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1. SUMMARY

There is a need for developing renewables materials due to the increasing demand of
alternatives to the unrenewable petroleum supplies. Nanocrystalline cellulose (NCC) or cellulose
nanocrystals (CNs), which derives from cellulose, the most abundant biopolymer, is one of the
most promising materials.

Cellulose is the most abundant organic polymer on earth which mainly provides structural
reinforcement to the plants cell walls. Cellulose consists of a chain of thousands of bonded
glucose units with § (1—4) links. It is mainly obtained from lignocellulosic biomass (plant dry
biomass) to produce paperboard and paper. That lignocellulosic biomass is mostly composed by
cellulose, which by strong hydrogen bonding networks forms microfibrils, hemicellulose, which
binds together those microfibrils and lignin, which have various purposes like provide stiffness
and cover the cellulose microfibrils. As will be seen later, several methods can be applied to
extract the cellulose from the lignocellulose biomass. That cellulose contains crystalline and
amorphous regions, which have different resistance to chemical attacks (crystalline regions have
higher resistance while amorphous regions have lower), through different methods, which mainly
involves sulfuric and hydrochloric acids, the amorphous regions are hydrolysed leaving the
crystalline regions intact, those crystals that have a diameter between 5-70 nm and a length
between 100-250 nm are called nanocrystalline cellulose. CNs are a renewable material with
good mechanical properties and a nano-scaled dimension which opens a wide range of possible
applications.

CNs can be obtained from almost any source of cellulose, from plants to bacteria. This report
is part of a collaboration with the University of Guayaquil in Ecuador, the possibility of using
bamboo as a source of cellulose to obtain CNs material has been studied since it's a material of
great importance, widely used for its mechanical properties and with incredibly high growth rates.

This report provides an overview of the CNs, an emerging nanomaterial, the different ways to
isolate the cellulose from which the CNs are extracted, the process required to obtain those CNs
and different techniques to characterize it.
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2. RESum

Existe la necesidad de desarrollar nuevos materiales renovables debido a la creciente
demanda de alternativas a los suministros de petréleo no renovables. La celulosa nanocristalina
( nanocrystalline cellulose (NCC)) o nanocristales de celulosa ( cellulose nanocrystals (CNs)) que
deriva de la celulosa, el biopolimero més abundante, es uno de los materiales méas prometedores.

La celulosa es el polimero organico mas abundante en la tierra y proporciona principalmente
refuerzo estructural a las paredes celulares de las plantas. La celulosa consiste en una cadena
de miles de unidades de glucosa unidas con enlaces § (1 — 4). Se obtiene principalmente de la
biomasa lignocelulésica (biomasa de plantas secas) y se suele usar para producir cartén y papel.
Esa biomasa lignoceluldsica estad compuesta principalmente por celulosa que mediante fuertes
redes de enlaces de hidrégeno forma microfibras, hemicelulosa que une esas microfibras y
lignina que tienen varios propdsitos como proporcionar rigidez y cubrir las microfibras de celulosa.
Como se explica a continuacién se pueden aplicar varios métodos para extraer la celulosa de la
biomasa. La celulosa contiene regiones cristalinas y amorfas que tienen diferente resistencia a
los ataques quimicos (las regiones cristalinas tienen mayor resistencia mientras que las regiones
amorfas tienen menos), a través de diferentes métodos, que implican principalmente &cido
sulfarico o &cido clorhidrico, las regiones amorfas se hidrolizan dejando intactas las regiones
cristalinas, los cristales resultantes que tienen un diametro entre 5-70 nm y una longitud entre
100-250 nm se denominan nanocristales de celulosa (CNs). Los CNs son un material renovable
con buenas propiedades mecanicas y una nanoescala que abre una amplia gama de posibles
aplicaciones.

los NC se pueden obtener a partir de casi cualquier fuente de celulosa, des de plantas hasta
bacterias, debido a que este trabajo se enmarca en una colaboracion con la Universidad de
Guayaquil en Ecuador, se investigara la posibilidad de usar el bambu como material de partida
para la extraccion de los nanocristales de cellulosa ya que alli es un material de gran importancia,
muy usado por sus propiedades mecanicas y con unos ratios de crecimiento increiblemente altos.
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Este informe proporciona una vision general de los CNs, un nanomaterial emergente, las
diferentes formas de aislar la celulosa de la que se extraen, el proceso requerido para obtenerlos
y diferentes técnicas para caracterizarlos.

Palabras clave: Celulosa, disefio de experimentos, celulosa nanocristalina.
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3. INTRODUCTION

The use of synthetic fibers, which are made from non-renewable resources for the
reinforcement of materials it’s an environmental problem whose solutions are sought. The use of
natural fibers are considered a good echo friendly alternative to the synthetic fibers, because of
their biodegradable nature and the fact that are derived from renewable sources among others.
Those natural fibers are mainly composed of cellulose, which is the most abundant renewable
material on earth.

3.1. CELLULOSE

Cellulose is a linear organic polymer composed of repeated units of cellobiose, two [3-D-
glucopyranose linked together with 1,4-glycosidic bonds, each B-glucose molecule is inverted
180° from the previous one which keep cellulose chains from coiling resulting in a long straight
chain, ideal for the formation of strong fibers (Figure 1) [1][2]. The usual number of units or the
degree of polymerization (DP) is 10,000 for wood cellulose and 15,000 for plant cellulose [1], but
can reach up to 20,000 units [3]. The single cellulose chain has a hemi-acetal group at one end
which may adopt an open-chain aldehyde form, and act as a reducing agent, while the other end,
the non-reducing end, lacks those properties.

Nonreducing end Cellobiose Reducing end

Figure 1: Chemical structure of cellulose Dimer of cellulose, cellobiose.

All B-D-glucopyranose rings adopt a 4C+ chair conformation, where the letter C stands for
'chair' and the numbers indicate if the carbon atoms are located above or below the reference
plane of the chair. In this conformation the hydroxyl groups are positioned equatorial to the plane,
while the hydrogen atoms are in the axial position.
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3.1.1. Cellulose crystalline allomorphs

Native cellulose, natural cellulose or cellulose (1) is the crystalline form of cellulose that is
found in nature. It has a strong intramolecular hydrogen bond network (Figure 2) [4], which goes
from the O(3)-H hydroxyl to the O(5) oxygen of the next unit and from the O(2)-H hydroxy! to the
O(6) hydroxyl of the next unit, it also has an intermolecular hydrogen bond from the O(6)-H to the
O(3) of the next cellulose fibril, that forms cellulose microfibrils [5][4]. The strong hydrogen
bonding makes cellulose decompose at high temperatures, have good mechanical properties and
makes highly concentrated solutions very viscous. Those intramolecular networks form sheets
which are connected with each other by van der Waals bonds forming that crystalline form called
cellulose (1) [B][7].

Figure 2: Intramolecular hydrogen-bonding network in a representative cellulose Ig structure.

The hydrogen-bonding network and molecular orientation of cellulose can vary, those
variations are known as cellulose allomorphs. Six interconvertible allomorphs of cellulose have
been identified named from cellulose | to VI. Cellulose | or native cellulose is the crystalline
cellulose that is naturally produced by a variety of organisms and is the one in which the report is
focused on [8]. Cellulose | have two different structures (Figure 3) [8], la and Ig, both coexisting
with each other in nature, being l« predominant in algae and microbes and Ig in plants.
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Figure 3: la and IB cellulose structures.

3.1.2. Cellulose sources

Cellulose is a fibrous, water-insoluble substance which is the main constituent that maintains
the structure of plant cell walls, although it can be obtained from other sources such as bacteria,
several species of algae and the only animal known to produce cellulose, tunicate [8].

In plants cellulose does not only form long chains, it forms a hierarchical structures which
provide better mechanical properties , the variations in that hierarchical microstructure are one of
the causes of mechanical properties differences between types of plants [9]. The single cellulose
chains are linked together by hydrogen bonds forming elementary fibrils or microfibrils (consisting
of tens of single cellulose chains), this microfrils form macrofibrils, which are a pack of elementary
fibrils held together by hemicellulose, and form cellulose fibers (a group of macrofibrils) [10]
(Figure 4 A) [10]. The crystalline regions that microfibrils form are called cellulose nanocrystals
(CNs) and as it will be seen later are very resistant to degradation, unlike the amorphous parts,
which are easier to degrade. The orientation of the microfibrils in the cell wall has a strong effect
on the structural properties. This characteristic orientation called microfibril angles (referring to
the angle formed between the microfibril and the fiber axis) and changes depending on the cell
wall layer and the type of plant [11] (Figure 4 B) [12].
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Figure 4: A) Hierarchical morphology of a cellulose fiber. B) Representation of the microfibril angles.

Lignin and hemicelluloses are also a major component of the plant fibers. Hemicelluloses bind
cellulose microfibers to each other, are composed of different polysaccharides and, unlike
cellulose, have a random, amorphous structure and are easily hydrolysed. Lignin is another
amorphous polymer, which provides rigidity and covers the microfibrils, it also have other
biological functions such as conducting water and provide resistance against microbial attacks
[13][14][15].

3.1.3. Cellulose production and applications

Cellulose is the most abundant renewable organic material on the earth, 7.5x1010 t of cellulose
are estimated to be produced every year [16]. Cellulose is mainly obtained from wood pulp and
cotton to manufacture paperboard and paper, and it is transformed into a wide variety products
[17], in general wood contain between 40% and 50% of cellulose [18] while cotton contains nearly
90% of cellulose [19].

The Pulp production has improved over the years by 24% worldwide, 82% (from 520,000 t to
950,000t) in Europe, 27% in Asia and 19% in Africa, which makes cellulose a material with an
increasing relevance [17].

Cellulose have a wide variety of applications, the main application, which is the paper industry,
and others ranging from pharmaceutical [20] or medical purposes [21] to the preparation of
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membranes [22], the treatment of water [23] or the extraction of nanocellulose which will be
explained below.

3.2. NANOCELLULOSE (NC)

When a material has at least one dimension less than or equal to 100 nm it can be referred
as a nanomaterial. The word nanocellulose generally refers to cellulosic materials with one
dimension in the nanometer range but the other dimensions of the nanocellulose particles can
vary depending on the source material used [24][25][26] and the experimental process made
[27][28], going from a few nanometers to several microns.

Nanocelluloses can be classified in three main subcategories [29]:

o Microfibrillated cellulose (MFC) or nanofibrillated cellulose (NFC): Mostly extracted from
plant sources. Is obtained using mainly physical treatments to the source material. It has
a diameter of 5-60 nm and a length of several micrometers.

o Nanocrystalline cellulose (NCC) also known as cellulose nanocrystals (CNs or CNC) or
cellulose whiskers: Extracted mainly from plant sources, although it can be obtained from
algae and bacteria as well as from tunicate, it is mainly prepared with acid hydrolysis and
has a diameter of 5-70 nm and a length of 100-250 nm (from plant cellulose) and 100 to
several micrometers (from cellulose of tunicates, algae and bacteria).

o Bacterial nanocellulose (BNC): Itis synthesised by bacteria from sugars and alcohols and
has a diameter of 20-100 nm and different types of nanofiber networks.

Nanocelluloses physical properties are very dependent on the removal of non-cellulosic
materials, and the amount of amorphous regions of cellulose. The degree of crystallinity and the
crystal structure, which are factors that are dependent on the treatment used and the
lignocellulosic source material, also change the mechanical properties of the nanocellulose [30].
In the case of nanocrystalline cellulose the amorphous regions of cellulose are eliminated by
hydrolysis, that's why nanocrystalline cellulose have superior properties [31][32].

CNs are every year the subject of more research efforts due to their good mechanical
properties [8], their low cost, availability and renewability [33] and their application as a
reinforcement material [34], on optical and electronic devices [35] and medical applications [36]
among others.
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A material which cellulose can be compared with is Kevlar, a strong lightweight synthetic fiber
known for its mechanical properties and its application in bulletproof vests [37]. Cellulose
nanocrystals have better axial elastic modulus than Kevlar with similar density and its mechanical
properties are similar to other reinforcement materials (Table 1).

Table 1: different physical characteristics of crystalline cellulose compared with Kevlar-49 fiber [8]

Material p (g cm) or (GPa) Ea (GPa) Er (GPa)
Kevlar-49 fiber 14 35 124-130 25
CNs 1.6 7577 110-220 10-50

p = density, or = tensile strength, Ea = elastic modulus in axial direction, Et = elastic modulus in
transverse direction.

3.3.BAMBOO

As has been seen, Nanocellulose can be prepared from any cellulose source material, but
considering the current climate situation, availability and sustainability must be considered to
choose one, that's why one attractive source is bamboo as it will be seen below.

Bamboo is a type of flowering plant that belongs to the subfamily Bambusoideae of the grass
family Poaceae (it is a grass not a tree). There are almost 1,500 species of bamboo, which can
grow on different conditions, but mostly on tropical climate. They are the only group of grasses
that create forests and demonstrate enormous adaptability to different soils and environments.

3.3.1. Morphology and physiology

Bamboo has a unique structure, mainly composed of rhizomes, roots, culms, branches,
leaves and flowers (Figure 5) [38].

Rhizomes are the underground part of bamboo stem. They grow horizontally and help
bamboo expand into new territories. However, rhizomes are not roots. Rhizomes collect and store
nutrients for growth and can produce new bamboo shoots which will grow forming an
interconnected system of plants [39].

Roots are formed from the rhizomes and are no longer than a few centimetres, their function
is to secure the plant to the ground stabilizing it so it can grow more and resist severe weather.
Even though isn't its primary function, roots can also store nutrients.
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Culms are the woody ringed steams, which are usually hollowed between rings, they grow
from rhizomes and can vary in size, shape, colour and even smell [40].

Branches are grown from each bamboo buds, even though no tall species can grow multiple
branches.

Leaves are present in the rhizomes as well as on the branches and culms, leaves provide
protection to the rhizome as it grows through the soil and provides energy through photosynthesis
when it's in the branches and culms.

Bamboo flowers are rarely seen because of its long flowering interval, which can be as long
as 130 years, even though some species do flower annually [41].

\{

<«— Leaves V]
—><—Node

Branches Cu|m< T
Internode

Nodes &
internodes —
: \
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Figure 5: Bamboo morphology.

3.3.2. Growth and pruning

Bamboo is one of the fastest growing plants, it can grow around 8 cm per day in its growth
period [42], but there are varieties such as Guadua or Moso that can reach a growing rate of 25
cm per day being the fastest growing plants on the planet [43]. The final height of the plant it's
reached in just 6 months, and in the following years the woody structure of the canes develops
and finishes maturing. Bamboo height depends on the species, largest species of bamboo can
reach 30 m in height. It can grow as a tall plant or as a shorter plant without woody stems.
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The greatest advantage of using this giant grass instead of the intensive use of trees is that
in just 3 years its ready to be used as a structural material having higher yield and lower cost than
most woods [42].

3.3.3. Chemical composition

Cellulose is the main component of bamboo being approximately 40-55% of it, which is within
the normal cellulose content for softwoods (40-52%) and hardwoods (38-56%) making it suitable
for processes designed for this type of lignocellulosic biomass. Lignin constitutes between 20-
25% of the bamboo dry weight and hemicelluloses between 20-23% of it.

The cellulose content of bamboo culms is higher in the upper parts of the plant and in the
outer layer of the plant [44].

Bamboo also has a natural bioagent which gives bamboo a natural resistant to bacteria and
fungus, this allow bamboo to easily grow without chemical pesticides [45].

3.3.4. Applications

One of the uses that is given to bamboo, mainly in the places where is produced, is as a
construction material due to its high compressive strength, which is better than wood, brick, or
concrete and his tensile strength that rivals steel [46]. Bamboo is also used for the production of
biofuel [47], in the textile industry and for making furniture [48] as well as being food for the giant
and red pandas among others.

3.3.5. Distribution and environmental impact

It is present in a wide number of countries, covering three major regions: America, sub-
Saharan Africa and a large area of Asia (Figure 6) [49]. It is believed that bamboo was present in
Europe, fossils of bamboo leaves and pollen where found there, but there aren't any that remain
there today.
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Figure 6: 3/05/2020 Flora distribution map of the Poaceae subfamily Bambusoideae.

Bamboo forests are a very good CO2removals (Table 2), generally speaking, the bigger the
plant, the more COz2 it absorbs, bamboo isn't bigger than most of the trees, but the growth rate
plays an important role on how many COz2 can the plant absorb too, and as it has already been
said, bamboo is one of the fastest growing plants. Some bamboo species can fix more than 100
t per hectare in each life cycle [43].

Table 2: Some of the bamboo enviromental characteristics [43]

. CO: Fication  Age for estructural use  Biomass Production
Material

(t/halyear) (year) (t/halyear)
Bamboo 9 4/6 90
Conifers (Pine) 3.5 15/25 11

3.3.6. Bamboo in Ecuador

The review is part of a collaboration with Sr. Bismark Osmany Torres Ruilova a professor
from the University of Guayaquil in Ecuador, a country where bamboo is of great importance and
where one of the most promising bamboo species is found, Guadua Angustifolia.

Bamboo has been an underrated resource and most people don’t even associate the term
bamboo with those south American regions where bamboo has always been present, but in the
last several years there has been a growing interest in this material not only as construction
material but also as a resource for other purposes, among them the extraction of CNs [50].


https://commons.wikimedia.org/wiki/Category:Flora_distribution_maps
https://commons.wikimedia.org/wiki/Poaceae
https://en.wikipedia.org/wiki/Bambusoideae
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Latin America is the richest region of the Americas in terms of the diversity and number of
bamboo species. Ecuador specifically possesses an impressive diversity of woody bamboos
considering its size, there are 42 species of bamboo. It is estimated that bamboo covers about
600,000 hectares, or 2%, of Ecuador’s land being responsible for 12% of the employment in the
agricultural sector [51], most of the bamboo plants are found at an altitude of 2,500 to 3,500 m
with 74% of the total species being found in the eastern cordillera. Among all bamboo species
Guadua Angustifolia is the most economically important specie having a culm production of 25.86
million of green culms per year [52].

Guadua Angustifolia is one of the biggest types of bamboo, it can reach more than 30 meters
of height and 22 cm of diameter and has a fast-growing rate, obtaining its final height in just 6
months. Most of the mechanical properties of that type of bamboo have higher values of strength
for 3 and 4 year old culms, which seems to indicate that the mature age of Guadua culms is
reached between 3 to 4 years [53], being a very suitable cellulose source for the extraction of
CNc among other uses.

4. OBJECTIVES

Carry out a bibliographic search on cellulose, cellulose nanocrystals and bamboo and find
where they are obtained, their structure, properties, uses and characteristics.

Give a general view about what cellulose and CNs are.

Give the necessary information to understand the different techniques and processes that can
be used to extract nanocellulose and what types of nanocelluloses exist.

Finding methods to extract CNs emphasizing on the environmentally friendly methods and its
extraction from Guadua Angustifolia, a type of bamboo.

Compare the different methods that can be use to extract CNs.



Extraction and characterization of nanocellulose from different natural materials: bamboo, bamboo leaf and banana rachis 17

5. METHODS

A bibliographic review has been done in order to collect the current available data about the
extraction of nanocellulose, to achieve this, several databases have been consulted in search of
different articles related with the topic. Databases such as SciFinder®, Scopus®, Google Scholar®
and Science Direct® have been used.

The research has been started with several reviews with general information about the
different methods of extraction to then focus on specific articles for each method, as well as for
the introduction, always focusing the research on articles from the last twenty years.

Because the review is part of a collaboration with Sr. Bismark Osmany Torres Ruilova a
professor from the University of Guayaquil in Ecuador, the research has focused on a plant of
great importance there, Guadua Angustifolia, a type of bamboo. For each possible valid extraction
method different articles that uses bamboo as a resource has been searched.

As seen in the introduction, nanocelluloses and specifically CNs are materials in which there
is a growing interest due to their mechanical properties and for being a clean and renewable
resource. These materials began to be studied recently (2002 for cellulose nanocrystals and 2005
for nanocellulose) and the growth of interest in this materials is reflected in the number of
publications with the topics cellulose nanocrystals and nanocellulose showed in Figure 7 and
Figure 8 in which can be seen the exponential growth on the number of publications during the
years.
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Figure 7: Number of documents with the topic “cellulose nanocrystals” published each year on Scifinder®.
27/06/2020.
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Figure 8: : Number of documents with the topic "Nanocellulose” published each year on Scifinder
07/07/2020.

Several articles have been searched to obtain information on the different parts of the report,
the following table (Table 3) shows the words used in the search of this information as well as
characteristics of the information found for each of those parts of the report.

Table 3: Words used in the search for information

Type of
Cellulose

Bamboo Cellulose nanocrystals documents

found
Delignification, pre-treatment, .
Guad_ua_ nano-sized, amorphous CrysFalllnlty index, Articles and
Angustifolia, . chemical treatment, .
regions, degree of ! . reviews from the
cellulose content, L hydrolysis, mechanical
polymerization, hydrogen past 20 years.

growth rate. properties.

bonding.
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6. RESULTS AND DISCUSSION

As a result of the research done it has found that the NCs isolation from a lignocellulosic
biomass can be divided in three steps: The lignocellulosic biomass size reduction, the pre-
treatment in which the cellulose is isolated, and the treatment where NCs are obtained.

Even though the lignocellulosic biomass size reduction is usually classified as a physical pre-
treatment, it hasn't been classified here as one because it's rarely used by itself as a pre-
treatment. Itis used to improve the pre-treatment or treatment yield and it consists of the reduction
of the particle size in order to increase the surface area.

The second one is the pre-treatment of the source material. For wood and plants it consists
of the removal of non-cellulosic material, mainly hemicelluloses and lignin, the most abundant
compounds in lignocellulosic biomass after cellulose, and the isolation of the cellulosic fibers.

The third one is a controlled chemical treatment (generally hydrolysis) to remove the
disordered regions of the cellulose, leaving intact the crystalline parts, called NCs.

6.1. SIZE REDUCTION

That step involves the reduction of the biomass size by milling or grinding among others and
the dehydration (if necessary). The aim of this size reduction is not only the particle size reduction,
but also the improvement of flow properties, and surface area. Increasing the surface area
increases the number of contact points for chemical reactions which improves the pre-treatment
and treatment results [54].

That step is usually repeated until the desired particle size is obtained. After each time, the
particles are generally smaller and more uniform in diameter (Figure 9) [27]. However, the particle
size reduction have a downside, decreasing the size too much could damage the crystalline
cellulose decreasing the crystallinity percentage and increase the cost [27].
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Figure 9: FE-SEM pictures of the fibrillated pulp fibers treated at up to five passes through the

grinder. (A) one pass and (B) five passes.

One of the reasons why this step hasn’t been considered a pre-treatment step is that the final
particle size is dependent on the energy used and that energy is too high to be cost-competitive
and be useful in a full-scale process if it's the only pre-treatment used and the adequate particle
size to proceed with the treatment is wanted [15][55]. However, it is used before other pre-
treatments for comfort and to improve the yield of the delignification.

There are different mechanical size reduction methods that could be used depending on the
particle size wanted. The ideal particle size depends on the biomass source used and the
subsequent pre-treatment method (Table 4). It is known that reducing the particle size below 0.4
mm has little effect on the hydrolysis yield but increases the energy required [56]. In the case of
bamboo, since it's a plant, the methods for reducing its size are similar.

Table 4: Particle size reductions depending on the pre-treatment method used

Source Material Pre-treatment method used  Particle size (nm) Reference
Corn stover Biological 5,10,15 [57]
Citrus sinensis Bagasse Chemical 0.85-1.15 [58]
Coconut husk fiber Chemical 1.0 [59]
Corncobs Physicochemical 0.19 [60]

Bamboo Source Material Pre-treatment method used Particle size (mm) Reference
Phyllostachys pubescence Biological 0.9 [61]
Phyllostachys pubescence Chemical 0.567 [62]

Bambusa Blumeana Chemical 0.5 [63]
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As seen in the Table 4 chemical pre-treatments are done with particle sizes around 0.5 and
1 mm while biological usually use larger sizes, physicochemical pre-treatment particle sizes are
variable depending on the method. Some studies show that milling can be performed after the
chemical pre-treatment reducing the energy consumption and maintaining the hydrolysis yield of
the treatment [64][65].

6.2. PRE-TREATMENT

The main objective of the pre-treatment steps is the elimination of the hemicelluloses and
lignin (Figure 10) [15] to enhance the reactivity of cellulose on the treatment step [15][31][66].

Lignin
// Cellulose
IL
f Pretreatment

i
i

Figure 10: Pre-tratment effect on a lignocellulosic source.

g

The characteristics that researchers are currently looking for in pre-treatment methods are
three: Avoiding the cellulose degradation, reducing any inhibitor for the subsequent treatment and
to be able to recover the lignin and hemicelluloses for other uses [15]. That step also involves
about 20% of the total cos of the process, that's why it is desirable to reduce the energy required
too [10].

Pre-treatment methods can be divided into three different categories: chemical,
physicochemical and biological being both chemical and physicochemical the most cost
competitive. Physical pre-treatment, consisting on the particle size reduction, is usually classified
as the fourth method [15], but it hasn't been considered here as one because of the reasons

mentioned before.
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Several methods will be reviewed giving a brief process description, and a discussion of the
technology’s advantages and disadvantages.

6.2.1. Chemical pre-treatments

Alkaline pre-treatment

The alkaline pre-treatment uses alkaline reagents such as sodium hydroxide (Table 5),
calcium hydroxide or aqueous ammonia, being sodium hydroxide the most studied and used.
However, calcium hydroxide provides good results, it's cheaper and could be recovered from the
reaction solution [66]. Those reagents degrade lignin by cleaving the ether linkages within the
lignin (Figure 11) adapted from [67] and the glycosidic bonds in the hemicelluloses disrupting the
structure of lignin and hemicelluloses [68].

Lignin
OCHj, Lignin HO\L
H
- OCHg OCH; HO OCHs
OH
° 4\ Ligni —— + B\ Lignin
OCH,4 ignin O@ (O
H H—
HO (@ OCH;, OCHg o OCHj,
OH OH
H
HO OCHs
Lignin
o
OCH,

Figure 11: Lignin depolymerization by alkaline pre-treatment.

This treatment provides an efficient removal of lignin even thought it could alter its structure
[69]. That pre-treatment uses lower temperatures and pressures than other technologies and
cause less sugar degradation, but pre-treatment times are long (from hours to days) [66].

The alkali pre-treatment is often combined with sodium chlorite or hydrogen peroxide in order
to improve the lignin and hemicellulose removal (oxidative delignification), which is improved even
more in the case of hydrogen peroxide with the presence of transition metal complexes such as
[Cu(bpy)] [70]. Itis believed that the oxidative delignification works by oxidising the C-O- weaker
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linkages producing CO2 and large molecules which are further oxidised, resulting on small water-
soluble molecules [71][72].

Table 5: Alkaline pre-treatment reaction conditions

Source Material Tempoerature Tirpe Liquid/Solid ratio NaOH . Reference
(°C) (min) (ml/g) concentration
Reed straw 105 10 - 2 %wt [73]
Sorghum straw 120 30 15:1 50 g/L [74]
Sugar cane bagasse 115 38 10:1 0.34 M [75]
Bamboo Source Tempoerature Tirpe Liquid/Solid ratio NaOH . Reference
(°C) (min) (ml/g) concentration
(Neosinocalamus afinis) 60 240 20:1 0-35 % wt [76]
- 100 30-180 10:1 4-10 % wt [77]
(Phyllostachys edulis) 120 60 8:1 0-7 %wt [78]

Acid pre-treatment

This chemical pre-treatment uses concentrated or diluted acids with temperatures between
130 °C and 210 °C and constant mixing during minutes or hours depending on the conditions
used to break the structure of the lignocellulosic material (Table 6) [15].

Concentrated acids are toxic, corrosive, hazardous require having the adequate material and
higher energy investment which makes acid pre-treatment methods cost to be usually higher than
others, even when the acid is recovered after the reaction [79].

Concentrated acids have the advantage that in some cases the subsequent treatment step is
not required, as the acid pre-treatment itself hydrolyses the amorphous regions of the cellulose
leaving the crystalline cellulose intact. As will be seen later, this concentrated acid method is used
in the treatment step to hydrolyse the amorphous part of the cellulose. The process also destroys
the hemicellulose sugars, transforming them into toxic compounds [80], that's why acids at
concentrations below 4% are the most studied [66]. Diluted acid pre-treatment provides high
solubilization of hemicelluloses with minimal degradation and a partial lignin solubilization too.
However, requires higher temperatures and longer reaction times that the concentrated method.
The most common type of dilute acid is sulfuric acid. However, nitric acid, hydrochloric acid,
phosphoric acid, and other acids have also been investigated [65].
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Table 6: Acid pre-treatment reaction conditions

Source Temperature  Time L'qu:t/iio“d Acid Concentration Reference
Material (°C) (min) (mlig) Yowt
Gelidium 121 30 5:1 H2S0s 1 [81]
amansii
Wheat bran 100 60-480 15:1 HsPOq4 1-2 [82]
Corn stover 120 40 10:1 HCI 1 [83]
Source Temperature  Time L'qur:li(s)o“d Acid Concentration Reference
Material (°C) (min) (mlig) %wt
Bamboo
(Dendrocalamus 120, 140 30-90 10:1 H2S04 0.6-1.2 [84]
Asper)
Moso Bamboo 100 0-150 10:1 HsPO4 2-6 [85]

lonic liquid (green solvents) pre-treatment

lonic liquids (IL) are salts which have low vapor pressures, good thermal stability, are liquids
at low temperatures and can dissolve a wide variety of biomass types. These salts are normally
composed of a small anion and a large organic cation, which can be tuned to generate different
liquids to dissolve different biomass types (Table 7) [86]. Those ionic liquids are also called green
solvents due to their non toxicity and the fact that can be fully recovered after a large amount of
pre-treatment steps because of its low vapor pressure [15].

Table 7: lonic liquid pre-treatment reaction conditions

. Temperature  Time IL / biomass
Source Material °C) (h) IL ratio (wiw) Reference
[BMIM]CI, [EMIM]oAc .
Sugarcane 100 0.5-8 and [EMIM|DEP 25:1 (wiv) [75]
Wheat straw 120 1-6 [emim][CH3COOQ] 20:1 (wiw) [87]
Rice straw,
sugarcane bagasse, 90 12 [Ch][Arg] 15:1 (wiw) [88]

eucalyptus, and
pine
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IL dissolving process is carried out at ambient pressures, temperatures between 90 °C and
130 °C during hours or days and the solution can be reprecipitated adding water [89]. IL can be
tuned to dissolve any of the three main components of the lignocellulosic biomass (cellulose,
hemicelluloses or lignin) without altering them [15] and it can even remove amorphous region of
cellulose selectively.

Deep eutectic solvent (DES) pre-treatment

Deep eutectic solvents (DESs) are a mixture of substances that can form a eutectic mixture.
That mixture melts or solidifies at a lower temperature than the melting point of any of its
constituents. DES are chemicals that are almost equivalent to ILs (DESs are even regarded as a
subcategory of ILs according to some sources) and exhibit similar properties, such as good
solvent capacity and low vapor pressure. DES systems consisting of choline chloride and organic
acids can be used as acidic hydrolytic solvents (Table 8). Compared with IL, DES can be obtained
easily by heating the mixture around 100 °C and can be synthesized on larger scale [90].

Table 8: Deep eutectic pre-treatment reaction conditions

Source Temperature  Time IL / biomass

Material 0 (min  PES  OMers  eafo(ww) Reference

Choline ,
Microwave

ﬁﬁzjﬂ:‘? 70-100 35 Cg)'(zrl'l‘iea:’(‘f radiation 401 [91]
(800 W)

dihydrate

Choline
360 chloride and
oxalic acid

dihydrate

Softwood pulp 100 100:1 [92]

Ozonolysis pre-treatment

Ozone gas, a powerful oxidant and soluble in water, could be used in order to breakdown
lignin and hemicelluloses. The degradation is mainly limited to lignin. Hemicellulose is slightly
affected, but cellulose is hardly affected. Reactions are carried out at room temperature and
normal pressure and that processes can be designed to minimize environmental pollution.
Different reaction mechanisms have been purposed, it is believed that ozone preferentially reacts
with olefinic, aromatic and phenolic compounds because of their electron density. The reactivity
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and the route of reaction of these compounds change depending on the substituents [93]. A
drawback of ozonolysis is that a large amount of ozone is required, which can make the process
expensive [55].

Chemical pre-treatment summary

Table 9 shows the summary of the advantages and disadvantages of the chemical pre-treatment

methods.
Table 9: Chemical pre-treatments advantages and disadvantages
Method Advantages Disadvantages
Mild conditions, low cellulose degradation, ~ Requires long pre-treatment times, not
Alkaline can be combined with oxidizing agents to all bases can be recovered after the
pre-treatment improve the yield, is the most used and process which makes this method less
studied pre-treatment. environmentally friendly.
. Lower reaction times than alkaline Concentrateq acids. prgvent the
Acid recuperation of lignin and

methods, solubilizes high percentage of

pre-treatment )
hemicellulose,

hemicellulose and can damage
cellulose, also need special equipment.

It solubilises both lignin and
hemicelluloses, can dissolve lignin,

IL /DES hemicelluloses or cellulose selectively, is
used in mild conditions and is
environmentally friendly.
Selective lignin degradation, carried out at
Ozonolysis ambient temperature and pressure, Flammable, corrosive, toxic and highly
pre-treatment residual ozone can be decomposed reactive, requires special equipment.

reducing the environmental pollution.

Solvents have a high cost and need to
be recovered and recycled.

6.2.2. Physicochemical pre-treatments

This category involves conditions and compounds that affect both physical and chemical
properties of the lignocellulosic biomass.

Steam explosion (SP)

Steam explosion is the most extensively studied and commonly applied physicochemical
biomass pre-treatment. In this method the biomass is treated with steam at 160-240 °C under
pressures between 0.7 and 4.8 MPa (Table 10) [65], the steam saturates the dry material, the
pressure is held to help hydrolyse hemicellulose (the hydrolyzation could be improved with diluted
acid) and then released to cause the rupture of the material and exposing the cellulose [94].
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Hemicellulose is the predominant solubilized compound in the liquid phase, while the lignin is
transformed as result of the high temperature. However, cellulose could be degraded if the
conditions are too severe.

Hydrolysis of hemicellulose is thought to be mediated by the acetic acid generated from acetyl
groups associated with hemicellulose and other acids released during pre-treatment, that may
catalyse the hemicellulose hydrolysis.

SP can be effectively enhanced by addition of H2SOs, or SO2 as a catalyst. The use of acid
catalyst not only increases the solubilization of hemicellulose, but also decreases the production
of inhibitors and improves the NCC yield [60] .

The low chemical quantity and the low energy requirements makes this method very
attractive. However, lignin can't be recovered because of its degradation which, if it's not
complete, could generate soluble lignin components resulting in the destruction of a portion of the
hemicelluloses [65].

Table 10: SP pre-treatment reaction conditions

Temperature Time Pressure Other chemicals

Source Material °C) (min) (MPa) used Reference
Pinus pinaster 190-210 4-8 412 - [95]
Spruce 184-235 2.5-20 1.1-3.1 - [96]
Bamboo
(Bambusa blumeana) Sodium chlorite /
) acetica acid solution
oo C mmison
pervariabilis)
Bamboo . .
(Phyllostachys 224 4 A'ka"”el’ tF.’e“’X'de [98]
edulis) soifion

Ammonia Fibre/Freeze Explosion (AFEX)

AFEX Is an alkaline pre-treatment method that use liquid ammonia to pre-treat biomass, the
lignocellulosic material is exposed to ammonia at a given temperature and high pressure, similarly
to SP method, and causes swelling and phase change in cellulose crystallinity of biomass in
addition to the alteration and removal of lignin (Table 11). After holding the target temperature for
about 5 min, the vent valve is opened rapidly to explosively relieve the pressure. The chemical
effect of ammonia under pressure causes the cellulosic biomass to swell, this results in a phase



28 Ruesca Martin, Ratil Adad

change in the crystal structure of cellulose | to cellulose IIl. The combined physical and chemical
changes markedly increase the susceptibility of the pre-treated lignocellulosic biomass to

subsequent hydrolysis.
Table 11: AFEX pre-treatment reaction conditions

Source Temperature . Ammonia (g/g of Water (g/g of
Material (°C) e biomass) biomass) G
Alamo
CIR switchgrass 80-200 5-30 0.4-2 0.4-2 [99]
Sugarcane
bagasse 100-140 30 1 2 [100]
Moso bamboo 70-190 1-30 0.5-5 0.2-2 [101]

CO: explosion pre-treatment

CO:z explosion uses supercritical CO2 on high pressures and temperatures for several minutes
which once dissolved in water forms carbonic acid that helps in the hydrolysis of the
hemicelluloses, the pressurized gas is released disrupting the biomass source similarly to AFEX
or SP methods (Table 12) [65]. This method effectively increases the yield of the treatment with
no generation of toxins. Increasing the pressure improves the penetration of CO2 into the biomass
structure [102]. Compared to steam and ammonia explosion the yields are lower but the overall
pre-treatment is more cost-effective [79].

Table 12: COz explosion pre-treatment reaction conditions

Source Material Temperature (°C) Time Pressure H20 content Reference
Sugarcane 120-180 1h  20.6 MPa 80% [103]

Physicochemical pre-treatment summary

Table 13 shows the summary of the advantages and disadvantages of the physicochemical
pre-treatment methods.
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Table 13: Physicochemical pre-treatment advantages and disadvantages

Method Advantages Disadvantages

It requires more
complicated assembly and
machinery than in
chemical methods and
diluted acids need to be
added if high yield is
wanted which requires
special equipment and
increases the cost.

It requires little pre-
treatment times, it doesn't
need a large prior particle
reduction since the same
process decreases the
biomass particle size,

Steam explosion

It solubilises a high
amount of lignin and
hemicelluloses without
affecting cellulose,
Low temperatures are Itis a process that has not
used which prevents the yet been fully investigated
degradation of lignin and and its price is too high to
hemicelluloses. be viable on a large scale.

It requires complicated
assembly and has a high
cost.

Ammonia Fibre/Freeze Explosion

CO:2 explosion pre-treatment

6.2.3. Biological pre-tratments

The biological or microbial pre-treatment involves the use of microorganisms or enzymes
(mainly fungi) to degrade lignin and hemicelluloses but leaving the cellulose intact. In biological
pre-treatments, particle size, moisture content, resident time, and temperature, besides the
microbial agents used, could affect lignin degradation rate [57].

For tunicate the pre-treatment involves the isolation of the mantel from the animal and the
isolation of individual cellulose fibrils with the removal of the protein matrix [104].

Pre-treatments for algal cellulose sources typically involve culturing methods, and then
purifying steps for removal of algal wall matrix material [105].

Bacterial cellulose pre-treatments focus on culturing methods for cellulose microfibrillar
growth. Under special culturing conditions the bacteria secrete cellulose microfibrils, producing a
thick gel [8]. In bacterial cellulose production another important factor is the carbon source, some
studies [106] show that when the carbon source is arabitol or mannitol, the production of cellulose
is 6.2 and 3.8 times better than glucose, respectively.

Fungal pre-treatment is mainly focused on fungi that selectively degrade lignin and
hemicelluloses, while utilizing little cellulose. The pre-treatment process is significantly affected
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by the particle size and moisture content of the material, as well as the time and temperature of
the microbial pre-treatment [57]. Many microorganisms are capable of degrading and utilizing
hemicelluloses as carbon and energy sources. However, a much smaller group of filamentous
fungi has evolved with the ability to break down lignin, these are known as white-rot fungi [107].

The advantages of biological pre-treatment include low energy requirement and mild
environmental conditions. However, the rate of hydrolysis in most biological pre-treatment
processes is very low [79], others disadvantages of that method include long time process, large
space requirement, and the need for continuous monitoring of microorganism growth [108][109].
that's the reason why the current efforts in biological pre-treatments are in combining this
technology with other pre-treatments and in developing novel microorganisms for rapid hydrolysis
[15].

Biological pre-treatment summary

Table 14 shows the summary of the advantages and disadvantages of the biological pre-

treatment methods.
Table 14: Biological pre-treatment advantages and disadvantages

Advantages Disadvantages
Very low energy requirements, mild conditions and Low yield and very long pre-treatment
environmentally friendly. times.

6.3. CELLULOSE TREATMENT

The last step is obtaining the CNs from the isolated cellulose in the pre-treatment. To extract
the CNs, the amorphous regions of the cellulose must be removed, the fact that those regions are
not well organized makes them more susceptible to chemical attacks while the crystalline regions
have higher resistance (Figure 12) [3][8][110].
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Figure 12: Cellulose crystalline and non-crystalline regions.

This step can be done in several ways, the most common is the acid hydrolysis, but there are
many other methods that have been investigated to extract NCs or to improve the acid hydrolysis
method as it will be seen below.

6.3.1. Acid hydrolysis

The most commonly used method to extract NCs from cellulose fibers is acid hydrolysis. It
consists of the hydrolysation (Figure 13) adapted from [111] of the amorphous regions of cellulose
(Figure 12) with a strong acid under controlled conditions of temperature, time and agitation
(Table 15). The type of acid used, and the acid-to-cellulose ratio are parameters that must be
considered too. That acid attack leads to rod-like nanocrystals.

®
o 0~ \QH — 0 0~ \OH

o o
CHZOH(& ® OH CH,OH H OH
H

Figure 13: Cellulose acid hydrolysis.
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Table 15: Acid hydrolisis reaction conditions

Source Temperature Time Liquid/Solid Concentration

Material (°C) (min) ratio(ml/g) LT %wt G
Cotton
cellulose 45 10-300 9:1 (viw) H2S04 64-66 [112]
(filter paper)
Pine wood 44 ) 101 (viw)  HaSOs 62 [113]
Bamboo Temperature Time Liquid/Solid Concentration
Source °C) (min)  ratiojmlig)  Method Yowt D
Bamboo pulp 40-60 90-210 30:1 (wiw) H3PO4 77-85 [46]
Bambusa 50-60 1240 OIS e0, 64 [114]
vulgaris (Viw)
Phyllostachys 60 120 254()  H:SOs 68 142

heterocycla

The final product is washed to stop the acid attack, is usually centrifugated several times and
dialysed with distilled water in order to remove any acid molecules. The hydrolysis and washing
conditions depend on the source of cellulose [1].

The most commonly used acid is sulfuric acid followed by hydrochloric acid, although there
are many other acids that have been used to extract CNs such as phosphoric and hydrobromic.

The use of sulfuric acid has one major advantage, it forms negatively charged sulphate esters
which generates electrostatic repulsion between nanocrystals and form stable aqueous
suspensions [115][116], while the use of hydrochloric acid produces CN's with little suspension in
water due to the hydrogen bonds formed [116]. However, those electrostatic repulsions groups
introduced into the outer surface of the cellulose crystals can decrease its thermal stability [117].

Other factor to consider is that the degree of polymerization (DP), which is the number of
monomeric units in the polymer, decreases rapidly until it reaches the level-off DP (LODP) from
which the DP remains relatively constant [118]. Because the amorphous or para-crystalline
regions are usually evenly distributed along the microfibers the LODP can be correlated with the
crystal sizes obtained before the acid hydrolysis[3][118]. The value of LODP depends on the
cellulose source, and the DP obtained is different for every source, even at the LODP. However,
the acid hydrolysis of some sources that have no regular distribution of the amorphous regions
and can result in a wide variety of molecular weight polymers without reaching the LODP [3].



Extraction and characterization of nanocellulose from different natural materials: bamboo, bamboo leaf and banana rachis 33

Even though sulfuric acid treatment it's the usual method due to the introduction of groups
that help stabilizing the cellulose nanocrystals in solution, the use of sulfuric acid and other mineral
acids has a number of drawbacks such as corrosivity, environmental incompatibility, the possible
degradation of cellulose, being time-consuming and the relatively low yield.

6.3.2. Cation exchange hydrolysis

The use of cation exchange resin hydrolysis to produce CNs is one effective alternative
method, ion-exchange resins can act as a solid catalyst in many reactions which are normally
catalysed by acids (Table 16) [119], those resins have several advantages such as being more
environmental-friendly, not needing special equipment, being easier to handle and being able to
be recycled [120]. There are just a few examples of this method producing CNs but some studies
show that this method could be a good method for manufacturing CNs in an environmental-
friendly way [120].

Table 16: Cation exchange reaction conditions

Source Temperature Time Liquid/Solid ratio
Material (°C) (min) (mlig)
MCC 50 180 7.5:1 [120]

Reference

6.3.3. lonic Liquids

As said before ionic liquids (IL) are liquid salts that can dissolve a wide variety of biomass
types. Some of those ionic liquids can remove a large percentage of lignin, almost all
hemicelluloses and even selectively hydrolyse cellulose amorphous regions (Table 17) [121]. The
reason for this selectivity could be due to ionic liquid entering the space between cellulose chains
in the amorphous region and hydrolysing the cellulose molecules while leaving the crystalline
parts intact [122]. Some reports [123] demonstrate that pre-treatment step could be removed by
adding a catalytic amount of sulfuric acid, removing the need to do two steps to extract the CNs.
However, that makes the ionic liquid much harder to recuperate.
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Table 17: lonic liquids reaction conditions

Source Temperature Time Liquid/Solid ratio

Material (°C) (min) (mlig) i
Angelim vermelho 100 60 20:1 (wiw) [121]
MCC 70-100 90 10:1 (w/w) [124]
MCC (Avicel PH-101) 90 60 10:1 [122]

6.3.4. Ultrasonic treatment

Sonication is the application of sound energy to physical or chemical systems; the sound
waves introduce pressure variations that grow and collapse. The sonication process is normally
used after acid hydrolysis to disperse cellulose nanocrystals. Some studies have developed
purely physical methods of high-intensity ultrasonication to overcome the drawbacks of acid
hydrolysis with good results (Table 18) [125]. However, the high intensity ultrasonic treatment
usually have non-selective effect and brakes the intermolecular bonds even on the crystalline
parts of the NCC which reduces the crystallinity percentage [126]. Other application to the
ultrasonic treatment is the addition of low-intensity ultrasonic assistant to the acid hydrolysis which
improve the yield of NC's obtained without changing the morphology (Table 18). The use of that
ultrasonic treatment breaks down the interaction force between cellulose microfibrils, facilitating
the disintegration of cellulosic fibers into nanofibers improving the yield [126][127].

Table 18: Ultrasonic treatment reaction conditions

Concentration

Source  Temperature  Time  Liquid/Solid
. o . - Method (Yowt) / Reference
Material (°C) (min) ratio(ml/g) Conditions
Mi Ultrasonic-
icro- assisted
crystalline 50 90 10:1 RO 59-67 [126]
sulfuric acid
cellulose X
hydrolysis
Bacterial
Cellulose 15- Ultrasonic 200W, 20
(Acetobact Ice bath 75 i treatment kHz [125]
er xylinum)
Ultrasonic-
Wood 60 60 10:1 assisted 60 [128]
sawdust sulfuric acid

hydrolysis
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6.3.5. Chemical treatment summary

Table 19 shows the summary of the advantages and disadvantages of the chemical treatment

methods.

Table 19: Chemical treatment advantages and disadvantages

Method Advantages Disadvantages
Is the most used
treatment to produce CNs, Requires special
Acid hydrolysis has high yield and can be equipment and is not
combined with other environmentally friendly
methods

Cation exchange hydrolysis

lonic liquids

Ultrasonic treatment

Environmentally friendly,
easy to handle, it's not
dangerous and do not

cause equipment
corrosion

Environmentally friendly,

it's not dangerous, if
combined with acid the
pre-treatment step can be
avoided.
It can improve the yield is
combined with other
methods

Needs to be regenerated
and very little research is
available.

Needs to be regenerated
and can be expensive

By itself it causes a
decrease in crystallinity

6.4. CHARACTERIZATION

Different characterization techniques are used for different purposes:

6.4.1. Shape

As mentioned above, once obtained, cellulose nanocrystals have the characteristic of not
containing amorphous zones as well as having a specific shape and size. One of the ways to
know if the nanocrystals extraction process has been successful is through techniques capable
of providing information on the morphology of the product such as Field Emission Scanning
Electron Microscopy (FE-SEM), Atomic Force Microscopy (AFM) or Transmission Electron
Microscopy (TEM). On those characterization techniques cellulose nanocrystals show always the
same rod-like shape with widths and lengths between 5-70 nm and 100-250 nm respectively [120]
[126][129][130].



36 Ruesca Martin, Radl Adad

6.4.2. Structure

As already explained in previous sections, the composition of the initial lignocellulosic
biomass changes as the different processes for the extraction of nanocrystals are applied, a good
way to study those changes in the chemical functionality is by Infrared Spectroscopy (IR). Three
different possible spectra can be differentiated, one of the initial lignocellulosic biomass, another
of the pre-treatment product and another of the final CNs.

The main changes observed between the initial source and the pre-treated product are the
disappearance of the bands at 1,730 cm-! and 1,512 cm-! (Table 20) and the intensity reduction
of the band at 1,250 cm-! [126][129]. However, the spectra of the pre-treatment product and the
final cellulose nanocrystals are very similar, both spectra have characteristic common bands that
appear approximately at 3,340 cm-', 2,900 cm-', 1,640 cm-', 1,120 cm-, and 1030 cm-' (Table

20)[131][132][133].
Table 20: IR bands

Band frequency (cm) Band description
3,340 Stretching of O-H groups
2,900 C-H symmetric vibrations
1,730 C-O stretching vibration for the acetyl and ester linkages
1,640 Absorbed water
1,512 Associated to the aromatic rings of lignin
1,250 C-O stretching of aryl group from lignin
1,120 _ Stretching of the intermolecular ester bond

6.4.3. Crystallinity

Another important property to determine is the crystallinity content, this can be characterized
by various methods.

In IR the absorbances at 1,430 cm-! and 897 cm-! are sensitive to the crystal structure of the
cellulosic material and the ratio of A1430/Asez, which is known as crystallinity index or lateral order
index (LOI), is used to calculate the crystallinity, being bigger the more crystallinity there is [134].

X-ray diffraction (XRD) is another method used to determine the crystallinity. XRD provides
strong and pointed signals from the crystalline fraction of the cellulose while the non-cellulose
structure have broader and less clearly defined signals [135], finally the degree of crystallinity (Xc)
(Figure 13) can be determined by knowing the intensity of the amorphous (la) and crystalline (Ic)
peaks [136][137].
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6.4.4. Differential thermal analysis

The thermostability of the is another characterization method that is usually used to study the
response of the material to a change in temperature. An initial small weight loss can be observed
always at a low temperature (100 °C) that corresponds to the water absorbed. The lignocellulosic
biomass thermal degradation starts earlier (~270 °C) than the pre-treated cellulose (~290 °C)
due to the presence of lignin and hemicelluloses which decomposes at lower temperature than
cellulose. The thermal degradation of CNs is initiated at lower temperatures (~235 °C) due to the
greater number of free ends caused by the crystalline cellulose nano-sizes which gives them
lower thermal stability. In the case of the CNs obtained by sulfuric acid hydrolysis, the sulphate
esters introduced by that method decrease the thermal stability, the elimination of those groups
require low energy, and the sulfuric acid released can facilitate the decomposition or
depolymerisation of cellulose [126][138][129].

7. INITIAL EXPERIMENTAL PROCEDURE

This report was originally focused on optimizing an experimental method to extract cellulose
nanocrystals from Guadua Angustifolia, but due to the circumstances, it was reoriented as a
bibliographic report. The proposed method for extracting cellulose nanocrystals from Guadua
Angustifolia was as follows.

7.1. SIZE REDUCTION

The Guadua Angustifolia leaves from Ecuador were cut with scissors to a size of a few
centimetres to be able to dry them in an oven at 100 °C. Once the leaves were dry, they were
passed through a Retsch RS100 ring mill from the Faculty of Earth Sciences. Once milled, two
types of sample could be observed: fibers a few centimeters long and a brown dust. Both samples
were sieved, leaving 3 different sizes, one of less than 125 microns, another between 125 and
250 microns and another of more than 250 microns. The smallest sizes were mixed due to lack
of sample quantity, only the samples smaller than 250 microns were used for the extraction
process.
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7.1. ALKALINE PRE-TREATMENT

The initial approach was to use a combination of an alkaline method, based on sodium
hydroxide, together with an oxidative delignification using hydrogen peroxide as a pre-treatment.
To be able to evaluate the influence of the different parameters that could affect the yield of the
pre-treatment, temperature, concentration and reaction time, an experimental design was made
(Table 21). Once the replicates for the experiment design started, they could not be completed
due to Covid-19 confinement.

After having completed the bibliographic search of the report, it can be concluded that the
range chosen for the parameters of the design of the experiment, despite the fact that none was
out of the normal, in the case of the NaOH concentration was slightly above what is normally used
in this type of treatment.

The following steps of the method for extracting cellulose nanocrystals could not be carried
out, nor was it possible to propose an experimental design for the cellulose hydrolysis steps.

Table 21: Design of experiment for the pre-treatment step

Concentration

Method Run Temperature (°C) (%wt) Time (h)
17 1 55.00 17.50 2.00
1 2 40.00 10.00 1.00
18 3 55.00 17.50 2.00
10 4 80.00 17.50 2.00
11 5 55.00 5.00 2.00
19 6 55.00 17.50 2.00
12 7 55.00 30.00 2.00
7 8 40.00 25.00 3.00
5 9 40.00 10.00 3.00
2 10 70.00 10.00 1.00
9 1 30.00 17.50 2.00
3 12 40.00 25.00 1.00
20 13 55.00 17.50 2.00
6 14 70.00 10.00 3.00
15 15 55.00 17.50 2.00
16 16 55.00 17.50 2.00
4 17 70.00 25.00 1.00
14 18 55.00 17.50 3.68
13 19 55.00 17.50 0.32

8 20 70.00 25.00 3.00
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8. CONCLUSIONS

In the bibliographic analysis, an exponential growth of interest in nanocellulose and
nanocrystalline cellulose has been observed.

Bibliography related to the extraction of cellulose nanocrystals from bamboo has been found,
but not from Guada Angustifolia.

Many pre-treatment methods are used to produce other products apart from the CNs (mainly
paper and bioethanol), so there is more information and have been more studied.

Bamboo is a very good source from which to extract these CNs due to its high growth rate. In
addition, the extraction methods are applicable for this plant in the same way as for any other
plant or wood.

Reducing the size of the starting material is something that is often seen as a type of pre-
treatment and not as the first step to do before the pre-treatment in the process of extraction
despite being of such importance.

Pre-treatment step usually combines several methods to obtain the highest possible yield. In
the case of chemical pre-treatments alkaline methods are usually combined with bleaching
processes using hydrogen peroxide or sodium chlorite, while physicochemical processes such as
steam explosion are usually combined with acids. This trend is also observed in the case of
bamboo.

In the CNs extraction process, there seems to be room for improvement, the method based
on sulfuric acid has been extensively investigated despite having several drawbacks such as
cellulose degradation or environmental incompatibility, but ways to increase the yield of that acid
hydrolysis, like ultrasonication, have been investigated, and greener ways to extract CNs have
been discovered such as ionic liquids, that are selectively capable of hydrolysing the amorphous
areas of cellulose and are reusable, or cation exchange resins that despite having a generally
lower yield higher crystallinity indices can be obtained than with the sulfuric acid method.
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10. ACRONYMS

Acronyms

Meaning

AFEX

AFM

CcMC

CNs or CNC
DES

DOE

DP

p

Of
TEM
XRD

Ammonia Fibre/Freeze Explosion
Atomic Force Microscopy
Carboxymethylcellulose

Cellulose nanocrystals

Deep eutectic solvent

Design of experiment

Degree of polymerization

Density

Elastic modulus in axial direction
Elastic modulus in transverse direction
Field Emission Scanning Electron Microscopy
Infrared spectroscopy

lonic liquids

Level-off degree of polymerization
Microfibrillated cellulose
Nanocrystalline cellulose
Nanofibrillated cellulose
Scanning Electron Microscopy
Steam explosion

Tensile strength

Transmission Electron Microscopi

X-ray diffraction
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