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Résumé
Les matériaux naturels retiennent actuellement toute l’attention dans de nombreuses
applications et ceci, car ils sont biodégradables et proviennent de ressources renouvelables
telles que les plantes (le lin, le chanvre, le jute, etc.). De plus, du fait de leur faible coût et de
leur faible densité, les fibres naturelles cellulosiques sont d’excellents candidats pour le
renforcement des composites polymères bio-sourcés. Cependant, malgré leurs nombreux
avantages, leur caractère hydrophile - résultant de la présence de fonctions hydroxyle dans
leur structure - limite leur application dans les matrices polymères. Ceci est dû à la faible
mouillabilité existant entre les fibres cellulosiques et les matrices polymériques
(généralement hydrophobes) causant une faible adhésion et une mauvaise dispersion des
fibres dans la matrice.
De nombreuses tentatives de modification des propriétés de surface des fibres naturelles par
des traitements physiques, chimiques, ainsi que physico-chimiques ont été effectuées.
Cependant, ces traitements se sont révélés incapables de guérir les défauts intrinsèques
présents à la surface des fibres et d’améliorer leur résistance à l'humidité et aux alcalis. Une
solution permettant d’atteindre les objectifs mentionnés serait la création d’un film mince à la
surface des fibres.
Cette étude vise tout d'abord à fonctionnaliser les fibres de lin par une oxydation sélective des
fonctions hydroxyle présentes sur la cellulose. Cette oxydation permet la création d’une
meilleure adhésion entre la surface des fibres et les couches minces amphiphiles de TiO2
créées par la technique sol-gel. En effet, le procédé sol-gel est une méthode dite douce
capable de créer une fine couche d'oxydes métalliques à la surface d’un substrat. Dans l'étape
suivante, l'effet de l'oxydation sur l'adhésion interfaciale entre la couche de TiO2 et la fibre, et
donc sur les propriétés physiques et mécaniques de la fibre, a été caractérisé. Enfin, les fibres
recouvertes de TiO2 avec et sans oxydation préalable ont été utilisées pour renforcer l’acide
polylactique (PLA). Des tests de traction, d’impact et de cisaillement ont été réalisés afin de
caractériser les propriétés mécaniques des composites. De plus, de la calorimétrie
différentielle à balayage (DSC), des mesures d'absorption d'humidité ainsi que des analyses
thermogravimétrique (ATG) et mécanique dynamique (DMA) ont été effectuées dans le but
de déterminer les propriétés physiques des composites.
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Les résultats ont montré une augmentation significative des propriétés physiques et
mécaniques des fibres de lin recouvertes de TiO2, en particulier lorsque les fibres ont été
préalablement oxydées. De plus, ces fibres à la fois oxydées et greffées de TiO2 ont causé de
grands changements lorsque utilisées dans le renforcement du PLA. En effet, une meilleure
résistance au cisaillement interlaminaire et une diminution de la quantité d’eau absorbée est
obtenue en comparaison avec les échantillons de référence.
Mots-clefs : Dioxydes de titane, fibres de lin, oxydation de la cellulose, propriétés
interfaciales, PLA.

Abstract
Natural materials have received a full attention in many applications because they are
degradable and derived directly from earth. In addition to these benefits, natural materials can
be obtained from renewable resources such as plants (i.e. cellulosic fibers like flax, hemp,
jute, and etc).
Being cheap and light in weight, the cellulosic natural fiber is a good candidate for
reinforcing bio-based polymer composites. However, the hydrophilic nature -resulted from
the presence of hydroxyl groups in the structure of these fibers- restricts the application of
these fibers in the polymeric matrices. This is because of weak interfacial adhesion, and
difficulties in mixing due to poor wettability of the fibers within the matrices.
Many attempts have been done to modify surface properties of natural fibers including
physical, chemical, and physico-chemical treatments but on the one hand, these treatments are
unable to cure the intrinsic defects of the surface of the fibers and on the other hand they
cannot improve moisture, and alkali resistance of the fibers. However, the creation of a thin
film on the fibers would achieve the mentioned objectives.
This study aims firstly to functionalize the flax fibers by using selective oxidation of hydroxyl
groups existed in cellulose structure to pave the way for better adhesion of subsequent
amphiphilic TiO2 thin films created by Sol-Gel technique. This method is capable of creating
a very thin layer of metallic oxide on a substrate. In the next step, the effect of oxidation on
the interfacial adhesion between the TiO2 film and the fiber and thus on the physical and
mechanical properties of the fiber was characterized. Eventually, the TiO2 grafted fibers with
and without oxidation were used to reinforce poly lactic acid (PLA). Tensile, impact, and
iii

short beam shear tests were performed to characterize the mechanical properties while
Thermogravimetric analysis (TGA), Differential Scanning Calorimetry (DSC), Dynamic
mechanical analysis (DMA), and moisture absorption were used to show the physical
properties of the composites.
Results showed a significant increase in physical and mechanical properties of flax fibers
when the fibers were oxidized prior to TiO2 grafting. Moreover, the TiO2 grafted oxidized
fiber caused significant changes when they were used as reinforcements in PLA. A higher
interfacial strength and less amount of water absorption were obtained in comparison with the
reference samples.
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CHAPTER 1
1.1

INTRODUCTION

PROBLEMATIC AND PROJECT OUTLINE

A composite is made when two or more constituents or phases combine together to improve
the initial properties of each constituent. Normally, a composite involves a soft phase which
is called matrix, and the stiff one which is the reinforcement. The former can be a metal, a
ceramic or a polymer while the latter is a fiber or a particulate [1].
A composite which is combined from one or more biologically derived materials is called
biocomposite [2]. Matrices may encompass polymers, derived from renewable resources such
as vegetable oils or starches, while reinforcements include natural fibers.
PLA, is a biodegradable polymer that can be produced in a large scale from renewable
resources [3]. This along with good stiffness and strength makes it a good candidate for a
large number of applications such as biomaterials and packaging material [4, 5]. However, it
suffers from some weaknesses such as low thermomechanical properties and impact
resistance [4, 6]. Many attempts have been made to enhance these properties by using
plasticizers [7], or by reinforcing PLA with fibers or particles [8].
Natural fibers are divided into two categories; non-renewable like the mineral fibers and
renewable such as plant or animal fibers. The plant fibers are subcategorized into: seed (e.g.
cotton), fruit (e.g. coir), stem (e.g. flax), leaf (e.g. sisal), wood, stalk (e.g. wheat), cane fibers
(e.g. bamboo) [9].
Being cheap and light in weight, the cellulosic fiber is a good candidate for reinforcing
biocomposites. However, there are three main problems which prevent them from developing
their full potentials as reinforcements. These problems are summarized in three aspects:


The interfacial interaction with polymeric matrices



Moisture absorption



Processability

1

The hydrophilic nature, resulted from the presence of hydroxyl groups in the structure of
these fibers, restricts the application of these fibers in the hydrophobic polymeric matrices
[10]. This results in the creation of weak interfaces between fibers and matrices in addition to
non-uniformed dispersion of the fibers within the matrices.
The hydrophilic nature along with the tubular structure of natural fibers make them highly
water absorbent [11]. This hygroscopic property causes swelling and formation of voids at the
interface of the fibers and the matrix which leads to poor mechanical properties which
impairs the dimensional stability of the composites [12]. This can also accelerate the
degradation of the composites by increasing the hydrolysis.
Another drawback of using these plant fibers is their relatively low processing temperature of
less than 200° C. Natural fibers undergo degradation at higher temperatures, thus the
polymeric matrices with processing temperatures above this critical temperature would
become redundant [10].
Many attempts have been done to modify surface properties of natural fibers including
physical, chemical, and physicchemical treatments. Among them chemical treatments and
especially application of coupling agents (such as silane treatment) have shown good
outcomes in reinforcing composite [13]. Although, these methods modify the physical
properties and specifically the hydrophilicity of the natural fibers, they are not very effective.
This is because all of hydroxyl groups of the fibers cannot react with those coupling agents
[14]. In addition, the silane treated fibers are susceptible to degradation in alkali environments
[15].
Researchers have recently used a method in which fibers were coated with thin films to
improve the mechanical and physical performance of the fibers. In this method a thin film of
polymers, ceramics or composites which contain nano-particles and coupling agents is coated
on a fiber [16]. In fact, the film can effectively normalize the load distribution on the surface
of the fiber thus reducing the stress concentration at the surface flaws and therefore, enhance
the strength of the fibers. In the meantime, the film mediates the adhesion between the fiber
and the matrix [17].

2

Recently, the textile researchers have used sol-gel technique to coat cellulosic fibers
especially by TiO2 thin film so as to get an advantage of its tunable hydrophobicity [18-20].
TiO2 is known as an amphiphilic material. In other words, TiO2 exhibits hydrophobic
properties, unless it is irradiated by ultra violet (UV) rays [21]. This method can also pave the
way for tailoring the wettability of the fibers according to the nature of the polymeric
matrices. However, there is still a lack of knowledge about interfacial bonding of the
cellulosic fibers to the TiO2 film.
TiO2 (either dry or hydrated) can form complexes with different compounds such as phenols,
peroxides, cyanides and especially carboxylic groups [22]. Several studies have shown the
formation of a bidentate bridging between carboxyl acids and dry or hydrated TiO2 [23-25].
Therefore, the conversion of the primary alcohols of the cellulose to carboxyl groups on the
surface of the fibers brings the opportunity to improve the reactivity of the flax fibers for the
subsequent TiO2 grafting. Many attempts have been made to oxidize the cellulose to increase
its functionality [26, 27]. However, it can make an aggressive oxidation if it is done in a nonselective manner. In this condition a mixture of products can be found with different degrees
of oxidation because the oxidants attack the sites promiscuously [26]. This may degrade the
fibers and decrease the mechanical properties of the fibers.
By the same token TiO2 can bind to polymers having carboxylic groups in their structure such
as PLA (i.e. Ti-carboxylic coordination bonds) [28]. This makes TiO2 grafted fibers very
good candidate to reinforce PLA composites.
1.2

PROJECT DEFINITION AND OBJECTIVES

The use of plants fibers as engineering materials can promote sustainable agriculture [29],
especially in western Canada with a potential production of 1,200,000 tons of flax straw
annually. Currently, overall more than 75 % of this amount is usually thrown away [30].
As stated above, TiO2 can mediate the adhesion of the natural fibers and PLA composites.
This study tried to graft TiO2 films on flax fibers by using sol-gel technique and reinforce
PLA composites with the grafted fibers.

3

It was hypothesized that the creation of carboxylic groups on the surface of flax fiber can
enhance the interfacial binding of the fiber to the TiO2 thin film. This on the one hand
reinforces the fiber alone and on the other hand increases the interfacial adhesion of the fiber
with the PLA matrix by the mediation of the TiO2 film. Moreover, the grafting may also
decrease the water absorption and increase the thermal resistance of the fibers and so the
composites.
Regarding this hypothesis, the main objective of this study was to create a Nano-TiO2 thin
film on the flax fibers to enhance both the mechanical properties of the fibers and the
adhesion of the fibers to the polymeric matrix so as to increase the composite strength. In
order to obtain this objective, three specific objectives were determined in this study.
1.2.1

To graft and characterize nano-TiO2 thin film on flax fibers via sol-gel
technique

The hydroxyl groups in the cellulosic crystalline regions are closely packed and are beneath
the layers of wax, lignin and hemicelluloses [10]. In order to expose the hydroxyl groups of
the cellulosic fiber on the surface, the fibers were pretreated. The pre-treatments modify the
surface properties of the fibers.
The quality of thin film which is formed by sol-gel dip-coating is highly dependent on surface
quality of the substrate [31]. The increase in the surface roughness increases the amount of
cracks in thin films formed by sol-gel dip-coating technique [32].
In order to form a uniform thin film on the fibers the surface roughness of the fibers were
controlled by optimizing the parameters of the pre-treatments. The effect of the pretreatments on the chemical composition and surface roughness were investigated.
The sol-gel process was optimized to have a suitable pH (at the very low or high pH the fibers
are degraded). Then the fibers were coated to form a nano-TiO2 thin film. The TiO2 film on
the fiber was characterized to determine its crystalline structure and its thickness. Moreover,
the ability of the sol to penetrate into the fibers lumina was investigated qualitatively.
Finally the effect of the grafting on the physical and the mechanical properties of the fibers
before and after the grafting process were investigated.
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1.2.2

To modify and evaluate the interfacial bonding of flax fibers to the NanoTiO2 thin film via TEMPO oxidation of cellulose

One of the main drawbacks of the sol-gel technique for grafting TiO2 film on the fibers is the
low reactivity of the sol with the cellulose. In other words, after the dip-coating, the metallic
hydroxyls and the cellulose ones should be condensed together which takes time and is
difficult to control. On the contrary, carboxyl acids can react with titanium hydroxyls via
bidentate-bridging-linkage, as well as chelating- or ester-linkage [23, 33]. The principle
driver of this objective is to form carboxylic groups on the fibers via TEMPO-mediated
oxidation of cellulose. This increases the reactivity between the cellulose on the fibers and the
TiO2 particles so the interfacial binding between the fibers and the TiO2 film.
A successful and well developed method of TEMPO-mediated oxidation of cellulose was
adopted to oxidize the fibers [34]. The same grafting method was used to form TiO2 thin film
on the fibers. In order to compare the interfacial adhesion of the fiber to the film, firstly the
chemical reactivity between the TiO2 sol and the oxidized fibers was evaluated and the
optimum condition of oxidation was determined. Then, the grafted fibers were sectioned so
that the cross-sections were investigated by microscopic methods. This allowed us to
visualize the interface between the fibers and the TiO2 film to evaluate the quality of the film
and the interfacial adhesion.
Finally, the effect of this grafting method on the physical and mechanical properties of the
fibers was investigated.
1.2.3

To characterize the physical and the mechanical properties of the PLA
composites reinforced by the TiO2 grafted flax fibers

The application of the TiO2 grafted fibers was already defined to be reinforcements for
biocomposites. In order to evaluate the performance of the grafted fibers in a biocomposite,
unidirectional flax fibers were treated as same as the fibers were and PLA composites were
made by thermal compression moulding.
Modification in the interfacial strength can have different outcomes on each physical and
mechanical property. For example, the increase in Inter-laminar shear strength (ILSS)
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increases the longitudinal tensile strength while decreasing the impact resistance [16]. A
strong interface between the fiber and the PLA matrix can also modify the crystallization
behavior of PLA.
Several different mechanical parameters such as, ILSS, Impact resistance, Tensile strength,
and elongation were determined for the composites. The composites had already been
reinforced with as-received, non-oxidized TiO2 coated, and oxidized TiO2 coated flax fibers.
The physical properties of the composites such as thermal resistance and water uptake, and
the effect of the fibers on the physical properties of PLA were investigated
1.3

ORIGINALITY

To the best of our knowledge, no method has yet been developed to resolve all of the
problems associated with the natural fibers when they are used as reinforcements in
polymeric composites. As previously stated, they involve the interfacial adhesion, the
moisture absorption, and the thermal resistance.
The main originality of this work arises from the fact that the grafting of the TiO2 thin film on
the flax fibers by sol-gel technique brings this opportunity to enhance the weaknesses of the
natural fibers by covering inside and outside of the fibers with a ceramic thin film. In addition
TiO2 exhibits photo-induced hydrophilicity which paves the way for using the TiO2 grafted
fibers in hydrophobic or hydrophilic matrices. This idea has not been used so far.
The methods, used in this study, investigated the phenomena at the intersection of
glycoscience and material science. This research helped to have a better technical
understanding of an interface between an organic thin film and flax fibers. Therefore, this
research encompasses two types of originalities which lie in the methods, and the
characterizations of the phenomena.
1.3.1

Methods

This study tried to increase the physical and mechanical properties of the flax fibers by
grafting a TiO2 thin film through a sol-gel technique which had not been used before this
study.
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This research used an original method in order to improve the interfacial adhesion of the
fibers to the TiO2 film via selective oxidation of cellulose on the surface of the flax fiber prior
to the sol-gel technique.
1.3.2

Characterization of the phenomena

This study has also shown phenomena which have not yet been characterized. These
phenomena are listed below:


Chemical reactivity of flax fibers with TiO2 sol,



The adhesion of the TiO2 particle at the interface of the fiber and the TiO2 film,



Thermal degradation of the TiO2 grafted fibers,



The physical and the mechanical behaviors of the TiO2 grafted fiber reinforced PLA
composites.

1.4

LAYOUT

This thesis is an article-based document which contains six main chapters. Chapter 1 is a brief
introduction to the project describing the context and objectives.
Chapter 2 is a review of the state of the art for the natural fibers in biocomposites, the
methods to enhance the natural fibers performance, TEMPO mediated cellulose oxidation,
titanium dioxide, the chemical complexation between TiO2 and organic compounds.
Chapter 3 presents the methodology of the grafting TiO2 film on flax fibers including the pretreatments, film formation and the characterization of the film along with the characterization
of physical and mechanical properties of the grafted fibers.
Chapter 4 shows the chemical modification of cellulose fibrils on the surface of the fibers by
TEMPO mediate oxidation. The reactions are explained and the effect of the modification on
the status of the TiO2 film is described. Physical and mechanical properties of the fibers are
characterized to see the effect of the modifications.
Chapter 5 presents the physical and mechanical properties of PLA composites which are
reinforced with the modified TiO2 grafted flax fibers. This chapter elucidates the role of TiO2
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thin film when comes in between the fibers and PLA. The effect of the interfacial strength on
each physical or mechanical property of the composites is discussed thoroughly.
Chapter 6 summarizes the main results and the proposed future works.
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CHAPTER 2
2.1

LITERATURE REVIEW

NATURAL FIBERS REINFORCED COMPOSITES (NFRC)

Conventionally, a composite material consists of two principle parts; the soft part which is
called matrix and the stiff part named reinforcement. The main function of a matrix is to
transmit externally applied loads to the reinforcements. This is due to the weaker and more
compliant character of the matrix than the reinforcements. On the other hand, the
reinforcements are not able to transmit loads but provide the stiffness for the composites
when they are coupled with matrices [35]. The application of the fibers as the reinforcements
brings the opportunity to reach higher mechanical properties. However, using the fibers in the
composites creates a common boundary between the reinforcing fiber and the matrix which is
called interface. The interface plays an important role in physical and mechanical properties
of the fiber reinforced composites [36]. Moreover, interfacial interactions between the fibers
and the matrices exhibit a crucial importance when a composite is reinforced by natural fibers
[37, 38].This is mostly because of an intrinsic difference in the nature of natural fibers and
synthetic polymeric matrices [39]. In the coming chapters these issues are thoroughly
discussed.
2.1.1

The matrix

The matrix keeps the fibers together while mediating the load transfer between the fibers. The
matrix can also protect the fibers from mechanical and environmental damages. Traditionally,
composites involve either a thermoplastic or a thermoset polymer. However, petroleum-based
polymers used in composites are primarily composed of chemicals which are fundamentally
unsustainable. In addition, the depletion of petrochemical based polymers necessitates the
demand for renewable polymers. In this regard, vegetable oils have been used to produce
resins like epoxides, maleates, and isocyanates [40-42]. Moreover, Bio-plastics are made
from renewable resources like corn, potatoes, etc [43].Bio-plastics are bio-sourced and can
also be biodegradable. The biodegradability is a term which refers to materials which are
broken down into biogases and biomass (e.g. carbon dioxide and water) by exposure to
microorganisms and humidity [44].
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2.1.2

The reinforcement

As stated earlier, the reinforcement is the part that provides the stiffness and makes the
strength of a composite. In fact, the inherent properties of a composite depend on the
properties and the volume fraction of the reinforcement [35]. Natural fibers have drawn the
attention of the researchers and the industries to their availability and environmentally
friendly nature. In spite of the inferior mechanical properties of natural fibers compared to
those of glass fibers, they are environmentally superior alternatives to glass fibers in
composites [45].
2.1.2.1 Natural fibers as renewable reinforcements
Naturally derived (i.e. not synthetic), and renewable materials have received a full attention in
many application because they are environmentally friendly, naturally available [46, 47], and
the application of Natural fibers (NF) as engineering materials promotes sustainable
agriculture [29].
Among the renewable materials NF appear very intriguing for their high specific strength,
compostability, and being economic [48]. These fibers have been used to reinforce composite
materials used in structural and semi-structural applications [49]. The automotive industries
have recently turned their attention to the natural fiber reinforced composites (NFRC) [50].
NF are also increasingly being used in bio-composites as they are biodegradable and exhibit
fairly good biocompatibility [51, 52]. Table 2-1shows use of NF in different applications.
Table 2-1 Current applications of NF

Applications
Structural
Structural
Non-structural
Automotive industry
Wound suture
Bio-scaffold

Reinforcing Fibers
Bamboo
Sisal
Jute
Flax
Silk
Flax

Matrices
Concrete
Cement
Polyvinyl alcohol
Polypropylene
PLA

Ref.
[53]
[54]
[55]
[50]
[51]
[56]
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NF are divided into three major categories; plant-based, animal-based, and mineral fibers.
Table 2-2shows different types of NF [9]. The NF which are expected to be used in this
project come from plant stems. These consist of several different components.

Natural
fibers
Animals
Wool/hair
Silk

Vegetable
(cellulose or hemicellulose)
Fruit

Seed
Cotton
Kapok
Milkweed

Coir

Bast
(or stem)
Flax
Hemp
Jute
Ramie
Kenaf

Leaf
(or hard)

Wood

Mineral fibers
Stalk
Wheat
Maize
Barley
Rye
Oat
Rice

Pineapple
Abaca
Henequen
Sisal

Cane,grass
& reed
fibers
Bamboo
Bagasse
Esparto
Sabei
Phragmites
Communis

Asbestos
Fibrous
Brucite
Wollastonite

Figure 2-1 NF classification [9]

2.1.2.2 Chemical composition of the natural fibers
All of the properties of NF firstly depend on the chemical compositions and the structures of
these components (Table 2-2).
Table 2-2 Chemical composition of different natural fibers [10]

Fiber
Flax
Jute
Hemp
Kenaf
Sisal

Structural

Type of fibers
Bast (stem)
Bast (stem)
Bast (stem)
Core
Leaf

Cellulose %
71
45-71.5
57-77
37-49
47-78

Lignin%
2.2
12-26
3.7-13
15-21
7-11

Non-structural
Hemicellulose%
18.6-20.6
13.6-21
14-22.4
18-24
10-24

Pectin%
2.3
0.2
0.9
10

Ash%
0.5-2
0.8
2-4
0.6-1
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2.1.2.2.1 Cellulose
Cellulose is considered to be a natural polymer (i.e Polysaccharide) which is formed by a
chain of repeating units of D-anhydroglucose (C6H11O5). These units are joined by β-1, 4glycosidic linkage at C1 and C4 positions in the glucose structure which makes the degree of
polymerization around 10,000 [57]. Figure 2-2 demonstrates two anhydroglucose rings which
were linked together via the covalently bound oxygen of C1 from one glucose ring, and the
oxygen of C4 from the adjoining ring [58]. Three hydroxyl groups exist in each repeating unit
which governs the physical properties of the cellulose. These groups can tailor the crystalline
packing of the cellulose by creating hydrogen bonds (Figure 2-2) [10]. Solid cellulose is
found in either amorphous or crystalline structures. Naturally occurring cellulose, which is
called cellulose I, has two polymorphs: a triclinic (Iα) and a monoclinic structure (Iβ); these
structures coexist in solid cellulose in various proportions based on the cellulose sources[58].
Cellulose II can be formed through alkali treatment. In this method and especially by using
NaOH, OH-groups of the cellulose are converted into ONa-groups which pave the way for
expanding the dimensions of the molecules. By subsequent rinsing, water infiltrates into the
cellulose structure. This removes the Na-ions and so facilitate the formation of new hydrogen
bonds which converts the cellulose I to cellulose II ( Figure 2-3) [10].

Figure 2-2 Schematic demonstration of a single cellulose chain repeat unit [10]

Figure 2-3 Lattice structure of Cellulose I and II [10]
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TGA has shown that cellulose degrades thermally at 240-350°C and turns into
anhydrocellulose and levoglucosan [59]. The maximum decomposition temperature of
cellulose, when the cleavage of glycosidic linkages occurs, is at 313°C [60]. Based on the
type of natural fiber and the condition of the fibers (i.e. whether they are treated or not) the
maximum degradation temperature of native cellulose varies [61-63].
2.1.2.2.2 Lignin
Lignin is a hydrocarbon which consists of aliphatic and aromatic constituents. These
components have a hydrophobic nature which exists in the amorphous state. It is known that
lignin gives rigidity to the plants[64]. Lignin may be considered a thermoset polymer that
shows a glass transition temperature of 90°C and melting temperature of ~170°C [65]. The
decomposition of lignin in wood has been reported by means of TGA to start at ~280°C and
continue up to 500°C. The maximum decomposition rate has been observed at 350-450°C
[59].
2.1.2.2.3 Hemicellulose
Although it seems that hemicellulose is a subset of cellulose, the former differs from the latter
in four aspects:
Firstly, a variety of sugar units are found in hemicellulose structures (such as glucose,
mannose, galactose, xylose, arabinose, 4-O-methyl glucuronic acid), however cellulose
contains only D-anhydroglucose. Secondly, cellulose is a linear polymer while hemicelluloses
express chain branching. Thirdly, the degree of polymerization of a native cellulose is 10-100
times that of hemicelluloses [10]. Hemicelluloses are very hydrophilic and soluble in alkali
[10]. Finally, the thermal decomposition of hemicelluloses occurs at a lower temperature in
comparison with cellulose. Hemicelluloses decompose at 200-260°C, with more volatile byproducts and fewer remaining tars comparing to cellulose.
2.1.2.2.4 Pectin
Pectin is a heteropolysaccharide which is included in the compositions of NF. These are nonstructural components which provide flexibility to NF. One of the important components is
wax which is comprised of different alcohols [10]. Pectin can be extracted out of the natural
fibers by a high pressure impact at 100-140°C [66].
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2.1.2.3 Structure of the natural fibers
NF may be considered as natural composites of hollow cellulose fibrils in a matrix of lignin
and hemicelluloses; each fibril has a layered intricate structure consisting of thin primary
layers which encompass the secondary wall which is thicker [67]. The secondary wall
encompasses three layers and the middle one, which determines the mechanical properties of
NF, consists of cellular micro-fibrils (formed from long chains of cellulose molecules) which
are helically wound (Figure 2-4) [10]. The mechanical properties of NF depend on several
parameters such as the micro-fibrillar angle (the angle between the fiber axis and the microfibrils), the content of cellulose within the fibers, and the degree of polymerization of the
cellulose [67].

Figure 2-4 Schematic of NF structure [10]

2.1.2.4 Properties of the natural fibers
The most important variables that can determine the physical and mechanical properties of
NF are the dimension of the cells , micro-fibrillar angle, and chemical composition of fibers
[10]. In other words, by increasing cellulose content the tensile strength and the Young
modulus of fibers increases also. The stiffness of the fibers is influenced by the micro-fibrillar
angle. The fibers with spiral orientation of the micro-fibrils show ductile behavior; however,
if the micro-fibrils are oriented parallel to the fiber axis they will be rigid and inflexible
exhibiting high tensile strength[10]. One of the very important physical properties of NF is
the wettability. These NF exhibit hydrophilic properties because they have several hydroxyl
groups in their compositions (cellulose molecules) [67]. Table 2-3 presents the substantial
physical and mechanical properties of NF.
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Table 2-3 Physical and mechanical properties of various NF [10]

Fiber

Type of fibers

Flax
Jute
Hemp
Kenaf
Sisal

Bast (stem)
Bast (stem)
Bast (stem)
Core
Leaf

Tensile
strength
(MPa)
345-1035
393-473
690
930
511-635

Young’s
modulus
(GPa)
27.6
26.5
70
53
9.4-22

Elongation
at break
(%)
2.7-3.2
1.5-1.8
1.6
1.6
2-2.5

Density
(g/cm3)
1.5
1.3
1.48
1.5

2.1.2.5 Natural fibers disadvantages
As was mentioned in the previous sections the most promising application of the NF is their
use as reinforcements in polymeric composites. However, there are some drawbacks which
limit the application of NF in this regard which are describes as follow:
The cellulosic NF are inherently hydrophilic and have a very poor interaction with most
thermoplastic polymers, this results in the creation of weak interfaces between fibers and
matrices in addition to non-uniformed dispersion of the fibers within the matrices [39].
The high moisture absorption of the NF can facilitate swelling and creation of voids at the
interface which leads to poor mechanical properties and so impairs the dimensional stability
of the composites [12].
NF have low microbial resistance and they are prone to rotting. Moreover, non-uniformity,
dimensional variation and uneven mechanical properties can pose additional problems.
Another problem is the processing temperature of plant fibers which is less than 200 °C. NF
undergo degradation at higher temperature, thus the polymeric matrices with processing
temperature above this critical temperature would become redundant [10].
2.2

FACTORS INFLUENCING THE PERFORMANCE OF NFRC

The properties of a composite are controlled by its constituents’ properties.. Although, there
are some additional parameters which are specific for NFRC, the factors that dictate the
properties of NFRC are as same as those that affect other fiber composite materials. These
parameters are subcategorized into fiber architecture and fiber-matrix interface.
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2.2.1

Fiber architecture

In general the architecture of the natural fiber can play a crucial role in the final properties of
NFRC. The fiber architecture involves fiber geometry, fiber orientation, packing
arrangement, and volume fraction [1].


Fiber geometry

The geometry of reinforcements (i.e. the geometrical shape of the fibers) influences the
mechanical properties of NFRC. The fiber geometry can be governed by the processing
method in which the fibers are extracted [68]. Aspect ratio is one of the most important
geometrical parameters affecting the efficacy of reinforcements in NFRC. Aspect ratio is the
ratio of fiber length to diameter. It means that the fibers, those that are long and thin, have
low aspect ratios and vice versa. In general, the fibers with higher aspect ratios increase the
reinforcing efficacy. The aspect ratio of bast fibers has been reported in the range of 10001200 and softwood fibers have aspect ratio of around 100 [35].


Volume fraction

Almost all of the mechanical properties of a composite are influenced by fiber volume
fraction (Vf) [69]. Normally, the mechanical properties such as strength and stiffness increase
with increasing Vf up to a maximum amount. The maximum of Vf is dependent on other
parameters such as fiber orientation [35].


Fiber orientation

Composites are treated as anisotropic materials. This means that composites exhibit different
material properties in all directions [1]. For example, a unidirectional continuous-fiber
laminate with loads parallel to the fibers, is strong and stiff. However, it is fairly weak in the
direction perpendicular to the fibers because the load must be carried by the polymeric matrix
[70]. The difference between the fiber alignment and the direction of applied load has a great
effect on the mechanical properties of the composites. When a property is characterized in the
direction parallel to the fibers it is called longitudinal .However, the one which is obtained in
the direction perpendicular to the fibers is transversal. Figure 2-5 shows the role of fiber
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orientation in determining strength and stiffness. The longitudinal and transversal modulus of
elasticity (E11, E22) can be estimated by the rule of mixture.

Figure 2-5 The role of fiber orientation in determining strength and stiffness of a composite[1]

2.2.2

The fiber-matrix interface

Along with all of the important parameters which influence the composite properties, the
fiber-matrix interfacial strength plays a key role in NFRC performance. In terms of
mechanical properties, good interfacial strength is necessary for matrix to fiber load transfer.
However, a very strong interface can promote crack propagation which reduces the toughness
[71]. In addition, good interfacial bonding can improve the physical properties such as
moisture uptake and durability of composites [72]. Researches on carbon fibers have revealed
that, the inter-laminar shear, flexural, and tensile strength are increased as the interfacial bond
between the fibers and the matrix is increased [73]. It has also been reported that except the
modulus values all strength values are sensitive to the level of interface bonding [74].
Nevertheless, although, the increase in interfacial strength leads to the increase in all of the
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mentioned mechanical properties, it brings a loss in the impact fracture toughness of
unidirectional composites as shown in Figure 2-6 [16]. In order to justify this phenomenon, it
should survey profoundly the fracture theories of the fiber reinforced composites.

Figure 2-6 The effect of carbon fiber treatment on ILSS (○) and impact energy (●) for carbon fiber-epoxy
matrix composite [16]

Many fracture toughness theories have been developed to model the fracture in fiber
reinforced composites. In general, after the crack initiation in material, this crack is loaded.
Consequently a highly strained region is formed at the crack tip which causes the crack
propagation. The propagation continues by absorption of energy until the complete fracture
takes place. In a fiber reinforced composite having internal cracks, the following incidents
may be expected to occur when a crack approaches an isolated fiber:
1) Matrix fracture,
2) Fiber-matrix interface debonding,
3) Post-debonding friction,
4) Fiber fracture,
5) Stress redistribution,
6) Fiber pullout
The mechanism of the crack propagation through a fiber reinforced composite is illustrated in
Figure 2-7.
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Figure 2-7 The model of crack-fiber interaction. (a) the un-cracked composite. (b) A crack within the
matrix is stopped by the fiber. (c) the crack extension occurs alongside the interface as

result of

interfacial shearing and lateral contraction (d) a considerable debonding happens until the fiber breaks at
some weak spot follows by crack extension into the matrix. (e) the broken fiber extremity is pulled out
against the frictional grip of the matrix. [75]

Depending on the level of interfacial bonding, different fracture scenarios may take place in
fiber reinforced composites. For example, in case of high interfacial strength, the interface
may tolerate against the crack so fiber-matrix interface debonding does not happen and the
crack passes through the fibers without leaving any post-debonding friction. This results in a
fracture with lower amount of absorbed energy so lower toughness in comparison with a
composite with a moderate interfacial strength. In this case, the crack faces all the stated
incidents (1-6) while propagating within the composite and therefore, exhibits a higher impact
toughness resistance [75].
2.3

METHODS TO ENHANCE NFRC PERFORMANCE
2.3.1

Surface modification of the natural fibers

The hydrophilic nature of NF and the hydrophobic properties of polymeric matrices make an
inherent incompatibility between fibers and matrices. Surface modifications including
physical treatment, chemical treatment, and physico-chemical treatment can reduce these
limitations.
2.3.1.1 Physical treatments
There are some methods such as stretching, calendaring, and thermo-treatment that can
modify the structural and surface properties of the NF so that the mechanical bonding in the
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matrix can be improved [76]. There are some other methods like solvent extraction, steam
distillation, and water treatment which have been used to remove the extractives from the NF.
The extractives may influence the degree of interfacial adhesion between the matrices and
cellulosic NF [77].
2.3.1.2 Physico-chemical treatments
The physico-chemical treatment includes use of corona and plasma discharges.
Corona discharge is defined as “a luminous, audible discharge that occurs when there is an
excessive localized electric field gradient upon an object that causes the ionization and
possible electrical breakdown of the air adjacent to this point” [78]. Ozone and unstable forms
of oxygen are continuously generated during the corona discharge which can induce changes
in surface energy of the cellulose fibers[76]. Sakata and his co-workers have reported surface
oxidation activation of wood by electric discharge which increased the amount of aldehyde
groups on the wood surfaces [79].
Plasma can be defined as “a partially ionized quasineutral gas. In this ionized gas there is a
balance between the densities of negative and positive particles in macroscopic volumes and
time” [78].
Plasma discharge can have some effects on the surfaces of NF in various degrees which affect
the adhesion of the NF to the polymeric matrices. These events are depicted in Figure 2-8 and
described in detailed by Mukhopadhyay et al [78].
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Figure 2-8 The mechanism of reactions for plasma surface modification [78]

2.3.2

Chemical treatments

Chemical treatment of the NF can have influences either on the surfaces by reducing the
hydrophilicity or in the bulk of the fibers by changing the crystalline structure. The former
can be achieved by several methods such as silane treatment, acetylation , etc. and the latter
can be done by alkali treatment.
2.3.2.1.1 Conventional methods


Alkali treatment

Alkali treatment causes an increase in the amount of amorphous cellulose at the expense of
crystallized cellulose [80].
Alkali treatment can cause a swelling reaction which changes cellulose-I to cellulose-II
Recent research have shown that among the alkali elements the diameter of Na+ is more
favorable to widen the smallest pores in lattice planes of cellulose hence sodium hydroxide
(NaOH) treatment may lead to a higher amount of swelling [10]. Sodium ions pave the way
for rearrangement of hydrogen bonds among the fibers by the following reaction:
Fiber-OH +NaOH→Fiber-O-Na++H2O
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Then Na-ions can be removed by subsequent rinsing which cause formation of new reactive
hydrogen bonds that results in the conversion of cellulose crystalline structures (Figure 2-3)
[39].
Alkali treatment also takes out the materials which have covered the cellulose portion of NF
such as hemicelluloses, lignin, pectin, wax, and oil [39]. The fiber surface becomes more
uniform due to the removal of extractives and micro voids (Figure 2-9). In addition, alkali
treatment can reduce fiber diameter. The less the diameter of the NF is the higher the aspect
ratio is which results in better interfacial adhesion of the fibers and the matrices [14]. Jae
kyoo et al have shown that by treating data palm fibers with 6 (wt%) NaOH the average
diameters of the fibers decreased by 33% [81].

Figure 2-9 Typical structure of (a) untreated NF (b) Alkali treated NF [82]

Although it has been reported by Valadez-Gonzalez [83] that by using alkali treatment the
roughness of the NF have been increased which results in mechanical interlocking inside the
polymer matrix leading to higher mechanical properties. The time and temperature of the
alkali treatment have a great influence on the roughness of the alkali-treated fibers which can
make the roughness less than that of the untreated fibers (Figure 2-10) [84].
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Figure 2-10 Atomic force microscope (AFM) topographic pictures of (a) untreated fibers; (b) NaOH
treated fibers [84]



Silane treatment

Silane is an inorganic compound having a hydrophilic nature but this compound can act as the
coupling agents. In other words, they have different groups which are appended to silicon. In
this case, one end can attach to the matrix and the other end reacts with the hydroxyl groups
of the fibers [76]. As it has been shown in Figure 2-11, alkoxysilane firstly undergoes a
hydrolysis in the presence of catalysts and then by condensation of OH groups, the bonding
stage is accomplished.


Acetylation

This method has been used for modifying the surface of NF and making them hydrophobic.
The mechanism involves the reaction of hydroxyl groups with acetyl groups (CH3CO) [10].
The principal reaction of the acetylation is represented below:
Fiber-OH + CH3CO-O-OC-CH3

→

Fiber-O-CO-CH3 + CH3COOH

Table 2-4 summarizes the conventional surface modification processes of the NF.
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Figure 2-11 Schematic demonstration of the alkoxysilane bond formation with hydroxyl groups
containing cellulose substrate [76]

2.3.2.1.2 Cellulose activation
Plenty of different methods have been used to increase the reactivity of the natural fibers with
polymeric matrices by activation of the cellulose on the surface of the fibers. Some part of
these methods is summarized in Table 2-5.
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Table 2-4 Conventional surface modifications of the NF

Methods
Physical Treatment

Stretching & calendaring

Principles
Changing structural and physical surface properties of the
fibers to improve mechanical properties

Solvent extraction
Steam distillation

Removing the extractives which may interfere to the
interfacial adhesion of the fibers and the matrices

Water treatment

Chemical
Treatment

Alkali treatment
Acetylation
Silane treatment

Physicochemical
treatment

Isocyanate treatment
Corona & plasma
discharge

Removing non-cellulosic components
Replacing the hydroxyl groups (OH) of the fibers with
acetyl groups (CH3CO)
Hydrolyzed alkoxy silanes act as a bridge between hydroxyl
groups of the fibers and the other matrix
The C=O group in isocyanate reacts with hydroxyl groups
Producing energetic particles which form free radicals on
the NF surfaces and causes a change in the superficial
properties

Table 2-5 different methods to increase cellulose activity

Treatments
Acrylation

Reactions

Advantages

Disadvantages

Ref

Reactivity↑

Hard to control

[85, 86]

Favorable at
Peroxide

Reactivity↑

high

[87]

temperature

Permanganate

Water

Aggressive

absorption↓

degradation on

[88]

the fiber
Isocyanate

Efficiency↑

Health concerns

[89]
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The choice of the mentioned treatments depends on the subsequent treatment such as grafting.
However, the treatments which make the fibers reactive with low amount of side effects are
more preferable.
Generally, carboxyl groups can be more reactive than hydroxyl groups [90]. The oxidation of
the cellulosic fibers can convert the primary alcohols of the cellulose to carboxyl groups
which brings the opportunity to improve the reactivity of the flax fibers for subsequent
functionalization.
2.3.2.1.3 Cellulose oxidation as a method of NF modification
In general, cellulosic fibers, and specifically NF can be functionalized by oxidizing the
hydroxyl groups of the cellulose to form carboxyl groups which may interact more easily
with the subsequent coupling agents or functionalized groups. Cellulose has two types of
alcohol groups in its structure, secondary alcohol, which are located in C2, and C3 and
primary alcohol groups that are found on C6 of cellulose structure (Figure 2-2). Generally,
the primary alcohols are more reactive than secondary alcohols and they can be oxidised into
aldehydes and finally carboxylic acids on the other hand secondary alcohols tend to be
oxidized into ketones (Figure 2-12) [90].

Figure 2-12 Schematic mechanism of oxidation of primary and secondary alcohols [90]
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2.3.2.1.4 Non-Selective oxidation of cellulose
During non-selective oxidation a mixture of products can be found with different degrees of
oxidation. In this condition the oxidants attack the sites promiscuously [26].
Fras et al. [27] have shown that by using non-selective oxidization, higher amounts of
carboxylic groups have been produced when compared to selective oxidation. Treatment
parameters are shown in Table 2-6.
Table 2-6 Different parameters for non-selective and selective oxidation of cotton cellulose fibers [27]

Sample Treatment of cotton cellulose fibers
Type of treatment
A
Pre-treated (alkaline boiling and oxidative bleaching) and
Purification
demineralised
B
Sample A was oxidized by 0.01 M KIO4, T=20°C, t=6h and then Selective oxidation
treated with: 0.2 M NaClO2, T=20°C, t=24h, pH=6
C
Sample A was oxidized by 0.01 M KIO4, T=20°C, t=24h and
Selective oxidation
then treated with: 0.2 M NaClO2, T=20°C, t=24h, pH=6
D
Sample A was oxidized using : 0.1 M HClO4, T=20°C, t=24h
Non-selective oxidation
E
Sample A was oxidized using: 0.1 M HClO4, T=20°C, t=48h
Non-selective oxidation
T=temperature of treatment (°C), t=time of treatment (hours)

According to recent reports, non-selective oxidation can strongly affect the fiber mechanical
properties. This makes non-selective oxidation an inappropriate way for fiber activation [26,
27].
2.3.2.1.5 Selective oxidation of cellulose
It is very demanding to develop selective synthetic methods which have the capability to
discriminate efficiently various functional groups. Among these methods selective oxidation
allows researchers to oxidize selectively the primary or secondary alcohol groups in the
cellulose structure. This can be achieved by two different methods:
Firstly, it is possible to use different protecting groups for sequestering the alcohol groups
which are not required to be oxidized. After that, the target alcohol groups are oxidized by
oxidants and eventually the protected groups will be de-masked [91].
Secondly, by using the chemoselective agents which have higher activity either to primary or
secondary alcohols, it is possible to oxidize one group exclusively [92].
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There

are

several

different

oxidants

including

common

oxidants

(such

as

tetrapropylammonium perruthenate, and pyridinium chlorochromate) or RuCl2(PPh3)3 which
can oxidize and present a remarkable selectivity for the oxidation of primary alcohols in the
presence of secondary ones [93]. However, (TEMPO) 2,2,6,6-tetramethylpiperidine-1-oxyl
has received a considerable attention because it is highly selective and highly effective in
conversion of high molecular weight polysaccharides, and there is a modest degradation of
polysaccharides during the process [94].
2.3.2.1.6

Mechanism of action of TEMPO in selective oxidation of
polysaccharides

The mechanism is based on the formation of an oxoammonium salt which can act as a
primary oxidant; this reacts with primary alcohols quicker than secondary ones and oxidizes
them sequentially into aldehydes and carboxyl groups [93]. Figure 2-13 shows a schematic of
TEMPO mediated primary alcohol oxidation.

Figure 2-13 TEMPO- mediated selective oxidation of C6 primary hydroxyls of cellulose [95]

Table 2-7 shows the most recent research on TEMPO-mediated selective oxidation systems
of polysaccharides in acidic and basic conditions.
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Table 2-7 Summary of the recent attempts on TEMPO- mediated selective oxidations of polysaccharides.

Polysaccharide
Catalysts and oxidants
substrate

Condition

Results

pH: 9.2-9.7
T: 0-1°C
Time: 110 min
pH: 10
Room temperature
Time: 1 h
pH: 10
Room temperature
Time: 10-300 sec

Selective and complete
oxidation of the primary
alcohols
(1→4)-β-D polyglucuronate
sodium salt was prepared
with no depolymerization
The surfaces of the NFC were
activated by selective
oxidation of primary alcohol
(1→4)-β-D polyglucuronate
sodium salt with high
molecular weight and DP of
490 was obtained
Nano-crystals of cellulose II
with high dispersity was
obtained
Approximately 40-95% of the
C6-OH groups of curdlan
were converted to C6carboxylate groups

Pullulan
(α-1,6-glucan)

TEMPO/NaClO/NaBr

Regenerated
cellulose

TEMPO/NaClO/NaBr

Nano-fibrillar
cellulose

TEMPO/NaClO/NaBr

Regenerated
cellulose

TEMPO/NaClO/NaClO2

pH: 3.5-6.5
T: 60°C
Time: 3 days

Mercerized
wood cellulose

TEMPO/NaClO/NaClO2

pH: 4.8
T: 60°C
Time: 1-5 days

Curdlan
(β-1,3-glucan)

TEMPO/NaClO/NaClO2

pH: 4.7
T: 35°C
Time: 4-24h

2.3.3

Ref.
[96]
[97]
[98]

[99]

[100]

[101]

Choice of biopolymers as a matrix for composite fabrication

As it was already stated, composites have two major components: matrix, and reinforcing
elements. Fibers can be used to provide strength and stiffness in a fiber-reinforced composite
material while matrix is responsible to bind the fibers together which leads to uniform
transfer of applied loads to the fibers [67].
Polymeric matrices may consist of thermosets, or thermoplastic polymers. However,
thermoplastic polymers must have two specific requirements to be used as a matrix in NFreinforced composite materials:


The melting point of these polymer should be lower than degradation temperature of
the NF
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The polymers wettability to the fibers must be sufficient.

Table 2-8 compares physical and mechanical properties of Poly glycolic acid (PGA), Poly-Llactic acid (PLLA), and polycaprolactone (PCL).
Table 2-8 Physical and mechanical properties of PGA,PLLA, PCL [102]

Tm
(°C)

Tg
(°C)

ΔHm
(J/g)

Density
(g/cm3)

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Elongation
at break
(%)

PGA

225-230

40

180-207

1.50-1.69

80-1000

4-14

30-40

PLLA

170-190

50-60

93

1.25-1.29

1202300

7-10

12-26

PCL

60

-60

142

1.06-1.13

100-800

1.5-1.9

20-120

Structure

Among them PCL cannot be obtained from natural resources, and PGA melting point is
higher than 200°C which is the limit of NF degradation [103]. In addition, PCL has a very
low Tg so at room temperature it is in rubbery state (i.e. it is permeable in ambient
temperature), and PGA is more hydrophilic in comparison with PLA. This is the reason why
PLA has less moisture absorption among these bio-degradable polymers [102]. One major
drawback of PLA is its low thermal resistance (rather low T g). This weakness has been
improved by increasing the level of crystallization in PLA.
2.3.3.1 Poly lactic acid
PLA belongs to super family of aliphatic polyesters which is polymerized by
polycondensation of poly lactic acid, and ring-opening of lactides derived from α-hydroxyl
acids (Figure 2-14) such as glycolic acid, DL-lactic acid, L-lactic acid, or D-lactic acid
(among them only L-lactic acid is optically active). L-lactic acid can be produced by
fermentation of corn, potato, sugar cane, sugar beet, etc [104]. This is a great benefit over
conventional polymers which consume oil as the raw material.
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Figure 2-14 Synthesis of high molecular weight PLA [105]

2.3.3.1.1 Poly( lactic acid) advantages and disadvantages
There are a number of reasons which make PLA potentially interesting as a matrix in NFRC.
First, PLA is a biodegradable polymer that can be produced in a large scale from renewable
resources (commercialization) [3]. Second, PLA has good stiffness and strength which makes
it a good candidate for a large number of applications (Mechanical Properties). Third, PLA
can be melt-processed at temperatures below those at which natural fibers start to degrade [2].
However, it suffers from some weaknesses such as low melt strength, low impact resistance
and also low thermomechanical properties [4, 6]. Several different inorganic fillers like
hydroxyapatite [106], calcium phosphate[107], and titanium dioxide [108] have been used to
modify the physical and mechanical properties of PLA. Although, the results show that PLA
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is able to form a strong interface with solid surfaces, Titanium dioxide exhibits a better
interfacial adhesion to PLA [28]. Natural fibers are ideal candidates for reinforcing PLA as
they are renewable and they have high specific strength [10]. Table 2-9 summarizes the
studies on natural fiber reinforced PLA. It is obvious that with fiber content less than 50% the
composites did not tolerate more than 100 MPa. This is mostly because of poor interactions
between flax fibers and PLA [37, 38, 109, 110].
Table 2-9 Mechanical properties of natural fiber reinforced PLA.

Fibre Tensile Young’s Flexural Flexural Charpy
Matrix content strength modulus strength modulus impact
(Wt%) (MPa)
(GPa)
(MPa)
(GPa) strength
(kJ/m2)

Fibre

Ref.

Kenaf (aligned)

PLA

80

223

23

254

22

-

[111]

Hemp (carded)

PLA

30

83

11

143

7

9

[112]

Kenaf (aligned)

PLA

40

82

8

126

7

14

[113]

Hemp (aligned)

PLA

30

77

10

101

7

19

[114]

Hemp (biaxial)

PLA

45

62

7

124

9

25

[115]

Flax (random)

PLA

30

100

8

-

-

-

[116]

Flax (random)

PLLA

30

99

9

-

-

-

[116]

Hemp (random)

PLA

47

55

9

113

-

-

[117]

2.3.4

Thin film reinforcement

One of the major issues of all types of fibers and especially NF is the inconsistency of the
theoretical value of mechanical strength comparing to the real measured values [118]. This
might be justified as the mechanical strength of a material is totally influenced by the
presence of the defects in materials which are created during manufacturing process or even
handling.
The defects can be generally divided into surface and internal defects. The former can be
healed by creating a thin film of sizing consisting of some coupling agents on the surfaces of
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fibers [119]. Figure 2-15 shows a schematic view of how the thin coating can reinforce a
fiber. This method can modify the fibers in two different aspects:
Firstly, it can reduce the stress concentration at the tip of existing flaws on the surface of the
fibers by blunting the crack tips [120].
Secondly, the sizing can promote adhesion of matrix to fibers by coupling effects [118].

Figure 2-15 Schematic illustration of a fibre with carbon nano-tubes–epoxy nanocomposite coating [118]

2.3.4.1 Composite coating
Several attempts have been made to coat the fibers with polymeric composites. Parvinzadeh
et al. [121] have oxidized the cotton fibers by using 1,2,3,4-butane tetra carboxylic acid
(BTCA) which creates some crosslinks between the cellulose fibers and carbon nano-tubes.
This causes an increase in thermal stability of the fibers and reduction in the flammability.
Siddiqui et al. [118] have coated the glass fibers with an epoxy resin containing 0.3 wt%
carbon nano-tubes and the mechanical strength have been improved as a result of healing the
surface flaws. Another research has shown a great feasibility in coating of cellulose fibers by
titanium tube reinforced polypyrrole [122]. Recently, Bin Wei et al. [123] have used a nanoSiO2–epoxy composite coating for basalt fibers which could increase its tensile strength by 30
percent.
2.3.4.2 Sol-gel coating
Recently, the textile researchers have used sol-gel technique to coat cellulosic fibers. This
method may be used to make a ceramic thin film on the surface of fibers. Table 2-10
summarizes different methods that have been used to create thin films on the fibers.
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Composite Coating

Table 2-10 Summary of different methods which have recently used to create inter-phases on NF

Fibers

Treatment
by

Cotton

Cellulose
oxidation by
BTCA

Carbon
nanotubes

Polycarboxylic
acid

-

Titania
nanotubes

Polypyrrole

Cellulose
Glass
Basalt

-

Fibers

Treatment
by

Carbon
Nanotube
Nano-SiO2

Matrix

Results

Ref.

Thermal properties ↑ and
flammability↓, Electrical
and electromagnetic
absorbance ↑
Feasible to coat in nano
thin film

Epoxy resin of
Tensile strength ↑ and
DGEBA and
Fracture mechanism
m-PDA
as
changes
curing agent
The tensile strength↑ by
Epoxy resin
30%

Form & type
of nanoparticles

Precursor

-

TiO2 thin film

Titanium
Isopropoxide

Cotton

-

TiO2 thin film,
Au nanoparticles

Cotton

-

Ag, Zr doped
TiO2 thin film

Cotton

Sol -Gel

A silane
coupling
agent

Nano-particles

Results

[121]
[122]
[118]
[123]
Ref.

The firm TiO2 film
anchored photocatalytic
activity is retained even
after 20 washing cycles
A thin Au/TiO2 film
constituted by anatase
nanocrystallites strongly
adhere to the cotton fibers

Titanium
IsopropoxideH
AuCl4 aqueous
solution
Titanium
tetraisopropoxi
de silver
Good photocatalytic
nitrate,
activity
zirconium (IV)
acetylacetonate

[18]

[19]

[20]

2.3.4.3 Choice of material for thin film reinforcement
The idea behind the thin film reinforcement comes from the fact that the thin film acts as an
intermediate layer between the fiber and matrix. Therefore, the thin film should consist of
materials which have good adhesion with both matrix and fibers. TiO2 has a good adhesion to
carboxylic groups such as lactic acid [23-25]. In addition, the formation of carboxylic groups
on the surface of the fibers paves the way for TiO2 thin film to mediate the adhesion of
cellulosic fibers to PLA.
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2.4

TITANIUM DIOXIDE

Despite some difference of opinion, researchers agree that nanoparticles in general and
semiconductor in particular pave the way for giving birth to products which exhibit novel
properties [124]. In addition to the conventional applications of titanium dioxide such as
pigments in paints[125, 126], sunscreen [127], toothpaste and capsules [128] TiO2 is among
those materials that have photo-catalytic activity [129]. Its band gap (approximately 3.0 eV)
falls within the ones with semiconduction properties (Figure 2-16) [130].
Titanium dioxide because of high photo-catalytic activity, non-toxicity, and chemical stability
has become the most important substance in the field of textile finishing incorporating
nonmaterials [131].

Figure 2-16 Electronic structure of titanium dioxide [130]

2.4.1

Titanium dioxide structures

Titanium dioxide can be found in three forms of rutile, anatase, and brookite [132]. Rutile is
the most abundant of all the three mentioned structures and thermodynamically is the most
stable TiO2 phase[133]. Rutile exists in tetragonal crystalline form (a=4.56Å and c=9.52 Å)
(Figure 2-17) with a band gap of 3.0 eV. The unit cell of rutile has two Ti and four O atoms.
On the other hand, anatase crystallizes in tetragonal (a=3.78 Å c=9.52 Å) (Figure 2-17) with a
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band gap of 3.2 eV and its unit cell consists of twelve atoms (four Ti and eight O atoms)
[134]. Although anatase is relatively unstable in bulk, it is a stable phase in nano-sized
systems [133].

Figure 2-17 TiO2 crystal structure in the rutile and anatase form [135]

2.4.2

The interactions of Titanium dioxide with carboxylic groups

TiO2 in anatase form can interact with carboxylic groups via molecular adsorption or
dissociative adsorption. TiO2 reacts with carboxylic groups and form bidentate-bridginglinkage, as well as chelating- or ester-linkage [23, 33]. Figure 2-18 schematizes the possible
linkages between the carboxylic groups and TiO2.
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Figure 2-18 Possible complexations for HCOOH and HCOO- species bonded to Ti cation(s) [23]

According to Isogai et al. the oxidation of the cellulose by TEMPO/NaBr/NaClO at pH 1011results in formation of COONa on the cellulose [34].Therefore, it is necessary to know the
interactions between TiO2 and COONa. HCOONa can form an ester-type monodentate
(MNa) and a bridging (BBNa) configuration (Figure 2-19).
a)

b)

Figure 2-19 Calculated atomic structures for HCOONa adsorbed on anatase (101). Large empty and
small filled circles represent O and Ti atoms, while small empty circles represent H atoms. The grey circle
circles represent the C atoms and Na+ is represented by the large filed circle. a) M(Na) monodentate
formate ion. b) BB(Na) bridging formate ion [23].
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For HCOONa, the bridging bidentate BBNa structure is more favorable than the monodentate
MNa form, which has only one bond. Figure 2-20 shows the energy of formation for these
structures.

Figure 2-20 Schematic illustration of the monodentate and the bridging bidentate structure of HCOONa
on anatase [23]

2.4.3

Titanium photo-induced effects

There are two remarkable photo-induced phenomena in TiO2: firstly, photo-catalytic activity
and secondly photo-induced wettability.
Photo-catalytic activity is a phenomenon which occurs in TiO2 through an illumination with
rays whose energy is equal to or greater than titanium dioxide band gap (3-3.2 eV) [136]. The
photons which carry this amount of energy (in the range of UV frequency) are capable to
excite the electrons of the valance band to transfer to the conduction band which results in
formation of the holes in the valance band. The holes can act as oxidants while electrons in
conduction band have reducing agents.
The Figure 2-21 shows that holes can oxidize the water molecules to generate hydroxyl groups
(OH-) and at the same time the free electrons reduce the oxygen molecules to superoxide
radical anions [137].
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Figure 2-21 The photocatalytic mechanism of TiO2 under UV rays [136]

In general, titanium dioxide has been known as a rather hydrophobic material [138] However,
hydrophilic conversion on TiO2 thin film surfaces under UV illumination has been reported as
photo-functionality of TiO2 which is called super-hydrophilicity [139]. Figure 2-22 shows the
water angle reduction on TiO2 after UV irradiation.

Figure 2-22 improvement of surface wettability of TiO2 photocatalyst surfaces under UV light
irradiation [140]

The super-hydrophilicity as well as photo-catalytic activity depends on the creation of
electron and holes which trigger series of reduction and oxidation reactions. Transfer of
electrons from valance band to conduction band of titanium dioxide leads to formation of Ti4+
and 2O2- (Figure 2-23). These four excess electrons of super oxide anions can be accepted by
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the positive holes which exist in valance bands forming oxygen molecules. This results in
oxygen ejection. The created oxygen vacancies will absorb water molecules (Figure 2-23)
[136].

Figure 2-23 TiO2 photo-induced hydrophilicity [136]

2.4.4

Fabrication methods of nano-structure TiO2 thin films

There are several different methods which have been used to synthesize the TiO2 thin films
for optics and textile purposes, among them chemical vapor deposition, hydrothermal
method, and Sol-Gel route are being used more frequently in the research.
2.4.4.1 Conventional methods


Chemical vapor deposition

Chemical vapor deposition (CVD) encompasses all of the methods which process the
materials by condensing a vapor state to form a solid-phase material [141]. These processes
are usually used to tailor the mechanical, thermal, electrical, corrosion resistance, and wear
resistance properties of different materials. This process is called physical vapor deposition if
no chemical reaction happens.
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Seifried et al. [142] deposited a crystalline TiO2 film with grain size below 30 nm on a
silicon substrate by CVD process (Figure 2-24).

Figure 2-24 SEM of a cross section of a titania film and the silicon substrate [142]

Although CVD-produced layers are uniform over large areas, it costs high for compounds
with high purity.


Hydrothermal method

This method has been used to synthesize the TiO2 particles in low temperature under high
pressure (i.e. Autoclave). Yang et al. have synthesized highly crystallized anatase nanocrystals. They were synthesized by hydrothermally treating the titania sols (solution of
titanium butoxide in 0.5 M isopropanol mixed in deionized water) after peptization with three
types of tetraalkylammonium hydroxides [143].
The crystalline structure which can be achieved by this method is mostly anatase; hence, this
method is very ideal to be used as a way for heat treatment of TiO2 thin films on the
substartes which cannot tolerate high temperature such as NF.
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2.4.4.2 Sol-gel Method
Sol-Gel is a wet chemistry method in which an organic or inorganic precursor M(OR)n ( R is
an inorganic group like methyl, or butyl) turns into a network of metallic oxide [144]. In this
process the precursor is mostly a metallic alkoxide which is being hydrolysed to form a sol.
The sol is turned into gel by a polymerization reaction (mediated by two processes of water or
alcohol condensation). The gel is full of nano-metric clusters of the metallic oxide. By
controlling the pH and temperature and using appropriate heat treatment procedure it is
possible to form nano particles or nano-sized films of metallic oxides. The sequence of
reactions which take place during the sol-gel process follow as:


Hydroxyl formation as a result of alkoxide hydrolyze (Figure 2-25-A)

M-O-R + H2O →M-OH + R-OH


Water or alcohol condensation which leads to formation of a metallic oxide network
(Figure 2-25-B)

M-OH + HO-M → M-O-M + H2O

M-O-R + HO-M → M-O-M + R-OH

Figure 2-25 (A) Hydrolysis of titanium Isoporopoxide (B) water condensation [144]

Sol-Gel method is able to synthesize ceramic materials such as dense films, nano-particles,
aerogels, and ceramics fibers [144].
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3.1

RÉSUMÉ

Cette étude a pour objectif de fonctionnaliser des fibres de lin par greffage d’un mince film de
TiO2. Une technique Sol-Gel a été utilisée afin de créer le film sur la fibre. Un pré-traitement
a tout d’abord été réalisé sur les fibres afin de minimiser leur rugosité de surface. Les fibres
ont ensuite été revêtues par méthode de trempage (dip-coating). La structure cristalline et la
morphologie des particules de TiO2 et du film de TiO2 greffé ont été déterminées par
diffraction des rayons X et microscopie électronique à transmission. Les propriétés
mécaniques de fil de fibres de lin revêtues de TiO2 ont été mesurées par essais de traction. Un
tensiomètre a été utilisé pour mesurer les angles de contact des fils de fibres de lin avant et
après greffage afin de caractériser la différence de mouillabilité dû au film de TiO 2. Les
résultats obtenus montrent que la technique sol-gel a mené à la création d’un film de TiO2
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sous forme anatase de 100 nm d’épaisseur. L’analyse statistique des propriétés mécaniques
obtenues par essais de traction montre qu’une augmentation significative des propriétés
mécanique des fils de lin survient suite au greffage du film de TiO2. De plus, la mouillabilité
des fibres de lin est modifiée par l’application du film de TiO2.
3.2

ABSTRACT

This study aims at functionalizing flax fibers by grafting an amphiphilic TiO2 thin film. The
film was created on the fiber by the sol-gel technique. The fibers were firstly primed to reach
a minimum possible roughness, and then were coated using the dip-coat method. The
crystalline structure and the morphology of the TiO2 particles, and, the TiO2-grafted film
were determined using x-ray diffraction, and Transmission electron microscopy. Mechanical
properties of the TiO2-grafted flax strands were investigated by a tensile test. Dynamic
contact angle tensiometer was used to probe the differences between wettability of the TiO 2grafted and non-grafted flax strands. The results show that the particles obtained from the solgel technique created a 100nm-thick film of TiO2 in the anatase form. The statistical
evaluation of the tensile tests exhibits a significant improvement in mechanical properties of
the TiO2-grafted flax strands. Moreover, the TiO2 coated flax fibers show a wide range of
wetting angles in comparison with the other samples.
3.3

INTRODUCTION

Naturally derived (i.e. not synthetic) and renewable materials are very intriguing in many
applications because they are environmentally friendly, and naturally available [46, 47]. They
can promote sustainable agriculture [29], especially in western Canada with 600,000 to
800,000 hectares of oilseed flax. This can potentially produce 2,000 kg/ha of flax straw
annually. This amount is usually thrown away [30].
Among the renewable materials, natural fibers appear very intriguing for their high specific
strength, compostability, and their low cost [45]. These fibers have been applied to reinforce
composite materials used in structural and semi-structural [49, 146] as well as automotive
industries [147]. Natural fibers are also increasingly being used in bio-derived and bioinspired materials [51].
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Most of the plant natural fibers contain a relatively high cellulose content ranging from 37%78% [10]. These natural cellulosic fibers are inherently hydrophilic and have a very poor
interaction with most of non-polar polymers. This results in the creation of weak interfaces
between fibers and matrices in addition to non-uniformed dispersion of the fibers within the
matrices [39].
Another drawback of using these plant fibers is their relatively low processing temperature of
less than 200° C. Natural fibers undergo degradation at higher temperatures, thus the
polymeric matrices with processing temperatures above this critical temperature would
become redundant [10]. Moreover, the high moisture absorption of natural fibers can cause
swelling and formation of voids at the interface. This leads to poor mechanical properties
which impairs the dimensional stability of the composites [12].
Many attempts have been made to modify surface properties of natural fibers including
physical [76, 77], chemical (such as alkali treatment, silane treatment, acetylation) [10, 76,
80], and physico-chemical treatments [78, 79]. However, none of them are able to enhance all
the above-mentioned weaknesses. To prevent these limitations, it is possible to have an
interphase created on the fibers. The created interphase can exhibit favorable surface
properties closer to those seen in the matrices.
Several attempts have been made to coat the fibers with polymeric composites. Parvinzadeh
et al. [121] have oxidized the cotton fibers by using 1,2,3,4-butane tetra carboxylic acid
(BTCA) to create some crosslinks between the cellulose fibers and the carbon nanotubes.
This resulted in an increase in the thermal stability of the fibers and a reduction in their
flammability.
Siddiqui et al. [118] have coated the glass fibers with an epoxy resin containing 0.3 wt%
carbon nanotubes and improved the mechanical strengths by healing the surface flaws. Other
research has shown a great feasibility in coating of cellulose fibers by titania tube reinforced
polypyrrole [122].
Titanium dioxide has become an important substance in the field of textile finishing [148]
incorporating nanomaterials because of its high photo-catalytic activity, non-toxicity, and
chemical stability [131]. Titanium dioxide can be found in three forms: rutile, anatase, and
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brookite [132]. Rutile is the most abundant of all and thermodynamically is the most stable
TiO2 phase [133].
TiO2 is considered as an amphiphilic material [21]. In other words, TiO2 is hydrophobic,
unless it is irradiated by UV rays. This phenomenon is called photo-induced hydrophilicity
[140].
Applying TiO2 thin films as an inter-phase on natural fibers brings the opportunity to tune the
wettability of the fibers in matrices. This can also improve the strength of the interface
between the fibers and the polymeric matrices.
Recently, textile researchers have used the sol-gel technique to coat cellulosic fibers,
especially using TiO2 thin film, so as to take advantage of its photo-catalytic activity [18-20].
To the best of our knowledge, no research has been conducted on the coating of TiO 2 thin
film- on flax fibers.
This study aims to graft a nano-metric TiO2 thin film on the flax fibers to enhance the
properties in order to be used as reinforcements in polymeric composites. Although a
thorough study is necessary to prove the bio-safety of the TiO2 grafted flax fiber, these
composites are expected to be used as biomaterials as all the components are mostly
biocompatible [52, 149, 150].
In this research, the morphology, and crystalline structure of the coated TiO2 film were
characterized by electron microscopy, and X-ray diffraction respectively. Moreover, the
tensile properties and wettability of the TiO2-grafted flax fibers are investigated.
3.4

EXPERIMENTATION
3.4.1

Materials

The oilseed flax fibers were supplied from Saskatchewan, Canada. The flax yarns with a
linear density of 126 tex were supplied from Protec-Style inc, (Quebec, Canada). All the
chemical components were purchased from Sigma-Aldrich Co.
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3.4.2

Natural fiber pre-treatment

Pre-treatment involves two steps: de-waxing, and alkali treatment.
Firstly, the content of the wax was almost taken out of the fibers using ultra-pure acetone.
The fibers were kept in jacketed Erlenmeyer flasks with boiling acetone for 45 minutes. Then,
the fibers were immersed in 5% sodium hydroxide solution for 20, 30, and 40 minutes and
were immediately washed with distilled water. To fully neutralize the effect of NaOH, a very
dilute acetic acid solution was applied to have a neutral pH. This was then followed by a
rinsing step with distilled water. The fibers were then dried at room temperature for 48 hours
and later, in an oven at 70°C overnight.
3.4.3

TiO2 Sol preparation

To prepare the sol, titanium isopropoxide (TIP) was used as a precursor. Two parts are
involved in the sol preparation. The first part was obtained by adding 0.02 mol of TIP to 50
ml of isopropanol under vigorous stirring. Then, triethylamine (0.01mol) was added to the
stirring medium (200 rpm) for 2-3 minutes. The previous steps were done under the inert
atmosphere of argon purge. The other part was prepared by adding anhydrous hydrochloric
acid (0.3mol) and 0.72 ml distilled water to 50 ml isopropanol and they were mixed well
using a magnetic stirrer (200 rpm). Afterwards, the two parts were mixed under vigorous
stirring techniques and with argon purging for 30 minutes until a transparent stable Sol was
formed.
3.4.4

Dip-coating of the fibers

Each single fiber was immersed into the Sol for 30 seconds and was then withdrawn by a
computerized dip-coater at the speed of 10 mm/min. The samples were subsequently put in a
70°C preheated oven to remove the solvents and afterwards, were heated to 95°C for 5
minutes to form titanium dioxide.
3.4.5

Hydrothermal treatment

Although it is possible to form anatase crystalline structure from amorphous nano-TiO2
particles at ambient temperature, crystallization and the sintering of the particles are very
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inefficient at temperatures lower than the degradation temperature of the fibers (i.e. 200°C)
[21]. To avoid these challenges, it is possible to perform the crystallization process at these
temperatures but at rather high pressures. Hydrothermal treatment provides this condition;
hence it transforms amorphous TiO2 to anatase crystalline structure in the grafted thin film
while the fibers undergo minimum side effects.
To perform the hydrothermal treatment, the impregnated flax fibers/yarns were then treated in
autoclave according to temperature and pressure cycles shown in Figure 3-1.
Hydrothermal treatment cycle
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Figure 3-1. Hydrothermal treatment of the impregnated fibers

3.4.6

Thermal analysis of the fibers

Effects of the pre-treatment on the chemical composition of the fibers and thermal behavior of
the fibers were investigated by using DSC. Twelve to fifteen milligram specimens were
placed in an aluminum pan and heated up to 200oC at a rate of 20oC/min using a TA
Instruments Q10 calorimeter.
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3.4.7

Atomic force microscopy (AFM)

The surface topography of the treated and non-treated flax fibers with alkaline solution were
measured by AFM (Veeco nanoscope IIIA) in a non-contact mode. Five 50µm × 50µm
squares were chosen for each sample and the average of the roughness was calculated.
3.4.8

X-ray diffraction (XRD)

To characterize the obtained TiO2 phase from Sol after the heat treatment procedure, a beaker
of 100 mL of TiO2 sol was put into a 70°C oven until the solvent evaporated, and
subsequently heated up to 90°C for 5 min. The obtained powder then underwent 3 hours of
isothermal heat treatment at 100, 120, 140, 180, and 200°C. These powders together with the
hydrothermal treated (HT treated) one were investigated by XRD (Panalytical MPD X’pert
Pro diffractometer) with settings of 40kV and 30 mA, Cu Kα radiation (λ=0.154 nm) and a 2θ
range of goniometer varies from 8 to 80°.
The existence of TiO2 thin film on the fiber in the form of anatase, TiO2-grafted and nongrafted fibers were investigated at room temperature on a Bruker APEX DUO X-Ray
diffractometer. Six correlated runs with the Cu Kα radiation (λ=0.154 nm), a Phi Scan of 360°
and an exposure time of 180 seconds, were collected using a CCD APEX II detector located
at a 150 mm of the sample. These runs, varying from -12 to -72° 2-theta and 6 to 36° omega,
were then treated and integrated with the XRW2 Eval Bruker software to produce WAXD
diffraction pattern ranging from 3.0 to 82° degrees 2-theta.
3.4.9

Electron microscopy

In order to survey the morphology and size of the TiO2 particles obtained from sol-gel root,
0.5 mg of the TiO2 powder (obtained by a method described in 3.4.3) was added to 100 mL of
methanol. Then, 12μL of the suspension was dispensed onto the carbon film-coated copper
grids (mesh=200) and left to vaporize. These grids were investigated by Transmission
Electron Microscopy (TEM) (Hitachi H-7500) at 80-120 kV.
To investigate the quality of TiO2 grafting on the fibers, dehydration and an embedding
procedure was performed on the fibers as suggested by Luft et al.[151]. The samples were
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sectioned at 80 nm by a microtome with a diamond blade. The sections were stained with a
solution of uranyl acetate and were observed on a copper grid at 80 kV with TEM.
The thickness and surface quality of grafted TiO2 thin film on flax fibers were examined by
Scanning Electron Microscopy (SEM). The TiO2-grafted fibers were coated by Pd-Au and
were observed using SEM (Hitachi S-3000N) with Secondary Electron (SE) and Energy
Dispersive Spectroscopy (EDS) detectors.
3.4.10

Tensile tests

The uniaxial tensile test equipment was used to perform tensile tests on flax yarns according
to ASTM D2256. The Young modulus (J0), the maximum tensile force (FH), and the
elongation at maximum tensile force (εH) were determined. In addition, the maximum tensile
stress was also calculated by FH/Sc. At least 20 pieces, each 20 mm long, were cut randomly
from different segments of a bobbin of flax yarn. The specimens were stretched and fixed in a
vertical position and then mounted with an epoxy castable resin. All the samples were cut,
and polished for observation with SEM. The images then analyzed by using Quartz (PCI 7)
and Sigmascan (Pro 5.0.0) software in order to determine the mean cross-sectional area of the
yarns (Sc).
30 flax yarns were tested to be able to perform the statistical analysis. All the tensile tests
were performed using a 50kN Allround table top (Zwick/Roell Z050) testing machine
equipped with a 100N load cell. Tensile tests were conducted in displacement control with a
crosshead speed of 200 mm/min at 23°C.
3.4.11

Wettability

The wetting angle of the fibers versus distilled water was obtained by a Dynamic Contact
Angle Tensiometer (DCA-100F). A straight part of the fibers was found and its diameter
measured. This was then inserted into the spring loaded immersion clip to hold the fibers. A
5mm immersion/extraction depth was selected and a slow measurement speed of 0.1mm/s
was assigned to allow sufficient data points to be collected. An average surface tension of
72.3mN/m at 21ºC was considered for the distilled water.
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3.4.12

Statistical analysis

In order to compare the mean values of the tensile properties a statistical method of two
sample t-test [152] was applied so as to show that the obtained tensile properties were
statistically significant. The null hypothesis (H0) claimed that two tested parameters were
similar while alternative one (H1) hypothesized, they were statistically different.
To validate the hypotheses, flax yarns were bilaterally compared using Z-score parameter (
Eq. 1).

Eq. 1

Where :
Ai: mechanical parameter tested for flax yarn i
σi: standard deviation considered for flax yarn i
ni: the number of tested fibers for flax yarn i
A confidence interval of 95% was considered. As long as the Z-score is above 1.96, the Pvalue is below 0.05, so H0 is rejected. This means that the differences among the mechanical
parameters are significantly different.
3.5

RESULTS AND DISCUSSIONS
3.5.1

Thermal stability of flax fiber

Figure 3-2 shows that the reference (as-received) sample exhibits an endothermic peak at 44
˚C which indicates the melting of wax. It is obvious that the amount of wax has been
decreased after de-waxing with acetone. This is due to a decrease in the enthalpy of melting
(∆Hm) from 16.2 J/g to 0.76 J/g after de-waxing treatment. Alkali treatment caused swelling
phenomenon in natural fibers. In other words, sodium ions penetrated into the cellulose
structure and paved the way for water molecules to enter. These water molecules vaporized
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during the DSC scan as evidenced by a broad endothermic peak in Figure 3-2. Plenty of
researches showed that flax fibers undergo degradation at 220 ˚C which is related to
decomposition of its components specially pectin and hemicelluloses [147]

De-Waxed flax
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Exo Down
Figure 3-2 DSC scans of reference (‘as received’), de-waxed, 40 mins alkali-treated flax fibers

3.5.2

Surface topography

As-received, de-waxed, and alkali-treated flax fibers were examined by AFM. Table 3-1
shows that the roughness increased after de-waxing by boiling acetone. Acetone dissolved the
extractive components of the primary shell of the fiber, resulting in a shredded-like surface
(Figure 3-3-B).
Table 3-1 Fibers’ roughness obtained from AFM after different Fiber treatments

Samples
As-received Flax
De-waxed Flax
20 minutes alkali-treated Flax
30 minutes alkali-treated Flax
40 minutes alkali-treated Flax

Roughness (μm)
0.57
0.97
0.58
1.09
0.36

SD
0.15
0.12
0.08
0.38
0.15

Hemicellulose and lignin content of the flax fibers dissolved by alkali treatment. This resulted
in fiber ‘peel off’. In other words, by increasing the time of alkali treatment from 20 to 30
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minutes, the hemicelluloses and lignin were dissolved. This caused an increase in fiber
roughness. By elapsing up to 40 minutes, it seems the whole primary wall was peeled off
which yields to a smoother surface.
B

A

Figure 3-3 AFM of A) As-received Flax, B) De-waxed Flax

3.5.3

Crystalline structure

3.5.3.1 XRD of TiO2 obtained via sol-gel technique
The spectra for obtained TiO2 particles revealed the formation of an anatase phase in all the
annealing conditions. By increasing the annealing temperature from 120 to 180 ˚C the sharp
peaks at 2θ ≈ 12, 17, 21, 24, 25, 27˚ appeared; these are related to the salt of the remaining
solvent (Figure 3-4). These are very close to carbon nitride amide components. However all
the mentioned peaks disappeared at 200˚C .This is the result of volatilization of the salts.
Moreover, hydrothermal treatment had a significant effect on the crystallinity of anatase. The
spectrum for HT treated TiO2 particles exhibits sharp and intense peaks in comparison with
normal heat treated samples. This is due to a decrease in the free energy of nucleation as a
result of heat treatment in a high pressure system.
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Figure 3-4 XRD spectra of TiO2 powders annealed at 120, 140, 180, 200˚C and hydrothermally treated

3.5.3.2

XRD of TiO2 thin film

Figure 3-5 shows the diffraction patterns of as-received and TiO2-coated flax fibers. The
spectrum of the fiber in the as-received condition shows the presence of the cellulose
diffraction peaks at 2θ ≈ 20.5, 31.2, 31.25, 34.1, 34.6, 34.9, 38.4, 41.45, 42.7°. These peaks
are still being observed in the TiO2 coated fibers. The spectrum for TiO2 coated sample
exhibits the major characteristic peaks of TiO2 in anatase crystalline phase. This result clearly
reveals that anatase was formed as a thin film on the surface of the fiber. However, the peaks
intensity is weak which would be typical for a thin film.
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Figure 3-5 WAXD spectra of as-received, and TiO2 coated flax fiber
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3.5.4

Electron microscopy

3.5.4.1 TEM of TiO2 obtained via sol-gel technique
TEM micrographs show that the Sol-Gel technique is capable of forming the nano-sized
particles. The results show that the thermal treatment during the gelation period leads to
formation of mostly spherical nano-particles with diameter sizes ranging from 2 to 10 nm
(Figure 3-6). These nano-particles are suitable to be used as sizings to modify fiber
reinforcement. They could be used for healing surface defects such as micro-cracks and for
improving the interfacial adhesion of a fiber to a matrix.
A

B

Figure 3-6 TEM micrographs of TiO2 particles obtained from sol-gel root

3.5.4.2 TEM Cross-sectional observation of the TiO2 coated flax fibers
The dip-coating process provided an opportunity to impregnate the hollow conduits of the
fibers with TiO2 sol. TEM micrographs showed TiO2 nano-particles (the mass of black
materials) stuffed the fiber lumen and the hollow spaces between the fiber walls (Figure 3-7A). The cross-sectional observation revealed the formation of a dense film of TiO2 nanoparticles on the cellulosic surface of the fiber. The TEM investigation showed that there was a
well grafted TiO2 thin film on the fiber. This occurs as the titanium hydroxyls of the sol and
the OH- groups of the D-glucose undergo a condensation reaction (Eq. 2). It is clear that the
TiO2 nano-particles could bind to the fiber as there has been no void between the fiber and the
mass of TiO2 is seen (Figure 3-7-B).
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A

B

Figure 3-7 TEM cross-sectional views of A) TiO2 impregnated fiber walls, and B) TiO2 thin film grafted
on the fiber

Eq. 2

3.5.4.3 SEM observation of the TiO2 Thin film on the surface of the fibers
Figure 3-8-A shows the formation of a uniform TiO2 thin film on the flax fiber. In order to
increase the magnification while focusing the electron beam on the fibers, the TiO2 film was
heated up; and as a result of the large difference between the flax fibers and the films’ thermal
expansion coefficients the films cracked. This brings an opportunity to characterize the
thickness of the film which was formed on the surface of the fiber. Figure 3-8-B shows an
approximate thickness of less than 100 nm for a TiO2 thin film.
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A

B

Figure 3-8 A) SEM micrograph of a TiO2-grafted flax fiber B) TiO2 thin film micrograph

3.5.5

Mechanical properties of the fibers

As the processing condition of the yarns are the same, they are supposed to exhibit identical
diameters. However, grafting a TiO2 thin film supposedly increases the mean diameter of a
yarn by double that of the film thickness. The cross-sectional area of the as-received and HT
treated yarns were measured to be 0.056 mm2±0.006. The one for TiO2-coated flax yarns was
also 0.059mm2±0.006 which is in congruity with the theoretically calculated one that is 0.057
mm2±0.006.
Although the yarns show more reliable mechanical behavior compare to the fibers, they also
need statistical analysis. To do so, a Gaussian distribution was applied on the obtained data
from tensile test and the average values were considered for J0, FH, UTS, and, εH (Table 3-2).
A set of pre-treated (i.e. de-waxed, and alkaline treated) and hydrothermally treated flax yarns
were tested, as a control, to investigate whether or not the hydrothermal treatment has an
adverse effect on the fibers.
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Figure 3-9 Normal distribution of A) Young modulus and B) Tensile strength of the flax fiber in as
received condition, HT treated, and TiO2 coated flax fiber

Figure 3-9-A compares the Young modulus of the TiO2 coated and as-received tested yarns.
The HT treated sample showed a decrease of 18% in the elastic modulus compared to the
yarns in the as received condition. This happened because the pectin was extracted due to
high pressure impact while the fibers undergo the hydrothermal treatment [66, 153]. The
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pectin binds the cellulose micro-fibrils together and reduces their movements. By removing
the pectin, the stiffness of the fibers was significantly decreased. By the same token, UTS of
the hydrothermally treated yarns significantly declined. Although the TiO2 coated yarns were
also hydrothermally treated, they regained the stiffness as the TiO2 thin film was well grafted
on the fiber (Figure 3-9-B).
This is also due to the healing of the defects and blunting of the micro-cracks on the surface
of the fibers by grafting the nano-particles [118]. The results for the elongation at maximum
tensile force is in congruity with this argument as the average value of εH for the TiO2 coated
yarns is significantly higher than the control and the yarns in as received condition. Table 3-2
shows if the difference between mechanical properties of the HT treated, TiO2 coated flax
fibers, and the samples in as received condition are statistically significant.
Table 3-2 Average values of the mechanical properties of, the fibers in as received condition (Y 1), TiO2
coated flax fibers (Y2), and HT treated flax fibers (Y3), along with the statistical comparisons.

Enteries

J0 (cN/tex)

SD

FH (cN)

SD

UTS (MPa)

SD

εH (%)

SD

Y1
Y2

1111
1109

78.3
98.4

3554
3777

431
458

637
634

77
76

2.98
3.14

0.38
0.34

Y3

905

116

3093

406

554

72

3.02

0.25

Y1,Y2
Y1,Y3
Y2,Y3

Difference

0.18

5

0.4

5

P-value
(%)
Difference

0.46

< 0.05

0.52

< 0.05

18

12

14

1

P-value
(%)
Difference

<< 0.05

<<0.05

<<0.05

0.36

18

18

14

3

P-value
(%)

<< 0.05

<< 0.05

<<0.05

< 0.05

3.5.6

Wetting angle

Table 3-3 shows the dynamic contact angle of the fibers with different treatments versus
distilled water. The pre-treatment did firstly remove the hydrophobic wax on the surface of
the fiber which led to improve the wettability of the fiber. The alkali treatment then extracted
the lignin and hemicellulose which help the cellulose hydroxyl groups to be exposed out. The
results show a decrease of 15.8° in receding contact angle of pre-treated flax fiber compared
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to the as-received one. According to Wang et al. [21], it is expected that TiO2 coated samples
exhibit an amphiphilic surface property. The range of dynamic contact angle of the TiO 2
samples varied from 88.9° to 59.5° for advancing contact angle and from 47.3° to 0° for
receding one. This phenomenon is due to its photocatalytic hydrophilicity. In which TiO2
induces some oxygen vacancies through an illuminated by UV rays. The oxygen vacancies
then attract water molecules which makes it to a great extent hydrophilic [140]. As the
luminosity of the testing environments changed from one test to another, the dynamic contact
angle of the TiO2 coated flax fibers varied. The results showed varying wettability of TiO2
coated flax fiber which was as a result of the photocatalytic induced hydrophilicity. This can
pave the way for using the flax fiber as reinforcement in non-polar or polar polymeric
matrices. In order to verify this hypothesis, it is suggested that wettability test of the TiO2
coated flax fiber is investigated with and without UV irradiation.
Table 3-3 Average advancing and receding contact angle of the flax fiber in as-received condition, pretreated flax fiber, and TiO2 coated flax fiber and their standard deviation (SD)

Advancing contact angle ± SD (°)

Receding contact angle ± SD (°)

As-received Flax
Pre-treated
Flax
fiber

87 ± 2
80 ± 2

81 ± 1
64 ± 2

TiO
fiber2 coated Flax

74.2 ± 14.7

25.8 ± 21.5

fiber

3.6

CONCLUSIONS

In this research project, the flax fibers were first primed by using de-waxing process and
alkali treatment, and then a TiO2 Sol was prepared and used to create a thin film of TiO2 on
the fibers via dip-coating method. The TiO2 particles obtained from Sol-Gel root were
characterized by TEM and XRD. After each modification (including de-waxing, alkali
treatment, and TiO2 grafting) the surface properties concerning the topography and
morphology were assessed. Tensile tests were performed on TiO2 coated flax fibers and flax
fibers in as received condition to investigate the mechanical properties. Wettability
measurements were conducted to survey if there was any modification on hydrophilicity of
the fibers.
As a result of this investigation, it was found out that:
60



40 minutes of alkali treatment was the best duration to decrease the roughness of the
fibers.



It was possible to extract TiO2 particles from the Sol with sizes ranging from 2 to 10
nm. Anatase was formed at 120˚C but the salt of the solvents remained inside the film
up to 180˚C. However, hydrothermal treatment eliminated the solvent and so
improved the crystallinity of the anatase powder.



A uniform TiO2 thin film was formed on the flax fiber. The thickness of the fiber was
measured less than 100nm using SEM.



X-ray diffraction proved that TiO2 coated thin film on the flax fiber was crystallized
in anatase form and was successfully grafted as the TEM observation showed no voids
in the interface between the fiber and the film.



Maximum tensile strength for TiO2-coated fibers (6344 MPa) was significantly
increased in comparison with the HT treated fibers (5545 MPa).



The grafting of the TiO2 thin film on the flax fibers provides the possibility to change
their wettability form 87.0° for as-received sample to 0° for TiO2-coated one.

This study showed the synthesis and grafting of TiO2 thin film on the flax. This coating can
significantly enhance the mechanical properties of hydrothermally treated flax fibers.
Moreover, the coating acts as an amphiphilic inter-phase to compatibilize the cellulosic
natural fibers with polar and non-polar matrices.
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4.1

RÉSUMÉ

Dans cette étude, les fibres de lin ont été oxydées dans le but d’améliorer l’adhésion
interfaciale des fibriles de cellulose au film de TiO2. Le film de TiO2 a été crée sur les fibres
de lin par une technique Sol-Gel et par trempage des fibres (dip-coating). L’effet de
l’oxydation et du greffage du film de TiO2 sur la structure cristalline de la cellulose ont été
étudié par diffraction des rayons X (DRX). La spectroscopie photoélectronique des rayons X
(XPS) a été utilisée pour comparer la réactivité du Sol TiO2 avec les fibres cellulosiques
oxydées ou non oxydée. De plus, la microscopie électronique à transmission (MET) et la
microscopie à force atomique (AFM) ont été utilisées pour caractériser la qualité de
l’interface entre les fibres et le film de TiO2. Finalement, l’effet de l’oxydation de la cellulose
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sur les propriétés mécaniques de fils de fibres de lin revêtus d’un film de TiO2 a été
investigué par des essais de traction sur les fils. Les résultats montrent que l’oxydation
augmente significativement la réactivité de la surface cellulosique des fibres de lin avec le Sol
TiO2. Il est démontré que la méthode est en mesure d’augmenter la qualité de l’interface entre
les fils de fibres de lin et le film de TiO2, augmentant du même coup la résistance thermique
des fibres. Il est aussi démontré que l’oxydation de la cellulose, suivie du greffage d’une
couche de TiO2 en surface, augmente significativement la ductilité et la résistance ultime en
traction des fils de fibres de lin.
4.2

ABSTRACT

In this study, flax fibers were oxidized in order to improve the interfacial adhesion of
cellulosic fibrils to TiO2 film. The TiO2 film was created on the flax fiber by a Sol-Gel dipcoating technique. The effect of cellulose oxidation and the consequent TiO2 grafting was
studied on cellulose crystalline structures using X-ray diffraction. X-ray Photoelectron
Spectroscopy was used to compare the reactivity of TiO2 Sol with oxidized and non-oxidized
cellulosic fibers. In addition, Transmission Electron Microscopy and Atomic Force
Microscopy were applied to characterize the quality of the interface between the fibers and
TiO2 thin film. Finally, the effect of cellulose oxidation on the mechanical properties of TiO 2grafted flax strands was investigated by tensile tests. The results showed that the oxidation
increased significantly the reactivity of the cellulosic surfaces with TiO2 Sol. This method
was able to increase the quality of the interface between flax fiber and TiO2 thin film, which
improved the thermal resistance of the fibers. Eventually, the oxidation of the fiber together
with the TiO2 grafting increased significantly both ductility and maximum tensile strength of
the flax strands.
4.3

INTRODUCTION

The availability and the environmentally friendly nature of renewable materials have caught
researchers’ and industries’ attention [46, 154]. They have been employed to reinforce
composite materials used in structural and semi-structural [49, 146] as well as automotive
applications [147]. In spite of the inferior mechanical properties of natural fibers compared to
those of glass fibers, they are environmentally superior alternatives to glass fibers in
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composites [45]. The use of plants fibers as engineering materials can promote sustainable
agriculture [29], especially in western Canada with a potential production of 1,200,000 tons
of flax straw annually. Currently, overall more than 75% of this amount is usually thrown
away [30].
Cellulose and hemicellulose make up the main part (i.e. cellulose 71%, hemicellulose 1820%, lignin 2.2%, pectin 2.3%) of flax fiber’s composition. Moreover, cellulose and
hemicellulose are hydrophilic materials which give flax fibers a hydrophilic character [10].
The inherent hydrophilic nature of cellulosic fibers prevents them from having a good
interaction with most of non-polar polymers. This results in the creation of weak interfaces
between fibers and matrices. non-uniform dispersion of the fibers within the composites [39,
155].
Several different methods have been applied to modify surface properties of natural fibers
including physical [76, 77], chemical (such as alkali treatment, silane treatment, acetylation)
[80, 156, 157], and physico-chemical treatments [78, 79, 158]. These methods can only
modify the physical but not the mechanical properties of the fibers. There have recently been
several researches on creating a thin film on the fibers to enhance both physical and
mechanical properties [121, 122]. The thin film can reinforce the fibers by blunting the
micro-cracks on the surface of the fibers. It can also create a better interfacial adhesion of the
fiber to the matrix [159]. However, there is still a lack of knowledge about the interfacial
bonding between cellulosic fibers and thin films [160, 161].
TiO2 is known as an amphiphilic material. In other words, TiO2 exhibits hydrophobic
properties, unless it is irradiated by ultra violet (UV) rays [21]. A large number of studies
have used the TiO2 nano-particles and thin films on cellulosic fibers to take advantage of the
photo-induced hydrophilicity of TiO2 for textile applications [18-20, 136]. However, the
adhesion of TiO2 particles to the fibers is of concern to the researchers.
We have previously reported a successful grafting of Nano-TiO2 thin film on flax fibers by
using a Sol-Gel technique [145]. This resulted in the formation of a tunable amphiphilic
reinforcement. It means that TiO2 thin film allows adjusting the wettability of the fibers
according to the nature of the polymeric matrices. The grafting of TiO2 on the fibers caused
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an increase of 15% (with a p-value <<0.05) in the mechanical properties in comparison with
the control samples. Nevertheless, although the grafting enhances the mechanical properties,
the full potential of this grafting to reinforce the fibers has not yet been developed. This might
be because of a moderate interfacial adhesion of the TiO2 thin film to the surface of the fibers.
TiO2 can form complexes with different compounds such as phenols, peroxides, cyanides
and especially carboxylic groups [22]. Several studies have shown the formation of a
bidentate bridging between carboxyl acids and dry or hydrated TiO2 [23-25]. Therefore, the
conversion of cellulose primary alcohols to carboxyl groups on the surface of the fibers
brings the opportunity to improve the reactivity of the flax fibers for the subsequent TiO2
grafting.
Many attempts have been made to oxidize the cellulose to increase its functionality [26, 27].
However, this can lead to an aggressive oxidation of the cellulose if it is done in a nonselective manner. In such a case, a mixture of products with different degrees of cellulose
decomposition is obtained [26]. The advent of 2,2,6,6-tetramethylpiperidin-1-oxyl radical
(TEMPO) has mediated the selective oxidation of the cellulose. TEMPO reacts with primary
alcohols and oxidizes them sequentially into carbonyl and carboxyl groups [162].
This study aims to oxidize the cellulose on the surface of the flax fibers to form carboxyl
groups prior to the grafting of TiO2 thin film by a Sol-Gel technique. This improves the
adhesion of the fiber to the TiO2 thin film, which consequently enhances the physical and
mechanical properties of the grafted fibers. Moreover, this study tries to provide a better
understanding of the interface between inorganic thin films and cellulosic materials. Finally,
cellulose oxidation paves the way for having a better compatibility between ceramic coatings
and natural fibers.
4.4

EXPERIMENTATION
4.4.1

Materials

This study has used oilseed flax fibers and flax yarns. Biolin Research from Saskatchewan,
Canada provided the fibers and the flax yarns with linear density of 126 tex were purchased
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from Protec-Style Inc, in Quebec, Canada. Sigma-Aldrich Co provided all the chemicals used
in this research.
4.4.2

Natural fiber pre-treatment

In order to expose the alcohol groups of the cellulosic fiber on the surface the flax fibers were
treated as follows:
Firstly, the extractive part of the fibers such as wax was almost taken out of the fibers using
ultra-pure acetone. Secondly, the fibers were treated with an alkaline solution (5% NaOH) to
remove the content of hemicelluloses and lignin on the surface of the fibers. The methods and
the durations were adopted from the previous study [145].
4.4.3

Oxidation of flax fiber surfaces via TEMPO-mediated oxidation

The presenting alcohol groups on the fibers were oxidized to carboxyl groups using TEMPO.
Firstly, 4.7 mmol of NaBr and 5.65 mmol NaOCl were dissolved in 100 mL distilled water,
then 0.13 mmol of TEMPO was added in the solution. HCl (1M) was used to adjust pH to 10
[34]. The fibers were placed in a petri dish and the prepared TEMPO solution was added. For
each 1.4g of the fibers, 100 ml of TEMPO solution was added. The fibers were immersed in
the solution. Meanwhile, the oxidation reaction was interrupted after 30, 60, and 80 seconds
and the exceeding reactants and the catalysts were removed after being washed thoroughly
with distilled water. The oxidation reaction was performed on the fibers in the glove box and
samples were kept in a desiccator to prevent any contamination. These samples were
designated as non-ox for non-oxidized and ox(oxidation time) for oxidized samples.
.
4.4.4

TiO2 thin film grafting

Sol-Gel is a wet chemistry method in which an organic or inorganic precursor M(OR)n (R is
an organic group like methyl, or butyl) is hydrolysed to form a solution of metallic hydroxyls
(Sol). Then the Sol is turned into a gel by a polymerization reaction (mediated by two
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processes of water or alcohol condensation) which is able to form a metallic oxide film
[144].
A non-aqueous TiO2 sol was prepared using titanium isopropoxide (TIP) as a precursor.
Firstly, 0.02 mol of TIP was diluted in 50 ml of isopropanol under vigorous stirring then a
mixture of triethylamine , isopropanol, and HCl was added to the stirring medium until a
transparent stable Sol with pH of 4 was formed. The fibers and the yarns (oxidized and nonoxidized) were dipped into the TiO2 Sol and were then withdrawn after 30 seconds at the
speed of 10 mm/min. The samples were dried and finally hydrothermally (HT) treated
according to the previous work [145] to transform amorphous TiO2 to anatase crystalline
structure in the grafted thin film. All the samples then dried at 60°C overnight. The samples
were designated as non-ox-TiO2 and ox (oxidation time)-TiO2.
4.4.5

Conductimetry

In order to determine the carboxyl content of the oxidized fibers the conductimetric titration
method was used according to Habibi et al. [163]. The samples (~ 50 mg) were immersed in
15 ml of hydrochloric acid solution (0.01 M) for 10 minutes. Then the suspensions were
titrated with a sodium hydroxide solution (0.01 M) and the conductimetric curves were
obtained. The onset and the endset of the flat part of the curves were chosen as V1 and V2
respectively. The amount of carboxyl groups, thus the degree of oxidation (DO) was
calculated based on Eq. 3.
Eq. 3

Where C is the NaOH concentration (mol/l) and w is the weight of the oven-dried sample (g).
4.4.6

X-ray photoelectron spectroscopy (XPS)

The XPS analyses were carried out with a Kratos Axis Ultra spectrometer using a
monochromatic Al Kα source (10mA, 14kV). A charge neutralizer system (Kratos) was used
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in all of the analyses. The survey scans were carried out with an analysis area of 300 x 700
microns and the pass energy of 160 eV. Thereafter the high-resolution analyses were carried
out on the same areas with the pass energy of 20 eV. All spectra were charge corrected to the
main line of the carbon 1s (adventitious carbon was set to 284.8 eV). The spectra were
analysed using CasaXPS software (version 2.3.14).
4.4.7

Reactivity of the functionalized fibers with TiO2 Sol

Reactivities of oxidized and non-oxidized flax fibers with TiO2 Sol were examined as
follows:
The non-ox, ox30, and ox60 were immersed in TiO2 Sol for 30 seconds and were immediately
washed with isopropanol for 30 minutes ultrasonically. The samples were then washed with
isopropanol in soxhlet overnight to detach the unbounded titanium complexes. The samples
were designated as non-ox-TiO2-washed, ox30-TiO2-washed, and ox60-TiO2-washed. They
were analyzed using XPS to quantify the amount of existing Ti on the fibers.
4.4.8

X-ray diffraction (XRD)

To investigate the effect of fiber oxidation on cellulose and TiO2 thin film crystallinity, the
oxidized fibers with and without grafted TiO2 film were investigated by a Bruker APEX
DUO X-Ray diffractometer with the Cu Kα radiation (λ=0.154 nm) in two different modes:
normal scan and horizontal scan.
4.4.8.1 Normal scan
The fibers were cut approximately into pieces of 0.5 cm and were glued on a sample holder.
They were monted perpendicularly to the beam pass. Then six correlated runs with a φ Scan
of 360° and an exposure time of 180 seconds, were collected using a CCD APEX II detector
located at 150 mm of the sample (Figure 4-1-a). Acquisition data were then treated and
integrated with the XRW2 Eval Bruker software to produce WAXD diffraction pattern
ranging from 3 to 82° 2θ.
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4.4.8.2 Horizontal scan
The same priming process as used for normal scan was conducted on the fibers while the
sample holder was positioned fixed and parallel to the beam path. In this scan mode, three
correlated runs with the exposure time of 270 seconds were collected while the detector was
at 150 mm distance (Figure 4-1-b). These runs were then treated and integrated with the same
software to produce the diffraction patterns from 2.5 to 45 degrees 2θ. The changes in the
inter-planar spacing were calculated by using Bragg’s law.
a)

b)

Φ
Scan

Figure 4-1. Two different modes of XRD scan a) Normal scan, b) Horizontal scan

4.4.9

Electron microscopy

4.4.9.1 Transmission electron microscopy (TEM)
The quality of the interface between the TiO2 thin film and the flax fiber were determined by
TEM investigation on the cross sections of the non-ox-TiO2, and ox-TiO2 samples. The cross
sections were prepared, following the method used for biological specimens [164]. The
sections were observed on a carbon film-coated copper grids (mesh=200) at 80 kV with TEM
(Hitachi H-7500).
4.4.9.2 Scanning electron microscopy (SEM)
In order to examine any changes in surface morphology of the fibers after the treatments the
samples were observed using SEM (Hitachi S-3000N). The fibers were coated by Pd-Au and
secondary electron images were taken at a low voltage (i.e.3.0 kV).
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4.4.10

Atomic force microscopy (AFM)

To distinguish any difference between the quality of the TiO2 grafting on the oxidized and
non-oxidized flax fibers, the fibers were prepared and sectioned as explained for TEM
microscopy. The sections were then transferred on the cover slips to investigate by using
AFM. Quality of the interface between the TiO2 film and the fiber as well as the morphology
of the TiO2 particles in the immediate vicinity of the fibers were determined by surface
potential microscopy (Veeco nanoscope IIIA) in a tapping mode.
4.4.11

Differential thermal gravimetric analysis (DTG)

To evaluate the thermal resistance of the oxidized and non-oxidized TiO2 grafted fibers, DTG
was carried out by using SETARM Co. (SETSYS 2400) under oxygen atmosphere with a
heating rate of 10°C/ min and initial mass of ~10-12 mg. For each condition a minimum of
five samples were analysed.
4.4.12

Tensile test

Generally natural fibers, and specifically flax fibers, exhibit a wide range of sizes, textures,
and thus mechanical properties. To increase the reliability of the tensile tests, the flax yarns
have been used instead of the fibers. The uniaxial tensile test equipment was used to perform
tensile tests on flax yarns according to ASTM D2256. The standard has been designed to
measure the mechanical properties of yarns such as Young modulus (J0), the maximum
tensile force (FH), and the elongation at maximum tensile force (εH). However, measuring the
ultimate tensile stress (UTS) requires the mean cross-sectional area (Sc) of the yarns as UTS
equals to FH/Sc. The Sc was determined by following the procedure used in reference [145].
Thirty dried flax yarns were tested to be able to perform the statistical analysis. All the tensile
tests were carried out at 23°C using a 50kN Allround tabletop (Zwick/Roell Z050) testing
machine equipped with a 100N load cell. The crosshead speed was set to 200 mm/min.
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4.4.13

Statistical analysis

In order to compare the mean values of each key property this study used a statistical method
of two samples t-test according to the reference [152]. The differences among the values are
statistically significant while the confidence interval is 95% (i.e. the P-value is below 0.05).
4.5

RESULTS AND DISCUSSIONS
4.5.1

Formation of the carboxyl group

Figure 4-2 shows the high resolution XPS spectra of both oxidized and as-received samples.
Cellulose has two types of alcohol groups in its structure - secondary alcohols, which are
located in C2 and C3; primary alcohols that are found on C6 of cellulose structure. Primary
alcohols are sequentially oxidized into aldehydes and carboxylic acids, while the oxidation of
secondary alcohols leads to the formation of ketones [90]. The results revealed a change in
oxygen to carbon ratio from 0.34 to 0.47 after 60 seconds of oxidation, which is a good
indicator of the oxidation on the fibers. The amount of C=O groups increased dramatically
within the first 30 seconds and then reached to a plateau. In the meantime, the production of
carboxyl groups continued until the 60th second of the oxidation process (Table 4-1). In other
words, the creation of aldehyde (Eq. 4) controlled the oxidation process within the first thirty
seconds while the transformation of aldehydes into carboxyl groups (Eq. 5) dominated
afterwards.
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R-CH2OH
R-CHO

TEMPO,

NaBr,

NaClO
TEMPO,

NaBr,

Eq. 4

R-CHO

Eq. 5

R-COO

NaClO
Table 4-1 DO and XPS C1s, O1s, Ti 2p3/2 deconvolution results

DO
C 1s C-C, C-H
C 1s C-O
C 1s C=O
C 1s COO
C 1s COO
O1s (TiO2)
Ti 2p3/2 Ti(IV)

Non-ox (%At)
31.7
29.2
4.6
3.3
Non-ox-TiO2-w (%At)
2.23
2.68
1.46

Ox 30
0.01
Ox30 (%At)
21.3
29.8
16.3
6.9
Ox30- TiO2-w (%At)
2.3
12.9
7.01

Ox60
0.013
Ox60 (%At)
17.9
29.7
16.9
8.2
Ox60-TiO2-w (%At)
3.4
17.2
11.8
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Figure 4-2 High-resolution XPS spectrum of C1s peaks of a) Pre-Treated b) 30 second oxidized c) 60
seconds oxidized flax fibers
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4.5.2

Chemical reactivity of the functionalized fiber with the TiO2 Sol

Figure 4-3 shows the high-resolution XPS spectra for non-ox-TiO2-w, ox30-TiO2-w, and
ox60-TiO2-w samples. The graphs exhibit the Ti 2p peaks of the remaining Ti compounds on
the fibers. It was expected that the remaining compounds had reacted chemically on the fibers
surfaces and hence the washing procedure was not able to remove them. The relatively high
amount of Ti (IV) dioxide found on ox30-TiO2-w and ox60-TiO2-w (Table 4-1) indicated a
higher chemical reactivity of the TiO2 Sol with oxidized samples than the one with the nonoxidized fibers.

Figure 4-3 High resolution XPS spectra of Ti 2p peaks of a) non-ox-TiO2-w b) ox30 -TiO2-w c) ox60-TiO2w d) The comparison of Ti 2p peaks of the samples
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The non-oxidized fibers carry mostly hydroxyl groups on their surface. These groups can
form hydrogen bonds with the titanium hydroxyls during the dip-coating process and keep
them on the fibers. The low amount of Ti(IV) obtained for non-oxi-TiO2-w sample showed
that the immediate washing with isopropanol removed the Sol from the fibers. SEM
microscopy also revealed the absence of the formation of prominent particles on this sample
(Figure 4-4-e). However, the existing carboxyl groups on the oxidized fibers can react with
titanium hydroxyls via bidentate-bridging-linkage, as well as chelating- or ester-linkage [23,
33]. The possibility of having bidentate-bridging-linkage is higher as this complexation is
preferred at low pH (the pH of Sol: 4) [22, 165]. The nature of these ligands can range from
covalent to ionic [166]. This is why the amount of Ti(IV) for ox-TiO2-w sample is 8 times of
the non-ox-TiO2-w one. In other words, the washing process was not able to break the
ligands between the titanium hydroxyls and the carboxylic groups. Figure 4-4-f shows the
TiO2 particles formed on the surface of the oxi-TiO2-w sample.
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a)

b)

c)

d)

e)

f)

Figure 4-4 SEM micrograms of a) non-ox, b) ox30, c) ox60, d) ox80, e) non-ox-TiO2-w, f) ox60-TiO2-w
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A new O1s peak appeared at 530 (eV) on those samples which were treated with the Sol. This
peak characterizes the oxygen in Titanium dioxide [167]. The amount of this oxygen
increased from 2.68 to 17.16 atomic percent for non-ox-TiO2-w and ox60-TiO2-w
respectively. This higher amount of titanium dioxide is due to a higher amount of remaining
Sol on the oxidized fiber even after the washing process. This implies a higher affinity of the
Sol with carboxylic groups comparing with hydroxyl ones.
The conductimetric results confirmed the XPS observation. The DO for Ox60 sample was 1.3
times higher than the one of Ox30 (Table 4-1). However, according to the XPS results, the
ratio of Ox60’s carboxylic groups to Ox30’s is 1.18. This discrepancy is because XPS can
solely analyze the groups on the surface while the conductimetry determines the amount of
carboxylic groups in the bulk of materials whether on the surface or inside the lumina.
4.5.3

Surface properties of the treated fibers

Figure 4-4 shows the surface morphology of non-ox, ox30, ox60, ox80 fibers along with nonox-TiO2-w, and ox60-TiO2-w samples. The spectra present no significant changes on the
surface of ox30 and ox60 samples. The oxidation shaved slightly the non-crystalline part,
which exposed the cellulose micro-fibrils (Figure 4-4-c). However, ox80 showed some
decomposition on the surface of the fibers along with the degradation debris. The results
suggest that the oxidation for 60 seconds is long enough to create the maximum carboxyl
groups on the fibers without having adverse effect such as cellulose degradation that leads to
a loss of properties. The Ox60 sample was selected to represent the oxidized flax fibers in the
entire study.
4.5.4

The quality of the interface between the fiber and TiO2 thin film

Figure 4-5 shows the TEM cross-sectional view of oxidized non-ox-TiO2 and ox60-TiO2.
Although the TiO2 film was formed on the non-oxidized fiber, a clear line of separation was
obvious between the fiber and the film (Figure 4-5-a). This was due to the lack of chemical
bonds between the TiO2 particles and the flax fiber. However, Figure 4-5-b shows a ridged
interface between the fiber and the TiO2 particles. This occurred as the functional groups on
the fibers (i.e. carboxylic acids) strongly reacted with the titanium hydroxyls while the fiber
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was in contact with TiO2 Sol. This increased the attachment of the Ti-OH groups on the
surface of the fiber that amplified the formation of larger TiO2 particles, which infiltrated into
the boundaries of the fibers.
a)

b)

TiO2

TiO2
particles

Non-Oxidized flax fiber

particles

Oxidized flax fiber

Figure 4-5 TEM of cross-sectional view of a) non-ox-TiO2, b) ox60-TiO2

Figure 4-6 shows three-dimensional (3D) surface potential of the TiO2 coated flax fibers. The
thickness of the TiO2 film was 143±3 nm and 380±2 nm for non-oxidized and oxidized flax
fibers respectively. Although both non-oxidized and oxidized fibers were withdrawn from the
Sol with the same speed, the thickness of TiO2 thin film on the oxidized fiber is double that of
the one for non-oxidized fiber. This is because the oxidized fiber carried and kept a larger
amount of Sol on its surface that resulted in formation of a thicker film. Moreover, having a
larger amount of Sol results in a higher capillary pressure which creates a compact TiO2 film
[168]. Figure 4-6-b shows a dense TiO2 thin film grafted on the oxidized fiber while the one
on the non-oxidized fiber exhibits a relatively porous film.
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Figure 4-6 3D surface potential imaging of cross-sections of a) non-ox-TiO2 and b) ox60-TiO2 samples

4.5.5

Crystalline structure

Figure 4-7 shows the diffraction patterns of the as-received, ox60, and ox60-TiO2 fibers. Both
as-received and ox60 samples exhibited a very similar pattern that corresponded to the typical
cellulose I crystalline structure with the characteristic diffraction Bragg peaks observed at 2θ
= 17.3, 20.6, 22.8, 28.2, 34.1, 38.6, and 41.6°. Ox60-TiO2 showed the major characteristic
peaks of TiO2 in anatase crystalline phase at 2θ = 25.4, 37.9, 48.1, 54, 55.2, 62.2, 62.8, 68.9,
70.4, and 74.2°. The (002) diffraction peak of cellulose for ox60-TiO2 moved to a smaller
angle (Figure 4-7-b). This variation corresponds to an increase of 0.7 Å in the inter-planar
spacing of the cellulose I compared to the one that was only oxidized (i.e. ox60). Saito et al.
reported that the oxidation of cellulose does not change the crystalline structure of the
cellulose [169]. Hence, this peak shift can be due to the strong adhesion of the cellulose
fibrils to the TiO2 particles. We did not see this phenomenon in the previous study where the
TiO2 grafting was applied on the non-oxidized flax fiber [145]. That is to say, the oxidation or
TiO2 grafting did not modify the cellulose crystalline structure while their combination did.
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Figure 4-7 WAXD spectra of As-received, ox60, and ox60-TiO2 coated flax fibers in a) Normal scan, b)
Horizontal scan

4.5.6

Thermal properties of the fibers

Figure 4-8 depicts the DTG/DTA thermo-grams of as-received, Non-Ox-TiO2, and Ox60TiO2 fibers. The results showed different phenomena at temperatures ranging from 25 to
800°C. Below 200°C, there is one endothermic peak at 110°C, which is attributed to the
evaporation of the moisture content of the fibers. Generally, natural fibers undergo
degradation at temperatures higher than 200°C [10]. However, Ox60-TiO2 fiber showed a
lower rate of mass loss at temperature range of hemicellulose and cellulose decomposition.
Hemicellulose starts to decompose at 200-260°C while cellulose degradation occurs at 240350°C [59]. The degradation of cellulose occurs by cleavage of the glycosidic linkages. This
leads to the formation of water and carbon dioxide, as well as some alkanes and other
hydrocarbon derivatives [60]. For as-received fiber, the peak of cellulose decomposition was
recorded at 331°C meanwhile, the one of Non-Ox-TiO2 and Ox60-TiO2 fibers were at 335°C
and 340°C respectively. This is because of the presence of TiO2 films on the fibers, which
decreased the thermal conductivity hence retarded cellulose degradation. The DTA
micrograms revealed two exothermic peaks at 350-450°C for as-received and Non-Ox-TiO2
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fibers. These peaks represent the combustion of hydrocarbons derivatives. However, the
Ox60-TiO2 fiber showed only a wide peak at 390°C which means that the two combustive
incidents happened at very close temperatures. This is because of the formation of TiO2 thin
film on the oxidized fibers with a strong interfacial adhesion. In fact, the results obtained
from AFM analysis showed a denser and thicker TiO2 film on the oxidized fiber comparing to
the non-oxidized one. This dense film was able to decrease the oxygen transport and retarded
the former exothermic reaction.
a)

b)
As-Received

Non-Ox-TiO
Non-Oxi-TiO2
2

Oxi-TiO2
Ox60-TiO2
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Figure 4-8 In Oxygen a) DTG and b) DTA of As-received, Non-Ox-TiO2, and Ox60-TiO2 flax fibers

4.5.7

Mechanical properties of the fibers

The cross-sectional areas of the yarns were obtained from image analysis of the SEM
microscopy. The cross-sectional areas of as-received and oxidized-HT treated yarns were
measured to be 0.0558 mm2±0.006. The one for oxidized-TiO2 coated flax yarns was also
0.06 mm2±0.01 while the authors reported 0.059 mm2±0.006 for TiO2 coated flax yarns [145].
These results are congruous with the theoretical calculation of the cross-sectional area of the
yarns. In this method, the yarns are considered as a cylinder with an initial mean diameter
similar to the one in primary condition. As the TiO2 film was coated uniformly on the yarn,
the double that of the TiO2 film thickness (measured by AFM) is added to the mean diameter
for the coated yarns. Therefore, the one for oxidized-TiO2 coated and TiO2 coated are
0.05591 mm2±0.0057, and 0.05585 mm2±0.0057 respectively.
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Generally, natural fibers show three different segments in their stress-strain curves. The first
one is linear which continues until 0.3 % of deformation and it is associated with a global
loading of the fiber through elongation of the cellulosic micro-fibrils and the amorphous
region. The second segment is non-linear, it corresponds to strains from 0.3 to 1.5 %, and it is
known as the elasto-visco-plastic deformation of the secondary wall (S2) of the cellulosic
fibers. This deformation is involved in alignment of the micro-fibrils and re-arrangement of
the amorphous part of the wall (i.e. pectin, and hemicelluloses). In this phase, the individual
fibrils slide freely over one another in adjusting their alignments to the tensile axis. The final
segment is the linear elastic behavior of the aligned micro-fibrils, which deals with intermolecular interactions of the fibrils. In this study, the slope of the final segment of the stressstrain curve has been taken as Young’s modulus.
Unlike the previous study, all the samples were dried at 60°C overnight before the tensile
tests. If the fibers were dry, the non-crystalline regions would be rigid and would restrict the
movement of the fibrils [170]. This on the one hand limits the elasto-visco-plastic behavior of
the fibers and on the other hand increases the stiffness. However, this reduction in movement
of the fibrils promotes high stress concentration that results in a substantial decrease in the
maximal strength. These characteristics applied to the tensile behavior of the as-received
sample (Figure 4-9).
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Figure 4-9 Examples of the stress-strain curves for As-Received, oxidized HT treated, non-Oxidized TiO2
coated, oxidized TiO2 coated.

Although the TiO2 coated sample was also dry, the stress-strain curve exhibited a decrease in
initial stiffness followed by an elasto-visco-plastic behavior. This happened because the
pectin was extracted due to high pressure impact while the fibers underwent the HT treatment
[66, 171]. This resulted in 71% increase in the elongation compared to as-received one (Table
4-2). We previously reported the maximal strength of 634.4 MPa for TiO2 coated flax yarns,
which is 30% more than the current value. This happened because the samples had not been
dried before testing so humidity increased the strength [172].
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Table 4-2 Average values of the mechanical properties of, the flax yarns in as received condition (Y1),
oxidized-HT treated (Y2), TiO2 coated (Y3), and oxidized-TiO2 coated (Y4), along with their standard
deviation (SD) and the statistical comparisons.

Enteries

E (GPa)

SD

UTS (MPa)

SD

εH (%)

SD

Y1
Y2

24.1
15.2

2.4
2.4

417.5
396

38.5
38.7

2.1
5

0.26
0.5

Y3

17.6

2.9

438.4

62.7

3.6

0.43

Y4

21.3

3.5

469.8

58.7

4.5

0.49

Y3,Y1

Difference (%)
P-value

-26
<<0.05

5
<<0.05

71
<<0.05

Y4,Y1

Difference (%)
P-value

-11.6
<<0.05

12.5
<<0.05

114
<<0.05

Y4,Y2

Difference (%)
P-value

40
<<0.05

18.6
<<0.05

-10
<0.05

Y4,Y3

Difference (%)
P-value

21
<<0.05

7.1
<<0.05

25
<<0.05

The oxidation not only created the functional groups on the cellulosic micro-fibrils on the
fibers, but also removed the non-crystalline part of the fiber (such as lignin, hemicelluloses,
etc). This firstly reduced the number of hydrogen bonds among the fibrils by changing the
primary alcohols into sodium carboxylate (-COO-Na+) and secondly, increased freedom of
movement of the fibrils as the non-crystalline part was removed. Finally, the oxidized yarns
were treated hydrothermally, which eliminated the pectin. Overall, the oxidized HT treated
samples showed a large elasto-visco-plastic behavior and a huge amount of elongation (5%)
comparing to as-received, which is associated with the high degree of mobility of the microfibrils. The oxidized sample (dried one) had the lowest amount of hydrogen bonds between
the fibrils. Therefore, when the fibrils aligned themselves with the applied tensile strain they
were not able to interact with each other to withstand the external loads. That is why the
oxidized HT treated sample exhibited the lowest strength among the others.
The oxidized TiO2 coated sample exhibited a relatively wider elasto-visco-plastic segment
comparing to the one of non-oxidized TiO2 coated one since the former underwent both the
oxidation and the HT treatment. The stress-strain curve for the oxidized TiO2 coated yarn is
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very similar to the one of oxidized-HT treated except that the oxidized TiO2 coated one
started the final linear elastic segment in a lower strain. This is due to the presence of TiO2
particles and their strong adhesion to the micro-fibrils that restricted the fibrils’ movements.
In addition, the non-oxidized TiO2 coated one showed lower mechanical properties compared
with the oxidized TiO2 coated. This is because the TiO2 particles were partially attached to
the non-oxidized fibrils while the TiO2 particles were well grafted on the oxidized fibrils.
This not only improved the stress transfer between the fibrils as they were in the immediate
vicinity of the TiO2 film, but also healed the surface defects by blunting the micro-cracks on
the surface of the micro-fibrils.
4.6

CONCLUSIONS

This study tried to enhance the interfacial adhesion of flax fiber to the TiO2 thin film in order
to develop the full potential of TiO2 grafted cellulosic fibers for composite applications. The
quantitative and qualitative investigations revealed the importance of the oxidation prior to
the TiO2 grafting on the cellulosic fibers. This not only improves the interfacial strength
between the fibers and TiO2 thin film but can also play a crucial role in the mechanical
properties of flax fiber reinforced composites. The study accomplished to characterize the
grafted TiO2 thin film and its interfacial bonding to the flax fiber at the microscopic level.
This showed that the cellulose oxidation on the fiber resulted in the formation of a thicker and
denser TiO2 film comparing to the one on the non-oxidized fiber. In addition, the formation of
the dense film increased the thermal resistance of the fibers.
The tensile test of the modified fibers showed that all the pre-treatments and especially the
oxidation extended the elasto-visco-plastic deformation region of the fibers. Moreover, the
oxidation of the fiber together with the TiO2 grafting increased by 114% (p<<0.05) and 12.5%
(p<<0.05) the ductility and the maximal tensile strength respectively. Overall, the proposed
method can also be a solution to increase the compatibility of all cellulosic materials with
polymeric matrices.
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5.1

RÉSUMÉ

Dans cette étude, des fibres de lin greffées d’un film de TiO2 ont été utilisées afin comme
renforts pour la fabrication de composites à base d’acide polylactique (PLA). Les fibres ont
été oxydées afin d’améliorer l’adhésion à leur interface avec le film de TiO2. Le film de TiO2
est formé sur les fibres de lin par une technique Sol-Gel et par trempage (dip-coating).
L’adhésion des fibres à la matrice a été caractérisée qualitativement à partir d’observation par
microscopie électronique à transmission et quantitativement en cisaillement interlaminaire.
Des essais d’impact et de traction ont été utilisés pour caractériser les propriétés mécaniques
des composites PLA/fibres de lin. La calorimétrie différentielle à balayage (DSC), l’analyse
thermogravimétrique (TGA) et l’analyse mécanique dynamique (DMA) ont été utilisées pour
caractériser le comportement thermique et thermo-mécanique des composites. Les propriétés
barrières des composites ont été déterminées par essais d’absorption d’eau. Les résultats
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montrent une augmentation significative de l’adhésion à l’interface entre le PLA et les fibres
de lin modifiées. En particulier, l’addition de fibres de lin modifiées au PLA mène à une
résistance à l’impact trois fois plus élevée que pour le PLA pur. L’analyse microstructurale
confirme la modification des propriétés physiques et mécaniques des composites. De plus,
l’absorption d’eau diminue de 18% suite à l’addition de fibres de lin modifiées au PLA.
5.2

ABSTRACT

In this study, modified TiO2 grafted flax fibers were used to reinforce PLA composites. The
fibers were oxidized in order to improve the interfacial adhesion of the fibers to TiO2 film.
The TiO2 film was created on the flax fiber by a Sol-Gel dip-coating technique. The
interfacial adhesion of the fibers to the matrix was investigated qualitatively by microscopy,
and quantitatively by measuring inter-laminar shear strength. Impact and tensile tests
characterized the mechanical properties of the modified TiO2 grafted flax fiber reinforced
composites. Differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and
Dynamic mechanical analysis (DMA) were used to reveal the thermal and thermo-mechanical
behavior of the composites. The hygroscopic behaviors of the composites were determined by
the water uptake assessment. The results showed statistically significant increase in adhesion
bonding of the modified fibers to the matrix. The modified TiO2 grafted flax fibers increased
the impact resistance of pure PLA by three times. The microscopic observations verified the
modifications in the mechanical and physical properties of the composites. Moreover, the
amount of water sorption decreased by 18% in the modified TiO2 grafted fiber reinforced
composite.
5.3

INTRODUCTION

Nowadays, researchers and industries turn their attention to the renewable polymeric
materials. This is because of not only their superior environmental performance, but also the
depletion of petrochemical based plastics [105, 173]. Poly lactic acid (PLA), is a
biodegradable polymer that can be produced in a large scale from renewable resources [3].
This along with good stiffness and strength makes it a good candidate for a large number of
applications such as biomaterials and packaging materials [4, 5]. However, it suffers from
some weaknesses such as low impact resistance [4, 6]. Many attempts have been made to
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enhance these properties by using plasticizers [7], or by reinforcing PLA with fibers or
particles [8].
Several different inorganic fillers like hydroxyapatite [106], calcium phosphate[107], and
titanium dioxide [108] have been used to modify the physical and mechanical properties of
PLA. Although the results show that PLA is able to form a strong interface with solid
surfaces, titanium dioxide exhibits a better interfacial adhesion to PLA which is due to the
chemical bonds between lactic acid and TiO2 (i.e. Ti-carboxylic coordination bonds) [28].
Natural fibers are ideal candidates for reinforcing PLA as they are renewable and they have
high specific strength [10]. Nassiopoulos et al. reported that flax/PLA composites (with the
strength and stiffness of 72 MPa and 13 GPa respectively) are very promising alternatives to
replace traditional composites in load bearing application. This research showed a better
compatibility between flax and PLA than flax and epoxy [161]. Bodros et al. showed greater
tensile properties in PLA/flax fiber composite than those of similar PP/flax fiber ones [116].
However, not only these studies, but also several different other studies have shown poor
interactions between flax fibers and PLA [37, 38, 109, 110]. In fact, natural fibers contain a
huge amount of cellulose in their composition. For example, flax fiber contains almost 70%
cellulose and 20% hemicelluloses in its structure [10]. This gives the fiber a hydrophilic
nature. This character prevents it from interacting with most of the hydrophobic polymers
including PLA.
Many attempts have been made to graft different chemical groups onto the surfaces of the
plant fibers. The principal driver of these methods is to decrease the surface polarity of the
fibers in order to increase the interfacial bonding with polymers. [109, 156, 157, 174, 175].
However, all of them can only modify the physical properties of the fibers. Several researches
have recently been done to create an inter-phase (a thin coating) on the fibers [121, 122]. The
inter-phase can reinforce the fibers by blunting the micro-cracks on the surface of the fibers
and exhibiting favorable surface properties closer to those seen in the polymeric matrices
[159]. However, there is still a lack of knowledge in interfacial bonding of the cellulosic
fibers to the inter-phase [160, 161].
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We have recently reported a study which formed a tunable amphiphilic nano-TiO2 film on
flax fibers. The study showed that grafting enhanced the mechanical properties while the full
potential of this grafting to reinforce the fibers has not yet been developed [145]. This might
be as a result of moderate interfacial adhesion between the TiO2 thin film and the surface of
the fibers.
Wang and his coworkers grafted flax fiber yarns with Nanometer-sized TiO2 by means of a
silane coupling agent. This led to an increase in interfacial shear strength of the TiO2 grafted
flax fiber/epoxy composite compared to the control ones. The study reported an increase of
23% in the tensile strength of the flax fibers which may be due to the modification of the
fibers cross-sectional area or the grafting of TiO2 particles on the fibers surface [176].
Several studies have shown the formation of a bidentate bridging between carboxyl acids and
dry or hydrated TiO2 [23-25]. Therefore, the conversion of the primary alcohols of cellulose
to carboxyl groups on the surface of the fibers brings an opportunity to improve the reactivity
of the flax fibers for the subsequent TiO2 grafting.
TEMPO (2,2,6,6,-tetramethylpipelidine-1-oxyl radical) has been used to convert cellulose
primary alcohols into carboxyl groups [34, 95, 177]. TEMPO exhibits higher reactivity with
primary alcohols than secondary ones; this is why it can oxidize them sequentially into
carbonyl and carboxyl groups [162].
The selective oxidation of cellulose on the surface of the flax fibers prior to the grafting of
TiO2 paves the way for TiO2 to mediate the adhesion of PLA to natural fibers. In other words,
TiO2 can form complexes on the one hand with lactic acid within PLA and on the other hand
with the carboxylic groups on the oxidized fiber.
This study aims to reinforce PLA by using as-received flax fibers as well as the TiO2 grafted
flax fibers with and without cellulose oxidation. The physical and mechanical properties of
the composites are investigated by focusing on the effect of cellulose oxidation on interfacial
bonding between the fiber and TiO2 film.
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5.4

EXPERIMENTATION
5.4.1

Material

Unidirectional flax fabrics were provided by FRD (Fibres Recherche et Développement,
France). A commercial poly-L-lactic acid (PLLA), grade 4032D was used. This PLLA is a
semi-crystalline grade supplied by Nature Works that contains 2 % D-LA. The measured
weight-averaged molecular weight (Mw) and polydispersity index (Mw/Mn) of PLLA were
109 kg/mol and 1.57, respectively. Chemicals were used for oxidation and the TiO2 treatment
was purchased from Sigma-Aldrich.
5.4.2

Fiber treatments and coating

Two steps are needed to perform the flax fiber preparation: dewaxing and oxidation. Fibers
are treated by boiling acetone under reflux for 45 minutes to remove the wax. Then the fibers
are treated with 5% sodium hydroxide solution while they are immersed for 40 minutes and
immediately washed with distilled water. To neutralize the pH, a very diluted citric acid
solution is added which is followed by a distilled water rinse. Fibers are dried at room
temperature for 48 hours and then in an oven at 70°C overnight.
Then, alcohol groups on the flax fibers are oxidized to carboxylic groups by using TEMPO.
To do so, 0.13 mmol TEMPO is dissolved in 100 mL distilled water and 4.7 mmol NaBr is
added and then 5.65 mmol NaClO is added in the solution. HCl is used to adjust pH to 10.
For 1.4g of the fibers (i.e. the fibers were considered to have 70 wt% of cellulose in their
composition) 100 mL of solution was used. Afterwards the fibers are immersed in the
solution.
TiO2 thin film is made by sol-gel technique with Titanium isopropoxide (TIP) used as a
precursor. The solution is obtained by adding 0.02 mol of TIP to 50 ml of 2- isopropanol
under vigorous stirring. Then, 0.01 mol of triethylamine is added to the stirring medium (200
rpm) for 2-3 minutes. The other solution is prepared by adding 0.3 mol anhydrous
hydrochloric acid and 0.72 ml distilled water to 50 ml 2-isopropanol and they are mixed well
by using a magnetic stirrer (200 rpm). Afterwards, the two solutions are mixed under
vigorous stirring and with argon purging for 30 minutes until a transparent stable Sol is
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formed at the pH of 4. The unidirectional flax fabrics were immersed into the Sol for 30
seconds and were withdrawn at the speed of 8 cm/min. The samples are put in a 70°C
preheated oven to remove the solvents and then heated to 95°C for 5 minutes to form titanium
dioxide.
5.4.3

Composite processing

Flax fiber composite materials in three different conditions of as-received, non oxidized TiO2
coated (non-oxi-TiO2), and oxidized TiO2 coated (oxi-TiO2) were molded from unidirectional
flax fabric. Six plies were positioned in a way that each ply was parallel to the next one (0°).
The PLA sheets with a thickness of 0.25 mm were placed between flax sheets intermittently.
All samples were prepared using a hot press molding process with six plies for the 3 mm
samples. The laminates were molded at 180°C, 34 MPa for five minutes. Resulting molded
composites were 3 mm thick and contained 34% of fiber by weight.
5.4.4

Density measurement

Composites densities were determined by using a micromertitics gas pycnometer (AccuPyc II
1340). Helium was used for the measurements. Each sample was measured three times to
determine the density.
5.4.5

Tensile test

Tensile test technique is very useful to characterize material properties with simple uniaxial
tensile test equipment according to ASTM D3039. The Young modulus (E), the Ultimate
tensile strength (UTS) and the Yield Strength (Re) can be determined with a single analysis.
All the tensile tests were performed using a 50kN Allround table top (Zwick/Roell Z050)
universal testing machine equipped with a 30 kN load cell. Tensile tests were conducted in
displacement control with a crosshead speed of 2 mm/min. Elongation of the tested
composites was measured using an extensometer. More than five samples of each
composition were tested.
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5.4.6

Inter-laminar shear strength

Several tests have been done to characterize the interlaminar shear strength of composite
material. The short beam shear (SBS) method is frequently used in material science. The
specimen is set on two cylindrical stands and a cylindrical head is moved down toward the
center of the sample. The load at failure is recorded to characterize the apparent inter-laminar
shear strength (ILSS) of the sample. The span-to-thickness ratio in SBS test was set at 4. SBS
(three-point bending) test was conducted on a 50kN Allround table top (Zwick/Roell Z050)
universal testing machine equipped with a 30 kN load cell. The crosshead speed was 1
mm/min according to ASTM D2344. More than five samples for each composition were used
for testing.
5.4.7

Impact test

The impact resistance of the composites was tested on notched specimens in Izod mode
according to ASTM D256. The tests were performed by an Instron/Ceast 9050 with a 1 joules
pendulum at ambient condition.
5.4.8

Thermal and dynamic mechanical properties

Most of the natural fibers undergo thermal degradation around the processing temperature of
PLA (i.e. 200°C).In this study, the effect of the treatment and the grafting on thermal
stability of the fiber reinforced PLA composites was investigated by using TGA. The weight
loss traces were recorded as a function of temperature in the range of 20–800°C according to
ASTM E 1868 standard. TGA was carried out by using TA Instrument Q500, TGA
equipment under oxygen and argon atmosphere with a heating rate of 10°C/ min. For each
condition a minimum of five samples were analysed.
A recent study showed that the trans-crystalline morphology was induced by the
crystallization control the PLA/Flax interfacial strength [178]. Therefore DSC (DSC Q2000
from TA Instruments) was used to verify if the crystallization had a great effect on interfacial
strength between the fibers and PLA. Temperature was calibrated before the measurements
by using Indium as a standard material. Samples weight was kept constant in the range of 4-6
mg. The heating and cooling rate were set to 5 °C min-1. The glass transition temperatures (Tg)
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were taken from midpoint of the heat capacity jump. The crystallization temperatures (T c) of the
specimens were obtained from the maximum of the cold crystallization peak on the heating scan
for the composites. The melting temperatures (T m) of the samples were taken from the endset
point correspond to the melting-end temperatures. The area of the melting peak was used to
calculate the crystallinity content for the samples by using Hm, Hc and the heat of melting of
the 100 % crystalline polymers (

∶ 93.7 J·g-1 for PLA). The degree of crystallinity calculated

using the Eq. 6.

Eq. 6

Composite samples were also tested by dynamical mechanical analysis (DMA) equipped with
a single cantilever device. The specimens were heated up 0.5°/min from 25 to 140°C. All the
tests were carried out using a TA Instruments DMA Q800 testing machine. A minimum of
five specimens were tested for each condition.
5.4.9

Atomic force microscopy (AFM)

To distinguish any difference between the quality of the TiO2 grafting on the oxidized and
non-oxidized flax fibers, the fibers were firstly dehydrated and then they were embedded in
an epoxy resin [164]. The samples were sectioned at 80 nm by a microtome with a diamond
blade. Quality of the interface between the TiO2 film and the fiber as well as the morphology
of the TiO2 particles in the immediate vicinity of the fibers were determined by an AFM
(Veeco nanoscope IIIA) in a tapping mode.
5.4.10

Scanning electron microscopy (SEM)

SEM analysis was performed by using a Hitachi S-3000N with back scattering at 10 kV to
observe the cross sections of the embedded fibers in the resin along with the fractography
analysis of composites tested after the impact test to determine the behavior of the interface.
The samples observed by SEM were cut and coated with a thin layer of gold–palladium by
vapor deposit process before SEM analysis.
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5.4.11

Water uptake

Water uptake measurements were performed by immersing the composite samples in
deionized water at 25°C. Specimens were periodically removed from solutions, dried and
weighed immediately until full saturation according to ASTM D 570 [179]. Moisture uptake
was calculated using Eq. 7, where %M is the mass gain due to moisture uptake, Mcond is the
mass of the specimen after conditioning and Mdry is the mass of the specimen before
conditioning. The mass gain was corrected to take into account possible mass loss of
specimens due to various dissolution phenomena by completely drying the specimens
previously immersed and comparing their mass to their initial mass.
Eq. 7

5.4.12

Statistical analysis

A statistical method of two samples t-test was applied in order to compare the mean values of
each key property [152]. A confidence interval of 95% was considered as long as the P-value
is below 0.05. This means that the differences among the values are significantly different.
5.5

RESULTS AND DISCUSSIONS
5.5.1

Density of the composites

Although it was expected that the TiO2 grafting could change the density, the measurements
revealed the similar results (Table 5-1). In fact, the fibers were immersed in the TiO2 sol
through the grafting process. This led to an impregnation of TiO2 particles both on the surface
and through the lamina [145]. The TiO2 particles possibly replaced some part of the fiber
moisture which led to balance the masses and consequently the densities.
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Table 5-1 Physical, and thermo-mechanical properties of the composites.

Device
Gas
pycnome

Measured parameter

As-Received

Non-Oxi-TiO2

Oxi-TiO2

Density (g/cm3)

1.3394±0.0006

1.3383±0.0003

1.3409±0.0004

Tg (°C)
Tc (°C)
Rate of crystallinity (%)

60.8±0.1
101.8
8±1.6

60.8±0.1
103.3
11±0.9

60.8±0.2
105.2
11±1.2

Tg (°C)
Tc onset (°C)
Storage modulus at 25°C (GPa)

60.8±0.2
78.4±0.3
7.8±0.3

61.1±0.3
80.1±0.5
8.4±0.3

61.3±0.7
82.4±0.3
8.6±0.2

ter
DSC

DMA

5.5.2

AFM observation on the interface between the fibers and the TiO2 film

Figure 5-1 shows three-dimensional (3D) topography of the TiO2 coated flax fibers. The
average thickness of the TiO2 film on the oxidized fiber was 143±29 nm, and 380±25 nm for
the non-oxidized. Although both non-oxidized and oxidized fibers were withdrawn from the
Sol with the same speed, the thickness of TiO2 thin film on the oxidized fiber is double that of
the one for non-oxidized fiber. This is because the oxidized fiber carried and kept a larger
amount of Sol on its surface and that resulted in the formation of a thicker film. Moreover,
having a larger amount of Sol results in a higher capillary pressure which creates a compact
TiO2 film [168]. Figure 5-1-b shows a dense TiO2 thin film grafted on the oxidized fiber
while the one on the non-oxidized fiber exhibits a relatively porous film.
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Figure 5-1 3D surface topography of cross-sections of a) non-oxi-TiO2 and b) oxi-TiO2 samples

5.5.3

Interlaminar shear strength (ILSS)

Table 5-2 shows ILSS of the composites which were reinforced with As-received, Non-OxiTiO2, and Oxi-TiO2 flax fibers. The results showed statistically significant differences among
the samples. The Oxi-TiO2 flax reinforced composites exhibited 10% of increase in ILSS
compared with As-received one. However, this amount for Non-Oxi-TiO2 flax reinforced
composite is 5% higher than the As-received one. It is necessary to know that the As-received
flax fiber reinforced composite contains only one interface between the fiber and the resin
while the two latter composites involve two interfaces (one between the fiber and the TiO2
thin film, and another between TiO2 thin film and the matrix).
Table 5-2 ILSS of as-received, Non-Oxi-TiO2, and Oxi-TiO2 flax fiber
reinforced PLA composite.

As-Received Non-Oxi-TiO2
ILSS (MPa) ± SD
CV(%)

Oxi-TiO2

32.3±0.7

33.9±0.3

35.5 ± 1.1

2.2

1.1

3.1
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The As-received flax fiber reinforced composite exhibited the lowest interfacial strength. The
poor adhesion between the hydrophilic surfaces of the fibers and the hydrophobic PLA matrix
prevented them from creating a solid interface. While, TiO2 interacts well with PLA and
shows a high dispersity in it [180]. This is the reason for the higher ILSS of the composites
reinforced with TiO2 grafted flax fibers. Moreover, the Oxi-TiO2 flax reinforced composite
showed 5% of higher ILSS in comparison with the Non-Oxi-TiO2 one. This is due to different
interfacial bonding between the fibers (either oxi-TiO2 or Non-Oxi-TiO2) and the TiO2 film.
In other words, the interface between the fiber and TiO2 film is stronger in the oxidized fiber
thanks to the functional groups which were created as a result of oxidation. On the contrary,
non-oxidized fibers were devoid of these groups. These groups reacted with TiO2 thin film
that formed a stronger interface between the fiber and the thin film.
5.5.4

SEM observation on the interface between the fibers and the matrix

Figure 5-2 shows the polished cross sections of As-received, Non-Oxi-TiO2, and Oxi-TiO2
flax fiber reinforced PLA composites along with the schematic view of the TiO2 inter-phase
which reconciles the flax fiber with a PLA matrix. The SEM micrograph obviously shows a
prominent opening between the As-received fiber and the matrix. This is due to the
hydrophilic nature of the fibers that led to the formation of a gap between them and the
matrix. As expected, both of the TiO2 grafted fibers interacted well with the PLA matrix.
However, the Oxi-TiO2 flax fiber exhibited a complete adhesion with the PLA matrix and
Non-Oxi-TiO2 flax fiber showed a partial one. This revealed the stronger interfacial strength
between the oxidized fiber and the TiO2 film comparing to the one between the non-oxidized
fiber and the film. In fact, the TiO2 film established the two interfaces (i.e. Fiber/film and
film/matrix) strong enough to mediate the adhesion of the oxidized fiber to the PLA.
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a)

b)

c)

d)

PLA
Film / PLA
TiO2 Film
Fiber / Film

Flax Fiber

Figure 5-2 SEM observations of Cross-sectional area for a) As-received, b) Non-Oxi-TiO2, c) Oxi-TiO2
flax fiber reinforced composites and d) schematic view of the TiO2 inter-phase with two interfaces:
Fiber/Film and Film/PLA.
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5.5.5

Impact properties

Figure 5-3 shows the impact absorbed energy of neat PLA, As-received, Non-Oxi-TiO2, and
Oxi-TiO2 flax fiber reinforced PLA composite. The results apparently showed that
reinforcements increased the impact strength of neat PLA by a minimum of three times (15.4
KJ/m2) for Oxi-TiO2 flax reinforced sample. This increase was topped up to 18 KJ/m2 by
reinforcing the PLA with As-received flax fibers. The trend of absorbed energy is exactly the
opposite of ILSS. The nature of the interface has a strong effect on the toughness and the
fracture mode of the fiber composites. In the fiber reinforced composites, the post debond
sliding mechanisms are crucially important in the amount of impact absorbed energy [181]. A
strong interface, which associates with a high value of ILSS, promotes the crack propagation
across the fibers while the existence of voids can cease the crack propagation. The latter can
also increase the post sliding friction phenomenon [71].

Figure 5-3 Impact absorbed energy of, Neat PLA, As-received, Non-Oxi-TiO2, and Oxi-TiO2 flax fiber
reinforced PLA composite.
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In other words, when there is not a solid interface between the fiber and the matrix, the crack
has to pass around the fiber. Subsequently, increasing the load allows the crack to propagate
alongside the fiber until the fiber breaks at some weak spot within the matrix. Eventually, the
total rupture of the composite is to occur when the broken fiber is pulled out against the
frictional grip. However, a strong interface leads the crack directly into the fiber to break the
fibers without having any post sliding friction event. This is why the Oxi-TiO2 flax reinforced
composite showed a 14.6% and a 5.8% decrease in impact strength compared to As-received
and Non-Oxi-TiO2 flax reinforced composites respectively.
SEM fractography confirmed the key role of interfacial strength in this case. The As-received
flax fiber were pulled out and left the corresponding holes within the matrix (Figure 5-4-a).
The high magnification also revealed the clean surface of pulled out fibers and the gaps
between the fibers and the PLA (Figure 5-4-d). Non-Oxi-TiO2 flax reinforced sample also
showed the similar behavior while the PLA covered partially the pulled out fibers (Figure
5-4-e). On the contrary, the Oxi-TiO2 one left a flat fractured surface after the fracture which
indicates the direct traverse of crack through the fibers (Figure 5-4-f). Bos et al. suggested a
correlation between the impact strength and the fiber pull-out length in natural fiber mat
thermoplastic. The author also proposes that in case of a strong fiber/matrix interface the fiber
does not debond at the interface, but somewhere deeper in the fiber, between the fiber’s walls
[182]. This mechanism has not been seen in this study as the impact tests were all done with
notches. This makes the fractures very brittle which reduces the possibility of secondary
fracture mechanisms.
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a)

b)

c)

d)

e)

f)

Figure 5-4 SEM fractography micrographs of As-received (a-d), Non-Oxi-TiO2 (b-e), Oxi-TiO2 (c-f) flax
fiber reinforced composite.

5.5.6

Tensile properties

In conventional composite materials when a unidirectional continuous-fiber laminate
undergoes the loads parallel to the direction of the fibers, the longitudinal modulus E11 and
longitudinal tensile strength σ11 follow the rule of mixture (Eq. 8, Eq. 9) [183].
E11= EfVf + EmVm

Eq. 8

σ11 = σfVf + σmVm

Eq. 9

Where Ef is the fiber modulus, Vf is the fiber volume percentage, Em is the matrix modulus,
and Vm is the matrix volume percentage. In addition, σf and σm are the ultimate fiber and
matrix strength. The longitudinal modulus and tensile strength of composites, with the same
matrix and fiber volumes, mostly (which is the case in this study) depend on Ef and σf
respectively. The previous studies revealed that the pre-treatments, hydrothermal treatment,
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and oxidation remove the non crystalline part of the fibers (such as, lignin, hemicelluloses,
and Pectin) [66, 171]. This increased the mobility of the cellulosic micro-fibrils which
decreases the modulus and increases the maximum deformation. However, the grafting of
TiO2 thin film on the fibers is able to compromise the modulus and increase the tensile
strength providing the existence of a strong interface between the fiber and the TiO2 film.
The grafting of TiO2 film on the oxidized fiber improved the mechanical properties of the
fiber itself by blunting the micro-cracks on the surface of the fibers. Eventually, the TiO2
inter-phase increased the interfacial strength between the fibers and the matrix which
enhanced the bilateral stress transfer between the matrix and the fibers. This is the reason for
12% increase in tensile strength of Oxi-TiO2 flax fiber reinforced composite in comparison
with the As-received one (Figure 5-5 Examples of stress-strain curves of As-received, NonOxi-TiO2, and Oxi-TiO2 flax fiber reinforced composites.
Table 5-3). On the contrary, a lack of solid interface between the non oxidized fiber and TiO2
thin film prevented the film from effective load transfer between the matrix and the fiber.
This not only reinforced the fiber itself but also is not capable to mediate the stress transfer
between the fibers and the matrix (Figure 5-5).

102

Non-Oxi-TiO2
Non-Oxi-TiO2

As-received

Oxi-TiO2
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Figure 5-5 Examples of stress-strain curves of As-received, Non-Oxi-TiO2, and Oxi-TiO2 flax fiber
reinforced composites.
Table 5-3 The tensile properties of As-received, Non-Oxi-TiO2, and Oxi-TiO2 flax fibers reinforced
composites.

As-received
E (GPa) σ (MPa)

Non-Oxi-TiO2

ε (%)

E (GPa) σ (MPa)

Oxi-TiO2

ε (%)

E (GPa) σ (MPa)

ε (%)

Average

11

188

3.4

9

172

3.8

10.5

211

4.5

SD

0.4

6.2

0.2

0.5

1

0.2

0.3

2.1

0.2

CV (%)

0.04

3.3

5.5

0.05

0.6

5.3

0.03

4.7

4.7

5.5.7

Thermal and thermo-mechanical properties

Figure 5-6 depicts the TGA/DTA thermo-grams of the composites. The thermo-grams exhibit
five regions which describe the thermal degradation of the composites. Region I showed an
endothermic peak moisture vaporization corresponding to a weight loss of less than 1%.
Region II demonstrated an endothermic peak of PLA melting. The mass loss in this region is
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due to degradation of pectin as well as liberation of entrapped water molecules after the
melting of PLA. Region III with a temperature ranging from 221 to 270°C matches the
degradation of PLA [184]. However, Region IV corresponds to the temperature range of
hemicellulose and cellulose decomposition. The endothermic peak at 330°C is attributed to
the cellulose chain scission [185]. The region III and IV overlap hence, involving in the major
mass loss either in oxygen or argon atmosphere. Region V has only been seen in oxygen
atmosphere and exhibited the combustion of the thermal degradation byproducts. The
exothermic peaks at 430-455°C indicated at least two reactions associating with the
combustion process: the release of lactide and methyl ketene (CH3CHCO), which are then
oxidized to CO2 [186]. The Oxi-TiO2 flax reinforced composite were the best thermal
resistance as the rate of mass loss was 10% lower than the one of as-received flax reinforced
composite. The results obtained from AFM analysis showed a denser and thicker TiO2 film
on the oxidized fiber comparing to the non oxidized one. This dense film acted as an effective
barrier against oxygen which increased the thermal resistance.
Figure 5-7 shows the DSC thermo-grams of the composites which reveal the Tg, cold
crystallization temperature, and the rate of crystallization. The analysis showed that the rate
of crystallization of the TiO2 coated flax fiber reinforced composites (either oxidized or non
oxidized) is 11% which is slightly higher than the one of As-received flax reinforced sample
(Table 5-1). Although, the better interfacial interaction between PLA and TiO2 might induce
higher amount of trans-crystallization, the difference of the rate of crystallization is not
significant between the As-received and TiO2 grafted flax reinforced composites.
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Figure 5-6 a) in oxygen TGA, b) in oxygen DTA, , c) in Argon TGA, d) in Argon DTA of As-Received,
Non-Oxi-TiO2, and Oxi-TiO2 flax fiber reinforced PLA composite.
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Figure 5-7 DSC thermo grams of As-Received, Non-Oxi-TiO2, and Oxi-TiO2 flax fiber reinforced PLA
composite.

Figure 5-8 shows the plot of storage modulus (E′) against temperature for the composites. All
the composites showed a sharp drop in E′ around 60°C for the Tg and then a significant
increase in storage modulus after 75°C.

This is as a result of cold crystallization of

amorphous PLA [161]. Although studies have shown the effect of natural fibers on
crystallization of PLA as nucleating agents, they have emphasized on the role of interfacial
interaction between the fiber and the matrix. In other words, the rate of crystallization of PLA
is modified by optimizing the interfacial interaction between the fibers and PLA [187]. Table
5-1 shows the temperature at which cold crystallization begins for the composites. The Asreceived fibers induced cold crystallization earlier than the Non-Oxi-TiO2, and Oxi-TiO2 flax
fibers. In fact, by improving the interfacial strength between the fiber and the matrix the
polymer chain anchorage increases on the fibers. This restricts the chain mobility and so
delays the onset of crystallization. The same trend has been recorded by DSC analysis.
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Figure 5-8 Storage modulus versus temperature for As-received, Non-Oxi-TiO2, and Oxi-TiO2 flax fiber
reinforced composites.

5.5.8

Water uptake

Figure 5-9 depicts the sorption of water at room temperature in the composites. All of the
sorption curves of the samples showed a linear behavior in the initial stage and above the
linear section the sorption curve is concave towards abscissa. These characteristics are
attributed to Fickian sorption process in which the mass transport is completely controlled by
diffusion [188]. The slope of the linear part of the curves is representative of the water uptake
rate controlled by capillarity. The As-received flax reinforced composite demonstrated the
highest and the Oxi-TiO2 one did the lowest water uptake rate. In this case, the major part of
the diffusion has been handled by the flax fibers through their lumina. The decrease in the
slope shows the decrease in the diffusion which is due to the obstruction of the lumina by the
TiO2 nano-particles. Moreover, the TiO2 grafting decreases the wettability of the flax
fibers[145]. This leads to a decrease in capillary action of the fibers and thus in the sorption
rate [189]. The results clearly show that moisture uptake at saturation for Oxi-TiO2 is 17.6%
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lower than one for As-received. This is because of the lower hydrophilicity of the Oxi-TiO2
sample and better interface between the fiber and the matrix. The latter reduces the
availability of the free space between the fiber and the matrix for the water to accumulate
inside the composite. This is the main reason for the decrease of 7.3% in the moisture uptake
at saturation of the Oxi-TiO2 sample comparing to the Non-Oxi-TiO2 one.
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Figure 5-9 Water uptake for As-received, Non-Oxi-TiO2, and Oxi-TiO2 flax fiber composite.

5.6

CONCLUSIONS

This study tried to reinforce PLA with the modified TiO2 grafted flax fibers. The formation of
TiO2 on the fibers created one interface between the fiber and the TiO2 film and another
between the TiO2 film and the matrix. The microscopy analysis showed that the oxidation of
the fiber prior to TiO2 grafting increased the interfacial adhesion of the fiber to the TiO2 film
while this did not happen in non oxidized fiber. In the meantime, mechanical tests showed a
significant ILSS shear strength of oxi-TiO2 flax reinforced composite. Moreover, tensile tests
showed that the oxidation of the flax fiber prior to the grafting, mediated successfully the
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formation of an inter-phase on the fiber. This inter-phase on the one hand reinforced the fiber
itself and eventually the composite and on the other hand increased the stress transfer
between the fibers and the matrix by enhancing the interfacial strength. Although the high
interfacial adhesion of the fibers to the matrix decreased the impact energy absorbance, the
impact resistance of oxi-TiO2 flax reinforced composite increased at least three times more
than pure PLA. The formation of TiO2 film on the flax fiber with solid interfaces increased
the thermal resistance of this reinforcement and consequently the composite. Moreover, the
water uptake at saturation for oxi-TiO2 flax reinforced composite significantly decreased in
comparison with the As-received flax reinforced one.
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CHAPTER 6
6.1

CONCLUSION & PERSPECTIVES

CONCLUSION GÉNÉRALE

Ce projet de thèse a permis d'explorer les phénomènes existant à l'intersection des
glycosciences et des sciences des matériaux dans le but de développer un renfort naturel
modifié pour les composites polymériques bio-sourcés.
Cette étude a utilisé une méthode améliorant les propriétés physiques et mécaniques des
fibres de lin par le greffage d'un film mince de nano-TiO2 à leur surface.
A cet égard, la rugosité de surface des fibres a été réduite au minimum par une optimisation
de la durée du prétraitement. Ensuite, un film de TiO2 a été appliqué sur la fibre en utilisant
une méthode sol-gel. Dans cette étude, la méthode sol-gel utilisée a permis la création d’un
film mince de 100 nm d'épaisseur constitué de particules de TiO2 présentant des diamètres
allant de 2 à 10 nm. Un traitement hydrothermique (200 kPa, 120ºC, 1h) des fibres a ensuite
été réalisé afin de favoriser la cristallisation de la couche mince de TiO2. Ce procédé a permis
l’extraction de la totalité des solvants composant le film, ce qui a entraîné la cristallisation du
film de TiO2 sous sa forme anatase. Cependant, l'impact sous haute pression que subissent les
fibres lors de ce traitement hydrothermique engendre l’extraction de la pectine provoquant
ainsi une diminution des propriétés mécaniques. Cette diminution est néanmoins compensée
par la présence du film fin de TiO2.
Des analyses effectuées au microscope électronique à transmission ont permis d’observer la
formation de nano-particules de TiO2 dans le voisinage immédiat des fibres. Ces observations
ont aussi révélé la pénétration de particules de TiO2 dans la structure vasculaire de la fibre ce
qui peut induire la réduction de la quantité d'eau absorbée par les fibres greffées.
De plus, des mesures d’angle de contact fibres/eau ont révélé que le greffage d’une couche
mince de TiO2 sur les fibres de lin permet le réglage de la mouillabilité des fibres. En effet,
ces mesures ont montré une nette diminution de l’angle de contact fibres/eau de 89 à 0º. Cela
revient à dire que le revêtement de TiO2 effectué sur les fibres confère aux fibres une
surface à propriété double.
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Bien que le greffage ait permis l’amélioration des propriétés mécaniques des fibres, son plein
potentiel à renforcer les fibres n'a pas été développé. Ceci est causé par la création d’une
faible

interface

entre

la

couche

mince

de

TiO2

et

la

surface

des

fibres.

Afin d'augmenter cette adhésion interfaciale, les groupements hydroxyles de la cellulose
présente à la surface des fibres ont été transformés en groupements carboxyliques par
oxydation au TEMPO des fibres suivie du greffage au TiO2.
Des titrages conductimétriques ainsi que des analyses par XPS ont montré la formation de
groupes carboxyliques à la surface des fibres au bout de 30 et 60 secondes d’oxydation. Les
résultats de ces analyses ont permis de conclure que les fibres oxydées pendant 30 et 60
secondes ont bien réagi avec le sol de TiO2. En effet, 8 fois plus d’oxydes de Ti(IV) ont été
identifiés à la surface des fibres oxydées par rapport à celles non-oxydées. Enfin, des
changements spectaculaires de la morphologie de surface ont pu être observés sur les fibres
dont la durée d’oxydation a excédé les 80 secondes.
Les interfaces entre le film de TiO2 et les fibres oxydées et non-oxydées ont été analysées par
MET et par AFM. Ces deux méthodes d’analyse ont révélé la présence de fortes liaisons entre
les particules de TiO2 et les fibres oxydées, ainsi que la formation d'un film de TiO2 plus
épais et plus dense sur les fibres oxydées par rapport à celles non-oxydées.
L’analyse thermogravimétrique a révélé que le greffage d’un film dense de TiO2 sur la
surface des fibres a permis d’augmenter la résistance thermique de ces dernières. Ceci est
expliqué par la présence du film de TiO2 qui a entraîné à la fois une diminution du transport
de l'oxygène et une diminution de la conductivité thermique retardant ainsi la dégradation
thermique des fibres.
Les tests de traction réalisés sur les différents types de fibres ont montré que tous les
prétraitements effectués sur les fibres, et en particulier l'oxydation, ont pour conséquence le
prolongement de la déformation élasto-visco-plastique des fibres. Ceci est expliqué par
l’extraction partielle des composés non-cristallins constituant la fibre qui a permis
d’augmenter la liberté de mouvement des fibrilles. De plus, l'oxydation de la fibre suivie du
greffage au TiO2 a entraîné une augmentation de 12,5% de la résistance maximale à la
traction des fibres. Ce phénomène peut être expliqué par la présence du film fin à la surface
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des fibres qui renforce ces dernières en diminuant la concentration de contraintes et en
assurant leur meilleure répartition.
Finalement, dans le but d'évaluer la réelle performance des fibres greffées de TiO2 au sein
d’un composite, des composites constitués d’une matrice de PLA renforcée de ces fibres
greffées ont été fabriqués.
La formation de TiO2 sur les fibres crée deux interfaces dont une entre la fibre et le film de
TiO2 et l’autre entre le film de TiO2 et la matrice. Qu’elles soient oxydées ou non-oxydées,
les fibres de lin présentent la même liaison d'interface entre la couche de TiO2 et la matrice
de PLA. Cependant, la valeur de la résistance au cisaillement interlaminaire des composites
renforcés de fibres de lin recouvertes de TiO2 a augmenté de 5% (p << 0,05) dans le cas des
fibres oxydées en comparaison avec celles non-oxydées. Ceci est dû à l’adhésion interfaciale
relativement meilleure entre la fibre oxydée et le film de TiO2.
Bien que la bonne adhésion interfaciale ait amélioré la résistance à la traction des composites
renforcés de fibres de lin oxi-TiO2, la résistance aux chocs, elle, s’est retrouvée affaiblie. En
effet, l’existence d’une relation inverse entre la résistance aux chocs et la résistance au
cisaillement interlaminaire est bien connue. En d'autres termes, plus la résistance interfaciale
entre la fibre et la matrice est élevée, moins il y aura de délaminage de fibres et plus faible
sera le frottement causé par le glissement de ces fibres. D’une manière générale, une plus
faible quantité d'énergie est nécessaire pour compléter les fractures lors de tests d’impact
effectués sur un composite présentant une faible interface fibre/matrice.
Un film de TiO2 relativement dense a été formé sur la fibre oxydée. La présence de ce film
dense s’est révélé utile pour la protection des fibres contre la dégradation thermique des
fibres. Une plus faible absorption en eau a été mesurée pour le composite renforcé de fibres
de lin oxydées et recouvertes de TiO2. Ceci résulte de deux phénomènes. D’une part, la
formation de nano-particules à l'intérieur du lumen obstrue la structure vasculaire de la fibre
et empêche toute action capillaire au sein de cette dernière. D'autre part, la formation d'une
interface fibre/matrice étanche élimine l'écart entre les fibres et la matrice ce qui empêche
également l'eau de pénétrer à l'intérieur du composite. Enfin, dernier point et non le
moindre, la formation d'une forte interface entre la fibre et la matrice de PLA restreint la
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mobilité de la chaîne polymérique sur la surface du film de TiO2 ce qui, par la suite, retarde le
début de la cristallisation du PLA.

Global Conclusion
This PhD project tried to explore phenomena at the intersection of glycoscience and material
science in order to develop a modified natural reinforcement for bio-plastic composites. This
study used a method that enhanced the physical and mechanical properties of the flax fibers
by grafting a nano-TiO2 thin film on their surface.
In this regard, the surface roughness of the fibers was first minimized by optimizing the pretreatment duration; Then the TiO2 film was coated on the fiber using the sol-gel technique.
The sol-gel technique used in this study was capable of producing a thin film of 100 nm
thickness consisting of TiO2 particles with diameters ranging from 2-10 nm.
In order to promote the crystallization of the TiO2 thin film a hydrothermal treatment was
used to apply more than 200 kPa pressure on the film at 120ºC for one hour. This first
removed the remaining solvents from the film and eventually crystallized the TiO2 film in
anatase form. However, the high pressure impact during the treatment extracted the pectin
which caused a decrease in mechanical properties. This decrease was compensated by the
effect of thin film reinforcement.
The TEM revealed the formation of TiO2 nano-particles in the immediate vicinity of the
fibers. This has also shown the penetration of TiO2 particles into the fiber vascular structure
which can reduce the amount of water uptake in the grafted fibers.
The grafting of the TiO2 thin film on the flax fibers provided the possibility to tune their wetability from 89 to 0º. This is to say, the TiO2 coating gave the fibers a dual surface property.
Although the grafting had enhanced the mechanical properties of the fibers, the full potential
of this grafting to reinforce the fibers was not developed. This was because of a moderate
interfacial adhesion of the TiO2 thin film to the surface of the fibers.
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In order to increase the interfacial adhesion, the cellulose hydroxyls on the fibers were
transformed into carboxylic groups by using TEMPO mediated oxidation prior to the TiO2
grafting.
Conductometric titration along with XPS analysis showed the creation of carboxylic groups
on the fibers after 30 and 60 seconds. However, the microscopic analysis showed dramatic
changes in morphology of the surface when the oxidation exceeded up to 80 seconds.
Moreover, the oxidized fibers (both 30 and 60 seconds oxidized) reacted well with TiO2 sol
and kept Ti(IV) oxide 8 times more than the amount that non-oxidized did.
The interfaces between the TiO2 film and the oxidized and non-oxidized fibers were surveyed
by TEM as well as AFM. Either of the methods revealed signs of strong bonds between the
TiO2 particles and oxidized fibers. This also resulted in the formation of a thicker and denser
TiO2 film on the oxidized fiber in comparison with the non-oxidized one.
TGA revealed that the grafting of the dense film on the fibers increased the thermal
resistance of the fibers as it protected the cellulose by decreasing the oxygen transport and
probably the thermal conductivity.
The tensile test of the modified fibers showed that all the pre-treatments and especially the
oxidation extended the elasto-visco-plastic deformation region of the fibers. This was due to
the extraction of non-crystalline part of the fibers which increased the movements of the
fibrils. In addition, oxidation of the fiber together with the TiO2 grafting improved the
maximum tensile strength by 12.5%. This phenomenon can be justified by the effect of thin
film reinforcement on the surface of the fiber which decreases the stress concentration by
enhancing stress distribution on the fibers.
Eventually, in order to evaluate the real performance of the TiO2 grafted fibers in a
composite, PLA was reinforced by the grafted fibers. The formation of TiO2 on the fibers
created one interface between the fiber and the TiO2 film and another between the TiO2 film
and the matrix. Both oxidized and non-oxidized flax fibers shared the same interface bonding
between the TiO2 film and PLA. However, the ILSS of oxi-TiO2 flax reinforced composite
exhibited 5% (p<<0.05) higher than the non-oxidized one. This is because of a relatively
better quality of the interface between the oxidized fiber and the TiO2 film.
114

Although the good interfacial adhesion enhanced the tensile strength of the oxi-TiO2 flax
reinforced composite, it decreased the impact resistance. It has been well studied that the
impact resistance and the ILSS are in an inverse relationship. In other words, the higher the
interfacial strength between the fiber and the matrix is, the less fiber debonding and therefore
the less post debond sliding friction is. All in all in a composite with a looser fiber/matrix
interface a lower amount of energy is required to complete the fractures in the impact test.
A fairly dense TiO2 film was formed on the oxidized fiber which protected the fiber against
thermal degradation in comparison with the other fibers.
The composite which was reinforced with oxi-TiO2 flax fibers showed a lower amount of
water uptake as a result of two phenomena. Firstly, the formation of nano-particles inside the
lumina obstructs the vascular structure of the fiber. This impedes the capillary action of the
fiber. Secondly, the formation of a tight fiber/matrix interface eliminates the gap between the
fibers and the matrix. This may be a pathway for water to permeate inside the composite.
Last but not least, the formation of a strong interface between the fiber and the PLA matrix
restricts the chain mobility of the polymer on the surface of the TiO2 film and therefore
delays the onset of crystallization.
All in all, the global objective of this study has been the development of a method to rectify
the major drawbacks of natural fibers for biocomposite applications.
The proposed method of this study has shown the enhancement of the fibers and the
composites which have been reinforced by these fibers.
For the fibers, the formation of the thin film on the surface of the fibers normalized the stress
distribution and decreased the stress concentration at the tip of the defects hence increased the
mechanical properties of the fibers. Moreover, the film improved thermal resistance by
decreasing the thermal conductivity. These achievements can reassure industries and
researchers to use natural fibers as reinforcements with fewer concerns.
In addition, the study has shown the performance of PLA composite when it is reinforced by
the modified fibers. The results showed a significant increase in impact resistance of PLA
which is the main drawback of this biopolymer. The mechanical properties of the composite
were improved firstly by using stronger reinforcements and secondly by improving the
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interfacial adhesion of the fibers to the matrix. Finally, this method improved the water
uptake of natural fibers which is one of the most important concerns of using natural fibers in
polymeric composites.
These developments in natural fibers pave the way for NFRC to be subjected for several
different researches such as in vitro biodegradation because all the components of this
composite have the potential of being used as biomaterials or transcrystallization of this
composite with and without modification of the fibers.
6.2
I.

PERSPECTIVES
PLA crystallization on modified single flax fiber surface: Characterization of
trans-crystallization phenomenon

The main objective of this part is to perform a thorough characterization of PLA
crystallization in the immediate vicinity of both the modified and unmodified flax fiber. The
proposed methodology comes in the following steps:
1) Preparation of a single fiber composite of TiO2-grafted flax fiber in PLA.
2) Investigation of the iso- and non iso-thermal crystallization on the surface of the grafted
fibers.
Characterization of the induced structure and the PLA crystalline phase (i.e.  and ’) at
fiber/PLA interface by means of AFM and small X-ray Diffraction.
II.
Flax-fiber/PLA composites: Study of physical and mechanical properties before
and after conditioning.
The main objective of this part is to prepare TiO2-grafted flax fiber reinforced PLA
composites and to investigate the alterations which may happen in physical and mechanical
properties of the composite after the aging in phosphate buffer saline (PBS). The proposed
methodology comes in the following steps:
1) Preparations of TiO2-grafted flax fiber reinforced PLA composites and induce the
modified transcrystallization structure based on the results obtained in the first part.
2) Conditioning the composites in PBS and characterization :
a) Physical properties to determine degradations in crystalline polymer matrix by using
Infra-red Spectroscopy (FTIR), and to investigate any changes occurring in Molecular
weight.
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b) Mechanical properties to determine tensile and impact strengths and short beam shear
to assess the interfacial properties. Eventually, fractography techniques will be used to
determine fracture mechanisms.

REFERENCES
[1] D. Hull, T.W. Clyne, An Introduction to Composite Materials, Cambridge University
Press, 1996.
[2] A.K. Mohanty, M. Misra, L.T. Drzal, Natural Fibers, Biopolymers, and Biocomposites,
CRC Press, 2005.
[3] D.J. Sawyer, Bioprocessing – no longer a field of dreams, Macromolecular Symposia, 201
(2003) 271-282.
[4] R. Auras, B. Harte, S. Selke, An Overview of Polylactides as Packaging Materials,
Macromolecular Bioscience, 4 (2004) 835-864.
[5] M.S. Lopes, A.L. Jardini, R.M. Filho, Poly (Lactic Acid) Production for Tissue
Engineering Applications, Procedia Engineering, 42 (2012) 1402-1413.
[6] X. Li, C. Guo, X. Liu, L. Liu, J. Bai, F. Xue, P. Lin, C. Chu, Impact behaviors of polylactic acid based biocomposite reinforced with unidirectional high-strength magnesium alloy
wires, Progress in Natural Science: Materials International, 24 (2014) 472-478.
[7] Y. Lemmouchi, M. Murariu, A.M.D. Santos, A.J. Amass, E. Schacht, P. Dubois,
Plasticization of poly(lactide) with blends of tributyl citrate and low molecular weight
poly(d,l-lactide)-b-poly(ethylene glycol) copolymers, European Polymer Journal, 45 (2009)
2839-2848.
[8] B. Bax, J. Müssig, Impact and tensile properties of PLA/Cordenka and PLA/flax
composites, Composites Science and Technology, 68 (2008) 1601-1607.
[9] H.M. Akil, M.F. Omar, A.A.M. Mazuki, S. Safiee, Z.A.M. Ishak, A. Abu Bakar, Kenaf
fiber reinforced composites: A review, Materials & Design, 32 (2011) 4107-4121.
[10] M.J. John, R.D. Anandjiwala, Recent developments in chemical modification and
characterization of natural fiber-reinforced composites, Polymer Composites, 29 (2008) 187207.
[11] E. Steudle, The Cohesion-Tension Mechanism and the Acquisition of Water by Plant
Roots, Annual Review of Plant Physiology and Plant Molecular Biology, 52 (2001) 847-875.
117

[12] V.A. Alvarez, R.A. Ruscekaite, A. Vazquez, Mechanical Properties and Water
Absorption Behavior of Composites Made from a Biodegradable Matrix and AlkalineTreated Sisal Fibers, Journal of Composite Materials, 37 (2003) 1575-1588.
[13] Y. Xie, C.A.S. Hill, Z. Xiao, H. Militz, C. Mai, Silane coupling agents used for natural
fiber/polymer composites: A review, Composites Part A Applied Science and Manufacturing,
41 (2010) 806-819.
[14] E. Sjöström, Wood chemistry: fundamentals and applications, ACADEMIC PressINC,
1993.
[15] H. Ishida, J.L. Koenig, Effect of hydrolysis and drying on the siloxane bonds of a silane
coupling agent deposited on E-glass fibers, Journal of Polymer Science: Polymer Physics
Edition, 18 (1980) 233-237.
[16] J.-K. Kim, Y.-W. Mai, Y.-W. Mai, Chapter 5 - Surface treatments of fibers and effects
on composite properties, in: Engineered Interfaces in Fiber Reinforced Composites, Elsevier
Science Ltd, Oxford, 1998, pp. 171-237.
[17] A.T. Dibenedetto, P.J. Lex, Evaluation of surface treatments for glass fibers in composite
materials, Polymer Engineering & Science, 29 (1989) 543-555.
[18] M.J. Uddin, F. Cesano, F. Bonino, S. Bordiga, G. Spoto, D. Scarano, A. Zecchina,
Photoactive TiO2 films on cellulose fibres: synthesis and characterization, Journal of
Photochemistry and Photobiology A: Chemistry, 189 (2007) 286-294.
[19] M.J. Uddin, F. Cesano, D. Scarano, F. Bonino, G. Agostini, G. Spoto, S. Bordiga, A.
Zecchina, Cotton textile fibres coated by Au/TiO2 films: Synthesis, characterization and self
cleaning properties, Journal of Photochemistry and Photobiology A: Chemistry, 199 (2008)
64-72.
[20] H.F. Moafi, A.F. Shojaie, M.A. Zanjanchi, Titania and titania nanocomposites on
cellulosic fibers: Synthesis, characterization and comparative study of photocatalytic activity,
Chemical Engineering Journal, 166 (2011) 413-419.
[21] R. Wang, K. Hashimoto, A. Fujishima, M. Chikuni, E. Kojima, A. Kitamura, M.
Shimohigoshi, T. Watanabe, Photogeneration of Highly Amphiphilic TiO2 Surfaces,
Advanced Materials, 10 (1998) 135-138.

118

[22] N. Wang, L. Zhu, K. Deng, Y. She, Y. Yu, H. Tang, Visible light photocatalytic
reduction of Cr(VI) on TiO2 in situ modified with small molecular weight organic acids,
Applied Catalysis B, 95 (2010) 400-407.
[23] A. Vittadini, A. Selloni, F.P. Rotzinger, M. Grätzel, Formic Acid Adsorption on Dry and
Hydrated TiO2 Anatase (101) Surfaces by DFT Calculations, The Journal of Physical
Chemistry B, 104 (2000) 1300-1306.
[24] L. Ojamäe, C. Aulin, H. Pedersen, P.-O. Käll, IR and quantum-chemical studies of
carboxylic acid and glycine adsorption on rutile TiO2 nanoparticles, Journal of Colloid and
Interface Science, 296 (2006) 71-78.
[25] T. Qiu, M.A. Barteau, STM study of glycine on TiO2(110) single crystal surfaces,
Journal of Colloid and Interface Science, 303 (2006) 229-235.
[26] M. Elnashar, Cellulose Fibres Funcionalised by Chitosan: Characterization and
Application, in: O.S. Simona Strnad, Lidija Fras-Zemljic (Ed.) Biopolymers, InTech, 2010.
[27] K. Stana-Kleinschek, V. Ribitsch, T. Kreze, L. Fras, Quantitative determination of
carboxyl groups in cellulose by complexometric titration, Materials Research Innovations, 8
(2004) 145-146.
[28] Y.-B. Luo, W.-D. Li, X.-L. Wang, D.-Y. Xu, Y.-Z. Wang, Preparation and properties of
nanocomposites based on poly(lactic acid) and functionalized TiO2, Acta Materialia, 57
(2009) 3182-3191.
[29] P. Jules, Agricultural sustainability: concepts, principles and evidence, Philosophical
Transactions of the Royal Society B: Biological Sciences, 363 (2008) 447-465.
[30] W.H.F. Martin J.T. Reaney, Petros Loutas, A Critical Cost Benefit Analysis of Oilseed
Biodiesel in Canada, in, BIOCAP CANADA, 2006.
[31] J.W. S.M.Attia, Guangming WU, Jun SHEN, Jianhua MA, Review on Sol-Gel Derived
Coatings: Process, Techniques and Optical Applications, Journal of Materials Sciences and
Technology, 18 (2002) 211.
[32] J.F. JUSTYNA KRZAK-ROŚ, CELINA PEZOWICZ, AGNIESZKA BASZCZUK,
MIROSŁAW MILLER, MACIEJ KOWALSKI, ROMUALD BĘDZIŃSKI, The effect of
substrate roughness on the surface structure of TiO2, SiO2, and doped thin films prepared by
the sol–gel method, Acta of Bioengineering and Biomechanics, 11 (2009) 21-29.

119

[33] E. Galoppini, Linkers for anchoring sensitizers to semiconductor nanoparticles,
Coordination Chemistry Reviews, 248 (2004) 1283-1297.
[34] A. Isogai, Y. Kato, Preparation of Polyuronic Acid from Cellulose by TEMPO-mediated
Oxidation, Cellulose, 5 (1998) 153-164.
[35] P.A. Fowler, J.M. Hughes, R.M. Elias, Biocomposites: technology, environmental
credentials and market forces, Journal of the Science of Food and Agriculture, 86 (2006)
1781-1789.
[36] J.-K. Kim, Y.-W. Mai, Y.-W. Mai, Chapter 1 - Introduction, in: Engineered Interfaces in
Fiber Reinforced Composites, Elsevier Science Ltd, Oxford, 1998, pp. 1-4.
[37] M.S. Huda, L.T. Drzal, M. Misra, A.K. Mohanty, Wood-fiber-reinforced poly(lactic
acid) composites: Evaluation of the physicomechanical and morphological properties, Journal
of Applied Polymer Science, 102 (2006) 4856-4869.
[38] D. Plackett, T. Løgstrup Andersen, W. Batsberg Pedersen, L. Nielsen, Biodegradable
composites based on l-polylactide and jute fibres, Composites Science and Technology, 63
(2003) 1287-1296.
[39] X. Li, L. Tabil, S. Panigrahi, Chemical Treatments of Natural Fiber for Use in Natural
Fiber-Reinforced Composites: A Review, Journal of Polymers and the Environment, 15
(2007) 25-33.
[40] J.D. Earls, J.E. White, M.L. Dettloff, M.J. Null, Development and evaluation of
terminally epoxidized triglycerides for coatings applications, JCT Research, 1 (2004) 243245.
[41] T. Eren, S.H. Küsefoğlu, R. Wool, Polymerization of maleic anhydride–modified plant
oils with polyols, Journal of Applied Polymer Science, 90 (2003) 197-202.
[42] J. John, M. Bhattacharya, R.B. Turner, Characterization of polyurethane foams from
soybean oil, Journal of Applied Polymer Science, 86 (2002) 3097-3107.
[43] E. Karana, Characterization of ‘natural’ and ‘high-quality’ materials to improve
perception of bio-plastics, Journal of Cleaner Production, 37 (2012) 316-325.
[44] C. Bastioli, R.T. Limited, Handbook of Biodegradable Polymers, Rapra Technology,
2005.

120

[45] S.V. Joshi, L.T. Drzal, A.K. Mohanty, S. Arora, Are natural fiber composites
environmentally superior to glass fiber reinforced composites?, Composites Part A Applied
Science and Manufacturing, 35 (2004) 371-376.
[46] S.K. Chattopadhyay, S. Singh, N. Pramanik, U.K. Niyogi, R.K. Khandal, R. Uppaluri,
A.K. Ghoshal, Biodegradability studies on natural fibers reinforced polypropylene
composites, Journal of Applied Polymer Science, 121 (2011) 2226-2232.
[47] P.A. Weiss, N.R.C.C.o.N. Resources, Renewable resources: A report to the Committee
on Natural Resources of the National Academy of Sciences-National Research Council,
National Academy of Sciences-National Research Council, 1962.
[48] S.V. Joshi, L.T. Drzal, A.K. Mohanty, S. Arora, Are natural fiber composites
environmentally superior to glass fiber reinforced composites?, Composites Part A: Applied
Science and Manufacturing, 35 (2004) 371-376.
[49] Q.H. Shubhra, A.K.M.M. Alam, M.A. Gafur, S. Shamsuddin, M. Khan, M. Saha, D.
Saha, M.A. Quaiyyum, J. Khan, M. Ashaduzzaman, Characterization of plant and animal
based natural fibers reinforced polypropylene composites and their comparative study, Fibers
and Polymers, 11 (2010) 725-731.
[50] A. Nick, U. Becker, W. Thoma, Improved Acoustic Behavior of Interior Parts of
Renewable Resources in the Automotive Industry, Journal of Polymers and the Environment,
10 (2002) 115-118.
[51] H.-y. Cheung, M.-p. Ho, K.-t. Lau, F. Cardona, D. Hui, Natural fibre-reinforced
composites for bioengineering and environmental engineering applications, Composites Part
B: Engineering, 40 (2009) 655-663.
[52] C. Kunert-Keil, T. Gredes, A. Meyer, M. Wróbel-Kwiatkowska, M. Dominiak, T.
Gedrange, The survival and proliferation of fibroblasts on biocomposites containing
genetically modified flax fibers: An in vitro study, Annals of Anatomy - Anatomischer
Anzeiger, 194 (2012) 513-517.
[53] K. Ghavami, Bamboo as reinforcement in structural concrete elements, Cement and
Concrete Composites, 27 (2005) 637-649.
[54] R.D.T. Filho, K. Joseph, K. Ghavami, G.L. England, The use of sisal fibre as
reinforcement incement based composites, Revista Brasileira de Engenharia Agrícola e
Ambiental, 3 (1999) 245-256.
121

[55] T. Munikenche Gowda, A.C.B. Naidu, R. Chhaya, Some mechanical properties of
untreated jute fabric-reinforced polyester composites, Composites Part A: Applied Science
and Manufacturing, 30 (1999) 277-284.
[56] T. Gredes, M. Wrobel-Kwiatkowska, M. Dominiak, T. Gedrange, C. Kunert-Keil,
Osteogenic capacity of transgenic flax scaffolds, Biomed Tech (Berl), 57 (2012) 53-58.
[57] H. Kraessig, Cellulose chemistry and its applications, Journal of Polymer Science Part C:
Polymer Letters, 25 (1987) 87-88.
[58] R.J. Moon, A. Martini, J. Nairn, J. Simonsen, J. Youngblood, Cellulose nanomaterials
review: structure, properties and nanocomposites, Chemical Society Reviews, 40 (2011)
3941-3994.
[59] D. Mohan, C.U. Pittman, P.H. Steele, Pyrolysis of Wood/Biomass for Bio-oil: A Critical
Review, Energy & Fuels, 20 (2006) 848-889.
[60] S. Elanthikkal, U. Gopalakrishnapanicker, S. Varghese, J.T. Guthrie, Cellulose
microfibres produced from banana plant wastes: Isolation and characterization, Carbohydrate
Polymers, 80 (2010) 852-859.
[61] Z.-T. Liu, Y. Yang, L. Zhang, Z.-W. Liu, H. Xiong, Study on the cationic modification
and dyeing of ramie fiber, Cellulose, 14 (2007) 337-345.
[62] J.L. Guimarães, E. Frollini, C.G. da Silva, F. Wypych, K.G. Satyanarayana,
Characterization of banana, sugarcane bagasse and sponge gourd fibers of Brazil, Industrial
Crops and Products, 30 (2009) 407-415.
[63] M. Poletto, V. Pistor, M. Zeni, A.J. Zattera, Crystalline properties and decomposition
kinetics of cellulose fibers in wood pulp obtained by two pulping processes, Polymer
Degradation and Stability, 96 (2011) 679-685.
[64] M.P. Pandey, C.S. Kim, Lignin Depolymerization and Conversion: A Review of
Thermochemical Methods, Chemical Engineering & Technology, 34 (2011) 29-41.
[65] G.M. Irvine, The significance of the glass transition of lignin in thermomechanical
pulping, Wood Science and Technology, 19 (1985) 139-149.
[66] S. Alix, L. Colasse, C. Morvan, L. Lebrun, S. Marais, Pressure impact of autoclave
treatment on water sorption and pectin composition of flax cellulosic-fibres, Carbohydrate
Polymers, 102 (2014) 21-29.

122

[67] K. Jayaraman, Manufacturing sisal–polypropylene composites with minimum fibre
degradation, Composites Science and Technology, 63 (2003) 367-374.
[68] K. Wilson, D.J.B. White, The anatomy of wood, its diversity and variability, Stobart,
1986.
[69] F.L. Matthews, R.D. Rawlings, 5 - Polymer matrix composites, in: Composite Materials,
Woodhead Publishing, 1999, pp. 168-205.
[70] K.L. Pickering, M.G.A. Efendy, T.M. Le, A review of recent developments in natural
fibre composites and their mechanical performance, Composites Part A: Applied Science and
Manufacturing, 83 (2016) 98-112.
[71] J.N. Kirk, M. Munro, P.W.R. Beaumont, The fracture energy of hybrid carbon and glass
fibre composites, Journal of Materials Science, 13 (1978) 2197-2204.
[72] M.M. Thwe, K. Liao, Effects of environmental aging on the mechanical properties of
bamboo–glass fiber reinforced polymer matrix hybrid composites, Composites Part A:
Applied Science and Manufacturing, 33 (2002) 43-52.
[73] P.I. Bashtannik, A.G. Rudnitskii, A.P. Malikov, O.V. Chervakov, Effect of surface
treatment of carbon fibers on the mechanical properties of polypropylene-based composites,
Mechanics of Composite Materials, 30 (1994) 110-112.
[74] H. Al-Moussawi, E.K. Drown, L.T. Drzal, The silane/sizing composite interphase,
Polymer Composites, 14 (1993) 195-200.
[75] J.-K. Kim, Y.-W. Mai, Y.-W. Mai, Chapter 6 - Interface mechanics and fracture
toughness theories, in:

Engineered Interfaces in Fiber Reinforced Composites, Elsevier

Science Ltd, Oxford, 1998, pp. 239-277.
[76] A.K. Bledzki, S. Reihmane, J. Gassan, Properties and modification methods for
vegetable fibers for natural fiber composites, Journal of Applied Polymer Science, 59 (1996)
1329-1336.
[77] M.A. Masuelli, Fiber Reinforced Polymers - The Technology Applied for Concrete
Repair, InTech, 2013.
[78] S. Mukhopadhyay, R. Fangueiro, Physical Modification of Natural Fibers and
Thermoplastic Films for Composites — A Review, Journal of Thermoplastic Composite
Materials, 22 (2009) 135-162.

123

[79] I. Sakata, M. Morita, N. Tsuruta, K. Morita, Activation of wood surface by corona
treatment to improve adhesive bonding, Journal of Applied Polymer Science, 49 (1993) 12511258.
[80] A. Mittal, R. Katahira, M. Himmel, D. Johnson, Effects of alkaline or liquid-ammonia
treatment on crystalline cellulose: changes in crystalline structure and effects on enzymatic
digestibility, Biotechnology for Biofuels, 4 (2011) 41.
[81] A. Abdal-hay, N. Suardana, D. Jung, K.-S. Choi, J. Lim, Effect of diameters and alkali
treatment on the tensile properties of date palm fiber reinforced epoxy composites,
International Journal of Precision Engineering and Manufacturing, 13 (2012) 1199-1206.
[82] L.Y. Mwaikambo, M.P. Ansell, Chemical modification of hemp, sisal, jute, and kapok
fibers by alkalization, Journal of Applied Polymer Science, 84 (2002) 2222-2234.
[83] A. Valadez-Gonzalez, J.M. Cervantes-Uc, R. Olayo, P.J. Herrera-Franco, Effect of fiber
surface treatment on the fiber–matrix bond strength of natural fiber reinforced composites,
Composites Part B: Engineering, 30 (1999) 309-320.
[84] H. Demir, U. Atikler, D. Balköse, F. Tıhmınlıoğlu, The effect of fiber surface treatments
on the tensile and water sorption properties of polypropylene–luffa fiber composites,
Composites Part A: Applied Science and Manufacturing, 37 (2006) 447-456.
[85] M.S. Sreekala, M.G. Kumaran, S. Joseph, M. Jacob, S. Thomas, Oil Palm Fibre
Reinforced Phenol Formaldehyde Composites: Influence of Fibre Surface Modifications on
the Mechanical Performance, Applied Composite Materials, 7 (2000) 295-329.
[86] M.S. Sreekala, M.G. Kumaran, S. Thomas, Water sorption in oil palm fiber reinforced
phenol formaldehyde composites, Composites Part A: Applied Science and Manufacturing,
33 (2002) 763-777.
[87] K. Joseph, S. Thomas, C. Pavithran, Effect of chemical treatment on the tensile
properties of short sisal fibre-reinforced polyethylene composites, Polymer, 37 (1996) 51395149.
[88] A. Paul, K. Joseph, S. Thomas, Effect of surface treatments on the electrical properties of
low-density polyethylene composites reinforced with short sisal fibers, Composites Science
and Technology, 57 (1997) 67-79.

124

[89] D. Maldas, B.V. Kokta, C. Daneault, Influence of coupling agents and treatments on the
mechanical properties of cellulose fiber–polystyrene composites, Journal of Applied Polymer
Science, 37 (1989) 751-775.
[90] J. Clayden, N. Greeves, S. Warren, Organic Chemistry, OUP Oxford, 2012.
[91] S. Chandrasekhar, P.K. Mohanty, M. Takhi, Practical One-Pot Di-O-silylation and
Regioselective Deprotective Oxidation of 10-O-Silyl Ether in 10,20-Diols†, The Journal of
Organic Chemistry, 62 (1997) 2628-2629.
[92] G. Tojo, M.I. Fernandez, Oxidation of Alcohols to Aldehydes and Ketones: A Guide to
Current Common Practice, Springer, 2006.
[93] Selective Oxidations of Primary Alcohols in Presence of Secondary Alcohols, in:
Oxidation of Alcohols to Aldehydes and Ketones, Springer US, 2006, pp. 331-337.
[94] P.L. Bragd, H. van Bekkum, A.C. Besemer, TEMPO-Mediated Oxidation of
Polysaccharides: Survey of Methods and Applications, Topics in Catalysis, 27 (2004) 49-66.
[95] A. Isogai, T. Saito, H. Fukuzumi, TEMPO-oxidized cellulose nanofibers, Nanoscale, 3
(2011) 71-85.
[96] A.E.J. de Nooy, A.C. Besemer, H. van Bekkum, J.A.P.P. van Dijk, J.A.M. Smit,
TEMPO-Mediated Oxidation of Pullulan and Influence of Ionic Strength and Linear Charge
Density on the Dimensions of the Obtained Polyelectrolyte Chains, Macromolecules, 29
(1996) 6541-6547.
[97] S. Fujisawa, T. Isogai, A. Isogai, Temperature and pH stability of cellouronic acid,
Cellulose, 17 (2010) 607-615.
[98] H. Orelma, I. Filpponen, L.-S. Johansson, M. Österberg, O. Rojas, J. Laine, Surface
Functionalized Nanofibrillar Cellulose (NFC) Film as a Platform for Immunoassays and
Diagnostics, Biointerphases, 7 (2012) 1-12.
[99] M. Hirota, N. Tamura, T. Saito, A. Isogai, Oxidation of regenerated cellulose with
NaClO2 catalyzed by TEMPO and NaClO under acid-neutral conditions, Carbohydrate
Polymers, 78 (2009) 330-335.
[100] M. Hirota, N. Tamura, T. Saito, A. Isogai, Water dispersion of cellulose II nanocrystals
prepared by TEMPO-mediated oxidation of mercerized cellulose at pH 4.8, Cellulose, 17
(2010) 279-288.

125

[101] N. Tamura, M. Hirota, T. Saito, A. Isogai, Oxidation of curdlan and other
polysaccharides

by

4-acetamide-TEMPO/NaClO/NaClO2

under

acid

conditions,

Carbohydrate Polymers, 81 (2010) 592-598.
[102] Y. Ikada, H. Tsuji, Biodegradable polyesters for medical and ecological applications,
Macromolecular Rapid Communications, 21 (2000) 117-132.
[103] A.M. Emsley, G.C. Stevens, Kinetics and mechanisms of the low-temperature
degradation of cellulose, Cellulose, 1 (1994) 26-56.
[104] A. Schindler, Y.M. Hibionada, C.G. Pitt, Aliphatic polyesters. III. Molecular weight
and molecular weight distribution in alcohol-initiated polymerizations of ϵ-caprolactone,
Journal of Polymer Science: Polymer Chemistry Edition, 20 (1982) 319-326.
[105] D. Garlotta, A Literature Review of Poly(Lactic Acid), Journal of Polymers and the
Environment, 9 (2001) 63-84.
[106] T. Kasuga, Y. Ota, M. Nogami, Y. Abe, Preparation and mechanical properties of
polylactic acid composites containing hydroxyapatite fibers, Biomaterials, 22 (2000) 19-23.
[107] N.C. Bleach, S.N. Nazhat, K.E. Tanner, M. Kellomäki, P. Törmälä, Effect of filler
content on mechanical and dynamic mechanical properties of particulate biphasic calcium
phosphate—polylactide composites, Biomaterials, 23 (2002) 1579-1585.
[108] N. Nakayama, T. Hayashi, Preparation and characterization of poly(l-lactic acid)/TiO2
nanoparticle nanocomposite films with high transparency and efficient photodegradability,
Polymer Degradation and Stability, 92 (2007) 1255-1264.
[109] A.K. Bledzki, A. Jaszkiewicz, D. Scherzer, Mechanical properties of PLA composites
with man-made cellulose and abaca fibres, Composites Part A Applied Science and
Manufacturing, 40 (2009) 404-412.
[110] E. Petinakis, L. Yu, G. Edward, K. Dean, H. Liu, A.D. Scully, Effect of Matrix–Particle
Interfacial Adhesion on the Mechanical Properties of Poly(lactic acid)/Wood-Flour MicroComposites, Journal of Polymers and the Environment, 17 (2009) 83-94.
[111] S. Ochi, Mechanical properties of kenaf fibers and kenaf/PLA composites, Mechanics
of Materials, 40 (2008) 446-452.
[112] M.S. Islam, K.L. Pickering, N.J. Foreman, Influence of alkali treatment on the
interfacial and physico-mechanical properties of industrial hemp fibre reinforced polylactic

126

acid composites, Composites Part A: Applied Science and Manufacturing, 41 (2010) 596603.
[113] N. Graupner, J. Müssig, A comparison of the mechanical characteristics of kenaf and
lyocell fibre reinforced poly(lactic acid) (PLA) and poly(3-hydroxybutyrate) (PHB)
composites, Composites Part A: Applied Science and Manufacturing, 42 (2011) 2010-2019.
[114] B. Baghaei, M. Skrifvars, M. Salehi, T. Bashir, M. Rissanen, P. Nousiainen, Novel
aligned hemp fibre reinforcement for structural biocomposites: Porosity, water absorption,
mechanical performances and viscoelastic behaviour, Composites Part A: Applied Science
and Manufacturing, 61 (2014) 1-12.
[115] B. Baghaei, M. Skrifvars, L. Berglin, Manufacture and characterisation of thermoplastic
composites made from PLA/hemp co-wrapped hybrid yarn prepregs, Composites Part A:
Applied Science and Manufacturing, 50 (2013) 93-101.
[116] E. Bodros, I. Pillin, N. Montrelay, C. Baley, Could biopolymers reinforced by randomly
scattered flax fibre be used in structural applications?, Composites Science and Technology,
67 (2007) 462-470.
[117] R. Hu, J.-K. Lim, Fabrication and Mechanical Properties of Completely Biodegradable
Hemp Fiber Reinforced Polylactic Acid Composites, Journal of Composite Materials, 41
(2007) 1655-1669.
[118] N.A. Siddiqui, M.-L. Sham, B.Z. Tang, A. Munir, J.-K. Kim, Tensile strength of glass
fibres with carbon nanotube–epoxy nanocomposite coating, Composites Part A: Applied
Science and Manufacturing, 40 (2009) 1606-1614.
[119] L.B. Freund, S. Suresh, Thin Film Materials: Stress, Defect Formation and Surface
Evolution, Cambridge University Press, 2003.
[120] P. Zinck, M.F. Pay, R. Rezakhanlou, J.F. Gerard, Mechanical characterisation of glass
fibres as an indirect analysis of the effect of surface treatment, Journal of Materials Science,
34 (1999) 2121-2133.
[121] F. Alimohammadi, M. Parvinzadeh Gashti, A. Shamei, Functional cellulose fibers via
polycarboxylic acid/carbon nanotube composite coating, Journal of Coatings Technology and
Research, 10 (2013) 123-132.

127

[122] J. Huang, I. Ichinose, T. Kunitake, Nanocoating of natural cellulose fibers with
conjugated

polymer:

hierarchical

polypyrrole

composite

materials,

Chemical

Communications, 1 (2005) 1717-1719.
[123] B. Wei, S. Song, H. Cao, Strengthening of basalt fibers with nano-SiO2–epoxy
composite coating, Materials & Design, 32 (2011) 4180-4186.
[124] A.P.S. Sawhney, B. Condon, K.V. Singh, S.S. Pang, G. Li, D. Hui, Modern
Applications of Nanotechnology in Textiles, Textile Research Journal, 78 (2008) 731-739.
[125] G. Pfaff, P. Reynders, Angle-Dependent Optical Effects Deriving from Submicron
Structures of Films and Pigments, Chemical Reviews, 99 (1999) 1963-1982.
[126] J.H. Braun, A. Baidins, R.E. Marganski, TiO2 pigment technology: a review, Progress
in Organic Coatings, 20 (1992) 105-138.
[127] R. Zallen, M.P. Moret, The optical absorption edge of brookite TiO2, Solid State
Communications, 137 (2006) 154-157.
[128] T.J. Webster, Safety of Nanoparticles: From Manufacturing to Medical Applications,
Springer Science+Business Media, LLC, 2009.
[129] A. Fujishima, T.N. Rao, D.A. Tryk, Titanium dioxide photocatalysis, Journal of
Photochemistry and Photobiology C: Photochemistry Reviews, 1 (2000) 1-21.
[130] F. Zhang, X. Liu, Y. Mao, N. Huang, Y. Chen, Z. Zheng, Z. Zhou, A. Chen, Z. Jiang,
Artificial heart valves:: improved hemocompatibility by titanium oxide coatings prepared by
ion beam assisted deposition, Surface and Coatings Technology, 103–104 (1998) 146-150.
[131] W.A. Daoud, J.H. Xin, Nucleation and Growth of Anatase Crystallites on Cotton
Fabrics at Low Temperatures, Journal of the American Ceramic Society, 87 (2004) 953-955.
[132] K.K. Akurati, Synthesis of TiO2 based nanoparticles for photocatalytic applications,
Cuvillier, 2008.
[133] B. Ali, U.o.D.D.o. Physics, Astronomy, Study of Titanium Dioxide Based Dilute
Magnetic Semiconductors - The Role of Defects and Dopants, University of Delaware, 2008.
[134] R.W.G. Wyckoff, Crystal Structures, Interscience Publishers.
[135] M. Lazzeri, A. Vittadini, A. Selloni, Structure and energetics of stoichiometric TiO_{2}
anatase surfaces, Physical Review B, 63 (2001) 155409.

128

[136] M. Montazer, E. Pakdel, Functionality of nano titanium dioxide on textiles with future
aspects: Focus on wool, Journal of Photochemistry and Photobiology C: Photochemistry
Reviews, 12 (2011) 293-303.
[137] H. Yang, S. Zhu, N. Pan, Studying the mechanisms of titanium dioxide as ultravioletblocking additive for films and fabrics by an improved scheme, Journal of Applied Polymer
Science, 92 (2004) 3201-3210.
[138] G.X. Shen, Y.C. Chen, L. Lin, C.J. Lin, D. Scantlebury, Study on a hydrophobic nanoTiO2 coating and its properties for corrosion protection of metals, Electrochimica Acta, 50
(2005) 5083-5089.
[139] R. Wang, K. Hashimoto, A. Fujishima, M. Chikuni, E. Kojima, A. Kitamura, M.
Shimohigoshi, T. Watanabe, Light-induced amphiphilic surfaces, Nature, 388 (1997) 431432.
[140] M. Takeuchi, K. Sakamoto, G. Martra, S. Coluccia, M. Anpo, Mechanism of
Photoinduced Superhydrophilicity on the TiO2 Photocatalyst Surface, The Journal of Physical
Chemistry B, 109 (2005) 15422-15428.
[141] X. Chen, S.S. Mao, Titanium Dioxide Nanomaterials: Synthesis, Properties,
Modifications, and Applications, Chemical Reviews, 107 (2007) 2891-2959.
[142] S. Seifried, M. Winterer, H. Hahn, Nanocrystalline Titania Films and Particles by
Chemical Vapor Synthesis, Chemical Vapor Deposition, 6 (2000) 239-244.
[143] J. Yang, S. Mei, J.M.F. Ferreira, Hydrothermal synthesis of TiO2 nanopowders from
tetraalkylammonium hydroxide peptized sols, Materials Science and Engineering: C, 15
(2001) 183-185.
[144] D.D. Dunuwila, C.D. Gagliardi, K.A. Berglund, Application of Controlled Hydrolysis
of Titanium(IV) Isopropoxide to Produce Sol-Gel-Derived Thin Films, Chemistry of
Materials, 6 (1994) 1556-1562.
[145] M. Foruzanmehr, P.Y. Vuillaume, M. Robert, S. Elkoun, The effect of grafting a nanoTiO2 thin film on physical and mechanical properties of cellulosic natural fibers, Materials &
Design, 85 (2015) 671-678.
[146] L. Yan, N. Chouw, K. Jayaraman, Effect of UV and water spraying on the mechanical
properties of flax fabric reinforced polymer composites used for civil engineering
applications, Materials & Design, 71 (2015) 17-25.
129

[147] M. Khalfallah, B. Abbès, F. Abbès, Y.Q. Guo, V. Marcel, A. Duval, F. Vanfleteren, F.
Rousseau, Innovative flax tapes reinforced Acrodur biocomposites: A new alternative for
automotive applications, Materials & Design, 64 (2014) 116-126.
[148] N.A. Ibrahim, E.M.R. El-Zairy, W.A. Abdalla, H.M. Khalil, Combined UV-protecting
and reactive printing of Cellulosic/wool blends, Carbohydrate Polymers, 92 (2013) 13861394.
[149] T. Gredes, C. Kunert-Keil, M. Dominiak, T. Gedrange, M. Wróbel-Kwiatkowska, J.
Szopa, The influence of biocomposites containing genetically modified flax fibers on gene
expression in rat skeletal muscle, in: Biomedizinische Technik/Biomedical Engineering,
2010, pp. 323.
[150] M. Wróbel-Kwiatkowska, M. Czemplik, A. Kulma, M. Żuk, J. Kaczmar, L. Dymińska,
J. Hanuza, M. Ptak, J. Szopa, New biocomposites based on bioplastic flax fibers and
biodegradable polymers, Biotechnology Progress, 28 (2012) 1336-1346.
[151] J.H. Luft, IMPROVEMENTS IN EPOXY RESIN EMBEDDING METHODS, The
Journal of Biophysical and Biochemical Cytology, 9 (1961) 409-414.
[152] E.H. Livingston, Who was student and why do we care so much about his t-test?,
Journal of Surgical Research, 118 (2004) 58-65.
[153] B.D. Ratner, Chapter II.4.1 - Introduction: The Body Fights Back – Degradation of
Materials in the Biological Environment, in: Biomaterials Science (Third Edition), Academic
Press, 2013, pp. 695-696.
[154] P.A. Weiss, Renewable Resources: A Report to the Committee on Natural Resources of
the National Academy of Sciences-National Research Council, 1st ed., National Academy of
Sciences-National Research Council, Washington, D.C., 1962.
[155] Z. Liu, S.Z. Erhan, D.E. Akin, F.E. Barton, “Green” Composites from Renewable
Resources: Preparation of Epoxidized Soybean Oil and Flax Fiber Composites, Journal of
Agricultural and Food Chemistry, 54 (2006) 2134-2137.
[156] G. Cantero, A. Arbelaiz, R. Llano-Ponte, I. Mondragon, Effects of fibre treatment on
wettability and mechanical behaviour of flax/polypropylene composites, Composites Science
and Technology, 63 (2003) 1247-1254.
[157] E. Heuser, W. Shockley, A. Adams, E.A. Grunwald, Acetylation of Cellulose in
Phosphoric Acid Solution, Industrial and Engineering Chemistry, 40 (1948) 1500-1506.
130

[158] N. Bhat, A. Netravali, A. Gore, M. Sathianarayanan, G. Arolkar, R. Deshmukh, Surface
modification of cotton fabrics using plasma technology, Textile Research Journal, 81 (2011)
1014-1026.
[159] N.A. Siddiqui, E.L. Li, M.-L. Sham, B.Z. Tang, S.L. Gao, E. Mäder, J.-K. Kim, Tensile
strength of glass fibres with carbon nanotube–epoxy nanocomposite coating: Effects of CNT
morphology and dispersion state, Composites Part A Applied Science and Manufacturing, 41
(2010) 539-548.
[160] J. Andersons, E. Spārniņš, R. Joffe, Stiffness and strength of flax fiber/polymer matrix
composites, Polymer Composites, 27 (2006) 221-229.
[161] E. Nassiopoulos, J. Njuguna, Thermo-mechanical performance of poly(lactic acid)/flax
fibre-reinforced biocomposites, Materials & Design, 66, Part B (2015) 473-485.
[162] Gabriel Tojo, M. Fernández, Oxidations Mediated by TEMPO and Related Stable
Nitroxide Radicals (Anelli Oxidation), in: Oxidation of Alcohols to Aldehydes and Ketones,
Springer US, 2006, pp. 241-253.
[163] Y. Habibi, H. Chanzy, M.R. Vignon, TEMPO-mediated surface oxidation of cellulose
whiskers, Cellulose, 13 (2006) 679-687.
[164] J.H. Luft, Improvements in epoxy resin embedding methods, Journal of Cell Biology, 9
(1961) 409-414.
[165] G. Kim, W. Choi, Charge-transfer surface complex of EDTA-TiO2 and its effect on
photocatalysis under visible light, Applied Catalysis B, 100 (2010) 77-83.
[166] F.A. Cotton, Advanced Inorganic Chemistry, Wiley, 1999.
[167] M.C. Biesinger, L.W.M. Lau, A.R. Gerson, R.S.C. Smart, Resolving surface chemical
states in XPS analysis of first row transition metals, oxides and hydroxides: Sc, Ti, V, Cu and
Zn, Applied Surface Science, 257 (2010) 887-898.
[168] C.J. Brinker, G.C. Frye, A.J. Hurd, C.S. Ashley, Fundamentals of sol-gel dip coating,
Thin Solid Films, 201 (1991) 97-108.
[169] T. Saito, A. Isogai, TEMPO-Mediated Oxidation of Native Cellulose. The Effect of
Oxidation Conditions on Chemical and Crystal Structures of the Water-Insoluble Fractions,
Biomacromolecules, 5 (2004) 1983-1989.

131

[170] A.S. Herrmann, J. Nickel, U. Riedel, Construction materials based upon biologically
renewable resources—from components to finished parts, Polymer Degradation and Stability,
59 (1998) 251-261.
[171] S. Alix, L. Lebrun, S. Marais, E. Philippe, A. Bourmaud, C. Baley, C. Morvan,
Pectinase treatments on technical fibres of flax: Effects on water sorption and mechanical
properties, Carbohydrate Polymers, 87 (2012) 177-185.
[172] C. Baley, A. Le Duigou, A. Bourmaud, P. Davies, Influence of drying on the
mechanical behaviour of flax fibres and their unidirectional composites, Composites Part A
Applied Science and Manufacturing, 43 (2012) 1226-1233.
[173] J. Markarian, Biopolymers present new market opportunities for additives in packaging,
Plastics, Additives and Compounding, 10 (2008) 22-25.
[174] A. Bourmaud, J. Riviere, A. Le Duigou, G. Raj, C. Baley, Investigations of the use of a
mussel-inspired compatibilizer to improve the matrix-fiber adhesion of a biocomposite,
Polymer Testing, 28 (2009) 668-672.
[175] A. Bourmaud, S. Pimbert, Investigations on mechanical properties of poly(propylene)
and poly(lactic acid) reinforced by miscanthus fibers, Composites Part A: Applied Science
and Manufacturing, 39 (2008) 1444-1454.
[176] H. Wang, G. Xian, H. Li, Grafting of nano-TiO2 onto flax fibers and the enhancement
of the mechanical properties of the flax fiber and flax fiber/epoxy composite, Composites Part
A: Applied Science and Manufacturing, 76 (2015) 172-180.
[177] Y. Habibi, H. Chanzy, M. Vignon, TEMPO-mediated surface oxidation of cellulose
whiskers, Cellulose, 13 (2006) 679-687.
[178] A. Le Duigou, P. Davies, C. Baley, Exploring durability of interfaces in flax
fibre/epoxy micro-composites, Composites Part A: Applied Science and Manufacturing, 48
(2013) 121-128.
[179] A.S.f.T.a. Materials, Standard test method for water absorption of plastics, in: D570,
West Conshohocken, PA, 2010.
[180] Y.-B. Luo, X.-L. Wang, D.-Y. Xu, Y.-Z. Wang, Preparation and characterization of
poly(lactic acid)-grafted TiO2 nanoparticles with improved dispersions, Applied Surface
Science, 255 (2009) 6795-6801.

132

[181] J.K. Kim, Y.W. Mai, Engineered Interfaces in Fiber Reinforced Composites, Elsevier
Science, 1998.
[182] H.L. Bos, J. Müssig, M.J.A. van den Oever, Mechanical properties of short-flax-fibre
reinforced compounds, Composites Part A: Applied Science and Manufacturing, 37 (2006)
1591-1604.
[183] F.C. Campbell, Structural Composite Materials, ASM International, 2010.
[184] K. Berger, A. Gregorova, Thermal stability of modified end-capped poly(lactic acid),
Journal of Applied Polymer Science, 131 (2014) n/a-n/a.
[185] N.A. Bakar, C.Y. Chee, L.C. Abdullah, C.T. Ratnam, N.A. Ibrahim, Thermal and
dynamic mechanical properties of grafted kenaf filled poly (vinyl chloride)/ethylene vinyl
acetate composites, Materials & Design (1980-2015), 65 (2015) 204-211.
[186] Y.-C. Chien, C. Liang, S.-H. Liu, S.-H. Yang, Combustion Kinetics and Emission
Characteristics of Polycyclic Aromatic Hydrocarbons from Polylactic Acid Combustion,
Journal of the Air & Waste Management Association, 60 (2010) 849-855.
[187] P. Pan, B. Zhu, W. Kai, S. Serizawa, M. Iji, Y. Inoue, Crystallization behavior and
mechanical properties of bio-based green composites based on poly(L-lactide) and kenaf
fiber, Journal of Applied Polymer Science, 105 (2007) 1511-1520.
[188] T.C. Wong, L.J. Broutman, Moisture diffusion in epoxy resins Part I. Non-Fickian
sorption processes, Polymer Engineering & Science, 25 (1985) 521-528.
[189] M.S. Sreekala, S. Thomas, Effect of fibre surface modification on water-sorption
characteristics of oil palm fibres, Composites Science and Technology, 63 (2003) 861-869.

133

