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Highlights:
e Environmental concerns have fortified scientists to produce novel composites
e This review presents the commonly used processing techniques of natural fibers
e Provide a robust data base for further development of polymer composites materials

e Create a novel sustainable composite material dedicated for industrial applications

Abstract:

Designing environmentally friendly materials from natural resources represents a great challenge
in the last decade. However, the lack of fundamental knowledge in the processing of the raw
materials to fabricate the composites structure is still a major challenge for potential applications.
Natural fibers extracted from plants are receiving more attention from researchers, scientists and
academics due to their use in polymer composites and also their environmentally friendly nature

and sustainability. The natural fiber features depend on the preparation and processing of the fibers.



Natural plant fibers are extracted either by mechanical retting, dew retting and/or water retting
processes. The natural fibers characteristics could be improved by suitable chemicals and surface
treatments. This survey proposes a detailed review of the different types of retting processes,
chemical and surface treatments and characterization techniques for natural fibers. We summarize
major findings from the literature and the treatment effects on the properties of the natural fibers

are being highlighted.

Keywords: Natural Fiber, Extraction method, Chemical Treatment, Surface Treatment,

Characterization.

1. Introduction
The high demand for environmentally friendly new materials makes the scientist develop materials
from nature itself (Al-Oqgla et al., 2014; Alves et al., 2010). Composite materials based on
environmentally friendly and renewable materials are increasingly used, to replace conventional
materials formed from composites of synthetic materials that allows reducing the greenhouse gas
emissions effect (Sanjay et al., 2018; Vaisanen et al., 2017). Natural fibers are environmentally
friendly materials employed as reinforcement for making biocomposites, suitable for many
industrial applications (Neelamana et al., 2013; Gowda et al., 2018; Siengchin, 2017). The plants
from which the natural fibers are produced might be characterized as primary and secondary
subject to their application (Sanjay et al., 2016). The primary plants such as jute, hemp etc., are
grown only for their fibers, while the secondary plants such as banana, pineapple etc., are
cultivated for their fruits, and the fibers are produced from these plants as byproducts. The
commonly available natural fibers are jute, flax, kenaf, hemp, ramie (extracted from bast), sisal,

pineapple, palf (extracted from leaf) cotton, kapok (extracted from seed), coir (extracted from
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fruit), bamboo, elephant grass, (extracted from stalk) and etc. (John and Thomas, 2008; Thomas

etal., 2015, Madhu et al., 2018).

Fig. 1 presents a general configuration of a natural fiber structure and its microstructural
organization covering the three main structural components, i.e. the cellulose, hemicellulose and
lignin (Kabir et al., 2012; Rong et al., 2001). The plant fiber consists of a primary cell at the
peripheral and three secondary walls at the interior and a lumen in the centre (Akil Rong et al.,
2011; Mohanty et al., 2005). The main cell wall consists of cellulose crystalline microfibril
networks arranged in a disordered manner. In the secondary walls, the cellulose crystalline

microfibrils are arranged helically, with the main direction of the fiber (Krassig, 1993).
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Fig. 1. Natural fiber structure and microstructural organization of the main three constituents of a

natural fiber (Kabir et al., 2012).

(Reproduced with permission from Elsevier, License Number- 4443441230717)



The main conditions that affect the fibers quality are (i) growth of the plant (plant species, location
of the crop and local climatic conditions), (ii) harvest phase (age of the fibers, fiber thickness and
adhesion between fibers etc), and (iii) supply phase (method of transportation, storage time and
conditions) (Dittenber and GangaRao, 2012; Thakur and Thakur, 2014). Therefore, to obtain the
best fibers quality, the above-mentioned parameters should be optimized for each type of different
fibers. There are several advantages of using natural fibers over other synthetic fibers such as glass
fibers or carbon fibers. Some natural fibers advantages are as follows : cost-effective, abundantly
available, low specific weight, high specific resistance, high rigidity, renewable resource,
biodegradability, smaller energy consumption for production thus low CO2 emission, simple and
environmentally friendly processing methods, excellent electrical resistance, good
thermomechanical or/and relative high acoustic insulating features (Bledzki and Gassan, 1999;
Jawaid and Khalil, 2011). Traditionally, natural fibers were employed in the manufacture of ropes,
threads, fabrics, carpets, and cords (Reddy and Yang, 2005; Sanjay et al., 2016; Sanjay and
Siengchin, 2018). Recently, these fibers were used in automotive sectors, goods packaging, low-
cost housing, other civil structures and paper industries (Holbery and Houston, 2006; Siengchin,
2017). Table 1 shows some of the advantages and disadvantages of natural fibers and the potential
applications of natural fibers in various sectors are summarized in Table 2. However, they are still
very less exploited. To introduce natural fibers in novel applications it is essential to recognize
well its preparation and processing methods. Therefore, in this review, our effort was dedicated to
investigating the methods of extraction of the fibers, chemical treatments, surface treatments and

characterization techniques.



Table 2. Advantages and disadvantages of natural fibers (Jawaid and Khalil, 2011,

Saravana Bavan and Mohan Kumar, 2010; Sanjay et al., 2016; Sanjay and Siengchin, 2018)

Advantages

Disadvantages

Low specific weight results in a higher

specific strength and stiffness than glass

Lower strength, especially impact

strength

Renewable resources, production require

little energy and low CO2 emission

Variable quality, influence by

weather

Production with low investment at low

cost

Poor moisture resistant which causes

swelling of the fibers

Friendly processing, no wear of tools and

no skin irritation

Restricted maximum processing

temperature

High electrical resistant

Lower durability

Good thermal and acoustic insulating

properties

Poor fire resistant

Biodegradable

Poor fiber/matrix adhesion

Thermal recycling is possible

Price fluctuation by harvest results or

agricultural politics

Table 2. Potential applications of natural fiberin various sectors (Ahmed et al., 2018; Puglia et

al., 2005; Puttegowda et al., 2018; Sanjay et al., 2016; Sanjay and Siengchin, 2018)

Sector Application
Aerospace Tails, wings, propellers, helicopter fan blades
Automotive Door frames, door shutters, window frame, mirror casing




Marine

Boat hulls, fishing rods

Building and

Construction

Roofing sheets, bricks, furniture panels, storage tanks,

pipelines

Sports &

leisure goods

Ice skating boards, bicycle frames, baseball bats, tennis

racket, fork, helmet, post-boxes

Electronics Laptop and mobile cases, chip boards, projector and voltage
Appliances stabilizer cover

Pipes carrying coal dust, construction of weapons, textiles,
Others

industrial fans, paper and packaging

2. Extraction methods

The appropriate natural fibers extraction represents a major test faced during the processing of
plant fibers. The most common methods to separate the plant fibers are dew retting and water
retting process. Depending on the fiber category, these methods require approximately 14 to 28
days for the degradation of waxes, pectin, hemicellulose and lignin. To reduce long processing
time, alternative methods such as mechanical extraction and chemical treatments have been
introduced. In retting process, the existence of the bacteria and moisture in the plants allows to
break down large parts from cellular tissues and its adhesive substances that surrounds the fibers,
enabling the separation of individual fibers from the plant (Gurukarthik et al., 2018; Hyness et al.,
2018). The reaction time must be carefully evaluated when using dew or water retting because

excessive retting can cause difficulties for the separation of individual fibers or may weaken the

fiber strength (Manimaran et al., 2018a; Paridah et al., 2011).




In the dew retting method, the stems of the plants were cut and evenly distributed in the fields,
where the presence of bacteria, sunlight, atmospheric air and dew causes break down of its cellular
tissues and adhesives substances that surrounds the fibers (Ahmed and Akhter, 2001; Antonov et
al., 2007). Dew retting is preferred in locations having heavy night dew and warm day. This
process is economical and is widely used for the industrial production of blast fibers. However,
the most widely practised method is water retting process, where bunches of stems plant were
submerged in water (Bacci et al., 2011; Booth et al., 2004). The water can penetrate into the central
part of the stem and swells the internal cells, this results in the bursting of the outer layer of the
plants (Jankauskiené et al., 2015; Pickering et al., 2007; Sisti et al., 2018). For natural water retting
process, ponds, slow streams and rivers can be also utilized. Note that, the water retting process
generates low-quality fibers (Amaducci and Gusovius, 2010; Lampke et al., 2005; Manimaran et
al.,, 2018b & 2018c). Also, water retting is a long-term process and potential of water
contamination prove this method to be less attractive for industrial applications (Paridah et al.,

2011; Ribeiro et al., 2015; Van der Werf et Turunen, 2008).

On the other hand, the mechanical extraction process of fibers produces high-quality fibers with
shorter retting time, however in respect to dew or water retting process this technique is more
expensive (Paridah et al., 2011). A mechanical decorticator is presented in Fig. 2(a). The
mechanical decorticator consists of a series of components (i.e. rollers, beater and etc.). The space
between these rollers is 3 to 8 mm and has been maintained for the extraction of the fibers. The
outer layers of the fibers such as the gums and the stems skin are eliminated by the continuous

feeding of the fibers between the rotating rollers. The decorticated fibers were repeatedly washed



with water and dried for 48 h in sunlight eliminating the water content from the fibers

(Sathishkumar et al., 2013, Sreenivasan et al., 2011).

Recently, Bezazi et al., (2014), proposed two simple environmentally benign procedures for the
extraction of Agave fibers. In the first method, the Agave leaves were buried at a depth around of
30-40 cm in the soil for three months (Fig. 3a). In the second method, the fibers were submerged
in a container with water for around 10-13 days (Fig.3b). The authors observed total
biodegradation of the leaves from the matrix, allowing to separate the fibers. Table 3 presents a
short summary of the extraction methods comparing different process, namely the dew, water

retting and mechanical extraction process.

Squeezing
roller

Scrapper
roller

(a)
Fig. 2 (a). Schematic diagram of a mechanical decorticator (Sreenivasan et al., 2011).

(Reproduced with permission from Elsevier, License Number- 4443450041307)




Fig. 3 (a). Extraction of fibers from the ground
when the plant is buried (Bezazi et al., 2014).
(Reproduced with permission from Elsevier,

License Number- 4443450240953)

Fig. 3 (b). leaves from water immersion (Bezazi
etal., 2014).
(Reproduced with permission from Elsevier,

License Number- 4443450240953)

Table 3. Comparison between water retting and mechanical extraction process.

stems are spread evenly
on the grassy fields, to
receive a combined
action of
bacteria, sunlight,

atmospheric air and dew

submersed in water
(rivers, ponds, or tanks)
and checked periodically

(microbial retting)

Extraction Dew Retting Water Retting Mechanical Extraction
Methods
Description Gathered samples plant Plant stems needs Fibers hammering are

separated with a
hammer mill or/and

decorticator
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that causes break down
of its cellular tissues and
adhesive substances that

surrounds the fibers

Duration

Two to three weeks,
depending on the

climatic conditions

7-14 days

Depending on

production fibers

Advantages

Common in areas
in locations having
heavy night dew and
warm day and with

limited water resources.

The fibers produced are
uniform and of higher

quality

It produces large
quantities of short

fibers in a short time

Disadvantages

The obtained fibers are
darker in colour and are
of poor quality.

For dew retting process,
the agricultural lands
need to be occupied for
several weeks, and also
the obtained fibers are
contaminated with soil

and fungi.

High cost,
environmental concerns
and inferior fibers
quality, but better than
fibers obtained through
dew retting process.
Requires high water

treatment maintenance

High cost and

acceptable quality fibers
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Reference

Ahmed and Akhter,
2001; Antonov et al.,
2007; Bacci et al., 2011,
Booth et al., 2004;
Jankauskiené et al.,
2015; Paridah et al.,
2011; Pickering et al.,

2007; Sisti et al., 2018

Amaducci and Gusovius,
2010; Lampke et al.,
2005; Manimaran et al.,
2018b & 2018c; Paridah
et al., 2011; Sisti et al.,
2018, Ribeiro et al.,
2015; Van der Werf et

Turunen, 2008

Paridah et al., 2011,
Sathishkumar et al.,
2013, Sreenivasan et al.,

2011

3. Chemical treatments
The natural fibers hydrophilic features and the polymer matrix hydrophobic characteristics are the
main fundamental problems of using natural fibers as reinforcement for the polymer composites.
However, by using a chemical treatment on the natural fibers allows reducing its fibers hydrophilic
features (Bezazi et al., 2014, Li et al., 2007; Mwaikambo and Ansell., 2002). The most important
chemical treatments used in order to reduce the hydrophilic characteristics of a natural fiber are

presented as follows.

3.1 Sodium hydroxide (NaOH) treatment
The natural fibers treatment by NaOH is the most common. This covers four different practices,
such as 1) a constant concentration of NaOH for a constant period of time (Reddy et al., 2009a;
Senthamaraikannan and Kathiresan, 2018; Shanmugasundaram et al., 2018), 2) using different
NaOH concentration for a constant period of time (Reddy et al., 2009b), 3) keeping a constant

NaOH concentration for different time periods (Arthanarieswaran et al., 2015; Rajkumar et al.,
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2016; Reddy et al., 2013) and 4) using different NaOH concentrations for different time periods
(Saravanakumar et al., 2014a). The second and third practice methods are the most common
treatments to determine the optimal conditions for natural fiber modification. At different NaOH
concentrations with a constant period of time, the fibers should be treated with 2% to 5% (w / v)
NaOH solutions keeping the temperature around 23°C for a constant time, maintaining a
proportion of the liquor 20:1 that permits to eliminate hemicellulose and other fatty materials.
After this chemical practice the fibers are neutralized, cleaned and dried (Reddy et al., 2009b; Liu
et al., 2018). At constant NaOH concentration with different time periods, the natural fibers are
treated in 5% (w / v) NaOH solution (generally 5% is optimal for most natural fibers) varying the
time (i.e. 15, 30, 45, 60, 75 and 90 mins) (Arthanarieswaran et al., 2015; Herlina Sari et al., 2018;
Rajkumar et al., 2016). Later, the treated natural fibers are washed with deionized water, followed
by the addition of few drops of 0.1 N hydrochloric acid to remove the excess impurities (Reddy et

al., 2013; Saravanakumar et al., 2014a; Sonnier et al., 2018).

3.2 Acetic acid (CH; COOH ) treatment
The acetic acid solution (indicated as 5, 10 and 15% (w /v)) is used to treat the fibers for 2 h in
ambient temperature (23°C) to remove hemicellulose and other fatty materials from the surface of
the fibers. Later, it isused 0.1% (w/v) NaOH solution to neutralize the fibers, followed by washing

with water and then drying at 100 °C for 24 h (Kommula et al., 2016).

3.3 Silane (SiHas ) treatment
Silane is a multifunctional molecule that is used as a coupling agent to modify the fiber surface

(Asim et al., 2016 & 2018; Atigah et al., 2018; Sepe et al., 2018). The vinyltrimethoxysilane and
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aminopropyl triethoxy silane are the commonly used silanes in order to obtain reliable
modification of natural fibers (Singha et al., 2009; Singha and Thakur, 2009 ; Indira et al., 2012).
When is used silane treatment, is required some amount of vinyltrimethoxysilane or aminopropyl
triethoxy silanes that is mixed with an ethanol water mixture using the ratio (60:40). This solution
is kept for 1 h and the pH is maintained at 4, by adding acetic acid. The fibers were immersed in
the above solution for 2h, the treated fibers were later dried overnight at 60 °C (Sreekala et al.,

1997; Xie et al., 2017; Zegaoui et al., 2018).

3.4 Benzoyl peroxide (Ci14H1004) treatment
For benzoyl peroxide treatment the fibers were immersed in 6% benzoyl peroxide in acetone for
30 min. The treated fibers were washed and air dried for 24 h (Paul et al., 1997; Saravanakumar et

al., 2014b).

3.5 Potassium permanganate (KMnOa) treatment
For potassium permanganate treatment, the fibers were immersed in 0.5 % potassium
permanganate in acetone for 30 min. The treated fibers were washed and air dried for 24 h

(Saravanakumar et al., 2014b).

3.6 Stearic acid ((CH3(CHz2)16COOH)) treatment
For stearic acid treatment, a solution of 1% stearic acid in ethyl alcohol was used. This solution is
later poured slowly into the natural fibers placed in the glass vessel with continuous stirring. The

treated fibers were later dried at 80 °C for 45 min (Paul et al., 1997; Saravanakumar et al., 2014b).
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3.7 Seawater treatment
Another simple and economical method to modify natural fibers indicates the use of seawater.
Firstly, pH of the seawater and the salinity need to be checked, later the fibers could be immersed
in seawater for up to 30 days. Finally, the fibers were washed with water and dried at ambient

temperature (Leman, et al., 2008; Rashid et al., 2016; Sreekala et al., 1997).

3.8 Cellulose powder ((CsH100s)n) treatment
The preparation of natural fibers with cellulose powder assume that the fibers are soaked separately
in steel containers containing 2% to 10% of cellulose pulp. It is prepared within hot distilled water,

for up to 30 min. Later, the treated fibers were dried at 70 °C for 3 h (Indran et al., 2016).

3.9 Polymer Coating
Solution of polymer made from 12% mixture of A (i.e. 46% acrylic acid, 42% water, 8% styrene,
1.5% itaconic acid, and 2.5% alkyl diphenyl oxide disulfonate (anionic surfactant)), 1% of B
mixture (i.e. 7.5% sodium persulphate and 92.5% water), 1% of anionic surfactant and water 86%
were mixed at 14,000 rpm, at circa 82 °C for 3 h. Later, the fibers are immersed in the mixed
polymer solution for 30 min. In this process, the carboxylic acid from a functional group of itaconic
acid allows replacing the hydroxyl groups of natural fibers. Finally, the fibers were filtered and

then dried for 24 h at 60 °C (Hajiha et al., 2014).

3.10 Bleaching
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For bleaching, natural fibers are being treated with Ca(CIlO). (calcium hypochlorite) for 45 min.
The bleached fibers are then washed with deionized water and then dried for 24h at 80 °C in a

vacuum oven (Jayaramudu et al., 2011).

3.11 Graft copolymerization
In the graft copolymerization reaction, an initiator (KPS) in a small amount together with the
monomer (MMA\) is used once the fiber is immersed in distilled water. The reaction parameters
should be controlled in order to obtain the optimum grafting percentage while combining the
parameters such as time, temperature, the volume of solvent, initiator and monomer concentration
(Bledzki et al., 1996; Malkapuram et al., 2009). The percentage grafting could be calculated using
the equation, (Pg ) = {(Wg — W)/ W} x 100 where ‘W’ is the weight of raw Grew (Mishra et al.,

2001; Thakur et al., 2013 & 2014).

3.12 Isocyanate treatment
The treatment with isocyanate assumes that the natural fibers are prepared in a bottom flask having
a round form that contains a certain amount of carbon tetrachloride (CCls) and a small amount of
a catalyst (dibutyltin dilaurate). The urethane derivative is added dropwise to natural fibers
containing a catalyst, with stirring. The reaction will be completed in 1 h, later urethane treated
fibers were refluxed during 8h in acetone by a soxhlet apparatus. Distilled water is required in the
final step to treat the fibers while washing followed by drying at 80 °C in an oven (Bledzki et al.,

1996; Malkapuram et al., 2009; Paul et al., 1997).

Among all chemical treatments, the most common chemical treatment for natural fibers is NaOH,

because it is an easy and feasible technique to treat huge quantity of fibers, very little work being

16



published on other chemical treatments. A summary of the chemical treatments and its effects on

the natural fibers is presented in Table 4.

Table 4. The chemical treatments and its effects on the natural fibers

Chemical

Treatment

Treatment effect

References

NaOH treatment

Remove the amorphous content, hemicellulose
and lignin, which leads to fiber surface
becoming rough. It is expected that such rough
surfaces promote a strong link of interfacial
bond when the fibers and the matrix
composites are made of fibers as

reinforcement

Arthanarieswaran et al., 2015;
John and Thomas, 2008;
Rajkumar et al., 2016; Reddy
et al., 2013; Saravanakumar et
al., 2014b;. Valadez-
Gonzalez etal., 1999; Wang

et al., 2007

Acetic acid

treatment

Acetic acid treatment enhances tensile
properties and the initial degradation
temperature of the fibers. Therefore, the acid
surface treatments will improve the
performance when the fibers are used as

natural reinforcement for composites.

Kabir et al., 2012; Kommula
et. al., 2016; Mohanty et al.,

2005

Silane treatment

Improves the physicochemical properties of

natural fibers

Singha et al., 2009; Singha
and Thakur, 2009; Sreekala et

al., 1997

17




Benzoyl It allows to enhances the adhesion mechanism Paul et al., 1997;
peroxide between the natural fiber and polymer matrix | Saravanakumar et al., 2014b
treatment
Potassium Enhance the physicochemical properties Paul et al., 2008; Rahman et
permanganate through the removal of wax and other al., 2007; Saravanakumar et
treatment cementing materials al., 2014b
Stearic acid Provides superior physicochemical properties Paul et al., 1997,
treatment when compared to all the above chemical Saravanakumar et al., 2014b
treatments
Seawater Removes the hemicellulose and generate Ishak et al., 2009; Leman, et
treatment pectin. This treatment leads to fibrillation of | al., 2008; Rashid et al., 2016;
natural fibers similar to alkai treatment. Sreekala et al., 1997
Cellulose Provides a good wetting chemistry between Indran et al., 2016
powder the natural fibers and the matrix
treatment

Polymer Coating

Helps to improve the compatibility between

the natural fibers and its polymer matrix

Hajiha et al., 2014

Bleaching Permits to better control its thermal stability Jayaramudu et al., 2011
and/or the tensile properties of the natural
fibers
Graft Improve the swelling and its thermal Bledzki et al., 1996;

copolymerization

properties

Malkapuram et al., 2009;

18




Mishra et al., 2001; Thakur et

al., 2013 & 2014

Isocyanate Significantly increases the mechanical Bledzki et al., 1996;
treatment properties and water resistance of the natural | Malkapuram et al., 2009; Paul
fibers etal., 1997

4. Surface treatments
The natural fibers require some surface treatments in order to improve its surface performance
[George et al., 2001; Mohanty et al., 2001]. The chemical treatments are aimed to reduce the
hydrophilic nature of the fibers, but the surface treatments may not only modify the fiber surface
but also increase the fiber strength which leads to improving the adhesion mechanisms between
the fiber surface and the polymer matrix. Despite the importance of surface treatment, there are a
limited amount of approaches used to tackle this challenge due to the lack of availability of surface
treatment equipment. This section explains the most commonly used surface treatments dedicated
to the natural fibers and some beneficial effects on the fibers. Table 5 presents the surface

treatments effects on natural fibers.

4.1 Plasma treatment
Plasma treatment has been successfully used to remove the impurities on the surface of the natural
fibers (Cruz and Fangueiro, 2016; Shahidi et al., 2013). Oliveira et al., 2012, provided a robust
review regarding the modification of the banana surface fibers by treatment with atmospheric
dielectric discharge (DBD) plasma. A semi-industrial prototype machine from Softal Electronics

GmbH was used to carry out the experiments in the ambient conditions while using atmospheric
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pressure. A brief representation of experimental DBD is shown in Fig.4. On a paper frame, each
fiber was placed parallel to another one, they were fixed on a cotton fabric for a continuous flow
treatment. After the plasma treatment, the paper frame is turned upside down for the treatment on

the other side.

High voltage

Ceramics electrodes
Banana fibers

Power
Source

.

Working gas air Continuous fabric transmission device

Rubber roll
Fig. 4. Schematic DBD Plasma treatment device for surface preparation (Oliveira et al., 2012).

(Reproduced with permission from Springer Nature, License Number- 4443450601219)

4.2 Vacuum Ultraviolet Irradiation treatment
Vacuum ultraviolet irradiation (VUV) is considered a relatively new technique, widely accepted
for removing impurities from the plant fiber surface. In an interesting work, Kato et al., 1999,
addresses the surface oxidation of fibers by UVU treatment. During the treatment, the fibers were
placed in a chamber of stainless steel having a length of 140 mm and diameter of 35 mm. High
energy radiations below 200 nm were used for irradiation. The experiments are performed at room
temperature with an applied pressure of 2.5 Torr. The Xe KsR-2A%was used as the source lamp
equipped with MgF2 window, 30 mm away from a sample holder. The photodiode measures an

intensity of 3 x 10 photons/(s cm2 ) when irradiated with radiations of 147 nm.
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4.3 Ozone treatment
Ozone or oxygen-fluorine gas has been used successfully to improve the surface of the natural
fiberssurface. In one of the important works by Kato et al., 1999, explained in detail the process
that allows generating surface oxidation on the cellulose fibers using an ozone treatment method.
This method assumes that the cellulose nonwoven form of fabrics are exposed to ozone gas at 20
°C, while the flow rate is set as 50 L/h. The time of exposure varies from 5 min to 9 h. An ozone
generator type O-Z-2 from Nippon Ozone Co. Ltd., Tokyo, Japan was used to generate ozone, the
machine was operated at a voltage of 100 V. The fibers that are treated are washed thoroughly
using distilled water in order to remove any ozone adsorbed on the fiber surface, later on being

vacuum dried for 24 h at 60 °C.

4.4 Corona treatment
Belgacem et al., 1995, conducted some experiments to observe the surface improvements of the
cellulose fibers using corona treatment. In the experimental set up was consisted of two flat
aluminium electrodes and a quartz plate as the dielectric spacer. About 1 g of cellulose fibres was
placed in the corona cell with the cell volume of 5 cm? and treated for 1 min with an applied potential

of 15 kV and frequency of 60 Hz at 25 °C with 50% relative humidity (Uehara and Sakata, 1990).

4.5 vy -Ray treatment
Toth et al., 2003, explained the treatment of y -irradiation on cotton-cellulose. In this method,
firstly the cotton cellulose was treated with NaOH (1— 6 mol dm) this is followed with TMAH

(1-3 mol dm®). The treated fibers were neutralized and dried. In the final stage, the fibers were
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post-processed with 5 kGy/h dose rate by a Co60 y source in open air (Foldvéry et al., 2003; Takacs

etal., 1999).

4.6 Laser treatment
Mizoguchi et al., 2003, conducted laser surface treatment on cellulose fibers by excimer laser
irradiation system. Three types of excimer lasers (i.e. ArF (193 nm), KrF (248 nm) and XeCl (308
nm) were used for irradiation. The Lambda-Physik LPX210i (of ArF and KrF laser) and Lambda-
Physik EMG102MSC (of XeCl laser) were used for fiber treatment at ambient condition. The pulse
width consists of 20 ns of ArF, 23 ns of KrF and 14 ns of XeCl depending on the type of the laser,
the frequency used is 1 Hz. Ne gas was used as a buffer gas. A concavo-convex lens is used to
obtain good focus on the laser beam that permits to adjust the laser fluence. The fluence is
measured using a joulemeter and an oscilloscope. The sample is placed in the sample holder
between the concave-convex lens and joule meter. The area of irradiation is 0.24-1.20 cm?. The
influence of irradiation fluence (100-500 mJ/cm?) and the pulses number (0-100) on the fiber

surface structure could be analysed.

Table 5. The surface treatments effects on natural fibers.

Surface Treatment Treatment effect References
Plasma treatment Surface etching improves the Cruz and Fangueiro, 2016;
surface roughness of the plant Maissel and Glang, 1970;
fibers, resulting in a better Oliveira et al., 2012; Shahidi et
interface with the matrices al., 2013; Sinha and Panigrahi,
through mechanical interlocking 2009
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Vacuum Ultraviolet

Irradiation treatment

Improves the surface properties
such as adhesion, wettability,
tribiological properties, fouling,
barrier, insulation, dyeing, and

biocompatibility

Kato et al., 1999

Ozone treatment

Helps to maintain its mechanical

properties

Ali etal., 2018; Kato et al., 1999

Corona treatment

Enhance the acidity and the

basicity of surface of fibers

Bataille et al., 1994; Belgacem et
al., 1995, Uehara and Sakata,

1990

v -Ray treatment

Increase in strength of natural
fiber with gamma radiation dose
due to the intercross-linking
between the neighbouring

cellulose molecules

Foldvary et al., 2003; Khan et al.,
2006; Takacs et al., 1999; Toth et

al., 2003

Laser treatment

Remove lignin content and
increases structural properties of

fibers

Botaro et al., 2001; Kolar et al.,

2000; Mizoguchi et al., 2003

5. Characterization Methods
This section is dedicated to presents the most useful characterization methods for the natural fibers.
The characterization methods are very essential in order to select the natural fibers suitable as

reinforcement for polymer composites.
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5.1 Density measurement
Firstly, for measuring the density of the fibers, the fibers require drying for 48 h in a non-
hygroscopic desiccator that contains calcium chloride (Varma et al., 1989). Later, the fiber is
impregnated in toluene for 2 h to eliminate the existence of microbubbles from the fibers. The
fibers were cut to a length of 5-10 mm and kept into the pycnometer (Beakou et al., 2008;

Sathishkumar et al., 2013; Manimaran et al., 2018a). The density of natural fiber (p) is calculated

m, -m,
(ms - m1)(m4 - mz)

by formula; p =( ]pT , where m1, mz, mz and my are the mass of the empty

pycnometer (kg), pycnometer filled with chopped fibers (kg), pycnometer filled with toluene (kg),
and pycnometer filled with chopped fibers and toluene solution (kg) respectively (McNulty and

Kennedy, 1982; Rao and Rao, 2007; Truong et al., 2009).

5.2 Diameter measurement
In practice, the measurement of the diameter of the natural fibers is made using a digital
micrometre or by a microscope (OM and SEM). The use of a digital micrometre (Beakou et al.,
2008) permits measurements with an accuracy of 0.001 mm, otherwise, measurements by an air

wedge (£ 0.001 mm) (Balaji and Nagarajan, 2017) is another alternative technique.

5.2.1 Optical Microscope (OM)
It is well recognized the difficulty of measuring with precision the diameter of the natural fiber,
because the fibers have an irregular shape and its thickness can vary. The natural fiber may form
as numerous numbers of elements (i.e. fibers) surrounded by lignin and hemicelluloses, therefore
their cross section is not circular. Fig. 5 is presented as a common option to measure an individual
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fiber bundle diameters by an optical microscope image analyser. The fiber (for consistency 5-10
samples were evaluated) is measured on 3-4 locations along its length and the average diameter is

considered (Asim et al., 2016; Kabir et al., 2013).

Fig. 5. Measurement of fiber diameter by an optical microscope (Sample Image for reference).

5.3 Fiber Fineness test
By following the guidelines of ASTM D1577 standard is possible to obtain details of the fibers
quality. This practice requires at least 10-20 samples of fiber (length of 200-300 mm) to be

evaluated for consistency (Rwawiire and Tomkova, 2015).

5.4 Chemical analysis
Cellulose, hemicellulose, pectins and some lignin are considered as major components that form
the natural plant fibers cell walls. As a result, a chemical measurement of a fiber composition is
required. Beakou et al. adopted the method of Kurshner and Hoffer to measure the cellulose
content. The crushing and extraction of the fiber are made by dichloromethane and later treated
with 95% nitric acid solution and a mixture of ethanol. After the fibers treatment, the cellulose is
generated in an insoluble fraction (Beakou et al., 2008). Goering in 1970 has proposed to estimate
the hemicellulose contents, of the fibers, by a neutral detergent fiber approach. In this method, the

fiber is prepared by refluxing the fiber in a solution of 10 ml that contain cold neutral detergent
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solution plus some sodium sulfite (the percentage depends on the amount of fiber) for 1 h. The
mixture is filtered through a sintered glass crucible (G-2), later the residue require washing using
hot distilled water and potentially ethanol (Agu et al., 2014). Lignin is usually calculated using the
APPITA method P11s-78 (Pulp, 1978; Ververis et al., 2004), the TAPPI method is used to record
the ash content (Tappi, 1993; Ververis et al., 2004), while the wax content is determined by the

Conrad method (Conrad, 1944; Marsh et al., 1950).

5.5 Anatomy study
Anatomy investigations permits to obtain hierarchical structure details of the natural fibers (such
as size, fiber bundles, fiber cells in fiber bundle, data of primary and secondary cell walls, and its
cell chemical compositions) through optical microscope or by using SEM measurements

(Belouadah et al., 2015; Saravanakumar et al., 2013).

5.6 X-ray powder diffraction (XRD) Analysis
XRD is a non-destructive and rapid analytical technique that is mainly used to identify the
crystallographic structure, and chemical composition of natural fibers (Liu and Hu, 2008; Madhu
et al., 2018; Mannan, 1993). The X-ray diffraction allows the natural fibers (processed) to be
scanned in a 26 range, varying from 10° to 50°. The spectrum acquired from the measurements,
corresponding to a given fiber (plotted in Fig. 6a), shows the diffraction peaks of the amorphous

and crystalline regions. From the obtained X-ray diffractogram, the crystallinity index (CI) is

calculated by the formula; CI =( _IﬂJxloo% where loo and lam is the intensity of crystalline

000

phase, and the amorphous phase respectively (Segal et al., 1959). The crystallite size (CS) could
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0.891

m , Where B is the full-width at half-maximum of
000

be calculated using the equation; CS;y =

the peak, while 0 is the Bragg angle (Seki et al., 2013).

5.7 Fourier Transformation by Infrared Spectroscopy (FTIR) Analysis
FTIR is considered a non-destructive analysis that can provide quantitatively and of course
qualitative details of the natural fibers. An infrared absorption spectrum is obtained from chemical
compositions of the natural fibers. FTIR spectra obtained from the natural fibers is principally
observed in the range of 400-4000 cm™ frequency (Madhu et al., 2018; Manimaran et al., 2018a).
Some information gathered from an analysed sample are presented in Fig.6b. Table 6 provides the
details of peak positions and its corresponding chemical stretching mode vibrations on the natural

fiber.
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Fig. 6 (a). Natural fiber characterization by XRD (Sample Image for reference).

28




FsHMaDzU

A0 500 3200 2800 2400 2000 TR0O 1600 1400 1200 QL] L] BOO 400

Fig. 6(b). Details obtained when is analysed a natural fiber sample using FTIR (Sample

Image for reference).

Table 6. FTIR peak positions and corresponding chemical stretching mode vibrations on the
natural fiber (Alawar et al., 2009; Arthanarieswaran et al., 2015; De Rosa et al., 2010; He et al.,

2007; Jayaramudu et al., 2010; Le Troedec et al., 2008; Li et al., 2014; Maepa et al., 2015; Pandey,

1999. Tserk et al., 2005)

Wave number (cm?) Allocations

3700 — 3500 O-H stretching of a-cellulose
3500 — 3300 N-H stretching (Amine)
3500 N-H stretching (Amide)
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3100 — 3000 C=C-H stretching

2960 — 2850 C-H stretching

2590 — 2540 S-H stretching

1740 - 1720 C=0 stretching of hemicelluloses

1685 -1655 & 1600

a, B — unsaturated stretching

1680 — 1650 N=0 stretching
1650 — 1630 OH (Absorbed water)
1600 C=0 stretching (Amide)

1600,1580,1500,1450

C=C stretching

1450 — 1400 CH> Symmetric bending

1567,1380 NO:; stretching

Above 1500 C=0,NH2,NH,C=C,C=N functional group
stretching

Below 1500 Single bonds and bending vibrations

1395-1385 t-butyl stretching

1365 CH bending (deformation)

1350-1260 C-O stretching

1150 - 1070 C-O-C stretching

1050 - 1020 Symmetric C-OH stretching of lignin

815 — 750 N-O stretching

800 - 600 C-S stretching

770 -735 C-C deformation

520 — 420 S-S stretching
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5.8 Thermogravimetric analysis (TGA)
TGA method permits to measure the thermal performance of the fibers when the weight of material
changes. The physical and its chemical properties can be measured as a function of increasing
temperature while keeping a constant heating rate. The changes in mass during the measurement
is evaluated by a thermal analyser. This method requires that the natural fibers are exposed to
nitrogen gas while using a flow rate of ca. 20 ml/min. The natural fiber powder is placed in an
alumina pan to measure the temperature of the thermocouple. The increase in the temperature is
made by increasing the heating rates in steps from a given value of 10 °C/min over a range of
temperature (from room temperature to 1000 °C) (Manimaran et al.,, 2018b & 2018c;

Saravanakumar et al., 2013).

5.9 Differential scanning calorimetry (DSC) Analysis
The analysis is performed by using a DSC machine. Approximately 2—3 g of natural fiber powder
is placed and sealed in aluminium pans. An imposed heating rate of 10°C/min is required,
conditions that are obtained while heated in an inert N> atmosphere that starts from room
temperature to the melting peak of the fibers. The melting peak (AH) and Tg are determined as

standard (Chand and Joshi, 2010; Rwawiire and Tomkova, 2015).

5.10 Scanning Electron Microscope (SEM) Analysis
The morphology of a fracture surface produced from the composites and fibers are analysed by
SEM to determine the ability of the fiber to act as a good reinforcement. SEM provides detailed
high-resolution images (e. g. in Fig.7) of the fibers when scanning by an electron beam focused

across the surface and detecting the secondary or backscattered electronic signal. The sample used
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on the SEM analysis requires to be covered with some amount of thin gold layer in order to prevent
the potential accumulation of the electrical charges once analysis (Manimaran et al., 2018a, 2018b

& 2018c; Madhu et al., 2018).
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Fig. 7. SEM micrographs of a natural fiber (Sample Images for reference).

5.11 Transmission electron microscope (TEM) Analysis
The TEM micrographs give precisely diameter of the fibers. Even the minute details of the fibers
could be analysed by TEM micrographs. The transverse dimensions of various sublayers that
forms a cell wall could be analysed by TEM micrographs (Beakou et al., 2008). However, these
methods require a stringent process of sample preparation. Initially, the fibers are boiled twice with

excessive 1% NaOH solution, for 3 h. The fibers were then treated with 0.05 mol/L HCI solution
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and washed with water. Later, the fibers are placed in distilled water, over 4h, to produce a sample

that permits carefully examination of the fibers structure in TEM (Liu et al., 2009).

5.12 Energy dispersive X-ray spectroscopy analysis (EDX)
The EDX requires an analytical approach to explore the chemical composition generated by fibers
surface. This method allows detecting the major chemical compositions of fiber including C and
O along with Na, Al, Si, Mg. However, it cannot detect H, which represents the major constituents
of natural fibers (Ali, 2016; Rashid et al., 2016). Fig. 8a. presents a sample image obtained by

EDX.

5.13  Atomic Force Microscopy (AFM) Analysis

The AFM technique allows obtaining measurements of the surface profile with a resolution up to
the subnanometer level. This method requires only some amount of sample preparation (i.e.
cleaning). AFM measures the attractive and/or repulsive forces existing between the tip of a
cantilever and the fiber. Therefore, AFM can measure directly the forces that dominate the
adhesion phenomena (Balnois et al., 2007; Sghaier et al., 2012). In this method, a sharp tip
cantilever requires scanning over the fiber. The repulsive forces produced when the cantilever tip
touch the fiber allows to deflect the cantilever. With the help of a laser beam and a photodiode
detector, the amount of cantilever deflection can be identified and monitored. The roughness
parameters obtained by this measurement are, the average roughness (Ra), the root mean square
roughness (Rq) the maximum peak to valley height (Rt) the average absolute height roughness of

10 points (R;), the asymmetry (Rsk)and the kurtosis (Rky). The AFM can provide a characterization
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of the fiber surface on the 3-D dimension (Senthamaraikannan et al., 2016). Fig. 8 (b) & (c). shows

a sample image captured by AFM analysis.
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Fig. 8 (a). Image sample obtained by EDX of a natural fiber.
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Fig. 8. Detail of a natural fiber image acquired by AFM. b) 3D characterization and c) 2D profile

(Sample Images for reference).

5.14  Single Fiber Tensile test
The natural fibers tensile properties are driven by three main factors such as test parameters
[/conditions, type of plant fiber, and the fiber dimensions (thickness, width, and length) on the
cross-section (Bezazi et al., 2014). The fibers should be tested under tensile loading by following
the ASTM C1557-03 and/or ASTM D 3822-07 standards using universal test machine at an
operating speed of 0.5 mm/min. In order to obtain a higher precision, it is recommended to perform

the test with a servo-electric tensile machine with a 5 kN load cell or less. The fiber samples need
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some preparation before testing. Each fiber edge requires fixing using epoxy resin and then bonded
on a classical stiff paper frame. On the testing machine, the samples should be clamped on a
mechanical grip. Once the sample is placed on mechanical grips, the edge of the paper frame is

carefully cut into two parts (Bourahli, 2017; (Fiore et al., 2011; Maache et al., 2017).

It is well known that very few researchers have also applied other less practical characterization
techniques to investigate the natural fibers surface characteristics such as the nuclear magnetic
resonance spectroscopy (NMR) analysis (Borchani et al., 2015; Chadlia, 2010; Reddy et al., 2014),
inverse gas chromatography(IGC) (Heng et al., 2007), and X-Ray photoelectron spectroscopy

(XPS) (Sarikanat et al., 2014; Seki et al., 2013).

Conclusion

Global warming, environmental concerns and the new technology requirements have fortified
scientists to produce novel materials such as natural fiber composites. The use of bio-materials
from local resources for polymer composites which increases the environmental awareness and
reduce the unsustainable consumption of synthetic materials, as well as the cost of natural fiber is
very little compared to other synthetic materials. This review was devoted to generating a robust
understanding of the preparation and processing methods of natural fibers. The findings presented
can be used to create novel polymer composites structure. It was highlighted the importance of
selection suitable retting method that plays a crucial role. By applying proper chemical treatments
on the natural fibers will be possible to obtain better surface characteristics that allow to reduce
the hydrophilic tendency and permits improving the compatibility between the fibers and its

material matrix. Among all chemical treatments studied, alkali treatment is an easy, economical
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and a very effective technique for treatment of a huge quantity of fibers. It was noted as well as
that the alkaline solution may react with the OH groups, made of fibers, and helps in increases the
hydrophobicity of the fibers, resulting in better fiber reinforcement for polymer composites.
Moreover, the alkaline treatment potentially leads to an unexpected mechanism that generates the
splitting of the fiber bundles. The surface treatments of the natural fibers represent a very challenge
topic for the research community mainly because of the effective use of the natural fibers in
polymer composites for various applications. Further, the fibre-reinforced polymer composites
performances are largely dependent on the material reinforcement properties and its behaviour. It
concluded that chemical and surface treatments can enhance the physicomechanical and
thermochemical properties of the natural fibers. An appropriate method of characterization of
natural fibers permits to create a novel sustainable composite material dedicated for industrial

applications.

Future Prospectives

Composite materials made from particularly natural fibers are perspective materials in which case
a reinforcing material is based on natural and renewable resources. Due of its environmentally
friendly and sustainable nature, the natural fibers can be used for creating new composites structure
that offers new technology and commercial prospects for different sectors, for instance, aerospace,
automotive, and electronics industries. These composites can also be used as construction and
building materials, which enhances environmental concerns that can also result in the depletion
and reduction of forest wood resources. Future research on possible ways of improving quality of
natural fibers leading key changes in material properties and their subsequent potential future

applications in several composite based industries is also desirable. Overall, the present review
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article will give a substantial understanding of the processing techniques of commonly used natural
fibers, considered as a robust database for sustainable growth towards producing the best fiber

composites materials.
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