UNIVERSIDAD

NACIONAL

DE COLOMBIA

Evaluacion del estado del arte de los
métodos actuales para el
pretratamiento de biomasa
lignocelulésica. Caso de estudio:
procesamiento mecanocatalitico de
la cascarilla de arroz

Jennifer Alejandra Patricia Gutiérrez Alarcon

Universidad Nacional de Colombia
Facultad de ingenieria, Departamento de Ingenieria Quimica y Ambiental
Bogota, Colombia
2020






State-of-the-art evaluation of
lignocellulosic biomass
pretreatments. Case of study:
mechanocatalytic processing of rice
husk

Jennifer Alejandra Patricia Gutiérrez Alarcon

Thesis submitted in partial fulfillment of the requirements for the degree of:

Master of Science in Chemical Engineering

Advisor:
Andrés Cabrera Orozco, Ph.D.

Research line:
Utilization of lignocellulosic biomass
Research group:

Laboratorio de Energia y Combustibles

Universidad Nacional de Colombia
Facultad de Ingenieria, Departamento de Ingenieria Quimica y Ambiental
Bogota, Colombia
2020






“La oportunidad premia al preparado”

Dinamarca 2017

A mis padres, hermana y sobrina

“Hay hombres que luchan un dia 'y son buenos.
hay otros que luchan un afio y son
mejores. Hay quienes luchan muchos
afios y son muy buenos. Pero hay los
gue luchan toda la vida: esos son los

imprescindibles”

Bertolt Brecht






Agradecimientos

Agradecimientos

A toda mi familia, pero especialmente a mi madre quien me ha acompafiado en todo el
camino de la vida y quien con su labor de artesana teji6 en mi un mundo de suefios y
oportunidades. A ella debo todo lo que hoy soy, pero sobre todo a ella debo todo lo que

un dia decidi no ser.

Al profesor Andrés, por tantas lecciones de vida y de profesién. Gracias a su labor, gracias

por confiar en mi.

A Yohanna y Anders, por darme la oportunidad de conocer un pedazo de Europa, gracias
por el apoyo, por recibirme en Dinamarca.

Al profesor Klaus Felby- Department of Geosciences and Natural Resource Management.
en la Universidad de Copenague, gracias darme la oportunidad por unos meses de

pertenecer a su grupo de investigacion.

A los profesores Steven Crossley y Daniel Resasco- Crossley Catalysis and Nanomaterials
group en la Universidad de Oklahoma, gracias por recibirme en su grupo de investigacion

y a Alejandra por hacerme patrticipe de su investigacion doctoral.

A todos mis amigos, a los del colegio, a los de la universidad a los que ya no me

acompafian en esta vida.

A la facultad de Ingenieria Quimica y Ambiental de la sede Bogota y al Laboratorio de
Energia y Combustibles en el Departamento de Quimica de la Universidad Nacional de

Colombia.






Resumen

Resumen

Actualmente un porcentaje importante de la canasta energética global se encuentra
atribuido al uso indiscriminado de fuentes fésiles e incluso, a pesar de su agotamiento, la
produccién de sus derivados se encuentra en continuo crecimiento. La sociedad moderna
debe implementar energias alternativas y fuentes renovables. Dada la importancia de la
biomasa lignoceluldsica, al ser el material renovable mas abundante en el planeta, este
documento proporciona informacion sobre su uso potencial como alternativa a las fuentes
fésiles. Es imperativo considerar que la factibilidad, viabilizacion y auge de la
implementacion de una fuente renovable sobre una fésil va a depender no solo de sus
ventajas ambientales sino también de las regulaciones y normatividad vigentes toda vez
gue evidentemente algunas de estas se encuentran actualmente en desventaja
econOmica. En este sentido, se presentan los métodos de pretratamiento utilizados
actualmente en el procesamiento de biomasa lignocelulésica discutiendo aspectos como
su recalcitrancia y los principales factores que contribuyen a su conversion ineficiente. Se
realizé un analisis comparativo de tres métodos semi-industriales (explosion por vapor,
expansion de fibra de amoniaco y extrusion reactiva) junto con un método en etapa de
investigacion llamado mecanocatdlisis. En el analisis se incluyeron indicadores
econdémicos, ambientales, de seguridad quimica y de proceso ademas de analizar la
severidad de los diferentes pretratamientos. La revision bibliografica y el posterior andlisis
comparativo sugirié que la explosion por vapor representa la alternativa mas adecuada
cuando el objetivo principal es preservar la fraccién celuldésica de la biomasa para la
produccion de biocombustibles de segunda generacién. Sin embargo, la mecanocatalisis
es un método méas propenso a producir directamente productos solubles en agua ademas
de una fraccion soélida que contiene lignina poco degradada, combinando pretratamiento e

hidrélisis en una sola etapa. Lo anterior abre la posibilidad de producir fracciones de



celulosa y hemicelulosa altamente sacarificables, y una fraccién de lignina que puede ser
modificada cataliticamente. Sin embargo, estas ventajas compensan solo parcialmente la
alta barrera energética impuesta por el tratamiento mecénico, cuyo consumo de energia
reportado es 1.16 veces el contenido energético del sustrato y que limita su uso para la
produccién de biocombustibles. Finalmente, se estudié especificamente el pretratamiento
de la cascarilla de arroz, la cual es un sustrato lignocelulésico de bajo costo y disponible
en el contexto colombiano a la luz de la mecanocatdlisis y los demas métodos

investigados.

Palabras clave: Biomasa lignocelulésica, pretratamiento, quimica verde, mecanocatalisis,

cascarilla de arroz.



Abstract

Abstract

Despite the dwindling of fossil energy sources and their environmental impacts, the
participation of these sources represent an important percentage in the global energy
matrix and the production of their derived chemicals is continuously growing. Therefore,
modern society should develop alternative and renewable energy sources as well as bio-
based chemicals. This document provides insights into the potential of lignocellulosic
biomass as a suitable and viable alternative to fossil sources. It should be remarked that
feasibility, viability and outbreak of renewable sources will not only depend on
environmental benefits but also on current regulations and laws since obviously some of
them are currently in economic disadvantage. In this regard, pretreatment methods, used
to separate the main plant polymers are reviewed, including a discussion on factors
contributing to inefficient conversion. Further, three semi-industrialized methods (steam
explosion, ammonia fiber expansion, and reactive extrusion) were compared with a novel
pretreatment process: mechanocatalysis. The analysis included economic, environmental,
chemical and process safety indicators as well as severity of the different pretreatments.
The literature review and later analysis suggested that steam explosion represents the
most adequate alternative when the main objective is to preserve the cellulosic fraction of
biomass to produce second generation biofuels. In addition, mechanocatalysis is more
prone to render high water soluble products that preserve the cellulosic and hemicellulosic
fractions of lignocellulosic biomass and a solid lignin-containing fraction in a one-pot
process. It compensates at some level the high energetic barrier, imposed by the
mechanical technology. That is, an energy consumption in the pretreatment process of
approximately 1.16 times the energy content of the substrate therefore limiting it use for

biofuels production. Finally, rice husk pretreatment was studied, the material is a



lignocellulosic low cost substrate in Colombia and its potentiality processing was also

evaluated and proposed with mechanocatalysis and the other researched methods.

Keywords: Lignocellulosic biomass, pretreatment, green chemistry, mechanocatalysis,
rice husk.
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Introduction 21

Introduction

The global energy matrix is currently based on fossil fuels and their associated
environmental impacts (REN21, 2019). Diversification of the matrix is necessary to diminish
the so far unavoidable use of pollutant energy sources. Therefore, a global consensus to
develop clean and efficient production processes has been established. Political
commitments, like the Paris agreement, have been made to reduce greenhouse gas
emissions and to diversify energy sources, giving great importance to renewable energy. It
is projected that renewable-energy-use would nearly quadruple from 64 EJ in 2015 to 222
EJ in 2050 (IRENA, 2018). The renewable energy matrix includes solar, hydro, and wind

technologies, as well as biomass.

At present, energy obtained from biomass is approximately 50 EJ or 14% of the global
energy consumption. A realistic goal set in the Global Energy Transformation: A roadmap
to 2050 report, is to increase biomass-derived-energy to 150 EJ in 2035 (IRENA, 2018).
Biomass for energy come from three main sources: forestry residues, agricultural-waste,

and dedicated bioenergy crops.

In the techno-economic context, biomass has relatively low acquisition costs, high
availability, and its processing allows not only energy generation but also the development
of a wide range of products from commaodities to specialty chemicals (Gu, Wang, Wolcott,
& Ganjyal, 2018; Wood et al., 2016). Despite this, value-chains from biomass-cultivation up
to energy or finished products need to be strengthened to make bioenergy competitive
(Agbor, Cicek, Sparling, Berlin, & Levin, 2011; Capolupo & Faraco, 2016). In addition,
concerns regarding biomass use need to be addressed to ensure sustainability, for
example: methane generation (greenhouse gas), deforestation risks, high water
requirements, lower energy efficiency than fossil fuels, high transportation and pretreatment

costs, degradation of biomass components, etc. (Wood et al., 2016; Wu et al., 2018).



Evaluacién del estado del arte de los métodos actuales para el pretratamiento de
biomasa lignocelulésica. Caso de estudio: procesamiento mecanocatalitico de la
cascarilla de arroz

One of the major concerns of bioenergy comes from the use of agricultural sources like
cereals (corn, wheat) or sugarcane that affect food production, rural-economic-
development, and land-based ecological services. This is known as the food vs fuel
dilemma. Non-food biomass, such as agricultural waste or wood industry byproducts, has

to be used for bioenergy production to eliminate this dilemma.

Non-food biomass is also known as lignocellulosic biomass (LB). LB major constituents are
hemicellulose, cellulose, and lignin. Structurally, LB is highly complex and access to its
desired components implies polymer defibrillation. This is the main bottleneck limiting the
cost-effective conversion of LB to high added-value products. Pretreatment techniques
have been developed to overcome the bottleneck and to enable subsequent steps like
enzymatic hydrolysis (Fang, Yang, Wang, Yuan, & Sun, 2018) and fermentation for

conversion to ethanol.

Pretreatments should be simple, eco-friendly, economically feasible, and viable (Hassan,
Williams, & Jaiswal, 2018). However, they may result in partial hemicellulose degradation,
generation of inhibitors for enzymatic hydrolysis, uncompleted deconstruction of the matrix,
high energy demand, and low performance towards sugars (Capolupo & Faraco, 2016).

Thus, pretreatment methods are nowadays a topic of high research interest.

Pretreatment methods can be classified as physicochemical, physical, chemical, and
biological. Methods include: extrusion, steam explosion, liquid hot water, ammonia fiber
explosion, CO; explosion, organosolv, ozonolysis, dissolution in ionic liquids, and biological
degradation (Kumar & Sharma, 2017). Every method has a differential impact on the
subsequent biomass processing. Currently, strong acids or bases in combination with high
temperatures and pressures are used to increase the accessibility of plant biopolymers to

processing reagents, which reduces environmental sustainability.

The features previously mentioned highlight the importance and role of pretreatment in LB
processing. Furthermore, pretreatment and hydrolysis have been identified as crucial as
well as the most expensive and technically difficult tasks to convert LB (IRENA, 2016). For

example, pretreatment contributes to a minimum of 20% of the total cost of conversion for
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different products and is one area where energy inputs can be significantly lowered
(Baruah, Nath, Sharma, & Kumar, 2018).

Mechanocatalysis as pretreatment method

Recent research has shown that certain forms of mechanical energy in combination with
acids or bases can catalyze high-yield solvent-free reactions similar to other pretreatment
technologies. This is known as biomass mechanocatalysis. For example, ball milling can
induce biomass conformational changes and activate chemical bonds, to produce materials
based on solid-state transformations (Groote, Jakobs, & Sijbesma, 2013). The technique
has been assessed and compared with other pretreatment techniques and for a wide range
of agroindustrial wastes as bagasse, wheat straw and wheat rice, achieving ca. 100%
release of fermentable sugars (Schiith et al., 2014).

Mechanocatalysis is a solvent-free approach with low waste-streams production, that
renders both cellulose and hemicelluloses fractions ready to hydrolysis, and a lignin fraction
amenable to catalytic upgrading (Calvaruso, T.Clough, & Rinaldi, 2017). Acid catalysts
increase cellulose output and can be subsequently used to hydrolyze the polymer glucose
monomers, without generation of inhibitors, in what is called one-pot processes (Rinaldi &
Schuth, 2009).

Despite the potential of biomass mechanocatalysis, currently proposed processes are
unlikely to be scaled-up due to their high-energy input requirements. The cost of the ball-
milling equipment and the energy needed to make mechanocatalysis economically viable
is the main challenge. However, energy consumption decreases with an increase in scale
(Rechulski, Ka, Richter, Schu, & Rinaldi, 2015). Other equipment in extrusion technology
have also proven to be effective (Duque, Manzanares, & Ballesteros, 2017; Vrije, Haas,
Tan, Keijsers, & Claassen, 2002)). Equipment from the mineral industry in ball-milling and
extrusion technology is everyday more cost-effective, which boosts the possibility for
upscaling. Likewise, the increased environmental demand for non-fossil transportation fuels
can motivate the industry to invest in mechanocatalytic equipment as well as other biomass

related alternatives. However, more research is needed to reach commercial feasibility.
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Research problem

Colombia has a considerable availability of natural resources, which can be used to make
high added-value products, and to develop a sustainable agroindustrial sector. Due to its
tropical position, the country has a high capacity for producing biomass and a large area of

potentially cultivable land, water availability and a largely organized agricultural sector.

An important lignocellulosic agroindustrial waste generated in Colombia is rice husk (RH).
According to the Colombian National Rice Federation, rice production in 2018 was about
1,619,096 tons, which generated 453,000 tons of husk (Fedearroz, 2019). Today, one part
of the RH production is treated as waste which causes pollution and disposal problems,
while another part is used as solid fuel to produce electrical energy. The resultant ash (RHA)
is used as building material (Pode, 2016). The potential for RH conversion into biofuels and

platform chemicals remains unexplored.

RH composition is different from other different agroindustrial wastes for which specific
pretreatments have been developed, like wheat straw or sugar cane bagasse. In particular,
RH contains substantial amounts of amorphous silica. Thus, specific pretreatment methods
should be developed to increase efficiency. As mechanochemical techniques have proven
to be highly efficient, it is possible that it can be advantageous for RH pretreatment.

General objective

Risk husk is an abundant and underutilized agro-industrial resource in Colombia.
Valorization through technological processing of RH at an industrial scale is a challenge
that needs to be addressed. This thesis aims to review industrial pretreatment methods
applicable to RH and compare them with a novel pretreatment process: mechanocatalysis.
This will allow a better understanding of the process and help to identify areas of research

to further developing the mechanocatalytic pretreatment.
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Specific Objectives

1. To identify and discuss current methods for pretreatment of lignocellulosic biomass
in terms of technology, development level, upscaling potential and operation
conditions (chapter 2).

2. To compare the novel mechanocatalytic processing versus selected methods in
order to determine their advantages and drawbacks in terms of indicators like global
energy consumption, soluble products, degree of lignin condensation (chapter 3).

3. To establish the feasibility for mechanocatalysis processing of rice husk based on
previous established indicators and its physicochemical properties (chapter 4).

Methodology

Bibliographic search was centered on recent published literature. Research was carried out
by using indexed databases comprehending Colombian and worldwide scientific literature.
High impact journals as the American Chemical Society (ACS), Green Chemistry,
Bioresource Technology, Holzforschung, Science Direct, Wiley Online Library and the rest
available in the National System of Libraries of the National University of Colombia were
consulted. Search was oriented to recompilation, organization and analysis of information

concerning pretreatment methods of lignocellulosic biomass.

As shown in Figure 0-1, chemical engineering, environmental science and energy are the
areas with more research about biomass pretreatment. Interest in this field is continuously
increasing and an extensive number of papers concerning LB pretreatment have been

published in the last decade (Figure 0-2).
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Figure 0-1: Documents by subject area. Source: Scopus database. TITLE-ABS-KEY
(pretreatment AND biomass). Data accessed 05/28/2020.
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Figure 0-2:  Number of publications concerning biomass pretreatment. Source: Scopus
database. TITLE-ABS-KEY (pretreatment AND biomass). Data accessed 05/28/2020

In order to pursue the first specific objective, 128 scientific articles were consulted (Table
0-1); 47% of them where published between 2016 and 2020 (Figure 0-3). The most cited
journals are presented in Figure 0-3 and Table 0-2, Bioresource Technology was the most
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cited journal. In addition, Figure 0-4 shows the discriminantion by type of documents

consulted, 46% of the articles consulted were review articles and 43% corresponds to

research articles.

Table 0-1: Number of papers consulted in the present work and their affiliation by year

of publication.

Year

Number of papers consulted
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Figure 0-3:  Percentage of the papers consulted discriminated by period of publication.
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Table 0-2: The most cited journals in the present work.

Journal Number of Impact factor
papers
Applied Biochemistry and Biotechnology 5 1.429
Bioresource Technology 21 5.807
Biotechnology Advances 2 12.831
Biotechnology and bioengineering 2 4.26
Biotechnology for biofuels 5 4.57
Fermentation 2 1.13
Frontiers in energy research 2 3.35
Hindawi 3 2.542
I&EC research ACS 4 3.37
Industrial Crops & Products 3 4.58
Renewable and Sustainable Energy Reviews 3 10.556
Fermentation 2 1.13
Renewable energy 3 5.439
Sustainable Chemistry and Engineering ACS 2 3.4
Number of papers consulted
3% 5% = Review
= Research
Book

205 2% ‘\‘.

= Book chapter

= Patent

Figure 0-4:  Number of papers consulted discriminated by type of document.

The literature review allowed selecting the three most feasible industrialized pretreatments

to be compared with mechanocatalysis. These alternatives were evaluated based on

economic, environmental, process safety, human health safety, and severity criteria and

the most adequate route was selected.

Additionally, scientific articles on pretreatments used specifically for rice husk were

reviewed. The review provided a research and development roadmap for mechanocatalytic

pretreatment of rice husk, including scientific evidence for feasibility and indicators to

predict performance.
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1 Lignocellulosic biomass and its
enzymatic hydrolysis

Overview

Biomass comprises all organic matter present on earth where solar energy is stored through
chemical bonds. It is formed by carbon, hydrogen, oxygen, nitrogen and depending on its
nature, minor amounts of sulfur and other inorganic species (Saxena, Adhikari, & Goyal,
2009). When biomass undergoes conversion processes, it can be transformed into three

kinds of products, electricity/heat, fuel or chemicals.

Structurally, plant cell walls are composed of three layers: the middle lamella, the primary
wall, and the secondary wall. The cell walls bring to cells support, resistance, rigidity and
protection from different biotic or abiotic stresses. Chemically, plant cell walls are composed
of three main polymers: cellulose, hemicellulose and lignin (Figure 0-1). In the primary cell
wall, cellulose microfibrils deposited in successive intercrossed-layers surround and protect
the inner cell forming disordered macrofibrils of larger diameter (Figure 0-2). Inside the
secondary wall, cellulose microfibrils are disposed orderly (Figure 1-3). Hemicelluloses coat

cellulose fibers while lignin is mostly present in an amorphous phase.

The physicochemical properties of plant cell walls are determined in part by the spatial
organization and interactions of cell wall polymers (Hayes, 2009). Cellulose has a high
bending strength and a low compression strength. The reverse is true for lignin, which has
a high compression strength and a low bending strength. Together, the cellulose-lignin
composite can achieve high strength in bending and compression at the same time. The

cellulose-lignin composite is in this way conceptually comparable to reinforced concrete,
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which gets its high bending strength from the steel and high compression strength from the

concrete.

Depending on the species, its tissues and maturity, these polymers are organized in their
dimensional structures (Barakat, de Vries, & Rouau, 2013) with different composition (Table
1-1) and morphology, and so different physical and chemical properties (Kumar & Sharma,
2017). Moreover, the relative abundance of cellulose, hemicellulose, and lignin is a key

factor for the conversion route for each type of LB (Bajpai, 2016).

Within the group identified as biomass exists a subgroup known as lignocellulosic biomass
(LB). LB for bioenergy come primarily from three sources: (1) residual biomass, comprising
byproducts coming from agroindustrial processes or crops; forestry biomass, comprising
intermediary products and wastes of different herbaceous nature, or (3) energy-dedicated
crops destined to energy production.

LB can be converted into several kinds of biofuels such as biogas/syngas, biohydrogen,
bio-oil, and bioethanol. The process of conversion in each case is different. For example,
five basic steps need to be followed in order to produce bioethanol (Figure 1-4). Since LB
is naturally recalcitrant to microbial and enzymatic degradation, the target is to create
changes inside its matrix making holocelluloses more accessible to enzymatic attack (step
3 Figure 1-4) and subsequent steps (Y. Zhang et al., 2019). Therefore, efficiency of each

step ahead is directly related to the one before.

Factors affecting LB recalcitrance are strongly interconnected and can be divided into
chemical (composition and amount of lignin, hemicelluloses, acetyl groups and other minor
components) and structural factors (cellulose specific surface area, crystallinity of cellulose,
degree of polymerization, pore size and volume) (Zoghlami & Paés, 2019). Table 1-2 shows
chemical and structural factors; they have either a direct or an inverse relationship with LB
recalcitrance. For instance, the higher the lignin content in a feedstock, the higher the
recalcitrance would be. Considering that recalcitrance is a multi-scale phenomenon, the
factors influencing any pretreatment process may vary in its correlation with a desired
effect; it means that some studies with apparently the same feedstock report a direct while

others report an inverse relationship.
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Figure 1-1:  Cell wall structure in plants. Available in: (Rubin, 2008).
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Figure 1-2:  Primary cell wall. Macrofibrils of Cellulose. Disorderly orientation. (Fahn,

1978).

1997).

Table 1-1: Composition of various lignocellulosic feedstock (Ciolacu, 2018; Kumar &
Sharma, 2017).

Lignocellulosic Biomass Cellulose Hemicellulose Lignin
Hardwood 40-55 24-40 18-25
Softwood 45-50 25-35 25-35
Cornstalk 39-47 26-31 3-5

Corn Stover 38-40 28 7-21
Wheat Straw 37-41 27-32 13-15
Rice Straw 32 24 18
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Figure 1-4: Basic steps in LB conversion to Bioethanol.

Table 1-2: Factors influencing biomass recalcitrance (Y. Zhang et al., 2019).
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Biomass cell wall recalcitrance
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4. 5.
Final Product
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Hydroxyl group
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volume

1.1 Lignocellulosic biomass internal structure

1.1.1 Cellulose

Cellulose is a polysaccharide made of glucose chains that are found in rings of six members

called pyranoses, which are assembled through oxygen atoms (acetal bonds) between

carbon C-1 and carbon C-4 in the pyranose rings. Different intramolecular hydrogen and

Van der Waals bonds link these linear polymers. The degree of polymerization of cellulose
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chains in nature ranges from 10,000 glucopyranose units in wood to 15,000 in native cotton.
Cellulose chains (20-300) are grouped together to form microfibrils which are bundled
together to form cellulose macrofibers. Hemicellulose and lignin cover those macrofibrils.
Hydrogen bonding within a cellulose microfibril determines ‘straightness’ of the chain but
interchain hydrogen bonds might introduce order (crystalline) or disorder (amorphous) into
the structure of the cellulose (Agbor et al.,, 2011; Bajpai, 2016). Because the hydroxyl
groups are linked one to another, cellulose is not soluble in water (Lee, Hamid, & Zain,
2014) (Figure 1-5). Nevertheless, cellulose is highly hydrophilic and will absorb large

amounts of water (consider for example the water absorption capacity of cotton).

Fermentable D-glucose can be produced from cellulose through the action of either acid or
enzymes that break the beta-(1,4)-glycosidic linkages. Crystalline cellulose contains the
major portion of cellulose, whereas a small percentage of unorganized cellulose chains
form amorphous cellulose. According to (Laureano, Teymouri, Alizadeh, & Dale, 2005),
cellulose in its amorphous form is more susceptible to enzymatic degradation.

Intramolecular hydrogen bond
(between same chains)

"
Intermolecular 3",

hydrogen bond M
(between HOH ; H
neighboring chains) H /

HO
HO

OH

3-1,4-glycosidic linkage

Figure 1-5: Cellulose structure. Available in: (Lee et al., 2014).

1.1.2 Hemicellulose

Hemicelluloses are complex polysaccharides existing inside the cell wall in association with

cellulose. In contrast to cellulose, hemicellulose is not chemically homogeneous.
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Hemicellulose has branches with short lateral chains consisting of different types of sugars.
These monosaccharides include pentoses (xylose, rhamnose, and arabinose), hexoses
(glucose, mannose, and galactose), and uronic acids (4-O-methylglucuronic, D-glucuronic,
and D-galactouronic acids). The backbone of hemicellulose is either a homopolymer or a
heteropolymer with short branches linked by beta-(1,4) and occasionally beta-(1,3)
glycosidic bonds. They are formed from glucose, mannose xylose and arabinose units and
methylgluconic and galacturonic acids and have molecular weight averages lower than
30.000 (Figure 1-6). They have more heterogeneous structures than the cellulose ones and
with polymerization degrees varying between 70 and 200, depending on the species
(Bajpai, 2016). Thermal stability in hemicelluloses is generally lower than in celluloses and
it is associated with the absence of crystallinity and lower degree of polymerization (Ciolacu,
2018; Kumar & Sharma, 2017). Hemicelluloses are thought to ‘coat’ cellulose-fibrils and it
has been proposed that at least 50% of the hemicellulose content should be removed to
significantly increase cellulose digestibility (Agbor et al., 2011; Bajpai, 2016).

(1)} Xylan

HoH

(ii) Glucomannan

B3-1,4-glycosidic linkage

R=CH;COor H

Figure 1-6: Hemicelluloses structure. Available in: (Lee et al., 2014).
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1.1.3 Lignin

Oligomers and polymers of phenolic hydrophobic monomers compose lignin. This polymer
has an architecture of cross-linked phenyl-propane units; its main building blocks are p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Lee et al., 2014) Figure 1-7. Since
lignin acts as a protective barrier against pathogenic attack, to prevent plants from
degradation, if digestibility is desired, it is necessary to remove lignin exposing cellulose
and hemicellulose in a solubilisation process (Ciolacu, 2018; Kumar & Sharma, 2017;
Rubin, 2008). In addition, lignin not only contributes to LB recalcitrance as a physical
barrier, but also promotes nonspecific adsorption of hydrolytic enzymes, known as “sticky”
lignin; interference with, and non-productive binding of cellulolytic enzymes to lignin-
carbohydrates complexes; and toxicity derivatives to microorganisms (Bajpaj, 2016).
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Figure 1-7:  Main building blocks in Lignin (Fang et al., 2018) .

The chemical stability of lignin structures gives evidence that these polymers are
considerably protected from chemical and biological transformation. In consequence,
lignocellulosic materials are not soluble in a great quantity of polar solvents and as a result,

they require at least a dispersant as reaction media. In this regard, large-scale biorefineries
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would generate huge quantities of wastewater and, in turn, they would create high-energy

demands during their post treatment and disposal.

1.2 Enzymatic hydrolysis of lignocellulosic biomass

The primary aim of pretreatment is to increase the susceptibility of the biomass to enzymatic
hydrolysis. Therefore, it is imperative that the pretreatment method is evaluated not only
concerning the breakage of hemicellulose and removal of lignin but also on the actual
impact of the process on the next step, enzymatic hydrolysis. During this stage, cellulose
and hemicelluloses are broken down to their monomeric components to be further
fermented for bioenergy production (bioethanol, biogas and biohydrogen). Many
microorganisms in nature, mostly bacteria and fungi, are capable of producing biomass-
degrading enzymes (Jonathan J. Stickel, Richard T. Elander, 2014). These enzyme
systems capable of digesting cellulose and hemicellulose are cocktails of cellulases and

hemicellulases.

Table 1-3 lists several groups of biomass-degrading enzymes by substrate and activity.

Some of the functions of these enzymes are presented in Table 1-4.

Table 1-3: Enzyme activities on lignocellulosic substrates. Adapted from (Jonathan J.
Stickel, Richard T. Elander, 2014).
Substrate Enzyme activity
Cellulose B-1,4-Endoglucanase
Cellobiohydrolase
B-1,4- Glucosidase
B-1,4-Endoglucanase/polysaccharide  mono-
oxygenase
Xylan B-1,4-Endoxylanase
B-1,4-Xylosidase
a-Glucuronidase
a-Arabinofuranosidase
Arabinoxylan arabinofuranohydrolase

B-1,4-Galactosidase



Evaluacién del estado del arte de los métodos actuales para el pretratamiento de
biomasa lignocelulésica. Caso de estudio: procesamiento mecanocatalitico de la
cascarilla de arroz

Acetyl xylan/feruloyl esterase
Xyloglucan Xyloglucan B-1,4-Endoglucanase

a-Arabinofuranosidase

a-Xylosidase

a-Fucosidase

a-Galactosidase

B-Galactosidase

Table 1-4: Main function of some enzymes (Buswell, Odier, & Kirk, 1987; Jonsson &
Martin, 2016; Lischeske et al., 2016).

Enzyme Main Function
B-glucosidase To avoid cellobiose accumulation
Xylanases and B-xylosidases To avoid xylooligosaccharide accumulation
LPMOs To increase the hydrolysis rates
Endoglucanases To decrease viscosity helping to increase

biomass liquefaction

Most of the studies on enzymatic hydrolysis have been conducted at low solid loadings and
their effectiveness has been evaluated for different pretreatments and for a given type of
biomass, reaching high hydrolysis rates and yields. In these cases, it has been frequently
assumed that pretreatment methods would have comparable efficacies independently of
the solids content in the hydrolysis media (Bura & Berlin, 2007; Lischeske et al., 2016; Sant
et al., 2020). Nevertheless, the industrial production of sugar syrups from lignocellulosic
materials requires the conduction of the enzymatic hydrolysis step at high-solids loadings
(i.e., with over 15% solids [w/w] in the reaction mixture (Sant et al., 2020)) mixing difficulties
posed by the presence of an insoluble substrate. Therefore, taking LB conversion to
industrial levels implies that high solids loadings need to be addressed. Studies carried out
at high-solids conditions are limited (Sant et al., 2020). In this respect, some alternatives
have emerged as important paths to improve the efficiency of enzymatic hydrolysis at high-
solids conditions such as enzyme formulations as well as reactors design aspects, media

supplementation with additives and separation strategies among others.

The impact of enzyme loads on the hydrolysis of LBs substrates has been studied for

several formulations of enzymes and for different ranges of filter paper unit (FPU) to identify
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the optimal dosages to achieve high yields of glucose (Table 1-5). It has been found that

increasing the enzyme loading does not necessarily translate into linear gains in glucose

concentrations and yields, as the performance of the enzymatic preparation in high solids

loadings seems to be much more dependent on the composition of the formulation than on

simply increasing the amount of enzymes in the reaction media (Novozymes, 2020).

Table 1-5:

operation at high solids loading. Adapted from (Sant et al., 2020).

Substrate

Sugarcane
bagasse

Sugarcane
bagasse
Sugarcane
bagasse
Sugarcane
bagasse
Sugarcane
bagasse

Corn stover

Corn stover

Corn stover

Corn stover

Rice straw

Rice straw

Sugarcane
straw
Corncob

Some parameters and their resulting hydrolysis yields for fed-batch

Pretreatment

Low
temperature
aqueous
ammonia
soaked
Alkali

Alkali
organosolv
Alkali

Formiline

Steam explosion
Dilute acid
Steam explosion
and NaOH-

H202
Dilute acid

Dilute acid

Dilute acid

Hydrothermall

Dilute acid with
alkali

Enzyme

Cellic ® CTec2

Cellic ® CTec3

Cellic ® CTec2

Cellic ® CTec2

Cellulase from novozymees
Cellic ® CTec2

Cellic ® CTec2 + Cellic ®
HTec2

Cellulase from Sunson

Spezyme CP

SacchariSEB-C6

Cellic ® CTec2

Cellic ® CTec2

Cellulase from Sino

Biotechnologiotechnolog Co.

Enzyme
dosage
10 FPU/g
DM

4 FPU/g
DM

3 FPU/g
substrate
10 FPU/g
substrate
10 FPU/ g
DM

10 FPU/ g
glucan

5 FPU/g
substrate

20 FPU/g
TS

10.7
FPU/g
cellulose

3 FPU/g
TS

15 FPU/g
glucan

10 FPU/g
substrate
10 FPU/g
DM

Glucose
yield (%)
62

76
51
60

80

60

76

58

80

77

76

60

59
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Substrate Pretreatment Enzyme Enzyme Glucose | References
dosage yield (%)

Brewers Dilute acid Cellic ® CTec2 10 FPU/g 35 (Wilkinson,

spent hydrothermal biomass Smart,

grains James, &
Cook, 2016)

Barley Steam Celluclast ® + Novozyme ® 75FPU/g | 68 (Rosgaard,

straw 188 DM Andric, Dam-
johansen,
Pedersen, &
Meyer, 2007)

From reports on the global enzyme market, the industrial enzyme producing companies are
based mainly in developed countries like US, Germany, Denmark, the Netherlands and
Switzerland. The market is highly influenced by dominated supply from Novozymes,
DuPont Danisco, and DSM. In addition, key players, including Novozymes, DuPont, and
DSM, together represent over 75% of the market share. The global enzymes market size
was valued at USD 9.9 billion in 2019 and is expected to grow at a compound annual growth
rate (CAGR) of 7.1% from 2020 to 2027. An increase in demand from end-use industries
such as food and beverage, biofuel, animal feed, and home cleaning, is projected to drive

the market growth over the forecast period presented in Figure 1-8.

Illll

2016 2017 2018 2019 2021 2022 2023 2024 2025 2026 2027

B Food & Beverages ™ Daetergents ® Animal Feed B Biofuels B Textiles B Pulp & Paper
Nutraceutical = Personal Care & Cosmetics © Wastewater © Others

Figure 1-8: U.S industrial enzymes market size by application, 2016-2027 (USD Billion)
(Catalysts & Enzymes, 2020).

It should be highlighted the expected growth in animal fed, pulp & paper and biofuels
enzymes market where the majority of substrates considered to conversion are LB derived.

It is because independently of the target products or the use of different routes to process
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biomass, LB substrates conversion includes two mandatory steps: pretreatment of LB to
render the material prone to the action of the enzymes and enzymatic hydrolysis of the
pretreated material to produce sugar syrups. These two steps are key and must go together
to improve the economic feasibility of these processes. Nowadays, many industrial units
are dealing with numerous difficulties in scaling-up the pretreatment step and to sum up,

the high cost of enzymes adds an additional hindrance to technologies competitiveness.

1.2.1 Formation of fermentation inhibitors

Pretreatment of lignocellulosic biomass may produce degradation products with an
inhibitory effect on the fermentation process. These inhibitors have toxic effects on the
fermenting organisms, thus reducing the ethanol yield and productivity. Commercial
enzyme cocktails now include many different cellulases and hemicellulases that act
synergistically and prevent a buildup of any intermediate sugar or oligosaccharide family
(inhibitors). Enzyme mixtures can also be tailored to the feedstock and pretreatment
conditions (Banerjee, Scott-craig, & Walton, 2010). However, (Jonathan J. Stickel, Richard
T. Elander, 2014) reports that even when enzyme mixtures are adjusted to pretreatment
conditions, product inhibition of B-glucosidase and B-1,4-xylosidase by the monomeric
sugars glucose and xylose will still be problematic. Today, in order to mitigate product
inhibition, the sugar products must be removed from reaction as it is taking place, which
increases operation costs and steps in the process. One means of doing so would be using
an adequate process configuration where saccharification and fermentation would occur
simultaneously. Indeed, later generations of enzymes, including Cellic® CTec3 HS, were
developed to eliminate this effect on the enzyme complex. With the introduction of Cellic®
CTec3 HS, there are more options available for consideration when selecting optimal
process layout and targeting cost-efficient cellulose conversion. These include
simultaneous saccharification and fermentation (SSF), separate hydrolysis and
fermentation (SHF), and a modified version of these referred to as hybrid hydrolysis and
fermentation (HHF).

The inhibitory effect by some degradation compounds is higher when they are present
together due to a synergistic effect (Mussatto and Roberto, 2004). The relative toxicity of

the various inhibitors for ethanol fermentation can be classified as follows: phenolic
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compounds, furfural, HMF and acetic acid. Furfural and HMF are sugar degradation
products; polyaromatics, phenolic and aldehydic are lignin degradation products and

hemicellulose degradation products are mainly acetic acids derived from acetyl groups.

In conclusion, severity parameters of prior steps must be carefully optimized to avoid the
formation of lignocellulose degradation products aforesaid which have been reported to
inhibit the fermentation process (Agbor et al., 2011). Moreover, with the emerging
biotechnology tools, there is great potential to develop new enzyme sources that offer more
desirable enzyme features, including higher specific activities with more balanced
synergism, better thermal stability, better resistance to environmental inhibitors and
improved combination of various enzymes (e.g., cellulase, hemicellulase, pectinase and
proteinase) activities that maximize sugar yields at low cost. (B.C. Saha, 2007; Laureano
et al., 2005; Maurya, Singla, & Negi, 2015).

1.3 Lignocellulosic biomass recalcitrance

As previously mentioned LB is chemically and physically designed with structural features
to be resistant to weather, fungi and cattle, which constitutes a real obstacle to its industrial
valorisation into bioenergy and biomaterials. Lignocellulose can be hydrolytically
deconstructed into simple sugars either enzymatically by (hemi) cellulolytic enzymes or
chemically by sulfuric or other strong acids (Zoghlami & Paés, 2019). However, enzymatic
hydrolysis is the typical process for deconstructing lignocellulose to sugars (Y. Zhang et al.,
2019). The next section will focus on understanding the chemical and the structural factors

conferring the recalcitrance property.

1.3.1 Chemical factors impacting enzymatic hydrolysis

The first barrier to lignocellulosic matrix deconstruction is lignin accumulation, which
provides hydrophobicity and structural rigidity as well as hemicelluloses-celluloses binding
to cell walls. It is well known that lignin plays a negative role in conversion. Several factors
such as total lignin content and lignin composition/structure (hydroxyl groups content and
S/G ratio(Y. Zhang et al., 2019) may affect. Likewise, free access to polysaccharides is

physically limited by presence of lignin. Moreover, due to its structural features like
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hydrogen bonding, methoxy groups and polyaromatic structures, as previously mentioned
(Section 1.1.3), lignin can irreversibly adsorb cellulases and other enzymes causing
inhibition during enzymatic hydrolysis (Kumar & Sharma, 2017; Y. Zhang et al., 2019). For
instance, Yoo et al. showed that lignin content is negatively correlated with enzymatic

digestibility on poplar wood (C. G. Yoo et al., 2017).

LB hemicelluloses can be extensively acetylated with acetyl groups (OAc). They may
restrict cellulose accessibility by interfering with enzyme recognition (Pan, Gilkes, &
Saddler, 2006). It also might hinder the formation of productive binding between cellulose
and the catalytic domain of cellulases through increasing the diameter and steric hindrance
of cellulose chain (Zhao, Zhang, & Liu, 2012). Moreover, (Zhao, Zhang, et al., 2012) state
that the content of OAc seems to display inhibition to cellulose digestibility depending on
the characteristics of the pre-treated biomass and hydrolysis conditions.

1.3.2 Physical factors impacting enzymatic hydrolysis

Crystallinity

The polymeric matrix present in LB is mostly formed by crystalline cellulose, which
represents one of the main bottlenecks to biomass conversion as consequence of the
strong intra and inter molecular bonds largely formed along the chains. Crystalline cellulose
has a degree of polymerization relatively high. Once cellulose undergoes pretreatment, this
degree decreases by conformational changes that induce accessibility and high

saccharification yields can be achieved.

Nevertheless, (Y. Zhang et al., 2019) present arguments to emphasize that impact of
crystallinity on hydrolysis is questionable. When some studies correlated the factor with
enzymatic hydrolysis it resulted in a negative relationship while others reported it, as a not
determining or critical factor. Zhang et. al, also stated that in the majority of cases where
impact of crystallinity on hydrolysis was evaluated, pure cellulose was used as substrate to
correlate crystallinity to saccharification yield. However, pure cellulose is hardly a

representative form of the LBs substrates heterogeneity.
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Particle size

Recent studies have indicated a good correlation between low particle sizes and high sugar
yields in substrates. Researchers claim that reduction in particle size greatly increases
feedstock solubility thereby increasing posterior hydrolysis reaction kinetics. Indeed,
(Ghizzi et al. 2012) findings confirm that reducing particle size by grinding of wheat straw
increased surface area and LB macromolecular destructuration which at the same time
increased enzymatic accessibility. The reduction of particle size favored the substrate-
enzymes contact (increasing initial rates) and revealed new zones, which initially contained
inaccessible polymers in coarse particles (increasing final hydrolysis yields). Additionally,
Ghizzi et al. advocated that further improvements were possible through the production of

ultra-fine powders using ball milling.

Thus, particle size reduction, unlocks the compact structure of lignocellulose and convert a
large amount of crystalline cellulose into amorphous cellulose, all of which benefit
subsequent enzymatic hydrolysis (Y. Zhang et al. 2019). Nevertheless, every substrate has
limits on the minimum particle size where further reduction will not result in considerable
changes. For instance, (S., Chang, and Holtzapple 2000) points out that a particle size
reduction below 400um has a negligible effect on the hydrolysis yield of poplar whereas,

(Ghizzi et al. 2012) reported that the size threshold was 270um for wheat straw.

Accessible surface area and volume

Various studies reflect many advantages of generating enzymes accessibility through an
increase in surface area. (Liu, Qin, Li, & Yuan, 2015) study suggests that accessible surface
area (ASA) is a critical factor for enzymatic hydrolysis since surfaces act as a support for
enzymatic activity. Furthermore, according to their sizes or their shapes, pore volumes are
more or less accessible to enzymes. According to (Y. Zhang et al., 2019), the size of a
cellulase is typically around 5.1 nm, and so on, only the pores larger than 5.1 nm are

supposed to be accessible to these enzymes .
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2 Overview of the current pretreatment
methods for Lignocellulosic Biomass

2.1 Therole of pretreatment

Pretreatment methods are required to overcome the complex, hierarchical, and recalcitrant
nature of LB preparing it for further processing into value-added chemicals (Figure 2-1).
Overcoming recalcitrance means enhancement of raw LB material digestibility by making
polysaccharides easily available for enzymes (S. Sun, Sun, Cao, & Sun, 2016).
Nevertheless, when a specific LB feedstock is disrupted not all pretreatments yield the

same results. Different modes of action are associated to each pretreatment.

s Cellulose
Lignin

Hemicellulose

Figure 2-1:  Simplified impact of pretreatment on biomass. Available in (Zhijia Liu & Fei,
2013).
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Pretreatments are divided into physical, chemical, physicochemical, biological and some
combination of them. Physical pretreatment consists of an increase in temperature or
pressure causing structural changes in LB. Chemical pretreatment is characterized by the
use of organic or inorganic compounds which through interaction with the intra or
interpolymer bonds of lignin, hemicellulose and cellulose, lead to structure disruption in
lignocellulosic materials. Biological pretreatment uses the action of a cocktail of either
bacterial or fungal enzymes to reduce biomass recalcitrance. Each of these methods,
biological, chemical, or physical, can be used separately providing appropriate
effectiveness, but their combination can significantly enhance the digestibility of biomass,
increasing the yield of desired products (Abbas & Ansumali, 2010; Branco, Serafim, &
Xavier, 2018; Zhao, Zhang, et al., 2012). Table 2-1 presents a summary of the current
pretreatment techniques for lignocellulosic biomass.

Even though pretreatments are reasonably efficient at making the hemicellulose-cellulose-
lignin matrix amenable to enzymatic hydrolysis, some of them release a number of toxic
compounds that inhibit the growth of microorganisms (section 1.2) and its productivity in
subsequent steps (Pienkos & Zhang, 2009). Lignin chemical or physical abrasion,
degradation of hemicelluloses, reduction in crystallinity and reduction in polymerization
degree of cellulose, generate different combinations of toxic compounds that ideally should

be removed with pretreatment (section 1.3).

Table 2-1: Methods of pretreatment for lignocellulosic biomass. Adapted from (Kumar
& Sharma, 2017).

Physical Chemical Physiochemical Biological
Mechanical Dilute acid Steam explosion Brown Fungi
extrusion Mild Alkali Liquid hot Water White Fungi
Milling Ozonolysis SPORL treatment  with | Soft rot fungi
Microwave Organosolv sulfides Bacterial
Ultrasound lonic liquids AFEX ammonia based Archaeal

Pulsed electric field | Eutectic Solvents | Mechanocatalysis
CO:2 Explosion

Oxidative pretreat
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A list of features of the “ideal” pretreatment has been presented by (Pienkos & Zhang,
2009).

The ideal pretreatment of LB:

* Produces a highly digestible pretreated solid.

= Does not significantly degrade pentoses.

= Does not significantly inhibit subsequent fermentation steps.

= Requires little or no size reduction of biomass feedstock.

= Can work in reactors of reasonable size and moderate cost.

* Produces no solid waste residues.

= Has a high degree of simplicity.

= |s effective at low moisture content.

= Large scale feedstock processing.

= Reaches high yields regardless of the type and origin of biomass.

= Minimizes the amount of waste and toxic compounds

= |s sustainable with regard to cost of equipment, energy demand and ecological
impact.

= Does not adversely affect downstream processes.

2.2 Physical methods of biomass pretreatment

Changes in specific surface area, particle size, crystallinity index, polymerization degree,
among other, can be induced in LB by means of physical pretreatment. This increases LB
bulk density and facilitates handling during harvesting, storage, and transport. These
techniques avoid the use of chemicals to reduce the generation of waste and inhibitors for
subsequent reactions. Mechanical, microwave, and ultrasound pretreatments are the most
common physical techniques used to enhance efficiency of the main steps in biomass

processing. The next sections focus on key descriptions of these techniques.
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2.2.1 Milling pretreatment

LB Comminution can be accomplished by using milling machines. Different types of milling
processes such as vibratory milling, ball milling, disk milling, and hammer milling have been
applied to reduce particle size and disrupt the cell wall to enhance enzymatic hydrolysis
(Rechulski et al.,, 2015; R. Singh, Shukla, Tiwari, & Srivastava, 2014). Particle size
reduction generates pores into LB materials increasing the surface area for enzymatic
action which in turn increases bioethanol yields (Umesh & Sally, 2013). The energy needed
for comminution depend on the specific substrate, for instance, the energy required for
milling hardwoods is higher than that needed for processing agricultural residues (Capolupo
& Faraco, 2016). Table 2-2 and Table 2-3 show the ‘Bond Work Index (BWI), a typical
feature of raw materials, defined as the energy needed to reduce 1 ton of raw material until
80% of the material particle size is smaller or equal than 100 mm (under the base ton/h).
As it can be seen, energy required will vary not only on the base of the equipment and
particle size requirements (Figure 2-2 and Figure 2-3) but also on the type of biomass and

its features.

Table 2-2: Summary of BWI, 80% passing product size Pgo, gross calorific value on dry

basis. (Mayer-laigle, 2018).

LB Material Pso (M) BWI(kWh/t) LHV(MJ/Kg)
Wood pellets 786 413 20.405
Miscanthus pellets 811 426 18.571
Sunflower pellets 764 366 20.238
Eucalyptus pellets 757 87 19.810
Steam exploded pellets | 355 64 20.049
Torrified pellets 758 16 21.772
Olive cake 590 136 19.318

LaLoma coal 77 23 30.004
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Table 2-3: Energy requirement of mechanical comminution of agricultural
lignocellulosic materials. (Y. Sun & Cheng, 2002).

Lignocellulosic Final size (mm) Energy consumption (kwh/ton)
material Knife mill Hammer mill
Hardwood 1.6 130 130
Straw 1.6 7.5 42
Corn Stover 3.2 20 9.6

100 mm [ ] High speed mills

i [ ] middle speed mills
1

c 10mm | Knife Centrifugal [ ] Low speed mills
L Mill Mill
tﬁ 1
: —
E Tmm Pin Mill
E Impact
w Mill Vibratory
E 0.1 mm spiral | | Ball Mill Opposite
= Jet t Mill
& Mill Jet M

0.01 mm Atk Drum-

Crri type Ball
Beads Mill
Mill
0.001 mm
R | >

Energy consumption

Figure 2-2: Classification of different milling equipment based on the energy
consumption, the particle size reduction capacity, and the speed of milling from different
research works. (Mayer-laigle, 2018).

Different studies have reported that although milling can increase bioethanol yields, on an
industrial scale, it is not economically feasible yet. In fact, size reduction is an expensive
operation that consumes about 33% of the total electricity demand for the whole conversion
process (Den, Sharma, Lee, & Nadadur, 2018). An efficient combination of hammer and air
and subsequent ball milling was developed to minimize the total energy and increase the

sugar yield through enzymatic hydrolysis of Douglas fir forest products; glucose yield
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increased with the milling time (Gu et al., 2018). The inability of milling to remove lignin
adds another drawback to the pretreatment.

A
1010 '
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o i
Jg, 109
; %, Ultra-fine millin
).._3 @ff*’h‘g‘ \ 1111 g
E 104 @CQ\ \‘
— 3N Fine milling
3 Bong, n= N
. 102 Intermediate milling
10°

1072107210t 10° 10t 10% 10® 10* 10°
dso (Hm)
Figure 2-3:

The energy consumption for intermediate, fine and ultrafine milling of
lignocellulosic biomass and different grinding laws (Rittinger, Bond, and Kick) (Mayer-laigle,
2018).

Table 2-4:

Main features associated to milling pretreatment (Gu et al., 2018; Kaupp,
2011; Umesh & Sally, 2013). (+) means degradation or generation of any inhibitor during

pretreatment (occurring even at the lowest operation temperatures in the range) while (-)
means not degradation or generation of inhibitors.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)
25-200 ¢ Q) Q)

©)
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2.2.2 Mechanical extrusion

As a pretreatment, extrusion is a process in which biomass is forced through a die to reduce
its particle size and expose it to heat and pressure. When accompanied by the presence of
a catalyst, the pretreatment is considered as thermochemical (combined pretreatment).
Extrusion has been widely used in the food and plastic industries, and hence several
researchers started exploring its use in biomass pretreatment. However, unlike plastic and
food, biomass does not melt, even at high temperature and pressure. Therefore, the
pretreatment is highly complex and challenging (J. Yoo, Alavi, Vadlani, & Amanor-boadu,
2011).

The technique reduces the amount of hemicellulose fraction by around 50% while
increasing the fraction of soluble chemicals (carbohydrates, proteins, lipids, minerals and
vitamins). Optimization strategies of the physical pretreatment aiming to improve soluble
chemicals include adjustments of temperature, screw speed, cellulose concentration, and
combination of pretreatments. For instance, Zheng and Rehmann studied the combination
of a modified twin screw extruder studied the application of modified twin screw extruder
combined with filtration to remove xylose from steam exploded corncobs at 205°C.The
extrusion step resulted in structural changes and increased in glucose from 41% to 66%
(Zheng & Rehmann, 2014a).

As in all pretreatments, temperature in extrusion can either have a general positive or
negative effect on the release of sugars from pretreated LB (see Table 2-5). Above a certain
point, that depends on the type of LB and the catalyst employed, temperature has a
negative impact on enzymatic digestibility and excessive degradation of lignin and
hemicellulose-derived sugars (see Table 2-5). Additionally, as the temperature factor is
closely related to the energy demand of the extruder, the use of lower operation
temperatures would be favorable and in consequence extruders could be easily adapted
to different process madifications with high scalability (Ho, Seok, & Keun, 2013). However,
this pretreatment method is still difficult to scale up for commercial purposes as it implies

high operation and energy costs (Menon and Rao, 2012).
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Table 2-5: Main features associated to extrusion pretreatment.(Karunanithy &
Muthukumarappan, 2011; Karuppuchamy, 2009; Zheng & Rehmann, 2014a). (+) means
degradation or generation of any inhibitor during pretreatment (occurring even at the lowest

operation temperatures in the range) while (-) means not degradation or generation of

inhibitors.
Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation
(°C)
90-220 (+) (+) Q] Q]

2.2.3 Ultrasound

Significant enhancement of both enzymatic or acid hydrolysis and fermentation yields has
been achieved with ultrasonic pretreatment (Bussemaker & Zhang, 2013; Yunus, Salleh,
Abdullah, Radiah, & Biak, 2010). The mode of action of this emerging technology is the
generation of free radicals that accelerate lignin, hemicellulose and cellulose
depolymerization by means of low frequency ultrasound. Ultrasonic waves create pressure
differentials within a solution; as a result, the pressure wave travels through the liquid
medium eventually limited by mass transfer in a process requiring high-energy inputs
(Bussemaker & Zhang, 2013).

Solvent and enzyme accessibility to the cell walls and delignification have been broadly
linked to sonochemical and mechanoacoustic effects. For instance, accessibility and
particle surface erosion improved on pretreated rice husk through a physical mechanism,
i.e., increase in pore size, rather than a chemical mechanism (Shi, Jia, Gao, & Zhao, 2013).
Nonetheless, chemical features like feedstock composition represent an important
parameter to consider. Indeed, the accessibility of some materials having high silica content
can be increased by silica removal (Law, Daud, & Ghazali, 2007). Furthermore, since free
radicals catalyze the cleavage of lignin bonds as well as the bonds between lignin and
hemicellulose, the release of silica bodies and the breaking of the lignin may result in an
exposure of the hemicelluloses structure and this ought to enhance the acid, base, or

enzyme accessibility.
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Even though ultrasonic pretreatment is effective at degrading lignin, a lost in carbohydrates
can come with delignification. Therefore, the goal of conversion can be irreversible affected
when using this pretreatment. Moreover, one of the bottlenecks to scaling up this method
leads to the severe operation conditions of very high pressures and temperatures (100-
5000 atm and 500-15,000 K) in lapses that last no more than 10 seconds (Subhedar &
Gogate, 2016). Whereas the whole process operates at overall ambient atmospheric
conditions, its implementation at industrial levels would imply the use of high pressure

resistant equipment implying high operation and maintenance costs. Table 2-6.

Table 2-6: Main features associated to ultrasonic pretreatment.(Shi et al., 2013; Yunus
et al.,, 2010). (+) means degradation or generation of any inhibitor during pretreatment
(occurring even at the lowest operation temperatures in the range) while (-) means not

degradation or generation of inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)

<100 (+) (+) (+) N.R

2.3 Chemical pretreatments

2.3.1 Oxidative

LB can be oxidized with agents such as hydrogen peroxide, 0zone, oxygen or air. Its mode
of action is believed to be through electrophilic substitution, side chain displacements, and
oxidative cleavage of aromatic ring ether linkages (Kuila & Sharma, 2018). Oxidative action
has strong effects on LB; once LB is delignified, hemicelluloses degradation occur resulting
in production of acids which need to be neutralized or removed since they may act as

inhibitors. It makes the material unsuited for fermentation and sugar production.

Acids produced by oxidative conditions and further generated by high temperatures and

long residence times. Eventually, acids can reach concentration levels high enough to form
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other inhibitors. It creates problems of different nature like toxicity and corrosiveness.
Furthermore, pretreated LB becomes particularly unstable since acids degrade
carbohydrates in presence of certain metals (minor components in LB), such as manganese
(Mn), iron (Fe), and copper (Cu), which catalyze the rate of decomposition making
necessary the addition of chelates (Bajpaj, 2016; S. Sun et al., 2016) (see Table 2-7).

Table 2-7: Main features associated to oxidative pretreatment (Den et al., 2018). (+)
means degradation or generation of any inhibitor during pretreatment (occurring even at
the lowest operation temperatures in the range) while (-) means not degradation or
generation of inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)

125-300 ) +) (+) N.R

2.3.2 Organosolv

Organosolv pretreatments use organic solvents such as ethanol, methanol, ethylene glycol,
and acetone to partially dissolve lignin and release a solid fraction of cellulose and
hemicellulose. The process can take place in presence of an acid, base, or salt catalyst
and is similar to organosolv pulping, but the degree of delignification for the pretreatment

does not need to be as high as that of pulping (Nitsos, Rova, & Christakopoulos, 2018).

When using this method, hemicellulose and cellulose degradation can occur, thus
conditions need to be carefully selected. Moreover, although solvents have high costs of
acquisition this drawback can be minimized by recovering and recycling solvents through
steps of evaporation and condensation. Nevertheless, it should be evaluated the high risk
involved in handling harsh organic solvents that are highly flammable (Wei et al., 2020).

In terms of operation conditions, the pretreated solids always need to be washed with
amounts of the organic solvent in order to avoid reprecipitation of the lignin dissolved, which
leads to cumbersome washing arrangements. Furthermore, for most organosolv
processes, if the pretreatment is conducted at high temperatures (185-210°C), there is no

need for acid addition, as it is believed that organic acids released from biomass act as
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catalysts for the rupture of the lignin—carbohydrate complexes (Zhao, Cheng, & Liu, 2009).
However, it could shift to a drawback if considering that inhibitors could be generated (see
Table 2-8).

Table 2-8: Main features associated to organosolv pretreatment. (+) means
degradation or generation of any inhibitor during pretreatment (occurring even at the lowest
operation temperatures in the range) while (-) means not degradation or generation of

inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors

temperature (°C) | degradation degradation | degradation

180-195 +) (+) +) N.R
2.3.3 Acid

The mode of action in acid pretreatment is based on the cleavage of glycosidic bonds to
produce oligomeric and monomeric sugars. The main compound affected will be
hemicellulose and its degradation will depend on the acid strength, its concentration and
the solid-acid ratio (Solarte, Romero, & Martinez, 2019).

Some common acids used include minerals (H.SOa, HCI, HNOs, H3PO4 etc.) and organics
(CH20,, CyH4O,, CsHeO,, CsH404, etc.); depending on their concentration during
pretreatment, they can be classified as concentrated or diluted. Concentrated process
operates at acid to water ratios higher than 30% v/v (30-70%) and temperatures <100°C.
Dilute process operates at lower concentrations (0.1-10%) and high temperatures (100-
250°C) where both cellulose and hemicellulose are broken-down into xylose, mannose,
arabinose, galactose, and glucose (Amezcua-allieri, Duran, & Aburto, 2017; Kabir,
Fortman, & Anex, 2010). Hemicelluloses are removed to allow cellulose disruption into
celluoligosaccharides and subsequently monomeric sugars are produced (Table 2-9).

Concentrated acid pretreatment can highly accelerate the sugar conversion rate (higher
than 90%) and most of the concentrated acids are very toxic and corrosive and hence
require high operational and maintenance costs (Baruah et al., 2018). Studies reveal that

among the acids, dilute sulphuric acid (H>S0O.) is the most extensively used to pretreat LB.
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Although acid pretreatment provides a complete hydrolysis, inhibitory compounds and

aldehydes, ketones and phenolic acids can affect subsequent fermentation.

Table 2-9:  Main features associated to acid pretreatment. (+) means degradation or
generation of any inhibitor during pretreatment (occurring even at the lowest operation
temperatures in the range) while (-) means not degradation or generation of inhibitors. N.R

means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)

100-250 ) (+) +) (+)

2.3.4 Liquid Hot Water LHW

LHW pretreatment utilizes liquid water at elevated temperature and pressure to treat
lignocellulosic biomass. Its principal goal is to completely solubilize hemicellulose and
separate it from the rest of the solid material while reducing the formation of inhibitors.
During pretreatment water acts as both, solvent and catalyst, solubilizes hemicelluloses
and provokes partial removal and relocation of lignin (Zhuang et al., 2016). It allows a limited

cellulose deconstruction and minimal carbohydrate degradation.

According to (Brodeur et al., 2011; da Silva, Torres Ortega, & Rong, 2016; Rojas, 2011;
Zhuang et al., 2016), temperatures can range from 160°C to 240°C (nd amount of sugar

formation).

When biomass is LHW-pretreated, two main products are generated, a rich slurry
containing the solubilized hemicellulose and a cellulose-rich solid fraction. Water cell
penetration produces pentosanes as well as disruption of the entire lignocellulosic matrix
along with solubilization of both hemicellulose and lignin (Barakat et al., 2013; Brodeur et
al., 2011). The solid fraction is prone to become more susceptible to enzymatic attack, as
penetration and hydration of cell walls allows cellulose to become more accessible due to
the swelling and disruption of the matrix (Jonsson & Martin, 2016). This process can be

seen as advantageous from a cost standpoint since no additives such as acid catalysts are
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required; furthermore, expensive reactor systems are not necessary by cause of the lower
corrosive nature of the technique and the chemicals involved when compared to alkaline
and acid pretreatments. Nevertheless, high energy/water inputs make the process costly

and need to be taken into account.

Table 2-10) and over lengths of time of few minutes up to an hour (temperature and time

dominate the type and amount of sugar formation).

When biomass is LHW-pretreated, two main products are generated, a rich slurry
containing the solubilized hemicellulose and a cellulose-rich solid fraction. Water cell
penetration produces pentosanes as well as disruption of the entire lignocellulosic matrix
along with solubilization of both hemicellulose and lignin (Barakat et al., 2013; Brodeur et
al., 2011). The solid fraction is prone to become more susceptible to enzymatic attack, as
penetration and hydration of cell walls allows cellulose to become more accessible due to
the swelling and disruption of the matrix (J6nsson & Martin, 2016). This process can be
seen as advantageous from a cost standpoint since no additives such as acid catalysts are
required; furthermore, expensive reactor systems are not necessary by cause of the lower
corrosive nature of the technique and the chemicals involved when compared to alkaline
and acid pretreatments. Nevertheless, high energy/water inputs make the process costly

and need to be taken into account.

Table 2-10: Main features associated to LHW pretreatment. (+) means degradation or
generation of any inhibitor during pretreatment (occurring even at the lowest operation
temperatures in the range) while (-) means not degradation or generation of inhibitors. N.R

means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation
(°C)

160-240 (+) (+) ) )
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2.3.5 lonic liquids (ILs)

ILs are salts that are liquid at, or close to, room temperature (C. G. Yoo et al., 2017). ILs
contain an inorganic anion and an organic cation of very heterogeneous molecular
structure, which renders the bonding of the ions weak enough for the salt to appear as liquid
at room temperature. IL have found a number of industrial applications and have been

investigated as solvents for the processing of biomass (Prado, Weigand, & Welton, 2018).

Today, only a few solvents dissolve LB polymers effectively; a considerable amount of them
is unstable and less environmentally friendly than ILs. Examples of ILs include imidazolium
([(C3N2) Xn] %), pyridinium ([(CsN) Xn] *), chloride, acetate, ammonium, phosphonium,
phosphate, formate, etc.(Moniruzzaman & Goto, 2018).

The type of anion in IL solvents affects hydrogen bonds interactions with cellulose, and in
turn its solubility. Lignin separation and increase of cellulose accessibility under mild
conditions and with no use of acid or alkaline solutions have been reported. The formation
of inhibitor compounds can be avoided. The breakdown of cellulose by IL can be attributed
to the formation of electron donor-electron acceptor (EDA) complexes via the interaction of
O and H atoms of cellulose-hydroxyl with the IL (Gupta & Jiang, 2014). Hydrogen atoms
act as electron acceptors and cellulose molecules as electron pair donors. Similarly, the
anion in IL functions as the electron pair donor and cation as the acceptor. Under optimal
conditions the proximity of these acceptors and donors results in the EDA complex

formation.

As ILs method comprises pretreatment of lignocellulosic biomass in IL-aqueous systems
before saccharification, in order to optimize it and make it viable, some process
configurations can be utilized. Recent advance in the topic is the possibility of using IL
tolerant enzymes, which enables fuel production in one-step through elimination of the
washing step of the pulp after pretreatment. (e.g., one-pot pretreatment-saccharification
plus subsequent IL recycling) (Bon & Lee, 2013; Gupta & Jiang, 2014; Prado et al., 2018).
However, up to now, none of these ILs processes has been commercially scaled up.

Uncertainties due to lack of experience have been addressed. Among the most important
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ones are the ability to recover the IL used, the toxicity of the compounds, and the

combination of water with IL. (see Table 2-11).

Table 2-11: Main features associated to ILs pretreatment (C. G. Yoo et al., 2017). (+)
means degradation or generation of any inhibitor during pretreatment (occurring even at
the lowest operation temperatures in the range) while (-) means not degradation or
generation of inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation
(°C)

25-150 ¢ ¢ ) ¢

2.4 Biological pretreatment

When pathogens infect plants, cell wall accumulates huge quantities of lignin. This increase
in lignin provides a basic barrier against pathogens propagation and reduces infiltration of
fungal enzymes and toxins inside the cell walls (Kumar & Sharma, 2017). Some lignin-
related compounds are toxic to fungi hindering pathogens multiplication. Precisely these
pathogenic microorganisms or their enzymes at mild temperature and pressure perform
biological pretreatment. This kind of pretreatment is attractive since it does not use acid,
alkali, or any reactive species. Additionally, no inhibitors are generated and low energy

inputs are required.

Commonly utilized microorganisms in this pretreatment are filamentous fungi like white,
brown- and soft-rot fungi (Bak et al., 2009; Vasco-Correa & Shah, 2019). Among them, the
most effective are the basidiomycete white rot fungi, which act in two different ways,
selective and non-selective delignification. In selective delignification, mostly lignin and
hemicellulose are degraded and a minimum amount of cellulose is altered (see Table 2-12).
Non-selective delignification also degrades hemicellulose and lignin almost in the same

grade.

Most biological pretreatments take advantage of the lignolytic enzyme system: a group of

oxidoreductases that are able to degrade lignin, improving the degradation of biomass
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(Nadir, Ismail, & Hussain, 2013). These systems include laccases and peroxidases with
high redox potential that oxidize the lignin polymer directly, or by the use of low-molecular-
weight organic compounds (mediators) that can diffuse into the cell wall pores and attack
the lignin structure (Vasco-Correa & Shah, 2019)

Although biological pretreatment does not generate any inhibitors and eco-friendly process,
it is a relatively time consuming process. Optimization by selecting the most effective strain
and culture conditions can make the process more efficient by reducing the treatment time
and carbohydrate loss (Maurya et al., 2015). Important process parameters affecting
biological pretreatment include the nature as well as composition of biomass and other
parameters like type of microorganism involved, incubation temperature, pH, incubation

time, inoculums concentration, moisture content and aeration rate.

Table 2-12: Main features associated to biological pretreatment (Maurya et al., 2015;
Sindhu, Binod, & Pandey, 2015). (+) means degradation or generation of any inhibitor
during pretreatment (occurring even at the lowest operation temperatures in the range)

while (-) means not degradation or generation of inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)

28-35 (+) (+) (+) Q]

2.5 Combined pretreatment

2.5.1 Steam explosion

Steam explosion refers to biomass defibrillation through vapor treatment at high
temperature and pressure, followed by a fast release of pressure. It is usually classified as
a physicochemical pretreatment that introduces the variation of lignocellulosic biomass in

morphology and chemical composition (Pielhop, Amgarten, Von Rohr, & Studer, 2016).
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During pretreatment, acetic acid is released from LB and it hydrolyses cell wall components
by itself. That process is known as autohydrolysis. Satured vapor is then released at high
pressure penetrating by diffusion into the cell wall; mechanical separation of the fibers also
occurs by fast evaporation of the humidity which is subsequently condensed by effect of
pressure (Jonsson & Martin, 2016; Kumar & Sharma, 2017; Pielhop et al., 2016).

Since acetyl and uranyl groups are integrally linked to the hemicellulosic matrix, as soon as
the saturated vapor penetrates biomass, chemical reactions occur and acetic and uronic
acids catalyze hemicelluloses hydrolysis into oligosaccharides and monosaccharides.
Under severe conditions, cellulose could be partially depolymerized. Moreover, other
degradation products (furfural from xylose and 5-hydroxyl methyl furfural from glucose)
could be undesirably generated (Pielhop et al., 2016).(Table 2-13).

Table 2-13: Main features associated to steam explosion (Pielhop et al., 2016; Wood et
al., 2016). (+) means degradation or generation of any inhibitor during pretreatment
(occurring even at the lowest operation temperatures in the range) while (-) means not
degradation or generation of inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)

180-220 (+) (+) (+) (+)

2.5.2 Ammonia fiber explosion (AFEX)

Ammonia fiber expansion (AFEX™) is a “dry-to-dry” alkaline pretreatment that requires
minimum water inputs and does not generate liquid waste streams unlike most
thermochemical pretreatments (Balan, Sousa, Chundawat, Humpula, & Dale, 2012). AFEX
is a low temperature process (60+140 2C) carried out by adding liquid ammonia (0.3£2 kg
ammonia per kg dry weight biomass) to pre-wetted biomass (0.05+1 kg water per kg dry
weight biomass) in a pressurized reactor operating at pressures above 3MPa for 545

minutes before explosively releasing the ammonia (Chundawat & Balan, 2010). Exposure
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to those conditions causes, removal of lignin, swelling and phase change in cellulose
crystallinity. Furthermore, the volatility of ammonia allows for easy recovery and reuse,

making the establishment of a continuous industrial process more feasible.

AFEX pretreatment involves several mechanisms. Initially, ammonia added to the reactor
penetrates LB and reacts with the water present to form ammonium hydroxide. The
formation of the hydroxide ion catalyzes various thermochemical reactions inside the
structure. Because of the thermochemical reactions, the lignin and hemicellulose fractions
are extracted and redeposited on the surface of LB cell wall. These alterations inside LB
structure enhance the accessibility of cellulose for the enzymes during the hydrolysis
process (Chundawat & Balan, 2010).(see Table 2-14).

A series of chemical and physical changes responsible for the improved enzyme
accessibility of the pretreated substrate was proposed (Balan et al., 2012). On the one
hand, cleavage of ester linkages between lignin and hemicellulose occurs, in other words
the lignin carbohydrate complexes (LCC) are broken, allowing the extraction of lignin. On
the other hand, lignin extraction generates nanopores within the cell wall creating a tunnel
network that allows diffusion and migration of inhibitors compounds. Finally, hemicellulose
can either be deacetylated via ammonolysis to acetamide or be hydrolyzed to acetic acid.
At the same time, the cellulose structure is altered by anhydrous liquid ammonia, in a way
that enzyme accessibility and rate of hydrolysis increases significantly. The chemical effect
of ammonia under pressure finally causes the cellulosic biomass to swell, increasing the

accessible surface area while decrystallizing cellulose.

AFEX pretreatment can significantly improve the saccharification rates of herbaceous
plants, agricultural residues, and municipal solid waste (Balan et al., 2012). Likewise,
compared with other physicochemical pretreatments, it minimizes the formation of
fermentation inhibitors. However, AFEX is somehow ineffective in the pretreatment of high
lignin containing lignocellulosic biomass such as newspaper (18-30% lignin) and softwoods
(Seok, Lee, & Hyun, 2015) and the cost of ammonia basically drives the process and its
application on a large scale. Environmental concern with the management of ammonia also

have a negative impact on pilot as well as industrial scale.
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Table 2-14:  Main features associated to AFEX pretreatment (Balan et al., 2012; Harun
et al.,, 2013). (+) means degradation or generation of any inhibitor during pretreatment
(occurring even at the lowest operation temperatures in the range) while (-) means not

degradation or generation of inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)

80-200 (+) (+) +) €]

2.5.3 Supercritical fluids SCFs

A supercritical fluid (SCF) is any substance above critical conditions (temperature and
pressure), exhibiting properties of liquids such as density and gases such as compressibility
(Daza Serna, Orrego Alzate, & Cardona Alzate, 2016). Gas and petroleum industries are
some of the SCFs applications and ultimately the focus of research shifted to LB. Since
supercritical fluids (SCFs) penetrate easily into microporous materials such as LB, they
hinder a rate-limiting mass-transfer step, thus enhancing reaction rates and catalyzing LB

conversion (Alinia, Zabihi, Esmaeilzadeh, & Kalajahi, 2010).

Carbon dioxide is the most used supercritical fluid due to its non-toxic, recyclable, low-cost,
environmentally friendly characteristics (considering it in a closed loop as a solvent), and
low critical temperature and pressure (31.1 C and 7.36 MPa respectively) (Daza Serna et
al., 2016). Water in biomass combined with supercritical carbon dioxide generates a
carbonic acid mixture, which generates a kind of weak acidic environment preliminary

promoting the hemicellulose hydrolysis and intensifying the mass transfer conditions.

Supercritical pretreatment presents a good economic and environmental performance.
However, different drawbacks should be overcame such as the residual energy use to
reduce costs. The perspective of the supercritical pretreatment using the carbon dioxide as
a green solvent for continuous processing of biomass depends on the results for a wide
range of lignocellulosic residues with different composition characteristics. Then it is

possible to understand the real possibilities of this pretreatment in the future. Table 2-15.
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(Daza Serna et al., 2016) evaluated the pretreatment in rice husk and obtained good results
when comparing costs vs an acidic pretreatment. Nevertheless, although the tendency of
supercritical pretreatment is to be lower in costs than dilute acid utilities costs, high energy
is needed for CO2 conditioning (high pressures and energy required for carbon dioxide

liquefaction) which makes the process more expensive.

Table 2-15: Main features associated to SCFs (Arce, Vieira, & lgarashi, 2018; Daza
Serna et al.,, 2016). (+) means degradation or generation of any inhibitor during
pretreatment (occurring even at the lowest operation temperatures in the range) while (-)

means not degradation or generation of inhibitors. N.R means not reported.

Operation Hemicelluloses Lignin Cellulose Inhibitors
temperature degradation degradation degradation

(°C)

100-198 () ) ) N.R

2.6 Non conventional pretreatment techniques

Here are some other methods reported in literature that share some features with oxidative
and ionic liquids pretreatments and are going to be briefly described, they are Sulfite
pretreatment to overcome recalcitrance of lignocelluloses (SPORL), ozonolysis and deep

eutectic solvents (DES).

SPORL pretreatment is a sulfite-based pretreatment method and has been demonstrated
to be a very efficient method for pretreating woody biomass. According to (Noparat,
Prasertsan, O-Thong, & Pan, 2017), the goal of sulfite pretreatment is to remove lignin
partially without concurrent loss and degradation of hemicelluloses and cellulose, leading
to accessible substrates by cellulase with high yield. In addition, sulfonation of lignin
increases the hydrophilicity of lignin, which will reduce the negative impact of lignin on the

enzymatic hydrolysis.

In ozonolysis, ozone reacts preferably with lignin than carbohydrates, promoting biomass

destructuration and delignification, and so the sugar release by enzymatic hydrolysis. Short-
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chain carboxylic acids are the main inhibitory compounds generated, being properly
removed by water washing. Ozone-pretreated hydrolysates do not generate inhibitory
compounds as furfural and HMF so far reported for other pretreatments (Travaini, Martin-

Juérez, Lorenzo-Hernando, & Bolado-Rodriguez, 2016).

Pretreatment of LB using deep eutectic solvents (DES) has attracted much interest in recent
years. DESs are a new generation of ionic fluids comprising of two or three components,
often interlinked through hydrogen bonding and forming a eutectic mixture with a lower
melting point than each individual components (Kumar & Sharma, 2017). DESs and ILs are
much alike in terms of their physicochemical properties but their low-cost synthetic
technology and biodegradability make DES a versatile alternative to ILs (Agrawal et al.,
2018). DES are mostly derived by mixing a quaternary ammonium salt with a metal salt or
hydrogen bond donor (HBD) which is capable of forming a complex with the halide ion of

the quaternary ammonium salt (Agrawal et al., 2018).

2.7 Advantages and disadvantages concerning methods
for LB pretreatment

Table 2-16 shows the summary of advantages and disadvantages regarding the current
pretreatment methods. Mechanocatalysis was excluded from this chapter since chapter 3

comprises a more in depth description of the mechanical technology.

Table 2-16: Advantages and disadvantages concerning methods for LB pretreatment.

Method Effects Advantages Disadvantages
Mechanical Particle size Particle size control High energy
milling and crystallinity consumption

Material handling is
are reduced . )
(Maurya et al., facilitated High Power

2015)
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Method

Effects

Advantages

Disadvantages

Extrusion

(Duque et al.,
2017)

Acid

(Jonsson & Martin,
2016)

Fiber

shortening and

defibrillation

Hemicellulose
and lignin

degradation

Low production of inhibitors

Shorter operation times

In some cases, enzymatic
hydrolysis is not required

since the acid hydrolyses

biomass by itself.

Partial
degradation of

hemicellulose

Incomplete
deconstruction of
the lignin-
carbohydrate

matrix

High energy
consumption
(thermal and

mechanical)

Effective in
herbaceous

biomass

High reactor

costs

Use of corrosive
and expensive

chemicals

High reactor

costs

Inhibitors
byproducts are

generated
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Method Effects Advantages Disadvantages
Use of Corrosive
and expensive
chemicals

Alkali Lignin and It causes lower degradation | Inhibitors

(Z. Zhang et al.,
2016)

Organosolv

(Nitsos et al.,
2018)

Oxidation

(Chandel & Silva,
2013)

hemicellulose

removal

Hemicellulose
degradation
and lignin

removal

Lignin and
hemicelluloses

removal

of sugars than the acid

pretreatment

It causes lignin and

hemicellulose degradation

It produces substrates with
low lignin content and
undesired adsorption of
enzymes and allows recycle

and reuse

Solvents need to be dried
and recycled

Pure lignin removal used as

byproduct

Minimum generation of

byproducts

byproducts are
generated

High capital

investment

Management of
severe organic

solvents

Inhibitor

Formation

Partial
degradation of

cellulose
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Method Effects Advantages Disadvantages
lonic liquids Reduction of Solvent of low vapor Complexity of
cellulose pressure synthesis and
(C.G. Yooetal., n e
crystallinity _ _ - purification
2017) Mild reaction conditions
Partial removal Viscous and

Liquid Hot Water

(Zhuang et al.,
2016)

AFEX

(Bajpaj, 2016)

of
hemicellulose

and lignin

Lignin and
hemicellulose

removal

Lignin removal

Cellulose dilution is efficient o
difficult to handle
solutions

Toxicity

Low

biodegradability

Inhibitory effects

Lignin causes a negative High power
effect in the subsequent consumption
enzymatic hydrolysis _

High water
Hemicellulose recovery consumption
No use of catalyst or
chemicals
Hemicellulose hydrolysis
No particle size reduction is
desired
Low inhibitors formation
High efficiency in lignin Much less

removal effective for

. . - softwoods
Mild operation conditions
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Method

Effects

Advantages

Disadvantages

SPORL

(Noparat et al.,
2017)

Ozonolysis

(Travaini et al.,
2016)

Biological

(Chandel,
Gongalves, Strap,
& Da Silva, 2015)

Lignin removal

Delignification

Low formation of inhibitors

Effective in soft and hard
woods

Energy efficient

Lignin degradation is
efficient
No toxic compounds are

generated

Mild reaction conditions

Low energy consumption
Mild reaction conditions

No catalyst or chemicals are
added

No toxic compounds are

generated

Requirements for
high operating

pressures.

Ammonia cost
and its
environmental

implications

Pretreatment is
preceded by size

reduction

Large amounts of
ozone are

necessary

Long
pretreatment
times several

weeks

Low hydrolysis

rates

Need for large

sterile areas
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Method

Effects

Advantages

Disadvantages

Eutectic solvents

(Z. Zhang et al.,
2016)

Steam explosion

(Pielhop et al.,
2016)

Supercritical
fluids

(Daza Serna et al.,
2016)

Lignin removal

Lignin removal

Reduction of
particle size

Reduction of
cellulose

crystallinity

Lignin removal

Selective degradation of

lignin and hemicelluloses

Green, biodegradable and
biocompatible solvents are
used

Low capital investment

Moderated energy
requirements

Low environmental impact
High sugar recoveries

Lignin transformation and

hemicellulose solubilizacion

Accessibility to Surface area

No toxic compounds are
generated

Green solvents are used

No sugars degradation

Low stability at
high

temperatures

It is less effective

for softwoods

Partial
degradation of

Hemicellulose

Generation of
inhibitor

compounds

Incomplete
deconstruction of
the lignin /
carbohydrate

matrix
Costly process

High pressure

requirements
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Method Effects Advantages Disadvantages
Mechanocatalysis | Reduction of High Surface area High energy
_ cellulose _ consumption

(Rechulski et al., o No toxic compounds are

crystallinity
2015) generated

Chemical

No use of solvents
bonds
activation Minimal use of acids

No sugars degradation

Hydrolysis is included
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3 Comparative analysis of selected
lighocellulosic biomass pretreatment
methods

To do a comparative analysis of the different LB pretreatment methods, the same scales
(lab, pilot, industrial) must be used since parameters involved in each pretreatment are very
sensible as scale differences. As mechanocatalysis only has been evaluated at a kilogram
scale, the other methods were evaluated at this scale. Three methods were selected to
perform the comparative analysis: (1) AFEX, because it is a method that has already been
industrially implemented and has been commercialized in the production of pellets for cattle
feed (Balan et al., 2012; da Silva et al., 2016; Patent No. WO 2007/130337 Al, 2007;
Michigan State University, 2017; Raj & Krishnan, 2019). (2) Steam explosion (SE), because
several global companies are developing it to produce cellulosic ethanol and at least six
semi-industrialized plants already exist (Lynd et al., 2017). SE is simple in terms of raw
materials, and equipment requirements (Eijsink, 2011; Liu & Chen, 2016; Pielhop et al.,
2016). (3) Reactive extrusion (RE) because its similarity to mechanocatalysis in terms of
straightforwardness, it is used as a LB conditioning operation and because its process
configuration simplicity (Karunanithy & Muthukumarappan, 2011; Karuppuchamy, 2009;
Muthukumarappan, 2016; S. Zhang, Keshwani, Xu, & Hanna, 2012; Zheng & Rehmann,
2014b).

Mechanocatalysis was compared to these methods to evaluate advantages and
disadvantages of its implementation, and to evaluate feasibility and effectiveness of rice
husk pretreatment in Colombia (see chapter 4). These methods were selected because the

literature review of Chapter 0 suggested they are the most scalable techniques; their
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operations have, to some extent, already been implemented in industrial plants, which
provides opportunity for technology assessment; and their infrastructure is already
designed or do not imply high risks or high economic uncertainties. Likewise, their features
are a good representation of the main pretreatment drawbacks such as generation of
inhibitory products, high-energy demand, overdegradation of LB components, and high
costs. It should be pointed out that it is generally accepted that there is no pretreatment

method that fulfills all requirements for all different types of lignocellulosic biomass.

Common steps required to adequate biomass before going into pretreatment were not
evaluated. Those steps include, harvesting, transportation, size reduction, moisture
adjusting, biomass bed density adjusting, etc. Only pretreatment steps after conditioning,
required to render the LB substrate prone to hydrolysis and saccharification, were taken

into account.

Pretreatment strategies were evaluated using indicators to select the most appropriate
route and to identify opportunities and similarities. These indicators were: (1) economic (in
terms of benefit and energy consumption, it should be noted that capital investment
indicators were not considered, as CAPEX is beyond the scope of this work.; (2) chemical
safety (in terms of the chemicals used in each pretreatment); (3) process safety (in terms
of operation conditions, temperature and pressure); environment and human health. A
preliminary evaluation was also carried out assessing severity factor in order to consider

the overdegradation of the different methods.

It is important to mention that since most published studies on these pretreatment
processes were conducted in different laboratories around the world without coordination,
it is very difficult to carry out in-depth comparisons. To ensure that the comparison
presented in this chapter is as objective as possible, the following criteria were used in

choosing the studies:

1. The completeness of the data reported to calculate mass and energy balances.

2. The recency of the study to represent the most updated technology.
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3. The results of the study to represent or at least to be close to the best performance
of each process.

4. The source of the data. Only studies from well-recognized research groups around
the world were included to increase the chance that the data are accurate and

represent the best results available.

3.1 Description of the selected pretreatment methods

Selecting the most adequate strategy for LB pretreatment is a complex and crucial task. In
this regard, a methodology of quantifiable criteria that are transformed into indicators, which
in turn, generate information and facilitate making decisions about a chemical process has
been proposed in the literature (Narvaez, 2014) and was used in the following section. The

indicators fall into four categories: economics, safety, health, and environment.

To define/calculate each indicator, a description of each of the four pretreatment methods
to be evaluated is presented in the following sections.

3.1.1 Lignocellulosic biomass processing by Ammonia Fiber
Expansion AFEX

AFEX process is well described in Patent No. WO 2007/130337 Al, 2007 where an
optimal configuration for treating lignocellulosic biomass was described (Figure 3-1). Bruce
Dale, professor of chemical engineering and materials science at Michigan State University
MSU, patented the method. As described in chapter 2, once biomass is AFEX pretreated,
sugars are easily accessible (Figure 3-2) and afterwards it can be pelletized increasing bulk

density, with a positive effect on transportation economics and downstream processes.
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Figure 3-1: Simplified AFEX pretreatment process. Adapted from (Patent No. WO
2007/130337 Al, 2007).

In AFEX pretreatment, biomass is reacted with a heated aqueous ammonium hydroxide
solution having a concentration greater than 30% by weight ammonia. AFEX reactor
operates at temperatures between 50°C and 120°C or above, at pressures between 4 and
50 atm (Balan et al., 2012; Patent No. WO 2007/130337 Al, 2007; Michigan State
University, 2017).

Figure 3-2:  Sugar yield for treated and untreated biomass. (Michigan State University,
2017).
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Untreated biomass AFEX treated biomass
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Pretreatment description:

Once biomass is fed into the reactor, a pre-steaming session occurs to preheat the biomass
and displace the air present. Then, liquid ammonia is fed into the reactor until the target
pressure is reached to perform a soaking step during approximately 30 minutes. Then, the
slurry is conducted into a stripping column where steam under pressure is fed to recover
ammonia. The recovered ammonia is cooled down and mixed with water to adjust the
mixture to AFEX recycle requirements. On the bottom of the column, a biomass slurry is

obtained ready to further processing.
Operation conditions for comparative analysis:

Table 3-1 presents the pretreatment conditions used in AFEX pretreatment; those
conditions were used to perform the comparative analysis. It should be highlighted that in
terms of process configuration, AFEX requires high-pressure equipment and anticorrosive

materials for its implementation, having a strong safety component.

Table 3-1: AFEX pretreatment operation conditions (Patent No. WO 2007/130337 Al,
2007)

AFEX reactor

Temperature 90°C
Pressure 21 atm
Biomass: Ammonia: Water ratio 1:0.3:0.5

Stripping column

Steam Temperature 150 °C
Steam Pressure 4 atm
Top of the column temperature 68 °C
Bottom of the column temperature 146 °C
Coolers
Vapor fraction outlet cooler 1 0.5
Vapor fraction outlet cooler 2 0
Mixer
Water temperature 25°C

Water pressure 3 atm
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To compare AFEX pretreatment to other LB pretreatment a control volume was defined as
shown in the blue zone of Figure 3-1.

An approximated energy consumption in AFEX pretreatment is presented in terms of the
heating value of the biomass to be pretreated (Patent No. WO 2007/130337 Al, 2007). As
rice husk has a net calorific value (LHV) of 14.99 MJ/kg dry ash free (daf), then energy
consumption in AFEX pretreatment of rice husk would be approximately 0.1649 kWh/kg
(Table 3-2).

Table 3-2: Energy required for AFEX processing of rice husk.

Energy flow (% feedstock LHV) MJ/Kg kWh/kg

Steam to NHs column 3.82% 0.57 0.1591
Power to chilled water unit 0.14% 0.02 0.0058
Total energy required per feedstock kilogram 0.59 0.1649

3.1.2 Lignocellulosic biomass processing by steam explosion

Steam explosion was first introduced and patented by William H. Mason (Patent No. US
157609, 1926) who proposed the method as an efficient process to defibrate wood into
fibers. It was later expanded to other kind of LBs. In this method, a LB feedstock having the
right particle size is processed in a hydrothermal vessel (Patent No. US 2005/0173824 A1,
2005). Likewise to AFEX pretreatment, the crude material that is going to be treated with
steam, needs a prior moisture content adjusting (between 11 to 25%), and then the material

must be packed into the pressure vessel at a pressure around 65 bar for up to 20 minutes.

Pretreatment description:
In a steam explosion process, LB is dumped into a feed hopper, which operates
continuously, size reduction must be carried out at this time. Moisture can be adjusted by

a pug mill miller. Then, the feedstock is screw conveyed to a plug feeder and forced into
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the pretreatment reactor where saturated steam is fed to achieve the desired temperature.
The reactor operates at temperatures between 150°C-200°C and residence times between
3-20 min. After steam explosion occurs, pressure is suddenly released and the LB material
is conducted into the flash tank, a conical screw mixer where the solid fraction is collected
and sent to downstream processes. The remaining water is sent into a condenser to be

recovered and conducted back to the SE reactor.

Operation conditions for comparative analysis:

Table 3-3: Steam explosion pretreatment conditions (Eijsink, 2011).

Steam explosion reactor

Temperature 200°C
Pressure 33 atm
Biomass: Steam: Water ratio 1:0.29:0.2

It should be noted that steam pretreatment is an energy intensive process. However, that
energy requirement can be partially compensated or reduced from enhancing the quality of
biomass in prior steps. Furthermore, most of published literatures on techno-economic and
energetic analysis for steam explosion biomass do not consider steam pretreatments
(which adds extra costs to evaluations). Then, for comparison purposes, steam
pretreatments and upstream processes were not addressed in this work and a control
volume was defined as shown in the blue zone of Figure 3-3 and energy requirements are

presented in Table 3-4.

Table 3-4: Energy required for SE processing of rice husk (Tumuluru, 2018).

Energy flow MJ/Kg kWh/kg
Steam to “steam explosion reactor” 0.79

0.2194
Power to chilled water unit 0.1

0.0278
Total energy required per feedstock kilogram 0.89

0.2472



Comparative analysis of selected lignocellulosic biomass pretreatment 79
methods

Water Tank @

Cooler 1
Crude biomass

Biomass storage

Vent streams

SE reactor

Cooler 2

Plug feeder
Shipping

Flash tank

Low Pressure Steam
Pretreated slurry

High Pressure Steam

Figure 3-3:  Simplified steam explosion pretreatment process.(Eijsink, 2011; Pielhop et
al., 2016)

3.1.3 LB processing by Alkaline extrusion with NaOH

Simple extrusion is a continuous process with a high throughput, high shear, rapid mixing,
short residence time, moderate barrel temperature, high temperature control, effective heat
and mass transfer, easy scale up, and adaptability to process maodifications (W. Chen, Xu,
Hwang, & Wang, 2011; Duque et al., 2017; Zheng & Rehmann, 2014a). Further, it has a
high solid loading (50-80%), no solid loss, no effluent (and thus no effluent disposal cost)
and no requirements for significant safety issues. If chemicals use is imperative, less
chemical loading is required because of effective kneading and mixing of chemical(s) with

feedstock, which results in very low residual effluents.

It has been demonstrated that alkali pre-soaked feedstocks, when extruded, increase sugar
recovery to 95%. For instance (S. Zhang et al., 2012) compared simple extrusion with alkali-

extrusion of corn stover (cellulose 28% , hemicellulose 29,10%, lignin 10,40% and LHV of
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17,13 MJ/kg (daf)) and found that alkali-extrusion had better glucose (87%) and xylose

(51%) than that of extrusion alone (49% glucose and 25% xylose).

Pretreatment description:

This kind of pretreatment can be carried out in different ways. Here, a patented invention is
described (Patent No. US005705216A, 1998). In this invention, LB is first soaked in an
aqueous alkaline solution and then fed into the extruder. The limitation is that
lignocelluloses having more than 20% wt. of lignin are not applicable to this method. Since
rice husk has an average lignin content of 14.30% wt. this method could be limitedly applied
to rice husk. Operation conditions used for comparative analysis are presented in Table
3-5.

Operation conditions for comparative analysis:

Table 3-5: Reactive extrusion pretreatment conditions (Duque et al., 2017).

Extrusion reactor

Temperature 100°C
Pressure 30 atm
Biomass: Sodium hydroxide: Water ratio 1:0.75:0.25

One of the disadvantages of this method is the large quantities of energy consumed per kg
of pretreated biomass. This energy consumption in RE can be evaluated by specific
mechanical energy (SME). Reactive extrusion SMEs of 0.067-0,150 kWh/kg have been
reported and related to an increase in moisture content, i.e., the higher the moisture the
higher the energy consumption. Moreover, rice straw pretreatment in a twin-screw extrusion
with acid had a SME in the range of 0.08-0.496 kWh/kg.

To compare reactive extrusion pretreatment to the other LB pretreatment a control volume
was defined as shown in the blue zone of Figure 3-4 and energy requirements for kg scale

are presented in Table 3-6.
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Figure 3-4: Simplified reactive extrusion pretreatment process.

Table 3-6: Energy required for RE processing of one lignocellulosic biomass similar in
features to rice husk (Duque, Manzanares, Gonz, & Ballesteros, 2018; Vandenbossche et
al., 2016).

Energy flow MJ/Kg | kWh/Kg
Extruder energy input 0.54 0.15
Total energy required per feedstock kilogram 0.54 0.15

3.1.4 Lignocellulosic biomass pretreatment by Mechanocatalysis

Pretreatment description:
In mechanocatalytic processing, biomass is acid-impregnated at room temperature by
soaking, and then ball milled for around four hours (Table 3-7). This results in the

conversion of the biomass to 90% water-soluble oligomers of xylose, glucose, and the
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anhydrosugar levoglucosan (Rechulski et al., 2015; Schith et al., 2014). Milling is carried
out through an internal rotor, which transfers momentum to the grinding balls, launching
them against each other and vessel walls. Therefore, through a high number of collisions,
a substrate is simultaneously subjected to impact, shear, and friction forces (Kaupp, 2011).
Because part of the mechanical energy dissipates as heat, the milling vessel must be lined

with a cooling jacket to prevent the substrate from overheating (Rechulski et al., 2015).

Furthermore, cycles of cooling (at low speed) and milling (at high speed) can be alternated,
allowing to some extent for control of the temperature inside of the milling vessel. The
temperature within the mill is governed not only by a number of different controllable
parameters (e.g., rotation speed, nature of the substrate, milling duration, etc.) but also by
parameters that cannot be fully controlled, such as coating of the inner vessel wall with
caked substrate, which influences heat transfer. (Rechulski et al., 2015).

Table 3-7: Mechanocatalysis pretreatment conditions (Rechulski et al., 2015).

Mechanocatalysis reactor

Temperature 32°C
Pressure 1 atm
Biomass: sulfuric acid: 1:0.0784

To compare mechanocatalysis pretreatment to the other LB pretreatment a control volume
was defined as shown in the blue zone of Figure 3-5 and its energy requirements are
presented in Table 3-9. In order to evaluate energy consumption, (Rechulski et al., 2015)
analyzed two parameters for the mechanocatalytic process on different scales, the first

parameter R- value defined in

Egn 3-1 and the second parameter known as specific energy consumption (SEC) defined
in Egn 3-2.

Egn 3-1
electrical energy consumption kWh

R = =
energy content of the substrate — milling time =] kWh
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Eqn 3-2

electrical energy consumption kWh
SEC = [=]
substrate load t

Regarding the parameter R, the use of planetary mill for the mechanocatalytic
depolymerization results in a value around 40 (Pulverisette P7, 1g of substrate per vessel,
two vessels milled simultaneously (Meine, Rinaldi, & Schiith, 2012; Rechulski et al., 2015)).
It indicates that the energy demand for the process is 40 times higher than the energy
content of the substrate. Conversely, Simoloyer mills show more favorable energy
balances. In an experiment with a-cellulose (Rechulski et al., 2015), the corresponding R
value is 0.8, showing that energy demand for the mechanocatalytic depolymerization is
lower than the energy content of a-cellulose. Nonetheless, the processing of lignocellulose
on a kilogram scale leads to R values around 0.8 and 2.5 (Rechulski et al., 2015) which is
in accordance to the additional fractions of hemicellulose and lignin contained in the
lignocellulosic substrate. Hence, the type of substrate exerts an effect on the R parameter.

This effect seems to be more significant on large scales (Rechulski et al., 2015).

SEC values found for the Simoloyer mills are in the range of 3.4-21 MWh-t-1 (Rechulski
et al., 2015),which is 1-2 orders of magnitude higher than the values reported for an
efficient mill for size reduction (Esteban & Carrasco, 2006). Extrapolation of the results from
Rechulski and colleagues to a batch size of 100 kg indicates R and SEC values of 0.08 and
376 kWh-t-1, respectively. Remarkably, these values are on the same order of magnitude
as those values found for knife or hammer mills used for the comminution of lignocellulose
(Rechulski et al., 2015).

Table 3-8: Extrapolation of the experimental results to different batch sizes calculated

with information available in (Rechulski et al., 2015).

Batch size (kg) R SEC(KWh/ton) SEC(kWh/kQ) MJ/kg
0.00001 954.62  4316379.63 4316.38 15538.97
0.001 65.14 | 298620.51 298.62 1075.03
0.01 17.02 | 78545.20 78.55 282.76

0.1 4.44 20659.49 20.66 74.37
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1 1.16 5434.00 5.43 19.56
10 0.30 1429.29 1.43 5.15
100 0.08 375.94 0.38 1.35

Figure 3-5: Simplified mechanocatalysis pretreatment process (Calvaruso et al., 2017,
Groote et al., 2013; Jin, Kaldstrom, Benavides, Rechulski, & Jarboe, 2020; Rechulski et al.,
2015).
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Table 3-9: Energy required for Mechanocatalysis processing of LB (Rechulski et al.,
2015)

Energy flow MJ/Kg | kWh/kg
Ball miller energy input (excluding energy associated to cooling cycles 19.56 5.434
(Rechulski et al., 2015))

Total energy required per feedstock kilogram 19.56 5.434

As shown in Table 3-9, energy consumption in mechanocatalysis at kilogram scale is very

high in comparison with energy consumption for the rest of pretreatments. However, when
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this energy consumption was evaluated, only the experiments leading to a yield of WSP of
90% or higher were considered (Rechulski et al., 2015). It is important to mention that none
of the other pretreatments yields WSP of 90%, they yield insoluble products that need to
be hydrolyzed, which implies further energy consumption. For mechanocatalysis, there is
no data of energy consumption at lower yields, and then the energy consumption is being
overestimated when compared to the other methods. Indeed, extrapolated data indicate
that scaling from kg to ton scale reduce the energy consumption to approximately 0,099
kWh/kg, which switch the method to be comparable to the existent technologies (Rechulski
et al., 2015).

3.2 Economic indicators

Economic indicators are material value added (MVA) and energy cost (EC). MVA and EC
units are monetary in a determined period of time (USD/h). Thus, the higher the MVA value

and the lower the EC, the more attractive the pretreatment is.

To use these indicators, an interest product needs to be defined; in this case, the product
was taken as a “pretreated rice husk” as if the pretreated biomass were the product to
commercialize, other streams were considered as non-product streams, (although in 3.3.1
the possible use of lignin as a separate product is briefly discussed). Crude rice husk
purchase prices are variable as they depend directly on the fluctuation on rice prices.
Table 3-10 shows the Colombian rice husk purchase prices, some of them represent the
net present value. The lower price corresponds to a price of a product directly delivered in
the mill, the higher prices are likely to include transportation costs and a husk more
processed in terms of moisture content and other quality parameters. For comparison
purposes, an average price was selected from the ranges presented in

Table 3-10, this price was 166COP/kg, approximately 0,045 USD/kg. The cost for a
pretreated rice husk was then calculated taking into account a production of ethanol fuel
with a minimum selling price of 2,23 USD/gal (Ming-Hsun Cheng, 2019) . In an overall mass
balance carried out by (Sreekumar, Shastri, Wadekar, Patil, & Lali, 2019) each kg of

ethanol needed 4kg of biomass (rice straw) for being produced; this ratio was used to
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calculate an approximate price of pretreated rice husk considering that pretreatment
represents at least 30% (Ming-Hsun Cheng, 2019) of the ethanol selling price. Finally, the
price for pretreated rice husk was set in 0,634 USD/ kg pretreated rice husk (

Table 3-11). It should be noted that a husk that underwent into a tostion process (a less
demanding process) could be purchased in a value of 360COP/kg or 0.0967 USD/kQ).

It needs to be remarked that after each pretreatment (AFEX, mechanocatalysis, steam
explosion, extrusion, etc.) the product obtained, pretreated rice husk, possess dissimilar
features when compared to the other pretreatments. Moreover, utilities and, in general,
operation costs are going to change with each pretreatment, also the fixed capital costs. As
above-mentioned, the advantage of mechanocatalysis is that it has a high percentage of
soluble products in water that justify and, to some extent, compensate the high energy
consumption. Moreover, saccharification is not necessary in this case (mechanocatalysis),
the other methods generate an insoluble product with low solids load which implies a
mandatory step of hydrolysis and subsequent additional purification steps increasing fixed
as well as operational costs. Furthermore, the other methods produce a highly crosslinked
lignin, which avoids its further exploitation.

Table 3-10: Purchase prices of Colombian crude rice husk (different sources).

Feedstock Price Price Price Reference
(2013) (2015) (2020)
Feedstock (crude rice husk) (USD/kg) 0,005 0,0055 (Vanessa
& Serna,
2015)
Feedstock (crude rice husk) (COP/kg) | 56-215 74,5-286 (Castro &
Sanchez,
2013)
Feedstock (crude rice husk) (USD/kg) 0,02-0,076 | (Castro &
Sanchez,
2013)
Feedstock (crude rice husk) (USD/kg) 0,075 Local price

Table 3-11 presents the prices selected in order to run the evaluation. Moreover, Table

3-12 shows the residence times used for each pretreatment in the evaluation it is important
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to mention that the mass balance for AFEX pretreatment considers a high ammonia recycle
ratio where 99% of the ammonia is recovered and reused, which reduces operational costs.
Considering that mechanocatalysis renders a product with variable WSP from that obtained
with other methods, and in order to make a rather fair comparison with the other
pretreatment methods, the residence time for mechanocatalysis was selected as being the
time required to obtain at least 30% of water soluble products. This value of 30% WSP was
defined considering the experiment carried out by (Rechulski et al., 2015). It was taken the
activation energy for the mechanocatalytic process as being 41.5 kJ/mol and the pre-
exponential factor A= 5*10°. Then assuming a zero order reaction for the generation rate
of WSP expressed in

Eqn 3-3 at a temperature of 305.15 K it is possible to obtain a rate of 0.39% WSP/min it
means that in order to obtain 30% of WSP approximately 77 min (1.3 hr.) of

mechanocatalytic processing are necessary Table 3-12.

Eqn 3-3

WSP (_E_a)
rate(% - )=A*exp RT
min

Table 3-11:  Purchase prices of raw materials and feedstocks for all pretreatments.

Feedstock Price (USD/Kg) | Link
dic 2019
Electricity (USD/kKWh) 0,066 | https://www.eia.gov/electricity/data.php#sales
Electricity (USD/kwWh) 0,168 | Colombian price (industrial sector)
https://www.enel.com.co/es/personas/tarifas-energia-enel-codensa.html
Steam (USD/MT) 3,130 | https://www.energy.gov/sites/prod/files/2014/05/f16/steam15 benchmark.pdf
Steam (USD/kg) 0,003
High Pressure steam 20,850 | https://www.energy.gov/sites/prod/files/2014/05/f16/steam15 benchmark.pdf
(USD/MT)
High Pressure steam 0,021
(USD/kg)
Feedstock (crude rice 0,045 | Estimated value
husk) (USD/kg)
Sulfuric acid (usd/Kg) 0,042 | https://www.echemi.com/productsinformation/pid Rock19440-sulfuric-
acid.html
Ammonia (USD/Kg) 0,435 | https://www.echemi.com/productsinformation/pid Rock19411-ammonia.html

Water (USD/Kg) 0,001 | www.emsersopo.com
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https://www.energy.gov/sites/prod/files/2014/05/f16/steam15_benchmark.pdf
https://www.echemi.com/productsInformation/pid_Rock19440-sulfuric-acid.html
https://www.echemi.com/productsInformation/pid_Rock19440-sulfuric-acid.html
https://www.echemi.com/productsInformation/pid_Rock19411-ammonia.html
http://www.emsersopo.com/
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Feedstock Price (USD/Kg) | Link
dic 2019
Sodium hydroxide 0,490 | https://www.echemi.com/productsinformation/pd20150901041-caustic-soda-
(USD/ kg) pearls.html
Price pretreated 0,634 | Estimated value

biomas (USD/Kg)

Table 3-12: Residence time and biomass flow for Mechanocatalysis (Me), AFEX, Steam

explosion (SE), reactive extrusion (RE).

Method Residence time (h) Biomass (kg/h)

Me 1,3 0,769
AFEX 0,5 2,000
SE 0,3 3,000
RE 0,2 6,000

Table 3-13: Chemicals flow for Mechanocatalysis (Me), AFEX, Steam explosion (SE),

reactive extrusion (RE).

Method Chemical Chemical flow Chemical ratio (Kg
(kg/h) Chemical/kg Biomass)
Me Sulphuric acid 0,060 0,0784
AFEX Ammonia 0,006 0,3
Water 1,000 0,5
SE Steam 0,87 0,29
Water 0,6 0,2
RE Sodium hydroxide 2,25 0,75
Water 15 0,25

MVA refers to the difference between the price of the products that can be sell and the price

of feedstocks. Every pretreatment alternative is calculated using Eqn 3-4.

Eqn 3-4:

v [

MVA,, = m,,| PP,, — CA,p ( PRggl>

Where rm is the raw material index and RM is the total number of raw materials involved in

the overall reaction equation, M(rm) are the molecular weights of raw materials, the (rm)
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are the stoichiometric coefficients from the reaction equation, the purchase price PR(rm) of
raw materials, CA is the allocation factor, which is defined in Eqn 3-5 as follows:
Eqgn 3-5:

|v0p|M

CA,y = — P
? S=1|v0p|M

The allocation factor represents the fraction of raw materials that is transformed into the
product p. In this case there is one only product (pretreated rice husk) and therefore CA
has a value of 1.

Eqgn 3-4 was used taking into account that each pretreatment involves various mechanisms
that are difficult to express as a chemical reaction. Normalized value is referred to the selling
price of the product per period of time unit and therefore is non-dimensional. As can be
seen in Figure 3-6, mechanocatalysis, AFEX and steam explosion have a MVA comparable
while AFEX and reactive extrusion have the lowest value, it is mostly because the amount
of catalyst required to obtain the defibrillation of biomass and chemical prices in extrusion
are higher compared to mechanocatalysis and steam explosion.

Table 3-14: Normalized MVA, Mechanocatalysis (Me), Ammonia fibre expansion
(AFEX), Steam explosion (SE), Reactive extrusion (RE).

METHOD MVA(USD/h) Normalized MVA

Me 0,440 0,903
AFEX 1,265 0,997
SE 1,883 0,989

RE 2,701 0,710
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Figure 3-6: Normalized MVA, Mechanocatalysis (Me), Ammonia fibre expansion
(AFEX), Steam explosion (SE), Reactive extrusion (RE).

Cost of energy generated or consumed during pretreatment

This indicator does not include the energy required for operations of separation or
purification, the ones requiring considerable energy inputs in a process (Narvaez, 2014). In
order to calculate the indicator, the price of energy in monetary units per unit energy is
required. This price depends on the energy source for the process; prices of energy will
vary on the country and the availability of reserves, then the higher the energy price the
less attractive the pretreatment will be. The more used fuels in the industrial sector in
Colombia to generate energy are natural gas, crude oil or coal. The normalized cost of

energy is calculated by referring it to the MVA (Egn 3-6).

Eqgn 3-6:
EC EC
- MvA
In this case, natural gas was selected. The results for the cost of energy and its normalized
value are presented in Figure 3-7. The results exhibit how energy demanding is

mechanocatalysis when compared to the other three methods.
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Table 3-15: Normalized energy cost Mechanocatalysis (Me), Ammonia fibre expansion
(AFEX), Steam explosion (SE), Reactive extrusion (RE).

METHOD Energy required Energy cost EC Normalized EC
(kWh/kg (USD/h)
feedstock)
Me
5.434 0.7022 1.5947
AFEX
0.165 0.0033 0.0026
SE
0.247 0.0167 0.0089
RE 0.150 0.1512 0.0560

Normalized EC

2,0000

1,0000

— A r__4

0,0000
Me AFEX SE RE

® Normalized EC

Figure 3-7:  Normalized energy cost Mechanocatalysis (Me), Ammonia fibre expansion
(AFEX), Steam explosion (SE), Reactive extrusion (RE).

As it can be seen in Figure 3-7, mechanocatalysis is not attractive in terms of the energy
required to perform the pretreatment and the monetary income that could potentially be
generated by its implementation. Moreover, likewise extrusion, the energy consumption
requirements in mechanocatalysis would need to be fulfilled with electrical energy that

compared to thermal energy is more expensive.

Finally, when the total value added is calculated as TVA = VA — EC , steam explosion is the
best strategy in economic terms. Figure 3-8. A negative value for mechanocatalysis, even

when the price selected for pretreated rice husk is high while the price of crude rice husk is
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low, is mostly because the method is energy consuming and electrical energy in Colombia
has a high price when compared to the prices in countries like US (see
Table 3-11). If the price of electrical energy were simillar to that in US, mechanocatalysis

could achieve a possitive value added Figure 3-9.

Table 3-16: Normalized Total Value Added. Mechanocatalysis (Me), Ammonia fibre

expansion (AFEX), Steam explosion (SE), Reactive extrusion (RE).

METHOD Total VA

Me -0.692

AFEX 0.995

SE 0.981

RE 0.654
Total VA

m Total VA

1,000
- AFEX SE RE

-0,500
-1,000

Figure 3-8: Normalized Total Value Added. Mechanocatalysis (Me), Ammonia fibre

expansion (AFEX), Steam explosion (SE), Reactive extrusion (RE).
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Figure 3-9: Normalized Total Value Added. Mechanocatalysis (Me), Ammonia fibre
expansion (AFEX), Steam explosion (SE), Reactive extrusion (RE). Electricity price 0.07
USD/ kWh.

So far, the pretreatment techniques have been described without taking in depth the fact
that sugar yield should be in some way correlated to the energy consumption of
pretreatment since the ultimate goal of all biofuel technologies is net energy production
simply because the whole idea of biofuel is about net energy output.

Therefore, technical performance of any pretreatment technology needs to be evaluated
based not only on total fermentable sugar production, but also on energy consumed for unit
sugar production and its scalability for commercial production (Zhu & Pan, 2010).
Pretreatment-process energy efficiency is defined as the total sugar yield divided by energy
consumption in pretreatment as below:

Eqn 3-7

sugar) _ Total monomeric sugar yield(kg)

k =
7IPRETREATMENT ( g kWh Total energy consumption (kWh)

From the discussion in section 3.1, steam explosion, AFEX and extrusion represent the
most promising technologies for lignocellulosic biomass conversion. To provide
comparative information about the performance of these technologies, total sugar recovery
as well as pretreatment energy consumption of these four processes including
mechanocatalysis was compared based on studies in the literature (Barakat et al., 2014;
Calvaruso et al., 2017; Garlock et al., 2011; Lau, Gunawan, & Dale, 2009; Mathew, Chaney,
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Crook, & Humphries, 2011; Meine et al., 2012; Schith et al., 2014; Wyman et al., 2009).
Table 3-17 revels a more fair comparison of the methods based on their yields after
hydrolysis and their energy consumption, even though mechanocatalysis has a high yield
of soluble products its energy consumption ends in a very low pretreatment efficiency. It is
important to mention that even when steam explosion resulted being the most attractive
technique due to its total score in section 3.2, when sugars yield and energy consumption
of pretreatment are taken into account the method ends being the second less attractive

and reactive extrusion the more attractive one.

Table 3-17:  Pretreatment efficiency comparison. Mechanocatalysis (Me), Steam

explosion (SE), reactive extrusion (RE) and ammonia fiber expansion (AFEX).

Measure Unit Me SE RE AFEX

Total energy consumption kWh/kg 5.434 0.240 0.150 0.165

Pretreatment soluble sugar yield kg/kg 0.900 0.211 0.332 0.385
feedstock

Enzymatic hydrolysis or kg/kg - 0.346 0.440 0.276

hydrolysis glucose yield feedstock

Total monomeric sugar yield kg/kg 0.900 0.557 0.772 0.661
feedstock

Pretreatment efficiency kg/kWh 0.166 2.321 5.145 4.008

3.2.1 Safety, health and environment SHE

Safety, Health and Environment (SHE) is a term that refers to laws, rules, guidance and
processes designed to protect people and environment from harm. SHE management has
two general objectives: prevention of incidents or accidents that might result from abnormal
operating conditions and reduction of adverse effects that result from normal operating

conditions.

Safety indicators

These indicators are related to the chemical nature of the involved compounds in each
pretreatment, explosivity, reactivity and flammability (chemical security) and those linked to
pretreatment conditions: temperature, pressure and yield (process security); in this case it

is assumed that pretreatment methods would have comparable yields, and therefore only
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pressure and temperature were scored. Data used to calculate safety indicators is
presented in Table 3-18 and

Table 3-19.

Table 3-18: Data used to calculate safety indicators.

Method Mechanocatalysis AFEX Steam Extrusion
explosion

Property Sulfuric acid Ammonia Water Sodium
hydroxide

UEL (% volume) 0 25% 0 0

LEL (% volume) 0 16% 0 0

Reactivity 2 0 0 1

Flammability 0 1 0 0

Table 3-19: Operation conditions for Mechanocatalysis, AFEX, Steam explosion,

Extrusion.
Operation condition Mechanocatalysis | AFEX Steam Extrusion
explosion
Temperature (3C) 32 90 200 100
Pressure (atm) 1 21 4 30

The equations used to calculate safety indicators are presented below (
Eqgn 3-8, Eqn 3-9, Eqn 3-10):

Eqgn 3-8:

7: LL:=1IC

100C

Where | is the value for the indicator (explosivity, reactivity, and toxicity), c is the index for

each compound, and C is the number of compounds to be considered in the pretreatment.

Process safety indicator:
Eqn 3-9:

T=1-eTbT>25°Ca=0.005b=0.125
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Where T is temperature in °C.
Eqgn 3-10:

P=1—-¢e*"»1D p>1a=0.03

Where P is pressure in atm.

Chemical Safety
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Figure 3-10: Chemical safety indicator. Mechanocatalysis (Me), Ammonia fibre
expansion (AFEX), Steam explosion (SE), Reactive extrusion (RE).
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Figure 3-11: Process safety indicator. Mechanocatalysis (Me), Ammonia fibre expansion
(AFEX), Steam explosion (SE), Reactive extrusion (RE).

The results obtained for process and chemical safety considerations remark the strong

safety component that possess steam explosion as the less attractive method. It is because
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steam explosion pretreatment occurs under high pressure and temperature even when the
chemical involved is indeed water. Mechanocatalysis obtained a high chemical safety score
due to fact that the chemical used is sulfuric acid, it should be noted and considered that
this chemical is used under catalytic proportions and that mechanocatalysis has the lower
score related to process safety due to the mild conditions associated to the pretreatment

Environment and Human Health indicators

Environment indicators include Global Warming Potential (GWP), Ozone Depletion
Potential (ODP), Photo Chemical Oxidation Potential (PCOP) and Acidification Potential.
Health indicators are quantified in Human Toxicity Potential by Ingestion (HTPI) and Human
Toxicity Potential by Exposure (HTPE). These indicators were designed by the
Environmental Protection Agency of the United States (US EPA) by WARGUI software. It
should be highlighted that rice husk as fuel has some environmental advantages over other
fuels like coal and oil. Table 3-20 shows the environmental impact potentials comparison
between a rice husk power plant and the average value of conventional power plants. As it
can be seen potentials like Global Warming, and Acidification are far less in rice husk than
in the other fuels presented which represents an available solution to solve energy barriers
(see Figure 3-12 and Figure 3-13).

Table 3-20: Environmental impact potentials comparison. * Combined value of 76.42%

natural gas, 23.56% coal and 0.02% oil. n.a. Not available

Impact category Rice husk | Coal Oil Natural | Combined*
gas

Global warming (kg CO2 eq/ MWh | 17.16 1,269.91 | 813.15 | 569.27 | 734.37

Acidification (kg SO2eq/ MWh) 1.06 6.86 3.28 0.95 2.34

Photo-oxidant formation (kg CoHa- | 0.34 0.008 0.011 0.008 0.08

eq/MWh)

Nutrient enrichment (kg N-eq- | 0.39 1.75 0.86 0.41 0.73

/IMWh)

Solid waste (kg ash/MWh) 9.81 n.a n.a n.a n.a
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Figure 3-12: Global warming potential expressed in kg CO, eq/ MWh.
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Figure 3-13: Acidification Potential expressed as kg SO, eq/ MWh

The equations used to calculate environment and human health indicators are described in
Egn 3-11 and Eqgn 3-12. The properties that allow calculating these indicators are presented
in Table 3-21.
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Environment indicators
Eqgn 3-11:
cC'=1 Pc
(P +20)C
Where P refers to Potential (GWP, PCOP, etc.) and ¢ is the standard deviation of the data

P =

Table 3-21: Properties that allow calculating the indicators for the selection of the

pretreatment route.

Environment potential Units Sulfuric Ammonia Sodium
acid hydroxide

Rat oral LD50 mg/kg 2140 350 3550
OSHA TWA PEL mg/m3 1 35 2
Fathead Minnow LC50 mg/L 25 7 125
Acidification potential 0,65 1,88 0
Renewable source 0 0 0
GWP 0 0 0
log Kow -2.2 -2.66 -3.88
Toxicity 3 3 3
NOEC (mg/L) mg/L 0,13 30 167

Human health

Eqgn 3-12:

Cc
B c=1Pc

(P +20)C
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Figure 3-14: Human health indicator. Mechanocatalysis (Me), Ammonia fibre expansion
(AFEX), Steam explosion (SE), Reactive extrusion (RE).

Total score is presented in Table 3-22 and calculated through Egn 3-13, it can be noted
that mechanocatalysis is a method that can be comparable to AFEX and extrusion and it
gives us an indication of how competitive the method could be if the energetic barrier is

overcome.

Eqgn 3-13

Total score = Z Indicators — TVA

Table 3-22: Total score. Mechanocatalysis (Me), Ammonia fibre expansion (AFEX),

Steam explosion (SE), Reactive extrusion (RE).

Indicator Me AFEX SE RE

Chemical safety 0.250 0.125 0.000 0.125
Process safety 0.034 0.729 0.669 0.894
Environment 4,284 4170 0.000 2.870
Human health 1.843 1.851 0.000 1.837
Total VA 0.238 0.995 0.985 0.687
Total score 6.173 5.880 -0.316 5.039

Figure 3-15 reflects the considerable weight of environment in the total final score. The
Renewable Source parameter was set at zero for all the chemicals involved in each

pretreatment, that is, all the chemicals and raw materials could be potentially obtained from
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renewable sources. Then the possibility to evaluate the environment indicator taking into
account the quantity of each material (mass fraction) involved in each route was reduced
and then only the potentials were calculated in base of

Eqgn 3-12. It explains why mechanocatalysis and AFEX have similar scores even when the

sulfuric acid used in mechanocatalysis is added in catalytic proportions.

Methods comparison

Chemical safety

5,000
4,000
3,000
Total VA 2,000 Process safety
1,000
Human health Environment
e=om=|\|e e=oms AFEX o==SE emem=RE

Figure 3-15: Methods comparison. Mechanocatalysis (Me), Ammonia fibre expansion
(AFEX), Steam explosion (SE), Reactive extrusion (RE).

According to the results, the most adequate pretreatment method for rice husk is steam
explosion. This pretreatment exhibits the best performance in the evaluated factors.
Mechanocatalysis has environmental and process safety advantages, which make
attractive its implementation. Even though AFEX and extrusion have the second and third
higher normalized added value factor respectively, process safety and environmental
aspects make them difficult to implement. The total score is the highest in AFEX after

mechanocatalysis, that is, the less attractive pretreatment route integrally.
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3.3 Severity factor

It is important to give a look on how ‘severe’ is each pretreatment when talking about the
reaction media and how would the expected results look like. Figure 3-16, shows a sketch
of pretreatment of lignocellulose as affected by temperature and final pH ((Pedersen &
Meyer, 2010)) in what is known as severity factor. In the figure, the gray ‘veil’ indicates
lignin sheath; orange and red tubes illustrate cellulosic fibrils and microfibrils, respectively;
black curved lines illustrate hemicellulose (xylan); the gray dots on the cellulose microfibrils

in the low pH region illustrate redeposited lignin.

In its commonly used form (Eqn 3-14), the severity factor was first proposed by Overend
and Chornet in 1987 as the “reaction ordinate” (Martfnez, Granado, Montané, Salvad, &
Farriol, 1995). The factor is a pseudo-first order reaction that combines the treatment
temperature (T) and residence time (t) in one value and provides an approximate indication
of the pretreatment conditions. Severity increases with temperature, residence time and
acid or base concentration. Low severity in most of the cases means a poor improvement
of enzymatic hydrolysis while high severity means formation of byproducts inhibitory for
fermentation. When the severity factor of the pretreatment process decreases, the sugar
yield after enzymatic hydrolysis also decreases and there arises a requirement for different
types of enzymes and their higher dosages to achieve maximum sugar yield from cellulose

and hemicellulose fractions of the pretreated LB.

To compare the hypothetical efficiencies of the selected four pretreatment strategies and
focus on the direct effect of the pretreatment itself, the severity factors Mo and Ro were
calculated (Egn 3-14 accounting for catalyst and Eqn 3-15 which neglects acid or base

presence in pretreatment).
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Figure 3-16: Available in (Pedersen & Meyer, 2010)

Eqn 3-14
" — T(t) — 100
o = LLTEXP\ ™14 75
Egn 3-15
R — poxy (T(D) =100
o = eXP\ ™94 75

Where t is the holding time of pretreatment in min, T (°C) is the treatment temperature as a
function of time, 100 is the reference temperature. The fitted value (14.75) is based on the
activation energy when assuming pseudo fist order kinetics (Martfnez et al., 1995).This
constant has been evaluated and in some cases optimized; however, 14.75 is often used
without any concern (S. Chen, Mowery, Chambliss, & Walsum, 2007). C is the
concentration of the chemical catalyst. The n-value is an arbitrary constant fitted to be 0.849
and 3.90 for sulfuric acid and sodium hydroxide, respectively. Eqn 3-14 does take into
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account that not all catalysts affect the biomass equally. When no catalyst is used in the

pretreatment, severity factor can be evaluated using Egn 3-15.

Another equation for the severity factor is introduced to take into account the effect of an
acid catalyst by adding the final proton concentration in the pretreatment; this factor is
known as Ro’ (Eqn 3-16).

Eqgn 3-16

Ro\ = Ro[H+]

Eqn 3-17

log(R,”) = Log(R,) + pH —7

The severity factor Ro has been often used to describe the lignin reduction and xylan
solubilisation. For instance, (Lischeske et al., 2016) evaluated empirically some
pretreatment methods (acid, alkaline and neutral) and compared them to determine, based
on severity factor calculations the consequences of the pretreatment on LB, they
determined that SE requires the lowest severity for optimum xylose yield. According to
(Lischeske et al., 2016), one should pretreat beyond the optimum conditions based on total
xylose release in order to maximize total sugar yield following enzymatic hydrolysis.
Conditions shown to be optimal for similar biomass feedstocks are also presented in Table

3-23. The severity of the pretreatments studied in this work is compared in Table 3-25.

Table 3-23: Temperature, pH and holding time of selected pretreatment strategies
(Balan et al., 2012; Pielhop et al., 2016; Rechulski et al., 2015; Zheng & Rehmann, 2014a)

Pretreatment Temperature pH Time
AFEX 50-180 Alkaline 5- 30 min
Extrusion 90-200 Alkaline 2-10 min
Steam Explosion 160-230 Neutral 5-10 min

Mechanocatalysis 32-40 Acid 120-240 min
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The strategies outlined in Table 3-23 are mapped with regard to their temperature and pH
requirements (see Figure 3-17). This mapping signifies the distribution of temperatures and
pH values employed in the four pretreatment processes. It is noteworthy that there were
selected no pretreatment methods in the center, that is at neutral pH and medium
temperatures, neither are there any method at low temperature and high pH values.

I

o

= _

2

T

ALKALINE EXTRUSION
Neutral STEAM EXPLOSION

I

o Me

2

o

-

Low temperature High Temperature

Figure 3-17: Comparison of temperature and pH in selected pretreatment methods. Me=

Mechanocatalysis.

A comparison of the use of Eqn 3-14, Egn 3-15, Egn 3-16 and Egn 3-17 is shown in Table
3-24 and Table 3-25 for the four selected scenarios (AFEX,SE,RE, Me). It illustrates how
the use of Eqn 3-17 gives a fair comparison of the pretreatment severities and how the

introduction of acid or base concentration influence it.

Table 3-24: Temperature, holding time and pH of selected scenarios.

Method T (°C) Time (min) | pH C n
AFEX 90 30 13 0,23 3,9
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Extrusion 100 10 13 0,4 3,9
Steam Explosion 200 20 7 0 0
Mechanocatalysis 32 240 1 0,07 0,849

Table 3-25:  Severity of different selected scenarios when varying temperature holding

time and pH.
Method log (R0) Log(Mo™)
AFEX 7,18 4,69
Extrusion 7,00 5,45
Steam Explosion 4,25 4,25
Mechanocatalysis 6,38 5,40

Allkaline pretreatments have the higher severity, when severity is considered as log (Ro™),
and it is related to the degree they make biomass digestible, both factors (Ro™™ and Mo™)
score alkaline pretreatment the highest while mechanocatalysis appears to be the lowest
severe pretreatment after steam explosion. However, when the effect of concentration is
considered, AFEX pretreatment, that was previously the most severe pretreatment, is now
the lowest severe pretreatment after the neutral pretreatment (SE). It can be concluded
from that the four methods have similar or comparable severities that, eventually, could end

into similar degrees of improvement on the enzymatic hydrolysis.

Pretreatment severity

8,00
6,00
4,00
2,00

0,00
AFEX Extrusion Steam Explosion  Mechanocatalysis

m Severity(log Ro™) Severity (log Mo™)

Figure 3-18: Pretreatment severity comparison.
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3.3.1 Value-added utilization of lignin

Another aspect to take into account at selecting the most adequate pretreatment route of
LB is that value-added utilization of lignin (an additional potential product in the chain) can
help offset the cost of cellulosic ethanol production and improve the economics of
biorefining. It must be considered that the quality and potential market of the lignin products
are greatly dependent on the pretreatment technology because pretreatment significantly
affects the physical and chemical properties of the resultant lignin, and therefore directly
affecting its utilization for value-added products (Balan et al., 2012; Chandel et al., 2015;
Ciolacu, 2018; Pan et al., 2006; Rojas, 2011).

Important efforts have been made to develop high-value lignin products outlined in several
reviews. However, combustion including gasification remains the only viable pathway for
the utilization of high-volume hydrolysis lignin from future biorefineries; it reflects the status
and difficulties of lignin utilization. (Gillet & Aguedo, 2017).

Lignin has a high potential for the production of aromatic specialties and fine chemicals due
to its high-functionality and aromatic nature (Rencoret et al., 2017). In this regard,
mechanocatalysis lignin is an excellent feedstock because of its unique physical and
chemical properties, such as high purity, reactivity, and its low and uniform molecular weight
(Meine & Rinaldi, 2014). The opposite is true for steam explosion lignin, which is less
valuable because it is extensively condensed (Shevchenko, 2001). It points out the fact that
different pretreatments, adducing to different severities, produce different lignins with
different compositions that can be used for different purposes. For instance lignin in
hydrothermally pretreated lignocellulose, that is, in a more severe pretreatment, is more
prone to restrict enzymatic hydrolysis by physically preventing access of the enzyme to the
polysaccharides and by inhibiting the enzymes. The latter is caused by non-productive
adsorption of enzymes onto the lignin surface, or by the interaction of soluble phenolic

compounds released from lignin during pretreatment with the enzyme (Kellock et al., 2019).

Overall, each pretreatment exhibits uniquely different functionalities in approaching lignin

and therefore yielding less or more lignin rich streams with different chemical characteristics
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that may be suitable or not for valorisation. Finding conditions that are suitable to obtain
top-quality lignin is essential to increase the economic and environmental sustainability,
and expansion of the portfolio in biorefineries. Considering that all the chemical
delignification operations are expensive a lignin-preserving pretreatment as

mechanocatalysis could in this respect result being promising.

3.4 Final considerations

Seeing all the aspects discussed in chapter 3 some punctual conclusions can be
highlighted. A review of the four methods (AFEX, steam explosion, alkaline extrusion, and
mechanocatalysis) was carried out. It was identified that the best scenario to achieve the
scaling up of mechanocatalysis as a competitive technology is one where the pretreatment
energy cost is very cheap and where there is a place for lignin valorisation. It is because
mechanocatalysis energy requirements reported at one kg scale are close to 1.16 times
the energy content of the substrate. Furthermore, the energy requirements in this case need
to be fulfill with electrical energy that in the Colombian context is more expensive than
thermal energy. Under the current scenario, when all the indicators are considered, that is,
economic, process and chemical safety, human health and environment, steam explosion
represents the best-scored alternative. Nonetheless, total monomeric sugar yield was
considered and compared with the equivalent energy requirement of each of the four
pretreatments. In this respect, the known pretreatment efficiency defined as kg of
monomeric sugar yield/kWh, was around 5 kg/kWh for reactive extrusion, around 4 kg/kWh
for AFEX, around 2kg/kWh for steam explosion and around 0.16kg/kWh for
mechanocatalysis. It proves that, even when mechanocatalysis has high soluble sugar
yield, energy requirements continue being problematic. However, that facts that
mechanocatalysis does not need the hydrolysis step and that going into a bigger scale

could induce higher efficiencies, should be deeply considered.

There is also one important consideration to have in mind at proposing steam explosion as
the most adequate technique, that is, the high score obtained in process safety, which
postulates steam explosion as a non- or less favorable method. It should be considered

that in this work, all the indicators were scored under the same weight and it should not be
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ignored that when making design considerations, process safety could be postulated as a
strong and higher weight factor of decision. When selecting the most adequate route, as a
plus, it should be remarked the possibility to increase the number of potential products that
can be obtained from biomass. In this respect, steam explosion is good at preserving the
cellulosic fraction of lignocellulosic biomass but the lignin fraction produced with this method
is an overdegraded lignin and with high degree of condensation, aspect in which
mechanocatalysis appears to be good at preserving the lignin fraction rendering it prone to
further catalytic upgrading. Indeed, mechanocatalysis is a non-severe pretreatment in
which the generation of inhibitory products is minimal compared to hydrothermal or alkaline
pretreatments in which severity affects considerably the generation of different inhibitory

compounds.
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4 Rice husk as lignocellulosic feedstock
and its mechanocatalytic processing

4.1 Rice husk as raw material

Rice is the third most widely grown cereal crop in the world after maize and wheat. It is the
staple food and considerable source of income for many tropical nations like Colombia. The
world production and area harvested for paddy rice is shown in Figure 4-1. In 2018, the
worldwide cultivation area for rice was about 167.132 million ha, and approximately 782.00
million tons of rice was produced. >90% of rice is produced in Asia in which China, India
and Indonesia are the top producers of the total output (FAOSTAT, 2020).
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Figure 4-1:  World production and cultivation area of rice from 1994 to 2018.

The kernel of rice mainly consists of endosperm, husk, bran, and germ (see Figure 4-2), in
which the endosperm accounts for 70%, rice husk (RH) for 20-21%, rice bran for 6—8%,
and rice germ for 1%, respectively, of the total seed weight (Zou & Yang, 2019). During
production of milled rice, large quantities of RH are produced as byproducts. For example,
the output of rice paddy in Colombia is 2.54 million tons in 2019 (Fedearroz, 2020). Around

0.51 million tons of RH are generated in Colombia alone, which is a major issue for the rice
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milling industry. Currently, most RH is underutilized or left unused. It is difficult to use RH
efficiently due to the intrinsic properties of RH such as hard surface, poor nutritive value,
high silicon content, low bulk density, and difficult to decompose with bacteria (see Table
4-1 and Table 4-2). Moreover, previous treatment of RH including onsite burning to produce
steam or electricity, open dumping, or land-filling also led to serious environmental pollution
including smog, dust, and a greenhouse effect (Kuan & Yuen, 2012; Soltani, Bahrami, &
Gonzéalez, 2014). On the other hand, when RH is burnt, vast amounts of rice husk ash

(RHA) are produced, which could be another source of pollution.

Even though Colombian RH is commercialized for its use in stables, poultry farming and
gardening work, this market is yet insufficient for consuming all the available residual

biomass.

Flusk Paddy

ran . ) <.'

White rice
Husk Brown rice

Figure 4-2: Paddy grain (left) and its products after husking. Available in
(Knowledgebank, 2020).

Table 4-1: Physical properties of rice husk (Zou & Yang, 2019).

Characteristics Values
Bulk density (g/mL) 0.73
Solid density (g/mL) 15
Moisture content (%) 6.62
Ash content (%) 45.97
Particle size (mesh) 200-16
Surface area (m?/g) 272.5

Surface acidity (meg/gm) 0.1
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Characteristics Values

Surface basicity (meg/gm) 0.45

The pursuit of high value added products from rice processing byproducts has promoted a
number of studies on the pretreatment, enzymatic saccharification and in some cases
simultaneous saccharification and fermentation of rice biomass (rice straw). Some
pretreatments have been assessed, including steam explosion (Eijsink, 2011; Pielhop et
al., 2016), steam explosion and biological pretreatment (Ciolacu, 2018; Vasco-Correa &
Shah, 2019) , acid catalyzed steam explosion (Bak et al., 2009) , alkaline pretreatment
(Mathew et al., 2011; Z. Zhang et al., 2016), AFEX pretreatment (Balan et al., 2012; Harun
et al., 2013; Wyman et al., 2009), organosolv approaches (Nitsos et al., 2018; Wei et al.,
2020; Zhao et al., 2009), microwave alkali heating (A. Singh, Bishnoi, & Bajar, 2013) and
fine milling (Wood et al., 2016). Nevertheless, fewer studies have focused on rice husk,
considering its potential, either in its raw form or in ash form, for production of many value-

added products.

4.1.1 Composition of rice husk

Rice husk components are hemicelluloses, celluloses, lignin, ash and other trace elements.
The main properties of RH are presented in Table 4-2. Nevertheless, the composition of
RH depends on many factors such as rice variety, type of fertilizer used, soil chemistry and

even the geographic localization of production.
Table 4-2: Composition of rice husk. Available in (Phyllis2, 2020).

Property Unit Mean

Main biomass properties
Proximate analysis

Moisture content wt% (ar) 10,60
Ash content wt% (dry) 18,03
Ash content at 550°C wt% (dry) 18,00
Ash content at 815°C wt% (dry) 18,00
Volatile matter wt% (daf) 76,95
Fixed carbon wt% (daf) 23,05

Ultimate analysis (macroelements)
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Property Unit Mean
Carbon wit% (daf) 46,14
Hydrogen wt% (daf) 6,37
Oxygen wit% (daf) 46,65
Nitrogen wit% (daf) 0,90
Sulphur wit% (daf) 0,20
Total (with halides) wit% (daf) 87,56
Halides
Chlorine (Cl) mg/kg (daf) | 960,1
Heating value
Net calorific value (LHV) MJ/kg (daf) | 16,42
Gross calorific value (HHV) MJ/kg (daf) | 17,79
HHVMilne MJ/kg (daf) | 18,20
Trace elements composition
Aluminium (Al) mg/kg (dry) | 115,0
Boron (B) mg/kg (dry) | 8,0
Barium (Ba) mg/kg (dry) | 4,0
Calcium (Ca) mg/kg (dry) | 1.256,0
Cobalt (Co) mg/kg (dry) | 25,0
Chromium (Cr) mg/kg (dry) | 2,0
Copper (Cu) mg/kg (dry) | 5,0
Iron (Fe) mg/kg (dry) | 186,0
Potassium (K) mg/kg (dry) | 2.794,0
Magnesium (Mg) mg/kg (dry) | 383,0
Manganese (Mn) mg/kg (dry) | 220,0
Sodium (Na) mg/kg (dry) | 72,0
Nickel (Ni) mg/kg (dry) | 2,0
Phosphorus (P) mg/kg (dry) | 376,0
Lead (Pb) mg/kg (dry) | 1,0
Selenium (Se) mg/kg (dry) | 2,0
Silicon (Si) mg/kg (dry) | 81.180,0
Strontium (Sr) mg/kg (dry) | 3,0
Titanium (Ti) mg/kg (dry) | 5,0
Zinc (Zn) mg/kg (dry) | 14,0
Ash melting behavior
American standard method, measured in oxidizing conditions
IDT (initial deformation temperature) °C 1.365
SOT (softening or spherical temperature) °C 1.370
FT (fluid temperature) °C 1.650
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Property Unit Mean

Biochemical analysis
Cellulose, hemicellulose, lignin

Cellulose wit% (dry) 33,70
Hemicellulose wt% (dry) 22,00
Lignin wt% (dry) 22,83
Other

Protein wt% (dry) 0,00
Extractives EtOH/toluene wt% (dry) 9,80
C5

Arabinan wit% (dry) 2,60
Xylan wt% (dry) 14,00
Sum C5 wt% (dry) 16,60
C6

Mannan wt% (dry) 3,00
Galactan wit% (dry) 0,10
Glucan wt% (dry) 36,10
Sum C6 wt% (dry) 39,20
Total ash + biochemical wit% (dry) 76,80

Ash Properties
Ash composition

SO3 wt% (ash) | 0,77
Cl wt% (ash) 0,73
P205 wt% (ash) | 0,87
Sio2 wt% (ash) | 89,39
Fe203 wt% (ash) | 0,40
Al203 wt% (ash) | 0,22
CaO wt% (ash) 1,30
MgO wt% (ash) | 0,57
Na20 wt% (ash) 0,35
K20 wt% (ash) | 5,04
TiO2 wt% (ash) | 0,02
Mn mg/kg 1.859,0
(ash)
Cr mg/kg 342,0

(ash)
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4.2 Current alternatives for rice husk uses

Source of silica and silicon based materials, organic fertilizer, source of pet food fibre and
dietary fibre, building material for making bricks in cement and concrete industries and filler
of rubber and plastic composites are some of the uses of rice husk. Some of these current

alternatives are described below.

Production of Rice husk briquettes

Briquetting and pelletizing are technologies to increase biomass bulk density (from 150-
200 kg/m?3 to 900 - 1300 kg/m? (FAO, 2014) (see Figure 4-3 and Figure 4-4). Here, rice
husk in its dust form, serves as a precursor to form bricks of different forms and sizes.
Densification of the rice material is usually obtained by means of mechanical compression.
This increase in density leads to a reduction in transportation costs and increase in the

performance of energy conversion processes.

Figure 4-3:  Rice husk briquettes. Available in (Knowledgebank, 2020).

Figure 4-4: Rice husk pellets. Available in (Knowledgebank, 2020).
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In Colombia several initiatives related to rice biomass exploitation have grew up with time.
Regarding rice husk densification through briquetting or pelletizing, exist the alternative
proposed by students of the Universidad Nacional de Colombia in 2017 who produced
briquettes from rice husk and pine sawdust as an ecological alternative with good
mechanical properties. That is, high durability index, high bulk density and high
compression resistance following the main standards in the area of biomass fuels for the

European commission. (See Figure 4-5).

Figure 4-5: Rice husk and pine sawdust briquette elaborated by students of the
Universidad Nacional de Colombia in 2017.(Unimedios, 2017)

Rice husk as fuel for energy production

The energy conversion processes of rice husk are presented in the diagram of Figure 4-6.
The material can be used to generate fuel, heat, or electricity through thermal, chemical, or
bioprocesses. As solid fuel, rice husk has to overcome some barriers or drawbacks
compared with other solid fuels. For instance, its high silica content causes wearing of the
components in processing machines and its ash content is much higher than in wood and

coal, causing barriers for energy conversion (Jenkins, Baxter, Jr, & Miles, 1998).
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Figure 4-6:  Process route of energy from rice husk.

Rice husk as broiler, fowls, porcine and bovine litter

Rice husks, sawdust, paddy straw and sugar cane-pulp are all currently used in Colombia
as broiler litter; biomass choice is usually driven by price and availability. (Garcia, Paz,
Caldara, Pereira, & Ferreira, 2012).In Colombia, in the case of bovines, porcines and fowls
rice husk is disposed as a nest. (Contextoganadero, 2016)

Carbonized and crude rice husk as substrate for hydroponics

The substrates for hydroponics commonly used in Colombia are crude or partially burnt rice
husk and coconut fiber. Rice husk can be used directly as a substrate or after undergoing

a decomposition process (see Figure 4-7 and Figure 4-8).
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Figure 4-7: Rice husk as growing media in hydroponics. (Communityfirst, 2015)

Figure 4-8: Carbonized rice husk. Available in (Knowledgebank, 2020).
Rice husk in the cement or concrete industry

A recent research carried out in the Universidad Nacional de Colombia (Sede Manizales)
demonstrated that the application of nanomaterials such as silica in special treatments to
prevent water from reaching and oxidizing steel, and concrete, to seal its cracks, has given
favorable results. The research concluded that the inclusion of silica hanopatrticles in the
cement paste improved its physical and chemical properties. The flexural strength
increased up to approximately 19%, and likewise the elasticity modulus increased up to

27% (Agriculturayganaderia, 2020).

Alienergy is a Colombian Company that works on projects that contribute to conservation

and enhancement of environment and promotes sustainable development (Alienergy,
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2020). Aiming to use rice husk in a more efficient way, one of the Alienergy central projects
is the replacement of fossil fuels by biomass. The company is currently allied with the group
Roa-Florhuila and account with rice husk from their mills located in Tolima, Huila, Meta and
Casanare. Their projects have found from a study of availability of biomasses in the whole
national territory that rice husk is one of the most representative biomasses. According to
studies carried out by Alienergy, it was concluded that in Colombia there is a lot of potential
for the development of fuel substitution projects in different industries, such as in cement,
brick and tobacco plants. These projects are currently in the testing phase in the brick and
tobacco industry, while in the cement sector the CDM Project has already been structured
for Cemex Colombia, which has been approved and registered by the United Nations
Framework Convention on Climate Change (UNFCCC), and is currently underway.
(Alienergy, 2020).

4.3 Pretreatments to overcome rice husk recalcitrance

It has been reported that RH has similar cellulose content compared to other lignocellulosic
biomass such as sugarcane tops (Sindhu et al., 2011) wheat straw (Mckendry, 2002) rice
straw (Kim et al., 2013) which have been studied as sustainable feedstock for renewable
energy production. Rice husk and rice straw have some compositional similarities,
cellulose-derived glucose, the most abundant sugar is 38.7% in rice straw and 36.8% in
rice husk, followed by hemicellulosic xylose which is 22.9% in rice straw and 19.7% in rice
husk (Wu et al., 2018). However, in spite of having similar carbohydrates compositions, rice
husk is much less amenable to saccharification even at optimal pretreatments when

compared with rice straw (Wu et al., 2018).

According to Wu et al., 2018 , there are several factors that may be responsible for the
higher recalcitrance in rice husk (see chapter 1 for biomass recalcitrance). Firstly the higher
level of lignin in rice husk (35% w/w) compared with straw (22.1% w/w), which acts as a
physical barrier to enzymolysis and provides a physical surface onto which cellulases may
bind strongly reducing the availability of free enzyme (Bajpai, 2016; Kumar & Sharma,
2017). Secondly, the larger quantities of xylose and xylooligosaccarides released during
thermal pretreatment of rice husk severely inhibit cellulase activity. Thirdly and as can be

observed in Table 4-2, rice husk contains considerable high levels of silica compared with
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other cereal lignocelluloses. Silica is expected to have an impact on the digestibility of
pretreated rice biomass since it acts as a shell hindering the processing of rice husk,
imparting it high abrasibility and resistance to mechanical stress and enzymatic treatment,
and preventing enzyme sorption by cellulose (Podgorbunskikh, Bychkov, & Lomovskii,
2016) . Indeed, some authors demonstrated that the chemical removal of silica after
previously removing lignin considerably enhanced saccharification (Pode, 2016; Uddin,
2017).

Harsh chemicals to overcome rice straw and husk recalcitrance like alkaline pretreatments
with NaOH (Chandra, Meena, Sukumaran, Shetty, & Mudliar, 2018) or hydrogen peroxide,
microwave assisted (A. Singh et al., 2013) acid pretreatments like HCL (Ang, Ngoh, Seak,
& Chua, 2012) or sulfuric (Kim et al., 2013) have been used. However, so far, steam
explosion, AFEX and milling have demonstrated to be the most promising technologies
over the rest, which is in agreement with the results obtained in chapter 4.

Steam explosion renders the material readily amenable to saccharification without any
generation of liquid waste streams like the other above mentioned pretreatments, such
pretreatments generally employ very large quantities of chemicals, often of the same order
of magnitude as the biomass being treated (Wu et al., 2018). Heat used for steam explosion
pretreatment can be recovered and used for downstream processes (Wood et al., 2016).
Furthermore, steam explosion causes an increase in the cellulose content in rice husk while
the corresponding fraction of hemicellulose after certain temperature totally disappears. In
this respect, Figure 4-9 shows the composition of main sugars in a steam exploded rice
straw (a) and rice husk (b), the clear disappearance of xylose after 210°C represents the
disappearance of some xylooligosaccarides that severely inhibit cellulases activity in
fermentation. Consequently, operating at severities around that temperature exhibits an

opportunity of enhancement in yields for a subsequent fermentation step.
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Figure 4-9: Composition (ug/mg dry matter) of main sugars (glucose, black bars;

xylose, white bars) in (a) steam exploded rice straw and (b) rice husk.

From the same study, (Wood et al., 2016) demonstrated at small pilot scale that steam
exploded rice husk can be saccharificated with minimal enzymes (10 FPU/g) to produce
industrially useful glucose concentrations (see Figure 4-10). Interesting results from steam
exploded rice husk and straw demonstrate that it is not necessary to operate at high
severities to achieve high yields. There is a “peak” in severity of the pretreatment after that
peak no improvements in saccharification occur, this peak is different from rice straw to rice
husk.
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Figure 4-10: Optimisation of enzyme loading for saccharification. Yields of glucose
achieved when hydrolyzing rice straw (circle) and husk (filled circle) steam exploded at
optimum conditions (10 min at 210 and 220°C respectively). Available in: (Wood et al.,
2016).

Similarly to the results exposed by Wood et al.,, 2016; Wu et al.,, 2018 , the alkaline
pretreatment on rice husk resulted in an increase in the cellulose content (from 37.55 to
49.02%), whereas hemicellulose and lignin contents were observed to decrease (from
15.24 to 11.43% and 19.22 to 12.61% respectively) (Nikzad, Movagharnejad, Talebria,
Aghaiy, & Mighani, 2015).

Alkaline pretreatments like AFEX have been mostly evaluated on rice straw and interesting
results about the response of the material to size reduction have been obtained. For
instance, (Harun et al., 2013) evaluated the performance and influence of particle size
reduction on rice straw when undergoing AFEX pretreatment, rice straw was pretreated in

a two-step sequential process using dilute sulfuric acid and aqueous ammonia. The



Rice husk as lignocellulosic feedstock and its mechanocatalytic processing 123

combined pretreatment of rice straw with dilute acid and agueous ammonia was effective,
and this was supported by saccharification, fermentation. The enzymatic hydrolysis of
ammonia-treated rice straw produced readily available material as monosaccharides. The
results were out of common expectations, (Harun et al., 2013) found that the smaller the
particle size, the higher the sugar conversion. Moreover, hexoses represented >50% of the
sugars. Ammonia treatment increased solubles and decreased hemicellulose content,
which, in turn, are correlated with the sugar production (Harun et al., 2013). The optimal
treatment condition was a 4-min ammonia delivery time, 5-min dwell time, 60% moisture

content, and 1.5 g of ammonia/g of dry rice straw.

4.4 Rice husk breakdown products

According to (Wu et al., 2018), when operating at low severities, metabolites including
organic acids are extracted; these products are generally broken down at severities above
4. At mid-range severities, a range of sugars and oligosaccharides are released through
hydrolysis of cell wall polysaccharides; many of these are lost at the highest severities
where there is a rapid increase in well-established fermentation inhibitors. It is postulated
that these might be reduced by volatilization through a pretreatment like steam explosion,
rather than adding additional washing steps that would lose many potentially fermentable

components.

On the one hand, Figure 4-11 shows a principal components analysis carried out by (Wu
et al., 2018), the analysis poses the distribution of 25 detected compounds (green, yellow
and red points) released during hydrothermal pre-treatment of rice straw (RS) and rice husk
(RH) in relation to severity of pretreatment (arrow vectors). This distribution analyzed by
the calculations in severity from chapter 3 where mechanocatalysis was postulated as a
‘non severe’ pretreatment, gives an idea of the possible behavior of RH in terms of
components that could be released on its mechanocatalytic processing, those would be in

the majority sugars and non-inhibitory compounds.
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Figure 4-11: Breakdown products released during hydrothermal pretreatment of rice

straw (RS) and rice husk (RH) as a function of severity.

On the other hand,(Chandra et al.,, 2018) optimized the thermal assisted alkaline
pretreatment (TAAP) of rice husk(RH) for maximizing total reducing sugar yield (TRS) for
bioethanol production. A maximum TRS yield of 371 mg g-1 biomass was obtained under
optimal TAAP condition (biomass loading (10% w/w), particle size (0.625 mm), NaOH
loading (2% wi/w), and reaction time (40 min)). The results of (Chandra et al., 2018)
indicated that lignin can be significantly removed from RH with minimal loss of

hemicellulose and concomitant enhancement in the cellulose content.

Moreover, (Wood et al., 2016) aimed to study and compare the effects of uncatalyzed
steam explosion on the enzymatic saccharification and simultaneous saccharification and
fermentation of rice straw and husk produced from the single variety, widely grown in
Vietnam (O. sativa, cv. KhangDan18). The authors claim that there are some limits to
saccharification posed by the pretreated rice husk. The limits cannot be solved by

increasing cellulase or hemicellulase abundance in the enzymatic hydrolysis step. (Wood
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et al., 2016) also suggest that from other studies using various pretreatments, the utilization

of rice husk as a biorefinery feedstock would be difficult to achieve in its native form.

According to (Wood et al., 2016), the highest fermentation inhibitors generated by
hydrothermal pretreatment of rice husk are mostly produced when operating at severities
higher than 5.45. At those severities, yeast behavior in fermentation is suppressed.
Hidroxymethyl furfural (5-HMF), furfural (2-FA) and acetic acid are the most released
inhibitors. It is remarkable that there are some inhibitory compounds that are highly volatile
thus operating at temperatures like those used in steam explosion promotes the loss of
these compounds into the vented steam during the explosion process

Therefore, strategies aiming to reduce the recalcitrance of this abundant material, and
further developments in pretreatment technologies such as AFEX ((Balan et al., 2012) and
Mechanocatalysis ((Meine & Rinaldi, 2014)) would be appropriate.

4.5 Mechanical activation of rice husk

Milling of rice husk studied by (Podgorbunskikh et al., 2016) in a pilot scale demonstrated
that it is possible to activate the material without any addition of chemicals producing a
sevenfold improvement in yield of soluble low-molecular carbohydrates. The author claims
that the end product of activation depends on the type of mechanical treatment and specific
capacity of the equipment used. The conditions of mechanical activation of rice husk were
evaluated by (Podgorbunskikh et al., 2016) in a pilot-scale centrifugal roller mill. It
demonstrated that operating at a rotor frequency of 1500 rpm (consistent to other studies
carried out for LB in planetary mills effectuated in the range from 800 to 1500 rpm
(Rechulski et al., 2015)), and raw material feed rate 30 kg/h significantly increases the
reactivity of enzymatic hydrolysis of rice husk (reactivity understood as being the amount
of reducing carbohydrates obtained after 1h and normalized to the mass of the introduced
enzyme). When operating at high rotor speed it is more marked the influence of raw
material feed rate on the relative reactivity of rice husk at low speeds reactivity remains

relatively unchangeable.
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In the centrifugal roller mill, shearing is dominant which results effective for increasing the
accessibility of the carbohydrate component because of the delamination of the silica.
Figure 4-12 (Podgorbunskikh et al., 2016), shows that the rice husk particles have a smooth
surface permeated with a system of inner channels and pores. Once RH is pretreated by
means of reduction in particle size, surface area is significantly increased and crystallinity
in cellulose is reduced. Moreover, it is known from chapter 1 that amorphous cellulose has

been related to an improvement in enzymatic hydrolysis.

x500 200pm %1000 100 pm

Figure 4-12: SEM images of rice husk untreated (Podgorbunskikh et al., 2016).

According to Figure 4-13, the starting raw material (rice husk) has low reactivity and is
poorly hydrolyzed by enzymes. It gives evidence that mechanical activation allows an
increase in the initial rate of hydrolysis, in agreement with the data of Meine & Rinaldi,
2014; Podgorbunskikh et al., 2016; Rechulski et al., 2015 among other reasons due to the
increase in the specific surface area (from 0.5 to 2.0 m2/g (Podgorbunskikh et al., 2016)).
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Figure 4-13: Kinetics of the enzymatic hydrolysis of rice husk under the enzyme excess
conditions (1) starting rice husk and (2) mechanically activated rice husk.(Podgorbunskikh
et al., 2016)

4.6 Can mechanocatalysis work with rice husk?

Even though mechanocatalysis has not been implemented as an industrial scale method,
its simplicity could represent an opportunity for rice husk at higher scales. Rice husk has
been evaluated in ball milling processes obtaining good results at reducing particle size
with an expected increase in particle surface area. The latter introduces a promising starting
point for the mechanocatalytic pretreatment. Silica and lignin content in rice husk represent
a challenge for pretreatment of the material and usually severe pretreatments like
hydrothermal are required to overcome rice husk recalcitrance. However, the mechanical
catalysis could be very suitable for rendering the rice husk more favorable through
conformational changes, and considering that the energy consumption for
mechanocatalysis at a ton scale is approximately 0,099 kWh/kg, the method could meet

the energy requirements at some extent and be favorable into the Colombian context.
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4.7 Final considerations

RH is an important byproduct produced in huge amounts from the milling process of paddy
rice. Its utilization represents a major challenge for the rice milling industry. In this chapter,
an attempt was made to show the physicochemical properties of RH and demonstrate their
potential use in the production of added value products. Silica exists abundantly in RH in
amorphous form, which is distributed mostly in the husk’s outer surface and likewise lignin
together represent a physical barrier for rice husk processing. The most successful and
already studied pretreatments on rice husk are basically severe hydrothermal
pretreatments like steam explosion and alkaline like NaOH or AFEX; milling has been
evaluated as a rice husk pretreatment method but its research still requires to achieve a
more comprehensive understanding of the mechanisms and optimal conditions to gain
competitiveness. This comprehensive utilization of rice husk not only will facilitate utilization
of an abundantly available agro-waste to value-added products but also will help to reduce

associated environmental issues.
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5 Concluding remarks and prospects

After a comprehensive review of the different pretreatment methods for lignocellulosic
biomass, a comparative analysis of four pretreatment methods was carried out
(mechanocatalysis, steam explosion, AFEX and extrusion) finding that steam explosion is
the most adequate pretreatment. Nonetheless, mechanocatalysis has advantages that
other methods do not have as the lignin approach since mechanocatalysis lignin is not as
condensed as in other methods (steam explosion lignin) and in contrast, it can be further
processed for value-added products. Moreover, the water-soluble products obtained in
mechanocatalysis may represent savings in the hydrolysis step. Energy consumption in
mechanocatalysis is the main barrier to be overcome for implementation at industrial levels.
Pretreatment is an extremely important step for conversion of LB to sugars and further
processing for industrially important bioproducts and biofuels. Until now, cost-effective and
environmentally benign pretreatment methods are yet to be developed. Extensive
researches have been carried out on the effects of different current pretreatment methods
and their impact on lignocellulosic composition and sugar yield. Therefore, the analysis of
these various methods brings us to the conclusion that each method has its pros and cons.
Even though chemical and thermo-chemical are currently the most effective pretreatments
and include the most promising technologies for industrial applications, a major bottleneck
in these pretreatments is the presence of lignin, which during pretreatment releases
degradation compounds affecting hydrolysis of cellulose and hemicellulose. Therefore,
assessing these methods straight through their fundamentals and applications is key to
take them to industrial levels. Moreover, the reaction mechanisms of the different
pretreatment technologies have not been explored in detail to improve the existing methods
and optimize the process conditions. There is a need for extensive research in this area so
that either a new efficient treatment process is developed or an existing process is

upgraded to give promising results.
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