19.78 — 1791
Pruning waste
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Fuel Ultimate analysis (db.% w/w) Proximate analysis (% w/w) LHV (M]/kg)
C H o N S Ash VM FC M

Jute stick 4979 6.02 4137 019 0.05 0.62 76-78 21-23 — 19.66
Sugar—cane 48.58 5.97 3894 020 0.05 1.26 67-70 29-31 — 19.05
bagasse

Corn cob 40.22 411 42.56 039 0.04 297 71.21 16.11 9.71 16.65
Peach stone 5197 576 4070 079 0.01 0.65 81.30 18.10 8.53 21.60
Wheat straw 46.10 5.60 41.70 0.50 0.08 6.01 75.80 18.10 — 1720
Cotton stem 4280 530 3850 1.00 0.20 4.30 72.30 15.50 790 15.20
Straw 36.55 491  40.70 055 014 8.61 64.98 1791 8.50 14.60

Camphorwood 4343  4.84 3853 032 0.10 0.49 7247 14.75 12.29 1748

Beech wood 4827 636 4520 0.14 — 0.80 81.00 18.00 — 19.20

Switchgrass 4700 530 4140 050 0.10 4.60 58.40 1710 20.00 18.70

Petroleum coke ~ 92.30 340 0.70 095 117 140 6.00 92.10 0.50 36.20

Lignite coal 4466 366 1390 1.0 0.21 18.42 3517 28.27 184 18.05

Bituminous coal  74.73 443 13.68 1.02 019 4.08 36.95 56.90 2.07 28.05

Lean coal 66.05 325 2.53 117 019 2530 20.65 53.15 0.92 2414

Quinsam mine 80.30 5.50 12.60 09 0.70 12.90 38.80 4910 4.20 26.99
coal

Sub-bituminous 7310 430  21.10 1.0 040 30.50 31.30 38.30 175 20.10
coal

Indonesiancoal 7213 6.67 19.58 140 022 8.39 36.84 42.36 12.42 20.79

Anthracite coal 86.56  4.90 6.20 170 061 13.71 3171 54.58 0.34 26.00

Shenmu coal 7035 456 1053 1.04 055 9.19 28.51 58.52 3.78 27.08

Assam coal 61.37 5.27 28.18 094 424 10.0 40.50 4750 2.00 22.55

db: dried basis.

Table 1.
Ultimate and proximate analysis of different coal and biomass [22].

Fuel Ash composition (wt. %)

Sio, ALO; CaO Fe,0; K,0 MgO Na,0O P,Os SO; TiO,

Switchgrass 52.50 2.10 6.40 0.30 20.30 6.50 1.60 500 0.02 260
(Manitoba,
Canada)

Rice straw (Hubei  51.99 0.91 768 0.84 1761 2.33 0.96 249 0.04 6.50
Province, China)

Sawdust (Hubei 16.47 6.50 24.89 4.57 776 5.56 12.84 242 0.58 764
Province, China)

Pine biomass 12.80 1.00 33.00 170 23.20 5.40 1.70 5.30 — —
(Statoil, Norway)

Corn stalks 29.03 0.83 14.34 1.26 2941 18.38 0.60 3.00 1.60 0.02
(Heilongjiang

Province, China)

Sub-bituminous 5760 23.60 5.60 2.80 0.80 1.30 2.60 0.10 0.50 2.30
coal (Genesee,
Alberta, Canada)
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Fuel Ash composition (wt. %)

Si02 A1203 CaO Fe203 K20 MgO Na20 P205 503 TiOz

Lignite coal 65.79 14.73 4.33 2.67 171 144 1.04 097 050 6.67
(Inner Mongolia,
China)

Bituminous coal 4790 26.50 790 7.50 0.20 0.60 0.10 130 1.90 6.10
(NSW, Australia)

Lean coal (Inner 53.99 28.44 4.07 322 1.56 0.88 297 097 182 4.00
Mongolia, China)

Sub-bituminous 53.85 11.55 13.94 10.96 0.79 1.38 0.13 047 265 0.74
coal (Shaanxi
province, China)

Table 2.
Ash composition analysis of different coal and biomass (wt%) [22, 23].

lower calorific value; (4) higher alkali content (especially the herbaceous biomass);
(5) lower bulk density, larger specific surface area, more abundant pore structure;
(6) more oxygen-containing functional groups (hydroxyl, carboxyl, ether and
ketone) with highly reactive groups (-COOH, ~OCH; and ~-OH), complexes, light
hydrocarbons, carbohydrates, hydroxyl oxides, carbonates, chloride and phosphate,
and lower aromatics, functionality, silicate and sulfide; (7) higher reactivity.

3. Analysis of the synergistic mechanism of the co-pyrolysis of coal and
biomass

The differences in the characteristics of coal and biomass determines their
different pyrolysis characteristics. During the pyrolysis process, volatiles and char
can interact with each other, and AAEMs can also be released and migrated. Coal
and biomass are mixed during pyrolysis, so the volatiles, char and released AAEMs
from the pyrolysis of both are also mixed. As a result, there may be synergies
between coal and biomass during co-pyrolysis. The synergies may be caused by
several factors. First, the H/C ratio of biomass is higher than that of coal, so H,, OH
and H radicals generated by biomass pyrolysis can migrate to the surface of coal
during co-pyrolysis. Additional hydrogen donors may prevent the recombination
and cross-linking reaction of free radicals, thus promoting coal decomposition to
produce more volatiles [27]. Second, the content of AAEMs in biomass is higher
than that in coal, especially the alkali metals [28]. AAEMs in biomass can migrate to
the coal matrix during co-pyrolysis, and AAEMs can catalyze the pyrolysis and gas
phase reaction of the coal [29]. Third, the heat transfer between coal and biomass
may also cause synergistic effects during co-pyrolysis [30]. Figure 2 shows the fac-
tors leading to synergies during co-pyrolysis of coal and biomass.

Typical pyrolysis temperatures for coal are between 350 °C and 650°C, while
that of biomass are between 200°C and 400°C. During batch co-pyrolysis, the com-
bination of the free radicals, especially stable and volatile radicals, lead to a reduc-
tion in both radical concentration and mass loss. In addition, the main temperature
range of free radical interaction was 380°C ~ 600°C [32]. When the heating rate is
slow enough, the pyrolysis of coal and biomass may occur independently from each
other, and can be clearly distinguished. The synergistic effects could be limited, so
it is easier to observe the additive effect. However, Wu et al. [33] observed that the
thermogravimetric curve is not equal to the accumulation of the thermogravimetric
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Figure 2.
Factors leading to synergies during co-pyrolysis of coal and biomass [31].

curve of the parent fuels, which indicated that there may be synergistic effects dur-
ing co-pyrolysis. Even in the slow pyrolysis process, the migration of AAEMs can
also occur. If the biomass is in close contact with the coal, the migration process is
more obvious, and the catalytic effects of AAEMs on volatiles are more prominent.
During slow co-pyrolysis of coal and biomass, when the biomass is in the main
pyrolysis stage, coal is in the initial pyrolysis stage, and the volatiles generated by
the biomass pyrolysis can interact with coal char. When coal is in the main pyrolysis
stage, and biomass is in its secondary degassing stage, the volatiles produced by
coal pyrolysis can also interact with biomass char [34]. Therefore, during the slow
pyrolysis process, even if the main pyrolysis stages of coal and biomass are indepen-
dent of each other, there are still synergistic or inhibitory effects.

During co-pyrolysis, when the heating rate is fast enough, the pyrolysis processes
of coal and biomass can occur simultaneously, and the release of volatiles also overlap.
The interaction between volatiles and co-pyrolysis char generated from coal and
biomass can occur more easily through the following processes. The volatiles produced
by biomass pyrolysis are rich in OH free radicals, H free radicals, and a small amount
of other free radicals, which can move to the surface of the coal char, and enter into the
char matrix [35]. A large number of fragment structures produced by depolymerization
and decomposition of the coal matrix are combined with the above-mentioned small
free radicals derived from biomass volatiles, which can inhibit the secondary cracking
reaction [34]. In addition, AAEMs contained in biomass volatiles can be moved to the
coal char, and AAEMs can significantly promote secondary cracking of volatiles gener-
ated from coal pyrolysis [36]. The volatiles produced by coal pyrolysis pass through the
surface of the biomass char during the release process, and are catalyzed by AAEMs
attached to the surface of biomass char to generate small molecular gases and macro-
molecular structures. The small molecular gases directly escape, due to their small steric
hindrance, but the macromolecular structures remain in the biomass char matrix, and
merge with it to form solid products [34]. From literature references since 2010, on the
rapid co-pyrolysis of coal and biomass, it can be found that 83% of the studies reported
that there are synergistic effects [11]. Yang et al. [37] researched the synergistic effect
of cotton stalk (CS) and high-ash coal (HAC) on gas production during co-pyrolysis/
gasification, and summarized the main reasons for the synergistic effect.
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1. Higher pyrolysis temperature and narrow space were conducive to the dif-
fusion of biomass-derived AAEMs during co-conversion. At high tempera-
tures, the intermediate products from pyrolysis/gasification may participate
in the reforming reaction, and produce non-condensable gases (H,, CO, CO,
and CH,). As shown in Figure 3, changing the flow mode can prolong the
contact time between volatiles and residual char (heterogeneous volatiliza-
tion-char reaction), thereby increasing the yield of H, and CO, and reducing
the yield of CO,.

2. During the co-pyrolysis of coal and biomass, the biomass would be rapidly
decomposed, and the biomass tar would be adsorbed onto the active sites of
the residual char. As the proportion of cotton stalk in the mixture increases,
the CO yield increased. This may be because AAEMs in the char promoted the
decomposition of residual tar on the char (tar - H,, CO; R(1) and R(2), see
Table 3) [38]. In addition, the CO, generated inside the carbon matrix reacted
with the char to expand the pores, while the light volatiles reacted with the
char on the surface of the char, and consumed the carbon matrix (R(4)) [39].
Moreover, methane reforming (R(7)) and methane decomposition (R(8))
were performed simultaneously at high temperatures.

Stcam gasification
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Figure 3.

Synergistic mechanisms and reactions in the co-pyrolysis/gasification of CS and HCS [37].

Reactions Number
First step CS/HCS — Gas (H,, CO, CO,, CHy, and others) + Tar (C,H,,) + char R(1)
Second Tar (C,Hy,) — Gas (H,, CO, CO,, CH,, and others) R(Q2)
step Char + H,0 — H, + CO; Char +2H,0 — 2H, + CO, R(3)

Char + CO, — 2CO R(4)

CO + H0 —» H, + CO, R(5)

CH, + H,0O — 3H, + CO; CH,4 + 2H,0 — 4H, + CO, R(6)

CH,4 + CO, - 2CO +2H, R(7)

CH; - C +2H, R(8)

Table 3.

Important reactions in the co-pyrolysis/gasification of CS and HCS [37].
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3.The catalysis of AAEMs in cotton stalk can be enhanced by the addition of H,O
vapor to promote the reaction of active OH, H and — CH- free radicals with
high-ash coal, thereby accelerating the C=C cleavage [28, 40]. During co-
gasification, with the increase of cotton stalk ratio, the contents of H, and CO,
increased, while the contents of CO and CH, decreased. This was due to the
promoted heterogeneous carbon-vapor reactions (R(3) and R(4)) [41], water-
gas shift reaction (R(5)), and homogeneous hydrocarbon reforming reactions
(R(6) and R(7)) by inherent AAEMs [42].

4. Release and migration of AAEMs from biomass to coal during
co-pyrolysis/co-gasification

AAEMs are easy to volatilize when participating in thermal conversion reactions
of fuels [43]. In particular, alkali metals have been recognized for a long time to
play a key role in the formation of deposits on the heat exchange surfaces of boil-
ers in power stations [44-46]. In addition, the residual AAEMs in char could be
effective catalysts for char reactions [43]. Therefore, understanding the release and
migration behavior of AAEMs during gasification may assist in the development of
AAEMs control technology, to effectively improve char reactivity.

AAEMs in coal and biomass can be divided into three forms: water-soluble
state, ion-exchangeable state, and insoluble state. Water-soluble AAEMs and ion-
exchangeable AAEMs are collectively called active AAEMs, while insoluble AAEMs
are called inert AAEMs [31]. During the process of thermochemical conversion of
fuel, active AAEMs can play a prominent catalytic role [14].

During the gasification process, the release of active AAEMs is not only due to
evaporation to the gas phase, in the form of inorganic salts such as KCl and NaCl, but
also due to release through substitution reactions. During high temperature pyroly-
sis, a large number of free radicals are generated, which can replace AAEMs bonded
to the organic carboxyl group or other functional groups in the form of chemical
bonds. It causes the chemical bonds between the char matrix and AAEMs to break,
and AAEMs to be released. It is usually approximated by the following reaction [35]:

R+CM-X—->CM-R+X 1)

where CM stands for the char matrix, X stands for AAEMs, and R stands for free
radical. The valence of the element is another factor affecting the release of AAEMs.
Generally, the alkali metals (Na and K) bonded with the functional groups by single
bonds are more likely to be released than the alkaline earth metals (Ca and Mg)
bonded by double bonds [28, 47]. In addition, the higher the pyrolysis temperature
and heating rate, the more AAEMs are released from the coal and biomass [48-50].
However, the migration of AAEMs during co-gasification of coal and biomass
is very different from that of coal or biomass gasification alone, and coal could be
a key factor for AAEMs migration. Wei et al. [51] pointed out that the co-pyrolysis
process mainly promoted the transfer of active K in the co-pyrolysis char, which
weakened with the increase of biomass content in the mixture, but the transfer
of active Ca was affected by the type of fuel. Ellis et al. [52] pointed out that the
catalytically active calcium in biomass minerals and aluminosilicate minerals in
coal can react to produce catalytically inert chabazite crystals during co-pyrolysis.
Meng et al. [53] found that the content of AAEM in co-pyrolysis char increased
with the increase of biomass ratio in the mixture, which was consistent with the
conclusions obtained by Weiland et al. [54, 55]. Zhang et al. [10] indicated that K
in biomass could be transferred to the surface of coal char during co-pyrolysis and
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co-gasification. Chen et al. [56] reported that the presence of coal during co-
pyrolysis was not conductive to the volatilization of K and Mg in biomass, but the
mixing of coal and corn stalks was conducive to the volatilization of Ca. Guanghui
Hu [57] found that during co-pyrolysis of coal and biomass, the amount of K/Na in
the biomass released into the gas phase was reduced, and the higher the pyrolysis
temperature, the higher the content of K/Na in the char. Tao Ding [58] also found
that the volatile amount of K/Na during the co-gasification process of coal and bio-
mass was far less than that during the separate gasification process. Changchun Hu
[59] believed that when the co-pyrolysis temperature of coal and biomass exceeded
460°C, the migration of K and Na would occur. In addition, during the subsequent
gasification process, the K and Na migrated from the biomass to the coal char could
combine with the minerals in coal and be fixed in the ash. It can be concluded that
the coupled utilization of coal and biomass can alleviate the high temperature
corrosion caused by the release of alkali metals when biomass is used alone. Lin et
al. [60] concluded that co-pyrolysis under moderate temperature strongly favored
inhibiting potassium from releasing, probably by interfering with free radical reac-
tions. Song et al. [61] researched the migration path of K in biomass during thermal
co-processing of coal and biomass (see Figure 4), and found that the mixed raw
materials released 84.1 wt% (coal char 65.0 wt%, biochar 19,1 wt%) of biomass-K
into the co-pyrolysis char, while only 15.9 wt% of biomass-K was released into the
gas phase. The biomass-K migrated from the biomass to the coal char, and biochar
was in the water-soluble (6.6 and 11.2 wt %, respectively), acetic acid-soluble

(0.9 and 1.4 wt%, respectively), H,SO,-soluble (8.5 and 1.5 wt%, respectively),
and H,SO,-insoluble (49.0 and 5.0 wt%, respectively) forms. After gasification,
biomass-K accounted for 28.7% wt% in gas phase and 55.4 wt% in ash. Masnadi
etal. [62] proposed four possible ways to lose active K during co-gasification: (1)
volatilization; (2) forming inert alkali silicate; (3) forming new inert minerals (such
as KAISiO4, KAlSi;Og) through irreversible reaction with minerals or ash in coal; (4)
diffusion or implantation from the reaction surface into the carbon matrix.

During the co-utilization of coal and biomass, in addition to the migration of K
from the biomass, the remaining AAEMs in coal and biomass also migrate, but their
chemical forms and their migration pathways are not clear. In addition, the migra-
tion of AAEMs in coal and biomass to the surface of char and their distribution in
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Material flow of the biomass-K migration during thermal co-processing of coal and biomass. (pyrolysis:
N, atmosphere, 1173 K; gasification: 1173 K, flow rate of H,0/0, = 70/30 mL/min, gasification

time = 20 min) [61].
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solid phase and gas phase are not well understood. These problems could affect the
efficiency of the co-utilization of coal and biomass. Therefore, it is necessary to
conduct additional research on the chemical form, migration path, redistribution
mechanism and evolution of AAEMs during co-gasification of coal and biomass.

5. Volatile-char interactions during co-pyrolysis of coal and biomass

The volatile-char interactions are common phenomena in the thermochemical
conversion of low order fuels, and their interaction mechanisms are complex. The
essence of volatile-char interactions is the reaction between char and H radicals
produced by the cracking and reforming of volatiles. The interactions include not
only the catalytic reforming effect of volatiles by char, but also the influence of
volatiles on the structure and properties of char [63]. The volatile-char interac-
tions can significantly affect many aspects of the gasification process, such as the
volatilization of AAEMs, the evolution of char structure, the dispersion of inherent
catalysts and thus the reactivity of char [64]. Therefore, the volatile-char interac-
tions should be fully considered in the utilization of low-order fuels, the beneficial
aspects of the volatile-char interactions should be strengthened while the adverse
aspects should be weakened or eliminated (see Figure5).

The volatile-char interactions during co-pyrolysis of coal and biomass are more
complicated than that of each. Krerkkaiwan et al. [65, 66] found that coal char
had catalytic effects on the decomposition of biomass volatiles and heavy aromatic
hydrocarbons, and the interactions between biomass volatiles and coal char seri-
ously reduced the gasification reactivity of coal char. Xia Wang [67] reported that
lignin volatiles were more difficult than cellulose volatiles to undergo cracking and
reforming reactions on the surface of coal char. When the gasification temperature
was less than 800°C, biomass volatiles could form carbon deposits on the surface of
coal char, which reduced the gasification reactivity of the coal char. Yan et al. [68]
indicated that the interactions between biomass volatiles and coal char could reduce
the yield of tar, increase the yield of gas volatiles, and change the chemical structure
of the coal char. Hu et al. [69] found that the volatile-char interactions can promote
the further cracking of tar into non-condensable gas, and can promote the aroma-
tization of char, leading to the reduction of its gasification reaction. It can be found
that the volatile-char interactions during co-pyrolysis of coal and biomass have
important effects on the characteristics of both volatiles and co-pyrolysis char.

J Reducing gasification rate L

| Inhibiting gasification reaction |

Promoting tar decomposition

Reducing gasification rate | Reducing gasification rate

Promoting Na, K, Ca, Mg
Volatilization and migration

I Catalyzing tar decomposition

Volatile-char

interactions
Reducing gasification rate
\ Rearranging and stabilizing
Promoting N migration in char C-C structure
Figure 5.

The effect of volatile-char interactions on low rank gasification [63].
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During thermochemical conversion of low-order fuel, the volatile-char interac-
tions and AAEMs are interrelated and mutually influenced. On the one hand, the
volatile-char interactions can promote the volatilization and migration of AAEMs.
On the other hand, active AAEMs can affect the dynamic pyrolysis process of fuel,
and have direct catalytic effects on the cracking of pyrolysis volatiles and their
precursors, thus affecting the volatile-char interactions during thermochemi-
cal conversion. During co-thermochemical conversion of coal and biomass, the
relationship between volatile-char interactions and AAEMs is more complex, and
itis also a consideration for equipment design and operation. However, there are
few reports on this aspect. Therefore, it is recommended that further research be
conducted to understand the chemical mechanism of active AAEMs on volatile-char
interactions and the influence of these interactions on the volatilization and migra-
tion of AAEMs for the efficient utilization of coal and biomass.

6. Co-pyrolysis products properties of coal and biomass

The pyrolysis products of coal and biomass include gas, tar, and char, which
can be affected by synergistic effects. During co-pyrolysis of coal and biomass, the
synergy can be affected by many factors such as: fuel type, blending ratio, heating
rate, reactor design, and pyrolysis temperature. Table 4 showed the effects of tem-
perature and blending ratio on yields of char, tar and gas compared with calculated
values. It can be found that the synergy shown by the pyrolysis product yield is
not uniform, and can be affected by fuel type, pyrolysis temperature and blending
ratio. In addition, the maceral group from low-rank coal can also affect the co-
pyrolysis products. Wu et al. [74] researched the main maceral group from low-rank
coal and cellulose in lignocellulosic biomass, and found that during co-pyrolysis,
the influence of vitrinite on the generation of volatiles was related to the mixing
ratio, while inertinite inhibited the generation of volatiles.

6.1 Co-pyrolysis volatiles composition of coal and biomass

Volatiles content is one of the important indicators of fuel characteristics,
and it has important influences on furnace volume and shape, burner type and
air distribution mode. At present, the research on volatiles during co-pyrolysis of
coal and biomass mainly focuses on the influence of co-pyrolysis process on the
composition and content of volatiles. Wu et al. [75, 76] found that when coal was
co-pyrolyzed with wheat straw/biomass model compounds, co-pyrolysis promoted
the generation of H, and CO, and inhibited the production of CO,. However, the
co-pyrolysis of coal and green algae inhibited the generation of H, and CO. Zhang
etal. [77] reported that during co-pyrolysis of coal and biomass, the contents of
volatile components (H,, CO, CH, and CO,) were inconsistent with the calculated
values, suggesting that there were synergistic effects during co-pyrolysis. Sonobe
etal. [30] indicated that the co-pyrolysis of coal and biomass had little effect on
the production of CO and CO,, but significantly promoted the production of CH,.
Soncini et al. [78] pointed out that the increase of biomass during the co-pyrolysis
inhibited the production of CH,, C;H,, CO and H,. Yang et al. [37] researched the
gas yield and the gas concentration of the co-pyrolysis of cotton stalk and high-ash
coal at different mixing ratios under 950°C, and found that the co-pyrolysis was
beneficial to the generation of gas, and can promote the formation of H,, CO and
CH, (except 20% cotton stalk), but inhibit the generation of CO,. Wu etal. [79]
reported that during co-pyrolysis of coal and biomass, the addition of low-rank coal
inhibited the formation of CH, and H,, and the negative synergistic effect was most
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Pyrolysis condition Co-pyrolysis products #
Samples Reactor Rc (w/w) T (°C) Gas Tar Char
Ye/Yc (%)  Yi/Yc (%) Ye/Yc (%)
lignite, safflower fixed-bed 3% 550 24.1/24.7 36.7/33.4 22.0/233 [70]
seed reactor 5% 2351244 39.6/32.9 21.6/24.0
7% 23.7/24.1 374/32.4 22.6/24.8
10% 23.6/23.6 35.6/31.7 24.4/26.0
20% 21.9/22.0 31.4/29.2 28.3/299
30% 19.8/20.3 25.4/26.6 34.5/33.8
50% 17.3/171 20.8/21.6 41.2/41.6
65% 14.4/19.5 16.8/25.4 46.9/35.7
90% 10.7/10.6 11.0/11.5 56.6/571
sub-bituminous, fixed-bed 40% 400 21.2/15.2 41.0/45.5 37.8/39.2
sawdust reactor 500  214/163 43.3/474 35.2/36.3 (71]
600 28.5/23.3 40.7/431 30.8/33.6
700 32.8/28.0 36.7/39.8 30.6/32.2
800 35.7/33.6 33.2/34.6 31.0/31.8
20% 600 274/26.3 50.1/50.1 22.1/23.6
40% 28.5/23.3 40.7/43.1 30.8/33.6
60% 26.3/20.2 33.2/36.2 40.5/43.6
80% 19.3/14.2 28.0/29.3 52.7/53.5
low-rank coal, fixed-bed 25% 450 18.0/18.2 33.6/354 34.8/34.2 [72]
cedar reactor 500 22.0/22.2 33.2/35.0 32.2/312
550 26.3/26.8 31.3/32.0 31.0/29.6
600 30.3/33.0 29.7/31.1 28.5/24.9
650 33.2/35.6 29.0/29.9 26.9/23.5
50% 450 16.5/15.2 28.0/30.1 46.4/45.2
500 20.5/18.7 26.9/30.1 43.5/41.7
550 25.1/23.0 25.8/27.2 40.1/39.6
600 28.7/28.2 25.6/26.9 38.0/35.6
650 31.5/30.6 25.2/26.0 36.8/34.1
75% 450 14.0/121 20.3/24.9 573/56.2
500 17.2/15.2 21.0/251 53.3/52.2
550 21.0/191 19.0/22.5 50.2/49.5
600 24.3/234 19.6/22.7 479/46.3
650 26.4/25.5 20.1/22.2 46.3/44.6
Lignite, Pine fixed-bed 20% 400 41.9/31.6 275/30.1 30.6/38.1 [73]
sawdust reactor 600  431/468  131/199  266/294
900 51.7/49.7 25.7/274 22.6/22.9
50% 400 35.0/27.2 15.5/20.3 49.6/52.5
600 43.5/375 15.4/18.9 41.2/43.5
900 52.8/44.0 13.1/199 34.1/36.1
80% 400 31.0/22.8 8.5/10.4 60.5/66.9
600 34.5/28.2 11.1/14.0 54.4/57.7
900 41.8/38.3 8.5/12.4 49.7/49.3
Re: mixing ratio of coal/mix (w/w); T: temperature; Yg, Y¢: the experimental value and calculated value of yield,
respectively.
Table 4.

Effects of temperature and blending ratio on yields of char, tar and gas compared with calculated values.
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significant at a 50% mass ratio. Ma et al. [80] found that under the condition of cow
manure: coal = 1: 3, CO emissions were significantly increased, CO, and CH, were
also increased, and co-pyrolysis were beneficial to syngas production. In addition,
for sulfur-containing gases, with the increase of cow manure ratio, the emissions

of H,S, COS and C,H,S increase, while the emission of SO2 decrease. Zhu et al. [72]
pointed out that the synergistic effect of gas yield and composition during co-
pyrolysis of coal and biomass was affected by pyrolysis temperature and mix ratio.
However, to our best knowledge, there are no reports about the influence of AAEMs
on the volatiles production characteristics of the co-pyrolysis of coal and biomass.

6.2 Co-pyrolysis tar properties of coal and biomass

The composition of tar is extremely complex, and can be used after separation
and purification. The tar fractions are further processed to separate a variety of
products. The main products extracted are: naphthalene, phenol, phenanthrene,
carbazole, and asphalt. The different properties of biomass and coal lead to great
differences in the components of their pyrolysis tar. Coal pyrolysis mainly pro-
duces heavy tar, while biomass pyrolysis mainly produces light tar. The interaction
between coal and biomass during co-pyrolysis could cause changes in the properties
of tar. Onay et al. [70] reported that the co-pyrolysis oil obtained with 5% lignite
mixed with biomass contains more aliphatic and aromatic fractions, more relatively
heavy hydrocarbons, less polar fractions than biomass pyrolysis oil. Jones et al. [81]
found that co-pyrolysis of coal and biomass was conducive to the formation of phe-
nols, but not conducive to the formation of aromatics. Tang et al. [82] indicated that
co-pyrolysis improved the formation of phenols and naphthalene, while cotton stalk
as an additive inhibited phenanthrene formation during co-pyrolysis of cotton stalk
and Shenmu coal. Zhu et al. [72] concluded that the increase of cedar sawdust con-
tributed to the positive synergistic effect of light tar, revealing the role of cedar asa
hydrogen donor during co-pyrolysis. In addition, reactive H, from water-gas shift
reaction and hydrogen-rich free radicals such as «CHj;, «OCHj; from cedar can inhibit
the secondary polymerization to form methyl-contained phenols and naphthalenes
instead of 3-ring phenanthrenes and 4-ring pyrenes. Song et al. [73] reported
that co-pyrolysis was unfavorable to the formation of benzene, naphthalene, and
hydrocarbons in tar, but favorable to the formation of phenols and guaiacol. Zhao et
al. [83] found that the co-pyrolysis of cellulose and lignite was conducive to the gen-
eration of —OH components, and cellulose could promote the thermal conversion
of lignite to a certain extent, resulting in more ketones or esters in the co-pyrolysis
tar, which was conducive to improving the quality of liquid products. Zhu et al.

[84] reported that the reactive H, from water-gas shift reaction and hydrogen-rich
radicals such as «CHj, «OCHj; from cedar can inhibit the secondary polymerization
to form methylphenol and naphthalene instead of 3-ring phenanthrenes and 4-ring
pyrenes during co-pyrolysis of a massive coal and cedar mixture.

6.3 Co-pyrolysis char properties of coal and biomass

The interaction between coal and biomass during co-pyrolysis can affect the
characteristics of the resulting char, which influences the subsequent reactions.
Figure 6 shows the relationship between characteristics difference of coal and
biomass and their co-pyrolysis char properties. Therefore, it is useful to study the
characteristics of the resulting char, to understand the conversion mechanism dur-
ing the co-pyrolysis of coal and biomass. Generally, the characteristics of char are
studied from four aspects: physical structure, chemical structure, AAEM migration
and reactivity.
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Figure 6.
The relationship between characteristics diffevence of coal and biomass and their co-pyrolysis char
characteristics.

The change of the surface morphology of the co-pyrolysis char is the most direct
manifestation of the interaction between coal and biomass. Wu et al. [76] found
that with the increase of co-pyrolysis temperature, the surface of co-pyrolysis char
became rougher and the pores became more developed. Wu et al. [85] reported that
cellulose can promote the uniformity of co-pyrolysis char, while hemicellulose, lig-
nin and sodium carboxymethyl cellulose were conducive to the three-dimensional
development of co-pyrolysis char. Chen et al. [31] pointed out that during co-pyrol-
ysis of coal and biomass, the presence of corn stalks was beneficial to the produc-
tion of spherical particles from coal char. But the promotion of the corn stalks in
removing active AAEMs through acid pickling was greater than that of the original
corn stalks. However, Lin et al. [60] concluded that co-pyrolysis hardly influenced
the macro-morphology, and structure of the mineral matter. According to current
research results, more than 80% of the researches believed that the surface mor-
phology of co-pyrolysis char was changed during co-pyrolysis [11].

During the reaction process of co-pyrolysis char, the pore structure can provide
reaction and diffusion channels for some products, and the pore surface is the main
location of chemical reaction of adsorption. Therefore, the structure and surface
of pores in the char, play an important role in the reaction of chars. Most studies
indicate that the growth of pore structure of co-pyrolysis char is affected by the
operating temperature, mixing ratio and fuel type. Wei et al. [86] reported that with
the increase of the biomass ratio in the mixture, the development of pore structure
was first inhibited and then promoted. Wu et al. [87] found that biomass had an
inhibitory effect on the development of the surface area and pore volume of co-
pyrolysis char, but the average pore size of co-pyrolysis char was affected by the type
of raw materials used. Vyas et al. [88] pointed out that the growth of co-pyrolysis
char pore structure was affected by operating temperature and mixing ratio. At low
co-pyrolysis temperature, the mixing ratio had little effect on the surface area and
micropores. However, with the increase of co-pyrolysis temperature, the presence of
biomass in the mixture significantly increased the number of micropores in the co-
pyrolysis char. Lin et al. [60] found that specific surface area and pore structures of
large micropores and mesopores were more impacted than those of ultramicropores,
indicating that the influence was mainly from the formation of secondary char.

The chemical structure of organic compounds in co-pyrolysis char is also one
of the important factors affecting the reactivity of the char. However, there is little
research on the chemical structure of co-pyrolysis char, especially the functional
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group structure. Only a few researchers have studied the carbon structure of
co-pyrolysis char by Raman spectroscopy. It was found that the more biomass in
the mixture, the more favorable the formation of smaller (3-5 rings) aromatic

ring structures, and the reduction of larger (no less than 6 rings) aromatic ring
structures in the co-pyrolysis char [86]. Wu et al. [85] found that the addition of
cellulose inhibited the formation of smaller aromatic ring structures in co-pyrolysis
char, while the addition of hemicellulose and lignin contributed to the formation of
smaller aromatic ring structures. Chen et al. [56] researched the effects of pyrolysis
temperature on the structure and functional groups changes of co-pyrolysis char
by Raman and Fourier transform Infrared spectroscopy (FTIR), respectively. They
found that with the increase of pyrolysis temperature, the structure of co-pyrolysis
char changed from a small aromatic ring system to a large aromatic ring system
containing six or more condensed benzene rings through the condensation reac-
tion of the rings, and the aromatic —CH functional groups first increased and then
decreased. In addition, the C=0 and aliphatic —CH functional groups in the co-
pyrolysis char disappeared in the pyrolysis temperature from 600 to 700°C. Chen
etal. [31] pointed out that active AAEMs can inhibit the decomposition of aliphatic
—CH, C=0 and — CHj in coal, and can also inhibit the decomposition of O — H,
aliphatic —CH, and C — O in biomass. But as the pyrolysis temperature increased,
the inhibitory effect gradually weakened or even dis appeared.

The co-gasification process of coal and biomass includes two primary steps: the
co-pyrolysis of the raw fuel and the co-gasification of the remaining co-pyrolysis
char. The gasification reaction rate of co-pyrolysis char is much slower than the
release of volatiles during co-pyrolysis. Therefore, the reactivity of co-pyrolysis
char becomes one of the important parameters, when evaluating the suitability of
industrial gasification materials. It is still uncertain whether the co-pyrolysis process
effects the reactivity of the co-pyrolysis char. Most studies found that no matter
whether the gasification medium was CO,, steam, or air, the co-pyrolysis process
could affect the reactivity of the coal/biomass char. Some researchers believe that
co-pyrolysis can inhibit the reactivity of the resulting char [52, 86, 89, 90], while
others believe that it can promote the reactivity of char [10, 87, 91-95]. In addition,
some researchers have found that the influence of co-pyrolysis on char reactivity was
affected by gasification temperature [51, 96], mixing ratio [54, 97, 98], raw materi-
als [54, 99] and other co-pyrolysis parameters [23]. Wei et al. [51] researched the
co-gasification reactivity of rice straw and bituminous coal/anthracite mixed char;
they found that the synergistic effect of co-gasification reactivity of rice straw and
bituminous coal mixed char, gradually changed from inhibition to promotion. The
co-gasification reactivity of rice straw-anthracite mixed char, gradually strengthened
with the increase of the conversion rate, reached the strongest point in the middle
stage of co-gasification process, and then began to slowly weaken. Chen etal. [23]
also pointed out that with the progress of the co-gasification process, the synergistic
effect of the gasification reactivity of the char gradually changed from inhibition to
promotion. In addition, the gasification reactivity of co-pyrolysis char was affected
by mixing ratio and co-pyrolysis temperature, which was consistent with the
research conclusion of Yuan et al. [97], Gao et al. [94], and Mafu et al. [98]. Overall,
according to current research results, more than 80% of the researches believed that
there were synergistic effects of co-pyrolysis char during co-gasification [11].

The synergistic effect of co-gasification reactivity of co-pyrolysis char is
mainly caused by two aspects: the interaction between coal and biomass during
co-pyrolysis and the interaction between coal char and biomass char during co-
gasification. However, existing research on the influence of these two aspects on the
gasification reactivity of co-pyrolysis char is obviously insufficient. Only Chen et al.
[23] compared the effects of these two aspects on the co-gasification reactivity; they
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found that the interaction between coal and biomass during co-pyrolysis had a more
obvious impact on the co-gasification reactivity.

The gasification reactivity of co-pyrolysis char is most likely controlled by mass
transfer, pore diffusion and internal chemical reaction. Therefore, for co-pyrolysis
char of coal and biomass, its physicochemical structure and catalysis are the most
important factors affecting its reactivity. A large number of studies have shown that
the co-pyrolysis process can have a synergistic effect on the gasification reactivity of
the resulting char, which was mainly due to the catalysis of AAEMs (mainly K and
Ca) during the pyrolysis and gasification process [10, 51, 52, 92, 93, 99]. However,
the catalytically active Ca and K in the biomass can interact with the aluminosili-
cate in coal minerals to form catalytically inert Ca,Al,SiO; and KAISiO, crystals,
thereby reducing the reactivity of co-pyrolysis char [22, 52, 99]. In addition, the
rich silica components in biomass ash can also reduce the reactivity of chars by
converting the catalytically active K and Ca substances into non-catalytically active
substances [10]. Krerkkaiwan et al. [91] found that the reactivity of co-pyrolysis
char was higher than that of coal char or biomass char, alone, which was related
to the increased surface area and pore volume of co-pyrolysis char, as well as the
catalytic effect of the K released by the biomass. Wei et al. [86] and Wang et al.

[89] reported that the chemical structure of co-pyrolysis char and the migration of
catalytically active AAEMs were the main factors affecting the reactivity of co-
pyrolysis char, while the physical structure was a secondary factor. Wu et al. [87, 90]
pointed out that the increase of the distance between microcrystalline structures
and the number of interlayer defects between adjacent aromatic layers can promote
the formation of active sites, thus increasing the reactivity of the co-pyrolysis char.
Zhang et al. [100] found that the active AAEMs in coal can increase the reactivity
of char during co-gasification, promote the production of H, and CO,, and inhibit
the production of CO. Chen et al. [23] found that the active AAEMs in biomass can
obviously promote the reactivity of co-pyrolysis char, while the active AAEMs in
coal had little effect on the reactivity of the co-pyrolysis char.

Current research on the co-pyrolysis products of coal and biomass seems to be
limited to the macroscopic characteristics, such as the yield, properties, and com-
positions. There are few studies and analyses on the essential causes that affect the
co-pyrolysis products. Therefore, it is impossible to clearly understand the produc-
tion mechanism of products during co-pyrolysis of coal and biomass. In addition,
the effect of active AAEMs on the volatiles production during co-pyrolysis of coal
and biomass is still unclear, thus further research is recommended. A better under-
standing of the influence of the physicochemical structure and the active AAEMs
on the reactivity of co-pyrolysis char, will be helpful to promote the development
of industrial applications for biomass-coal co-pyrolysis. Although some researchers
have begun to pay attention to this work, there are still plenty of opportunities for
further research and development.

7. Industrial demonstration

Yao etal. [101] researched the industrial-scale co-pyrolysis of biomass, waste
agriculture film, and bituminous coal, and analyzed it from multi-perspective
(energy flow, economic, and socioenvironmental benefits analysis). The composi-
tion of different feedstock used in the pyrolysis experiment is shown in Table 5. The
energy flow analysis showed that the co-pyrolysis processing of fruit tree branch
(FTB), bituminous coal (BC), and recycled agriculture film pellets (AFP) resulted in
a decrease in energy yield due to the energy loss that occurred during the conversion
process. Table 6 shows the results of the economic analysis of the industrial-scale
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Feedstock type Biomass Fossil fuel Plastic waste

Feedstock name Fruit tree branch Bituminous Recycled agriculture
coal film pellets

Feedstock code FTB BC

Experiment code Relative contents added in each experiment (wt%)

E1 100 0

E2 50 50

E3 40 40

Total mass processed 450 800

(kg)*

“The total mass of material processed in each experiment was to keep the rotation speed constant based on their
densities, and the total volume was fixed.

Table 5.

The composition of different feedstock used in the pyrolysis experiment [101].

Category Term Unit E1 E2 E3
Financial data Total investment 10,000 213.79 223.37 223.37
CNY
Fixed asset investment 204 204 204
Average income during 876 152.58 166
operation period
Total cost (average during 72 129.5 129.5
operation period)
Total profit (average during 156 23.08 36.5
operation period)
Financial Financial internal rate of % 10.51% 14.20% 21.26%
evaluation indices return (Before tax)
Financial net present value 10,000 31.09 82.99 185.44
(Before tax) CNY
Payback period (Before tax) year 8.47 719 5.51
Sensitivity Product critical point % 4.73 7.05 14.66
analysis Feedstock critical point % 10.14 11.07 25.66
Initial investment critical % 16.29 3769 64.65
point
BEP analysis BEP (%, capacity utilization % 62.63% 53.11% 41.73%
rate)
Table 6.

Input data and results of the project economic analysis [101].

co-pyrolysis of FTB, BC, and AFP. From the economic analysis, it can be concluded
that the three pyrolysis methods can bring economic benefits. Among them, the
economic performance of FTB-BC-AFP co-pyrolysis was the highest, while that of
FTB single pyrolysis was the lowest. The annual profit and the internal financial

return rate of FTB-BC-AFP co-pyrolysis were three times and 2.1 times higher

than that of single pyrolysis, respectively. In addition, the payback period can be
shortened by about 3 years. The biochar produced by the three pyrolysis methods

conformed to the national standard (GB/T 31862-2015 and GB/T 34170-2017).
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The pyrolysis gas meted the calorific value requirements of the national standard
(GB/T 13612-2006), and can meet the needs of residents for heating and cooking.
Moreover, the implementation of the project has created employment opportunities,
and each person can increase their income by 30,000 CNY per year. In addition, The
FTB-BC-AFP co-pyrolysis used in this project can replace ~1100 tons of standard
coal every year, and reduce CO2 emission, SO2 emission, smoke and other pollutants
by 1720 tons, 5 ~ 6 tons, and 320 kg per annum, respectively. At the same time, the
project recycled 750 tons of plastic waste, which can reduce 50-66.7 km” of farmland
white pollution and avoid the accumulation of plastic waste.

8. Vision and development

In response to China’s dual-carbon target, the use of coal should be reduced and
eliminated, as burning 1 kg of coal produces 2.62 kg of CO,. As a solid fuel with
zero carbon emission, the utilization rate of biomass should be increased. China
produces more than 1 billion tons of agriculture and forestry waste each year. Due
to its low energy density and high transportation cost, on-site treatment of biomass
can effectively reduce the cost of recycling. Although co-pyrolysis may lead to
energy loss in the conversion process, the addition of coal increases the bulk density
of the raw material mixture and improves the processing capacity of the equipment.
In addition, co-pyrolysis can improve the combustion characteristics of char and
reduce the emission of pollutants. Co-pyrolysis process can not only effectively
meet the needs of clean energy in rural areas, but also realize the on-site treatment
and utilization of these major solid wastes. Therefore, the co-pyrolysis of biomass
and coal is still a valuable method for engineering applications that require the use
of coal. Furthermore, the addition of plastics in co-pyrolysis can improve the yield
and quality of gas products, and also has certain environmental benefits.

In summary, there are still many deficiencies in the current research on the
co-pyrolysis of coal and biomass, and many opportunities to expand the knowledge
of the resulting chemistry, e.g., the influence of the interaction between coal and
biomass on the respective pyrolysis process and the entire co-pyrolysis process
during co-pyrolysis, the influence of co-pyrolysis conditions on the physicochemi-
cal structure and AAEMs content of co-pyrolysis char, especially the influence of
co-pyrolysis process on subsequent gasification reaction characteristics. Important
system parameters to be studied further, include: (a) the ratio, and limits, of
biomass to coal; (b) pyrolysis and gasification operating temperatures; (c) the
rate of temperature rise in the reaction vessel; (d) the inter-catalytic effects of
AAEMs on product yields and compositions; (e) the yields of volatiles (gases), tars
(liquids), and chars (solids); (f) the compositions of these products. The goal of
all of this current and future biomass-coal co-pyrolysis work should be to reach
industrial scale applications for this as soon as possible. With regard to the current
global climate change crisis, it is urgent to continue to minimize the use of all fossil
fuels, worldwide, especially coal, and to mitigate the emissions of CO, into Earth’s
atmosphere. With that goal in mind, the growing use of biomass, to replace the use
of coal, is of paramount importance.

9. Conclusion
This chapter has reviewed some of the information regarding the co-pyrolysis

of coal and biomass, with a focus on the synergistic mechanism and the resulting
influence. The different characteristics of coal and biomass lead to great differences
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in their pyrolysis characteristics, resulting in a synergistic effect during co-pyroly-
sis. The synergistic effect can be caused by the migration of active H radicals from
biomass to coal, the catalysis of active AAEMs, and heat transfer during co-pyrol-
ysis [102]. During the co-pyrolysis of coal and biomass, changes in product yields
and composition of volatiles, as well as the changes in the physicochemical structure
and reactivity of co-pyrolysis char are briefly reviewed. In addition, the release and
migration of AAEMs and their catalytic effects, and volatile-char interactions are
mentioned. Moreover, the analysis of the co-pyrolysis industry demonstration is
also mentioned.
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Chapter 5

Algae Based Bio-Plastics: Future of
Green Economy
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Abstract

Plastic has become one of the most crucial requirements of the modern-day
living. The continuous reliance on the petroleum-based, non-biodegradable plastics
has resulted in increased global environmental damage and rapid depletion of fossil
fuels. Bioplastic, with remarkably similar properties to petroleum-based plastics is a
promising alternative to overcome these emerging challenges. Despite the fact that
algae and cyanobacteria are feasible alternative source for bio-plastic, there have
been limited studies on strain selection and optimization of culture conditions for
the bio plastic production. Naturally, algae and cynobacteria can accumulate higher
amount of metabolites under stress conditions however one of the recent study on
genetic engineering of Synechocystis sp. coupled with abiotic stresses showed up to
81% of increase in PHB level in the transformed lines. This chapter provides sum-
mary of various studies done in the field of algal bio-plastics, including bioplastic
properties, genetic engineering, current regulatory framework and future prospects
of bioplastic. Further the applications of bioplastics in industrial sector as well as
opportunities and role of bio plastic in green economy are also discussed.

Keywords: algae, bioplastics, biodegradable, sustainability, green economy

1. Introduction

Plastics are synthetic carbon-based polymers that offer a variety of applications
in everyday life. Petroleum-based plastics are widely used due to their desirable
characteristics, which include low-cost, transparency, light-weight, strong heat
resistance with a good weight-to-strength ratio. It can be easily shaped into differ-
ent forms to produce a variety of materials. Thus, it has a wide range of applications
in the expanding industrial sector. Overuse of these fossil-based, non-biodegrad-
able polymers has shown serious impact on the environment, resulting in pollution,
global warming and fossil fuel depletion. They have a poor recyclable potential and
moreover, produce toxins in the recycling process. Furthermore, the plastic recy-
cling process is quite challenging, as different plastics require different recycling
techniques. Only around 10% of the total plastic manufactured every year is recy-
cled, with the rest dumped into the water bodies and landfills [1, 2]. The indigenous
microorganisms do not have inherent potential to degrade these plastic wastes. As
aresult, both terrestrial and aquatic ecosystems are severely harmed. Bioplastic
made from renewable sources with similar qualities of fossil-based polymersisa
viable alternative to overcome these major challenges. They are biodegradable and
environment friendly, which can lead to a more sustainable and circular economy.
In addition, bioplastics can be entirely decomposed by soil microorganisms without
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producing any harmful by-products [3]. A range of polymers utilised in bioplastic
synthesis can be derived from key metabolites such as lipids, proteins, and carbohy-
drates. There are microbes that can utilise these polymers as a source of carbon and
energy for their metabolism, and there are species that can produce exoenzymes

to degrade them [4]. Given the fact that bioplastics can be made from a variety

of renewable sources such as higher plants, bacteria, starch, and cellulose-based
materials, algal plastics remain a high-demand research due to multiple advantages
of algae as a feedstock.

Algae and cyanobacteria, also known as prokaryotic microalgae, are photoau-
totrophic organisms that grow at a faster ratewith high biomass. They are popular
in the field of bioplastics because of their limited nutritional requirements, harvest
regardless of the season and ability to thrive in non-arable environments, includ-
ing waste waters [5]. Algaecan assimilate carbon dioxide into various organic
compounds, which can then be transformed into useful biopolymers, resulting in
reduced CO2 emissions, and ultimately leading to a safer environment [6, 7]. Algal
biomass, in addition to algal metabolites, can be utilised directly in plastic produc-
tion, where it can be blended with petroleum-based plastics to improve its mechani-
cal qualities [8]. Algal biomass can also help to speed up the decomposition process
of plastic, owing to its high nitrogen concentration, which improves microbial
adhesion and promotes the biofilm formation [9]. Each of these beneficial attri-
butes indicates algae as a potential future feedstock for bioplastic production. This
chapter summarises all aspects of algae bioplastics and their function in ecological
sustainability. This aims to assist and realise the relevance of bioplastic research, as
well as the obstacles it faces and the necessity to overcome them in the future.

2. Properties of bioplastics

Bioplastics, as the name implies, are bio-based, biodegradableand compostable
polymers containing mechanical and barrier attributes comparable to petroleum-
based plastics. There are a variety of starch-based, cellulose-based, and protein-
based bioplastics in the market today, but most of them are derived from food
crops, which compete with human consumption. Poly Lactic Acid (PLA) and
Polyhydroxyalkanoates (PHAs) are two typical algal biopolymers that have advan-
tages over plant-based bioplastics as algae are easy to cultivate, non-competitive
with human food, and can be harvested throughout the year [10]. Biodegradability
of these polymers isdetermined by their structures, and strong mechanical quali-
ties make them suitable for industrial uses. Bioplastics also have the potential to
be customised in terms of properties, making them far preferable to conventional
plastics. Table 1 shows some of the advantages and disadvantages of bioplastics.
Thermal stability, tensile strength, viscosity, elasticity, oxygen permeability, and
water resistance are some of the significant characteristics of bioplastics.

Advantages of bioplastics Disadvantages of bioplastics Reference
Energy efficient Expensive [10-13]
Flexible to be modified Brittle
Do not generate toxic by products Low melt strength
Biodegradable Weak barrier properties

Table 1.

Advantages and disadvantages of bioplastics.
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Numerous studies have proven that adding additives such as plasticizers and
fillers to bioplastics strengthen both their structural and mechanical features [14].
When used as fillers, algal biomass itself has the potential to improve biodegrad-
ability. Kalita et al. [9] studied the biodegradation abilities of PLA material with
algae biomass as a filler, and found that it increased the bioplastic’s biodegradability.
Hydrolysis of ester groups into hydroxyl or carboxyl groups occurs during PLA
degradation. The algal biomass and PLA composites were extruded into a film and
subjected to abiotic and composting degradation conditions. Water hyacinth com-
post set up was constructed for compost degradation experiments, and the films
were cut into pieces and placed in 1 M NaOH for abiotic degradation. The sudden
drop in molecular weight under abiotic stress conditions symbolises the molecule’s
degradation, which was seen in the presence of algal bio fillers. In the test setup
with algal fillers, the degradation in the compost conditions was also noticeable,
with days required for total biodegradation decreased from 95 + 7 to 60 + 2 days.
These experiments clearly demonstrate the effectiveness of algae in improving
degradation due to its high nitrogen concentration, which attracts microbes [9].
When no additives are used, Starch-based bioplastics have strong biodegradability,
but poor mechanical stability compared to traditional plastics [11]. Methods like
Coating, blending, as well as physical and chemical alterations can all be used to
enhance their properties making them a complete sustainable alternative. Coating is
the process of applying a topcoat of materials such as polycaprolactone and poly-
ethylene oxide to assist improved barrier properties, tensile strength and elasticity.
Nanomaterials, cellulose, thermoplastic starch, polycaprolactone are common
compounds used in blending. When polymers are blended with nanomaterials, the
polymer becomes confined between the nanoparticles, resulting in better barrier
properties. Cellulose and thermoplastic starch combines well with other biopoly-
mers, lowering water permeability while increasing mechanical qualities such as
tensile strength. Polycaprolactones decrease polymer brittleness while simultane-
ouslyimproving heat stability [15].

Thummala et al. [12] examined the effects of glycerol and sorbitol as plasticiz-
ers on protein-based polymers. The findings show that sorbitol enhanced tensile
strength whereas glycerol and a combination of the two showed intermediate
tensile strength, indicating that bioplastics can be altered to meet specific require-
ments [12]. Studies on the effect of mould temperature on the viscosity of algal
biopolymers demonstrate that increase in mould temperature improves viscosity
and water resistance [13, 16, 17]. Plasticizers such as glycerol, water, and latex can
enhance antibacterial properties of bioplastics, overcoming bioplastic’s limitations
in the medical and food packaging industries [18]. Antimicrobial additives like Nisin
and cinnamaldehyde increase mechanical qualities and do not interfere with bio-
degradability, which was formerly a major concern [19, 20]. Although many of the
approaches for improving characteristics are performed on plant-based plastics, they
can all be applied to algal biopolymers, thus expanding the scope of algal research.

3. Algae used in bioplastic production

Algae are diverse group of photosynthetic organisms that range in size from
single-celled microalgae to multicellular macroalgae which play a key role in
ensuring a balanced ecosystem. They produce high metabolite content which can
be processed into a number of value-added products, offering them to obtain wide
range of market opportunities [21]. Bioplastics are one such products derived from
algal metabolites, with the most notable being polylactic acid (PLA), polyhydroxy-
alkanoates (PHAs). These metabolites are naturally formed by algal cells, however
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the addition of particular chemicals, changes in culture conditions, can help to
enhance the metabolite production.

One of the most commonly studied PHAs in bioplastic research is polyhydroxy
butyrate (PHB). Sodium acetate in the culture mediumcan enhance PHB accu-
mulation in cells without interfering with cell multiplication [22]. Kavitha et al.

[23] optimised culture conditions for PHB production using wastewater cultured
Botryococcusbraunii. According to the data, the maximum production of PHB

(247 + 0.42 mg/L) was obtained at a 60% concentration of sewage water as culture
medium at 40°C and pH 7.5 [23]. Mathiot et al. [24] performed study on selection
of microalgal strains for the production of starch-based bioplastics. They selected
ten microalgal strains, including Chlamydomonas, different species of Chlorella and
Scenedesmus. The algal strains were grown in a sulphur-depleted TAP medium with
an 18-hour light: 6-hour dark photoperiod with a light intensity of 125 pmol.m™.

s at 25°C and pH between 7.2-7.4 They conclude that Chlamydomonasreinhardtii

is the best strain for bioplastic production among the 10 strains tested, with a
starch to biomass ratio of 49 percent in a sulphur-depleted medium and excellent
plasticization with 30 percent glycerol at 120°C [24]. In comparison to synthetic
media, a study on optimising culture conditions on Chlorella Salina to discover the
best photoperiod, CO2 concentration, and nutrient limitations suggests wastewater
under controlled conditions as a feasible medium for optimum starch and carbo-
hydrate production. The findings shows that a 12 h: 12 h light-dark cycle, 5% v/v
CO2 concentration, and a combination of nitrogen and phosphorous limits is the
ideal culture condition with highest starch and carbohydrate content. However,

as compared to culture in synthetic medium, wastewater aerated with 5% CO2 is
considered more sustainable, with double metabolite accumulation [25]. According
to Das et al. [26] the leftover algal biomass after extracting lipids can also be used in
bioplastic production and the result shows 27% PHB content. Chlorella pyrenoidosa
was the strain under study in Fogg’s medium with 80 Lux light intensity and UV
spectroscopy analysis confirms PHB accumulation [26]. Since microalgae are
low-cost substrate, Khomlaem et al. [27] used defatted Chlorella biomass and used
as a substrate for three bacterial strains to accumulate PHAs. Cupriavidusnecator, a
bacterial strain employing 75.4 percent defatted chlorella biomass, demonstrated
the highest PHA accumulation (751 + 0.20 g/L) among the studied strains [27].
Another analysis revealed that adding glycerol as a plasticiser with defatted
Chlorella biomass (DCB) to make Chitosan-based biodegradable films improved
mechanical characteristics. Higher DCB concentrations resulted in increased tensile
strength, reduced water vapour permeability, and reduced transparency. According
to FTIR and SEM analysis, the increased attributes were because of the uniform
distribution of DCB, which establishes strong hydrogen bonds throughout the
matrix [28]. When employed as a carbon source, DCB can also be used to accelerate
PHA and carotenoids production [29]. Scenedesmussps., that has not been studied
extensively in the field of bioplastics, could also be a source of PHA in modified
nutritional conditions. Since it has a rigid cell wall, it can withstand high tempera-
tures, pH, copper concentrations, and a certain amount of salt [30, 31]. The major-
ity of the studies described are recent findings, and the most of them focused on
Chlorella sps. Because of its rapid growth rate and ease of cultivation.

4. Cyanobacteria used in bioplastic production
Cyanobacteria, commonly knownas blue green algae, are gram-negative pro-

karyotes with a wide range of species. In comparison to microalgae, they are well
recognised for their PHA accumulation under stress conditions and are extensively
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studied for bioplastic production. In combination with microalgae and heterotro-
phic bacteria, cyanobacteria can be grown in municipal and industrial waste waters.
They can grow rapidly in wastewater systems and serve a variety of different
functions such as heavy metal removal, reduction of Chemical Oxygen Demand
(COD) and Biological Oxygen Demand (BOD). For commercial production, a
two-stage cyanobacterium cultivation can also be employed, with a photoautotro-
phic phase followed by a heterotrophic stage with a sole source of carbon [32]. In
addition, filamentous cyanobacteria such as Pseudanabaenasps. and Aphanocapsasps.
can survive in nutrient deprived conditions and can also outcompete rapidly
growing green algae like Chlorella [33]. Cyanobacteria can be blended with other
bioplastics, their smaller size facilitates uniform dispersion, which helps to form
cross linkages and increase mechanical qualities. Spirulina is one of these species,
which has been widely used in the food industry for many years due to its high
protein content and has recently been exploited in the bioplastic research with
promising results [34]. The addition of Polyvinyl alcohol as a compatibilizer and
glycerol as a filler to a spirulina-based bioplastic increased the tensile strength by
1.89 kgf/cm?2 and the elongation by 4.17 percent over commercial plastic [35]. When
cultivated in modified Zarrouk medium, where the manufacturing cost was quite

Strain Culture conditions  Biopolymer  Yield (% dry cell weight) Reference
Nostocmuscorum Acetate in medium PHB 43% [42]
+Dark incubation
Synechococcus sp. MA19 Autotrophy, PHB 55% [43]
Phosphate
deprivation
Synechocystis sp. glucose containing PHB 29% [44]
PCC6803 BG11(Pre-grown)
medium+Acetate+
Phosphhate
deprivation
Synechococcussubsalsus Nitrogen deprivation PHAs 16% [45]
Spirulina sp. LEB-18 Nitrogen deprivation PHAs 12% [45]
Spirulina subsalsa Increased salinity+ PHA 745% [46]
Nitrogen deprivation
Calothrixscytonemicola Photoautotrophy in PHB 254 +3.5% [47]
nitrogen limitation
Aulosivafertilissima Acetate and citrate PHB 66% [48]
supplemented
medium
Aulosivafertilissima Acetate PHB 77% [48]
supplementation+
phosphate
deprivation
Anabaena cylindrica Acetate PHB 2% [49]
supplemented BG11
medium
Spirulina maxima Acetate supplemented PHB 3% [50]
mixotrophic
conditions
Microalgal consortium ‘Waste water PHA 43% [51]

Table 2.

Microalgae and cyanobacteria used in bioplastic production.
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high, spirulina-based plastic had higher biodegradable properties with 6.2 percent
PHB content [36]. In contrast, a research of thermoplastic blends of bioplastics
with spirulina grown in wastewater found that spirulina outperforms Chlorella as
ablend. As aresult, it is considered as more suitable for commercial purposes [37].
Spiriulina platensis showed increased thermal stability without influencing water
vapour transmission rate when used as a filler in wheat-gluten based bioplastic [38].
Arias et al. [39] studied the effect of nitrogen and phosphorous starvation in two
photoperiods, one with full light and the other with 12 h alternate light and dark, on
a mixed culture dominated by cyanobacteria. According to their findings, Nitrogen
limitation under alternate light illumination yielded the maximum carbohydrate
concentration of 838 mg/L [39]. Synechocystissps. Showed increased PHB accumula-
tion by up to 38 percent when cultivated in the presence of fructose and acetate

in phosphorus deficient and gas-exchange limited conditions, which was eight
times higher than accumulation under autotrophic conditions [40]. However, a
study on Arthrospira platensis found that limiting nitrogen and phosphorus in the
medium at the same time resulted in lower PHB and Phycocyanin synthesis. This
research was carried out in both autotrophic and mixotrophic conditions, in both
normal and nutrient-limited environments. Although autotrophic conditions with
more CO2 resulted in increased PHB production of 33%, there was no significant
increase in other conditions. The results were justified by stating that the effects of
nutrient limitation conditions may differ from species to species, and that limiting
both nitrogen and phosphorous at the same time would not be a good option in the
case of Arthrospira [41]. The very first research on PHA synthesis in Synechococcus
elongates was successful and exhibited maximum production of 17.15 percent of
PHA under nitrogen starvation and phototrophic conditions with 1 percent sucrose
as external carbon source. However, its yield was lower than bacterial systems and
can be enhanced by applying alternative nutrient deprivation conditions and by
using genetic tools (Table 2) [52].

5. Biopolymers derived from algal metabolites

Algal biomass, in addition to algal metabolites, can be directly moulded into
bioplastic beads or sheets. When actively growing cultures are centrifuged, TAG
accumulates and settles in the pellet. The pellet can be combined with additives like
glycerol before being formed into the appropriate bioplastic shape [53].

5.1 Polyhydroxyalkanoate (PHA)

PHAs are biopolyesters produced as intracellular inclusions by a variety of
microorganisms, especially in the presence of abundant carbon and limited essen-
tial nutrients. They accumulate in the cell as it enters the stationary phase and
can account for up to 80% of the cell’s weight. These inclusions are protein and
lipid-based membrane bound inclusions. They serve as energy reserves for the cells,
allowing them to endure oxidative stress, UV irradiation, temperature shock, and
osmotic imbalance. PHAs are made of polyhydroxyalkanoic acid monomer units in
which the ester bond is between the carboxyl group of one monomeric and hydroxyl
group of the next monomeric unit. The R group in each monomeric molecule forms
an alkyl side chain. Monomers can differ depending on the organism’s substrate,
resulting in the formation of various polymers and copolymers [5, 54]. They are
UV resistant, insoluble, and have low oxygen permeability. Melting temperatures
range from 40 to 180°C, with a glass transition temperature of —50 to 40°C. The
temperature ranges stated here differ depending on the R-group [55]. Cyanobacteria
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Figure 1.
Metabolic pathway of PHB synthesis showing acetyl-CoA as a branch point.

are known as best producers of PHA and are being constantly studied for ways to
boost synthesis in nutrient-restricted conditions or through genetic engineering
experiments. Polyhydroxy butyrate (PHB) is the well-known and widely marketed
PHA which has qualities similar to petroleum-based polymers [56]. It’s made up of
repeating units of 3 carbon atoms and a methyl group [55]. Figure 1 depicts the PHB
synthesis metabolic route with acetyl-CoA as a branch point. PHB production can be
improved by altering the enzymes in the pathway, either by boosting PHB synthesis
enzymes or by deletions of other Acetyl-CoA consuming enzymes to increase the
substrate for PHB synthesis.

Acetyl CoA is a branch point in microalgae’s central metabolism. In the cells,
glucose is transformed to pyruvate, which can then be converted to Glyceraldehyde
3-Phosphate (G3P) and enter the Calvin Cycle (C3 cycle) to produce carbohydrates.
The enzyme pyruvate dehydrogenase transforms pyruvate to acetyl CoA, which is
the primary substrate for PHB synthesis. Conversion of Acetyl phosphate is another
source of Acetyl CoA synthesis. Acetyl CoA synthesised can be used by the cells in
PHB synthesis, Tri carboxylic acid (TCA) cycle, or converted to acetate. A set of
enzymes, including PhaA, PhaB, and PhaC/E, convert acetyl CoA to PHB in the
PHB production pathway [57, 58].

5.2 Polyurethane (PU)

Polyurethane is commercially available biopolymer widely used in adhesives,
coatings, elastomers, and foams [59]. They can be made from oils, in which algal
oils, such as triglycerides are sustainable sources. The composition of fatty acids
varies from species to species. Pawar et al. employed Chlorella to produce polyols
through oxidation. The oil had a 10% saturates composition and a 2% unknown
fatty acid content. Algal oil epoxidation yielded good results, with conversion rates
comparable to other vegetable oils. The epoxide ring opening of epoxidized algal
oil with ethylene glycol and lactic acid was successfully achieved for the manu-
facture of rigid polyurethane foams. The synthesis resulted in the manufacture of
polyurethane with characteristics similar to those of commercially available polyols
[60]. Patil et al. [61] prepared nanocomposite coatings using Polyol from algal oil
and ricinoleic acid by combining eggshell based Silver doped nanoparticles in a
Polyurethane matrix. The qualities of PU nanocomposite coatings were compared
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to PU without nanoparticles and according to the findings, PU coatings had good
physico-mechanical properties [61]. Furthermore, the polyurethane coatings made
from algal oils exhibited antibacterial and anticorrosive qualities [62].

5.3 Polylactic acid (PLA)

PLA is usually made from algal feedstocks that is fermented to produce lactic
acid and then polymerised [63]. PLA is one of the most efficient plastics since
it uses a less amount of feedstock (sugar) to generate a biodegradable plastic. In
comparison to other biopolymers, the rate of CO2 release is also lesser. It’s one
among the polymers whose stereochemical structure can be easily changed to
get a higher molecular weight. Other characteristics, such as amorphousness and
semi-crystalline nature, can also be altered by varying isomers [64]. Since it is an
FDA-approved biopolymer, it is commonly utilised in food packaging. Because the
monomer is chiral and exists in two optical isomeric states, various PLA structures
can be formed. Poly (L-Lactide) (PLLA), Poly (D-Lactide) (PDLA), and Poly (D,
L-Lactide) are the three. Packaging made of poly (D, L lactide) with 90% L-Lactide
is commonly utilised. Increased D-Lactide in the composition results in a polymer
with a high crystalline structure with good mechanical and barrier properties, but it
is not economically successful due to its high cost [65].

5.4 Cellulose acetate

Cellulose is the most prevalent natural polymer on the planet, making it a limit-
less source of raw material for creating environmentally beneficial products without
interrupting the food chain. It is made up of glucose monomer units linked together
by a p-1,4 glycosidic linkage that compacts them and forms strong inter-chain
hydrogen bonds. The structure’s alternating side chains contribute to its high crystal-
line nature, which causes brittleness, poor flexibility, and weak tensile strength. But,
in combination with appropriate plasticizers, cellulose derivatives such as ethers and
esters act as bioplastics with a range of applications. One such polymer is cellulose
acetate, which is used in the production of items such as spectacle frames, combs,
cigarette filters and disposable jewellery. Due to its dimensional stability, rigidity,
and printability, cellulose acetate was also recognised for its usage in food packag-
ing, where it was used to wrap baked products. However, the packaging industry no
longer prefers cellulose acetate due to its weak moisture and gas barrier attributes,
as well as the fact that it will be hydrolysed to produce acetic acid. The production
of cellulose acetate on a large scale is normally done under regulated conditions,
particularly the temperature, which impacts the degree of polymerisation (DP).

The product quality will be affected if the DP is too low [66, 67]. Although there
are numerous studies on the manufacturing of cellulose acetate from plant sources,
research on the production of cellulose acetate from algal cell walls are still under
progress. However, because the cell walls are not entirely formed of cellulose, the
yield of cellulose-based polymers will be low. But the large-scale production in
collaboration with other biopolymers using the remaining biomass will be a viable
option to use the complete biomass.

6. Genetic engineering for improved metabolite production
Genetic engineering is a sophisticated method for gene manipulation that has been

utilised in a number of research studies. In terms of bioplastic manufacture, there
have been various investigations on plant gene manipulations, which are referred
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to as first- and second-generation bioplastics. However, research has now shifted to
third-generation bioplastics generally known as algal bioplastics. Genetic studies on
algae and cyanobacteria are easier due to their lower complexity compared to plants,
and they have a high potential for producing bioplastic. Synechosystis sp. PCC6803 is
the first photosynthetic organism to be completely sequenced, which is one of the
reasons it is being explored in gene manipulation for increased PHA production [54].
PHB accumulation is known to be increased in nitrogen-deficient conditions, and

the Sigma factor sigEis known for its potential to activate numerous carbohydrate
metabolic pathways, including the PHB synthesis pathway. Under nitrogen-deficient
conditions, overexpression of sigE in Synechocystis sp. PCC 6803 resulted in increased
PHB synthesis. Importantly the molecular weight and monomer units of the pro-
duced PHB are identical to those of wild-type PHB [68]. Transformation experiments
on Synechocystis sp. PCC 6803 containing pha genes were also effective, with the
resultant cells accumulating 12-fold higher PHB under nitrogen stress than the wild
type strain [69]. Acetyl-CoA is a branch point in algal cell’s core metabolism, and it
can be transformed into a number of substances based on the cell’s need via various
enzymes, including PHB synthesis. Phosphotransacetylase and acetyl-CoA hydrolase
are enzymes that convert acetyl-CoA to acetate and are encoded by the pta and ach
genes, respectively. This reduces the amount of substrate available for PHB synthesis.
Phosphoketolase, on the other hand, is an enzyme produced by the xfpk gene that
can increase acetyl-CoA levels in the cell. Carpine et al. [70] employed a different
approach to boost PHB production, instead of overexpressing the enzyme in the
synthesis pathway, they aimed to increase the substrate concentration for PHB syn-
thesis. This experiment was designed by engineering Synechocystis sp. PCC6803. Seven
mutants were constructed with three different gene alterations, including deletions of
the pta and ach genes and overexpression of the xfpk gene. They were effective, and
their findings demonstrate that the mutant with all three modifications accumulated
the most PHB (232 mg/L) [70]. Orthwein et al. [71] discovered a novel protein, pirC
(Pll-interacting regulator of carbon metabolism), and investigated its function for
PHB production. The PirC deficient mutant strain of Synechocystis found to have
higher phosphoglycerate mutase activity, leading to increased PHB production. The
strain was modified even more by transferring PHA metabolism genes (phaA and
phaB) from known PHB producing bacteria, Cupriavidus necator, which also showed
good results and was termed PPT1. The strain produced 63 percent PHB in nitrogen
and phosphorus limitation. PHB level increased to 81 percent in the presence of
acetate under the same culture conditions, making it the highest PHB content to be
reported in any known cyanobacterium [57]. Although cyanobacteria are widely used
in genetic engineering studies, Hempel et al. [72] incorporated a Ralstoniaeutropha
bacterial PHB synthesis pathway into the diatom Phaeodactylumtricornutum, dem-
onstrating microalgae as a workable model for PHB production. These bacterial
enzymes were sufficient to synthesise PHB in the cells, accounting for up to 10% of
the dry weight of the algae. This research was one of the first to utilise genetic engi-
neering to produce PHB in microalgae, and it cleared the path for further research
[72]. CRISPR/Cas systems are gene editing tools that can produce a variety of mutant,
knock-out, and knock-in strains with desired characteristics. This approach has yet to
be thoroughly investigated in algal systems, particularly in bioplastic research [73].

7. Applications of bioplastics
Plastics have a range of applications, and bioplastics have the potential to replace

conventional plastics in all of them. Bioplastics can be moulded in a variety of ways,
from fibre to thin film, and can be designed in any size, shape, or dimension. PHB
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is most likely to be widely used in food packaging, whether it is for fresh or long-
term storage. Green house films, protection nets, and grow sacks are examples of
bioplastics used in agriculture to maintain appropriate conditions and protect the
crop from physical and biological risks. Unlike synthetic polyethylene, these grow
bags do not cause deformity, making them root friendly. Since PHA is a biomate-
rial, it can interact with biological system and elicit a favourable response from the
host. As aresult, it has applications in medicine, including in the engineering of
biological tissues such as bone, cartilage, and skin. It can be utilised to regenerate
dental tissue [2], employed for fraction fixationas well as surgical sutures. The
medicament can be loaded into PHB-based wound dressings, and the fibrous nature
of the material facilitates the drug’ release into the wound. The property of cancer
cells adhering to PHB sheets has been documented, and contact angle techniques
can be used to identify it. In comparison to biopsy, which is often used for medical
examinations, this approach is painless [74]. PHB with a high molecular weight

can be employed as a drug carrier [23, 75]. Because of its non-adhesive qualities,
PHB can be utilised as an effective antibacterial agent in aquaculture, prevent-

ing pathogens from forming biofilms and thereby inhibiting infection. PHB is an
antifouling compound that can be blended with other metals and applied to the hull
to prevent undesired marine creatures from settling [58]. PLA blends are used in

a variety of applications, including computer and mobile phone casings, medical
implants, and various packaging materials such as cups, tins, and bottles [64]. Algal
plastics can also be used to make plastic beads, which have applications in fishing,
ornament crafting, and shooting sports. However, it is not much explored due to
the high expense of extraction and purification of biopolymers. But research on
Chlamydomonas reinhardtii showed that triacylglycerol can be directly moulded into
7 mm beads without the use of extraction or purification [53].

8. Challenges in the field of bioplastics

Microalgae are well-known for their ease of cultivation, capacity to grow in
waste waters, and ability to survive in adverse environments, but producing a
marketable product from this biomass has numerous hurdles at each step along the
way, from cultivation to market release. Not all species are capable of adapting to a
wide range of cultural settings. As a result, the strain chosen for research may not
be adapted to the designed conditions, making the cultivation phase challenging.
Following cultivation, the harvesting process, which is highly costly, presents the
next hurdle. Major research focuses on ways to boost metabolite synthesis, but there
is also an urgent need to identify cost-effective harvesting methods. In addition, the
biomass and metabolites produced will be insufficient for industrial production.
This difficulty can be solved by inducing heterotrophic conditions with an external
carbon source, however there is a high risk of contamination [76]. Genetic engi-
neering is well known for its excellent outcomes in terms of increased metabolite
production but, it also offers several challenges, including the need for a genome
sequence, the difficulty in gene alterations, and the maintenance and genetic
stability of transgenic strains [77]. Moreover, as transgenic cyanobacteria can pose
an ecological damage, they cannot be grown in open systems [54]. Mutagens can
be used to cause random mutations, which can be a suitable alternative to genetic
engineering. But this necessitates extensive screening in order to find the mutant
with the desired properties [73].

Cyanobacteria-dominated mixed cultures are also known for their high PHA
production, although maintaining their dominance without contamination is
difficult prior to purification. Because Cyanobacteria can tolerate high nitrogen
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concentrations, maintaining high N: P ratios is considered to be a viable solution.
But, mixed cultivations have only been used in laboratory and pilot scale manufac-
turing, and scaling up production will probably take longer [33]. When compared
to currently available polymers, pure algae bioplastics have lower mechanical
strengths, which limit their uses. However, employing sustainable biomass as
additives such as compatibilizers, fillers, and plasticizers is a possible approach for
addressing this problem [78]. Biodegradability is the significant property of bio-
plastics due to which, it is on high demand. But this requires a set of conditions that
may not be present in landfills, where they are usually disposed. As a result, bio-
plastics that degrade under normal conditions will need to be tailored in the future.
Furthermore, if not properly disposed of, bioplastics might emit a small amount

of greenhouse gases. These, gases on the other hand, can be collected and used for
other purposes, such as biogas production [79]. Future algae research should focus
on finding alternatives to all of the aforementioned issues, with the objective of
enhancing large-scale production.

9. Role of algal bioplastics in green economy

Unlike conventional plastics, where the whole process remains linear and
continuously emit harmful gases including CO2, Algal bioplastics play a sig-
nificant role in building a future green economy by using emitted CO2 as the
carbon source for their survival making it a circular process. Only around 1% of
the world’s plastics are biodegradable, while the rest are fossil-based, posing a
threat to significant flora and fauna in both terrestrial and aquatic habitats. If this
condition persists, it will harm the species on the globe and may even result in
the extinction of species, reducing biodiversity. This shows the worldwide impact
of plastic use, which can be mitigated by the use of sustainable algae bioplastics.
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=
Photosynthetic ngincering
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N
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COz biosynthesis of
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Production of
Bioplastic

Figure 2.
Role of algal bioplastics leading to a civcular and green bioeconomy.
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Figure 2 is a representation of an eco-friendly cycle as a result of using algal
bioplastics. Algae use sunlight and CO2 as raw materials for photosynthesis,
producing and accumulating a variety of metabolites that can be improved by
manipulating nutritional conditions, using gene editing, or inducing mutations.
These metabolites can be transformed into biopolymers, which can then be iso-
lated and purified to make bioplastics. After disposal, these bioplastics degrade to
produce CO2, which is then used by algae, and the cycle continues. Further, study
and improvements onbioplastics and eventually replacing plastics entirelywill
result in a green and safer planet.

10. Future prospects of bioplastic production

Despite the fact that this chapter summarises the negative effects of conven-
tional plastics, the benefits of bioplastics, the research framework for bioplastic
production and the role of algal bioplastics in the green economy, the majority
of the studies are conducted at the laboratory or pilot scale. Only large-scale
production, as well as other species characterisation studies will be able to meet
the increasing demand. To begin with, algae are highly diverse and there are
many species and classes of microalgae that are yet to be identified. The selec-
tion of species for an experiment is critical, and further research on evolutionary
divergence and species categorisation should be done beforehand to explore the
properties and efficiency of each species. Increased metabolite accumulation in
response to abiotic stress is well-known, and nitrogen and phosphorus deficiency
are particularly well-studied. Although the stress-induced increase in metabolite
accumulation is true, it has an adverse influence on the cells and decreases the
biomass rate. To overcome this challenge, a two-stage cultivation approach can
be used. In this method, algal cells are first grown in optimal conditions before
being stressed to accumulate metabolites [32]. This results in higher biomass
and metabolite yields at the same time. Adopting these strategies in large-scale
production, on the other hand, is less prevalent. Genetic engineering is another
cutting-edge method for enhancing metabolite production. To target a transcrip-
tion factor or a gene involved in metabolic pathway, a variety of genome editing
approaches can be applied. This is a highly successful strategy that has yielded
positive results in laboratory trials [80, 81]. Nevertheless, since algae are complex
eukaryotic organisms with few genomes sequenced, most researchers are limited to
studying only those organisms that have had their genomes sequenced. To explore
algal genetics, independent research on algal genome sequencing is required. These
genetically engineered organisms can also be grown in nutrient-deficient condi-
tions to enhance yields even further. However, algal genetic engineering experi-
ments are limited to laboratory study, and these genetically engineered organisms
are not permitted to be cultivated for industrial metabolite production. This is in
regards to the stability and maintenance of the strain, as well as the possibility of
lateral gene transfer. As a result, techniques for maintaining stability while also
safely disposing of remaining genetic material are required. Mixotrophic cultures
are now being studied for metabolite production, with promising results. This can
also be utilised in large-scale cultivations to overcome the challenges of maintain-
ing pure cultures. This method is particularly useful in waste water treatment,
as these mixotrophic cultures can develop by utilising the extra nutrients in the
waste waters while also result in waste water treatment. Finally, using the above
mentioned strategies for improving metabolite production can either be employed
separately or coupled with different combinations for large scale production with
profitable yields.
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11. Conclusion

Excessive usage of plastics results in pollution, causing harm to the earth and
its existing species. Despite the numerous benefits of algae bioplastics, research in
this area still need to be progressed. There is also a critical need to take advantage
of modern genetic technologies to boost the metabolite synthesis for bioplastic
production. Because there have been proven results of employing various algal and
cyanobacterial strains as additives that demonstrate increased mechanical qualities
of bioplastics equivalent to adding other synthetic components, using solely these
renewable sources helps to develop highly compostable bioplastic.
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Ethanol Production
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Abstract

The resurgence of biofuels in the recent past has brought new perspectives for
renewable energy sources. Gradually the optimistic scenarios were being challenged
by the competition for raw materials dedicated to direct or indirect human food.
Second-generation biorefineries have emerged as technological alternatives to
produce biofuels from lignocellulosic biomass. The third generation of biorefineries
uses alternative raw materials like algae and microalgae. Despite the technical feasi-
bility, these biorefineries were indebted for their economic performance. Synthetic
biology has provided new microbial platforms that are increasingly better adapted
to industrial characteristics to produce biofuels and fine chemicals. Synthetic biol-
ogy bioengineers microorganisms to take advantage of the low-cost and less-noble
raw materials like lignocellulosic biomass, carbon dioxide, and waste as a sustain-
able alternative for bioenergy generation using bio-substrates. In this chapter, we
analyze the innovations in synthetic biology as applied to cellulosic ethanol produc-
tion based on registered patents issued over the last twenty years (1999-2019).
Using Questel-Orbit Intelligence, we recovered a total of 298 patent families, from
which we extracted the key concepts and technology clusters, the primary techno-
logical domains and applications, the geographical distribution of patents, and the
leading patents assignees. Besides, we discuss the perspectives for future research
and innovations and the market and policy opportunities for innovation in this
technological field. We conclude that the patented technologies serve as a proxy for
the development of synthetic biotechnology applied in cellulosic ethanol produc-
tion by the fourth generation of biorefineries.

Keywords: Metabolic engineering, microorganisms, CRISPR, advanced biofuels,
genetic engineering

1. Introduction

The transition from a fossil resource-based economy to a bio-based economy
necessarily goes using synthetic biotechnologies [1-3]. Synthetic biology has been
evolving and positively affecting human life by providing the opportunity to design
and build new biological parts, devices, and systems that do not exist or redesign
existing biological systems [4, 5] to produce biofuels and other chemicals [6, 7].
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The overlap between synthetic biology and bioeconomy occurs when we con-
sider the latter part of the economy that uses new biological knowledge for com-
mercial and industrial purposes, improving human well-being [8]. This perception
intensifies when we ponder the sustainable use of biomass for non-food-biofuel
production [9, 10].

Currently, ethanol produced from sugarcane in Brazil [11] and corn in the US
[12] is the main alternative in the global supply chain of renewable fuels as a substi-
tute for gasoline. However, this phenomenon fosters scientific debates about land
use and food security, given that these are raw materials based on starch and sugar
and that can be intended, directly or indirectly, for human food [13, 14].

In microbial ethanol production from lignocellulosic biomass, the depen-
dence on food-related feedstocks is overcoming, being a sustainable alternative
for bioenergy generation using substrates from the bioeconomy world [15, 16].
Lignocellulosic biomass is one of the most abundant feedstocks on the globe [17],
with a production of approximately 181.5 billion tons/year [18], and can bring
about significant changes in socioeconomic, agricultural, and energy systems when
efficiently employed [19].

To overcome critical steps of microbial fermentation processes and to increase
yields, technological advances are necessary on synthetic biology tools like metage-
nomics [20], genetic engineering [21], orthogonal communication systems [22],
metaproteomics [23], metabolomics [24], and metabolic engineering [25-27].

From an industrial point of view, investment in these technological solutions
depends upon the technical feasibility of using a particular organism to produce a
specific compound and on the economic feasibility that results in profitable activity
in the long run. Low yields in industrial processes are still recurrent due to low cell
density, slowing down the efficient industrial expansion of this field [28-32] and
are critical for biofuel production. Competitive synthetic biology technologies for
ethanol production are estimated to be available in the coming years [33].

In the present chapter, we analyze the applications of synthetic biology tools
related to cellulosic ethanol production from registered patents, visualizing the
technological trends and their regional, institutional, and R&D markets distribu-
tion in the years 1999-2019. Patent analysis is one of the approaches to access
innovative technologies and commercial aspects of a specific field [34]. The interest
in searching for patents on cellulosic ethanol [35-38] or synthetic biology [39-41]
is expanded here towards the technological development to future energy needs
guided by the sustainable bioeconomy agenda. A total of 298 patent families were
retrieved using Questel-Orbit Intelligence software. From them, we provide a high-
quality dataset from the Questel-Orbit database that can contribute to formulating
strategies and policies geared towards the development of these technologies and
their applications in emerging markets, ensuring bioeconomic development for the
next generations [33].

2. The evolution of innovations in synthetic biology and cellulosic
ethanol

Figure 1 shows the distribution of the 298 synthetic biology patent families
related to cellulosic ethanol throughout the twenty-year interval 1999-2019. The
values correspond to the total frequencies following the International Patent
Classification (IPC). In the eight-year interval 1999-2006, the annual number
of published patents was negligible, with the first patent application occurring
only in 2001. From 2007 to 2011, the number of applications on this topic showed
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Figure 1.
Frequency of synthetic biology patents velated to cellulosic ethanol. Source: Research data from Questel-orbit
platform.

a considerable increase, peaking in 2010 and 2011. Subsequently, applications
decreased in 2012, before temporarily recovering in 2013 and 2014. After that year,
the applications decreased considerably, as observed through the trend line of
synthetic biology patent applications for cellulosic ethanol. Thus, from 2015 there
is a decline and subsequent stabilization, which we can understand as a transition
from growth to maturity [42] or a consequence of time lag between patent applica-
tion and patent grant.

2.1 Key concepts and technology clusters

The distribution of the main concepts among the retrieved patent families
is presented in Figure 2. Nine semantic clusters regularly used by patent appli-
cants were identified (Figure 2A). Most of these patents are related to the use of
microorganisms (yeast and gram-negative bacteria), enzymatic activity, biomass,
fermentation product, and biofuel production. As for the application of the tech-
nologies, we found the predominance of raw materials from biomass, such as agri-
cultural residues (corn straw, wheat, rice, sugarcane bagasse, and switchgrass) and
their main fermentable sugars (xylose, hemicellulose, and arabinose) for ethanol
production. In the first years, the term “xylose” appeared more prominently than
the others (Figure 2B), followed by “corn stover” and “lignocellulosic biomass”.

In the sequence, these terms were accompanied by the words “ethyl alcohol” given
that the field includes this focus.

Therefore, by identifying the concepts commonly employed in the field of
synthetic biology concerning cellulosic ethanol, we can propose insights for the
development or identification of protected technologies in an emerging technologi-
cal field with a view to its industrial application.
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Prgvuiling concepts in the retrieved patent families. 2A provides an overview of the content of this portfolio
formed from the 298 synthetic biology patent families for cellulosic ethanol. 2B shows the distribution of these
concepts concerning the complete portfolio over the twenty years surveyed. Source: Research data from Questel-
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2.2 Major technological domains and applications

To elucidate the main technological domains and applications of the patent fami-
lies, we analyzed the codes predominantly used to classify them (Table 1) following
the structure proposed by IPC [43]. Approximately 40% of synthetic biology patent
families related to cellulosic ethanol belong to the C12P classes. This class contem-
plates inventions concerning fermentation processes or using enzymes to synthesize
a desired chemical composition or compound or to separate optical isomers of a
racemic mixture. Within this class, group C12P-007, related to the preparation of
organic compounds, represents 37% of the patents. Next in importance is class C12N
(30% of the patent families), which deals with microorganisms or enzymes, or
compositions thereof; propagation, preservation, or maintenance of microorganisms;
genetic or mutation engineering; and culture media. Group C12N-001 accounts for
20% of the patents in this class, concerning processes for propagation, maintenance,
or preservation of microorganisms or their compositions, or preparation, isolation of
compositions containing a microorganism, and culture media for such.

When analyzed separately for each of the predominant codes (Table 1), we see
the prominence of code C12P-007/06 (29 patent families). This code is related to the
preparation of organic compounds containing oxygen, such as fuel ethanol, whose
preponderant claims include yeast capable of fermenting xylose in the presence
of glucose [44, 45], development of pretreated biomass [46, 47], use of yeast and
bacteria in the presence of glycerol [48]. Among other technologies, we identified
inventions related to methods for engineering Thermoanaerobacterium saccharolyti-
cum [48], bioprocessing using recombinant Clostridium [48], methods for ethanol
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IPC Codes Code description Family frequency

C12P-007/06 Preparation of oxygen-containing organic compounds [2006.01] 29
* containing a hydroxy group [2006.01]
*e acyclic [2006.01]
ees Ethanol, i.e. non-beverage [2006.01]

C12P-007/10 eees produced as by-product or from waste or cellulosic material 20
substrate [2006.01]
sesee substrate containing cellulosic material [2006.01]

C12N-001/21 * Bacteria; Culture media therefor [2006.01] 13
*¢ modified by introduction of foreign genetic material [2006.01]
C12P-007/16 ese Butanols [2006.01] 13
C12N-001/20 ¢ Bacteria; Culture media therefor [2006.01] 10
C12N-015/81 * Recombinant DNA-technology [2006.01] 10

e« Introduction of foreign genetic material using vectors; Vectors;
Use of hosts therefor; Regulation of expression [2006.01]

eee Vectors or expression systems specially adapted for eukaryotic
hosts [2006.01]

seee for fungi [2006.01]

seeee for yeasts [2006.01]

C12P-007/18 ee polyhydric [2006.01] 9

C12P-007/14 sees Multiple stages of fermentation; Multiple types of 9
microorganisms or reuse for microorganisms [2006.01]

C12N-001/19 * Fungi (culture of mushrooms A01G 18/00; as new plants AO1H 8
15/00); Culture media therefor [2006.01]
e Yeasts; Culture media therefor [2006.01]
++e modified by introduction of foreign genetic material [2006.01]

C12N-001/22 * Processes using, or culture media containing, cellulose or 7
hydrolysates thereof [2006.01]

Source: research data from Questel-Orbit platform.

Table 1.
Leading IPC codes for synthetic biology patent families for cellulosic ethanol.

and hydrogen production using microorganisms [49], methods for propagation of
microorganisms for hydrolysate fermentation [50], development of fermentation
processes using transketolase/thiaminapyrophosphate enzymes [51], and hydrolysis
of cellulosic material augmented with an enzyme composition [52].

Accordingly, code C12P-007/10 specifically addresses waste or cellulosic
material or substrate containing cellulosic material for ethanol production and
accounts for twenty (20) major patent families. These inventions relate to the
development of microorganisms fermenting xylose and arabinose into ethanol
[53], co-fermentation of pretreated lignocellulosic biomass [54, 55], wet oxida-
tion methods of biomass [56], use of genetic engineering in microorganisms and
enzymes [57].

The development of bacteria and culture mediums modified by the introduction
of exogenous genetic material is classified by codes C12N-001/20 and C12N-001/21,
which together represent twenty-three (23) major patent families. The inventions
relate to the development and adaptation of Zymomonas mobilis strains [58], C.
thermocellum [59, 60], E. coli [60], and anaerobic thermophilic bacteria [61, 62] for
ethanol production. In addition, we verified the existence of technologies for the
removal or inactivation of microbial inhibitors in biomass hydrolysates [63] and the
conversion of xylose [64, 65] and arabinose [65] into ethanol.
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Preparation of oxygen-containing organic compounds to produce butanol
(C12P-007/16) features ten (10) patent families. The technologies pertinent to
this code are related to recombinant microbial host cells of S. cerevisiae capable of
converting hemicellulosic material into butanol-like alcohols [66], separation of
undissolved solids after liquefaction [66] co-production of biofuels [66], micro-
organisms using protein and carbohydrate hydrolysates from biomass [67], and
genetic engineering in bacteria [67] and yeast [68].

The use of recombinant DNA technologies via vectors and expression regulation
in yeast and fungi categorized by code C12N-015/81 presents ten (10) main patent
families. These patents target the development of yeast cells with xylose isomer-
ase activity [69], culture medium and bioreactors [70], L-arabinose transporter
polypeptide (I) from Pichia stipitis [70], gene transcription control [70], glycerol-
free ethanol production using recombinant yeast [71, 72], microbial cells capable
of transporting xylo-oligosaccharides [72], and yeast cells with a reduced enzyme
activity for NADH-dependent glycerol synthesis [72].

The preparation of organic compounds containing at least two hydroxyl
groups (C12P-007/18) features nine (9) main patent families. In this code, inven-
tions are directed to the development of non-native pentose metabolic pathways
in yeast cells [73], yeast genes encoding enzymes in the pentose pathway [74],
genetically modified thermophilic or mesophilic microorganism [74], S. cerevisiae
strains with reduced glycerol productivity [74] and fermentation microorganism
propagation [75].

New forms of fermentation through multiple stages, different types of microor-
ganisms, or reuse of microorganisms represented by code C12P-007/14 present nine
(9) main patent families. The technologies are related to the production of syrups
enriched with C5 and C6 sugars [75], ethanol production from lignocellulosic
biomass [76] and xylitol production from biomass with enriched pentose compo-
nent [77]. Methods for pectin degradation [78], pretreated cellulosic material [78],
biocatalyst development [79] and microorganism propagation [80] for ethanol
production are also checked in this code.

Yeast modification by introducing exogenous genetic material represented by
C12N-001/19 features eight (8) main patent families. The inventions relate to the
use of metabolic engineering for the elimination of the glycerol pathway [78],
joint utilization of xylose and glucose [78], and rapid fermentation of xylose [78]
in yeast. Methods for enhanced expression of a glycolytic system enzyme [78],
glycerol transport [81] and alpha-ketoisovalerate conversion to isobutyraldehyde
[81] also integrate this code.

The tenth code with seven (7) patent families relates to processes using culture
medium containing cellulose or hydrolysates (C12N-001/22). The inventions
concern continuous xylose growth using Zymomonas [81], oligosaccharide degrada-
tion by recombinant host cells [82] and lignocellulose bioprocessing employing
recombinant Clostridium [83]. Methods for glycerol reduction in biomass fermenta-
tive processes [83], increasing tolerance to acetate toxicity in recombinant microbial
host cells [84] and controlling contamination during fermentation [84] also inte-
grate this code.

The knowledge present in these technological domains and their applications
allows researchers to identify potential fields of development of new cellulosic
ethanol production routes using synthetic biology as a technical platform.

2.3 The geographical distribution of innovations

Next, we analyzed the geographical distribution of synthetic biology patent
families related to cellulosic ethanol, according to priority country (Figure 3).
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We found only 14 priority countries holding this technology. The lead-in techno-
logical innovation in this field is the USA (Figure 3) since approximately 67% of the
patents recovered are in the name of American applicants. The main technological
applications patented by American inventors are focused on the production of etha-
nol from biomass by-products or wastes (C12P-007/10; C12P-007/06), as well as
modification of bacteria (C12N-001/21) and fungi (C12N-001/19) by introducing
endogenous genetic material as applications to overcome the current barriers to the
conversion of biomass to ethanol [85, 86]. Following at a distance is the European
Patent Organization, followed by Japan and China, which account for 13%, 6%, and
3% of patent families, respectively. The remaining patent families, which total 11%,
are distributed among ten other countries.

The global distribution of patent families protected in the various offices can
be seen in Figure 4. The data corroborates the identification of target markets and
demonstrates the patenting strategies of the applicant countries. The illustration
confirms that demand is concentrated in the United States, with 49% of patent
families, followed by the European Patent Organization (37% of families), India
(33% of families), Brazil (30% of families), and China (29% of patent families).

Through this data, the strategies for patent protection used by applicants in the
sector studied are identified. The preference for registration in patent offices in
certain countries indicates the potential of the markets from the viewpoint of the
need for commercial protection of new industrial technologies.

2.4 Leading patent assignees

The main assignees of patents in synthetic biology associated with cellulosic
ethanol production encompass both private companies and educational and
research institutions. The applicants were analyzed by the number of active
patents, the average size of these families, generality index, and originality
(Table 2). The number of patents and the average size of patent families refer
to active patents and their breadth, respectively. In turn, the generality index
is defined by Hall et al. [87] as the range of fields of future citations of a given
patent. Future citations can be used to assess the subsequent generations of an
invention that have benefited from an issued patent by measuring the range of
technology fields and, consequently, of industries that cite that patent [88, 89].
On the other hand, the originality index measures the range of technological
fields in which a patent is based [89, 90].

»

1 200
C T T . .

Figure 3.
Distribution of priority patent applications in the various offices over the last 20 years (1999—2019). Source:
Research data from Questel-orbit platform.
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Worldwide distribution of patents under protection by national patent offices over the last 20 years
(1999-2019). Source: Research data from Questel-orbit platform.

Assignees Active patent Average family Indicators
families size Originality Generality

Novozymes 27 5,8 0,91 0,87
Du Pont De Nemours 18 8,7 0,87 0,87
Butamax Advanced 17 9,3 0,90 0,88
Biofuels

Lallemand 14 5,7 0,85 0,84
DSM 11 6,5 0,84 0,81
Danisco 10 8,6 0,90 0,88
University of Florida 6 1,7 0,84 0,87
Toray Industries 9 71 0,92 0,84
DSM Ip Assets 7 74 0,83 0,78
University of California 3 2,7 0,86 0,88

Source: research data from Questel-Orbit platform.

Table 2.
Patent families by assignees and value indicators.

Novozymes, the largest patent holder (27 patent families), is a Danish com-
pany that develops and markets enzymes for industrial use. We also highlight the
American companies DuPont De Nemours (18 families of patents) and Butamax
Advanced Biofuels (17 families). Butamax emerged from the partnership of DuPont
and BP, so that in 2017, it acquired the company Nesika Energy LLC, installing an
ethanol production plant in Scandia County in the state of Kansas-US, to add to
this unit the production of bio-isobutanol. The top five global companies holding
patents on the analyzed technology include Canadian Lallemand with 14 patent
families and the Dutch company DSM, which has 12 patent families. Regarding the
average family size of patents, Butamax Advanced Biofuels is configured with the
largest average family size, about 9.3, followed by DuPont De Nemours (8.7) and
Danisco (8.6).

Butamax Advanced Biofuels (0.88), Danisco (0.88), the University of California
(0.88), Novozymes (0.87), and Du Pont De Nemours (0.87) have the highest patent
generality indices and, consequently, tend to account for the most relevant applica-
tions. Toray Industries (0.92) and Novozymes (0.91) show the highest scores for
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the originality index. The importance of the companies cited for inventions and
subsequent innovations in the technological field analyzed is undeniable.

We emphasize that, except for Butamax Advanced Biofuels that aims at the
production and commercialization of bio-isobutanol, the other companies aim at
developing and commercializing enzymes, yeasts, and catalysts for the production
of advanced biofuels.

3. Perspectives for future research and innovations

The present study gathers evidence of technological opportunities for ethanol
production from raw materials derived from the bioeconomy. As evidenced in our
findings, the development of innovations in this field requires multidisciplinary
knowledge, providing solutions for industrial applications, which employ S. cerevi-
siae, E. coli, and Z. mobilis [91]. However, these potentially usable microorganisms
in these fermentative processes are not naturally adaptable to extreme industrial
conditions [92] or do not tolerate high concentrations of inhibitory compounds
released during biomass fermentation [93]. Thus, to overcome these barriers,
different synthetic biology and metabolic engineering approaches are employed
to microorganisms to make them robust living factories adapted to the industrial
activities required for biomass fermentation into ethanol [5, 94, 95]. These insights
about synthetic biology may allow folding and probing the genome at different
length and time scales, making it possible to understand gene positioning and func-
tions [96]. Nevertheless, we check the prospect of new unconventional yeasts and
bacteria such as P, stipitis for fermentation of lignocellulosic biomass.

Because the yeast S. cerevisiae, commonly used in ethanol fermentation of
sugar-based feedstocks, is not a natural degrader of arabinose [97] and xylose
[98, 99], making the fermentation processes accessible to these sugars requires
pathway engineering [100, 101]. Ye et al. [102] integrated a heterologous fungal
arabinose pathway into S. cerevisiae, with the deletion of the PHO13 phosphatase
gene, increasing the rate of arabinose consumption and ethanol production under
aerobic conditions. In Cunha et al. [103], two pathways (XR/XDH or XI) of xylose
assimilation by S. cerevisiae were compared in ethanol production under different
fermentation conditions, demonstrating satisfactory results for the feasibility of
this fuel from non-detoxified hemicellulosic hydrolysates. Meanwhile, Mitsui et al.
[104] developed a novel genome shuffling method using CRISPR-Cas to improve
stress tolerance in S. cerevisiae yeast. Regarding E. coli, its main disadvantages
refer to the narrow growth range of neutral pH (6.0-8.0), in addition to ethanol
not being a core product for this bacterium. However, Sun et al. [105] successfully
developed an efficient bioprocess using an E. coli strain for ethanol production and
xylose recovery from corn cob hydrolysate. Strains of this bacterium with regulated
glucose utilization showed efficient metabolism of mixed sugars in lignocellulosic
hydrolysates, and higher ethanol production yields [106]. In the same perspective,
metabolic engineering has been studied to provide simultaneous utilization of
glucose and xylose in this bacterial culture [107].

High cellulosic ethanol yields are achieved using Z. mobilis strains due to their
unique physiology [108, 109]. It is possible to employ other substrates, mitigating
the socio-environmental challenges for expanding ethanol production [30, 110].
Different approaches have been tested in Z. mobilis to improve the fermentation of
lignocellulosic biomass substrates into ethanol [111, 112].

One critical step in developing methods of the microbial fermentation process of
lignocellulosic biomass is its pre-treatment to increase the digestibility of the avail-
able sugars. Lignocellulosic biomass consists of highly crystalline cellulose and a
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hemicellulose sheath wrapped in a lignin network. This structure causes recalcitrance
in fermentation processes [113, 114]. Recalcitrance is the main obstacle to using
lignocellulosic biomass for ethanol production. It determines the rest of the fermen-
tation and the overall efficiency of the process [115]. Biological pre-treatment has
been employed for the deconstruction of this biomass because of its wide application,
lower energy consumption, no generation of toxic substances, and higher yield [116].

Co-fermentation of different sugars from lignocellulosic biomass and its resi-
dues enables ethanol production processes to become economically viable [117].
The potential of using a blend of E. coli strains and yeasts to rapidly ferment all
sugars in pretreated biomass at high ethanol rates is presented by Wang et al. [118].
In the same perspective, Amoah et al. [119] developed a yeast with xylose assimila-
tion capable of co-fermenting xylose and glucose in ionic liquid for ethanol produc-
tion from lignocellulosic biomass. Advances are also in attempting to overcome
obstacles and perturbations present in the degradation of lignin [120] and cellulose
[121] using microbial consortium and genetic engineering via RNA-guided Cas9 in
S. cerevisiae [21], Candida glycerinogenes [122], Rhodosporidium toruloides [123]. The
results denote significant increases in stress tolerance of microorganisms in severe
fermentative processes.

4. Market and policy opportunities for innovation

The continued development of synthetic biology R&D for cellulosic ethanol
production depends on both the technical and economic feasibility of the solutions
presented. In the analyzed period, approximately US$ 820 million was invested
in synthetic biology research aimed at the development of advanced biofuels and
bioproducts from microbial systems [124].

Despite being the second-largest ethanol producer in the world, Brazil does not
own priority patents registered in synthetic biology for cellulosic ethanol produc-
tion, becoming only a target market for other countries holding these technologies,
like the USA. In Brazil, the unit cost per protected patent is very high, correspond-
ing to approximately US$ 13,000 per patent. Besides the poor institutional environ-
ment for innovation, the unit cost of protection may be one of the reasons for the
lack of patent applications by Brazilian assignees. According to Cicogna et al. [125],
Brazil is an example of an infant industry that is slowly reaching maturity. In the
same perspective, Kang et al. [126] point to the need for government policies that
facilitate the development of promising renewable technologies, in addition to
offering incentives for their commercialization.

In an attempt to change this situation, in 2017 a new national policy for biofuels
was enacted by the Brazilian government, the RenovaBio, aiming to promote etha-
nol and biodiesel production from various sources available in the country [127].
Brazil, in the future, could become the largest producer of bio-based products
when economic, logistical, regulatory, and political barriers are overcome [128].
Its territorial extension and diverse regional edaphoclimatic characteristics enable
the country an intensive production of biomass for industrial biotechnology at a
relatively lower cost compared to other locations that prospect synthetic microbial
cells. Moreover, it is one of the world’s leading food producers with agroindustry
generating a significant amount of waste with potential for transformation into
bioenergy, providing a new pathway for biofuel production not competing with
food but biomass and agricultural waste [129].

The knowledge applied to the creation of new technologies in synthetic biol-
ogy related to cellulosic ethanol comes mainly from companies that work in the
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development of enzymes and microorganisms for the transformation of biomass
into ethanol and also in the production and commercialization of this biofuel.
Companies seek, through patents, the commercial exploitation of these new tech-
nologies as they maximize their competitive advantages [130]. Industries operate in
complex technological environments. Their technical knowledge is highly relevant
to gain a competitive advantage. Therefore, companies cannot rely solely on their
internal R&D units but also need to seek support from external sources of technol-
ogy. To protect their inventions from third-party misuse, innovative companies seek
patent protection [131, 132].

5. Concluding remarks

In this chapter, we examined the developments and applications of synthetic
biology tools related to cellulosic ethanol by analyzing patents to investigate the
current stage and dynamics of this technological field and its role as a proxy for a
sustainable bioeconomy using non-food feedstocks. The findings are not necessarily
only involved in the field of synthetic biology, but also in its numerous approaches
that could circumscribe the development of cellulosic ethanol production world-
wide. Our analyses provide a compilation of relevant patents, allowing us to under-
stand, track, and project the role of synthetic biology in fostering solutions for the
emerging sustainable bioeconomy, and enabling socio-market scenarios with this
orientation.

Thinking about sustainable bioeconomy for energy generation, the use of
synthetic biology tools may provide new living factories increasingly adapted to
industrial processing technology, despite the decrease in the search for patent
applications. Using the results from this study, synthetic or bioenergy engineers will
be able to choose robust microorganisms capable of performing optimized fermen-
tation processes or biomass processing methods, alleviating a bottleneck that limits
the yields of bioenergy research. As these efforts mature, they can be expanded into
biofuel production based on bioeconomic-nonfood substrates.

Overall, the research has provided approach for evaluating synthetic biology
R&D performance related to cellulosic ethanol and bioeconomy. The results can
help researchers quickly integrate into the field as they will easily understand
the technological frontiers. The study also provides references for future energy
research and policies that could proxy for a world focused on a more sustainable
bioeconomy using non-food feedstocks. In addition, the text illustrated the impor-
tance of knowledge spillovers in R&D and signaled possibilities for future work.
Deepening the understanding of cellular systems can raise the yield of low-cost
carbon sources for cellulosic ethanol production. Integration of different genera-
tions of technologies may be an alternative to improve the total yields and make
cellulosic ethanol economically viable.
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