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RESUMEN

En el Ecuador, el racimo de frutas vacias de palma aceitera (OPEFB) es un residuo agricola sin
aprovechar. Para agregar valor a estos desechos, se propone la extraccion de celulosa y
nanocelulosa cristalina (CNC) a partir de estos. El objetivo principal de este trabajo fue establecer
una metodologia de hidrdlisis acida para la obtencion de CNCs. Para evaluar la eficiencia de la
hidrdlisis del acido fosforico se realizaron 13 experimentos que estudiaron la influencia de las
condiciones de reaccion como la temperatura, la concentracion de acido, la proporcion celulosa-
acido asi como el tiempo de reaccion. Para la caracterizacion de la celulosa OPEFB modificada,
este trabajo se enfoca en espectroscopia de infrarrojos por transformada de Fourier - Reflectancia
Total Atenuada (ATR-FTIR), espectroscopia de difracciéon de rayos X (XRD) y microscopia
electronica de barrido (SEM), que proporcionan informacién sobre la estructura quimica y la
morfologia de las muestras. Después de estas técnicas, se pudo asegurar que la celulosa y la CNC
obtenidas no tenian sefiales de contenido de lignina o hemicelulosa. Las mejores condiciones de
reaccion para producir CNCs con alta cristalinidad se realizan a una concentracion de 4cido
fosforico al 70% en una proporcién de 1: 100 g/ mL llevada a cabo a temperatura ambiente durante
largos periodos de tiempo. Estas condiciones aseguran una produccion de rendimiento de 42,7% a
80,74% en dependencia del tiempo de hidrdlisis. El % de cristalinidad para la nanocelulosa
cristalina de OPEFB esta en el rango [75,1% - 85,4%]. Para proponer una aplicacion precisa, se
realizaron pruebas de traccion en peliculas de celulosa modificada de OPEFB con quitosano para
evaluar el comportamiento mecanico en peliculas con 2% en peso de contenido de celulosa. Las
peliculas evaluadas presentan un modulo de Young maés alto, esto significa que la celulosa OPEFB
modificada mejora las propiedades mecanicas de las peliculas de quitosano, por lo que funciona

bien como material de relleno amigable con el ambiente.

Palabras clave: Celulosa de OPEFB, CNCs, polimorfos de celulosa, cristalinidad.
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ABSTRACT

In Ecuador, Oil Palm Empty Fruit Bunch (OPEFB) is an agricultural waste that is not
harnessed. To add value to these wastes, the extraction of Cellulose and Crystalline Nanocellulose
(CNC) is proposed from them. The main objective of this work was to establish a methodology of
acid hydrolysis for the obtention of CNCs. In order to evaluate the efficiency of phosphoric acid
hydrolysis were carried out 13 experiments that study the influence of reaction conditions such as
temperature, acid concentration, ratio between cellulose and acid and reaction time. For the
characterization of modified OPEFB cellulose this work focus on Attenuated Total Reflection
Fourier-transform infrared spectroscopy, (ATR-FTIR), X-Ray Powder Diffraction Spectroscopy
(XRD), and Scanning Electron Microscopy (SEM), that provides information about chemical
structure, and morphology from samples. After this techniques, was possible ensure that cellulose
and CNC obtained do not have signals of lignin or hemicellulose content. The best reaction
conditions to produce CNC with high crystallinity are 70% phosphoric acid concentration in a ratio
1:100 g/mL at room temperature for long periods of time. This conditions ensure a yield production
from 42.7% to 80.74% in dependence of hydrolysis time. The %crystallinity for OPEFB crystalline
nanocellulose has in range [75.1% - 85.4%]. To propose an accurate application Tensile Test were
performed on chitosan - modified OPEFB cellulose films to evaluate the mechanical behavior at
films with 2% wt. cellulose content. The films that were evaluated present a higher Young's
modulus this means the modified OPEFB cellulose improve the mechanicals properties of chitosan

films so, well works like green filler.

Keywords: OPEFB Cellulose, CNCs, cellulose polymorphs, crystallinity, green filler
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1 INTRODUCTION-JUSTIFICATION

Agriculture is one of the bases on which the economy of Ecuador is supported. The oil palm in
Ecuador has been characterized as a growing, stable and successful productive field. Nowadays,
Ecuador ranks second in Latin America in the production of crude palm oil and is the sixth largest
producer worldwide. Although agribusiness is the key to the Ecuadorian economy, it generates
large amounts of solid waste that have negative effects on the environment. In the oil industry, the
contamination generated in relation to the processing activities of the fresh fruit bunches of the oil
palm are the palm kernel shell, the mesocarp fiber as well as the oil palm empty fruit bunch.
Around the world, an increasing researching effort has been devoted to develop processes that
make it possible to value this type of agro-industrial waste and in this way turn this threat to the
environment into an opportunity. In Ecuador, the oil palm empty fruit bunch is used as fuel to
supply energy to the extraction plant while another fraction is incorporated into the plantation as a
source of fertilizers. Despite these uses, the waste generated could be exploited according to its
properties and used for the production of value-added inputs such as cellulose, crystalline
nanocellulose, among others. It is important to remark that these materials are imported to Ecuador
due to there is no industry for cellulose in our country. Also in Ecuador there is not a policy of
supporting sustainability so the environment impact it is getting bigger every day. Thus, low-cost
alternative materials synthesized, with an efficient methodology that can be applied in the
Ecuadorian industry along with the intent to promote environmental sustainability, has motivated

this research work.
2 PROBLEM STATEMENT

There is a strong and direct relationship between the production of palm oil and Ecuadorian
agricultural domestic product, which frames the need to strengthen agro-industrial processes that
entail sustainable processes. The use of agricultural residues has many advantages. OPEFB is
considered the cheapest natural fiber with good properties and exists abundantly in Ecuador. It has
great potential as an alternative main raw material to substitute woody plants. In this study, we are
interested in isolating Cellulose and Crystalline Nanocellulose (CNC) from oil palm empty fruit
bunches (OPEFB) with a simple method. In this way we can take advantage of organic waste and

develop new products with higher added value.



The implementation of an appropriate method to isolate CNCs with good performance and good
crystallinity would open an unexplored industrial field in Ecuador. Not only does it help to
remediate waste but also produces a new material with applications in many industry fields such
as biomedical, pharmaceuticals, drug delivery, remediation, food, textile, electronic,

electrochemical among others.
3 GENERAL AND SPECIFIC OBJECTIVES
3.1 General objective

Isolation of cellulose and crystalline nanocellulose by acid hydrolysis method using oil palm
empty fruit bunch, and the development of a methodology can be applied in ecuadorian

industry.
3.2 Specific objectives

e To study in detail, the extraction of highly crystalline, H>O-insoluble cellulose
nanomaterials from oil palm empty fruit bunch by phosphoric acid hydrolysis.

e To study the effect of hydrolysis conditions on yield and morphology.

e To examine the interrelations of the extracted materials based on the conditions
process, yield and structure obtained.

e To determine the reproducibility of the hydrolysis, and to explore ways to optimize the
yield of the extracted nanomaterials with unique chemical and morphological
properties.

e To blend chitosan with the extracted material from OPEFB as a green film for
improving properties.

e To test the mechanical properties of modified OPEFB cellulose on chitosan films.



4 THEORETICAL BACKGROUND
4.1  Agricultural Industry in Ecuador

Agriculture is a fundamental pillar of the Ecuadorian economy. The production matrix is based on
the agricultural sector that contributes 8% to the total annual production of the country (Gross
Domestic Product). For the agricultural Ecuadorian industry, one of the most exploited products
is Elaeis guineensis that is the palm oil species from which most oil palm is extracted quantity. In
Latin America, Ecuador is in the second country of oil palm production [1]. Due to the adaptability
of the plant for tropical conditions is cultivated throughout the three regions of Ecuador. On the
coast, we have the provinces of Esmeraldas, Santo Domingo de los Tsachilas, Guayas, Los Rios,
and Manabi. In the Sierra region are Pichincha, Imbabura, Cotopaxi and Bolivar while in the
Amazon region we have the provinces of Orellana and Sucumbios These provinces have favorable
conditions for the production of the plant that supplies oil [2]. In Ecuador, oil palm plantations
have an annual production of 2,275,948 tons according to INEC data. The current status of oil
palm cultivation do not include a valorization of the residues generated and also, there is not a
policy of supporting sustainability with the preservation of the Amazonian region and native

tropical forest of Ecuador [3].
4.2 Oil Palm Empty Fruit Bunch

After oil palm production, the oil palm empty fruit bunch (OPEFB) is considered an agricultural
waste that is discarded and its potential has not been harnessed. The processing of oil palm for oil
extraction generates an abundance of by-products, in Figure 4-1 show in detailed residues from
oil palm. This raw material is a non-wood fiber that has great potential due to its properties and
has a very low cost [4]. The chemical composition of OPEFB include [43-65%] cellulose, [17-
33%] hemicellulose, [68-86%] holocellulose, [13-37%] lignin, [60-66%] glucose and [1-6%]
ashes content. Thus, it is a suitable alternative in generating regenerated cellulose products. This

biomass is used as natural fertilizer, biodiesel production, packaging, nanomaterials, among others

[5].
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Figure 4-1. Agricultural wastes from oil palm

4.3 Cellulose

Cellulose is the most abundant biopolymer with exceptional characteristics such as renewability,
biodegradability, biocompatibility and environmental friendliness. It can be obtained from
different natural sources, like sugar palm, rice husk, cotton, wood, wheat, others plants, fruits,
tunicate, algae, bacteria and fungi constituting the cell wall [6]. This macromolecule is formed
from the repeating units of D-glucose, linked through glycosidic bonds (8-1—4) that favor straight
chains as shown in Figure 4-2. Cellulose forms a composite material with some polysaccharides
like lignin and hemicellulose that constitute the primary structural matrix of plant tissues Its
surface structure possesses abundant hydroxyl groups, therefore it can be easily functionalized by

diverse chemical methods in order to enhance its physicochemical properties [7-8].
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Figure 4-2. Molecular structure of cellulose repeat unit [8]
Cellulose has been of particular interest due to be considered a semi-flexible polymer. This means
that its molecules have a tendency to form intramolecular that transform cellulose into a relatively

stable polymer and provide the relative stiffness and intermolecular hydrogen bonds that allow a



tertiary fibrillar structure of high crystallinity of the molecule [9]. For crystalline cellulose has a
representation in Figure 4-3. Cellulose has a semi-crystalline structure, this means that exist two
regions, one region is crystalline (highly ordered) and other region is amorphous (less ordered)
[10]. The crystallinity, is a measurable property, can be calculated from weight fraction of the
crystalline regions. In order to describe the relative amount of crystalline material is used the
crystallinity index (CI). Generally, in nature, the crystallinity degree is in the range of 40 to 70%,

the rest is amorphous cellulose [11].
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Figure 4-3. Structure of crystalline cellulose [ / 0]

4.3.1 Cellulose Allomorphs

Cellulose chains presents differences in symmetry and chain geometry so, them can display
different crystal packing. Exist four different polymorphs, known as cellulose I, II, III, TV.
Cellulose polymorphs most common and present in plants is cellulose I or called native cellulose,
and cellulose type II the difference between them is shown in Figure 4-4. Cellulose polymorph
with a crystalline structure is known as cellulose I, when dissolved it crystallizes and passes to a
more stable state known as cellulose II. Polymorphs III and IV are obtained after treatments with

specific reagents [12-13].
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4.3.2 Processing of Cellulose

Nowadays, it pretends that chemical treatment will a green process that is way that various
techniques have been explored to extract cellulose. The isolation of cellulose can be achieved in
different ways but in the present work focus on chemical method. For a chemical pre-treatment,
frequently used reagents are selected from oxidizing agents, alkali and acids due to the chemical
reactions with raw material achieve for breaking the structure to degrade biomass and extract
cellulose [14]. The theoretical framework of acid pre-treatment is removal of hemicellulose also
are used to fractionate the components of lignocellulosic biomass while alkali pretreatment
removal of lignin breaking the ester and glycosidic chains. As a result of both chemical treatments

it is obtained a relatively pure cellulose [15].

In the case of employ acid reagents for pre-treatment is necessary take into account that reaction
conditions. The efficiency of the treatment depends on critical parameters such as the type of acid,
as well as the acid concentration, the ratio between biomass and acid (g/mL), also depends on
temperature (usually high temperatures) and the time for acid treatment. All these parameters
ensure a high yield of desired material. Among the most used chemicals are H2SO4, NHO3, HCI
and H3POs. In the case of work with alkali reagents the efficiency also depends on the chemical
nature, the alkali concentration as well as the ratio. The critical conditions for this pre-treatments
are the reaction time because in order of the biomass type time will drag on. Also alkaline process
operate at lower temperature that in acid conditions. The alkali reagent widely used are NaOH and

KOH [16-17].



4.4 Cellulose Applications

The cellulose has various application possibilities in different fields due to its huge availability
worldwide, low cost, flexibility, easy processing, nontoxic, biodegradable and unique
physicochemical properties [18]. Due to the formation of semicrystalline fibers cellulose has been
used in papermaking field but nowadays, many studies have focused on cellulose-based materials
renewability, versatility and functionality. That is why that cellulose is involved in many industry
field for various applications like biomedical, pharmaceuticals, drug delivery, remediation, food,

textile, electronic, electrochemical among others [19-21].
4.5 Crystalline Nanocellulose

When mention Cellulose Nano-Crystals (CNC) is refer to crystalline cellulose (highly ordered) in
a scale of nanometers. At that scale based on it morphological structure is possible obtain different
geometries for nanocellulose. A rod-like shape nanocrystals, filament-like long nanofibril (CNF)
and sphere-like nanocellulose as example see Figure 4-5 [22]. Based on exhaustive literature
review about morphology of nanoparticles it can be stated that the average particle size for CNCs
exhibit a length of 50-350 nm, respect to the width of 5-20 nm, and for aspect ratios of 5-30 nm.
In contrast, a fibrillar particle morphology belong to CNFs and present a flexible structure. Their
typical length is more than 1 um, the average width is between 20—100 nm, and for it aspect ratio
is 10-100 nm [23].
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Figure 4-5. Different morphology for nanoparticles [24]

4.5.1 Processing of CNC

Exist different mechanisms to isolate cellulose nanocrystals like biological, mechanical, and

chemical. In this section, explained the chemical method to isolate CNC is chemical that



encompasses an acid hydrolysis. This experimental procedure is widely used in the process of
separation of CNCs from amorphous cellulose. The amorphous regions of cellulose must be
hydrolyzed under certain conditions to promote a high degree of crystallinity in the process. In a
general way sulfuric acid is the favorite chemical to isolate CNC due to its degradation potential
for organic matter [24]. The yield to isolate CNCs depends on the raw material used, the type of
acid, as well as the acid concentration, the ratio between biomass and acid (g/mL), temperature
and the time. But according on literature review is possible to assured a general procedure. The
acid hydrolysis of cellulose fibers will be carried on 65% (w/w) sulfuric acid. The temperature is
a parameter that oscillate between room temperature to 70°C and for reaction time from 40 minutes
to a few hours. After acid hydrolysis performance is necessary do other treatments to remove the

excess acid content. To obtain CNC powder is essential go through a drying process [25].
4.5.1.1 Treatment with Phosphoric Acid

The acid hydrolysis treatment using phosphoric acid is of great interest because in addition to the
introduction of phosphate groups instead sulphate (H2SO4 acid hydrolysis) groups when hydrolysis
is realized causes changes in cellulose morphology form rod shape to spherical shape but only at
certain conditions. The conditions to a successful phosphoric acid hydrolysis depends on the
temperature. It is suggested that optimal temperature is at 100°C during two hours [26] But,
according to [27] the optimal conditions are low temperatures and long reaction times and has the
advantage that this treatment is a green method. As shown in Figure 4-6 Based on literature, a
determining factor is the way that is added the acid. Phosphoric acid need slowly added dropwise

in solution temperature of below 20°C [28-29].
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Figure 4-6. Dissolution of cellulose followed by it regeneration [27]

4.6 Characterization techniques



Characterization techniques are used to study the CNC that will allow us to know the morphology
and structure of the material. The characterization techniques that we are going to cover in this
thesis are Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR), X-
Ray Powder Diffraction Spectroscopy (XRD), Stereomicroscopy, and Scanning Electron
Microscopy (SEM).

4.6.1 ATR-FTIR Spectroscopy

Fourier Transform Infrared Spectroscopy is used in the characterization technique that allow us
identify the functional groups present in the samples through the vibrational range of the infrared
region (IR) (4000 cm™ - 400 cm™). A trouble with this technique is does not allow to analyze
samples directly in solid or liquid phase without any previous preparation. In some cases samples
suffer from inevitable reproducibility issues given in the complexity of the sample preparation
methods. When the molecules are excited to a higher state of energy absorbs Infrared radiation on
order of 8 to 40 kJ.mole™'. In the infrared range the bending and stretching vibrational frequencies
of the bonds in the molecules are found. Since every molecule has a different vibrational
frequency, the infrared spectrum can be used to indemnify molecules. To identify the chemical
groups we need know that they vibrate at a specific frequency and be familiar with the frequencies
at which absorb molecules (when they are excited to a higher state of energy). To obtain the
individual absorption frequencies from the general complex signal called interferogram we need
apply Fourier. It produces a spectrum virtually identical to that obtained with a dispersive

spectrophotometer [30].

When the beam comes into contact with a sample the ATR use the property of total internal
reflection and it measures the changes that occur in the totally internally reflected infrared beam.
An infrared beam is directed into an optical crystal with a high refractive index (at certain angle)
and this creates an evanescent wave that extends beyond the surface of the crystal into the sample

held in contact with the crystal [30-31]. The working principle of ATR is shown in Figure 4-7.
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Figure 4-7. ATR working principle [32]

4.6.2 X-Ray Powder Diffraction Spectroscopy

The X-ray Disfraction (XRD) is technique which uses X-rays to quantify and investigate the
crystalline nature of materials (regular sets of atoms). It is an experimental and non-destructive
technique that allows us to know chemical composition, crystalline phases, shape, size, and
internal stress of the material. X-rays are used because of their wavelength 10 ~1m and nanometer
10~° m region, since visible light has a length much greater than the space between atoms. The
X-rays are produced when a particle electrically charged is rapidly decelerated. At the moment
that the x-ray beam hits an electron, it produces the elastic scattering [33]. The waves interact with
each other and occur two types of interferences. The most of them are canceling by destructive
interference that cancels the waves, while a small percentage adds by constructive interference.
This technique is based on constructive interference of X-rays. Satisfy Bragg’s law (nA = 2d sin 0)
which relates the wavelength () to the diffraction angle (0), and the grating spacing in a crystalline
sample (d) as shown in Figure 4-8. The diffraction peaks can be transformed to d-spacings allows
identification of the materials. It is due each mineral has a set of unique d-spacings like a
fingerprint. This technique bring us information about orientation distribution or interplanar

distance of the planes depending on small changes in the manufacturing of the material [34].

Detector |I
|}
X-Ray Primary Gptics: Hﬁ;‘;lﬂi o '2B=2:n°
Tuibe Antl-
Soller Divergence Scatter Soller
| . __§III Slit Slit Slits Single Crystal
" Monochromator
. . W Secondary Optics
e, - o
Sample 1 f=n"

Figure 4-8. XRD working principle [33].
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4.6.3 Stereomicroscopy

The Stereomicroscopy is a characterization technique that use an optical microscope allows
observing the sample generating a three-dimensional image. In conventional microscopes, the
sample is observed through a single objective, so this is the same for both eyes. While in the
stereoscope the sample is observed through two different lenses, thus creating a three-dimensional
effect as shown in Figure 4-9. This is because the image is slightly different and the brain interprets
it as three-dimensional. This type of microscopes is light reflected by the sample is observed
through the objectives and eyepieces. They are especially used for the analysis of unprepared
samples. The magnification it has is less than the magnification of conventional optical
microscopes. This is due to the optical aberrations induced by having two separate lenses. They

generally have between 10 and 80x when combining the objectives and the eyepieces [35].

There are 2 main types of operating systems in these microscopes: Greenough and common main
objective. In the Greenough microscope, the two objectives have a certain inclination between 10
and 12 degrees. This will create two slightly different images that provide a three-dimensional
effect. In the common main objective microscope, the image is observed with a large objective,
which projects a beam of light to each eyepiece. In this way, it is possible to generate a three-

dimensional effect [35].
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Figure 4-9. Stereomicroscope working principle [36]
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4.6.4 Scanning Electron Microscopy

The scanning electron microscopy (SEM) is a characterization technique can provide information
about crystal structure, topography, crystal orientation, phase distribution, electrical behavior, and
chemical composition of some material. It is a high-resolution non-destructive microscope capable
of images of the surface of a sample with a magnification can typically reach 10 - 500000 times
and provides a detailed field with gray-scale images [37]. The principle of operation of this
microscope consists on incident electrons beam, which is impacted on the surface of the specimen,
and the reflected (or back-scattered) beam of electrons is collected. The energy that electrons lose
(kinetic energy) when they "collide" with the sample can cause other electrons to fly off (secondary
electrons), producing back-scattered electrons, X-rays, photons, heat, and visible light. Secondary
electrons and back-scattered electrons are commonly used to image samples. Secondary electrons
are used to show morphology and topography in the samples. The back-scattered electrons are

used to illustrate compositional contrasts in samples [38] as shown in Figure 4-10.
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Figure 4-10. Schematic diagram of the core components of a SEM microscope [39]
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4.6.5 Tensile Test

The tensile test has numerous purposes such as predict the performance of a material, guarantee
quality, select a material for a determined application and so on. The two properties that are directly
measured via a tensile test for our interest is the tensile strength and the maximum elongation.
Tensile strength refers to is the stress required to break the sample. This measurement can be
calculated by dividing the maximum load at breaking point by cross-sectional area and its units
according to the International System is Pa. Maximum elongation is modulus of elasticity that is,
the increase in length to the point of fracture comparing with the original length. This measurement
is usually expressed as a percentage of the original length. From the previously explained
measurements, there are some properties that can be calculated like Young's modulus and yield

strength [40].

To realize this test is important mention that there is a standard tensile specimen that is shown in

Figure 4-11, this ensures reproducibility of the method.
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Figure 4-11. Standard tensile specimen
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5 MATERIALS AND METHODS
5.1 Materials

Oil Palm Empty Fruit Bunch (OPEFB) was obtained locally, supplied by AgroPalma S.A. (Santo
Domingo de los Tsachilas, Ecuador), distilled water from Yachay Tech Laboratory, Sodium
Hydroxide (NaOH) AR® (ACS) CAS: 1310-732, Glacial Acetic Acid (CH;COOH) 99.99%
EMSURE® 1000632500. Sodium Chlorite (NaClO2) CAS:7758-19-2, Sulfuric acid (H2SOs,
BAKER®ACS 97.99%,CAS:7664-93-9 ), Nitric acid (HNO3) 65% EMSURE® 1004562500 ),
Phosphoric acid (H3PO4, 85%, CAS: 7664-38-2), Commercial cellulose ((CC) average particle
size of 50 um) SIGMA-ALDRICH, CAS: 9004-34-6, Chitosan food grade (BioFitnest) (Guo Zhen
international., LTD, viscosity 60-100 cps, >90% DD). About glass material used in the present work
include: beakers (20000, 500, 250, 100, 50, 25 mL), Erlenmeyer flasks (2000, 250, 50 mL) volumetric
flask (250, 50, 10 mL), Biichner funnel, filter paper (4-12 um and 1-2 and 4 um), glass watch, spatula,
glass rod, hot plate, thermometers, magnetic stirrers, plastic containers, volumetric pipettes (10,5,2
mL), , graduated pipette (1 mL), micropipettes (0.1-1 mL and 0.5-5 mL), Pasteur pipette, universal
support and clamps, wooden clamps, Innovating Science's (32mm x 20.4mm) dialysis tubing, Petri
dishes (100mm x 15mm). The materials as well as reagents used during the development of this

work were provided by the Yachay Tech Chemistry Laboratory.
5.2 Isolation of Cellulose Fiber
5.2.1 Fibers Pre-treatment

Cellulose was extracted from Oil Palm Empty Fruit Bunch. Previous to the extraction process,
bunches required a pretreatment so, the OPEFB fibers were washed several times with distilled
water to remove sugars and other water-soluble compounds as well as dust and any other physical
impurities. The samples were dried at 40°C in the oven for 2 days until getting a constant weight.

Once dried the palm biomass was cut to an approximate length of 5-10 mm.
5.2.2 Sodium Hydroxide Pre-treatment

To isolate cellulose is necessary a pre-treatment due to the cellulose is surrounded by
hemicellulose and lignin, forming a lignocellulose matrix. The mechanism of alkaline pretreatment
is the irreversible hydrolysis of the ester bond, weakening the structural integrity of the

lignocellulose [41]. In the present work, the NaOH procedure was adapted from [42]. The OPEFB
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fibers were treated with an alkali method with a 5% (w/v) NaOH solution. The conditions for the
treatment were in a ratio of 1:20 g/ml, the temperature was constantly boiling at 80°C for 3h under
magnetic stirring 500 rpm. As an important fact, after an hour a light layer of foam appear on the
surface. Once the process finished, the fibers were washed with distilled water until to achieve 7

pH. And were dried overnight in the oven at 40°C before continuing the process.
5.2.3 Oxidation bleaching using NaOCl

The pre-treated fiber was bleached using Sodium Chlorite (NaClO-) due to this reagent is a strong
oxidant. For TCF bleaching, the work of [43] has been taken as a reference and has been adjusted
for own purposes. The Oil Palm fibers were dissolved in distilled water in a ratio 1:32.5 g/ml. The
solution was heated to 70°C. Once reached a constant temperature add 0.6 g of NaClOz and 0.4 ml
of CH3COOH per gram of pre-treated fiber. After an hour, the fiber has a brownish yellow color
and it is necessary add the same amounts of NaClO2 and CH;COOH to acquire the optimal
conditions of bleaching. The fibers were then boiled at 70°C for 2h under the magnetic stirring
500 rpm. The mixture was filtered with distilled water using a filter paper of 0.1 um size pore.

Then was dried in the oven at 40°C for 2 days.

To isolate cellulose from OPEFB were necessary three treatments. These process were adapted
based on literature reported [44-45]. For a major comprehension, in Figure 5-1 shows a general

scheme of isolated OPEFB cellulose.
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Figure 5-1. General scheme of isolation cellulose from OPEFB
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5.3  Processing of CNC
5.3.1 Acid Hydrolysis

According with literature review, CNC isolation can be achieved with a chemical treatment [46].
Acid hydrolysis plays an important role for obtaining CNC due to separate of the amorphous
cellulose. In order to evaluate the efficiency of acid hydrolysis in oil palm empty fruit bunch
cellulose a micro-scale experiment was proposed using 65% H3POg at certain conditions. In this
first trial, the influence of sonication before acid hydrolysis was studied.

5.3.2 Phosphoric Acid Hydrolysis

Phosphoric acid used in this reaction was diluted from (85% v/v) to (65% v/v). 1g of OPEFB
cellulose were weigh and dissolved in 10 mL of distilled water. The dissolution was heated to
60°C. Simultaneously; 1 g of cellulose was sonicated for 5 min before heating process. Once two
dissolutions reached a constant temperature of 60°, were slowly added 100mL of 65% H3PO4. The
reaction time was 40 min under magnetic stirring 500 rpm. This mixture was subsequently cooled
in an ice bath to room temperature. Once processes finished, the mixture were filtered with distilled
water using a filter paper of 0.4 pm size pore and were dried overnight in the oven at 40°C. To
optimize the phosphoric acid hydrolysis process is suggested a set of experiments that facilitate

evaluate and decide which the best methodology that we can choose is to isolate OPEFB CNC.
5.3.3 Optimization of Phosphoric Acid Hydrolysis

Different treatments for phosphoric acid hydrolysis were proposed in order to evaluate the
efficiency to isolate CNC from OPEFB cellulose. The effectiveness of phosphoric acid hydrolysis
on OPEFB cellulose were tested by changing reaction parameters. The parameters to evaluate it
influence were acid concentration, ratio cellulose/acid, time and temperature. In total 14
experiments were carried out and for each experiment was used 0.5 g with a particle size of 120
MESH or less. All reactions had a constantly centrifugation stirring speed 700 rpm. Each sample
had the same treatment but under different conditions that can be seen arranged in the Table 5-1.
About sample naming of CNC samples is proposed based on reaction conditions of acid hydrolysis.
For example: PA-45-3.5-70 for an input of OPEFB cellulose was hydrolyzed with 70% (v/v)
phosphoric acid in a ratio 1:50 g/ml, at 45°C during 3.5 hours.
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Table 5-1. Experiments of Phosphoric Acid Hydrolysis

Starting ‘
_ H3POg4 acid Tempe
N° Material Time
Sample rature  Quenching
Exp. used Conc. Ratio (h) .
Cellulose (°C)
mL (v/v) (g/mL)

1  PA-5-2.5-70 OPEFB 25 70 1:100 2.5 5 H>O
2 PA-5-3.5-70 OPEFB 50 70 1:100 3.5 5 H>O
3  PA-5-24-70 OPEFB 50 70 1:100 24 5 H>O
4  PA-5-3.5-70-D OPEFB 50 70 1:100 3.5 5 DMSO
5  PA-5-1-75 OPEFB 50 75 1:100 1 5 H>O
6  PA-5-2.5-75 OPEFB 50 75 1:100 2.5 5 H>O
7  PA-5-3.5-75 OPEFB 50 75 1:100 3.5 5 H>O
8  PA-23-1-70 OPEFB 50 70 1:100 1 23 H>O
9 PA-23-2.5-70 OPEFB 50 70 1:100 2.5 23 H>O
10 PA-23-3.5-70 OPEFB 50 70 1:100 3.5 23 H>O
11 PA-23-24-70 OPEFB 35 70 1:70 24 23 H>O
12 PA-45-3.5-70 OPEFB 25 70 1:50 3.5 45 H>O
13 PA-63-1-70 OPEFB 25 70 1:50 1 63 H>O

The sample labeled as blank refers to an unhydrolyzed cellulose sample in order to compare with
modified OPEFB cellulose. According literature, in acid hydrolysis DMSO is a great reagent for
quenching [47] but the purpose of this work is establish a green methodology that is why the
hydrolysis reaction was quenched by adding 100 mL of cold distilled water (5°C) except for one
sample that used 30 mL of tempered 25% DMSO. This was realized with the purpose of evaluating
the effectiveness of distilled H,O to precipitate the cellulosic material. After quenching process,
all experiments were sonicated for 10 min followed by centrifugation. The conditions of the
centrifugation step influences in the yield and the dimensions of CNCs [48]. The samples were
placed in 50 mL centrifuge tubes and centrifuged at 10,000 rpm for 10 min. The suspension
samples were submitted at two cycles of centrifugation that help to remove the excess acid for a

posterior treatment.



18

5.3.4 Dialysis

This technique is necessary due to the importance of remove all acid content [49]. All samples
were put on dialysis tubes (32mm x 20.4mm) as is shown in Figure 5-2. For each sample was
performed dialysis against distilled water to remove free acid molecules from the suspensions.
OPEFB cellulose samples were dialyzed for 5 days until to achieve neutral pH. The distilled water
of each beaker was exchanged every day. After dialysis, all samples were sonicated for 5 min to
disperse the nanofibers. The result of this process is important to collect the samples for subsequent

characterization analysis.

i =

Figure 5-2. Dialysis System to cellulose from OPEFB

5.3.5 Freeze-drying

Lyophilization is a process where a frozen sample is sited under a vacuum with the purpose of
removing water. Its operating principle is sublimation; it means that H>O content of sample change
directly from solid to vapor [50]. A drying step is essential to achieve CNC powder from the
aqueous suspension. All samples after dialysis process were freeze-frying in order to continue the
research. CNC suspension were put on 25 mL centrifuge tubes and freeze at -80°C. The freeze
dryer of biology department works at 200 Pa and -50°C as shown in Figure 5-3. An advantage of

this process is the preservation of chemical structure and integrity of sample.
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Figure 5-3. Freeze-drying process on CNC from OPEFB

To isolate Crystalline Nano-Cellulose from OPEFB were necessary different processes. The

followed methodology is shown in Figure 5-4.

CNC
suspension

— —

CNC powder
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- Time evaluated DMS0O
1,25,3.5,4and e

24h. -70and 75
% concentration
acid

Figure 5-4. General scheme of isolation CNC from OPEFB

5.4 Chitosan/ CNC Film Preparation

All sample films were prepared by a casting method [51]. First, an aqueous solution of acetic acid
2% (450 mL) was prepared in a 500 mL beaker. Then, add chitosan 2% w/v to the solution for
dissolving [52]. The conditions for the treatment were a ratio of 2:100 g/ml, the temperature was
constantly at 40°C under magnetic stirring 800 rpm during 3 hours. After that, modified OPEFB

cellulose 2% w/w was added while stirring, and the solution was mixed for at least 1 h. The
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composition of the films chitosan — OPEFB cellulose on a dry basis is 50:50. An important step
before add the cellulose is sonication. Each sample was sonicated for 15 mins at room temperature.
The solutions (30 mL) were cast on Petri plastic dishes 100mm x 15mm for compression-molding
to produce films of uniform width and place at room temperature overnight shown in Figure 5-5.
The films were completely dried to the next morning and each film was unstick from it Petri dish

and was stored on the same plates.

Figure 5-5. Films of chitosan/ modified OPEFB cellulose
5.5 Characterization Techniques

The characterization of the obtained materials provides comprehensive information about the
structure and properties which are useful for many applications. The characterization techniques
offer physicochemical and morphological study to describe the structure of modified OPEFB

cellulose with phosphoric acid.
5.5.1 ATR-FTIR Spectroscopy

FTIR measurements of CNC samples were taken using Varian 670-IR Spectrometer, with 64 scans
in the range from 400 to 4000 cm™! and a resolution of 4 cm ™. This technique was used with the
purpose assign all critical bands to cellulose and discard the existence of lignin and hemicellulose
content. Also it was possible calculate LOI that offers a qualitative view respect to crystallinity. In

Figure 5-6 is observed the sample analysis
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Figure 5-6. ATR-FTIR sample analysis

5.5.2 X-Ray Powder Diffraction Spectroscopy

For this work, CNC samples were dried until a flat film was obtained. Then, they were analyzed
in a powder diffractometer Miniflex-600, Rigaku, with a D/tex Ultra2 detector as is shown in
Figure 5-7. The X-ray generator was operated at 40 kV and 15 mA, in a sealed tube CuKa radiation
source. The Xc was calculated for all modified OPEFB samples according Equation 1. from an
internal reference method of Segal [53].

cl = 2elam 900 (1)

I200

Where Lo, is the intensity value for the crystalline cellulose (20 = 22.5°) and Iam is the intensity
value for the amorphous cellulose (20 = 18.5°).

Figure 5-7. XRD sample analysis
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5.5.3 Stereomicroscopy

A morphology study of a first stage of OPEFB cellulose hydrolyzed with phosphoric acid (sample
withs sonication and no sonication) was carried out in SZX16 stereomicroscope (Olimpus). The

sample preparation is shown in Figure 5-8.

Figure 5-8. Prepared sample for Stereonicroscopy

5.5.4 Scanning Electron Microscopy

SEM images from all hydrolyzed samples were taken using a Phenom ProX Desktop SEM, where
primary electron energy was 10 kV and a magnification of 1000x and 100000x. Prepared samples

are presented in Figure 5-9.

HopewWhote O

o e T

Figure 5-9. Prepared samples for SEM
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5.5.5 Tensile Test

Tensile strength testing was performed on UNITED SSTM “SMART” TABLE MODEL as shown
in Figure 5-10. The loading speed was 5.0 N/ min. modulus of elasticity and tensile strength were
determined for all samples. The thickness of samples was variable between 0.07 and 0.16 mm. For

each chitosan/ modified OPEFB cellulose film samples were made five repetitions.
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6 RESULTS AND DISCUSSION

As previously described, OPEFB cellulose were isolated in order to obtain materials whose main
purpose is to use as green filler. This study aims to characterize the isolated cellulose nanocrystal
(CNC) from OPEFB in presence of phosphoric acid at certain conditions based on literature review
to do an evaluation and propose a methodology. The next step in this work is the optimization of
a process using the acid that best suits. 13 experiments were performed in phosphoric acid
hydrolysis to evaluate the influence of temperature, acid concentration, ratio cellulose and acid,
time on the effectiveness to produce CNC from OPEFB. Finally, for each material obtained its
mechanical properties were evaluated with the purpose of ensure that they function as green fillers

to chitosan films.

6.1 Isolation of Cellulose Fiber

The isolation process has three steps to achieve cellulose fiber from OPEFB. First a pretreatment
to the raw material with the purpose of removing any physical impurities as well as water-soluble
compounds like sugars. The next steps were necessary to eliminate hemicellulose, lignin and ashes
content from OPEFB. Fisrt, a basic hydrolysis with NaOH where there is an observable result.
Fiber change the brown-dark color to brown-yellowish fiber color. Then a TCF bleaching
treatment where the fiber suffered a size decrement and turned white completely as shown in

Figure 6-1.

Figure 6-1. Isolated cellulose from OPEFB
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Once dried the OPEFB cellulose were ground to smaller particle size and then the solid was sieved

using Stainless Steel Mesh Sieve Set. The different size obtained are shown in Table 6-1

Table 6-1. Cellulose particle size obtained from OPEFB

Particle size
Sample  Percentage

MESH Micron Weigh (g) (%)
(nm)
35 500 0.47 3.04
60 250 4.27 27.66
120 125 6.42 41.58
230 63 2.77 17.94
<230 <63 1.51 9.78
TOTAL 15.44 100

The cellulose fiber yield produced from this proposed treatment was 51.5 % (w/w). This result is
according with the literature review. The cellulose content from oil palm empty fruit bunch
oscillates between 44 — 64 % in dependence of plant nature as well as the hydrolysis conditions
[54-55]. The next step for this cellulose is its characterization, this will allow us to know its
properties as well as evaluate the effectiveness of the method to o eliminate the hemicellulose and
lignin content.

6.2 Isolation CNC from OPEFB

To evaluate the efficiency of conditions for a phosphoric acid hydrolysis were proposed 14
different treatments. The parameters that were changed to evaluate it influence were different ratio
cellulose/acid as well as acid concentration, time and temperature. This study is fundamental for
deciding the best methodology respect to phosphoric acid hydrolysis on OPEFB cellulose. In the
Table 6-2 can be seen arranged the results according to the temperature at which each experiment
was carried out. This parameter was chosen as the one of greatest interest for what will be discussed

below.
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Table 6-2. Yield percentage after H3PO4 hydrolysis

H3;PO4 acid
Initial Final Weigh  Yield
Sample used Ratio )
ML (gml) Weigh (g) (8) (%)

PA-5-2.5-70 25 1:100 0.254 0.203 79.992
PA-5-3.5-70 50 1:100 0.502 0.399 79.594
PA-5-24-70 50 1:100 0.504 0.374 74.156
PA-5-3.5-70-D 50 1:100 0.504 0.361 71.531
PA-5-1-75 50 1:100 0.504 0.378 75.060
PA-5-2.5-75 50 1:100 0.503 0.390 77.512
PA-5-3.5-75 50 1:100 0.500 0.280 55.951
PA-23-1-70 50 1:100 0.503 0.406 80.740
PA-23-2.5-70 50 1:100 0.503 0.411 81.709
PA-23-3.5-70 50 1:100 0.500 0.410 81.510
PA-23-24-70 35 1:70 0.502 0.214 42.703
PA-45-3.5-70 25 1:50 0.502 0.245 48.825
PA-63-1-70 25 1:50 0.503 0.167 33.154

Based only on %yield data, is possible to ensure that exist a relationship between the temperature
and the total yield of modified OPEFB cellulose. At 5°C samples PA-5-2.5-70, PA-5-3.5-70, PA-
5-24-70 there is a slightly variation on yield (less than 6%) despite that the reaction time change
from 2.5h until 24h. The acid concentration influences at acid hydrolysis because despite using
low temperatures, it can be seen that at a time of 3.5h the yield of the sample drops by 28%. The
major yield respect all samples were achieved at 23°C. Sample PA-23-24-70 was the exception
and can be explained by the time of acid hydrolysis (24h). The decrement in yield is approximately
of 50% compared to samples at the same temperature. The %yield for high temperatures (samples
PA-45-3.5-70 and PA-63-1-70) cellulose change color drastically and decomposed that is why that
no more tests were done to high temperatures. In Figure 6-2 is more intuitive see the tendencies
respect to the yield of phosphoric acid hydrolysis. The sample PA-5.3.5-70-D was not plotted

cause quenching reagent is different than the other samples.
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Figure 6-2Tendencies for samples after H3PO4 hydrolysis

The previous results offer us a perspective taking into account only the total yield of the reaction,
but to evaluate the effectiveness of H3PO4 hydrolysis is essential to characterize each sample
obtained. Is important to know them properties, chemical characteristics, % crystalline index,
morphology, among others. The optimal procedure only can be determined after perform all
characterization techniques for each sample. For a completely view of the process until the

characterization of samples see Annexl1.

6.3 ATR-FTIR Analysis

All spectra were subject to ATR correction, smoothing, baseline correction and being normalized.
The present work uses the ATR- FTIR characterization technique to validate the nature of the
sample (cellulose and CNC isolated form OPEFB) by assign characteristic signals corresponding
to functional groups of pure cellulose and showing the absence of certain peaks that correspond to
lignin and hemicellulose. The ATR- FTIR of the 14 modified OPEFB cellulose samples were
realized but only three spectrums are shown. The reason is that the peaks assignation was similar
in all samples and there are not found a significant difference. Based on literature there is a slightly

differences in cellulose samples depends on which polymorph type is present.
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All information about assignment of the signals were shown in Table 6-3. The spectrums shown
in Figure 6-3, corresponding to samples PA-23-24-70, PA-5-24-70 and PA-5-2.5-70 which
present cellulose polymorph type I, type II and a mixture of polymorph I and II respectively. For
samples modified crystalline cellulose, the broad spectrum from 3700 to 3000 cm™ contains —OH
stretching vibration This band is observable as broad band for all presented samples but for sample
PA-23-24-70 this band is medium broad. In the case of this sample that know belongs to cellulose
polymorph type 1. According to the literature, is possible determine if is cellulose Ia or If for
intermolecular hydrogen bond. It is expecting a signal at 3240 in the case I of or 3278 cm™ for
IB. In the spectra the signal is localized at 3240 cm™'. For sample PA-5-2.5-70 that has cellulose
polymorphs type I and II cannot be this band assign. Observables peaks in a range 2850-3000 cm”
! could be attributable to the symmetric and anti-symmetric stretching vibration modes in

methylene groups (-CH2). For samples PA-23-24-70 and PA-5-24-70 had one signal band at 2870
cm’! while sample PA-5-2.5-70 had two signals in this region at 2910 and 2850 cm™' [56-58].

The band at 1640 cm™ correspond to bending vibration of absorbed water. This signal is present
in all samples of modified crystalline cellulose of this work. The sharp peak at 1430 cm! is related
to -CHz asymmetric bending (scissoring). In cellulose I, has a strong intensity than can be
correlated with crystallinity. For cellulose type II and amorphous cellulose, the same peak could
be shift slightly until 1420 cm™!. For samples PA-23-24-70 and PA-5-2.5-70 is possible appreciate
the band at 1430 cm™! and the intensity between them, suggest that the first sample present higher
crystallinity. Respect to sample PA-5-24-70 which belongs to cellulose type II, the same band has
a faint displacement and it is observed at 1429 cm™.. The peak at 1375 cm-1 is involved to C-H
bending and peak 1318 cm-1 belong to CH> bending. Peaks at 1163 and 1112 cm-1 are related to
stretch vibration of C—O—C and CH. The C—O—C skeletal vibration of polysaccharides ring is seen
at 1034 cm-1. The peak at 896 cm-1 attributed to B-glycosidic linkages between the sugar units in
cellulose. These signals are present of all modified OPEFB cellulose samples [56,59].

According with the ATR-FTIR spectrums of samples obtained showed no lignin presence. This
can be clarified by the absence of the peaks at 1595, 1505, 1268 and 834 cm-1 that correspond to
the aromatic skeletal vibrations of lignin. Respect to hemicellulose is more complicated to discard
the it presence due to some bands are similar with cellulose so overlapped, but there is a peak at

1730cm-1 which correspond to stretch vibration of C=0 acetoxy ester band is main associated
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with hemicellulose content [56,60]. Only the sample PA-5-2.5-70 show this peak. Based on the
ATR-FTIR results, it could be concluded that the chemical pretreatments and phosphoric acid
hydrolysis were effective methods to remove lignin, hemicellulose, and wax of the fibers. In order
to choose the best reaction conditions for phosphoric acid hydrolysis are necessary other

characterization techniques.

Table 6-3. FT-IR assignments for samples

Wavenumber  Vibration .
Band assignments

(cm-1) type

Hydroxyl groups in lignin, cellulose and hemicelluloses
3750-3000 v O-H
Intermolecular hydrogen-bonded H-O—H stretching

3278 I O6 H6---O3 intermolecular hydrogen bond
3240 Ia O6 H6---O3 intermolecular hydrogen bond
30002850 v -CH2  Vibrational assimetric and symmetric CH2 in methylene
1732 v C=0 Ester in acetoxy groups in hemicelluloses
1640 3 O-H Adsorbed water
1595, 1505 v C=Car  Aromatic skeletal vibration in phenolic ring of lignin
1430 OCH2 Asymmetric bending (scissoring)
1375 d0C-H C-H bending in cellulose
1318 OCH2 CH2 bending in cellulose
1268 vCar-O  vCar-O aromatic methoxyl group in lignin
1163 v C-O-C C-O-C asymmetric stretch vibration in cellulose
1112 v C-H CH stretching vibrations in different groups of cellulose
1034 vC-0-C skeletal vibration of polysaccharides ring
896 vCI-O-C  B-(1-4)-glycosidic linkage

834 Oop bending of 1,2,4-tetrasubstituted aromatic in lignin
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Figure 6-3. Main AFT-FTIR band in cellulose from OPEFB

ATR- FTIR technique also allows a study about the crystallinity of the material. In cellulose

spectra there is two important peaks the first at 1430 cm™! that correspond to the crystalline band

of cellulose, and the second peak at 896 cm-1 that is attributed to the amorphous band of cellulose

according with [61]. This is how the idea of Lateral Order Index (LOI) appears and it is defined as

the absorbance ratio of Ai430 to Asgos [62]. So, LOI was calculated from selected areas to integrate

and based on that deconvolution results were obtained. In Figure 6-4 show the areas choose of

sample PA-5-3.5-75 as sample. The rest of samples followed the same process. LOI results are

shown in Table 6-4.
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Figure 6-4. LOI calculation from ATR-FTIR spectra
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Table 6-4. LOI results for modified OPEFB cellulose

Sample LOI
Blank 1.66
PA-5-2.5-70 1.4
PA-5-3.5-70 2.11
PA-5-24-70 1.25
PA-5-3.5-70-D 243
PA-5-1-75 1.49
PA-5-2.5-75 1.69
PA-5-3.5-75 1.61
PA-23-1-70 2.11
PA-23-2.5-70 243
PA-23-3.5-70 1.11
PA-23-24-70 242
PA-45-3.5-70 243
PA-63-1-70 2.72

The sample label as blank belong to unhydrolyzed cellulose. The LOI allows us to have a
qualitative idea about the crystallinity of materials. Then, LOI data will be compared with Xc
calculated from XRD analysis at Table 6-4. To observe if there is a correlation between

characterization techniques from crystalline materials.
6.4  XRD Analysis

X-ray diffraction technique were used to study the crystallinity behaviors of cellulose treated with
different conditions of phosphoric acid hydrolysis. The obtained results are presented according
to the temperature at which each experiment was carried out. This is due to on section 4.2 the
temperature was a significant parameter. With this characterization technique it pretends that make
a correlation between temperature and % crystalline index if it is possible. All the diffractograms
presented below were normalized and the applied XRD range was from 5° to 50° 20 due to the
relevant band intensities are in this region. The analysis covers the crystalline and amorphous

cellulose components that let us know important information for assign the cellulose polymorphs
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present in each sample Also is calculated the % crystalline index for each sample. The crystallinity

index of the samples was calculated according to Equation 1.

6.4.1 Sample as reference

The sample blank belong to unhydrolized cellulose; this sample was carried out with the purpose
of taking a reference point respect to acid hydrolysis. The diffractogram shown in Figure 6-5,
exhibits three crystalline peaks, the 20 equal to 14.38°, 15.93° and 22.17° and 34.81° which are
assignable to the planes (110), (110), (200) and (040) respectively. These values were assigned in
agreement with the diffractogram patterns reported in [63,64] that correspond to cellulose I
polymorph. For an indicator of crystallinity for the sample, CI % was calculated and in the sample
B is 79.1%. This means that exist high alignment between its chains and we have a crystalline

material.

1

— Blank

0.8

0.6

0.4

Intensity (a.u)

0.2

10 15 20 25 30 35 40 45 50

Figure 6-5. XRD diffractogram — Unhydrolized cellulose

6.4.2 Samples at low temperature

According with Table 6-2 there are 8 experiments realized at 5°C but the temperature is the only
conditions that is equal for this set samples. So, the samples that used 70% (v/v) phosphoric acid
for the acid hydrolysis will be analyzed first. Then, will be discussed the samples where acid

hydrolysis was performed at 75% (v/v) phosphoric acid.
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6.4.2.1 Samples at 70% (v/v) phosphoric acid

For this set samples notice that the diffractograms of sample PA-5-2.5-70 and PA-5-3.5-70 are
slightly related. The experimental procedure for this OPEFB cellulose samples were similar except
for the time reaction and the ratio cellulose and acid. The XRD patterns shown in Figure 6-7 were
difficult to relate to one cellulose polymorph, which is why the presence of more than one type of
cellulose arises. For cellulose I polymorph, it expected four major crystalline peaks which belong
to the planes (110), (110), (200) and (040) at 14.8°, 16.3°, 22.6° and 34.5° in 20 axis. For sample
PA-5-2.5-70 the peaks were identify at 14.76°, 16.28°,22.28° and 33.31° and in the case of sample
PA-5-3.5-70 the corresponding peaks were 14.87°, 16.35°, 22.24° and 34.23° in 20 axis. For
cellulose II polymorph, it expected three peaks: 12.1°, 19.8°and 22° at 26 axis which belong to the
planes (110), (110) and (200) respectively. In sample PA-5-2.5-70 was possible to detect the peaks
at 11.05°, 19.15° and 22.28° and for sample PA-5-3.5-70 these peak 11.06°, 19.13° and 22.24 were
allocated [63-65]. The obtained peaks have a short displacement comparing with the literature
peaks but all values can be correctly allotted. The observable peak for (200) plane is equal to both
polymorphs cause the peak is overlapped. For the amorphous region related to =~18.5°, is possible
to notice a single broad peak more sharpness in sample PA-5-3.5-70 than sample PA-5-2.5-70,
which indicates that sample PA-5-3.5-70 will have higher Xc than sample PA-5-2.5-70. The
calculated Xc is 41.6% for sample PA-5-2.5-70 and 75.35% for sample PA-5-3.5-70. This results
support the idea of the ratio cellulose and phosphoric acid during acid hydrolysis is a determining

factor.
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Figure 6-7. XRD diffractogram — Sample PA-5-2.5-70 and PA-5-3.5-70

For sample PA-5-24-70, the diffractogram shown in Figure 6-6, is too different to those shown in
the samples PA-5-2.5-70 and PA-5-3.5-70 despite sharing reaction conditions. The XRD pattern
display three crystalline peaks, the 26 equal to 11.1°, 19.59° and 22.22° which are assignable to
the planes (110), (110) and (200) respectively. In correspondence with the literature this
diffractogram belong to cellulose II polymorph. The calculated Xc is 53.3%. In this sample the
time was a determining factor all cellulose I polymorph were transformed into cellulose II

polymorph so, the crystalline index will be affected.
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Figure 6-6. XRD diffractogram — Sample PA-5-24-70
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The sample PA-5-3.5-70-D was carried out with the purpose of evaluating the quenching way.
This experiment was precipitated using tempered DMSO instead cooled distilled water like the
rest of experiments. Its XRD pattern shown in Figure 6-8, exhibit four crystalline peaks at 20
equal to 14.66°, 15.97°, 21.75° and 33.89° which are assignable to the planes (110), (110), (200)
and (040) respectively. The present polymorph is cellulose type I and Xc is 80.7. The sample PA-
5-3.5-70 (CI equal to 75.35%) have the same reaction conditions so is possible affirm that the use

of DMSO increments the crystallinity of the sample.
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Figure 6-8. XRD diffractogram — Sample PA-5-3.5-70-D

6.4.2.2 Samples at 75% (v/v) phosphoric acid

In this set samples, the diffractograms of samples PA-5-1-75 and PA-5-2.5-75 are similar. The
XRD patterns shown in Figure 6-9: were similar to samples PA-5-2.5-70-D and PA-5-3.5-70 so,
a similar analysis is proposed. For cellulose I polymorph, it expected four major crystalline peaks
which belong to the planes (110), (110), (200) and (040) at 15.11°, 17.12°, 22.39° and =~34.5° that
is not appreciated for sample PA-5-1-75 diffractogram. The peaks for sample PA-5-2.5-75 were
at 14.81°, 16.38°, 22.18° and 34.64° in 20 axis. In the case of cellulose polymorph type II have
three significant peaks, for sample PA-5-1-75 were at 11.06°, 19.45° and 22.39° which are
assignable to the planes (110), (110) and (200). In sample PA-5-2.5-75 was possible to detect the
peaks at 12.57°, 19.55° and 22.18°. The observable peak for (200) plane is equal in both
polymorphs because they are overlap. Based on XRD fitting the calculated Xc is 42.2% for sample
PA-5-1-75 and 60.8% for sample PA-5-2.5-75. In this case, the time of acid hydrolysis is a
determining factor. If the reaction time is very short, the acid hydrolysis is deficient, so we will

have lower Xc.
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Figure 6-9. XRD diffractogram — Sample PA-5-1-75 and PA-5-2.5-75

For sample PA-5-3.5-75, the diffractogram shown in Figure 6-10, is slightly different to previous
samples despite sharing reaction conditions. Based on presence of two polymorphs is possible to
identify four crystalline peaks for cellulose I, the 20 equal to 13.08°, 16.3°, 22.31° and 35.27°
which are assignable to the planes (110), (110), (200) and (040) respectively. For cellulose type
II have three peaks, 11.94°, 20.13° and 22.31° which are assignable to the planes (110), (110) and
(200). The observable peak for (200) plane is equal in both polymorphs because they are overlap.
The calculated Xc is 61.7%. The slightly increment on crystallinity is observed due to this sample

had a reaction time bigger that other samples at the same conditions.



37

— PA-5-3.5-75

Intensity (a.u)

10 15 20 25 30 35 48 45 50
27

Figure 6-10. XRD diffractogram — Sample PA-5-3.5-75

6.4.3 Samples at room temperature

According with Table 6-2 there are a set of 4 samples PA-23-1-70, PA-23-2.5-70, PA-23-3.5-70
and PA-23-24-70. The diffractograms of all them are similar as are shown in Figure 6-11. For
cellulose polymorph type I the peaks related with planes (110), (110), (200) and (040) were
identify 14.89°,16.16°,22.53° and 34.63° for sample PA-23-1-70, peaks at 14.31°,15.71°, 21.68°
and 33.89° for sample PA-23-2.5-70, peaks at 14.81°, 15.89°, 21.86° and 34.16° for sample PA-
23-3.5-70 and 14.79°, 15.85°,21.59° and 33.71° for sample PA-23-24-70 in 20 axis. For cellulose
polymorph type II have three crystalline peaks at 12.73°, 19.16° and 22.53° for sample PA-23-1-
70 and peaks at 11.03°, 19.06° and 21.86° for sample PA-23-3.5-70 which are assignable to the
planes (110), (110) and (200). Based on the projection peaks is possible assign the sample PA-23-
1-70 and PA-23-3.5-70 with the presence of both polymorphs (cellulose type I and II). Respect to
sample PA-23-2.5-70 there is only cellulose polymorph type I. The calculated Xc is 75.1.3%,
77.82%, 77.45% and 85.4% for sample PA-23-1-70, PA-23-2.5-70, PA-23-3.5-70 and PA-23-24-
70 respectively. In this set samples despite time was different results that there is not a significant
variation respect to crystalline index. So, these results support that is possible obtain high
crystallinity percentage in user friendly conditions (acid hydrolysis 1:100g/ml at 70% H3PO4 at
RT during 24 hours or less).
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Figure 6-11. XRD diffractogram — Samples PA-23-1-70 PA-23-2.5-70, PA-23-3.5-70 and PA-23-24-70
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6.4.4 Samples at high temperatures

According with Table 6-2 two experiments were carried out at high temperatures. Due to the fact

that during acid hydrolysis the cellulose changed from white to a cream color.

The XRD patterns of samples PA-45-3.5-70 and PA-63-1-70 are showed in Figure 6-12. The
sample PA-45-3.5-70 analysis displays four crystalline peaks, the 26 equal to 14.81°, 15.76°, 22.2°
and 34.61° and for sample PA-63-1-70 show peaks at 14.99°, 16.78°, 22.48° and 34.76° which are
assignable to the planes (110), (110), (200) and (040) respectively. The values obtained in the
samples show a slight displacement, despite these values can be assigned in agreement with to the
literature reported that correspond to cellulose I polymorph. Based on XRD fitting the calculated
Xc 1s 78.4% for PA-45-3.5-70 and 52.5% for PA-63-1-70. In the case of acid hydrolysis at high
temperatures, the time and temperature are determining factors. At high temperatures the cellulose

fibers decomposed by the acid so the time cannot be too long.
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Figure 6-12. XRD diffractogram — Sample PA-45-3.5-70 and PA-63-1-70

For a major comprehension of XRD results were organized according to Xc also the most relevant

found peaks of all XRD diffractograms are shown in Table 6-5: In a general way is possible affirm
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that noteworthy peak changes represent the formation of the amorphous structure after acid
hydrolysis. The changes in peak intensities, shapes and shifts denote changes of the crystalline

structures in modified OPEFB cellulose [66].

Table 6-5. Summarize results of XRD technique for modified OPEFB cellulose

Diffraction angle 20 (°)

Sample Polymorph _ Xc
P ymotp 110 110 200 040

Based on Cellulose 1 14.8 16.3 22.6 34.5 -
Literature [63-65] Cellulose I  12.1 19.8 22 -- --
PA-23-24-70 Cellulose I  14.79 1585 21.59 33.71 854
PA-5-3.5-70-D Cellulose I  14.66 1597 21.75 33.89 80.7
Blank CelluloseI  15.29 16.93 22.81 34.42 78.9
PA-45-3.5-70 Cellulose I  14.81 15.76 222 34.61 78.4
PA-23-2.5-70 Cellulose I 14.31 15.71 21.68 33.89 77.82

Cellulose I 14.81 15.89 34.16
PA-23-3.5-70 21.86 77.45

Cellulose IT  11.03 19.06 -

Cellulose I  14.87 16.36 34.23
PA-5-3.5-70 22.24 75.35

Cellulose IT  11.06 19.13 -

Cellulose I 14.89 16.16 34.63
PA-23-1-70 22.53 75.1

Cellulose II  12.73 19.16 -

Cellulose I  13.08 ~16.3 35.2
PA-5-3.5-75 22.31 61.7

Cellulose II 11.94 20.13 --

Cellulose I 14.81 16.38 34.64
PA-5-2.5-75 22.18 60.8

Cellulose II  12.57 19.55 -
PA-5-24-70 Cellulose II  11.1 19.59 22.22 -- 533
PA-63-1-70 Cellulose I  14.99 1698 2248 3476 52.5

CelluloseI 15.11 17.12 ~34.5
PA-5-1-75 22.39 42

Cellulose II  11.06 19.45 --

Cellulose I 14.76 16.28 33.31
PA-5-2.5-70 22.29 41.6

Cellulose II 11.05 19.15 -
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6.5  About Crystallinity

In Figure 6-13 is shown a direct correlation between the crystallinity index and the lateral order
index. This means that increase LOI also increase Xc. There are two incongruous data points that
belong to samples PA-23-3.5-70 and PA-63-1-70 this is associated with the complexity of the

samples. The hydrolysis reaction of sample PA-63-1-70 was stopped due to cellulose was being

decomposed.
PA-23-24-70,
- «PA-5-3.5-70-D
«PA-23-3.5-70 PA-45-3.5-704PA-23-2.5-70
PA-23-1-70 ¢ PA-5-3.5-70
70 1
9
& PA-3-3.3-73¢  ,PA-5-2.5-75
60 -
oPA-5-24-70 PA-63-1-70,
50 -
PA-5-2.5-70, ePA-5-1-75
40 1 , , : , , : : ,
12 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
LOI

Figure 6-13. Xc vs. LOI

6.6  Morphology Study - Imaging analysis
6.6.1 Stereomicroscopy

Stereomicrographs were taken of OPEFB cellulose fibers shown in Figure 6-14, where fibrous
material can be seen on the micro scale. The samples were prepared like a microscope sample and
were visualized for 2 min. The purpose of visualizing an amplified 3D image of the OPEFB
cellulose were to appreciate the change in the morphology of the reference sample and continue
with the following experiments. The scale proposed for all stereomicrographs were 200 um and
the average width of particles was calculated based on 15 randomly chosen particles from
stereomicrographs. The sample of Figure 6-14 (a) correspond to unhydrolyzed OPEFB cellulose

that allows us to set a reference standard to see how acid hydrolysis influences on cellulose
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morphology. The fiber size of OPEFB is in the range of 200 ~ 700 pm. For the hydrolyzed OPEFB
cellulose does not present a visual difference between the Figure 6-14 (b) sonicated sample and
Figure 6-14 (¢) no sonicated sample. The length of OPEFB cellulose was distributed in the range
of 50 ~ 500 um. In sonicated sample there are material smaller than in no sonicated sample but
this result is circumstantial because it depends on how the sample has been prepared and which
part of the sample is observed. In this set of stereomicrographs is possible observe fibers much
larger than the scale. The fibers look thick and long but after hydrolysis treatment with phosphoric
acid the thickness suffered a large decrease and the length shows a small decrease with respect to
thickness. The experimental conditions to acid hydrolysis were 65% H3POs in a ratio of 1:100

g/mL, for 40 min under magnetic stirring 500 rpm at 60°C.

Figure 6-14. Stereomicrographs OPEFB cellulose (a) unhydrolyzed, hydrolyzed (b)sonicated, and (c) no sonicated

6.6.2 SEM Analysis

The Scanning Electron Microscopy characterization technique were used to visualize the
differences between the surface morphologies of the cellulose samples isolated from OPEFB
biomass. Before to prepare SEM samples, all experiments were sonicated to avoid agglomeration

of particles. For sample observation, all samples were put on carbon tape mounted on an aluminum
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stub. The morphological analysis is shown according to the temperature at which each experiment
was carried out. In this section, it pretends to do a correlation between temperature and particle
size if it is possible. The average width of particles was calculated based on 15 randomly chosen

particles from SEM images.

6.6.2.1 Samples at low temperature

The first images set shown in Figure 6-15 that were hydrolyzed at 5°C to different times. (PA-5-
2.5-70, PA-5-3.5-70, PA-5-24-70) and a sample hydrolyzed during 3.5h at the same temperature
but a different quenching process was carried out with DMSO (PA-5-3.5-70-D). The observable
results show that the shape and size of particle cellulose varies with the hydrolysis time. For sample
PA-5-2.5-70 in Figure 6-15 (a) the observed nanocellulose do not have uniform shapes and
distribution and the length was distributed in the range of 800 nm or less. Respect to sample PA-
5-3.5-70 in Figure 6-15 (b) there is round material and its particle size is in the range of 200 ~ 600
nm and for sample PA-5-24-70 in Figure 6-15 (¢) is possible appreciate nanomaterial until to 50
nm. When comparing the samples PA-3.5-70 in Figure 6-15 (b) and PA-3.5-70-D in Figure 6-15
(d) is observed that particle size is slightly smaller than for sample where DMSO is used as
quenching reagent. In this set sample was achieved CNCs, there is considerable decrement in size

after phosphoric acid hydrolysis and there is not fiber presence.

Figure 6-15. SEM micrographs for samples (a) PA-5-2.5-70, (b) PA-5-3.5-70, (¢) PA-5-24-70 and (d) PA-5-3.5-70-D
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The second micrographs set shown in Figure 6-16 include the samples PA-5-1-75, PA-5-2.5-75
and PA-5-3.5-75. The evaluated parameters for this samples were the acid concentration and the
reaction time. The fibrous material is appreciating for all samples of this set. A remarkable point
is for sample PA-5-2.5-75 in Figure 6-16 (b) the material is a mixture between microfibrils and
round nanospheres. The distribution does not have uniformity and the length fibers are much
bigger than micrograph scale proposed (80 pum). Respect to evaluated conditions is possible affirm
short reaction times there are not effectiveness even if the acid concentration suffer a slightly

increase.

Figure 6-16. SEM micrographs for samples (a) PA-5-1-75, (b) PA-5-2.5-75 and (c) PA-5-3.5-75

6.6.2.2 Samples at room temperature

As shown in Figure 6-17 include sample that were hydrolyzed at 23°C in a different times. For all
samples was achieve the isolation of Microfibrillated Cellulose (MFC). The size particle is in the
range [1-100 um]. The microfibrils do not have uniform distribution. For sample PA-23-1-70 in
Figure 6-17 (a) only is possible appreciate fibrous material but for samples PA-23-2.5-70 in
Figure 6-17 (b) and PA-23-3.5-70 in Figure 6-17 (c¢) noticed an intertwined morphology, the
nanospheres are seen like nodular agglomerates on their surface of microfibrils. The approximate
size oscillates 500nm to nanospheres and >1um for fibrous material. In sample PA-23-24-70 in

Figure 6-17 (d) there is only fibrous material between 60um and 100pm.
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Figure 6-17. SEM micrographs for samples (a) PA-23-1-70, (b) PA-23-2.5-70, (c) PA-23-3.5-70 and (d) PA-23-24-70.

6.6.2.3 Samples at high temperatures

Two experiments were carried out at high temperatures. For sample PA-45-3.5-70 the
experimental procedure for OPEFB cellulose was a phosphoric acid hydrolysis at a concentration
of 70% in a ratio 1:50 g/mL, at 45°C for 4 hours. In Figure 6-18 there is round material ant it

particle size is in the range of 200 ~ 500 nm.

Figure 6-18. SEM micrograph for sample PA-45-3.5-70
The acid hydrolysis of sample PA-63-1-70 was performed at 70% of H3PO4 concentration in a
ratio 1:50 g/mL during an hour at 63°C. In Figure 6-19 is possible observe fibrous material in the
microscale proposed. For set images to high temperatures, the result is to obtain CNC the best

conditions to perform an accurate acid hydrolysis are time and ratio cellulose—acid.



Figure 6-19. SEM micrograph for sample PA-63-1-70

Table 6-6. Summarize results of SEM technique for modified OPEFB cellulose

Approximate Fibrous
Sample Observation

size material
PA-5-2.5-70 > 500nm NO Amorphous shape
PA-5-3.5-70 200nm - 600 nm NO Round shape
PA-5-24-70 50nm - 200nm NO Round shape
PA-5-3.5-70-D <250nm - lym NO Round shape
PA-5-1-75 > 80um YES
PA-5-2.5-75 >>00nmm - YES Sphere and fiber

>80um

PA-5-3.5-75 > 80um YES
PA-23-1-70 > 80um YES
PA-23-2.5-70 <500nm - 1pm YES Sphere and fiber
PA-23-3.5-70 <500nm - 1pm YES Sphere and fiber
PA-23-24-70 60pum - 100pm YES
PA-45-3.5-70 200nm - 500nm NO Round shape
PA-63-1-70 >200um YES

46

More prominent results about morphology material as well as particle size are in the Table 6-6.
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6.7  Mechanical Properties

Cellulose and chitosan are polysaccharides with similar structure that is why is very interesting the
use of cellulose as a reinforcement of chitosan films. The difference between them is their
functional group at the C-2 position. In the case of cellulose has a secondary hydroxyl group while
the chitosan has a primary amine [67]. In order to explore the purpose of OPEFB cellulose at the
industrial field, we prepared films based on a chitosan — Modified OPEFB cellulose. Films
containing 2% w/v chitosan, and 2% w/v OPEFB cellulose hydrolyzed with phosphoric acid at
different conditions. All film samples were prepared by solution casting using acetic acid 2%

(30ml to each sample) and molding to produce films with uniform width.

6.7.1 Chitosan - Modified OPEFB Cellulose

Based on previous results on this work, the modified OPEFB Cellulose samples comprises both
crystalline and amorphous regions. The influence of different types of modified OPEFB cellulose
on the mechanical properties of chitosan (CH) was studied comparing Young’s modulus,
%elongation and tensile strength of each films. To provide more consistent results, each test was
repeated five times under the same conditions and present the average of them. Also shown the

standard deviation to get more reliable results. Pictures of films are shown in Figure 6-20.
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Figure 6-20. Films of chitosan - OPEFB cellulose

To study mechanical properties 15 films were prepared. The film labeled as CH did not have
cellulose which served in this work as a reference sample to see if the presence of modified OPEFB
cellulose improves or not the properties of the chitosan film. In parallel way, was prepared a sample
using OPEFB cellulose without hydrolyzing to evaluate the effectiveness of crystalline
nanoparticles and cellulose microfibrils over cellulose. The rest of the films were made with
OPEFB cellulose hydrolyzed at different conditions using H3PO4. All the films were made with
the same procedure, despite this, not all samples had a homogeneous distribution as expected. The

following Table 6-7 presents information on the distribution of cellulose on chitosan films.
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Table 6-7. Dispersion of chitosan- modified OPEFB cellulose

Chitosan - Modified OPEFB cellulose

Homogeneous Heterogeneous
N° N°
Sample Sample
Exp. Exp.

1 CH 9 CH:PA-5-1-75
CH:PA-5-2.5-70 10 CH:PA-5-2.5-75
CH:PA-5-3.5-70 11 CH:PA-5-3.5-75
CH:PA-5-24-70 12 CH:PA-23-1-70

CH:PA-5-3.5-70-D 13 CH: PA-23-3.5-70
CH:PA-23-2.5-70

CH:PA-23-24-70

CH:PA-45-3.5-70

14 CH:PA-63-1-70

15 CH:T

0 N N B W

For the samples CH: PA-5-1-75, CH: PA-5-2.5-75, CH: PA-5-3.5-75, CH: PA-23-1-70 and PA-
23-3.5-70 the results of mechanical properties were not exposed due to have a heterogeneous
distribution which subsequently promotes agglomeration. The hydrogen bonding between
functional groups of chitosan and cellulose are important to obtain an appropriate fiber-matrix
interfacial adhesion. In addition, the homogeneity of composite film depends of many parameters
like shape, size, orientation of cellulose that determine the optimal composite film conditions [68].
That is why that heterogeneous distribution samples are less reliable and no adequate evaluation

of the data can be done. So, the analysis was done only over homogeneous films.

6.7.1.1 Stress-Strain Curve

In the present work a typical stress—strain curve for chitosan - modified OPEFB cellulose film
looks as is shown the Figure 6-21. The curve behavior belongs to ductile polymer compared to
chitosan only content film so, based on behavior and the other realized tests is possible affirm that
the material of our films corresponds to semi crystalline polymer. According to [69,70] for

chitosan- OPEFB cellulose films the results are expected a relatively high Young’s modulus and
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elastic modulus, but with higher fracture toughness respect to films that only contain chitosan.
This curve has an elastic region and a plastic region. Polymers have a non-linear zone which is the
non-linear viscoelastic in this region is possible determine the yield strength. In plastic region the
point of major interest is tensile strength which correspond to maximum applied stress and the
applied stress to fracture is another interest point [71]. From the stress-strain curve of each
homogeneous sample could be determined Young's modulus, the yield strength, the tensile
strength and % elongation that reveal some mechanical properties of this modified OPEFB

cellulose proposed as green filler material.

40
el
o
=
= 30
=
5]
c
o
.
in
o 20
‘0
c
@
10
0.0 025 0.50 0:75 1.00 125 1.50 LTS5

Tensile Strain (%)
Figure 6-21. Typical stress—strain curve for chitosan - modified OPEFB cellulose films
The final properties are strictly connected to the source of cellulose. In the present work, obtained
cellulose are polymorph type I or type II and a mixture of both polymorphs. These two forms of
cellulose have dissimilar arrangement in their polysaccharide chains also present different sizes on
them elementary cells, and they have different degree of crystallinity which cellulose I present

higher crystallinity over cellulose II [67].

6.7.1.2 Young’s modulus

The Young’s modulus graph of Chitosan- Modified cellulose films at different conditions of
phosphoric acid hydrolysis for OPEFB cellulose are plotted in Figure 6-22. An important fact to
notice is in dependence of label sample, they have different reaction conditions, types of

polymorphs and crystalline percentage. Look at section 4 in Table 6-2.
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Figure 6-22. Young’s modulus graph of Chitosan- Modified cellulose films

All films show an improvement with the incorporation of 2 wt. % modified cellulose
concentration. The percentage of cellulose added to chitosan is optimal according the literature
review [72-74]. The referential film labeled as CH which belong to chitosan film without OPEFB
cellulose has Young’s modulus of 118+6 MPa and for sample CH:PA-5-24-70 has a value of
120+4 MPa in this case could not appreciate an increment comparing the films. Sample PA-5-3.5-
70 has 13445 MPa and increase in 14%, the sample CH:PA-63-1-70 has a 135+6 MPa for Young’s
modules with an increment of 15%, sample CH:PA-45-1-70 suffer an increment of 18% and has a
value of 139+8 MPa, sample PA-23-2.5-70 has 160+8 MPa and an addition of 36% respect blank,
sample CH:PA-5-2.5-70 has 166+4 MPa and rise in 42%, for sample CH:PA-5-3.5-70-D has
169+6 MPa and a 43% higher Young’s modulus and 171+6 MPa for sample PA-23-24-70 with an
increment of 45%. Based on increment of Young’s modulus the sample more effective were
sample PA-23-24-70 and PA-5-3.5-70-D. The increment of Young’s modulus for the samples that
contain OPEFB cellulose is expected in dependence of the polymorph present. The samples where

only exist cellulose type I have a higher value that samples where exist a mixture of polymorphs.
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The reactions conditions were different in all aspects. So, based only on the conditions for the
samples there is not a trend that help to find a critical reaction condition with the purpose of
improving Young’s modulus. Respect with Xc, sample PA-23-24-70 has 85.4% and sample
CH:PA-5-3.5-70-D has 80.7% and present only cellulose polymorph type L. Is possible affirm that

high crystalline percentage in sample increase the Young’s modulus.

6.7.1.3 Stress to break

The Stress to break graph of Chitosan- Modified cellulose films at different conditions of
phosphoric acid hydrolysis for OPEFB cellulose are plotted in Figure 6-23. Each modified

cellulose sample has different reaction conditions, types of polymorphs and crystalline percentage.
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Figure 6-23. Tensile strength curve of Chitosan- Modified cellulose films

For the stress to break analysis all homogeneous samples were compared between them and there
is not a significant change. This means that is possible to increase the Young’s modulus and not

affect the stress to break The blank sample CH, the tensile strength is 47.1 = 0.8 MPa. Sample
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CH:PA-5-24-70 present a slightly high value of 48.2 + 3.0 MPa but with error range affirm that
behavior of sample CH:PA-5-24-70 is equal to blank sample. For samples CH:PA-5-2.5-70,
CH:PA-45-3.5-70, CH:PA-23-1-70 and CH:PA-5-3.5-70-D which stress to break have values of
46.8 £3.3 MPa, 46.7 £ 0.7 MPa, 44.2 £ 2.6 MPa and 45.3 + 2.3 MPa respectively, is possible notice
that behavior is similar, they have the same value as blank sample. The sample PA-5-3.5-70 has
44.2 + 0.5 MPa and shows a slightly decrement of 2.18% sample CH:PA-23-24-70 has 42.1 £ 0.2
MPa with a decrement of 8.73%. The sample CH:PA-63-1-70 has 57.8 + 4.6 and increment of
15,21% compared with the chitosan film, one aspect to emphasize is that this sample present only
polymorph type I but a lower crystallinity index respect to the others obtained samples. Also, for
sample CH:PA-63-1-70 which is an outlier value respect with the reported for the rest of evaluated
films the difference is it size particle >200 um. About the results is possible affirm that the
reactions conditions do not affect the stress to break. Respect to morphology of OPEFB cellulose
is possible affirm that the size of fiber has an influence over this value. As no significant variation
is observed in the results of the chitosan-OPEFB cellulose films with respect to the blank, is

difficult assured a tendency with the crystallinity index or the type of polymorph present.

6.7.1.4 Elongation

The % Elongation graph of Chitosan- Modified cellulose films at different conditions of
phosphoric acid hydrolysis for OPEFB cellulose are plotted in Figure 6-24. Each modified

cellulose sample has different reaction conditions, types of polymorphs and crystalline percentage.
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Figure 6-24. %Elongation graph of Chitosan- Modified cellulose films

The elongation values show a decrement with the incorporation of 2 wt. % modified cellulose
concentration. The sample CH which is the reference point due to the film only contain chitosan
has an elongation percentage of 100 + 9 %. For the samples CH:PA-5-3.5-70-D and CH:PA-23-
2.5-70 notice that the elongation is similar to the blank, their values are 88 + 7 % and 84 £ 10 %
respectively. The rest of samples decrease according the reference. For sample CH:PA-45-3.5-70
is 73 +£ 9 %, for sample CH:PA-5-3.5-70 is 72 = 11 %, sample CH:PA-5-2.5-70 is 71 £ 11%, for
sample CH:PA-23-24-70 its value is 68 £ 6%, sample CH:PA-5-24-70 is 65 + 6 % and 64 = 12 %
for sample CH:PA-63-1-70. The elongation percentage show a decrement in the sample films up
to 21.98%. According with data samples that has a minor elongation are samples CH:PA-23-24-
70 and CH:PA-5-24-70. This behavior with the integration of modified OPEFB cellulose into
chitosan matrix resulted in a lack of interactions that decreases the ability to transmit stress,
promoting premature rupture at the stress concentration points, in the interface. There is not a
previsible reaction conditions. Respect to morphology, the sample CH:PA-5-24-70 which present
a decrement in 21.98% respect to the chitosan film, it size particle is in the range of 50-200 nm

and present a round shape, while for sample CH:PA-23-24-70 decrement is observed in 18.69%
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respect the chitosan film it size particle is in the range of 60-100 um and is a fibrous material. This
means that based on this data, is not possible stablish a tendency between morphological
characteristics and % Elongation. About Xc for sample CH:PA-5-24-70 has a value of 53.3% and
present only cellulose type II, for sample CH:PA-23-24-70 Xc is 85.4% and present only cellulose
type I so there is no a visible tendency based on crystallinity and type of polymorph.

All results about mechanical properties are condensed in Annex 2. For samples is important
mention that for acid hydrolysis is used 70% H3PO4 for homogeneous films. The results
demonstrated that modified OPEFB cellulose films in a ratio 2:100 g/ml increase mechanical
properties. Moreover, factors such as the reaction conditions, % crystallinity, type of cellulose
polymorph and the morphology of modified OPEFB cellulose (CNC, MFC, MCC and AC) and
interactions between the polymeric matrix and the hydrolyzed cellulose modified the properties of
the films achieving in a general way major rigidity. About the Young’s modulus data of the
chitosan film, raising up to 45%. The results also illustrated that elongation percentage has lower
values compared to the pure chitosan film. The %FElongation data show a decrement in the sample
films up to 21.98%. Based on the results obtained, it can be ensured that the samples CH:PA-5-
3.5-70-D, CH:PA-23-2.5-70 and CH:PA-23-24-70have a good balance of mechanical properties,
so it will be analyzed what characteristics they have in common. About reaction conditions do not
observe a critical parameter. About the Xc all samples have high values respect to other samples
tested. The values of crystallinity are 80.7%, 77,82% and 85.4% and fact to notice is for all of this
set of samples the only polymorph present is cellulose type 1. Respect to morphology, the sample
CH:PA-5-3.5-70-D has a size particle approximately <250nm (CNC) and without fiber presence,
for sample CH:PA-23-2.5-70 was obtained nanoparticles and fibrous material (CNC, MFC) and
for sample CH:PA-23-24-70 only obtained fibrous material (MFC). According with the
comparison of samples the worst balance between mechanical properties belongs to sample
CH:PA-5-24-70. This sample has Xc of 53.3 and only present cellulose type II. This fact affirms
that the arrangement of polysaccharide chains in cellulose is a determining factor over the
mechanical properties. With cellulose type I is expected an increment on stiffness comparing with
cellulose type II. The size sample of CH:PA-5-24-70 is 50-200nm (CNC) and do not have the

presence of fibrous material. So, is possible affirm that the increase of their Young’s modulus is
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not dependent of size and shape of cellulose. By increasing the stiffness of our chitosan-OPEFB

cellulose films, the elongation is decreased.

6.7.1.5 Correlation of mechanical results

In Figure 6-25 is shown an inversely proportional correlation between Young’s modulus and %
Elongation. This means that if Young’s modulus increase, the elongation of the material decrease.
A high value for Young’s modulus show resistance to the deformation. Based on this information
the samples PA-5-3.5-70-D, PA-23-24-70, PA23-2.5-70 and PA-5-2.5-70 are more notorious this
trend. About the reaction conditions for the samples there is not a critical condition. As atypical
values of the prepared samples we have sample PA-5-24-70. An increase in Young’s modulus is

expected a decrease in elongation.
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Figure 6-25. %Elongation vs. Young’s modulus graph of Chitosan- Modified cellulose films

The Figure 6-26 shows the behavior between crystallinity and Young’s modulus. There is possible
affirm that exist a direct correlation between these parameters. This means that if crystallinity
index increase, the Young’s modulus of the material decrease. Is important remark that the
arrangement of polysaccharide chains from cellulose affect the crystallinity. For chitosan-OPEFB

cellulose films in which the obtained cellulose contains only polymorph type I present higher
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values of crystallinity and higher values of Young’s modulus comparing with films where cellulose
contains polymorph type II. The exception in this set sample is film labeled as CH:PA-63-1-70
because has low Xc¢ value and contains only cellulose type 1. This fact can be explained by the size
particle. The fibrous material (MFC) is in the range of 60-100 um due to the conditions of acid
hydrolysis. In the case of CH:PA-5-2.5-70. Respect to direct correlation there is one exception that
is the film CH:PA-5-2.5-70 which present high Young’s modulus but the worst crystalline index.
The idea that size and morphology affect this property can be backed with this sample due to CNC

obtained were >500nm size particle.
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Figure 6-26. Xc vs. Young’s modulus graph of Chitosan- Modified cellulose films

In Figure 6-27 is shown the influence of OPEFB cellulose morphology over Young’s modulus.
The morphology like unique parameter is not critical to stablish a trend with the Young’s modulus.
For relatively high Young’s modulus values belongs to samples PA-5-3.5-70-D, PA-5-2.5-70
present CNC, PA23-2.5-70 for both CNC and MFC particles and PA-23-24-70 for MFC. So, there
is not a tendency based only on them size and shape. To do an appropriate analysis of the
morphology are necessary more homogeneous films of chitosan-OPEFB cellulose which present

MFC and a mixture of CNC and MFC.
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Figure 6-27Influence of morphology on Young's modulus

6.8  Suspension Stability

The stability of suspended cellulose depends of interaction between the dispersed phase and the
dispersion phase. The cellulose is an amphiphilic polymer, this means that have hydrophilic and a
hydrophobic region due to the presence of crystalline cellulose or amorphous cellulose. In general
way, the suspension stability depends on many factors like geometry, size, shape and surface
density [75]. In the case of use water (pH around 6) as dispersion media There is an acidic character
that favors adsorb OH- group and influence in their colloidal stability by the presence of a double
electrical layer under their surface, resulting from the dissociation of different functional groups,
such as carboxylic [76]. The modified OPEFB cellulose was diluted to particle concentration of 2
% w/v using distilled water. The suspension was placed in test tubes at room temperature of 23°C.
All experiments were monitored in an interval of ten minutes as shown in Figure 6-28. The
purpose of realize this experiment is to appreciate if exist an effect on the stability of the
regenerated cellulose suspensions due to morphological structure of cellulose. The CNC
suspensions obtained from OPEFB cellulose were homogeneous at t = 0 min so a colloidal

suspension was observed in all samples. The regenerated cellulose but not stable. So, the
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sedimentation process starts at 10 minutes approximately. The results suggest that ultrasonication

process helps to particle distribution. An in a future work this factor will be taking in account.
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7 CONCLUSIONS AND RECOMMENDATIONS

The methodology suggests for all experiments of this work present a percentage yield range [33-
81%] depending the reaction conditions. The temperature is a critical condition; it was evidenced
by sample PA-63-1-70 which is OPEFB cellulose hydrolyzed at 63 °C during an hour. The reaction
was stopped because the sample was decomposing by the acid. The %yield was only of 33.1%. In
a general way, it can be affirming that the suitable temperature for obtaining CNCs is at room
temperature (23 °C). The samples PA-23-1-70, PA-23-2.5-70, PA-23-3.5-70 obtained the %
crystalline index range in [75.1-77.8%] with a yield reaction of 81%. The reaction time is also a
critical condition in a good performance. The sample PA-23-24-70 was hydrolyzed during 24hours
and the %crystallinity was improving respect to unhydrolyzed cellulose. The quenching reagents
were evaluated in samples PA-5-3.5-70 and PA-5-3.5-70-D. They have equal reaction conditions
but the difference in %yield is approximately in 10%. The use of DMSO for quenching process
reduce yield but according to the crystalline index, it improves approximately in 6%. Also is
important report that in the sample PA-5-3.5-70-D (quenched with DMSO) only has cellulose
polymorph type I, while the sample PA-5-3.5-70 which is quenched with water shows both
polymorphs. This fact suggests do a study of other crystallization methods in order to improve the

quality of the cellulose.

The morphology structure was confirmed with Scanning Electron Microscopy. The work of this
thesis shows a promising green route to isolate MFC, MCC and CNCs from OPEFB cellulose.
Depending on what is needed, certain conditions are proposed for phosphoric acid hydrolysis. In
the case of CNCs the best conditions results in the sample PA-5-3.5-70-D with a Xc of 80.7 and a
yield of 79.59%. For the samples PA-5-2.5-70, PA-23- 2.5-70 and PA-23-3.5-70 where obtained
MFCs and CNCs. This suggest to explore a better sonication technique that the used in the present
work. With the ATR- FTIR characterization technique was possible affirm that phosphoric acid
hydrolysis has a successful performance on modified OPEFB cellulose due to was possible assign
all fundamental peaks of cellulose, showing that cellulose was pure because does not have the

peaks that correspond to lignin and hemicellulose.

With X-ray Powder Diffractometer was possible determinate the crystalline percentage from all

samples including a sample of unhydrolyzed cellulose that serve as reference. There were two
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samples (PA-23-24-70 and PA-5-3.5-70-D) that improve Xc from starting material. In a parallel
way this technique allows assign the cellulose polymorph type. The samples present polymorph
types I (PA-23-24-70, PA-5-3.5-70-D, Blank, PA-45-3.5-70, PA-23-2.5-70 and PA-63-1-70), II
only sample PA-5-24-70 and the rest of samples present both polymorphs. The Xc was directly
correlated with LOI calculated in ATR-FTIR technique. For final, to study the mechanical
performance of modified OPEFB cellulose, films were made on a ratio 1:1 chitosan-modified
OPEFB cellulose in a dry basis. There were five films that cannot evaluate the mechanical
properties due to the dispersion of cellulose was heterogeneous. This fact suggests a study about
the optimal concentration for modified OPEFB cellulose. For the rest of samples, it was shown
that by incorporating MFC, MCC and CNCs in chitosan-based films the Young’s modulus increase
for all films and them % Elongation decrease. The optimal properties of chitosan-OPEFB cellulose
films will be achieved in dependance of desired application. Further studies are recommended for

a sustainable application such as green filler.
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9 ANNEXES

Annex 1.
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Annex 2.
Annex 2. Mechanical properties Chitosan - Modified OPEFB Cellulose
Mechanical Properties
Young’s Yield Tensile
Sample Elongation
modulus  Strength  Strength
(%)
(MPa) (MPa) (MPa)

CH 118+6 28.6+3.7 47.1+0.8 100%9
CH:T 133+4 40.3+1.7 383%1.6 7315
CH:PA-5-2.5-70 166+4 40.7+1.0 46.8+3.3 71%11
CH:PA-5-3.5-70 134+£5 41.2+1.8 442+05 72+11
CH:PA-5-24-70 1204 50.0+4.2 48.2+3.0 656
CH:PA-5-3.5-70-D 169+6 363+0.7 45323 887
CH:PA-23-2.5-70 160+8 38.0+1.3 442+26 84110
CH:PA-23-24-70 1716 428+1 42.1+0.2 68 + 6
CH:PA-45-3.5-70 139+8 43905 46.7+0.7 7319
CH:PA-63-1-70 135+6 43.0+1.0 57.8%4.6 64 +12
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