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Abstract
The applications of natural fibers as reinforcing materials have received lots of attentions and
interests due to their unique advantages such as direct derivation from earth, sustainability,
degradability and so on. In addition, the employment of plant fibers as raw materials in engineering
and industries can promote sustainable agriculture. Cultivation of oilseed flax has grown recently
from 600,000 to 800,000 hectares in past few years in Canada. This can also provide a great
potential to use flax waste (straw), 2,000 kg/ha annually, as reinforcing materials in industry and
promote sustainable agriculture. These huge amounts of flax residuals usually burned or thrown
away which as result, leads to emission of CO2 into the atmosphere.
In two past decades, the employment of natural fibers in bio-composites as an alternative for flax
residuals disposal has received lots of interest and attention. The dramatic increase of publications
during this period supports this fact. This attention and interest has been attributed to public
awareness, Legal restrictions and environmental concerns associated to the synthetic fibers.
Moreover, the significant advantages of natural fibers such as low resin consumption, low tools
wear, cost effectivity; availability, environmentally friendly, degradability, low density and high
specific properties have converted the application of them very favorable.
However, the hydrophilic nature of cellulosic fibers as a main disadvantage makes them
incompatible with hydrophobic polymeric matrices. This poor compatibility between cellulosic
fibers and polymeric matrices mostly attributes to the presence of hydroxyl functional groups on
the backbone of the flax fibers that causes to hydrophilic properties of cellulosic fibers and poor
interfacial adhesion between cellulosic fibers and polymeric matrices.
The main goal of this research thesis is to convert of primary alcoholic groups (OH) available on
the surface of flax fiber to carboxyl groups by employment of TEMPO oxidation system in order
to facilitate the silane treatment process. Subsequently, carboxyl groups can more easily interact
with silane coupling agents. The surface functionality of as-received and treated fibers was
characterized using Fourier transform infrared and X-ray photoelectron spectroscopy.
Dynamic contact angle tensiometer was used to compare wettability of the oxidized and nonoxidized fibers after the silane treatment. The interaction between flax fiber and polymer was
characterized using scanning electron microscopy (SEM). The results indicated that the TEMPO
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oxidation significantly improved the bonding efficiency of the silane coupling agents on the fiber
surface. Thus, the compatibility between the flax fibers and the epoxy resin was improved. In
addition, the water absorption of the modified fibers was remarkably reduced, while the contact
angle of the flax fibers was increased.
Keywords: flax fiber, pre-treatment, TEMPO oxidation, silaine treatment, tensile test, wettability,
characterization.
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Résumé
Les demandes des fibres naturelles comme matériaux de renforcement ont reçu beaucoup
d'attentions et d'intérêts en raison de leurs avantages uniques tels que la dérivation directe de la
terre, la durabilité, la dérivabilité, etc. En outre, l'emploi des fibres végétales comme matières
premières dans l'ingénierie et les industries peut favoriser l'agriculture durable. La culture du lin
oléagineux est passée de 600 000 à 800 000 hectares au cours des dernières années au Canada. Cela
peut également constituer un excellent potentiel d'utilisation des déchets de lin (paille), 2 000 kg
par an par année, en tant que matériaux de renfort dans l'industrie et promouvoir l'agriculture
durable. Ces énormes quantités de résidus de lin sont généralement brûlées ou jetées, ce qui entraîne
l'émission de CO2 dans l'atmosphère.
Au cours des deux dernières décennies, l'emploi de fibres naturelles dans les biocomposites comme
possibilité à l'élimination des résidus de lin a suscité beaucoup d'intérêt et d'attention.
L'augmentation spectaculaire des publications au cours de cette période prend en charge ce fait.
Cette attention et cet intérêt ont été attribués à la sensibilisation du public, aux restrictions légales
et aux préoccupations environnementales associées aux fibres synthétiques. En outre, les avantages
importants des fibres naturelles, comme la faible consommation de résine, l'usure des outils,
l'efficacité des coûts; la disponibilité, l'environnement, la dégradabilité, la faible densité et les
propriétés spécifiques élevés ont transformé la demande des fibres naturelles très favorable.
Cependant, la nature hydrophile des fibres cellulosiques comme inconvénient principal les rend
incompatibles avec des matrices polymères hydrophobes. Cette mauvaise compatibilité entre les
fibres cellulosiques et les matrices polymères attribue principalement à la présence de groupes
fonctionnels hydroxyles sur l'ossature des fibres de lin qui provoque des propriétés hydrophiles des
fibres cellulosiques et une faible adhérence interfaciale entre les fibres cellulosiques et les matrices
polymères.
L'objectif principal de cette thèse de recherche est de convertir des groupes alcooliques primaires
(OH) disponibles à la surface de la fibre de lin en groupes carboxylés par l'emploi d'un système
d'oxydation TEMPO afin de faciliter le traitement du silane. Par la suite, les groupes carboxylés
peuvent interagir plus facilement avec des agents de couplage au silane. La fonctionnalité de
surface des fibres reçues et traitées a été caractérisée en utilisant la spectroscopie à infrarouge à
transformer de Fourier et à la Spectrométrie photo électronique X.
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Un tensiomètre à angle de contact dynamique a été utilisé pour comparer la mouillabilité des fibres
oxydées et non oxydées après le traitement au silane. L'interaction entre les fibres de lin et le
polymère a été caractérisée en utilisant une microscopie électronique à balayage (MÉB). Les
résultats indiquent que l'oxydation TEMPO a considérablement amélioré l'efficacité de liaison des
agents de couplage silane sur la surface de la fibre. Ainsi, la compatibilité entre les fibres de lin et
la résine époxy a été améliorée. En outre, l'absorption d'eau des fibres modifiées a été
considérablement réduite, tandis que l'angle de contact des fibres de lin a été augmenté.
Mots-clés: fibre de lin, prétraitement, oxydation de TEMPO, traitement de silane, essai de traction,
mouillabilité, caractérisation.
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1. Introduction
1.1. Problem definition and objectives of the research
Over the past several decades, composites have received lots of interest and attention for their
applications in various types of industries and sectors such as automotive, construction, furniture,
packaging and so on [1]. A manmade composite constituted of two different phases, reinforcement
and matrix. This combination create attractive composites with properties which not available in
nature. The introduction of each one of phases into the combination cause to changes in final
properties of fabricated [2].
Composites fabricated from biodegradable materials, basically plant-derived fibers like flax fiber
and bio-derived plastics such as PLA or PHAs, called biocomposites [2] [3]. Various types of
thermoplastics such as polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC) and
polylactic acid (PLA) widely applied in composites as matrix [2]. Among thermoplastics, PLA,
polyesters of lactic acid, due to biodegradability and commercial availability frequently employed
in biocomposites. Polylactic acid is a polymer made from renewable agricultural raw materials.
Then, it is a completely biodegradable material to use in biocomposites. However, some serious
weaknesses such as thermal instability, stiffness and brittleness attributed to PLA which make the
application of PLA with some limitations. Employment of various types of fibers as reinforcement
in composites is one of the main solution to decrease or overcome this problems [4].
There are many different types of natural fibers which categorised according to their origins or
derived parts such as leaf (e.g. date palm, henequen, pineapple, sisal), grass (alfa, bagasse, bamboo)
bast (e.g. flax, hemp, jute), fruit (e.g. coir, silk floss), seed (e.g. cotton) and stalk (straw) [5].
Natural vegetable fibers as a solution have received lots of attention and interests. This attention is
mostly due to their unique advantages such as derived from earth, renewability, environmentally
friendly, relatively low density, high specific stiffness, high specific strength (high specific
properties), sustainability, biodegradability, affordability etc. [1] [5]. Nevertheless, there are some
important obstacles attributed to vegetable fibers that encounter the utilization of them in
biocomposites as reinforcement with some serious restrictions. The most important ones include
poor interfacial adhesion between hydrophilic fibers (polar) and hydrophobic matrices (nonpolar),
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difficulties in mixing of fibers (due to poor resistance to moisture uptake) with the matrix and
processing temperature resistance [7] [8] [9].
A considerable drawback for natural fibers is their hydrophilicity (polarity) due to existing of
hydroxyl groups in the structure of fibers, cellulose, which make them incompatible with nonpolar
hydrophobic polymer matrices [8]. This leads to formation of weak interfaces between fibers and
matrices also creation of biocomposites with non-uniformly dispersed fibers within matrices [7].
Moreover, hydrophilic nature of cellulosic fibers leads to swelling of moisture by them. As result,
mechanical properties of fabricated composites significantly decreased and biocomposites become
vulnerable to attacked and destructed by fungus [5][7].
Low resistance to processing temperatures is the other mentioned weakness for the natural fibers.
Even though most of natural fibers cannot resist for long time in temperatures above 175 ° C and
start degrading. Thermoset polymer matrices require high cure temperatures. Accordingly, there
are limitations to use natural plant fibers with high temperature curing thermosets [5].
To overcome the mentioned problems and to improve interaction between fibres and matrices,
scientist have been performed many efforts including physical (Corona, cold plasma), chemical
(e.g. acetylation, alkali, silane) and physicochemical treatments experiments [8] [9] [10]. Among
various proposed chemical methods, utilization of compatibilizers and adhesion promoters such as
silane based coupling agents to reduce moisture absorption has shown acceptable performance [5].
Chemical modification can improve surface of natural fibers by replacing functional hydroxyl
groups with suitable functional groups such as amines, methacrylate and epoxides. Treatments can
take place by grafting of polymers and/or coupling agents to the natural fibers [10] [11] [12].
Researchers to improve the degree of crosslinking between fibers and matrices and in order to
prepare more efficient bonding in interface region have applied various types of coupling agents
such as lysine-based diisocyanate, toluene diisocyanate and silane-based coupling agents [13] [14]
[15]. They have applied various species of silane coupling agents as modification molecules in
natural vegetable fibers. They extensively applied silane as adhesion promoters and filler in
polymer composites reinforced by mineral fibers (e.g. glass fiber reinforced polymer composites)
[15].
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Surface modification by silane have been also demonstrated a great potential to improve
hydrophilic nature of natural fibers and reduce water sorption rate in them. Moreover,
agglomeration of fibers during fabrication of biocomposites due to weakening of hydrogen bonds
between natural fibers would be reducing [5] [15]. For this purpose, researchers have been applied
various types of Amino-silane based agents such as 3-aminopropyltriethoxysilane (APTES),
3aminopropyltrimethoxysilane (APTMS) and 3-methacryloxypropyltrimethoxysilane (MPTMS)
to improve the interfacial adhesion (in interface) between natural fibers and different polymer
matrices such as PP, PLA and epoxy and hydrophobic properties of Natural vegetable fibers [15]
[16].
One of modification methods, which has been extremely taken into consideration by researchers,
is silane treatment via TEMPO-mediated oxidation. This method provide hydroxyl groups on
natural fibers through the oxidation. Then, the generated hydroxyl groups on the surface of natural
fibers via hydrogen bonding can make interact with silanols which prepared from hydrolysis of
silane groups [17].
Furthermore, this method offers several additional advantages such as high selective oxidation,
better-controlled method and taking place in mild conditions [13] [14] [15]. In this method,
reactions take place in room temperature and reaction time reduced. Hence, fibers will be less
exposed to harmful substances [18].
TEMPO-mediated oxidation is an efficient method, which has been widely applied to selective
oxidation of alcoholic hydroxyl groups to aldehydes, ketones and carboxyl groups under mild and
aquas conditions [19] [20]. Accordingly, this method can also introduce carboxyl functional groups
and some slight amounts of aldehydes to cellulosic fibers [21] [22].

1.2. Objective of project
Three principal objectives have been considered for this project.
The first objective is to investigate the effect of the TEMPO mediated oxidation under mild
conditions on reactivity of surface of flax fiber for the subsequent bonding with silane-coupling
agents.
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Second objective including studying of thermal stability, wettability and mechanical properties of
the surface-treated fibers and comparison with the as received fiber.
Finally, the interactions of as-received fibers and silane-treated flax fibers with the bio-epoxy
resin will be investigated.

1.3. Structure of thesis
This master thesis principally consists of five chapters:
Chapter 1: In this chapter the definition of project, problem statement, and objective of this study
will be presented (Introduction).
Chapter 2: The second chapter is an overview on classification, physical structure and chemical
composition of natural vegetable fibers. Moreover, this chapter briefly survey the various methods
of surface modification of natural fibers (literature survey).
Chapter 3: This chapter covered the experimental program developed in order to achieve the
objectives of project. In addition, the characteristics of the used materials and experimental
procedures describe (Methodology).
Chapter 4: This chapter analyzes and explains the obtained results throughout the project phases
(Results and analysis).
Chapter 5: Conclusions and perspectives. This chapter presents a summary of final conclusions
of this research project.
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2. Literature review
2.1.

Biocomposites reinforced by natural fibers

Biocomposites reinforced by natural vegetable fibers have opened new windows to design,
relatively, environmental friendly materials [38]. Each composite constituted of two or more
different phases. They are composed of a reinforcement phase with strong materials, fibrous and
particulate, which embedded in a matrix phase [25] [39]. The obtained product from the
combination of these two different phases is a new material with entirely different properties from
the components. The phase between fibre and matrix, so called interface, is also important in term
of composite performance. The main duty of interface is to transmission of externally applied loads
to the reinforcement through shear stresses throughout the interface. Hence, the interface layer is a
key parameter in composites due to significantly influence on elasticity, physical and mechanical
properties of composites [39] [40]. Nevertheless, due to hydrophilic nature of vegetable fibers
which cause to decrease of interfacial properties between fiber and polymer matrices chemical
modifications have applied to optimize interface [25] [41].

2.2.

Matrices

Matrix is the constant phase of composites that reinforcing materials embedded in them. Transfer
of externally applied loads through the shear stress at the interface and protection of reinforcing
materials or fillers against environmental and mechanical damages are the main duties of matrices
[39].

2.3.

Reinforcements

Reinforcement is the phase in which strong fibrous materials, derived from nature, provide stiffness
and strength for biocomposites. Increasing and control of mechanical properties of composites is
the major functionality of reinforcing materials [39].

2.3.1. Fibers as reinforcement
Fibers are long particles that their length basically are several times greater than their diameter.
Fibers based on their origin and nature classify into two main subordinate groups. They are natural
and manufactured fibers and both can divide into two main organic and inorganic. Fig. 1 has shown
the classification of fibers [23].
5

2.3.1.1.

Manufactured fibers

Manufactured or man-made fibers are the fibers which fabricated by humans. Organic and
inorganic substances could be employed in their fabrications.
Organic man-made fibers are the fibers which produced by man and using organic materials in
their components [23].
Inorganic man-made fibers are the other types of manufactured fibers. They are the most common
and fabricated by applying inorganic material. Inorganic man-made fibers according to their
structures divided into two main subdivision including vitreous (amorphous) and crystalline [23].
Some mineral fibers such as glass fibers, glass wool etc. suspected as potential carcinogenic
substances[23][24].

2.3.1.2.

Natural fibers

Natural fibers like manufactured (based on their origins) classify into two major groups including
organics and inorganics fibers [23].
Inorganic natural fibers has been consisted of various types of inorganic ingredients such as
silicates, oxides, carbonates and so on. Among them asbestos has been very well known as a
carcinogenic potential material [23] [24].
Whereas, organic natural fibers have been composed of natural organic elements. Organic natural
fibers according to their origins and natures could be divided into animal and vegetable fibers [23].
Animal fibers are the fibers which derived from protein such as wool\hair and silk fibers [3] [11].
Natural vegetable fibers as one of the most interesting natural fibers have received lots of interest
in past few decades due to their unique benefits like biodegradability etc. [14]. Vegetable (plant)
fibers are lignocellulosic-based fibers. They are a vast variety of natural fibers which categorized
according to their origin or derived organs [25]. Natural plant fibers have been valued as reinforcing
materials. Cellulosic fibers can be used as reinforcing alternative to the conventional fibers (such
as glass, aramid, carbon, etc.) in composites [3] [11].
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Figure 1. Classification of fibers [29].

2.3.1.3.

Physical structure and properties of natural fibers

Diversity and hierarchical microstructure of natural plant fibers make them complex to study and
evaluate [27]. Natural plant fibers depend on derived part (i.e. stem, leaf) have different defects
and are different in length and cross-sectional area [8] [28].
According to the literature chemical properties of natural fibers such as degree of polymerization,
cellulosic contents, crystallinity and orientation could be affected by growing conditions and
processing methods [29] [8]. Natural vegetable fibers have a hierarchical structure. A single fiber
fundamentally composed of cellulosic micro fibrils embedded in an amorphous matrix phase,
mainly lignin and hemicelluloses [14] [16].
Each fiber cell composed of one primary and three secondary cell walls. The primary cell wall, in
his turn, composed of 30% cellulose, 25% hemicellulose, 35% pectin and 10% protein. Although,
this ratio could be vary from one plant to another [31]. Natural vegetable fibers are cellulosic fibers
containing cellulosic micro fibrils that placed in helically wound directions and provide structural
support for cell wall [5][32]. Fig 2 and 7 illustrate the structures of natural fiber cell wall [7] [33].
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Figure 2. The structure of natural fiber [7].
Secondary cell wall form the majority of the fiber and consisted of three wall (SW1, SW2 and
SW3). Among cell walls, the middle or second cell wall (SW2) is the thickest and contain the most
amount of cellulose. Cellulose 35%, hemicellulose (including pectin) 25% and lignin (up to 35%)
are the approximate ratio of secondary walls components [31]. Table 1 shows physical and
mechanical properties of some different vegetable fibers [3] [16][34].
Type of

Tensile

Young’s

Density

Elongation

Type of

fibers

strength

modulus

g/cm3

at break

fibers

(MPa)

(%)

Flax

Bast (stem)

345-1500

27.6

1.5

2.7-3.2

Hemp

Bast (stem)

690

30-70

1.14-1.47

1.6

Jute

Bast (stem)

373-393

26.5

1.3

1.5-1.8

Sisal

Leaf

511–635

9.4-22

1.5

2-2.5

Table 1. Physical and mechanical properties of various NF [3] [16] [23].

2.3.1.4.

Chemical composition of natural fibers

Lignocellulosic biomass including cellulose, hemicellulose, lignin, pectin, wax and minerals are
the main constituents of natural plant fibers [25][30] [33]. Cellulose, hemicellulose and lignin, Fig.
7, are organic polymers that constitute more than 75% of lignocellulosic materials [33]. However,
depend on type of fibers their chemical composition could be varied. However, depending on the
8

type of fiber their constituents can be different. Some of these substances such as pectin and wax
have been mentioned as surface impurities [30]. Table 2 has shown the chemical compositions of
some natural fibers [6] [19] [21].
Type of

Cellulose

Hemicellulose

Lignin

Pectin

Moisture

Waxes

fiber

(wt %)

(wt %)

(wt %)

(wt %)

content (wt

(wt %)

%)
Flax

71

18.6-20.6

2.2

2.3

8.12

1.7

Hemp

70-74

17.9-22.4

3.7-5.7

0.9

6.2-12

0.8

Jute

61-71.5

13.6-20.4

12-13

0.2

12.5-13.7

0.5

Kenaf

45-57

21.5

8-13

3-5

-

-

Ramie

68.6-76.2

13.1-16.7

0.6-0.7

1.9

7.5-17

0.3

Sisal

66-78

10-14

10-14

10

10-22

2

Cotton

85-90

5.7

-

0-1

7.85-8.5

0.6

Table 2. Chemical compositions of some fibers [35] [5] [7].

2.3.1.4.1.

Cellulose

Cellulose, Fig. 3, is one of the crystalline structural polysaccharides and major component of
lignocellulosic biomass. Whereas lignocellulose is the basic element of plant cell wall [25]. Among
chemical compositions of cell wall the amount of cellulose is the most important factor to
increasing stiffness and fabrication of biocomposites [36].
Vegetable fibers are mostly including 60-80% cellulose which made of three major elements:
carbon, hydrogen and oxygen with a common formula of C6H10O5 [25]. Cellulose is a semi
crystalline polysaccharides and each semi crystalline polysaccharide composed of smaller Dglucopyranose units or chains which glued or attached by β-(14)-glucosidic bonds to each other
[25] [37].
Cellulose has three hydroxyl groups in his chemical structure, which in macromolecular celluloses
structures form hydrogen bonds, and gives natural vegetable fibers a hydrophilic property [36]
[37]. Scientists reported that one of these hydroxyl groups participates in intermolecular hydrogen
bonds and two others form intermolecular bonds Therefore, cellulose components through
hydrogen bounds supply strength and stiffness for fibers [25] [36].
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Figure 3. Chemical structure of cellulose [38].
Cellulose has known as the main structural constituent of cell wall in vegetable fibers and mainly
found in secondary cell wall. Among secondary cell walls, SW, the middle secondary cell walls,
SW2, containing the most amount of cellulose [33].
Molecules of cellulose laid down in micro fibrils and form highly ordered (crystalline) and less
ordered (amorphous) area in micro fibrils. Micro fibrils composed of long chain of cellulose and
hemicellulose. Fig. 4 shows chemical structure of micro fibrils in detail [37][39].

Figure 4. Chemical structure of micro fibrils [39].
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2.3.1.4.2.

Hemicellulose

Hemicellulose is a quite amorphous polymer that highly branched and consisted of polysaccharides
such as glucose, mannose, galactose, xylose, and so on. Molecular weight in hemicellulose is
considerably less than cellulose [3] [25]. Hemicellulose carries lots of hydroxyl and acetyl groups
on his structure. As result, it’s soluble in water to somewhat and hygroscopic [37].
Hemicellulose likes a matrix envelop cellulose through strong hydrogen bonds [25] [37]. They
have been known as the responsible of biodegradation, moisture absorption, and thermal
degradation of the fibers [25]. In addition, increasing of strength in cell wall and binding of adjacent
micro fibrils to each other has been considered as major roles of hemicellulose [25] [31] [7]. Fig.
5 demonstrates the chemical structure of hemicellulose [40].

Figure 5. Chemical structure of hemicellulose [40].

2.3.1.4.3.

Lignin

Lignin has known as the most abundant renewable aromatic biopolymer [41]. Plant fibers regularly
consist of 5-20% lignin in their compound [25] [30]. Lignin is highly complex and amorphous.
It has been proposed that Lignin is a copolymer which composed of three dimensional aliphatic
and aromatic hydrocarbon polymers, phenyl propane unites, which situated around fiber [25] [37].
They are highly complex and amorphous [28] [37]. Among the components of natural vegetable
fibers lignin has the lowest water absorption [37]. Fig. 6 shows chemical structure of lignin [42].
Lignin bounded cellulose micro fibrils to each other and increases the strength of hemicellulosecellulose network [27] [15] [43]. Fig. 6 shows chemical structure of lignin [28]. Lignin acts as
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cementing agent and keep fibers together in bundles [43]. Lignin and other non-cellulosic materials
modify the ultimate properties of fibers and responsible for the UV degradation of the fibers [25].

Figure 6. A part of lignin molecule [42].

2.3.1.4.4.

Pectin

Pectin is a collective name for heteropolysaccarides and basically made up of polygalacturon acid,
sugar units of different composition and respective methyl esters [28] [44]. It has been reported
pectin forms a viscous matrix for primary cell wall which sticks walls together and is responsible
for the plant flexibility [31] [7]. In addition, the external porous cell wall composed of pectin and
other non-structural carbohydrates [14].
Pectin is solubilize in water just after a partial neutralization with alkali or ammonia hydroxide
[16]. Pectin in fiber cells causes to overlap and creation of link between them, as result, creation of
strength fiber cells[27]. Fig. 7 proposed a chemical structure of pectin [45].
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Figure 7. Chemical structure of pectin [45].

2.3.1.4.5.

Wax

Waxes has been formed part of fibers and consist of various types of alcohols [7]. They are
insoluble in water and several types of acids such as plasmatic, oleaginous and stearic acids. Waxy
substances can be extracted with organic solutions [46].

2.3.1.4.6.

Moisture

Moisture content can contributes to specify properties and end use of natural plant fibers. High
moisture absorption of the fibers can lead to swelling and inappropriate mechanical properties of
them. Moisture content is one of the most effective factors to fabricate reinforced composites by
natural vegetable fibers [36]. Moisture absorption of natural plant fibers reinforced composites is
one of the main concerns associated with them. Moisture absorption may leads to significant effects
on physical, mechanical and thermal properties of natural vegetable fibers [34].

2.3.1.5.

Advantages of natural vegetable fibers

Dramatic increase in researches regarding applications of natural fibers as reinforcing materials in
biocomposites has shown a high demand in this area of research [3] [36].
There are many significant advantages to replace synthetic fibers (glass or carbon) by natural fibers.
Some of these advantages include less tools abrasion during processing, low energy consumption,
carbon neutral, renewability, non-skin irritation, low density, high specific stiffness, high specific
strength

(high

specific

properties),

sound

absorption,

combustibility,

biodegradability, affordability and environmentally friendly [14] [15] [36].
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sustainability,

Scientists declared having higher specific properties of natural fibers in comparison with the glass
fibers is the major advantage to motivate the application of plant fibers in composites as
reinforcement [30].

2.3.1.6.

Disadvantages of natural vegetable fibers

Despite of remarkable privileges of natural fibers some drawbacks are associated with them. They
are including high moisture adsorption, low durability, poor microbial resistance, variation in
quality and dimensions, lower tensile strength and thermal resistance in plant fibers than the
synthetic fibers, aggregation tendency during the processing, demand and supply cycles [25] [27]
[30].
In addition, Purification of plant fibers due to easily invaded by various microorganisms such as
fungus in high degrees of moisture is difficult [3]. Since plant fibers start to degrade at further 200230 ˚C the application of natural fibers for reinforcement of plastic materials (polymers) has faced
some limitations [25] [47].
One of the main aspects of plant fibers is relatively high moisture absorption of them due to
hygroscopic property of cellulose as the main constituent of natural vegetable fibers [25].
According to many reports, natural high polarity and hydrophilicity of plant fibers, due to
containing large amounts of the hydroxyl group in their components, make them incompatible with
hydrophobic polymer matrix or non-polar polymers. Moreover, the high atmospheric moisture
absorption can lead to dimensional changes and decrease in mechanical properties of natural plant
fibers. These alterations eventually can cause to dramatic reduction in application of natural fibers
as a great potential for reinforcement of composites [25] [8] [36].

2.3.1.7.

The applications of natural fibers reinforced polymers

Natural fibers have wide ranges of applications in various types and parts of industries such as
textile, paper, packaging, automotive industry, aerospace, electronics, military, civil engineering,
and so on [19] [48] [49] . Fig. 8 displayed the application of composites reinforced by natural plant
fibers in different industries in 2002 [48].
Hemp fiber-epoxy, flax fiber-polypropylene (PP), and china reed fiber-PP are some examples of
natural fiber composites employed in automotive due to their lower cost, weight and density.
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Reducing of automobiles weight leads to fuel efficiency and as a result cause to emission reduction
[26].
Hard fibers, mostly bast and leaf, are the most common applied fibers in composites. Natural (plant)
fibers generally employed in reinforced plastic materials. The replacement of asbestos fibers with
flax fibers in automobile disk-breaks to decrease the pollution is one of the best example of
technical application of natural fibers in industry and technology as well [5].

Figure 8. Plastic composites reinforced by natural vegetable fibers in 2002 [48].

2.4.

Influential factors in natural fibbers’ properties

There are various factors strongly affected the different properties of natural fibers including
physical, mechanical and chemical properties. These factors comprising region, climate,
harvesting, processing, weather conditions, age of the plant, digestion, soil characteristics and
preparation [5]. Nevertheless, properties of composites strongly depends on their architecture,
fiber-matrix interface and properties of components [3].
In addition, some other influential factors affect mechanical properties and chemical bindings at
the interface. These factors are mainly including surface morphology and chemical composition of
the vegetable fibres, polarity of the matrix resin and so on. Incompatibility between reinforcement
fiber and resin matrix, due to hydrophilicity, is an important factor which can determine the extent
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of adhesion between plant fibers and matrices. Accordingly, employment of physical and chemical
modifications can enhance adhesive between fibre and matrix [35].
Existing of hydroxyl groups in various constituents of natural fibers cause to high moisture
absorption in biocomposites. As result, moisture absorption leads to weak interfacial bonding
between cellulosic fibers and polymeric matrices [50].

2.5.

Flax fiber as a reinforcing composite

Flax has considered as an important plant from the viewpoint of agronomy and economy in Canada.
Due to increasing of bio-economy, the employment of flax fibers in various types of applications
such as animal bedding, horticultural mulch, particleboard, insulation board, loose-fill insulation,
plastic composite reinforcement\filler, and heating fuel have taken into consideration [54] [55].

2.5.1. The structure of flax fiber
Flax fibers have valued since they are relatively one of the strongest fibers. There are various
parameters can affect the composition and chemical structure of the flax fibers. They are including
type and species of plant, terms and conditions of plantation and climatic, nutritional quality of soil
and quality of the retting process [56].
Flax plant is a high plant with about 80 cm length. The origin of flax fibers are procambial cells in
primary phylum. Flax fibers are long and multinucleate cells without partition [57]. A flax stem
from outer parts towards the inner composed of bark, phloem, xylem and a central void. Fibers are
the main components of phloem which bonded together by mixture of hemicellulose and pectin
[58]. Fig. 9 depicted an inner schematic of flax fiber [42].
Flax fiber like other fibers has a hierarchical structure. A flax stem averagely has 2-3 mm
dimension. Bundles of bast fiber derived from stem which so-called fiber bundles constitute the
outer layer of flax fibers. Technical fibers consist of 10-40 elementary fibers derived from fiber
bundles. Each technical fiber has a length and dimension of 1m and 1-5 μm, respectively.
Elementary or single fibers obtained from technical fibers are 2-5 cm in length and 5-35 μm in
dimension. A mixture of hemicellulose and pectin attach them to each other [59]. A schematic of
flax fiber has been displayed in figure 10 [43].
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Micro-fibrils are the smallest component of hierarchical structure of natural fibers, which derived
from Meso-fibrils. They have a dimension of 1-4 nm and 0.1-0.3 μm, respectively. The tensile
strength of some fibers like flax fibers are strongly depends on the length of fibers. While some
other, fibers such as pineapple are less dependent on length. Fig. 8 and 9 represents a cross section
and schematic of hierarchical structure of flax fibers, respectively [42] [43].

Figure 9. Schematic representation of a flax fibre from stem to micro fibril [42].
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Figure 10. A schematic displays flax fiber from stem to micro fibrils [43].

2.6.

Methods to improve performance of biocomposites

2.6.1. Surface modification of natural fibers
Surface treatment of natural fibers by means of interface improvement can leads to enhancement
of mechanical properties in biocomposites. Accordingly, several different methods including
physical, chemical and physico-chemical methods have been employed by researchers to improve
interfacial adhesion between natural fibers and matrices [7].

2.6.1.1.

Physical treatment of natural fibers

Scientists pointed out that there are two major reasons to perform the physical treatment on
natural fibers as follow [35].


To obtain individual filaments by separation of fiber bundles such as steam explosion and
thermomechanical process.



Fibers modification to apply them in composite reinforcement.

Physical treatments also apply to remove surface impurities, proper contact preparation between
the surfaces and reactivity improvement of polymers like thermoplastic polymers on the surface
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[47]. Physical treatments do not change the chemical properties of plant fibers while they change
the structural and surface properties of the fibers and as a result affect the mechanical adhesion to
the matrix [28]. There are also some other methods such as solvent extraction and steam distillation.
Solvent extraction applied to remove the volatile terpenes and steam distillation employed to
remove resin acids, fatty alcohols, fatty acids and waxes [47].

2.6.1.2.

Physico-chemical treatments of natural fibers

Corona defines 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”. During this process, an unstable form of oxygen regularly
generates. Depend on polarity of the field and the electrode geometrical configurations, corona
discharges take places in several forms such as positive and negative corona [47]. Generally, this
process has been used to change the surface energy of the cellulosic fibers. The best considered
duration for this process is 15 min. more duration did not show more improvement [6].
In an effort, Bataille and his colleagues pretreated cellulose by corona to improve the efficiency of
a grafting process [51].
Plasma discharge 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.
It has been proposed that Plasma via roughening of the fiber by the sputtering effect can produce
contact area that increases the friction between fibers and polymeric matrices [47]. In a study,
researchers employed cold plasma followed by autoclave treatments to modify the permeametric
properties of composite reinforced by flax fiber [52]. This method can create reactive free radicals
and groups on the surface of cellulosic fibers. In addition, the surface energy can be changed,
increased or decreased [6].

2.6.1.3.

Chemical modification of natural fibers¸

Chemical treatments apply to modify surface and structure of natural fibers. Chemical
modifications eventually cause to permanent changes in the nature of cell walls. Generally,
chemical modifications can leads to rising dimensional stability, reduction of water absorption and
resistance increasing against fungal putrefaction. However, there is possibility to dynamic strength
reduction such as decline of impact resistance due to embrittlement. Since cellulosic fibers are
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incompatible with hydrophobic polymers, due to hydrophilic nature of natural fibers, chemical
treatment of natural vegetable fibers takes place to improve compatibility between two hydrophilic
natural fiber and hydrophobic polymer matrix [21] [41].
Furthermore, chemical treatments can modify natural fibers by replacement of functional hydroxyl
groups with suitable functional groups such as amines, methacrylate and epoxides [60].
To this purpose, different method have been employed such as alkaline treatment, silane treatment,
isocyanate treatment, and acetylation [25]. In addition, creation of reactive hydroxyl groups on the
surface of natural fibers could be a great solution [7] [24]. Some of these chemical treatment
methods discussed in follow.

2.6.1.3.1.

Alkaline treatment

Alkaline treatment or mercerization has been considered as one of most common and oldest
chemical method to modify cellulosic fibers. Alkaline treatment of cellulosic fibers strongly
depends on the type and concentration of the alkaline solution, temperature, time of treatment and
tension of the materials. During alkali treatment, natural fibers immerse in NaOH solution for a
certain time [28].
Alkali treatment disrupt hydrogen bindings in the network structure. As result, surface roughness
enhances. Mercerization also leads to extraction of some covering surface materials of fibers cell
wall such as lignin, wax and oils. In addition, this treatment causes to depolymerization of cellulose
and exposure of short length crystallites [37]. Figure 10 display a typical pattern of alkali treated
and untreated fiber [36].
Since high concentrations of NaOH cause to excess delignification of natural fibers and creation
of weaker fibers. Therefore, a sodium hydroxide solution with 5% concentration has shown best
results [53].
In general, two important effects have been considered for alkali treatment. The first one is to
increase of surface roughness which cause to improve of mechanical interlocking. The second
effect is to increase of reaction sites by enhancement of cellulose exposed on the surface of fiber.
Accordingly, alkaline treatment can improve mechanical, impact fatigue and dynamic mechanical
behaviors of biocomposites [37].
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Figure 11. A typical structure of (a) untreated and (b) alkalized cellulosic fiber [36].

2.6.1.3.2.

Silane treatment

Silane with the general formula of 𝐒𝐢𝐇𝟒 frequently has been applied as coupling agent in glass
fibers-reinforced composites, stabilizer, to improve properties of interface in fiber-reinforced
biocomposites [15]. These coupling agents can reduce the number of hydroxyl groups in the
interface [37].
Generally, silane treatment or grafting of silane coupling agents take plsces in four distinguished
and consecutive steps including hydrolysis, self-condensation, adsorption and grafting [15].
Silane is an inorganic compound with a hydrophilic nature and has been known as one of the most
efficient coupling agents. Fig 10 has shown constitution of aloxysilane bond by hydroxyl groups
which contains of cellulose substrates [28].
Silane coupling agents are widely employed as adhesion promoter in many adhesion formulas and
in inorganic filler reinforced polymer composites [15] [37]. This method eventually leads to
improvement of hudrophilicity in the interface [6]. Bledzki and co-workers reported that the
application of silanes agents could increase the tensile and Young’s modules up to 50% [28].
Silane agents due to their bifunctional structures have taken into consideration for their application
in natural fiber composites reinforcement. They are very talented to attach to the matrix from one
end and reacts with the hydroxyl groups from the other end [15].
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Silanization process starts with hydrolysis (Fig 11. a) of silane monomers in the presence of
moisture and catalyst. As a result, alcohol is released and silanol groups are forming.
Then the process continues with simultaneous self-condensation (Fig 11. b) of silanols during the
hydrolysis step. For the scattering of small molecular size of monomers or oligomers into the cell
walls, the condensation should be controlled. To this order, the pH of the hydrolysis system must
be controllable and adjusted. It is noteworthy that acidic environments are preferable since
accelerate the hydrolysis rate of silanes. However, it causes to slow down the condensation rate of
silanols.
The third step follows with the absorption (Fig 11. c) of silanols to the hydroxyl groups of natural
fibers through the existing hydrogen bonds on the surfaces of natural fibers. This step continues by
generating of strong polysiloxane structures which formed by the absorption and attachment of free
silanols to each other via the Si-O-Si bonds.
Finally, the process completes by generating of covalent -Si-O-C- bonds through the conversion of
hydrogen bindings between OH groups of fiber and silanols by heating (Fig 12. d). Water as
byproduct during the curing process is released. Importantly should be mentioned the reversibility
of -Si-O-C- bonds after releasing of water at a raised temperature [15].

22

Figure 12. Silane treatment of natural fibers through the hydrolysis process [15].

2.6.1.3.3.

Acetylation

A reaction in which an acetyl functional group (CH3COO ¯) introducing into an organic compound
has been described as acetylation. In chemical treatment of natural fibers, acetylation refers to
esterification method, which resulted in plasticization of cellulosic fibers. Acetic acid (𝐶𝐻3 𝐶𝑂𝑂𝐻)
as by product of the reaction must be removed from the lignocelolosic materials before utilization
of the fiber. In this method, treatment takes place by utilization of acetic anhydride [(𝐶𝐻3 -C (=O)O-C (=O) -𝐶𝐻3 )]. In this treatment, the employment of acetic anhydride causes to substitution of
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polymer hydroxyl groups of the cell wall with acetyl groups. As result, this modification leads to
hydrophobicity of polymers of cell wall. Scheme 1 demonstrates the reaction of fibers with acetic
anhydride.
Fiber ― OH + 𝑪𝑯𝟑 ― C (=O) ― O ― C (=O) ― 𝑪𝑯𝟑 → Fiber ― OCO + COOH
Scheme 1. Fibers reaction with acetic anhydride.
Accordingly, the employment of acetylation method can lead to improvement of hydrophobicity
in cellulosic fibers and enhancement of dimensional stability of composites [37]. In addition, the
application of acetylation has been reported to increase of resistance against fungal attack [30].

2.6.1.3.4.

Isocyanate Treatment

Isocyanate is a functional group, –N=C=O which has been considered as coupling agent for their
application in fiber reinforcement composites. The isocyanate functional group are strongly
talented to react and creating coupling with hydroxyl groups. Scheme 2 shows the reaction between
isocyanate coupling agent and fiber. In this reaction R could be different chemical groups such as
alkali [37].

Scheme 2. Demonstrates the reaction between fiber and isocyanate coupling agent [37].

2.6.1.3.5.

Chemical coupling and grafting

A coupling reaction is a type of reaction in which two organic molecules link to each other with
the assistance of a catalyst. Catalysts usually include molecules of the same size. Coupling
reactions form when two organic molecules join to each other with assist of a catalyst. While
grafting is a coupling reaction in which small molecules attach to natural or synthetic polymers.
There are two types of coupling reactions, cross coupling and homocoupling. Cross coupling is a
type of coupling in which two different molecules react to establish a new molecule. Whereas,
homocoupling is a coupling which forms by reaction of two similar molecules [44].
Generally, coupling agents are chemicals that act in interface to make a chemical connect between
reinforcement and matrix. There are two functions commonly have been considered for Chemical
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coupling agents, reaction with hydroxyl groups of cellulose and reaction with the matrix functional
groups [25].
Several mechanisms considered for coupling of materials [37] [34]. Intended mechanisms are as
following:


Removal of weak boundary layers



Fabrication of a hard and flexible layers



Wetting enhancement among polymer and substrate



Covalent bonds generation with both substances



Creation of changes in substrate surface acidity



Development of a highly crosslinked interphase region with an average modulus between
substrate and polymer



Adhesion improvement between reinforcing fibers and polymeric matrix.

The attachment of appropriate polymers, graft copolymerization, such as methyl methacrylate,
acrylamide, and acrylonitrile (vinyl monomers) with similar solubility parameter with polymer
matrices to the surface of fiber is the other technique to chemical modification of natural fibers.
Reaction starts by attachment of macrocellulosic radicals on the monomer to be grafted. Several
methods have been applied for the generation of macrocellulosic radicals such as diazotization,
chain transfer reactions, (3) redox reactions, photochemical Initiation and radiation-induced
synthesis [30].

2.6.1.3.6.

Natural fibers treatment via cellulose oxidation

Cellulosic natural fibers generally oxidized in order to make better interact between natural fibers
and coupling agents or functionalized groups. For this purpose, oxidation method employed to
create carboxyl groups by oxidation of hydroxyl groups. There are two types of alcohol groups on
the backbones of cellulose. They are primary and secondary alcohols.
The primary alcohol which located on C6 and secondary alcohol which available on C2-C3 of
cellulose backbone. The primary alcohols will be oxidised into aldehydes then into carboxylic acid.
While, the secondary alcohols oxidized into ketones. In addition, oxidizing of primary alcohol
occurs faster than the secondary alcohol which has been considered as an advantage to selective
oxidation of cellulosic compounds [61] [62] [46] [62]. Fig 11 display a schematic primary and
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secondary alcohol oxidation [63]. There are two different pathways to oxidation of cellulose
including selective and non-selective [64][65].

Figure 13. A schematic of oxidation mechanism of primary and secondary alcohols [46].

2.6.1.3.6.1. Non-selective oxidation of celluloses
In a non-selective oxidation due to unpredictability of the oxidation process, any possible oxidation
products may occur. The application of non-selective oxidation can enhance generation of
carboxylic groups.
Although, the application of non-selective oxidation can enhance generation of carboxylic groups
in cellulosic fibers. Nevertheless, due to extreme deterioration of the mechanical properties of
fibers, this method has recognized as inappropriate mechanism for the oxidation of cellulosic fibers
[54] [55].

2.6.1.3.6.2. Selective oxidation of celluloses
Selective oxidation of natural vegetable fibers due to ability of selective oxidation of primary and
secondary alcohol groups, particularly oxidation of cellulosic structures, has considered by
scientists.
As already explained, see 6.3, during the first stage of selective oxidation, by the oxidation of
carboxyl groups at positions C2 and C3, aldehyde groups formed. Then, in second stage, these
generated aldehyde groups oxidize into carboxyl groups [55]. Selective oxidation can perform by
two different approaches as following:
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At first procedure, so called protection-oxidation, the alcohol groups (i.e. 1°, 2°-diol) which are not
necessary to oxidize, isolated by protective groups, i.e. trialkylsilyl groups. Then, the desired
alcohol groups oxidize through oxidizing agents, such as CP2 ZrH2 and TEMPO. Finally, the
isolated groups become accessible again [56].
At second procedure, oxidation of one group, solely, take places by employing of chemo-selective
agents. So that, chemo-selective agents which have higher activity than both primary and secondary
alcohols can oxidize target group [57] [49].
Many different methods have been proposed by researchers for selective oxidation of secondary
alcohols in the presence of primary alcohols. While, there are few efficient methods have been
suggested for selective oxidation of primary hydroxyls, alcohols, in the present of secondary
hydroxyls [56] [58].
For the oxidation of primary alcohols over secondary alcohols oxidizing agents, oxidants,
employed. These oxidizing agents facilitate performing of selective oxidation of primary alcohols
in the presence of secondary one. There are various types of oxidants such as RuCl2 (PPH3 ), Cp2 ZrH2 , H2 O2 , MeCO3 H, t − BuO2H and TEMPO [57][56] [59].
Among different types of oxidizing agents 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) has
been widely considered. This attention is mainly due to greatly efficient conversion of high
molecular weight polysaccharides, especially in comparison with enzymatic or metal catalyzed
oxidation. Nevertheless, there are some other privileges which make desirable the application of
TEMPO as oxidant in oxidation process [60] [61]. Some of these advantages including:


high reaction rate and yield,



high selectivity,



catalytic process,



Just modest degradation of polysaccharides throughout the process.

Despite of associated interesting advantages of TEMPO, some important environmental concerns
attributed to that. The most important concern related to application of halide-based reagents, e.g.,
sodium hypochlorite and sodium bromide in the process.
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2.6.1.3.6.2.1.

Mechanism of selective oxidation by TEMPO

TEMPO has been known as a water-soluble, commercially available and stable nitroxide or
nitroxyl radicals. TEMPO is the most considered and employed nitroxyl, so far, due to capability
in catalytic and selective oxidation of primary hydroxyl groups of polysaccharides under
aqueous conditions [60] [61].
TEMPO-mediated oxidations is oxidations process in which an oxoammonium salt which have a
great tendency to act faster with primary alcohols operate as a primary oxidant, regardless the
experimental conditions and whether the secondary oxidant applied or not [51]. In this redox
reactions, generation of oxoammonium through the oxidation of nitroxyl radical leads to generation
of stranger oxidant. This much stronger oxidant can oxidize a large variety of substrates [62].
In this process, the catalytic values of TEMPO and NaBr dissolve in substrate (polysaccharide
solutions) at pH 10–11. Then, oxidation process starts by the addition of NaClO solution as a
primary oxidant. Accordingly, the primary hydroxyl groups on position C6 oxidize to carboxylate
groups by TEMPO/NaBr/NaClO oxidation system in aqueous condition [54] [61]. Figure 11
demonstrates selective oxidation of primary hydroxyls on position C6 of cellulose to C6
carboxylate groups by TEMPO/NaBr/NaClO oxidation in aqueous condition at pH 10–11 [19].

Figure 14. Figure 13. selective oxidation of C6 primary hydroxyls of cellulose to C6 carboxylate
groups by TEMPO/NaBr/NaClO oxidation in water [19].
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3.

Experimental program and tests procedures

3.1.

Methodology

The experimental program is divided in four different phases:
Phase
1

Fibers pre-treatments

Rinsing of alkalized
fibers by distilled
water

Immersing of dewaxed fibers in a
5wt% sodium hydroxide solution
40 min

Pretreatment by boiling
acetone under reflux for
45 min

Drying fibers overnight at 50 °C and keeping in desiccator

Phase
2

Oxidation of flax fibers

Oxidation through TEMPO mediated system (TEMPO/NaBr/NaClO) for 60 sec

Rinsing and rying oxidized fibers overnight at 50 °C and keeping in desiccator

Phase
3
Fibers extraction with
methanol by Soxhlet for
16 h

Silane treatment by 3-methacryloxypropyltrimethoxysilane

Silanized fibers are
washed with methanol

Oxidized flax fibers
soaked silane for 30 min
at room temperature

Drying of silanized fibers in the oven at 50 °C overnight and keeping modified fibers in a desiccator
before start characterizations.
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Characterization of the treated flax fibers by silane coupling agent

Phase
4

Conductometric titration
To determin the degree of
oxidation

Thermogravimetric analysis
(TGA)
To study the effect of different
treatments on thermal stability
of flax fibers and to calculate
the amount of performed silane
Scanning electron microscopy
(SEM)
To investigate the interfacial
adhesion between flax fibers
andbio-epoxy resin before and
after the surface treatments

Fourier transform infrared
spectroscopy (FTIR)

X-ray photoelectron
spectroscopy

To determine the functional
groups on the surface of flax fibers

To confirm the formation of
new functional groups

X-ray fluorescence spectrometry

Wettability test

(XRF)

To determin the wetting angle
of the flax fibers via the
Wilhelmy method

To determine the chemical
compositions (silane)

Tensile test
To determine Young’s modulus,
ultimate tensile strength,
elongation at break and
confirmation of no adverse effects
on mechanical properties

Figure 15. An organogram of the experimental phases.
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3.1.1. Phase 1- Pre-treatment of natural fibers
This phase includes preparation of required materials of experiments and pre-treatment of flax
fibers to remove impurities and dirts from the surface of fibers.

3.1.1.1.

Materials

Applied materials in this experiment provided from diferent sources. Flax yarn bobbins were
provided by Alysse-creations, France. TEMPO, 3 methacryloxypropyltrimethoxysilane and
sodium bromide (NaBr) were purchased from Sigma-Aldrich. All other chemicals, such as acetone,
methanol, sodium hydroxide (NaOH), hydrogen chloride (HCl) and sodium hypochlorite (NaClO),
were provided by Fisher Scientific. The bio-epoxy resin (Super Sap CLR) was purchased from
Entropy Resins.

3.1.1.2.

Fiber pretreatment

Pretreatment of flax fibers was performed in three steps including boiling in acetone, alkaline
treatment and neutralization of pH.

3.1.1.2.1.

Boiling in acetone

The first step including flax fibers pre-treatment by boiling acetone under reflux for 45 min in order
to remove waxes, fats and other impurities (which can weaken the adhesion at the composite
interface) from the surface of flax fibers.

3.1.1.2.2.

Alkaline treatment

First step was followed by the immersing of dewaxed fibers in a 5 wt% sodium hydroxide solution
(NaOH) for 40 min.

3.1.1.2.3.

Ringing by distilled water

Alkalinized flax fibers immediately were rinsed by distilled water to neutralize the pH. Eventually,
pretreated fibers dried in an air-circulating oven at 50 °C all over the night then, kept in a desiccator
for the next steps.

3.1.2. Phase 2- Oxidation of flax fibers
The TEMPO oxidation was accomplished to generate carboxylate groups on the surface of flax
fibers through the oxidation of existing hydroxyl (primary alcohol) groups. This phase took place
in 2 consecutive steps.
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3.1.2.1.

Oxidatio via TEMPO mediation system

To accomplish oxidation reaction, 0.13 and 4.7 mmol of TEMPO and NaBr were dissolved in 100
ml of distilled water, respectively. Then, 5.65 mmol of NaClO was added to the solution and after
10–15 min of stirring, the pH was adjusted to 10 ± 0.1 by adding some drops of diluted HCl solution
to the TEMPO mixture [63].
The TEMPO oxidation took place by immersing of flax fibers in the prepared solution. One
hundred ml of the TEMPO solution was prepared to oxidize 1 g of pure cellulose (i.e., the flax
fibers have approximately 70 wt% of cellulose in their composition). After immersing fibers in the
solution for 60 sec [63].

3.1.2.2.

Neutralization of oxidized flax fibers

The oxidized flax fibers were immediately rinsed with distilled water until neutral pH was reached.
Finally, oxidized fibers dried in the oven at 50 °C overnight and kept in the desiccator for the
subsequent characterization steps.

3.1.3. Phase 3- Silane treatment
This phase accomplished in two successive steps. The first step was salinization of flax fibers
which followed by extraction.

3.1.3.1.

Silanization by silane coupling agent

As mentioned before, 3-methacryloxypropyltrimethoxysilane was employed as the coupling agent
in this study. Flax fibers were soaked in the neat silane for 30 min at room temperature.

3.1.3.2.

Extraction with methanol

The modified fibers were washed with methanol and then the fibers were extracted for 16 h with
methanol using a Soxhlet apparatus to ascertain the removal of physically bounded silane
molecules as mentioned in the literature review [64] [65]. The treated fibers dried overnight in the
oven at 50 °C and kept them in a desiccator before the following characterizations.

3.1.4. Phase 4 - Characterization of the flax fiber
Several characterization methods were applied to determine the extent of modifications performed
on the surface of flax fibers. These methods have been explained in detail in the following.
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3.1.4.1.

Conductometric titration (degree of oxidation)

The concentration of carboxyl groups, in both as-received and treated flax fibers, was evaluated by
conductometric titration (CT). CT was carried out using a conductivity probe attached to a
pH/conductivity meter (Mettler Toledo Seven MultiTM).
NaOH (0.01 N standard solution) was dispensed from a micro buret into the fiber suspension. To
protonate the sodium carboxylate, which formed on the surface of the TEMPO-oxidized fibers, 50
mg of flax fibers was previously immersed in HCl solution (15 ml of 0.01 N standard solution) and
was stirred with a magnetic bar for 10–15 min [66].

3.1.4.2.

Fourier transform infrared spectroscopy (FTIR)

FTIR technique was used to determine the functional groups on the surface of flax fibers before
and after surface treatments. A total of 64 scans took in the range from 4000 to 600 cm-1 using a
JASCO-4600 spectrometer at a resolution of 4 cm-1 with an attenuated total reflection (ATR)
probe.

3.1.4.3.

X-ray photoelectron spectroscopy

Flax fiber surface analysis was performed by an X-ray photoelectron spectroscopy to confirm the
formation of new functional groups after surface treatments. A KRATOS analytical XPS
instrument was used to measure the concentration of the carbon and oxygen on the surface of the
as-received and treated flax fibers. For the silane-treated fibers, in addition to C and O, the
concentration of Si was also measured.

3.1.4.4.

Thermogravimetric analysis (TGA)

To study the effect of different treatments on the thermal stability of flax fibers and to calculate the
amount of the silane on the fiber, a SETARAM thermogravimetric analyzer was used. Samples
were heated from the room temperature to 600 °C at 10 °C/min under an argon flow.

3.1.4.5.

X-ray fluorescence spectrometry (XRF)

XRF analysis was performed on a Philips PW2600 wavelength dispersive X-ray fluorescence
spectrometer. Samples were fused to form a lithium borate glass bead at ~1000 °C.
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3.1.4.6.

Wettability test

The wetting angle of fibers in distilled water was obtained by the Wilhelmy method using a
dynamic contact angle tensiometer (DCA-100F). The contact angle can be calculated from the
following equation:
Equation 1:

F = P · Ɣ · cos Ɵ

where F is wetting force (N), Ɣ is the surface tension of the liquid (N m-1), P is the perimeter of
the fiber (m), and Ɵ is the contact angle. The fiber diameter was measured by optical microscopy,
and the average of four measurements along the fiber was calculated.
Fibers were placed in the spring loaded clip. A 5 mm immersion depth was selected, and the test
was conducted at a speed of 0.1 mm/s. At least five specimens for each sample were tested, and
the average was reported.

3.1.4.7.

Scanning electron microscopy (SEM)

The interfacial adhesion between flax fibers and a bio-epoxy resin before and after the surface
treatment was investigated using a Hitachi S-3000N scanning electron microscope under an
accelerating voltage of 5 kV. In addition and to observe the silane bonding on the fiber, energydispersive X-ray spectroscopy (EDS) was coupled to SEM for elemental analysis.
First, a bundle of flax fiber was fixed in the middle of a cylindrical steel mold and then the bioepoxy
resin was poured into the mold. The bioepoxy-based composite rod was cut and polished with the
polishing pastes (15, 3 and 1 lm particle size). The preparation process was continued by the
sonication (in an ultrasound equipped bath) in the methanol for 1 h. Finally, the samples were dried
and their surfaces were sputter coated with gold/palladium for better imaging.

3.1.4.8.

Tensile test

The tensile test was performed to determine Young’s modulus, ultimate tensile strength (UTS) and
the elongation at break and also to confirm that the surface modifications had no adverse effect on
the mechanical properties of the as-received fibers.
All the tensile tests were carried out by applying a Zwick Roell Z050 testing machine equipped
with a 100 N load cell according to ASTM D2256. For each condition, at least 30 specimens were
tested with a crosshead speed of 200 mm/min and the average values were reported. All samples
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dried in an oven at 50 °C overnight and were kept in a desiccator before the tensile test. The relative
humidity of the environment was 70%, and the temperature was 25 °C during the test.
To measure the flax yarn cross-sectional area, almost 20 pieces of flax yarns each 20 mm long cut
and fixed in a vertical position. Then, prepared flax yarns mounted with an epoxy resin. All the
samples cut and polished for observation with SEM. The images were then analyzed to determine
the average cross-sectional area. The average was used for calculation of UTS [67].
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4.

Results and discussions

4.1.

Degree of oxidation

Carboxyl concentration has been expressed as the degree of oxidation (DO) according to the
equation below:

DO =

𝟏𝟔𝟐 ×𝑽𝑵𝒂𝑶𝑯 ×𝑪
𝒎− 𝑽𝑵𝒂𝑶𝑯 ×𝑪×𝟑𝟔

Where C is the NaOH concentration (mol/l), VNaOH is the volume of NaOH (L) that required to
neutralize the carboxylic groups, m is the weight of the dried sample (g), 36 is the difference
between the molecular weight of the anhydroglucose unit (AGU) and that of the sodium salt of a
glucuronic acid, and 162 is the molecular weight of one AGU [66].
The degree of oxidation showed a significant change (more than 200%) from 3.24e-3 for the non
oxidized sample to 9.74e-3 for the TEMPO-oxidized flax fibers indicating the increment of
carboxylic group content due to oxidation.

4.2.

FTIR analysis

FTIR analysis were applied to prove the efficiency of the surface modifications on the flax fiber.
Hence, the fibers were characterized by FTIR. As shown in Fig. 13a, the peak around 1730 cm-1
corresponding to carbonyl group vibration can be identified. The appearance of the aforementioned
peak, in the as-received fibers spectrum, indicates the presence of the hemicelluloses in the fiber
structure [68].
After alkaline treatment of the flax fibers, the peak disappears (Fig. 13b) which indicates the
elimination of non-cellulosic (hemicelluloses) compound from the surface of the fiber. In addition,
it was found that the O–H/C–H peaks intensity ratio (around 3300 and 2900 cm-1, respectively)
was increased (by 40%) due to the alkaline treatment. It can be related to the expose of hydroxyl
groups through removal of the hydrocarbon-rich layer (wax) from the flax fiber’s surface.
As previously mentioned, the alkalinized flax fibers cannot directly react with the MPTMS due to
low acidity/reactivity of alcoholic OH groups. In fact, a great portion of the physically adsorbed
silane molecules on the alkali–silanes fiber surface can be easily removed after Soxhlet extraction
(Fig. 13c). The reappearance of the peak around 1730 cm-1 (Fig. 13d) for the oxidized flax fibers
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confirms the formation of carboxylic acid group (through the protonation of sodium carboxylate
ions) on the fibers’ surface [69].
The intensity of the aforementioned peak was significantly increased after silane treatment of
oxidized fibers (Fig. 13e). According to the presence of the carbonyl group in the MPTMS structure
(Fig. 14), this increase in the peak intensity can be interpreted as the successful bonding of the
MPTMS molecules on oxidized fibers.

Figure 16. FTIR spectrums of as-received (a), alkali (b), alkali–silanes (c), oxidized (d) and
oxidized–silanes (e)-treated flax fibers.
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Figure 17. Chemical structure of MPTMS.

4.3.

X-ray photoelectron spectroscopy

The XPS analysis of flax fibers was conducted to investigate the chemical composition of flax fiber
surface with different modification and to compare the silane bonding efficiency of the TEMPOoxidized and alkaline-treated fibers. XPS results for as-received, alkali–silanes and oxidized–
silanes flax fibers are summarized in Table 1. In general, flax fibers contain approximately 70 wt%
cellulose (C12H22O10; O/C & 0.83), 18–19 wt% hemicellulose (O/C & 0.83) and 2–2.5 wt%
lignin (O/C & 0.35) [70].
Table 1 shows that the O/C ratio for as-received flax fibers is around 0.44. This is much lower than
the calculated value for a cellulosic surface (O/C & 0.83). It can be concluded that the surface of
the as-received fibers is mainly covered by hydrocarbon based wax [70].
The oxygen atomic concentration on the surface of fibers remarkably increased (by 38%) after the
alkaline treatment that can be attributed to the removal of hydrocarbon waxes from the surface of
flax fibers. Although the probing depth of infrared spectroscopy (micrometers) and XPS
(nanometers) is different, this increase in oxygen atomic concentration, after alkaline treatment, is
in good agreement with the FTIR results.
A small amount of silicon was also detected on the surface of the as-received fibers, which was
significantly decreased after alkaline treatment. This can be explained by the presence of siliconbased impurities on the surface of the flax fibers that were removed after pretreatment.
The Si atomic concentration has significantly increased (by 250%) on the oxidized–silanes fibers’
surface in comparison with alkaline–silanes-treated fibers. This increase can be explained by the
effective bonding of MPTMS molecules on the oxidized fiber’s surface. In addition, fiber surface
O/C ratio dropped from 0.61 to 0.51 due to the carbon-rich silane coverage [64].
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Atomic concentration (%)

O/C

O

C

Si

As-received

30.17

67.95

0.7

0.44

Alkali–silanes

37.4

61.25

0.34

0.61

Oxidized–silanes

32.8

64.35

1.2

0.51

Table 3. Elemental analysis of treated and untreated fibers.

4.4.

Thermal analysis

The thermogravimetric analysis (TGA) of the as-received, alkali–silane and oxidized–silane fibers
is depicted in Fig. 15. It illustrates the weight loss, the initial degradation temperatures and
maximum decomposition temperatures (Tmax) of fibers.

Figure 18. Weight loss (solid lines) and differential thermogravimetric (dash lines) of as-received
and surface-treated fibers.
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The initial weight loss ranging from 40 to 100 °C is due to the evaporation of the adsorbed water.
Both weight loss and differential thermogravimetric (dTG) curves reveal that the decomposition
of the fibers mainly started around 260 °C following a sharp weight loss in the range of 340–390
°C. In the range of 260–390 °C, the cellulose content of the fiber was entirely decomposed due to
the breakdown of its molecular structures [68].
The TGA results imply that alkali treatment and TEMPO oxidation slightly modify the fiber’s
thermal behavior by decreasing the Tmax from 360 °C for as-received fibers to 358 and 355 °C for
alkali–silanes- and oxidized–silanes-treated fibers, respectively. This small decrease could be a
result of the partial degradation of flax fiber cell walls in alkaline or oxidizing environments [68]
[71]. Meanwhile, from the difference of the weight loss (%) under argon atmosphere between 100
and 390 °C, the quantity of grafted silanes onto the surface fibers can be calculated by the following
equation:
Sigraft = W100 - 390 × 1000 / M
where Sigraft is the grafted silanes (mmol/gram of flax fiber), W100–390 is the difference (in
decimal number form) of the weight loss between surface-treated and as-received samples, and M
is the molecular mass of the hydrolyzed MPTMS [68].
The obtained and displayed results in Table 2 confirm that, despite strong bonding of silane on the
oxidized fiber’s surface, most of the adsorbed silanes on the alkali fiber’s surface are removed after
the Soxhlet extraction.
To prove the presence of silicon in the decomposed fiber’s residue, about 20 g of as-received alkali–
silanes and oxidized–silanes fibers were heated up to 800 °C in a furnace. The charring residue
precisely weighted and characterized by XRF to determine the silicon percentage. The results are
presented in Table 2 and are in good agreement with the TGA.
Values of bounded silane calculated from XRF, XPS and TGA results are expected to differ
because of the assumptions required. However, the significantly greater silicon concentration on
the oxidized fibers over that of alkali-treated is consistent when measured by each method.
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Material
TGA analysis

As-received

Alkali–silanes

Oxidized–silanes

–

0.04

0.26

0.02

0.034

0.156

Si (mmol/gramcellulose)
XRF analysis
SiO2 (mmol/gramcellulose)
Table 4. Calculated grafted silane through TGA and XRF analysis.

4.5.

Wettability analysis

The results of contact angle measurements have been summarized in Table 3. It was found that
alkaline treatment of flax fibers, even though followed by silane treatment, decreased the contact
angle (-22.7°) and significantly increased the flax fiber water absorption (+238%).
According to the previous study by Boulos et al. [72] after alkaline treatment, the presence of
hydroxyl groups on the surface of the flax fibers was increased. This is due to the removal of noncellulosic compounds (hemicellulose, lignin) from the fibers, which increased the exposure of
cellulose and hence made it more hydrophilic [67] [73]. These results also confirmed that silane
molecules were physically adsorbed on the surface of alkali–silanes fibers and easily removed after
the Soxhlet extraction.
In contrast to alkali–silane fiber, oxidized–silane flax fiber exhibited a significant decrease
(~210%) in water absorption and a higher contact angle (+26.7°) which were close to the results of
as-received fibers. It can be concluded that the silane molecules reacted with the oxidized fiber
surface and reduced the hydrophilicity of the flax fiber due to possessing hydrophobic functional
groups.
Contact angle

Water uptake (%)

Average

SD

Average

SD

As-received

72.5

3.7

159

14.4

Alkali–silanes

49.8

10.8

378

38.7

Oxidized–

76.5

6.6

168

11.2

silanes
Table 5. Wettability analysis of the flax fibers.
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4.6.

Table 3 Wettability analysis of the flax fibers

The interface between flax fibers (as-received and surface-treated) and the bio-epoxy resin was
shown in Fig. 5. The gaps between the as-received fibers and epoxy resin (Fig. 5a) clearly
demonstrate poor adhesion between the fibers and the resin which is mainly due to the presence of
non-cellulosic compounds (such as lignin, hemicellulose, waxes and other impurities) on the fiber’s
surface.
The micrograph of Fig. 16b shows that the alkaline treatment followed by the silane treatment
partially improved the interfacial adhesion between flax fibers and polymeric matrices. Since a
major portion of silane molecules were removed by Soxhlet extraction, this improvement can be
related to the elimination of non-cellulosic compounds and impurities, such as waxes, by alkaline
treatment [74]. It can be observed in Fig. 16c that the interfacebetween oxidized–silanes fibers and
epoxy resin is noticeably improved due to a proper interaction between functional groups of flax
fibers and epoxy matrix.

Figure 19. SEM micrographs of fiber/matrix interface for a as-received, b alkali–silanes-treated
and c oxidized–silanes-treated flax fibers.
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Figure 17 demonstrates the presence of grafted silane (red dots) on the surface of the flax fiber
via the EDS mapping. The micrograph of Fig. 17b shows that silane molecules are entirely
grafted to the surface of the oxidized–silanes fiber, whereas only a negligible amount of silane
molecules are bonded to the alkali–silanes fibers (Fig. 17a). However, it seems that the
distribution of bonded silanes is not homogeneous.
It can be related to the fact that flax fibers were modified by TEMPO oxidation in a heterogeneous
system for 60 s; thus, oxidizing agents cannot thoroughly diffuse across the fiber to modify
alcoholic groups underneath the surface.
The EDS method also gives the information from a couple of microns beneath the surface. Thus,
distribution of the silane molecules seems to be not homogenous. The SEM analysis results are in
good agreement with the thermogravimetric analysis and the fiber’s wettability results as
previously discussed.

Figure 20. SEM/EDS micrographs of alkali–silanes fiber (a) and oxidized–silanes fiber (b).

4.7.

Tensile properties

The mechanical properties of the as-received, alkaliand oxidized-treated flax yarns, before and after
silane treatment, have been listed in Table 4.
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Asreceived
(Y1)
Alkali
(Y2)
Alkali–
silanes
(Y3)
Oxidized
(Y4)
Oxidized–
silanes
(Y5)
Y1, Y2
Difference

E (GPa)

SD

SD

ƐH (%)

SD

4.15

UTS
(MPa)
557

30.6

55.2

2.6

0.25

26.4

4

667

30.1

3.2

0.33

25.1

4.7

682

52.4

3.3

0.32

24.2

4.2

602

56.5

2.8

0.3

28.3

3

621

58

3.0

0.3

13.7

19.7

23

<<0.05

<<0.05

<<0.05

18

22.4

27

<<0.05

<<0.05

<<0.05

21

8

7.7

<<0.05

<<0.05

<<0.05

7.5

11.4

15.4

<0.05

<0.05

<0.05

5

2.2

3.1

>0.05

>0.05

>0.05

14.5

3.1

7.1

<<0.05

>0.05

<0.05

(%)
P value
Y1, Y3
Difference
(%)
P value
Difference
(%)
P value
Y1, Y5
Difference
(%)
P value
Y2, Y3
Difference
(%)
P value
Y4, Y5
Difference
(%)
P value

Table 6. Average values and standard deviations (SD) of the mechanical properties of the fibers.
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The relative stress–strain curves are shown in Fig. 7. It was found that Young’s modulus (E) of the
flax yarns was decreased (&14%) after alkaline treatment, whereas the UTS and the strain
(elongation at break) were increased by 20 and 23%, respectively.
The alkali treatment removed non-cellulosic ingredients of the flax fibers (such as hemicellulose,
pectin, lignin) which led to inter fibrillar matrix softening [75]. Subsequently, the release of the
initial strains can help the cellulose chains to rearrange themselves in a more compact orientation
[75]. Thus, an improvement in fiber strength can be obtained using alkali treatment [76] [77].
Moreover, the silane treatment of alkali treated fiber was not successful and had no tangible effect
on the mechanical properties of the fiber.
The Young’s modulus and UTS of the flax fibers were slightly decreased after the TEMPO
oxidation in comparison with alkali-treated fibers (&8 and 10%, respectively). This reduction is
primarily related to the dissolution of non-cellulosic ingredients that led to the interfibrillar matrix
softening of the flax fibers. However, the oxidized fibers still showed higher UTS in comparison
with the as-received fibers.
The Young’s modulus of the oxidized fiber was improved after silane treatment. Again, it can be
related to the bonding of silane molecules which can reduce the stress concentration at the surface
defects by means of blunting the crack tips [78].
In order to evaluate the average values of the tensile properties, a statistical analysis (t test) was
carried out to confirm that the obtained tensile properties were statistically significant. A desired
95% CI (P value\0.05) was considered which indicates that the dissimilarity among the mechanical
properties is statistically reliable [67].
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Figure 21. Stress–strain curves of the as-received and surfacetreated flax yarns.
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5.

Conclusion and perspective

In this study, the flax yarns modified by TEMPO mediate oxidation to convert primary hydroxyl
groups into more reactive carboxyl groups. Then, in contrast to conventional silane treatment, the
3-methacryloxypropyltrimethoxysilane was directly applied on the surface of the flax fibers
without any pre-hydrolysis and dehydration. According to the experimental and achieved results,
it is concluded that:


TEMPO oxidation significantly increased the reactivity of the flax fiber surface. This reactivity
improvement led to an efficient bonding of the silane coupling agent without any need for
prehydrolysis and curing/dehydration.



The bonding of 3-methacryloxypropyltrimethoxysilane on flax fibers increased the contact
angle (with water) of the flax fibers. In addition, water absorption significantly decreased in
the oxidized–silanes fibers.



Fiber/matrix adhesion was slightly improved after the alkaline treatment of flax fibers, whereas
oxidized–silanes fibers demonstrated a good adhesion with the bio-epoxy resin.



Mechanical properties of oxidized–silanes fibers were improved in comparison with asreceived fibers although the UTS was lower than the alkalitreated fibers due to the partial
degradation of microfibrils.

Finally, it was hypothesized that TEMPO oxidation can pave the way for the direct bonding of the
MPTMS coupling agent on the surface of flax fiber. Subsequently, the bonded MPTMS molecules
decreased the hydrophilicity of flax fiber by means of partial replacement of cellulosic alcohol
groups with methacrylate groups. This surface modification significantly improved compatibility
between the flax fibers and the bio-epoxy resin.
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