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Abstract The use of lignocellulosic fibers as reinforcement in polymer composites
is attracting interest due to their properties such as mechanical properties and
environmental benefits. Nevertheless, the hydrophilic character of lignocellulosic
fibers reduces the compatibility with the hydrophobic matrices resulting in com-
posites with poor mechanical properties. Therefore, in order to reduce the hydro-
philic character of fiber and improve the fiber/matrix adhesion, is necessary to
modify the fiber surface morphology. In this chapter, different lignocellulosic fiber
treatments and the effect of these treatments on fiber properties as well as on
composite mechanical performance were discussed. Even though chemical treat-
ments are the most widely used, physical and biological treatments are environ-
mentally friendly and promising alternatives.
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1 Introduction

Synthetic fiber reinforced plastics have proven to meet the structural and durability
requirements of components for various applications. Nevertheless, the growing
global energy crisis and ecological risks have focused more research interests in
natural fiber reinforced polymer composites due to their potential (Praveen et al.
2016). Lignocellulosic fibers can be used as reinforcement in polymeric matrix
composites due to their characteristics. Among other properties, lignocellulosic
fibers have acceptable specific properties, low density, biodegradability, low cost,
and recyclability (Yu et al. 2014; Lu et al. 2014; Arbelaiz et al. 2005c).

The mechanical properties of polymeric composites are governed by the indi-
vidual properties of the components and by the interface formed between the matrix
and fiber. A critical factor in reinforced polymeric composites is the strength of the
bond between the fiber and polymer matrix. The load is transmitted through the
fiber-matrix interface and consequently, the optimal mechanical performance of
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fiber reinforced composite depends, among other variables, on the interfacial bond
between fiber and polymer matrix (Praveen et al. 2016).

2 Fiber-Matrix Adhesion

The adhesion between fiber and polymeric matrix is sustained by the interfacial
forces. These forces can be broadly divided into primary forces and secondary
forces. Primary forces, also known as short-range forces, arise from chemical
bonding. Chemical bonding compromises of interlinking between molecules of the
substrate by covalent, ionic or metallic bonds. The secondary or intermolecular
forces, such as Van der Waals forces, are caused from the physical attraction
between two substrates (Kim and Pal 2010). There is no single theory of adhesion
which can satisfactorily explain the mechanism of adhesion between lignocellulosic
fiber and the polymeric matrix. Many adhesion mechanisms, such as mechanical
interlocking, adsorption, and diffusion theory, and boundary layer theory are
developed in order to explain lignocellulosic fiber/polymeric matrix adhesion (Kim
and Pal 2010). In the literature, fibers are modified using different treatments in
order to improve fiber/matrix adhesion. A brief discussion of different lignocellu-
losic fiber treatments and the effect of these treatments on fiber properties as well as
on composite mechanical performance is given in this chapter.

3 Lignocellulosic Fiber

Natural fibers can be classified according to their source; plant, animal, or mineral
(Saba et al. 2014). Plant fibers or lignocellulosic fibers are mainly composed of
cellulose, hemicelluloses, and lignins. Table 1 shows the chemical composition of
sisal, flax, and hemp lignocellulosic fibers determined by using the standards
methods of Technical Association of Pulp and Paper Industry (TAPPI).

Cellulose, the main component of lignocellulosic fibers, is the most abundant
natural organic compound which performs structure-forming functions in plant-cell
wall (Daintith 2000; Allaby 1998). Cellulose is a semicrystalline polysaccharide
consisting of a linear chain of hundreds to thousands of b-(1,4)-glycosidic bonds

Table 1 Chemical composition of sisal, hemp, and flax lignocellulosic fibers (Mondragon et al.
2014)

Fiber Cellulose (%) Lignins (%) Hemicelluloses (%) Others (%)

Sisal 60–65 7–9 10–15 11–23

Hemp 67–74 3–5 13–18 3–17

Flax 63–70 2–3 16–22 5–19
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linked D-glucopyranose with the presence of a large amount of hydroxyl groups
(Zhou et al. 2016). The repeating unit of cellulose is shown in Fig. 1.

Hemicelluloses have a heterogeneous monosaccharide composition mainly
based on pentoses (D-xylose and L-arabinose), hexoses (D-glucose, D-galactose,
D-mannose, L-rhamnose) and uronic acid units (D-galacturonic acid and
D-glucuronic acid) (Egües 2013). Hemicelluloses are often referred to as matrix
components and may be found in the middle lamellae that bind cell walls of fibers,
in the primary wall regions and in the thicker, cellulose-rich, secondary layer of the
plant-cell wall (Focher 1992). The heterogeneity of hemicelluloses extends to
branching polymers, thus giving new dimensions and complexities within the cell
wall (Focher 1992). However, the degree of polymerization of nature cellulose is
10–100 times higher than that of hemicellulose ones (Bledzki and Gassan 1999).

Lignins are phenolic complex, cross-linked polymer, comprising both aliphatic
and aromatic constituents, that is found in plant-cell walls. Its function appears to be
cement together and anchor cellulose fibers, to stiffen the cell wall and provide
protection against microbial attacks, external agents, moisture, and weathering
(Egües 2013). Structures of the three major precursors of lignin are shown in Fig. 2.
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4 Surface Modification of Lignocellulosic Fiber

The use of natural fibers as reinforcement in polymer composites is attracting much
interest due to its potential, however, the hydrophilic character of the fibers reduces
the compatibility with the hydrophobic matrices resulting in composites with poor
mechanical properties (Lu et al. 2014; Arbelaiz et al. 2005c). Most of the research
related to lignocellulosic fibers and polyolefin matrices showed that the adhesion
between the lignocellulosic fiber and polymers such as polypropylene (PP) or
polyethylene (PE) was poor (Arbelaiz et al. 2005c; Merkel et al. 2014; Ranganathan
et al. 2016). Other polymers such as poly(lactic acid) (PLA) presents moderate
polarity induced by the presence of ester bonds (Orue et al. 2015; Jiang et al. 2012)
and could form hydrogen bonds with the hydroxyl groups of lignocellulosic fibers.
It was observed that the surface tension value of PLA is close to sisal fibers
resulting in good fiber wettability with PLA matrix (Orue et al. 2015). Even though
the wettability of lignocellulosic fiber with PLA polymer is good, the adhesion
between them was not good enough to improve PLA strength after fiber addition
(Orue et al. 2016b).

The adhesion between lignocellulosic fiber and polymer matrix can be improved
(i) modifying the surface of fibers, (ii) modifying the polymer or (iii) modifying
both of them at the same time. Surface modification is essential to reduce the
hydrophilic character of the lignocellulosic fibers, improve the wettability between
the fiber and matrix and to improve fiber/polymer matrix adhesion (Bledzki and
Gassan 1999; Bledzki et al. 1996). In the literature, lignocellulosic fibers are sub-
jected to several surface treatments such as chemical treatments (Arbelaiz et al.
2005c; Orue et al. 2015; Zou et al. 2012; Goriparthi et al. 2012; Chen et al. 2012;
Sun et al. 2016; Datta and Kopczynska 2015; Paul et al. 2010b), physical treatments
(Hou et al. 2014; Bozaci et al. 2013; Li et al. 2014), and biological treatments
(Pickering et al. 2007; George et al. 2014). Chemical treatments provide the means
of permanently modifying the nature of fiber cell walls by grafting polymer onto the
fibers, crosslinking of the fiber cell walls, or by using coupling agents (Zhou et al.
2016; Xie et al. 2010). Physical treatments change the structural and surface
properties of the lignocellulosic fiber by introducing surface crosslinking, modi-
fying the surface energy and/or generating reactive free radicals and groups, and
thereby influence the mechanical bonding to the matrix (Zhou et al. 2016).
Biological treatments employ microorganisms, mainly white and soft-rot fungi,
actinomycetes, and enzymes which degrade lignin through the action of
lignin-degrading enzymes, such as peroxidases and laccases (Saritha et al. 2012).
The main lignocellulosic surface treatments are summarized in Fig. 3.
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4.1 Chemical Treatments

4.1.1 Alkali Treatment

Alkali treatment is a simple and efficient method to improve lignocellulosic fiber/
polymer matrix adhesion (Orue et al. 2016b; Raj et al. 2011). Usually, in alkali
treatments, lignocellulosic fibers were treated with NaOH or KOH solutions for a
specified time to remove noncellulosic compounds, such as lignin, hemicelluloses
and other organics (Orue et al. 2015, 2016b). The removal of noncellulosic com-
pounds could create voids in the fiber structure (Orue et al. 2016b), and alkali
treatment could depolymerize the native cellulose structure and expose cellulose
crystallites (Li et al. 2007; Mohanty et al. 2001). Figure 4 presents the schematic
view of the cellulose fiber structure, before and after an alkali treatment. The effect
of alkali treatment on the properties of lignocellulosic fibers depends on the alkali
treatment conditions, such as NaOH concentration and temperature (Gassan and
Bledzki 1999). For example, severe alkali conditions can damage the fiber structure
decreasing the properties of lignocellulosic fibers (Li et al. 2007; Wang et al. 2007).
Therefore, all these conditions are important factors that must be optimized for each
fiber type.

In previous works (Orue et al. 2015, 2016b) sisal fibers were pretreated with
2 wt% NaOH solution at 20 °C for overnight and after with 7.5 wt% NaOH
solution under reflux at 100 °C for 90 min. The density values of alkali treated sisal
fibers were higher than untreated fiber ones suggesting that the alkali treatment
removed noncellulosic compounds increasing the cellulose fraction in sisal fiber.
Although cellulose is the compound that gives the strength to the lignocellulosic
fibers, Fig. 5 showed that the tensile strength and modulus values of alkali treated

Surface treatment

Chemical treatments

Alkali Silane 

Esterification Etherification 

Benzoylation Isocyanate 

Oxidation Peroxide 

Physical treatments

Plasma Steam-explosion

Corona Dielectric-barrier 

Thermo-mechanical

Biological treatments

Fungal Enzymatic 

Fig. 3 Main lignocellulosic surface treatments
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Fig. 4 Typical structure of (a) untreated and (b) alkali treated cellulose fiber. Reprinted from
(Mwaikambo and Ansell 2002) with permission from John Wiley and Sons
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Fig. 5 Tensile strength, Young modulus, and deformation at break values of untreated and alkali
treated sisal fiber at different gauge lengths
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fibers were lower than untreated ones. A possible explanation could be that the
removal of noncellulosic compounds could create voids in the sisal fiber structure
resulting in lower tensile strength and modulus values (Orue et al. 2016b).

The removal of noncellulosic compounds was corroborated by Fourier Infrared
Spectroscopy (FTIR) analysis in Fig. 6. After alkali treatment, the chemical com-
position of sisal fibers changed since the prominent bands of the raw fiber around
1740 and 1250 cm−1 were disappeared almost completely indicating that alkali
treatment removed noncellulosic compounds. The band around 1740 cm−1 was
ascribed to the acetyl and ester groups of hemicelluloses and aromatic components
of lignin (Mondragon et al. 2014; De Rosa et al. 2010; Haiping et al. 2007) while
the band at 1250 cm−1 was related to the C–O stretching vibration of hemicellu-
loses component (De Rosa et al. 2011) or aryl-alkyl ether compounds present in
lignin (Mondragon et al. 2014). Moreover, thermogravimetric analysis
(TGA) results indicated that the removal of noncellulosic compounds resulting in a
better thermal stability of alkali treated fibers (Orue et al. 2015).

The optical microscopy images of untreated and alkali treated sisal fibers are
shown in Fig. 7. It was observed that untreated sisal fibers showed a smooth
surface, whereas, after alkali treatment, sisal fibers surface roughness was consid-
erably increased and created fibers with smaller diameters probably due to the
removal of noncellulosic compounds. Moreover, after treating sisal fibers with
NaOH solution, slightly higher contact angles with a drop of water were obtained.
Untreated sisal fibers showed a contact value of 68.2°, whereas alkali treated sisal
fibers showed a value 75.4° suggesting that the alkali treated fibers were more
hydrophobic than untreated ones thus improving the wettability with hydrophobic
polymer matrices (Orue et al. 2015, 2016a).

In a previous work (Orue et al. 2016b), PLA/sisal fibers composites were
compounded varying the loading of fibers from 20 to 40 wt%. Even though the
tensile properties of alkali treated sisal fibers was lower than untreated ones,
Table 2 showed that composites based on the alkali treated sisal fibers showed
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Fig. 6 FTIR spectra of
(a) untreated and (b) alkali
treated sisal fibers
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higher tensile strength values than neat PLA matrix. This fact suggested that alkali
treatment improved fiber/PLA matrix adhesion. One possible reason could be that
in the injection process, the viscosity of melted polymer decreased considerably
filling fiber voids and improving the mechanical interlocking adhesion between
sisal fiber and PLA polymer matrix.

Scanning electron microscopy (SEM) micrographs of the fractured surface of
composites based on the untreated sisal fibers showed pulled-out fibers and holes
suggesting a poor interfacial adhesion between fibers and PLA. However, in SEM
micrographs of composite based on alkali treated fibers hardly pulled-out fibers can
be observed and it was difficult to distinguish fibers from the matrix suggesting that
sisal fibers were coated with PLA polymer matrix and consequently fiber/matrix
adhesion was improved.

In previous works (Arbelaiz et al. 2005a, b) flax fibers were soaked in a 20 wt%
aqueous solution of sodium hydroxide for 1 h at room temperature. After that, flax
fibers were washed for several times in distilled water and dried in an oven. It was
observed that after alkalization, the surface roughness of the flax fibers was con-
siderably increased improving the flax fiber/polypropylene interfacial shear strength
values. Furthermore, surface energy measurements reported that after alkali

Fig. 7 Optical images of (a) untreated and (b) alkali treated sisal fibers. Reprinted from (Orue
et al. 2015), Copyright (2015) with permission from Elsevier

Table 2 Tensile strength, Young modulus, and deformation at break values of PLA matrix and
composites based on the untreated and alkali treated fiber

System Fiber loading
(%)

Strength
(MPa)

Young modulus
(GPa)

Elongation at break
(%)

PLA 0 66.1 ± 1.7 3.9 ± 0.5 2.4 ± 0.3

Untreated 20 53.8 ± 0.9 5.5 ± 0.9 1.8 ± 0.4

30 47.3 ± 1.7 5.9 ± 0.7 1.1 ± 0.3

40 39.3 ± 3.4 6.4 ± 1.0 0.8 ± 0.1

NaOH 20 66.1 ± 3.2 6.5 ± 0.4 1.6 ± 0.3

30 74.8 ± 3.5 7.2 ± 0.7 1.5± 0.1

40 81.5 ± 1.4 8.1 ± 0.8 1.4 ± 0.1
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treatment the polar component of surface energy of flax fibers decreased suggesting
that alkali fibers became more hydrophobic. As a consequence, alkali treatment
could improve the wettability with hydrophobic polymer matrices. In order to study
the influence of fiber modification on the mechanical properties of composites,
flax/PP composites were compounded with 30 wt% fiber content. It was observed
that the addition of untreated flax fiber bundle decreased the tensile strength of neat
PP, indicating lack of stress transfer from the matrix to the fiber. Even though, alkali
treatment improved significantly the wettability and the interfacial shear strength
determined by pull-out test, tensile, and flexural strength values were not changed
after the addition of alkali treated flax fiber. It must be mentioned that the methods
based on the single fiber tests to determine fiber/polymer adhesion could deviate
significantly from the real composite performance.

Fernandes et al. (2013) treated sisal fibers in NaOH solution (5% w/v) for 2 h at
room temperature and they observed by FTIR analysis and TGA the removal of
noncellulosic compounds. In addition, X-ray diffraction (XRD) results showed that
after removal lignin, hemicelluloses and other surface impurities the crystallinity
index of alkali treated sisal fibers increased and consequently a small increase in
density values was observed. They also observed a decrease of mechanical prop-
erties of alkali treated sisal fibers. They reinforced high-density polyethylene
(HDPE)/cork blends with 10 wt% of untreated and alkali treated sisal fibers and
they observed that composites based on the alkali treated fibers showed higher
tensile strength and Young modulus values than untreated ones. They suggested
that this fact could be related to the increase of fiber surface roughness after alkali
treatment improving fiber/HDPE adhesion.

4.1.2 Silane Treatment

Silanes are considered versatile coupling agents that could improve the interface
between lignocellulosic fiber and polymer matrix (Orue et al. 2016b; Le Moigne
et al. 2014). Silane is a multifunctional molecule which can form a chemical link
with the fiber surface through a siloxane bridge. A typical general structure of silane
coupling agent is shown in Fig. 8.

During the treatment process of the fiber, silane forms silanols in the presence of
water and by a condensation process, one end of silanol could react with the
cellulose hydroxyl groups. Finally, when silane modified fibers are blended with the
polymeric matrix, the other functional groups of silane react with the matrix
functional group (Kabir et al. 2012; Zhang et al. 2005). Therefore, it is important to
choose a silane agent which is suitable to react with functional groups of fiber and
the polymeric matrix. On the contrary, the stress would not transfer efficiently from

( )
3

´R Si O R− − −

Fig. 8 Typical general structure of silane coupling agent
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polymer matrix to lignocellulosic fibers and consequently, the mechanical proper-
ties of composites would not improve. The possible reaction scheme between silane
agent and lignocellulosic fiber is shown in Fig. 9.

Silane chemical agent concentration, the medium used (water, organic solvent,
or mixtures), the soaking time, the drying temperature, and time are all important
factors to carry out silane treatment (Arbelaiz et al. 2016).

In previous works (Orue et al. 2015, 2016b) the effect of silane treatment on sisal
fiber properties as well as on composite mechanical performance was studied. Sisal
fibers were soaked in silane aqueous solution (2% w/v) under continuous stirring
for 3 h. The pH of the solution was adjusted to 3–4 with glacial acetic acid and
silane/fiber weight ratio used was 2:1 (w/w). 3-(2 aminoethylamino)
propyltrimethoxysilane chemical agent was used as silane chemical agent and it
was thought that the silane concentration employed could produce a multilayer
polysiloxane network on the sisal fibers bundles (Abdelmouleh et al. 2002).

FTIR spectra of untreated and silane treated sisal fiber are shown in Fig. 10. It
can be confirmed that silane treated fibers showed a new absorption band around
1560 cm−1 related to NH2 bending vibration of organosilane agent. Moreover, it
was observed in the thermogravimetric analysis that fibers treated with silane
chemical agent showed a higher percentage of char which could be related to the
presence of grafted silane (Rachini et al. 2012).

After treating sisal fibers with silane chemical agent, the contact angle with a
drop of water increased from 68.2° to 88.2° suggesting that the silane treated fibers

( ) ( )2 33
´ 3 ´ 3R Si O R H O R Si OH R OH− − − + → − − + − Hydrolysis step

( ) ( ) 223
´´R Si OH Fiber OH R Si OH O Fiber H O− − + − → − − − − + Condensation step

Fig. 9 Proposed reaction scheme for silane and lignocellulosic fiber
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(a) untreated and (b) silane
treated sisal fibers
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were more hydrophobic than untreated ones (Orue et al. 2015, 2016a). Figure 11
showed that after silane treatment, the tensile strength values of sisal fibers
decreased slightly. This reduction could be related to the acid medium used for
silane treatment that might decrease cellulose molecular weight resulting in lower
mechanical properties (Orue et al. 2016b; Klemm et al. 1998).

As observed in Table 3, tensile strength values of composites based on silane
treated sisal fibers increased slightly as fiber bundle content increased indicating
that the adhesion between the polymer and fiber was improved (Orue et al. 2016b).

The improvement of adhesion between silane treated sisal fiber and PLA matrix
was corroborated by pull-out test, being the interfacial shear strength value of silane
treated fibers slightly higher than untreated fibers ones. This improvement was
attributed to the chemical bond between PLA matrix and amino groups of silane
agent linked to the fiber surface (Orue et al. 2015). In SEM, micrographs of
composites based on the silane treated fibers, sisal fibers cannot be clearly distin-
guished suggesting that the fiber bundle adhesion was improved. However, a few
amount of pulled-out fibers and holes were observed which meant that the adhesion
was not very strong (Orue et al. 2016b).

Zou et al. (2012) studied the effect of silane treatment on the properties of short
sisal fiber/PLA biocomposites. For this purpose, sisal fibers were soaked in 5% w/v
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Fig. 11 Tensile strength, Young modulus, and deformation at break values of untreated and silane
treated sisal fiber at different gauge lengths
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c-amine propyl triethoxysilane ethanol solution at room temperature for 2 h. The
pH of the solution was adjusted to 4–5 with acetic acid and fibers were washed with
ethanol and dried under vacuum at 70 °C before the preparation of the biocom-
posites. Composites with 10 wt% untreated and treated sisal fibers were com-
pounded by compression molding technique and they observed that silane treatment
improved the mechanical properties. They suggested that silane with ethoxy groups
can be hydrolyzed in water and produced silanols which reacted with the hydroxyl
groups of sisal fibers forming covalent bonds on the fiber surface. Furthermore,
amine groups from the silane may further react with terminal groups of PLA matrix.
The bridge formed at the interface led to the improvement of sisal fiber/PLA matrix
adhesion.

In previous works, (Arbelaiz et al. 2005a, b) flax fibers were treated with
vinyltrimethoxysilane (VTMO) chemical agent. It was observed that the polar
component of surface energy was decreased considerably indicating that silane
treated flax fibers could be better wetted out by nonpolar polymer matrices.
However, when silane treated flax fiber/PP composites were compounded, the
tensile and flexural strength were not improved suggesting that stress transfer from
the matrix to the fiber occurred with a disappointing lack of efficiency. This fact
could indicate that the vinyl group was not able to react with PP chains and
consequently fiber/polymer matrix adhesion was not improved.

4.1.3 Esterification

Esterification with Acetyl Groups

Acetylation treatment of lignocellulosic fibers is an esterification reaction and it was
reported that the treatment improved the lignocellulosic fiber/matrix adhesion (Li
et al. 2007; Kabir et al. 2012; Kumar et al. 2011). Usually, the procedure included
an alkali treatment initially, followed by acetylation treatment (Li et al. 2007;
Kumar et al. 2011; Efanov and Ovchinnikov 2012). Among other reactive, acetic
anhydride and acetic acid can be used (Paul et al. 2010b; De Rosa et al. 2011; Hill

Table 3 Tensile strength, Young modulus, and deformation at break values of PLA matrix and
composites based on the untreated and silane treated fiber

System Fiber loading
(%)

Strength
(MPa)

Young modulus
(GPa)

Elongation at break
(%)

PLA 0 66.1 ± 1.7 3.9 ± 0.5 2.4 ± 0.3

Untreated 20 53.8 ± 0.9 5.5 ± 0.9 1.8 ± 0.4

30 47.3 ± 1.7 5.9 ± 0.7 1.1 ± 0.3

40 39.3 ± 3.4 6.4 ± 1.0 0.8 ± 0.1

Silane 20 57.6 ± 2.9 4.4 ± 0.7 1.9 ± 0.3

30 59.9 ± 1.5 6.4 ± 0.7 1.5 ± 0.3

40 61.8 ± 3.1 7.5 ± 0.6 1.0 ± 0.2
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et al. 1998). The hydrolysis of acetic anhydride to acetic acid is a moderately highly
exothermic fast reaction (Hirota et al. 2010) and the reaction with acetic anhydride
involves the generation of acetic acid as by-product which must be removed from
the lignocellulosic fibers (Hill et al. 1998). The hydroxyl groups of the lignocel-
lulosic fibers react with the acetyl reducing the hydrophilic character of the fiber.
The possible reaction between the hydroxyl groups of lignocellulosic fiber and
carboxylic groups of acid is shown in Fig. 12.

The use of catalyst increases the rate of acetylation and the most common
catalyst that can be used are pyridine, sulfuric acid, potassium, and sodium acetate.
Nevertheless, strong acid catalyst conditions could damage the fiber structure
(Kabir 2012). Therefore, selection of catalyst conditions is an important factor for
the acetylation treatment.

De Rosa et al. (2011) studied the effect of acetic acid treatment on the
mechanical properties of okra (Abelmoschus esculentus) fibers. They treated lig-
nocellulosic fibers with 10% acetic acid and they observed that after the treatment
the tensile strength and Young modulus values of okra fibers decreased consider-
ably. The fracture surface of untreated and acetylated fiber was observed by SEM
and they observed that the acetylation treatment tended to expose the lumen of
lignocellulosic fibers and the acetylated fibers appear to be “cleaner” than raw
materials. Untreated and acetylated fibers exhibited adsorption bands in the regions
1730–1745 and 1235–1240 cm−1 attributed to the C=O stretching of carbonyl in
the ester and C–O stretching of acetyl groups, respectively. However, the low
intensity of absorbance bands in the analyzed regions indicated that the fibers have
a low degree of acetylation. Comparison of relative weight loss, defined as
(Wo − Wf)/Wo in which Wo is the weight of the sample at time 0 and Wf is the
weight at the end of the test after drying at 70 °C for 2 h, confirmed that acetylation
treatment reduced the hydrophilic character suggesting a better wettability with
hydrophobic polymer resins could be achieved.

Zou et al. (2012) studied the effect of esterification treatment on the properties of
short sisal fiber/PLA biocomposites. Chopped sisal fiber was soaked in acetic
anhydride solution at room temperature for 2 h. The fibers were then filtered off and
washed with distilled water until free from acid and dried under vacuum at 70 °C.
After that, composites with 10 wt% treated sisal fibers and PLA polymer matrix
were compounded by compression molding technique. They observed that the
acetylation treatment improved the mechanical properties of composites suggesting
that the anhydride groups covalently link with sisal fiber enhanced the interfacial
adhesion.

2Fiber OH R COOH Fiber O CO R H O− + − → − − − +

Fig. 12 Proposed reaction for hydroxyl groups of lignocellulosic fiber and carboxylic groups of
acid
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Esterification with Fatty Acids

Fatty acids, such as stearic acid, or fatty acid salts are used to esterify the hydroxyl
groups of lignocellulosic fibers (Saha et al. 2016). The hydroxyl groups of ligno-
cellulosic fibers react with the carboxyl groups reducing the hydrophilic character
of the fiber and improving the wettability between lignocellulosic fibers and
hydrophobic polymer matrices. Therefore, the adhesion between lignocellulosic
fibers and polymer matrix could be improved and better mechanical performance
would achieve. The possible reaction between hydroxyl groups of lignocellulosic
fibers and stearic acid is given in Fig. 13.

Paul et al. (2010b) studied the influence of esterification treatment on the
mechanical properties of composites based on PP matrix and short banana fibers.
Alkali pretreated banana fibers were soaked in 1% stearic acid in alcohol for 1 h
and dried in an air oven at 60 °C for 1 h. They observed that the carboxyl groups of
the stearic acid reacted with hydroxyl groups of the fiber through an esterification
reaction, and hence, the treatment reduced the number of hydroxyl groups available
for bonding with water molecules. As a consequence, they reported that the stearic
acid treatment lowered the acidity and polarity values of banana fiber improving the
wettability with hydrophobic polymer matrices. SEM micrographs of the stearic
acid treated fiber surface revealed more fibrillation and roughness than untreated
banana fibers. Therefore, the mechanical adhesion between banana fiber and PP
could be improved. They characterized PP/banana fiber composites mechanical
properties with 50% fiber loading and they observed that stearic acid treated fiber
composites showed a slight enhancement of tensile and flexural properties com-
pared to the composites based on the untreated fibers.

Esterification with Maleate Groups

Maleate coupling agents could provide an efficient link between the fiber surface
and matrix. During grafting, maleic anhydride functional groups react with the
hydroxyl groups of lignocellulosic fibers (Kabir et al. 2012). Maleic anhydride is
not only used to modify fiber surface but also the polymer matrix, such as PP and
PE, to achieve better interfacial bonding and mechanical properties in composites
(Gassan and Bledzki 1997; Joseph et al. 2003; Lu and Chung 2000). For example,
the PP and PE chains allow maleic anhydride to be cohesive and produce maleic
anhydride grafted polypropylene (MAPP) and polyethylene (MAPE) copolymers,
respectively. After that, the treatment of cellulose fibers with hot MAPP and MAPE
copolymers provides covalent bonds across the interface (Bledzki and Gassan 1999;
Li et al. 2007). The mechanism of reaction between maleate copolymer and

( ) ( )3 2 2 3 216 16
Fiber OH CH CH COOH Fiber O CO CH CH H O− + → − − − +

Fig. 13 Proposed reaction for hydroxyl groups of lignocellulosic fiber and stearic acid
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lignocellulosic fiber consisted on the activation of the copolymer by heating and the
subsequent esterification of cellulose fiber (Bledzki et al. 1996). After the treatment,
the surface energy of lignocellulosic fiber is increased to a level much closer to the
surface energy of the matrix improving the wettability of fiber and esterification
provides higher interfacial adhesion between fiber and polymer matrix (Li et al.
2007).

In previous works (Arbelaiz et al. 2005a, b) flax fibers were treated with maleic
anhydride (MA) and with maleic anhydride polypropylene copolymer (MAPP). It
was observed that untreated fiber showed a tensile strength and modulus of
802 MPa and 46.9 GPa, respectively. After MA treatment, tensile strength, and
modulus decreased around 15 and 30%, respectively. However, MAPP treated flax
fibers showed slightly higher tensile strength values whereas the Young modulus of
MAPP treated fibers were similar to untreated flax fibers. It was suggested that the
increments could be explained by the deposition of MAPP copolymer on the sur-
face of the unit cells becoming the surface uniform and smooth. Contact angle
measurements showed that after treating flax fibers, they became more hydrophobic
being the polar component of surface energy similar to that for neat PP. Moreover,
it was observed that after the treatment with MAPP, the interfacial shear strength
(IFSS) value was improved around 15%. Flexural and tensile properties of flax/PP
composites with 30 wt% fiber content showed that MAPP treatment increased
flexural and tensile strength indicating an improvement of stress transfer from the
matrix to flax fiber bundle. However, it was reported that MA treatment seemed not
to act as stress transfer bridge between PP and flax fiber bundle. Even though the
wettability was improved after MA treatment, composite tensile, and flexural results
were not improved due to lack of adhesion efficiency.

Cisneros-Lopez et al. (2016) studied the effect of fiber surface treatment with
maleic anhydride grafted polyethylene copolymer (MAPE) on the mechanical
properties of PE/agave fiber composites. In this case, 1 wt% of MAPE was dis-
solved in 1,2,4-trichlorobenzene (TCB) at 90 °C. Then, alkali pretreated agave
fibers were left for 30 min in the solution at the same temperature under
high-intensity mixing. At least, the MAPE treated fibers were dried for 5 days in an
oven at 80 °C for complete TCB removal. They observed that the MAPE treated
fiber FTIR spectrum showed two strong bands at 2918 and 2852 cm−1 which are
the characteristic bands of the vibration C–H groups of alkane associated with the
polyethylene chains of MAPE that were grafted on the fiber surface (Benitez et al.
2013; Mohanty and Nayak 2006). SEM micrographs of MAPE treated fibers
showed a smoother surface than untreated fibers with a more uniform texture
confirming that MAPE was effectively grafted on the agave sisal surface. Moreover,
they said that the significant decrease in fiber surface porosity observed as a result
of MAPE treatment was also a sign that MAPE was able to penetrate this porosity
and grafted with the alkali pre-treated fibers. Both phenomena will have a positive
effect on fiber/matrix interactions in terms of adhesion, wettability, and dispersion
(Jandas et al. 2013). After that, they compounded PE/agave fiber composites with a
fiber content of 15 wt%. Composited based on the MAPE treated fibers showed
significant improvements in tensile strength by up to 38% (from 13 to 18 MPa)
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compared with composites based on untreated fibers and 13% with respect to neat
polymer matrix. Same behavior was observed in flexural and impact properties.
They suggested that the improvements were related to better affinity, compatibility,
and adhesion between agave fiber and PE polymer matrix.

4.1.4 Reaction with Free Radicals

Peroxide Treatment

Peroxide is a chemical compound with the specific functional group RO–OR
containing the divalent ion bond O–O (Zhou et al. 2016). Lignocellulosic fiber
surface can be modified with organic peroxides such as benzoyl peroxide,
(C6H5CO)2O2, and dicumyl peroxide, (C6H5C(CH3)2O)2 (Zhou et al. 2016; Li et al.
2007). Fibers were soaked with an organic peroxide in an acetone solution for about
30 min after alkali pretreatment (Paul et al. 2010b; Sreekala et al. 2000). Organic
peroxides are highly reactive and decompose to create free radicals RO�ð Þ which
can be grafted onto cellulose and polymer matrix chain by reacting with the
hydrogen groups of lignocellulosic fiber and polymer matrix (Zhou et al. 2016; Li
et al. 2007). The free radical reaction initiated by peroxide compound between the
polymer matrix and cellulose fibers is shown in Fig. 14.

Goriparthi et al. (2012) soaked jute fibers in 6% benzoyl peroxide acetone
solution for about 30 min after alkali pretreatment and jute/PLA composites were
compounded containing 50 wt% jute fibers. They observed that after the peroxide
treatment, the tensile strength and moduli values of the composites were increased
considerably. They suggested that the peroxide treatment produced many structural
and chemical modifications on jute fiber surface improving the interfacial bonding
mechanism between the fiber and the matrix. The same behavior was observed in
flexural properties of peroxide treated composites. Izod impact strength of peroxide
treated composites was slightly lower than the untreated composites. Debonding,
pull-out, and fiber fractures are the mechanisms of energy absorption during impact
and they mentioned that fiber pull-out requires higher energy than that of the
fracture of fiber and debonding (Goriparthi et al. 2012). They suggested that high
impact strength of untreated composites may be attributed to more fiber pull-outs
due to weak interface between the fiber and the matrix. However, in the case of
peroxide treated composites, fiber fracture occurred, being the reason for lower
impact strength of peroxide treated composites compared to untreated composites.

2RO OR RO

RO Polymer ROH Polymer

RO Cellulose ROH Cellulose

Polymer Cellulose Polymer Cellulose

− → •

• + → + •

• + → + •

• + • → −

Fig. 14 Proposed reaction
scheme for the free radical
reaction initiated by peroxide
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Acrylonitrile Grafting

Grafting acrylonitrile groups on fiber surface is an effective method of surface
modification. Acrylonitrile initiates free radicals to react with the cellulose mole-
cules by dehydrogenation and oxidation. Then, the activated free radical sites
interact with the matrix. The resulting bond between the fiber and matrix enhances
the interlocking efficiency at the interface (Kabir et al. 2012; Kalia et al. 2009).

Khan et al. (2015) grafted bleached jute fibers by acrylonitrile monomer (50 wt%
of fiber) in the presence of K2S2O8 as initiator (1 wt% of fiber), and FeSO4 as a
catalyst for 90 min at 70 °C in a water bath. Untreated and treated fibers were used
for compounding jute/PLA composites by compression molding technique. In order
to study the effect of acrylonitrile grafting, bleached jute composites were taken as
reference material for comparison. They observed that the tensile, flexural, and
impact strengths were increased by 14, 8, and 10%, respectively, in comparison of
composites based on bleached fibers suggesting that the compatibility between the
polymer matrix and jute fibers was improved after modification. SEM micrographs
of the fractured surface of composites based on bleached fibers showed interfacial
failure and fiber pull-out suggesting that the fiber/PLA adhesion was not very
strong. In the case of acrylonitrile modified composites, the failure surface showed
fibers completely covered with the matrix with no fiber pull-out. Therefore, they
concluded that the increase of tensile and flexural strength of the composite was due
to the improvement of the fiber/matrix interface.

Acrylate Grafting

Acrylate groups can be grafted on fiber surface by (i) reaction with free radicals (Li
et al. 2007; Kalia et al. 2009) or (ii) an esterification reaction (Kabir et al. 2012).
Depending on the polymer matrix used, the most interesting via should be used. In
the first via, the acrylate groups can be grafted to cellulose molecule radicals.
Cellulose can be treated with high-energy radiation to generate radicals together
with chain scission (Li et al. 2007). In the second via, the acrylic acid can react with
the cellulosic hydroxyl groups of the fiber and provide more access of reactive
cellulose macro radicals to the polymerization medium. The carboxylic acids from
coupling agents create ester linkages with the cellulose hydroxyl groups reducing
the hydrophilic character of fiber and improving moisture resistance properties
(Kabir et al. 2012). The reaction between the hydroxyl groups of lignocellulosic
fibers and acrylic acid is given in Fig. 15. Afterward, the grafting of treated lig-
nocellulosic fiber onto the matrix can be initiated by peroxides.

2 3 2 3 2Fiber OH C H COOH Fiber O CO C H H O− + → − − − +

Fig. 15 Proposed reaction for hydroxyl groups of lignocellulosic fiber and acrylic acid
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Zhang et al. (2013) immersed alkali pretreated wood fiber in a 0.3 M acrylic acid
and 0.01 M benzoyl peroxide solution for 1 h at 85 °C. The volume ratio of water
to benzene was 9:1 and benzoyl peroxide was used as an initiator. The acrylic acid
treated fibers were soaked in a 6 M sodium chloride and 1 M sodium hydroxide
solution or 15 min at room temperature. Then, wood fiber was removed and washed
with an abundant amount of distilled water until the unreacted acrylic acid was
eliminated. Finally, fibers were dried in an oven at 90 °C for 12 h. After that, the
treated wood fiber was mixed with unsaturated polyester resin and composites were
compounded. They observed that the flexural and tensile strength values increased
as wood fiber content was increased suggesting that the chemical treatments could
remove the impurities on the fiber surface and enhance the roughness improving the
fiber/polymer adhesion. SEM micrographs of the impact-fractured surface of
composites based on the untreated fiber evidenced a poor adhesion between the
wood fiber and unsaturated polyesters. Nevertheless, they observed that after
treating wood fibers with acrylic acid, SEM micrograph of the impact-fractured
surfaces of composites suggested that fiber/polymer interfacial adhesion was
improved.

Prasad et al. (2016) soaked alkali pretreated banana fibers in a 1% acrylic acid
solution maintaining fiber/solution ratio of 1:15 (w/v) for 20 min. Then, they
washed and dried the banana fibers in an air oven at 70 °C for 48 h to obtain acrylic
acid treated fibers. By FTIR analysis they observed that the absorbance bands at
about 2919 and 2854 cm−1 appeared to be slightly stronger for the acrylic acid
treated fiber than untreated fiber, corresponding to the introduction of
–CH– and –CH2–groups by the acrylic acid treatment. Furthermore, they observed
that the band near 1632 cm−1 for acrylic acid treated fibers was found to be broader,
suggesting that some ester groups were grafted on banana fibers. Finally, they
observed that the alkali treatment removed noncellulosic compounds. The absor-
bance band at about 1733 cm−1 related to the carbonyl of hemicelluloses, pectin
and wax was not observed in the spectrum of acrylic acid treated fibers. In the same
way, the change in the band near 1252 cm−1 was due to the C–O stretching
vibration of acetyl groups of lignin which was related to the removal of lignin. The
surface of untreated and treated banana fiber was studied by SEM. They observed
that untreated banana fibers surface showed the presence of impurities, globular
particles, wax, and fatty substances. However, the acrylic acid treated banana fiber
surface appeared to be rough with the slight disintegration of the fiber along with
fibrillation, which was attributed to the removal of noncellulosic compounds. After
that, they compounded LDPE/banana fiber composite with 25 wt% fiber loading.
After the acrylic acid treatment, the tensile strength of composites increased around
10% whereas the modulus of composites did not change compared to composites
based on the untreated fibers. The increment of tensile strength was related to an
improvement in the fiber wetting and bonding with LDPE matrix. In order to study
the fractured surface of composites, SEM analysis was carried out. In SEM
micrograph of untreated fiber composite, fibers seemed to be detached from the
LDPE matrix and pulled-out fibers and voids were observed indicating poor
interfacial bonding between fiber and matrix. Nevertheless, after acrylic acid
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treatment, no pull-out fibers and holes were observed, indicating better interlocking
between banana fibers and the polymer matrix.

4.1.5 Etherification Reactions

Modification of cellulosic fibers by etherification reaction can change fiber prop-
erties and make it more useful and acceptable for some applications (Kalia et al.
2009; Mansour et al. 1994). Sodium hydroxide plays an important role in forming a
charged intermediate species with the fiber, which allows the faster nucleophilic
addition of epoxides, alkyl halides, and benzyl chloride (Kalia et al. 2009; Matsuda
1996).

Chen et al. (2012) added 10 g kenaf fiber and 100 ml of 40 wt% NaOH aqueous
solution into a three neck round bottom flask with strong mechanically stirring and
refluxing with water. The temperature was raised to 110 °C and 50 ml of benzyl
chloride was added into the mixture and the reaction was allowed to proceed for
different periods of time (90, 180 and 300 min). Then, benzylated kenaf fibers were
washed with ethanol and water and dried in the vacuum oven at 60 °C. They
observed that the chemical structure of kenaf fibers after the introduction of the
benzyl group varied according to the reaction time. All benzylated kenaf fibers
spectrum showed that the hydroxyl vibration absorption at about 3500 cm−1 was
decreased after benzylation, while the absorptions at 1800–1950, 1600, 736, and
695 cm−1 increased, indicating the formation of mono-substituted benzene rings.
Moreover, the band of benzylated kenaf at 1206–1207 cm−1 was assigned to the
asymmetric and symmetric axial deformation of the C–O–C bonds of alkyl-aryl
ether, which were not observed for the untreated kenaf fiber. In addition, they
observed that the benzylation decreased considerably the hydrophilic character of
the kenaf fibers because higher contact angle values with a drop of water were
observed.

Sun et al. (2016) mixed 10 g of alkali pretreated bamboo fibers with 20 ml of
benzyl chloride at 35 °C in a double glass reaction kettle equipped with a reflux
condenser and a stirring bar. Then, the solution was heated to 120 °C and the
reaction was carried out for 1 h. Finally, benzylated bamboo fibers were washed
and dried in a vacuum oven at 73 °C at a pressure of 0.08 MPa for 12 h. Finally,
bamboo fiber/PE composites panels containing 10, 20, and 30 wt% fiber loading
were prepared using a hot press molding technique. After the benzylation treatment,
they observed that the flexural and tensile strength values of composites increased
considerably. The tensile and flexural strength of composites with a 30:70 fiber/PE
mass ratio increased up to 24.2 and 26.7%, respectively, compared to the values
obtained for the untreated bamboo fiber/PE composites. They suggested that the
improvement of the mechanical properties of the benzyl treated fiber composites
was mainly attributed to the enhancement of the interface compatibility.
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4.1.6 Benzoylation Treatment

Benzoylation treatment, an important transformation in organic synthesis, is another
treatment used to decrease the hydrophilic character of lignocellulosic fiber and
improve fiber/matrix interfacial adhesion (Zhou et al. 2016; Kalaprasad et al. 2004).
Prior to react lignocellulosic fiber with benzoyl groups, the lignocellulosic fiber
should be initially pretreated with NaOH aqueous solution in order to activate and
expose the hydroxyl groups on the fiber surface (Zhou et al. 2016; Kabir et al.
2012). Afterward, the lignocellulosic fiber was treated with benzoyl chloride.

Sampathkumar et al. (2014) activated the hydroxyl groups of areca natural fibers
using 6 wt% NaOH solution. For this purpose, areca fibers were soaked in 6 wt%
NaOH solution and agitated with benzoyl chloride for 15 min. Then, the treated
areca fibers were soaked in ethanol solution for 1 h to remove benzoyl chloride and
fibers were washed thoroughly using distilled water and dried in air. They observed
that FTIR spectra of benzoylated areca fibers showed an absorption band in the
range of 1400–1600 cm−1 due to the C=C stretching of aromatic rings in the treated
fibers. The alkali pretreatment resulted in the absence of 1727 cm−1 band sug-
gesting that the alkali pretreatment removed the noncellulosic compounds of areca
fibers. Nevertheless, after benzoyl chloride treatment, they observed a carbonyl
group absorption in the range of 1700 cm−1 suggesting the ester linkage in the
benzoyl chloride treated areca fiber. The SEM micrograph of untreated areca fiber
showed a network structure in which the fibrils were bound together by hemicel-
luloses and lignin. On the other hand, they observed that benzoyl chloride treated
fibers showed a large number of pits and much more rough surface due to the
removal of noncellulosic compounds. Finally, they reported that after treating with
benzoyl chloride, the areca fibers reduced its hydrophilic character and became
more compatible with the polymer matrix.

Paul et al. (2010b) soaked chopped banana fiber in 2 wt% NaOH solution for
90 min and agitated with benzoyl chloride for 30 min. Banana fibers were washed
with water and dried in air oven at 70 °C. After that, they compounded PP/banana
fiber composites with untreated and treated fiber with 50 wt% fiber loading and the
mechanical properties of composites were studied. They observed that the tensile
and flexural properties of benzoylated fiber composite were found to be higher than
those untreated fiber composites. The tensile strength of benzoylated fiber com-
posites improved around 13% whereas the flexural strength improved 6%. On the
other hand, they observed that the Young modulus increased from 1521 to
1595 MPa while the flexural modulus improved from 1400 to 1520 MPa. The
improvement in mechanical properties of composites based on the benzoylated
treated fibers was attributed to the reduction in the hydrophilicity of fibers (Nair
et al. 1996; Joseph et al. 2002). In another work, Paul et al. (2010a) studied the
fractured surface of PP/banana composites by SEM analysis and they observed that
tensile fractured surface of composites based on the benzoylated treated fibers
showed a fiber breakage rather than fiber debonding due to better banana fiber/PP
adhesion. In SEM micrograph of untreated banana/PP composites can be observed
that the tensile rupture was accompanied by the debonding of the banana fibers
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leaving holes, which indicated a poor adhesion between PP matrix and untreated
banana fibers.

4.1.7 Isocyanate Treatment

Isocyanate is reported to work as coupling agent in fiber reinforced composites
(Paul et al. 1997; Joseph and Thomas 1996, Sreekala and Thomas 2003). The
isocyanate functional group (–N=C=O) reacts with the hydroxyl groups of cellulose
and lignins of fiber and a urethane linkage is formed (Li et al. 2007; Kabir et al.
2012). Isocyanate also reacts with the moisture present on the fiber surface and
forms urea which can further react with the hydroxyl groups of the celluloses
(George et al 2001). This secondary reaction results in higher moisture resistance
properties of the fiber and provides better bonding with the matrix to enhance
composite properties (Kalia et al. 2009; Kabir et al. 2012). The reaction between the
fiber and isocyanate coupling agent is shown in Fig. 16, where R could be different
chemical groups such as alkyl which react with the polymer matrix.

Datta and Kopczynska (2015) studied the effect of kenaf modification on mor-
phology and mechanical properties of thermoplastic polyurethane materials.
Among other treatments, modification of a blocked isocyanate was carried out. In
order to obtain blocked isocyanate, the molten 4,4′-diphenylmethane diisocyanate
(MDI) was mixed with methanol in a molar ratio of 1:1 for 30 min to obtain
a 20 wt% solution of MDI and methanol in acetone. Then, fibers were soaked in this
solution for one week and washed repeatedly with acetone and dried at 100 °C for
2 h. Spectra of blocked isocyanate treatment showed a band at 1595 cm−1 which
was associated to the benzene rings of MDI structure and a band at 1541 cm−1 was
related to the amide symmetric stretching vibration. SEM micrographs of untreated
fibers showed a relatively smooth surface, and small particles of impurities attached
to the surface were also observed. In order to study the effect of isocyanate treat-
ment on kenaf/thermoplastic polyurethane composites, they compounded com-
posites with 10 and 30 wt% fiber contents. They observed that isocyanate treated
fibers improved the tensile strength values of composites with fiber loading of
10 wt%. However, with 30 wt% content of fibers, they observed that composite
tensile strength was not improved. They reported that this fact was due to fiber
agglomerations and poor adhesion between matrix and kenaf fibers.

R NCO Fiber OH R NH CO O Fiber− + − → − − − −

Fig. 16 Proposed reaction between lignocellulosic fiber and isocyanate coupling agent
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4.1.8 Oxidation Reactions

Permanganate Treatment

Permanganate treatment on natural fibers is conducted by potassium permanganate
(KMnO4) in acetone solution (Kabir et al. 2012). In permanganate treatment, highly
reactive permanganate ions can react with cellulose hydroxyl groups. This treat-
ment could enhance the chemical interlocking at the interface and also provide
better adhesion with the matrix (Rahman et al. 2007). Furthermore, permanganate
ions could also react with the hydroxyl groups located in lignin constituents
reducing the hydrophilic character of the fiber (Kabir et al. 2012; Paul et al. 1997).
Higher concentrations than 1% of KMnO4 could degrade the fiber properties (Li
et al. 2007; Paul et al. 1997).

Paul et al. (2010b) soaked alkali pretreated banana fiber in 0.5% KMnO4 in
acetone for 90 min. By SEM analysis, they found that permanganate could etch the
fiber surface and made it physically rougher than untreated ones. In addition, they
observed that the contact area between the fiber and the matrix was also increased
after treatment as a result of the fiber roughness increment. In consequence,
interfacial properties can be improved by mechanical interlocking. Empirical
polarity parameters calculated in terms of Kamlet–Taft solvent polarity scale
revealed that permanganate treatment lowered the acidity as well as the polarity of
the banana fibers improving the wettability of permanganate treated fiber and
polymer matrices. They said that the fiber/matrix interactions were dependent on
the polarity parameters of the modified banana fiber surface and they suggested that
lower polarity of the banana fibers led to better compatibility with PP matrix. Thus,
they observed that the tensile and flexural properties were slightly increased for
permanganate treated banana fiber/polypropylene (PP) composites.

Zou et al. (2012) studied the effect of permanganate treatment on the properties
of short sisal fiber/PLA biocomposites. The chopped sisal fibers were soaked in
0.1% KMnO4/acetone solution for 2 h. Fibers were then taken out and washed
many times with distilled water. Finally, sisal fibers were dried in vacuum at 70 °C.
Scanning electron microscopy (SEM) micrographs showed that the permanganate
treatment roughened the sisal surface improving the interfacial bonding between
permanganate treated sisal fiber and the polymer matrix. Composites with PLA
matrix and 10 wt% of untreated and permanganate treated sisal fibers were pre-
pared. They observed that permanganate treated sisal fiber reinforced composites
showed an improvement in the tensile and impact properties compared to the
composites based on untreated sisal fibers. Moreover, fractured surfaces of com-
posites showed that the sisal fibers were tightly connected with PLA matrix sug-
gesting that the adhesion between sisal fiber and PLA was improved after
permanganate treatment.
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Furfuryl Alcohol Modification

This modification is based on the selective oxidation by chlorine dioxide of gua-
iacyl and syringyl phenols of the lignin, generating ortho- and para- quinones able
to react Diels-Alder reaction with furfuryl alcohol (Trindade et al. 2004). The latter
were reacted with furfuryl alcohol, creating a coating around the fiber. This mod-
ification favored the fiber-matrix interaction at the interface but caused some fiber
degradation that affected the mechanical properties (Trindade et al. 2005). The fiber
modified with furfuryl alcohol exhibited degradation of hemicelluloses, but cellu-
lose maintained most of its crystallinity (Trindade et al. 2004).

Saw et al. (2011) oxidized coir fiber with an aqueous chlorine dioxide solution,
which was prepared by reactions between sodium chlorite and acetic acid in
aqueous medium. After oxidation reaction, the yellow-red colored fibers were
washed with distilled water until neutrality. Then, the oxidized coir fibers were
impregnated with furfuryl alcohol and heated at 100 °C for 4 h in presence of N2

flow. The excess of furfuryl alcohol was removed by soxhlet extraction using
ethanol for 15 h. Finally, fibers were dried at 50 °C for 24 h. They observed that a
broad adsorption band at 3700–3300 cm−1 region characteristic of the polymeric
association of the hydroxyl groups and bonded –OH stretching vibration present in
cellulose, hemicellulose, and lignins, decreased after the chemical treatment. They
explained that the results reflected the decrease of phenolic/aliphatic hydroxyl
groups in the fiber lignins after the oxidation reaction. Furthermore, they observed
that after the modification of fibers, a decrease in intensity was observed for an
aromatic band of lignin unit at 1606, 1512, and 1424 cm−1. Scanning electron
micrographs of untreated coir fibers showed the presence of a large number of
regularly placed holes or pits and layer over layers of sheet substances like wax of
fatty substances on the surface of unmodified fibers. After oxidation, the surfaces of
the fibers became rougher due to the removal of the inter-cellulose binding mate-
rials and the amorphous waxy cuticle layer. Nevertheless, the SEM image of fur-
furyl alcohol grafted fibers showed lower surface roughness compared to oxidized
treated fibers. Furthermore, to determine the surface roughness of the untreated and
treated fiber, atomic force microscope was used. They observed that the untreated
and oxidized treated coir fibers exhibited a root mean square roughness values of 71
and 135 nm, respectively, whereas the furfuryl alcohol grafted fiber exhibited a
surface roughness of 85 nm proving that the surface of the fiber was covered with
furfuryl alcohol. This results suggested that the mechanical adhesion between
modified coir fibers and polymer matrix could be improved. They also observed
that the oxidation and furfuryl alcohol modifications increased the water contact
angle of coir fiber but, decrease the contact angle with other low-polar liquids like
glycerol or ethylene glycol indicating the reduction of hydrophilic character of the
modified fiber. This meant that the wettability between the modified coir fibers and
hydrophobic polymer matrix could be improved.

In another work, Saw et al. (2013) studied the effect surface treatments on luffa
fiber reinforced epoxy composites. Luffa fibers were firstly oxidized and then
furfuryl alcohol was grafted on oxidized luffa fiber as detailed previously (Saw et al.
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2011). After that, untreated and treated luffa fibers mats were separately impreg-
nated with epoxy resin for fabricating the composites. In each composite, the
weight ratio of matrix to fiber was maintained at 70:30. They observed that the
chemical treatment of the fiber improved chemical bonding and helped it to
withstand high tensile load by the composites made of modified luffa fibers. They
observed that for furfuryl alcohol grafted fiber composites, the tensile strength and
modulus values were increased by 100 and 123%, respectively, due to the wetta-
bility and the mechanical adhesion between modified luffa fiber and epoxy polymer
matrix were improved. Finally, they found by SEM images that furfuryl alcohol
grafted luffa fibers were well embedded in the epoxy matrix and many fewer fiber
pull-out and holes were observed compared to that of composites based on
untreated fibers suggesting that the furfurylation is an adequate surface treatment to
improve the mechanical adhesion between lignocellulosic fiber and the epoxy
polymer matrix.

4.2 Physical Treatments

Physical treatments do not change considerably the chemical composition of the
lignocellulosic fibers but structural and surface properties of the fiber change
considerably. Usually, physical treatments are used as a preparation stage for
chemical treatments (Bataille et al. 1994). By physical treatments, fiber bundles can
be separated into individual filaments or fiber surface can be modified
(Mukhopadhyay and Fangueiro 2009). Methods like a steam explosion is used,
when a separation of the bundles into individual filaments is required. However,
plasma treatments, dielectric-barrier discharge technique or corona discharge
treatments are employed when modification of the fiber surface is desired.

4.2.1 Steam Explosion Treatment

Steam explosion process separates the lignocellulosic fiber into its main compo-
nents, namely cellulose, lignins, and hemicelluloses (Josefsson et al. 2002). This
process involves heating lignocellulosic fibers at high temperature and pressures,
followed by mechanical disruption of the pretreated materials by violent discharge
into a collecting tank (Kestur et al. 2009). Steam explosion process can include
catalysts at different concentrations and different conditions of temperatures, pres-
sures, and times are used. The conditions used in steam explosion process depend
on lignocellulosic fiber type (Kestur et al. 2009).

Hou et al. (2014) prepared lightweight composites based on PP and cotton stalk
fibers treated with steam flash explosion (SFE) process. Treated cotton stalk fibers
were carded with the flip cotton machine for two times and then blended with PP
matrix to prepare composites using compression molding technique. They noticed
that after treating SFE fibers with an alkali solution (SFE-AT), composite tensile

Pretreatments of Natural Fibers for Polymer Composite Materials 161



strength and Young modulus values were 47.5 and 27.0% higher than the values
obtained for composites reinforced with SFE treated fibers. The fractured surface of
composites was studied by SEM and they observed that in composites reinforced
with SFE treated fibers, cotton stalks fibers were pulled-out and fibers were hardly
coated by PP matrix, which revealed a poor fiber-matrix adhesion. In contrast, in
composites reinforced with SFE-AT fibers, cotton stalks fibers were coated by the
PP matrix. Moreover, most of the fibers were fractured suggesting that the cotton
stalk fibers were strained up to their breaking point. Therefore, they suggested that
the interfacial adhesion was improved due to the removal of noncellulosic com-
pounds and lower moisture regain of alkali treated fibers. SEM micrographs
showed that SFE-AT cotton stalks fiber had a smaller diameter and more grooves
on the surface compared with the non-alkali treated SFE fibers. Besides, SEM
micrographs suggested that alkali treatment removed noncellulosic compounds
from fiber surface (Wang et al. 2009) and steam explosion could dissolve some
pectin and hemicelluloses (Ibrahim et al. 2010). On the other hand, PP composites
reinforced SFE-AT fibers exhibited the smallest thickness swelling due to water
absorption. They suggested that the water absorption of composites was mainly due
to the diffusion of water molecules into the interface between cotton stalk fibers and
PP. A better adhesion between PP and SFE-AT fibers was obtained and conse-
quently, there was less space in the interfacial region where water molecules can
diffuse.

4.2.2 Plasma and Corona Treatments

The plasma discharge can be generated by either corona treatment or cold plasma
treatment. Both methods are considered plasma treatment when ionized gas has an
equivalent number of positive and negative charged molecules that react with the
surface of the present material (Young 1992). The difference between the corona
treatments and cold plasma treatments is the frequency of the electric discharge. At
high-frequency, cold plasma can be produced by microwave energy, while a lower
frequency alternating current discharge at atmospheric pressure produces a corona
plasma (Young 1992). Depending on the nature and composition of feed gases, a
wide range of surface modifications can be achieved. One advantage of plasma
treatment, among others, is the short time required for surface treatment.

Bozaci et al. (2013) studied the effect of plasma treatment on flax fiber surface
properties and flax fiber/high-density polyethylene (HDPE) adhesion. Flax fibers
were treated during 2 min by air and argon gas at different plasma powers; 100,
200, and 300 W, respectively. They observed that argon plasma treatment was
slightly more harmful than air plasma treatment because worst tensile strength
values were obtained. In fact, after air and argon plasma treatment of flax fibers at
300 W, tensile strength decreased at about 9 and 12%, respectively, respect to
untreated fibers ones. The fiber surface observed by SEM showed a smooth surface
for untreated flax fiber whereas plasma treated fiber surface exhibited tiny grains
and roughness, increasing surface roughness when plasma power was increased.
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They observed that argon plasma treated fibers had more grooves and grains than
air plasma treated ones due to the higher etching tendency of the argon plasma.
Consequently, air plasma treated flax fibers seemed to be smoother than that argon
plasma treated flax fiber ones. Pull-out test results showed that after plasma treat-
ment, flax fiber/HDPE interfacial shear strength (IFSS) values became higher than
that of untreated flax fiber. They suggested that IFSS value improved due to the
increase of roughness and contact area between the flax fiber and the HDPE
polymer matrix.

Sever et al. (2011) studied the mechanical properties of jute/HDPE composites.
Jute fibers were modified by oxygen plasma with different frequencies and dis-
charge powers for 15 min. Jute/HDPE composites were prepared using two plies of
jute fiber mats and three plies of HDPE sheets. Then, the composite laminate was
heated beyond its melting temperature without applying any pressure. In the second
step, the composite laminate was pressed at 195 °C at a pressure of 10 MPa for
15 min. For jute fiber/HDPE composites, they observed that after oxygen plasma
treatment, the interlaminar shear strength (ILSS) value of composites was increased.
In low frequency, ILSS value of oxygen plasma treated jute/HDPE composite
increased up to 7.7 and 8.5 MPa, respectively, when 30 and 60 W of plasma power
was applied. On the other hand, in radio frequency, the ILSS values of composites
were enhanced when the plasma power rose up to 90 W increasing ILSS values of
the composites by 65% for 30 W, 84% for 60 W, and 189% for 90 W in com-
parison with composites based on the untreated fiber ones. They suggested that the
increment was related to the improved interfacial adhesion between the fiber surface
and the HDPE matrix. The flexural and tensile strength values of jute fiber/HDPE
composites improved after plasma treatment. In low frequency, when jute fibers
were treated with oxygen plasma power at 60 W, the tensile, and flexural strength
values of jute fiber/HDPE composites were increased around 31 and 45%,
respectively. On the other hand, in radio frequency, they observed that the tensile
and flexural strength values improved with increasing the plasma power. Even
though jute fibers were treated with greater radio frequency plasma power, the
tensile, and flexural strength of composites did not decrease suggesting that the
interfacial adhesion between fiber surface and HDPE polymer matrix was
improved. SEM micrographs of the fractured surface of untreated jute fiber/HDPE
showed that jute fibers were pulled-out from the thermoplastic matrix and the fibers
had a smooth and clean surface with no matrix adhered suggesting that interfacial
adhesion between untreated jute fibers and HDPE matrix was very poor. In SEM
micrographs of composites reinforced with oxygen plasma treated fibers, fiber
surface was covered with large quantities of the matrix and a great number of fibers
were appeared to be embedded in HDPE matrix, indicating a better fiber/matrix
adhesion.

Sinha and Panigrahi (2009) studied the effect of plasma treatment on structure
and wettability of jute fibers as well as on the flexural strength of jute/unsaturated
polyester composites. Jute fibers were treated by argon at a plasma power of 20 W
varying the exposing time from 5 to 15 min. They compounded unsaturated
polymer resin composites with 15 wt% of untreated and plasma treated jute fibers.
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They observed that the surface of untreated jute fiber was smooth while plasma
treated fiber presented a rough surface. Moreover, they found that plasma treatment
increased the contact angle of jute fiber with water, therefore decreasing its polarity.
The decrease of the polar component was more pronounced when higher was the
exposure time of plasma treatment. Thus, the wettability of jute fibers and polymer
matrix may be increased. The increase of hydrophobicity was corroborated by FTIR
analysis, since they observed that after plasma treatment the signal of characteristic
bands of hydrophilic groups, such as carboxylic and hydroxyl groups were
decreased. For these reasons, composites reinforced with plasma treated fibers
during 10 min showed the highest flexural strength values. The flexural strength
value improved about 14% compared to composites reinforced with untreated jute
fibers. SEM micrograph of the fractured surface of composite reinforced with
15 min plasma treated fiber showed improved fiber/polymer adhesion.
Nevertheless, the mechanical properties of composites were decreased respect to
composites based on the 10 min treated fibers. This fact suggested that after 15 min
plasma treatment jute fibers were degraded lowering the strength of the composite.
In fact, SEM micrographs of 15 min plasma treated fiber showed the formation of
pits on the fiber surface, corroborating that 15 min exposing time could damage the
fiber.

4.2.3 Dielectric-Barrier Discharge Treatment

In dielectric-barrier discharge (DBD) treatment, glass, or ceramic barrier is placed
between two electrodes connected to a very high-voltage alternating current
(AC) generator. The advantage of this method is that the electrodes are not in close
contact with the plasma (Mukhopadhyay and Fangueiro 2009). High-voltage
alternating current produces random arc in a matter of milliseconds in the discharge
gap which ionizes the gaseous molecules present within the gap and hence produce
plasma. The conventional setting is a coaxial glass tube connected to the continuous
alternating power source. The produced plasma depends on the gas pressure in the
tube and hence the chance of collision between the molecules.

Li et al. (2014) studied the effect of helium plasma treatment on ramie fiber/
polybutylene succinate (PBS) adhesion. Fibers were washed successively with
acetone and distilled water followed by drying in an oven. Then, fibers were soaked
in ethanol for 10 min with a mass gain of 5.0% before plasma treatment. The DBD
was generated between two parallel copper electrodes. A power supply of
15.98 kHz frequency was applied to generate the plasma between the electrodes
within a gap of 10 mm. In the process, helium was used as the treatment gas and
treatment time was set up on 30 s. In addition, four voltages of 1.5, 3, 6, and 9 kV
were chosen to treat ramie fibers. Surface morphologies of the untreated and treated
ramie fibers were observed by SEM. Untreated ramie fibers had a relatively smooth
yet naturally streaked surface while the treated fibers showed the different extent of
plasma etching. Moreover, they observed that the fiber roughness increased with the
increase of plasma treatment voltage. Many visible spots, small notched and large
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area of protuberances were observed especially for fibers treated with 9 kV. This
fact suggested that treatment conditions could damage ramie fiber properties. The
effect of different plasma treatment voltage on surface wettability of ramie fibers
was investigated using dynamic contact angle analysis. They found that the
advancing contact angle of untreated ramie fiber was 55.9° and plasma treated fiber
with 1.5 kV voltage showed similar contact angle. Nevertheless, the contact angles
of fibers treated with 3, 6, and 9 kV notably increased probably due to the plasma
treatment induced grafting of ethyl groups onto the fiber surface. Additionally, they
corroborated this suggestion by X-ray photoelectron spectroscopy (XPS) technique.
Therefore, it was thought the fiber/matrix adhesion would be improved since the
wettability of ramie fibers and the fiber surface roughness was increased. Thus, the
IFSS values of ramie/PBS composites were determined using microbond pull-out
test. Compared with untreated ramie fiber/PBS, the IFSS value for fiber treated with
the lowest voltage, 1.5 kV, did not show significant differences with respect to
untreated fiber/PBS system. Meanwhile, the IFSS value for fibers treated with 3, 6,
and 9 kV raised about 29.6, 45.5, and 19.4%, respectively, compared to untreated
fiber ones due to the combination of the better chemical compatibility and improved
mechanical interlocking between the fiber and polymeric matrix.

Ragoubi et al. (2012) treated miscanthus fibers by corona discharge treatment
(CDT). Fibers were treated in CDT device on a dielectric barrier technique. The
treatment was assured by a low-frequency high-voltage generator (typically 15 kV,
50 Hz) and the samples were disposed between the electrodes and treated for
several minutes. After the CDT, obtained XPS results evidenced that in treated
samples there was an increase in oxygen content and a decrease in carbon content
one. The increase of the O/C ratio was attributed to the surface oxidation generated
by the corona treatment. On the other hand, SEM micrographs showed that after
treating fiber for 15 min, some little cracks appeared on the surface of miscanthus
fiber. For longer treatment time, the fibrils were pulled-off of the fibers resulting in
the formation of some cavities that could be observed after 45 min. They observed
that CDT produced many activated sites that could react with oxygen to give
etching effect. In order to confirm this suggestion, they compounded composites
based on miscanthus fiber using PP and PLA as matrices. For PP/treated miscanthus
system, an increase in Young modulus, stress, and strength at yield values were
observed compared with those values obtained for composites based on untreated
fibers. They suggested that the wettability of miscanthus fibers was increased by
CDT. Also, they suggested that the improvement of interfacial properties could be
attributed mainly to a mechanical anchorage. The fractured surface of composites
was observed by SEM and they reported that in PP composites reinforced with
untreated miscanthus, the fiber surface appeared smooth and clean. At higher
magnification, the pull-out fiber was observed indicating poor fiber/PP interfacial
adhesion. On the other hand, fractured surfaced of composites based on the treated
fibers showed that miscanthus fibers were covered with matrix and there were no
signs of pull-out fiber which means that the interfacial adhesion between PP and
miscanthus fiber was improved by corona treatment. Similar behavior was reported
on the mechanical properties of PLA/miscanthus fibers after treating fibers by CDT.
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4.3 Biological Treatments

Biological treatments are a promising technology due to its several advantages like
low energy requirements and mild environmental conditions which make them
eco-friendly and economically viable strategy (Kumar et al. 2009). Furthermore,
biological modifications can selectively remove noncellulosic materials (George
et al. 2014). Biological treatments with microorganisms, such as fungi, bacteria, and
enzymes have been used for lignocellulosic fibers treatments (Buschle-Diller et al.
1999).

4.3.1 Fungal Treatment

Fungal treatments produce extracellular enzymes that degrade lignins, as well as
extensive range of other noncellulosic materials (Li et al. 2009). It has been reported
that fungal treatments produce an extensive system of hyphae which can make fine
holes on the lignocellulosic fiber surface and may roughen the surface of the
lignocellulosic fiber (Li et al. 2009; Daniel et al. 2004).

Pickering et al. (2007) modified hemp fibers using fungal treatments. Hemp
fibers were sterilized in an autoclave for 15 min at 121 °C before fungal treatment.
The fungi:hemp ratio was approximately 10:12 (mg/g) and incubation were carried
out at 27 °C for 2 weeks. After fungal treatment, fibers were sterilized and washed
for 10 min before being dried in an oven at 80 °C. The fungi used for hemp fiber
treatment were Phanerochaete sordida, Pycnoporus species, Schizophyllum com-
mune, Absidia, and Ophiostomn floccosun. The first three belong to white rot fungi
group, whereas the fourth and the fifth belong to zygomycetes and ascomycetes
groups, respectively. They observed that the untreated fiber surface appeared
smooth and glossy, whereas after fungal treatment with white rot fungi, the surface
of fibers led to less glossy and striations becoming more visible along the fiber.
They observed by XRD analysis that after all fungal treatments, crystallinity values
of fungal treated fibers increased slightly respect to untreated fibers supporting the
removal of noncellulosic compounds. In addition, the removal of noncellulosic
compound was corroborated by TGA analysis since after the fungal treatment hemp
fiber were thermally more stable than untreated ones. However, they observed that
after the fungal treatment, the tensile strength values of treated fibers were reduced
respect to untreated fibers, especially, when hemp fibers were treated with
Schizophyllum commune fungal. They observed that tensile strength reduced about
50% suggesting that the fiber strength reduction could be related to the cellulose
degradation during fungal treatment. After the characterization of untreated and
fungal treated fibers, they compounded composites with 40 wt% hemp fibers and
PP matrix and they added 3 wt% MAPP coupling agent. Despite the tensile strength
values of all fungal treated fibers were reduced respect to untreated fibers, com-
posites reinforced with fungal treated fiber showed higher tensile strength values
than composites reinforced with untreated hemp fibers. Thus, the highest tensile
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strength value was observed in composites based on fibers treated with
Schizophyllum commune. Hemp fiber treated with Schizophyllum commune showed
the lowest fiber tensile strength value, therefore, composites tensile strength data
suggested that the interfacial bonding between PP and hemp fibers were greatly
improved due to the removal of noncellulosic compounds and the increment of fiber
surface roughness.

Li et al. (2009) carried out an analysis of hemp/PP composites using white rot
fungal treatments. For fungal treatments, dried hemp fibers were sterilized using
gamma radiation. Irradiated fibers were inoculated with white rot fungi for 2 weeks
at 27 °C and water was added for all fungal treatments to give a moisture content of
60 wt%. The fungi used for hemp fiber treatment were Phanerochaete sordid,
Pycnoporus species, and Schizophyllum commune, respectively. They observed that
all fungal treatments reduced the amount of wax, pectin, hemicelluloses, and lignin
in the hemp fiber. FTIR spectra of fungal treated fibers showed that the band around
1736 cm−1 attributed to the presence of the carboxylic ester in pectins showed a
significant intensity reduction supporting the removal of pectins. In addition, the
band around 1268 cm−1, related to the COO stretching in lignins was disappeared
in white rot fungi treated fibers. The surface morphology of untreated and treated
fibers was characterized by SEM. Untreated hemp fiber showed a large amount of
debris adhering to the surface of the fiber bundles, because they were coated with
noncellulosic material. After fungal treatment, relatively cleaner surface was
observed which supported the removal of noncellulosic compound. Nevertheless,
they mentioned that the resolution of the available SEM was inadequate to detect
fine holes caused by fungal hyphae attack on fungal treated fiber surfaces. The
removal of noncellulosic compound was also corroborated by XRD analysis since
the crystallinity values were improved after the white rot fungal treatment. The
strength values of white rot fungi treated fibers were lower than untreated fibers.
They observed that the tensile strength values of fungal treated hemp fiber
decreased at least 23% and the highest decrease, around 38%, was observed for
Schizophyllum commune treated fiber. They suggested that the decrease of tensile
strength values was related to the creation of fine holes in the fiber surface. After
that, they compounded PP/hemp composites with 40 wt% fiber content using 3 wt%
MAPP coupling agent. Despite the fungal treatments reduced hemp fiber tensile
strength value, the tensile strength values of composites reinforced with white rot
fungi treated fibers were higher than composites based on the untreated ones. This
fact suggested that the interfacial bonding adhesion between fiber and matrix
seemed to be improved due to the removal of noncellulosic compounds and the
increase of surface roughness.

4.3.2 Enzyme Treatment

Enzymes are biocatalysts that accelerate biomechanical reactions acting on a
specific reactant called “substrate”. All substrates have their own enzymes such as
cellulase for cellulose, xylanase for hemicellulose, laccase for lignins, etc.
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(Karaduman et al. 2012). Enzyme treatments are environmentally friendly and
require mild operating conditions (George et al. 2016).

George et al. (2014) studied the surface morphology and thermal properties of
lignocellulosic fibers treated with enzymes. Hemp and flax fibers were treated with
different enzymes such as xylanase, xylanase + 10% cellulase, polygalacturonase,
laccase, and pectinmethylesterase, respectively. The liquid to fiber ratio was
maintained at 50:1 (v/w) to facilitate complete wetting of fiber. Enzymatic treat-
ments were conducted for 90 min under constant agitation of 80 rpm at optimum
pH and temperature conditions (see Table 4) and enzymes were deactivated by
heating at 90 °C for 10 min.

They observed that after treating lignocellulosic fibers with xylanase + 10%
cellulase enzymes, hemp, and flax fibers showed a reduction in the cellulosic
content whereas lignocellulosic fibers treated with pectinases enzymes (poly-
galacturonase and pectinmethylesterase) showed a decrease in the hemicelluloses
content. In addition, laccase treated flax fibers showed a significant reduction in the
lignin content. It was observed from SEM micrographs that after enzyme treatment
the elementary fibers became more visible compared to the surface of untreated
fibers. On the other hand, they observed that a combination of xylanase and cel-
lulase, and polygalacturonase treated samples exhibited an increase in surface
roughness. The onset degradation temperature of enzyme treated hemp and flax
fibers were improved due to the removal of pectin and hemicellulose materials. This
improvement was achieved when lignocellulosic fibers were treated with xylanase
and pectinases enzyme. However, no change in the onset degradation temperature
was observed when lignocellulosic fibers were treated with laccase enzyme. On the
other hand, they reported that the enzyme treatment resulted in higher surface
hydrophilicity because of the removal of lignin and hemicellulose, thereby exposing
the cellulosic backbone. In summary, enzyme treatment of lignocellulosic fibers can
be used to selectively degrade components that limit the thermal stability and to
modify the fiber surface characteristic.

George et al. (2016) studied the mechanical and moisture absorption of enzyme
treated fibers/PP composites with 20 wt% of fiber content. They observed that after
the enzyme treatment there was no change in mechanical properties. By TGA
analysis, they observed that enzymatic treatment improved the thermal properties of
the resulting composites. Furthermore, composites based on the enzyme treated
fiber showed lower moisture absorption values than untreated fiber composites.

Table 4 Optimum pH and temperature conditions for each enzymatic reaction (George et al.
2014)

Enzyme Xylanase Xylanase
+10%
cellulase

Polygalacturonase Laccase Pectinmethylesterase

pH 7 6 4 7 5

Temperature
(°C)

70 50 45 50 45
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Xylanase + cellulase treatments provided the greatest reduction in moisture both
for hemp and flax fiber composites. After 4 weeks of immersion in water at room
temperature, they observed that the xylanase + cellulase treatment decreased the
average moisture absorption of composites based on the hemp fiber around 250%
whereas the average moisture absorption of flax fibers reduced around 200%.
Finally, in order to study the fiber/matrix adhesion, the fractured surface of the
composite was observed by SEM. Composites based on the untreated fibers showed
pulled-out fibers due to the poor interfacial adhesion. However, composites based
on the enzyme treated samples revealed a better distribution of fibers indicating a
better fiber dispersion and fiber/matrix adhesion.

Hanana et al. (2015) treated alfa fibers with several enzymes. The enzyme
treatments were carried out after alfa fiber were treated with 0.5 M NaOH solution
in autoclave for 20 min at 120 °C with a pressure of 1 bar. The optimal pH and
temperature conditions of enzyme treatment are listed in Table 5. For all experi-
ments, the liquid to fiber ratio was maintained at 150:1 (v/w) to facilitate complete
wetting of fiber and different enzyme reaction times were used, 2, 4, and 8 h,
respectively.

In enzyme treated fibers, the cellulose micro-fibrils were visible indicating that
the lignin and other noncellulosic materials were greatly removed from the fiber
surface becoming fiber surface rougher. They reported that pectinase enzyme
treatment was the most effective for separating alfa fiber into smaller and single
fiber due to the removal of materials from the fiber surface and the degradation of
polygalacturonan. In consequence, they observed that pectinase enzyme treatment
improved the mechanical properties of composite based on the alfa fibers. The
tensile strength values of composites based on the pectinase treated fiber improved
around 30% compared to alkali treated composites. However, the tensile strength
values of composites based on the laccase and xylanase treated fibers did not
observe important changes.

5 Conclusion

The use of natural fibers as reinforcement in polymer composites is attracting a lot
of interest due to its mechanical properties, processing advantages, and environ-
mental benefits. However, the hydrophilic character of the fibers lowers the com-
patibility with the hydrophobic matrix which results in poor mechanical properties
of the composites. Therefore, it is necessary to modify the fiber surface morphology
in order to reduce the hydrophilic character of the fibers and improve the fiber/

Table 5 Characteristic of
each enzyme system with
corresponding activity at
optimum conditions (Hanana
et al. 2015)

Enzyme Xylanase Laccase Pectinase

pH 7 5 4.8

Temperature (°C) 55 50 50
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matrix adhesion. The fiber treatments could modify tensile properties of treated
fibers, being often lower than untreated fibers. Nevertheless, composites based on
the treated fibers could show higher tensile strength values than composites based
on untreated fibers due to the adhesion improvement between the lignocellulosic
fiber and polymer matrix after the surface treatments. The adhesion improvement
for each fiber/polymer system depends on the fiber treatment type chosen as well as
the chemical composition and morphological features of the composite compo-
nents. In composites based on the lignocellulosic fibers, usually, the chemical
treatments are used for fiber surface modification, such as alkali, silane, and
acetylation among others. Inadequate treatment conditions could damage fiber
structure, decreasing considerably fiber mechanical properties and consequently,
the optimization of surface treatment conditions is a key factor to prepare com-
posites with superior mechanical performance. Chemical treatments are the most
used to modify fiber surface, however, physical and especially biological treat-
ments, could be promising alternatives to improve lignocellulosic fiber/matrix
adhesion because they are more environmentally friendly treatments than chemical
ones. In most cases, physical and biological treatments are combined with chemical
treatments in order to make more effective treatments.
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