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Preface

Biofibers and biopolymers for biocomposites is an emerging area in polymer
science. The rise in ecological anxieties has forced scientists and researchers from
all over the world to find new ecological materials. Therefore, it is necessary to
expand knowledge about the properties of biofibers/biopolymers to expanding the
range of their application. As the title indicates, the proposed books will emphasize
new challenges for the synthesis, characterization and properties of biofibers,
biopolymers, and biocomposites. This book presents the important areas of (syn-
thesis, processing, characterization, and application) biofibers and biopolymers in a
comprehensive manner. This book presents an extensive survey on recent
improvements in the research and development of biofibers and biopolymers that
are used to make biocomposites in various applications. Characterization tech-
niques on the various aspects of biofibers and biopolymers are presented in this
book. The structure and properties of biofibers and biopolymers were included
along with surface modification techniques.

This book covers the void for the need for one-stop reference book for the
researchers. Leading researchers from industry, academy, government, and private
research institutions across the globe will contribute to this book. Academics,
researchers, scientists, engineers, and students in the field of epoxy blends will
benefit from this book which is highly application-oriented.

The proposed book will give a correlation of properties with biofibers and
biopolymers and has become a point of great interest. Moreover, it will provide a
cutting-edge research from around the globe in this field. Current status, trends,
future directions, opportunities, etc., will be discussed in detail, making it friendly
for the beginners and young researchers.

Jeddah, Saudi Arabia Anish Khan
Bangkok, Thailand Sanjay Mavinkere Rangappa
Bangkok, Thailand Suchart Siengchin

Jeddah, Saudi Arabia Abdullah M. Asiri
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Surface Modification Techniques m
for the Preparation of Different Novel e
Biofibers for Composites

Akarsh Verma, Avinash Parashar, Naman Jain, V. K. Singh,
Sanjay Mavinkere Rangappa and Suchart Siengchin

Abstract This chapter reports on the various physical and chemical methods used
in modifying the natural fibers properties for application in reinforcing composites.
Low cost, low density and biodegradable nature of bio fibers have attracted composite
industries to develop various useful products out of them. Nevertheless, associated
disadvantages with these fibers are that they have poor compatibility with matrix,
relative high water absorption capacity and sticking in bundles. For eradication of
such unwanted characteristics, several physical and chemical treatments have been
examined by the researchers. These treatments tend to alter the surface morphology
and chemical structure for enhancing the adhesive strength between fiber and matrix.
Mechanisms that are involved in this enhancement are the increase in fiber surface
roughness and alteration in chemical polarity of natural fibers.

1 Introduction

Natural fibers (commonly known as bio/renewable fibers) reinforced polymeric com-
posites have become the center of attention for various material scientists and engi-
neering applications [ 1-3]. This is certainly because of the promising merits that these
natural fibers possess, which includes low density and cost, renewable/biodegradable
nature, adequate specific strength and modulus, available abundantly in nature, lessen
tool wear for fabrication and enhanced energy recovery for the damping applications
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[4-6]. Alternatively, some of their drawbacks like poor fiber-matrix interfacial adhe-
sion, fiber surface irregularity and variability, fiber finite length and restricted ther-
mal stability (accompanied by low processing temperature) have raised questions to
their applications in extreme/harsh environment [7, 8]. From the performance point
of view, interfacial bonding between the natural fibers-polymer matrix should be
enhanced; so that a better transfer of load/stress from matrix to fiber is possible and
we obtain amplified mechanical and thermal properties [9-11].

For fabrication of natural fiber based composites understanding of the interfa-
cial bonding between matrix and fiber is required for which study of the chemical
composition of fiber is a necessity [12—14]. On a chemical note, major compo-
nents of natural fibers are cellulose (semi crystalline polysaccharide) in which D-
glucopyranose units are linked together by b-(1-4)-glucosidic bonds; hemicelluloses
(branched and fully amorphous polysaccharide) mostly consist of D-pentose sug-
ars units strongly bonded with cellulose fibrils through hydrogen bonding; lignin
(highly complex structure and amorphous) consisting of aromatic alcohol units such
as coumaryl alcohol, coniferyl alcohol and sinapyl alcohol; pectin (a heterogeneous
polysaccharide); waxes and other water soluble material. Cellulose fibrils are the
major component that provides strength to the fiber and contain large amount of
hydroxyl (-OH) functional groups. Since, the natural fibers retain hydroxyl and sev-
eral other polar group sin their domain; this imparts hydrophilic nature to natural
fibers and they tend to exhibit relatively high moisture absorption phenomenon [15].
This augmented moisture absorption ability of natural fibers results in initiation of
biodegradation process and deteriorates the mechanical strength and dimensional
stability. Furthermore, hydrophilic natural fibers and hydrophobic polymers matrix
results in incompatibility and weak interfacial bonding amongst them. A better way
to increase the adhesion of natural fibers in composites is through an appropriate
surface treatment/modification [16—18]. Broadly, treatment of natural fibers is done
to improve upon the interfacial adhesion bonding between fiber and matrix, increase
the surface wettability of natural fiber in matrix, improve water resistance of fibers
and increase in availability of active hydroxyl group to form bonding with matrix.
Thus, to obtain optimum physical and mechanical properties of fabricated compos-
ites, performance of the reinforcing material is important and to improve upon the
fiber performance their surface treatment is done. Also, degradation of natural fibers
by microorganisms under the moist environment results in deterioration of cellu-
lose fibrils that affect the overall performance of composites; so for that too we
need a surface treatment process. Physically, presence of unwanted impurities (such
as hemicelluloses, lignin, oil, dust and wax) result in reduction of availability of
hydroxyl group of cellulose fibrils to interact with matrix polymer chain [19]. As the
natural fibers are polar (due to presence of hydroxyl group on the surface of cellulose
fibrils), this results in low compatibility with non-polar polymers (polyethene and
polypropylene). The interaction between fibers and polymer occurs only in terms of
hydrogen bonding, which results in agglomeration of fiber into bundles and unevenly
distribution around the non-polar polymer matrix [20]. Moreover, wetting of fibers
is insufficient by non-polar polymers due to which poor interfacial adhesion occurs
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between the fibers and polymer. This results in the reduction of load transfer efficiency
from polymer to reinforcing fibers.

Literature has broadly classified these surface treatments into physical and
chemical categories (refer Fig. 1).

Physica| Plasma treatment

treatment

techniques
Corona treatment

Ultrasound treatment

Ultraviolet treatment

Chemical Alkaline treatment

treatment  Silane treatment

tEChniques Acetylation treatment
Benzoylation treatment
Acrylation and Acrylonitrile grafting
Maleated coupling agents
Permanganate treatment
Peroxide treatment
Isocyanate treatment

Other treatments

Fig. 1 Classification of surface treatment of natural fibers
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2 Physical Treatment Techniques

Physical treatment of fibers is performed basically for two reasons. Firstly, for sepa-
rating the fiber bundles into individual filaments. This is done to avoid the agglomer-
ation problem that leads to creation of stress concentration sites in the matrix region.
Secondly, the modification of fiber surface to increase the compatibility for compos-
ite reinforcement application. Water and dew retting are the oldest method used for
separation fiber bundle into filaments. In water retting bundles are submerged in the
water for long period of time result in penetration of water to the stalk portion and
swallow the inner wall which busts the outermost layer. In dew retting fermentation
of stem material around the fiber bundle by the action of sun, air, bacteria and dew
is take place. Major disadvantages of retting are water absorption, water pollution,
decay of fiber by bacterial and low quality of fiber. Steam explosion process is another
method to disintegrate the fiber bundle by treating plant stalks with hot steam (120—
180 °C) under certain pressure and then rupture of rigid structure biomass fiber by
explosion [21]. Thermo-mechanical process is good alternative in which the thermal
treatment of fiber is done around glass transition temperature of lignin (142 °C).
Prasad and Sain thermally treated the hemp fiber from 160 to 240 °C (above glass
transition temperature of lignin) for 30 min under inner and air environment [22]. On
thermally heating the hemp fiber, depolarization of lignin and hemicelluloses into
lower molecules occurs. Tensile strength of treated fiber under inner environment
show higher strength as compared to air environment. In air environment, oxidation
of fiber surface takes place that lead to lower strength. Other physical treatments to
modify the fiber surface and leading to an increase in the effectiveness of fiber are
presented in subsequent passages.

3 Plasma Treatment

Plasma is an ionized gas having equal positive and negative charge density. Plasma
treatment only affects the top layer of fiber and does not alter the bulk properties of
fiber [23]. Plasma treatment can be done in vacuum pressure and atmospheric pressure
as well. Further, the low temperature plasma is preferred over high temperature
plasma; as they can burn the material. In cold plasma (low temperature plasma)
treatment, temperature of ions is near atmospheric; but has sufficient high energy to
break the covalent bond. Plasma treatment is done to:

(a) clean the fiber surface and improve adhesion with polymer or coupling agent.
For cotton fiber, O, plasma treatment is done under low pressure to remove
polyvinyl alcohol (PVA) particles [24]. Figure 2 represent the cleaning effect
of plasma treatment on flax fibers and improving the interfacial bonding with
matrix [25];

(b) increase the surface roughness by etching the material from surface and promote
interlocking between fiber and matrix. Sun and co-authors increased the surface
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Fig. 2 SEM images of (a) and (b) untreated and treated flax fiber, and (c¢) and (d) untreated and
treated flax fiber/unsaturated polyester composites, respectively (reproduced with permission from
the Ref. [25])

roughness of polyimide fiber by oxygen plasma treatment, which further resulted
in about 15% improvement in interlaminar shear strength [26]; and

(c) functionalizing the fiber surface to promote chemical bonding with polymer
as shown in Fig. 3. Free radicals on the surface of fibers are created by direct
attachment of ions and gas phase free radicals. In free radicalization, breaking
of surface bonds occurs when the gas/ions radicals with sufficient energy are
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bombarded on the surface. This result in absorption of atoms on the fiber sur-
face. When wool fibers are plasma treated with Hy, N, and air; this result in
increase in the oxygen atomic concentration and decrease in the carbon atomic

concentration [27].

Furthermore, Wang and Qiu reported that after the plasma treatment, water absorp-
tion time for both sides of the fabrics was reduced [28]. This decrement was attributed
to the destruction of scale structure due to plasma etching on the wool fiber surface
and the introduction of more polar groups such as hydroxyl groups due to plasma
chemical modification. Table 1 represents the various plasma gases used for surface

treatment purpose.

Table 1 Application of different plasma gases for surface modification

Gas

Application

Oxidizing gas (H20, O, or N>O)

Cleaning the surface by oxidation of organic compound
and leaving oxygen species

Reducing gas (Hy or N»)

Remove organic compound that sensitive to oxidation and
replace fluorine or oxygen atoms on the surface

Noble gas (Ar or He)

Promote free radicals on the surface which can
cross-linked or leave active site

Active gas (NH3)

Surface modification by leaving amino groups on the
surface which can form covalent bond with polymer matrix

Polymerizing gas

Act as coating layer on the surface of fiber which form
cross-linked bond with polymer matrix
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4 Corona Treatment

Corona treatment is a non-thermal plasma treatment done at atmospheric pressure
[29]. Corona is a luminous discharge that occurs, when the breakdown of air between
two electrode take places because of excessive localization electric field. When the
high electric field is applied in air, the breakdown of air into ions or excited molecules
occur, which act as reactive species for free radicals. Belgacem et al. [30] improved
the mechanical properties of cellulose fiber and polypropylene composite by corona
treatment. Quantitatively, the yield strength, elastic modulus and energy to break
the composite of treated cellulose fiber was 24.5, 42.4 and 25.9% higher than the
untreated fiber. Amirou et al. [31] observed that the untreated algerian date palm fibers
(ADPF) resulted in interfacial gaping between ADPF and polylactic acid as compared
to the corona treated fibers as shown in Fig. 4. Corona treatment increased the surface
roughness, due to which the interfacial bonding between fiber and polymer matrix
increased. As per the research of Gassan and team [32, 33], corona treatment leads
to an increase in the polar components (such as hydroxyl and carboxyl functional
groups) at the surface of jute fiber, which then act as free radicals to form covalent
bonds with the polymer matrix. Dong et al. [34] reported a decrement in the apparent
melt viscosity of cellulose-filled PE composites, if one (or both) of the constituents
was corona treated. Also, Bataille et al. [35] used the corona treatment for activating
cellulose, in order to improve upon the efficiency of grafting process.

Fig.4 SEM images of algerian date palm fibers and polylactic acid composite (a) before treatment
(b) after treatment (reproduced with permission from the Ref. [31])
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5 Ultrasound Treatment

Ultrasound refers as sound with frequency higher than the audible range (above
25 Hz) and is used in various industries [36]. Propagation of ultrasound wave through
liquid bath results in formation of longitudinal wave in water molecules to further
generate rarefaction and compression wave. Compression wave forms bubbles of
microscopic size which collapse violently to form shock wave. Thus, cleaning of
fiber surface occurs in two ways that is micro-jetting and micro-streaming. In micro-
jetting, the bubbles collide with fiber surface resulting in tearing of intermolecules.
Whereas in micro-streaming, oscillation of bubbles take place that scrubber the fiber
surface. Effect of ultrasound treatment in water and alkali medium on oil palm empty
fruit fiber (EFB) was studied by Alam et al. [37]. Results showed that the tensile
strength, tensile modulus and impact strength of ultrasound treated of EFB in alkali
medium was higher by 31.25%, 109.5% and 46.1% respectively, as compared to the
untreated fibers. Fourier-transform infrared spectroscopy (FTIR) shows a reduction
in C=0 bond peak in ultrasound treated UEF fiber, which confirm the removal of
fatty acid from the fiber surface. However, alkali bath ultrasound treated fibers shows
an additional peak that can be attributed to possible reaction between EFB fibers and
alkali as represented in Fig. 5. Kadam et al. [38] performed the ultrasound treatment
on wool fiber, which resulted in reduction of residual grease content from the raw
wool fibers. Moreover, the improvement in whiteness was greater than 160% and
decrease in yellowness was about 44%. Study of Liu et al. [39] showed that the
surface free energy and polarity of aramid fibers increased by 6.3% and 23.5%,
respectively, when treated with ultrasound frequency of 20 Hz without affecting the
mechanical properties. Laine and Goring [40] worked on the influence of ultrasonic
irradiation on physical and chemical properties of pulp fibers; thereby, reporting an
increase in the fiber wall porosity and a slight increase in the carbonyl group content
of the fibers, due to the oxidation of carbohydrate hydroxyl groups.

6 Ultraviolet Treatment

Ultraviolet light is an electromagnetic radiation having wavelength longer that the
X-rays but shorter than visible light ranges from 10—40 nm. Photons energy of ultra-
violet radiation is high enough to break down C-C, C-O, C-F, C-Si or C-H bonds
which may help in cleaning of fatty acids from the fibers surfaces. When treatment
is done in the presence of air, photons react with O, to form reactive species such
as O, O3 and O," that can act as the free radicals. This can improve compatibility
between the hydrophobic matrix and hydrophilic fiber. Kato et al. [41] treated the
cellulose fiber with ultraviolet irradiation in vacuum for surface oxidation. FTIR
spectroscopy shows that a new peak at 1720 cm~' corresponding to C=0 bond to
carbonyl group is appeared in ultraviolet treated fibers without changing mechan-
ical properties and physical appearance. Benedetto et al. [42] studied the effect of
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Fig. 5 Possible chemical reaction between EFB fibers and alkali during alkali bath ultrasound
treatment (reproduced with permission from the Ref. [37])

ultraviolet radiation on physico-chemical and mechanical properties of banana fiber.
Under ultraviolet radiation, inter-crosslinking of celluloses molecules occurs due to
which the tensile strength of banana fiber increased by 28.5%. FTIR spectroscopy
shows that peaks at 1731 cm™' (C=0 bond in hemicellulose) and 1620 cm™! (C=0
bond in lignin) are absent in the treated fibers representing removal of hemicellulose
and lignin. This is also confirmed by scanning electron microscopy (SEM) images
in which treated banana fibers have longitudinal cracks and higher surface rough-
ness as shown in Fig. 6. In a study by Gassan and Gutowski [33], tossa jute fibers
were treated by ultraviolet treatment, which lead to higher polarities of the fiber sur-
face. Consequently, the wettability of fibers and composite strength were improved.
Oosterom et al. [43] in a bid to improve the polarity of ultra-high molecular weight
polyethylene, used different techniques including an ultraviolet source for surface
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Fig. 6 Effect of ultraviolet treatment on banana fiber a SEM image before treatment and b SEM
image after treatment (reproduced with permission from the Ref. [42])

modification and improvement of polarity of polyethylene (PE). They have com-
mented that corona and glow discharge treatments were found to activate the surface
by an increase in surface energy of over 100% in an order of less than a minute, cor-
responding to an increase in ultimate shear stress from 0.12 to 0.40 MPa. In contrast,
ultravoilet/ozone required exposure times in the order of minutes to have an effect
that was still incomparable to the other gas-phase treatments examined.

7 Chemical Treatment Techniques

Natural fibers are hydrophilic in nature as derived from lignocelluloses, when interact
with hydrophobic matrix polymer result in poor interfacial interaction. Hydrophilic
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nature also results in moisture absorption and rotting of fiber by micro-organism
attack. Poor wetting of polar fiber with non-polar polymer matrix also result in
weak interface. Therefore, chemical modification of fiber is required to improve
the compatibility of forming interfacial bonds between reinforcement and matrix
phase. Chemical treatment such as alkali treatment is use to remove fatty acids,
max and unwanted impurity from the fiber surface and increase the availability of
active —OH group to interlock with polymer [44]. Application coupling agent on
fiber surface is another method to overcome the hydrophilic nature of fiber and
fungi deterioration. Coupling agent act as the bridge between polymer and fiber
which improves the load transfer ability. Thus, chemical modification of fiber surface
cleans up the unwanted impurity from fiber surface; improve wettability of fiber;
form the covalent bond between fiber and matrix to improve interfacial adhesion
and produce tough and flexible layer by forming intermolecular bonds. Different
chemical treatments applied to modify the fiber surface are elaborated in detail.

8 Alkaline Treatment

Alkalization (also known as mercerization) is the widely used chemical treatment
process for natural fibers when applying to fabricate the composites [45]. Here, the
fibers are first washed several times by fresh water to clean the initial dirt and mud.
After that, the fibers are soaked in an alkali solution for a certain time period at room
temperature. Before reinforcing with matrix, the alkali treated fibers are dipped in an
acetic acid solution to neutralize any effect of alkali (such as potassium hydroxide
(KOH) and sodium hydroxide (NaOH)) that is present on the fibers surface [46—
48]. Then the fibers are again washed thoroughly several times in distilled water
before drying them. Since, the natural fibers have a distinctive property of lacking
strong interfacial adhesion with the polymers. Therefore, the alkaline treatment is
used to boost up the interfacial adhesion between matrices and fibers by disrupting
the hydrogen bonds in their network structure [49-53]. This increases the surface
roughness and hence, we get more contact points/surface contact area between the
fiber and matrix that would result in high mechanical interlocking phenomenon.
More contact points would mean more gripping sites among fiber and matrix that
would lead to an increase in the stress transfer phenomenon and thus, the composites
mechanical strength and toughness properties will get enhanced. In addition, this
treatment boosts up the number of reaction sites by increasing the cellulose amount
exposed on the fiber surface. The major compositions of natural fibers are cellulose
(main building block in natural fibers structure and provides strength to it), hemi-
cellulose, pectin and lignin. The alkaline treatment eliminates certain amount of
lignin, wax and oils from the natural fiber external surface, depolymerizes cellulose
and exposes the short length crystallites [54, 55]. When we add aqueous form of an
alkali (for example NaOH) to natural fiber, the transformation of hydroxyl (on fibers
surface) to alkoxide group multiplies [56]. Refer to Fig. 7 for the chemical reaction.
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—OH + NaOH — O-Na'

é + 2H20

—OH + NaOH ___O-Na'

Fig. 7 Reaction utilized in alkaline treatment of natural fibers

Chemical and physical bonds are formed between the matrix and hydroxyl group
of cellulose that act as an interface to transfer the load from matrix to fiber. Presence
of unwanted impurity (such as oil, dust and wax) results in reduction of availabil-
ity of hydroxyl group to interact with the matrix polymer chain. Presence of these
impurities result in surface separation debonding and void formation, due to which
the effectiveness of the fiber reduces. To overcome these limitations, the alkaline
treatment has been done; so that the impurities (coating the exterior surface of fiber),
lignin and hemicellulose will be removed as shown in Fig. 8.

Initially, the interfibrillar region of fiber is less dense after alkali treatment (due
to dissolution of hemicellulose). Therefore, the fiber can rearrange their orientation
along the loading direction; thus, resulting in better load transfer and improved the
mechanical properties of composites. Moreover, splitting of fibers take place that
increases the effective surface area and improve the interfacial bonding between fiber
and matrix. Cai et al. [57] studied the effect of alkali treatment on surface morphology
of abaca fiber and predicted an improvement in the interfacial adhesion between
composite constituents. Surface of raw abaca fiber bundle consist of hemicelluloses,
pectin, lignin, oil, wax and other unwanted materials that resulted in glossy surface
as shown in Fig. 9a. But, after treatment with 5 weight percentage (wt.%) NaOH
solution, there is about 17.7% weight loss in the abaca fiber. Weight loss signifies the
dissolution of hemicelluloses, lignin and removal of unwanted impurity, that further
results in rough surface of abaca fiber (refer to Fig. 9b).

Alkali treatment results in an increase in the availability of hydroxyl group (-OH)
to form chemical and physical bonds with the polymer chains. In physical bonding,
the hydroxyl group of cellulose fiber form hydrogen bonding with the hydroxyl group
of polymer chain; whereas, in chemical bonding, the cellulose fiber—OH react with
alkali (NaOH) to form fiber—-O-Na™ that further make bond with polymer chains as
shown in Fig. 8. Also, alkali treatment increases the surface roughness, which results



Surface Modification Techniques for the Preparation ... 13

= Polymer chain

Hemicelluloses ”f“"' /
f

MO
HOY = PR e
HO=| OH HO=| OH
Alkali Treatment Reinforced with WO
- 5 polymer T, HO i
HO oH HO B
\ o
Oil, Wax &
Hydrogen bonding
Polyvinyl chloride
Hemicelluloses u:"i" /
’ ~a
izt Ona* W ad omi*
Hol OH HO OH
Alkali Treatment Reinforced with a
NaOH e e polymer e sansan . ol
\ HO Ol HO L 2
. \ "y

Oil, Wax &

Chemical bonding

Fig. 8 Alkaline treatment of natural fiber

in higher mechanical interlocking of fiber with polymer. When basalt and glass fibers
were treated with NaOH solution flake type structures appeared on the surface of
fibers that increases the surface roughness as shown in Fig. 9c, d [58].

Researchers have treated natural fibers with alkali with different wt.% and time
periods. Garcia et al. [59] observed that 2% alkali at 200 °C and 1.5 MPa (for 90 s) was
an optimum parametrization for degumming and defibrillation of individual fibers.
Morrison et al. [60], Mishra et al. [61] and Ray et al. [62] treated the jute, sisal and
flax fibers, respectively with NaOH solution (5%) for 2—72 h at room temperature.
They also reported that alkali leads to an increase in the amorphous cellulose content
at the cost of crystalline cellulose. High amount of alkali concentration should also
be not used as it results in excess delignification of natural fiber and resulting in
a weaker/damaged fiber. Table 2 showcases the effect of alkali treatment on the
mechanical properties of various composites.

9 Silane Treatment

The interaction of natural or inorganic (such as glass fiber) fibers with polymer matrix
occurs in term of hydrogen bonding (The effectiveness/bond strength of hydrogen



14 A. Verma et al.
grnere '(b)

e e ——

Glossy~.~ 7 "-R‘tiug s

A -
<

o ™ q‘_“\a'h
< T —— ;x..ﬁg

Grooves
Abaca fiber bundle m”_“’“ Abaca fiber bundle 100 um

Fig. 9 a Abaca fiber before alkali treatment, b Abaca fiber after alkali treatment (reproduced with
permission from the Ref. [57]), ¢ and d increase in surface roughness of basalt and glass fiber after
alkali treatment (reproduced with permission from the Ref. [58])

bonding is less as compared to the covalent bond) only. To improve upon the load
transfer efficiency from polymer matrix to fiber can be done by developing a chemi-
cal bridge. Silane (SiHy) is a coupling agent/stabalizer used to improve the adhesion
between fiber and matrix interface by building a cross-linked interface between poly-
mer and matrix, which act as chemical bridge to transfer the load from polymer to
fiber. Interestingly, these silane coupling agents has the tendency to reduce cellulose
hydroxyl groups at the interface.

As per the study of Sang et al. [68], SEM image represents the clear interphase
gapping between the untreated polybutylene succinate (PBS) and basalt fiber (BF)
composites as compared to silane modified basalt fiber (MBF) as shown in Fig. 10a,
b. Tensile strength of PBS/MBF composites also increased by 48.7% as compared to
the untreated fibers. Tan et al. [69] studied the effect of silane treatment on interfacial
adhesion of unsaturated polyester resin (UPS) and empty fruit bunch fibers (EFB).
SEM image (Fig. 10c, d) of fractured surface represent an improver bonding between
EFB and UPS as compared to treated EFB fibers; resulting in 21% improvement in the
tensile strength. Rong et al. [70] treated the sisal fibers in a solution of 2% aminosilane
(in 95% alcohol) for 5 min followed by 30 min air drying for hydrolysing the coupling
agent. Valadez-Gonzalez et al. [71] treated the henequen fibers with silane solutions
in water and ethanol mixture (with concentration of 0.033 and 1%). Their team also
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Table 2 Effect of alkali treatment on the mechanical properties of composites

Fiber Matrix Alkali treatment Improvement
Sugar palm [63] | Epoxy Sugar palm fiber were The flexural strength and
dipped into NaOH solution | modulus of fabricated
for 1,4 and 8 h composite improved by
16.7% and 66.8%,
respectively
Coir [64] Cement Coir Fibers were dipped for | The natural frequency,
30 min into 5 wt.% NaOH | tensile strength, tensile
solution at 20 °C modulus, flexural strength
and flexural modulus of
composite increased by
4.2%, 17.8%, 6.9%, 16.7%
and 7.4%, respectively
Flax [65] Polyester Flax fiber were dipped into | Crystallinity of flax fiber
2.5-7 wt.% alkali solution | increased by 13.8% when
(NaOH) at different treated with 2.5 wt.%
temperatures (room NaOH solution at 35 °C
temperature, 35 and 45 °C)
Flax [66] Epoxy Treatment with alkali was 40% improvement in the
carried out tensile (longitudinal)
properties was observed
Sisal [67] Natural rubber | Treatment with NaOH (0.5, | Maximum strength of

1,2, 4, 10%) was carried
out

composite was found to be
with 4% NaOH treated
alkali

Human hair [47]

Epoxy

Human hairs were dipped
into 5 wt.% KOH solution
at room temperature

Improvement in the
mechanical properties was
observed

predicted that silane treated fibers results in higher tensile strength than alkali treated

ones.

Silane coupling agents are consisting of bifunctional groups with generic chem-

ical structure R.—Si—(R’X), (where R-alkoxy, X-organofuntionality, R'-alkyl and
n = 1, 2). One functional group of silane coupling agent react with hydroxyl group
of fibers and other with matrix results in formation of bridge by chemical interlock-
ing in between them. Many silane agents were been used by different researchers to
provide coupling between inorganic fibers and organic polymers whereas there are
limited silane agents used for natural fiber reinforced composites. The organofunc-
tionality reactive group of the silane agent results in formation of covalent bond with
polymer depending upon polymer functionality reactivity. Different organofunction-
ality of silane agents are -NH, (amino), -HS (mercapto), —C3Hs0, (glycidoxy),
—CH=CH, (vinyl), or —(CH;)3;—OOC(CH3)C=CH;(methacryloxy) groups. On the
other hand, compatibility between non-polar matrix and non-reactive alkyl group of
silane increases because of similar polarity. Different silane coupling agents used
for fabrication of composite are presented in Table 3. Most commonly used silane
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Fig. 10 Effect of silane treatment on interfacial bonding. a and b PBS/basalt fiber based composites
(reproduced with permission from the Ref. [68]), and ¢ and d polyester/fruit bunch fibers composites
(reproduced with permission from the Ref. [69])

Table 3 Different types of silane coupling agents used

Name Structure
(3-Aminopropyl)triethoxysilane (APS) (CH30)3Si—(CHj3)3—-NH,
Vinyltrimethoxyysilane (VTS) (CH30)3Si—-CH=CH,

3-(Trimethoxysilyl)propylmethacrylate (MPS) (CH30)3Si—(CH;)3—O0C(CH3)C=CH,
(RO)3Si—(CH;)3-SH
(3-Glycidyloxypropyl)trimethoxysilane (GPS) (CH30)3Si—(CH;)3—O-CH,CHCH,0
Dichlorosilane (DCS) H,-Si-Cl,

(RO)3Si~(CH2)15CH3

coupling agents by researchers for natural fibers are (3-Aminopropyl) triethoxysi-
lane (APS), Vinyltrimethoxyysilane (VTS) agent that are able to develop covalent
bonds with polymer matrix, and 3-(Trimethoxysilyl)propylmethacrylate (MPS) that
has high reactivity for unsaturated polyester matrices.

Mechanism of coupling of silane agents with natural fibers mainly occurs in four
steps:
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(a) Hydrolysis: In this process, reactive silanol groups are obtained by hydrolyzing
the silane monomers in the presence of catalyst (normally acid or base) as shown
in Fig. 11. Cellulose fibrils hydroxyl group do not react with silane because
of low acidity of hydroxyl group of cellulose even at elevated temperature.
Therefore, activation of alkoxysilane is done by hydrolyzing the alkoxy group
that further leads to development of silanol reactive groups. Thus, in presence of
moisture (water) hydrolysable alkoxy group leads to the formation of silanols.

(b) Self-condensation: Silanol reactive group obtained from hydrolysis react with
each other to form silonals oligomers known as self-condensation as shown in
Fig. 11. Condensation results in decrease in the availability of silanol group to
react with hydroxyl group of cellulose fiber. Moreover, it also results in higher
molecular size oligomers, which do not diffuse easily with cellulose cell walls.
Therefore, to overcome these problems hydrolysis process should be controlled
by maintaining solution acidic, which accelerate the hydrolysis process and
slow down the condensation.

(c) Absorption: In this process, monomers/oligomers of silonal obtained after
hydrolysis and self-condensation form hydrogen bonding with —OH group
present on the surface of fiber. Moreover, free silanol react with each other
to form rigid —Si—O-Si- polysiloxane structure as shown in Fig. 11.

(d) Grafting: In this process, hydrogen bond formed between —OH group and
silanols are converted to stable —Si—~O—C— covalent bonds at higher temper-
ature. This creates a crosslinked network because of covalent bonding between
the matrix and the fiber. Further, self-condensation of unbounded silonals group
also takes place with each other as show in Fig. 11. This chemisorption completes
the silane treatment process.

10 Acetylation Treatment

Major disadvantage of the natural fibers is their hydrophilic nature that results in
dimensional instability in the fabricated composite, low interfacial bonding with
hydrophobic polymer matrix and micro-organism degradation of fibers. Hydrophilic
nature of fibers occurs due to the presence of hydroxyl group in lignocelluloses fibers.
To overcome this delinquent, acetylation of natural fibers is done. Acetylation is an
esterification reaction in which an acetyl functional group (CH3;COOQO™) is introduced
onto the surface of fiber, resulting in plasticization of cellulosic fibrils. In acetylation
reaction, hydroxyl group of cellulose fibers react with acetic anhydride (CH;—C(=0)—
O-C(=0)—CH3) resulting in formation of acetyl groups on the cell wall of fiber, while
generating acetic acid (CH3COOH) as a by-product (as shown in Fig. 12). Since, the
hydroxyl groups are now replaced by acetyl groups on cell wall, this converts it into
hydrophobic nature [72]. This acetic acid must be detached from the lignocellulosic
fiber before utilizing it for the fabrication purpose. Sometimes reaction between
acetic anhydride and fiber is not proper and moreover to accelerate the reaction many
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Fig. 12 Reaction involved in acetylation process

researchers have also used catalyst. Acetylation reduces the hygroscopic nature of
natural fibers, thereby increasing the dimensional stability of composites.

Bledzki et al. [73] studied the effect of acetylation on cellulose content and water
absorption capacity of flax fiber. For acetylation process, flax fibers were dipped in
an acetylating solution (consisted of acetic anhydride 125 mL, toluene 250 mL and
perchoric acid as a catalyst). Process temperature was maintained at 60 °C for 1-3 h.
Before investigation, the unwanted acid was removed by washing it in distilled water.
Presence of catalyst accelerates the reaction process and also improves the degree
of acetylation. At 65% relative humidity (RH) and 95% RH, water absorption of
flax fibers reduces to 50% and 45%, respectively. SEM image of untreated flax fiber
surface consisted of wax and protruding part; whereas, the treated fiber surface is
smoother due to fibrillation, removal of wax and lignin. On increase in degree of
acetylation beyond 12% degradation of the fiber starts as shown in Fig. 13. Mishra
et al. [74] performed the acetylation on sisal fibers to improve the tensile, impact
and flexural strength sisal/glass polyester composites. Before acetylation process,
dewaxed fibers were alkali treated for 1 h. The alkali treated fibers were soaked in
acetic acid at 30 °C for 1 h and then decanted in acetic anhydride solution (50 mL) for
5 min. To accelerated the reaction, one drop of concentrated sulphuric acid (H,SOy)
was also added. Improvement in tensile, impact and flexural strength of treated sisal
fiber hybrid composites were about 18.5%, 14% and 6%, respectively. Khalil and
Ismail [75] reported that the acetylated treated natural fiber-reinforced polyester
composites had higher bio-resistance and less tensile strength loss relative to the
composites with silane treated fiber in the biological tests.

11 Benzoylation Treatment

Benzoylation treatment of fiber surface is another method to overcome the
hydrophilicity of natural fibers. Benzoylation reaction is done to introduce ben-
zoyl (C¢H5C=0) group onto the surface of fiber, which improves the interaction of
fiber with hydrophobic polymer matrix. Benzoyl chloride is most commonly used
for benzoylation treatment. In benzoylation reaction, hydroxyl group of cellulose
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Fig. 13 SEM images of (a) untreated flax fiber, (b) treated flax fiber and (c) degradation of fiber
at higher degree of acetylation (reproduced with permission from the Ref. [73])
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fibers react with benzoyl chloride that results in addition of benzoyl groups on the
cell wall of fiber (see Fig. 14 for the reactions involved [76]). Nair et al. [77] stud-
ied the effect of benzoylation of sisal fiber on the dynamic mechanical properties
of fabricated composite. Fibers were first cleaned and chopped into 6 mm length.
Then the fibers were soaked in 18% NaOH solution for 30 min. After that the treated
fibers were dipped into 10% NaOH and benzoyl chloride solution for 15 min. Also,
the treated fibers were soaked in ethanol solution to remove any unreacted benzoyl
chloride. Benzoylation of sisal fiber results in improvement of storage modulus and
activation energy at glass transition temperature of fabricated composites. Kalia et al.
[78] modified the sisal with benzoyl chloride to improve the physical, mechanical
and thermal properties of fiber. Sisal fibers cut in definite size were soaked into 5%
NaOH solution for 30 min and then treated with 15% and 30% benzoyl chloride for

OH + NaOH O-Na*

—_ + 2H,0

OH + NaOH O-Na'*

0

I
0-Na* + CI-C-@ 0-

o= O

— + 2NaCl

0
0-Na* + c|-¥;-

Fig. 14 Reactions involve in benzoylation process
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another 30 min; after that they were dried at 80 °C. Figure 15 represents the SEM
images of untreated sisal fiber, treated sisal fiber and chemical reaction of sisal fiber
with benzoyl chloride. SEM image of untreated fibers surface was smoother than
treated due to the presence of waxy and oily material; whereas, the benzoylation
results in improvement of surface roughness. Moreover, crystallinity of benzoylated
sisal fiber increased by 2-4%.

(d)

Na-0 0

=
Mercerized Sisal fiber Benzoyl Chloride @ ]

Benzoylated Sisal fiber

Fig. 15 a SEM image of untreated sisal fiber, b SEM image of 10% benzoylated sisal fibers,
¢ SEM image of 10% benzoylated sisal fibers, and d Reactions involved in benzoylation of sisal
fiber (reproduced with permission from the Ref. [78])
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12 Acrylation and Acrylonitrile Grafting

Grafting of natural fiber with acrylic acid (CH,=CHCOOH) and acrylonitrile
(CH,=CH-CN) is another method to alter the physical and chemical modification of
fibers (refer reactions presented in Figs. 16 and 17). Before acrylate and acrylonitrile
grafting, free radicals are initiated on the surface of cellulose fibrils accompanied by
the chain scission; for that the cellulose fibers are pretreated with high energy radia-
tion [79]. In grafting process, free radical sites are generated by radiation technique
(such as ceric ion), which activate the oxygen atom of hydroxyl group of cellulose
fiber through electron transfer (as shown in Fig. 16). These active oxygen atoms react
with acrylic acid or acrylonitrile to modify the surface of fibers. Singha and Rana
[80] modified the cellulose fiber by grafting with acrylonitrile (AN) and ethyl acry-
late (EA). Additional peaks at 2241.7 and 736.1 cm™! representing —CN and —-C=0
bonds were observed in FTIR spectroscopy, which confirm the presence of AN and
EA; whereas, the crystallinity (and crystallinity index) of fiber decreased due to the
disorientation of cellulose crystals. Moisture absorption of fiber also decreased, due
to the unavailability of reactive site to water molecules. Sreekala et al. [81] modified
the oil palm fiber by acrylic acid and acrylonitrile solutions. In acrylation, fibers
were soaked in 10% NaOH solution for 30 min at room temperature. After that the

OH 0~ OCH,CHCOOH

Ce* ceric ions CH2=CH-COOH

I+ +
Radical reaction + Ce* + H

OH 0- OCH,CHCOOH

Fig. 16 Reaction involved in acrylation process

OH + CH,=CHCN OCH,CH,CN

OH + CH,=CHCN OCH,CH,CN

Fig. 17 Reaction involved in acrylonitrile process
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fibers were treated with various concentrations of acrylic acid solution at 50 °C for
1 h; whereas, for acrylonitrile grafting the fibers were soaked in 2% NaOH solution
for 30 min, and further oxidized with KMnQOy and then put in 1% H,SOy contain-
ing acrylonitrile. The water uptake of modified fiber reduced, whereas the Young’s
modulus increased slightly. Mishra et al. [82] modified the surface of sisal fiber with
acrylonitrile grafting through a combination of NalO,4 and CuSoy initiators. Before
grafting, the sisal fibers were dewaxed by treating with alkali solution and then soaked
with AN for 10 min in the reaction vessel. Then known concentration of CuSO4 was
added, after that required amount of NalO,4 solution was mixed. The reaction was
carried out for a desired time at 50, 60, and 70 °C. Water absorption affinity of AN
grafted sisal fiber highly reduced from 64.39% to 11.11% for 25% grafting con-
centration. Tensile strength and modulus of modified fiber increased by about 6%
and 37.5% for 5% grafting, which also had the maximum elongation before fracture.
This may be attributed to the orderly arrangement of polyacrylonnitrile units at lower
concentration. Li et al. [83] showed that the tensile strength of acrylic acid treated
flax fiber—high density PE composites improved and the water absorption capacity
decreased.

13 Maleated Coupling Agents

Maleated coupling is another chemical treatment to modify the fiber surface by maleic
anhydride [84—86]. It is used to provide strength to the filler material in the polymer
matrix composites. Maleated coupling agent is mostly used with polypropylene (PP)
matrix because maleic anhydride not only modifies the fiber surface but also the
PP matrix, which results in higher interfacial adhesion between reinforcement and
matrix, and consequently higher mechanical strength is obtained [87-89]. Coupling
of maleic anhydride occurs in two steps [90]: in first step, PP chain react cohesively
with maleic anhydride to form maleic anhydride grafted polypropylene (MaPP);
and in the second step, hot MaPP copolymers matrix react with cellulose fibers
resulting in formation of covalent bonds between the interfaces (as shown in Fig. 18).

o : (o]

| ! | |

OH _c—c¢ I O—c—c :

+ o S | + |c — ' 1
OH C—C | oO—&—c—i¢

Il I I '

) I ) :

Fiber Maleated Coupling agent PP Chain I

Fig. 18 Reaction involved in Maleated coupling process
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Prior to esterification of cellulose fibers, activation of MaPP copolymer is done by
heating it to ~170 °C. After this treatment, the surface energy of cellulose fibers get
amplified closer to the surface energy of polymer matrix; thereby, resulting in in better
wettability and higher interfacial adhesion of the fiber. Keener et al. [86] enhanced
the mechanical properties of agro fiber (lax/jute) and polypropylene composites by
optimizing the molecular weight and maleic anhydride content. Moreover, efficiency
of newly developed MaPE couplers for wood/PE was also studied. Coupling resulted
in improvement of interfacial adhesion between agro fiber/polypropylene, as the
composites with coupler shows reduction in void formation and pulling out of fibers.
Also, an enhancement in mechanical properties of composites by approximately
60% was observed. Mohanty et al. [91] utilized the MAPP as a coupling agent for
the surface modification of jute fibers. From their results, it was found that 30% fiber
loading with 0.5% MAPP concentration in toluene and 5 min impregnation time
(with 6 mm average fiber lengths) gave the optimum results. A 72.3% increase in
flexural strength was also observed from the treated composites. In addition to PP
matrix, Mishra et al. [92] reported that the maleic anhydride treatment reduced water
absorption capacity in hemp, banana and sisal fiber-reinforced novolac composites.
Mechanical properties of plant fiber-reinforced composites increased after maleic
anhydride treatment.

14 Permanganate Treatment

Permanganate (compound having MnO4~ functional group) treatment is another
method to overcome the hydrophilic nature of natural fiber by introducing MnO3 ™~
ions on the surface of cellulose fiber. Most commonly used compound is the potas-
sium permanganate (KMnQO,) solution (in acetone solution) at different concentra-
tions for a certain time period. Highly reactive Mn*? ions tend to initiate the grafting
polymerization process through mentioned mechanism reactions (see Fig. 19 for the
operative reactions) [93].

Paul et al. [94] treated the alkali soaked sisal fiber with KMnQy solution in acetone
at different concentration for 1 min. As a result, the water absorption of composites
decreases due to the reduction in hydrophilic tendency of sisal fiber. Khan et al. [95]

OH + KMnO, H-0-Mn0,-OK* H-O-Mn0,-OK*
— —

OH + KMnO, H-0-MnO,;-OK* H-0-MnO,-OK*

Fig. 19 Reactions involved in permanganate treatment
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treated the jute fiber with KMnQOy in oxalic acid medium. Jute fibers were soaked
for 2 min at room temperature. Tensile, impact and bending strength of treated jute
fiber based composite were increased by 34.2%, 27.7% and 27.3%, respectively.
Moreover, thermal stability of treated composite also improved and water up take of
treated composites reduced from 13% to 10.2%. Arsyad and Soenoko [96] studied
the effect of KMnQO, on the surface roughness of coconut fibers. Coconut fibers were
treated with different concentration of KMnO, as shown in Fig. 20. The surface

Fig. 20 SEM images of KMnOy treated coconut fiber a 0% KMnOy (untreated fiber), b 0.25%
KMnOy, ¢ 0.5% KMnOy, d 0.75% KMnOy, and e 1% KMnOy4 (reproduced with permission from
the Ref. [96])
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roughness of untreated fiber is 1.62 pm, but after KMnQOy treatment the surface
roughness of coconut fiber increased to 3.17 pm.

15 Peroxide Treatment

Organic peroxides (functional group having chemical formula ROOR and containing
the divalent ion O—O) have the tendency to dissociate into free radicals (RO-), which
then reacts with hydrogen molecules present in cellulose fibers and matrix. Major
peroxide chemicals used for the natural fiber treatment are benzoyl peroxide and
dicumyl peroxide. Mechanism that is followed (in particular with polyethylene (PE))
are presented in the reactions 1-4 [94].

RO—-OR — 2RO ey

RO +PE—H — ROH + PE 2)

RO + Cellulose — H — ROH + Cellulose 3)
PE- 4 Cellulose — PE—Cellulose 4)

After alkali pretreatment, fibers are coated with saturated solutiosns of peroxide
in acetone. Sreekala et al. [97] reported that the peroxide treated oil palm fiber-
reinforced phenol formaldehyde composites have more capability to withstand tensile
stress to a higher strain level, due to the decreased hydrophilicity of fibers. Joseph et al.
[98] investigated the effect of peroxide treatment on short sisal fiber reinforced PE
composites; and predicted that the tensile strength of composites increased with the
increase in concentration of peroxide up to a certain level (4% for dicumyl peroxide
and 6% for benzoyl peroxide).

16 Isocyanate Treatment

Due to its property of reacting rigorously with fiber hydroxyl group, Isocyanate
functional group (-N=C=0) has been utilized as a coupling agent in fiber-reinforced
composites [94, 99]. Reaction followed in this treatment is represented in the Fig. 21.

Joseph et al. [98] examined that the cardanol derivative of toluene diisocyanate
treatment increased the tensile strength of PE-sisal fiber composite, by reducing
the hydrophilic nature of sisal fiber. Wu et al. [100] inspected the grafting of
isocyanate-terminated elastomers onto the surfaces of carbon fibers. George et al.
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OH + R-N=C=0 0-CO-NH-R

OH + R-N=C=0 0-CO-NH-R
Fig. 21 Reaction involved in isocyanate treatment

[101] treated the pineapple leaf fiber with polymethylene-polyphenyl-isocyanate
solution to improve interfacial adhesion between the fiber—matrix.

17 Other Treatments

Zafeiropoulos et al. [102] used the stearic acid in ethyl alcohol solution for flax fiber
treatment and reported that this treatment removed the non-crystalline constituents
of fibers; thus, altering its surface topography. They also examined that the treated
flax fibers were more crystalline as compared to the untreated ones and stearation
decreased the fiber surface free energy. Mishra et al. [82] dipped the untreated sisal
fiber (for use in sisal-polystyrene bio composites) in sodium chlorite solution. Tensile
strength of bleached sisal fiber composite was less than other chemical treated fiber
composites because of the delignification of the fiber. But, the flexural strength was
better for bleached fiber composite because of lower stiffness and more flexible
character of fibers after delignification. After delignification, the polymer replaces
the role of lignin in fibers and makes composites more hydrophobic and tougher. It
has also been described that the triazine (C3H3N3) derivatives (for example C3N3Cl3)
could form covalent bonds with the cellulose fibers. Hence, these can be used in the
modification of vegetable fibers to reduce the number of cellulose hydroxyl groups
that are available for water uptake in the composites [90].

18 Concluding Remarks

Natural fibers are a potential reinforcement for the composite industry because of
their low cost and density as compared to the non-biodegradable man-made fibers.
On the other hand, its application is limited due to their strong polar character that
creates incompatibility with most polymer matrices. To overcome this problem and
enhance the interfacial adhesion, physical and chemical surface treatments of natural
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fibers have been considered as a solution. Several discussed physical and chemical
treatments have been utilized to separate the natural fibers from bundles, chemically
couple the fiber to matrix and decrease the water absorption in composites. Most
of the treatments have achieved success in enhancing the mechanical and thermal
properties of composites. Major mechanisms that govern this enhancement are the
increase in fiber surface roughness and alteration in chemical polarity of natural
fibers. Overall the physical and chemical treatments are an effective means to improve
the fiber-matrix interaction in composites.
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Abstract Different techniques such as optical microscopy, scanning electron
microscopy, transmission electron microscopy, atomic force microscopy, nuclear
magnetic resonance, X-ray diffraction, and Fourier-transform infrared spectroscopy
are used for the examination of biopolymer-based materials. This chapter discusses
the characterisation of structure and surface morphology of the biopolymers, their
blends, and composites by these techniques. A careful examination of biopolymers,
their blends and composites are essential for the fruitful application of these materials.

1 Introduction

Biopolymers are naturally occurring polymers having superior features than other
polymers which makes them potential candidate in research as well as in other sectors.
They are biocompatible, biodegradable, non-toxic, highly stable and safe to use. They
can be blended with other synthetic polymers for improving the mechanical as well
as the degradation properties. The development of polymers from natural sources is
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one of the fastest-growing areas of material research. Biopolymers find application
in food packaging, cosmetics, food additives, fabrics, medical, biosensors, etc. [1-3].

The structural changes occurring in biopolymers can be analysed by various
techniques like optical microscopy, electron microscopy, atomic force microscopy
(AFM), etc. To analysis, the crystallinity and chemical structure of biopolymer,
common techniques such as nuclear magnetic resonance (NMR), X-ray diffraction
(XRD), and Fourier-transform infrared spectroscopy (FT-IR) are used. The mor-
phology, structure, and composition of the biopolymers can be analysed by using
these techniques. The emergence of highly sophisticated and integrated techniques
has immense promises in biopolymer research as well as in applications. Apart
from chemical and structural analysis, some of these techniques can determine the
crystallinity, molecular orientation, as well as mechanical behaviours. Hence this
chapter deals with some of the surface and structural characterization techniques of
biopolymers [4, 5].

2 X-Ray Diffraction (XRD)

XRD is one of the important tools to determine the structural features of materi-
als such as particle sizes, interplanar distance, percentage crystallinity, etc. In this
technique, a monochromatic X-ray (CuKa or MoKa source) is allowed to fall on
the specimens produce constructive interference. For constructive interference, the
lattice planes should obey Bragg’s law which is represented as

nA = 2d sin6 (D

where, \, d, and 6 are the wavelength of the X-rays, the distance between successive
lattice planes, and diffraction angle, respectively, and n is an integer which is generally
known as the order of reflection [6].

The width of the diffraction lines can be calculated using Debye—Scherrer formula:

dhk] = k)\/,B cos 6 (2)

where dpy;, N, p and 0 are the averaged crystallite size, wavelength of the X-ray,
peak width at half maximum and diffraction angle, respectively, and k is a constant,
regularly taken as 1 [7].

Researchers successfully employed the XRD technique to study the crystallinity
and crystallinity index of biopolymers. Trivedi et al. [8] employed XRD to eval-
uate the crystalline nature of untreated and treated cellulose and cellulose acetate.
The XRD results revealed that the crystallinity of biopolymer is retained even after
biofield treatment (Fig. 1b, d). The peak appears at 26 = 16.27° and 22.53° are
assigned to the characteristic crystalline peak of cellulose (Fig. 1) sample. On the
other hand, cellulose acetate is more semi-crystalline with peaks at 10.50° and 13.13°.
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Fig. 1 XRD diffractogram of: a cellulose (control), b cellulose (treated), ¢ cellulose acetate
(control), d cellulose acetate (treated) [8]

Wulandari and co-workers developed nanocellulose by acid treatment. Based on
XRD studies (Fig. 2) they reported that the nanocellulose obtained by the acid hydrol-
ysis of cellulose using 50% acid (nanocellulose B) possess greater crystallinity and
crystallnity index than native cellulose (Table 1). However, on increasing the strength

Fig. 2 XRD pattern of

a cellulose; b nanocellulose

A; ¢ nanocellulose B [9]
= Cc
3 (c)
2
g (b)
E
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o b1} o o) L] T
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Table 1 Crystallinity index .

S 1 Crystallinity index (%
of cellulose and nanocellulose ampes rystallinity index (%)
[9] Cellulose 70.62

Nanocellulose A 67.83

Nanocellulose B 76.01

of acid (>60%), the crystallinity of nanocellulose (nanocellulose A) is found to dimin-
ishes, probably due to destruction of the crystalline structure by acid hydrolysis [9].
Similar results were observed by Cohoua and co-workers [10].

Poly(lactic acid) (PLA) is an amorphous biopolymer, which is widely used to
make biodegradable films for various application. The crystallinity of PLA was
generally improved by the addition of nanoparticles [11-13]. Shuhua et al. [14]
studied the effect of cellulose-based carbon microsphere (CMSs) on the crystallinity
of PLA composites. The authors observed an increase in the crystallinity with the
incorporation of cellulose-based carbon microsphere (CMSs) into PLA matrix.

The introduction of sodium alginate (SA) into n-Hap composite was found to
enhance its crystalline size and degree of crystallinity [15]. The XRD patterns of the
composites prepared are shown in Fig. 3. From XRD analysis, it can be noticed that
the concentration of sodium alginate plays a pivotal role to tune the crystallinity of
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Fig.3 XRD patterns of a pure n-HAp, b n-HAp/SA-0.75, ¢ n-HAp/SA-1.5,d n HAp/SA-2.25, e n-
HAp/SA-3.0 and f n-HAp/SA-3.75 samples. [Reproduced with permission from Elsevier, License
Number: 4671140615253] [15]
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n-HAp. The enhancement of crystallinity and crystalline size of n-HAp at low wt%
of SA could be due to SA induced crystal growth of n-HAP. However, the higher
percentage of SA was found to inhibits the crystallinity of n-HAP, causing a reduction
in the intensity of crystalline peak and crystal size.

Usha et al. [16] were the pioneer to report the self-assembly of collagen without
mineralization by XRD technique. It is evident from Fig. 4 that the glycated collagen
nano-fibrils in presence of aminoguanidine (AG) exhibit high crystalline peak than

Intensity (cps)

44 100%
3000
2500
2000
1500
1000
500

Collagen

L_-!—’J‘"““‘"'L""’ "-’-A—-M.-—\-'L-a-m'v-_._a_.f__._.__k_..”
Ll b 1 X I 4 1 N | N 1 v 1 4 | 4 1

C+F
g

200 J ‘J’-JJ‘JIJ/JLJLWJ] PreTE o,

1 L I . 1

5000
4000
3000
2000
1000

106%

/

C+F+ASP

st ____‘LI_~_J.J.JJ! L_N___J.__,~ k___JLL_,..,J»\__A...‘..\a_F-——m

T T T T T T T T T T T T T T T T T 1

8000
7000 [ 200%
6000
5000
4000
3000
2000
1000

0
-1000

C+F+AG

T T T T T T T T T T T T T T T T T 1

30 40 50 60 70 80 20
2 theta (degree)

o
-
o
nN
o

Fig. 4 XRD patterns of collagen, collagen + fructose, collagen + fructose + aspirin and collagen
+ fructose + AG treated reconstituted collagen fibrils. [Reproduced with permission from Elsevier,
License Number: 4671141403394] [16]
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native collagen and aspirin-treated glycated collagen nano-fibrils. The authors thus
suggested that AG enhance the crystallinity and self-assembly processes of collagen
nanofibril than aspirin.

There is ample work in literature were XRD is used to assess the physical inter-
action. For instance, Chauhan et al. [17] employed XRD to understand the physical
interaction between gelatin and curcumin. It is clear from the XRD spectrum (Fig. 5)
that curcumin loaded gelatin film possess only the characteristic peak of gelatin. A
drop-in intensity and prominent shift in the characteristic peak of gelatin indicates
that the curcumin is completed trapped in the film.

Lin et al. [18] synthesised cellulose/chitosan and cellulose/chitosan/silver
nanoparticles (AgNPs) composite films for antimicrobial activities. XRD profile of
the synthesised composite films is depicted in Fig. 6. Besides the characteristic peak
of cellulose and chitosan, the composite exhibits an addition reflection peak at 26 =
34.0° and 41.0° ascribed to (1 1 1) and (2 0 0) planes of the AgNPs. The XRD results

— Eilm
Gelatin
——— Curcumin

(A) _M

(8)

Intensity

(©)

2 Theta

Fig.5 XRD pattern of (A) optimized film, (B) gelatin; (C) curcumin. [Reproduced with permission
from Taylor & Francis, License Number: 4671650408306] [17]

Fig. 6 XRD pattern of
chitosan/cellulose and ; '
chltosaq/tceéllulose-AgNPs W o '“""""”"*-m.«h_v cellulose/chitosan
composite films. f NG e L _
[Reproduced with Wi cellulose/chitosan-AgNPs
permission from Elsevier, 2 ; i b R e
License Number: 20 40 60 80
4671150961169] [18]
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thus confirm the successful incorporation of AgNPs in cellulose/chitosan composite
film.

Jiang et al. [19] studied the X-ray diffraction patterns of the pure CS (natural corn
starch) film and CS composite films with varying eggshell powder concentrations as
shown in Fig. 7. This result indicates that the eggshell powder (ESP), were uniformly
distributed in the matrix, therefore the diffraction peak appeared at 260 = 29.4°,
especially with high concentration of eggshell powder which leads to semicrystalline
nature of the composite films. This is due to calcite crystal and the agglomeration of
eggshell powder.

3 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR (nuclear magnetic resonance) is an excellent analytical method used by
chemists to identify the structure of organic molecules. The basic principle of NMR
is that the nuclei of many elemental isotopes have either integral spins (e.g. I = 1, 2,
3 ....) or fractional spins (e.g. I = 1/2, 3/2, 5/2 ....). For nuclei with spin I = 1/2 the
two possible orientation are + 1/2 and —1/2 [20].

Energy levels for a nucleus with spin quantum number 1/2

Applied

No field magnetic field

Energy
o
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On applying external magnetic field these degenerate energy levels split with an
energy gap
yhB
2

AE = 3)
where gamma, is called the magnetogyric ratio, B is magnetic field and h is Planck’s
constant. When radiofrequency with energy exactly equals to delta E is irradiated on
this nucleus, it will flip from lower energy state to higher spin state thus resulting in
the development of signal. NMR spectrum is usually represented by plotting signal
intensity against chemical shift (§ ppm). Besides proton (proton NMR), several NMR
nucleuses such as '*C, '3 N and 3'P are widely used to identify the chemical structure
of the compound [7].

Carboxymethyl chitosan (CMCs) is a biodegradable and biocompatible biopoly-
mer with sufficient antibacterial activity. The poor solubility of CMCs at neutral pH
urges researchers to modify CMCs by using various chemical treatment. Quaternized
carboxymethyl chitosan (QCMCS) is a modified form of CMCs with sufficient sol-
ubility in a wide range of pH. Yin et al. [21] developed quaternized carboxymethyl
chitosan/poly(vinyl alcohol)/Cu blend film by solution casting method for biomed-
ical and packaging applications. The chemical structure of QCMCS was studied by
proton NMR analysis as shown in Fig. 8.

Sun et al. [22] grafted water-soluble starch with polyacrylonitrile by electrospin-
ning technique. The synthesized St-g-PAN (starch-graft-polyacrylonitrile) nanofiber

7

9 CH——OH
13

10 H,C

Chemical shift (ppm)

Fig.8 'HNMR spectra of QCMCS. [Reproduced with permission from Elsevier, License Number:
4671160088980] [21]
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Fig. 9 3C NMR spectrum
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exhibits good biocompatibility, and tensile intensity. The water hydrophilicity of
St (starch) decreases with grafting AN. Figure 9 shows the '3C NMR spectrum of
(a) St and (b) St-g-PAN. '3C NMR of starch displays characteristic peaks at § =
60-110 ppm, corresponding to the carbon present in starch. In addition to the char-
acteristic peak of starch, the St-g-PAN display another sharp peak at 8 = 121.18 ppm
and 29.75 ppm due to the carbon in —-CN and —CH (—CH,;) group respectively. The
degree of substitution of St and the weight fraction of the grafted acrylonitrile of
St-g-PAN were calculated from NMR and found to be 13.0 and 81.0%.

The successful grafting of polyacrylic acid (PAA) on (CMS carboxymethyl starch)
was confirmed by proton NMR. NMR spectra of CMS and three different types of
CMS-g-PAA namely CMS-g-PAA1, CMS-g-PAA3 and CMS-g-PAA4 are shown in
Fig. 10. Since the chemically equivalent protons of C-1a, C-1b and C-1c carbon atoms
of the anhydroglucose unit (AGU) are directly attached to electronegative oxygen
atom it appears downfield at 8 = 5.30-5.82 ppm. The peak at 8 = 3.36-4.26 ppm
corresponds to protons attached to C-2 to C-6 carbon atoms of AGU. In the case of
CMC grafted PAA, peak in the range of 2.36-2.60 ppm and 1.58-2.07 ppm (C-8)
appears and is attributed to the methane proton (C-9 carbon atom) and methylene
proton (C-9 carbon atom) of the grafted PAA. The additional peaks in the PAA
grafted CMS spectrum confirmed the grafting of PAA on CMS [23].

The superior features of starch nanocrystals (SNCs) enables it to act as a reinforc-
ing agent for polymeric composites materials. Hao et al. [24] enhance the hydropho-
bicity of potato starch nanocrystals (SNCs) by modifying it with octenyl succinic
anhydride (OSA). They used proton NMR to assess the structure and degree of OSA
substitution (Fig. 11). The peak observed at § = 5.12 and 4.78 ppm were assigned
to 1 and 1’ respectively and the peak at § = 3.23-3.86 ppm was assigned to the other
protons (2-06). It is evident from NMR spectra that with an increase in the degree
of OSA substitution, the characteristic peak of anomeric proton of «-1,4-linkages (3
= 5.10-5.28 ppm) becomes broader. Also, the OSA-SNCS sample displays a new
peak at 0.86 ppm due to the protons of the terminal methyl group of OS chains. The
enhancement of the intensity of this peak with OSA percentage indicates that OSA
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Fig. 10 'H NMR spectra of a CMS, b CMS-g-PAA1, ¢ CMS-g-PAA3 and d CMS-g-PAA4.
[Reproduced with permission from Elsevier, License Number: 4671160600793] [23]
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Fig. 11 'H NMR spectra of (@)
(A) SNCs and (B)
OSA-SNCs with different
OSA amount (1) 12.5%, (2)
25%, (3) 50%, and (4) 75%.
[Reproduced with
permission from Elsevier,
License Number:
4671160850165] [24]

45

DMSO

ppm

group is linked with SNCs. The degree of substitution of OSA-SNCs with different
amount of OSA was calculated and is presented in Table 2. The increase in DS with
OSA amount is attributed to the greater interaction between OSA and hydroxyl group

of SNCs.

Quaternary phosphonium salts exhibit superior antiseptics property than quater-
nary ammonium salt. Therefore, researchers are focussing to develop quaternary
phosphonium based materials as broad spectrum antiseptics. Tan et al. [25] intro-
duce quaternary phosphonium into chitosan and investigated their antifungal activity

Table 2 Degree of
substitution of OSA in SNC

with different OSA addition OSA-SNCI1 | 1255

amount. [Reproduced with OSA-SNC2 | 25

permission from Elsevier,
License Number:

4671160850165] [24] OSA-SNC4 | 75

Samples OSA addition amount (%) | DS
0.0575 £ 0.0015
0.0686 + 0.0024
OSA-SNC3 | 50 0.0926 + 0.0040
0.1271 + 0.0021
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Fig. 12 'H-NMR spectra of chitosan and its derivatives [25]

against four kinds of plant pathogens. The chemical structure of chitosan and its
derivative were confirmed by NMR analysis (Fig. 12). The peak appears at 3-5 and
2 ppm corresponds to the protons of glucosamine group of chitosan and N-acetyl
group respectively. The peak at 3.1 and 4.4 ppm is assigned to the proton of quater-
nary ammonium and methylene group of chitosan. However, the chitosan derivate
(compound a and b) shows new peaks in the range 1.2-2.7 and 7.5-5 ppm, corre-
sponding to protons of methyl/methylene and phenyl groups respectively. In addition
to proton NMR, 3'P spectra of the samples were also employed to understand the
structure. The peaks at 33.9 and 20.1 ppm of chitosan derivative sample is due to the
presence of phosphorus atoms in the quaternary phosphonium groups (Fig. 13).

4 Atomic Force Microscopy (AFM)

AFM (atomic force microscopy) is a versatile microscopic technique invented jointly
by Gerd Binning, Calvin Quate and Christoph Gerber in 1986 [26]. Besides visual-
izing the surface of the sample in nanometer scale this technique will also provide
various types of surface measurements [27]. One of the main attractive features of
AFM technique is that it can be used for the surface analysis of almost any sample
ranging from hard ceramic/metallic article to soft biomolecules/flexible polymers.
Moreover, it has the advantage of probing the surface of the sample without special
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Fig. 13 3'P-NMR spectra of chitosan derivatives [25]

treatment as require in complementary techniques like SEM and TEM [28]. AFM
consists of the following components: a cantilever with sharp tip/probe, laser beam,
PSPD (position sensitive photodiode) and a scanner. The working of AFM is similar
to an SPM (scanning probe microscope), and utilize a sharp tip/probe to scan the
surface of the sample [29]. As the probe travels across the sample in a raster pattern,
it interacts with the sample (electrostatic, magnetic, capillary, Van der Waals) and
causes a slight bending/deflection in the cantilever. This defection is detected by a
laser beam and is recorded precisely by the PSPD (position sensitive photodiode)
and 3D surface profile of the sample is generated [30].

AFM technique is one of the essential tools to visualize the surface of biopolymers.
Bonardd et al. [31] designed a chitosan composite with improved dielectric property
by introducing CN-CNC (cyanoethylated cellulose nanocrystals). AFM images of
chitosan and nanocomposite with different percentage of CN-CNC (10, 30 and 50
wt%) is depicted in Fig. 14. It can be seen from AFM images that CN-CNC is
responsible for the surface roughness of nanocomposites: an enhancement in surface
roughness from 7.19 to 24.8 nm was observed on increasing the CN-CNC weight %
from 10 to 50. It can be also noted that even at high wt%, the CN-CNC is properly
dispersed in the chitosan matrix.

A structure tunable film was generated by coupling method from chitosan (CTS)
and TEMPO-oxidized nano fibrillated cellulose (TONCs). The AFM images of CTS-
TONC:s, chitosan and TONCs are shown in Fig. 15a—c. Adsorption of chitosan onto
the TONC'’s surfaces can be identified from AFM analysis. It can be also observed
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Fig. 14 AFM images of chitosan and nanocomposites with 10, 30 and 50 wt% of CN-CNC.
[Reproduced with permission from Elsevier, License Number: 4671170435007] [31]
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Fig. 15 AFM images of a chitosan, b CTS-TONCs, and ¢ TONCs. [Reproduced with permission
from Elsevier, License Number: 4671180478653] [32]

that the fiber diameter of CTS-TONCs (2.36 £ 0.26 nm) was wider than TONCs
(2.96 £ 0.66 nm), probably due to the effect of chitosan on the TONC [32].

Sodium alginate is a cheap and easily available biopolymer with excellent film-
forming ability [33]. However, poor water resistance restricted its application in var-
ious fields [34]. Recently Yang et al. [35] modify sodium alginate (SA) by grafting it
with hydrophobic acrylonitrile. AFM analysis strongly supports that the introduction
of acrylonitrile (AN) improves the water resistance property of the membrane. It is
evident from the figure (Fig. 16) that the sodium alginate film has a smooth and flat
surface with low roughness (0.487 nm) while the AN treated sample possess suffi-
cient roughness ranging 0.87 to 4.2 nm. The result thus indicates that AN grafted SA
membrane possesses better hydrophobic character than pure SA membrane.

Li and co-workers developed a novel (poly (lactic acid)) PLA/Au nanocomposite
for the targeted delivery of an anticancer drug, daunorubicin. Self-assembly of drug
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Fig. 16 AFM images of the SA-g-AN film with various contents of acrylonitrile: a SA/AN % 1/0;
b SA/AN Y4 1/8; ¢ SA/AN Y 1/11 and d SA/AN Y4 1/14 [35]

(a) (b)

1 um

Fig. 17 AFM images of a nano PLA/Au polymer nanofibers and b PLA/Au nanocomposites
conjugated with daunorubicin [36]

and Au onto PLA nanofiber results in the generation of the large spherical parti-
cle around the PLA nanofiber and is confirmed by AFM analysis (Fig. 17). This
is attributed to electrostatic interaction between positively charged drug with nega-
tive PLA/Au nanoparticle. Their studies thus claim that PLA/Au nanoparticle is a
potential candidate for the encapsulating anticancer drug, daunorubicin [36].

The aqueous solution of NaOH and polyethylene glycol (PEG) is reported to be
an alternative solvent system for urea and thiourea for cellulose. In their recent work,
Cernencu et al. [37] adapted this green solvent to develop a novel cellulose/alginate
films with different feed ratio (1:1 (CA11) and 3:1 (CA31)) for biomedical engineer-
ing. Three different chain length of PEG such as P200, P1000, and P3000 were used
to develop cellulose/alginate film and its effect on the morphological properties of
the cellulose/alginate film is also studied. 3D and 2D AFM images (Fig. 18) indicates
that the longer the chain length of PEG, higher is its compatibility with CA31 films.
Consequently, the roughness of CA31 films is found to be low (21 + 2,21 + 3, and
35 &+ 4 nm). However, the CA11 film exhibit high roughness (57 & 4 nm) probably
due to its lower compatibility with the films.
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Fig. 18 AFM 3D images and 2D surface topography (inset) of CA films: (1) CA31P3000, (2)
CA11P3000, (3) CA31P1000, (4) CA11P1000, (5) CA31P200 and (6) CA11P200. [Reproduced

with permission from Springer, License Number: 4671640123406] [37]

S Transmission Electron Microscopy (TEM)

TEM is one of the most powerful microscopic technique which is widely exploited in
research fields such as chemical, biological, nanotechnology, medical and material
research. It employed a high energy electron to visualize the specimens and gather
information about the composition, morphology, and crystallography of the speci-
mens. The main advantage of TEM is the high magnification of the micrographs.
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However, the requirement of vacuum condition restricts its application for the study
of living cells [38].

TEM image of a novel bio-nanocomposite chitosan/PVA (polyvinyl alcohol)/ZnO
(zinc oxide) is shown in Fig. 19. Absence of agglomerated particle in TEM can be
taken as a strong evidence for the proper mixing of the constituent in the nanocom-
posite. The uniform distribution of zinc oxide (ZnO) nanoparticles in the composite
(Fig. 20a, b) allow it to act as an efficient adsorbent against AB 1 (Acid Black 1) [39].
A similar observation was reported by Upadhyaya et al. [40], based on TEM analysis
they proved that ZnO nanoparticle are homogeneously distributed in ZnO/CMC (car-
boxymethyl cellulose) and curcumin loaded ZnO/CMC nanocomposites (Fig. 20a,
b). It can also be noted that nanoparticle diameter is almost same (~15 nm) even after
encapsulating the nanoparticle with curcumin.

Perotti et al. [41] also employed TEM to confirm the proper dispersion of clay
particle in cassava starch-clay nanocomposites. The clay particles can be seen as
small dark fringes in the TEM images (Fig. 21). It can also be visualised from figure

Fig. 19 TEM images of CS/PVA/ZnO samples. [Reproduced with permission from Elsevier,
License Number: 4671640401412] [39]

Fig. 20 TEM micrograph of a ZnO/carboxymethyl cellulose nanocomposites, b cur-
cumin/ZnO/carboxymethy] cellulose nanocomposites. [Reproduced with permission from Springer,
License Number: 4671640593301] [40]
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Fig. 21 TEM images of the starch-clay nanocomposite [41]

that even at high clay content, there is sufficient compatibility between biopolymer
and clay particles, which makes the membrane a homogeneous and stable one.

Rath and co-workers [42] enhance the strength of chitosan composite by introduc-
ing it with multiwalled carbon nanotube (MWCT). They used TEM analysis (Fig. 22)
to confirm the attachment of chitosan to CNT. Successful bonding of MWCT to the
chitosan surface was visible in the TEM micrograph.

Photodynamic therapy (PDT) is one of the emerging areas of phototherapy which
utilize a photosensitiser and light to destroy bacteria. Agel et al. [43] in their recent
work encapsulated curcumin in poly(lactic-co-glycolic acid) (PLGA) and found it
to be efficient for gram-positive and gram-negative bacteria. The effect of chitosan
on the antibacterial efficiency of curcumin/PLGA nanoparticles was also presented
in their work. The morphological change in the bacteria (S. saprophyticus and E.
coli) incubated with curcumin/PLGA nanoparticle and chitosan/curcumin/PLGA
nanoparticle with and without radiation is shown in the Figs. 23 and 24. It can be seen
from Fig. 23, that the chitosan modified curcumin loaded nanoparticles (CS CUR

Fig. 22 TEM of MWCNT-
chitosan [42]
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CUR.NP

CS.CUR.NP
CS.CUR.NP

Fig. 23 TEM micrographs of S. staphylococcus (a and ¢) and E. coli alpha (b and d) incubated
with CUR.NP CS.CUR.NP before irradiation. White arrowheads represent nanoparticles attached
or in close proximity to the bacteria. [Reproduced with permission from Elsevier, License Number:
4671281408293] [43]

NP) show better attachment to the bacterial cell wall than curcumin nanoparticle
(CU NP). This is attributed to greater electrostatic interaction between the negative
charged bacterial cell wall and positively charged CS CUR NP.

Their studies also revealed that nanoparticle has a prominent effect on the cellu-
lar structure of bacteria. Concurrent presence of curcumin nanoparticles (CUR.NP)
and chitosan modified curcumin loaded nanoparticles (CS.CUR.NP) and light cause
cellular leakage and drastically affect the cellular morphology (Fig. 24).

Tiwari et al. [44] enhance the hydrophilicity and biocompatibility of mesoporous
silica nanoparticles (MSNs) by functionalizing it with amino group as well as by
grafting it with carboxymethyl cellulose. The nano-dimension of mesoporous silica
nanoparticles was confirmed by TEM image (Fig. 25). On introducing amine func-
tionalization, the particle becomes porous (Fig. 25a, b). However, the porosity was
reduced in the case of CMC grafted sample.

Ni et al. [45] fabricated a promising tissue regeneration material: polyvinyl alco-
hol (PVA)/sodium alginate (SA)/nano-hydroxyapatite (nHAP) by electrospinning
method. The TEM images were complementary to EDX (energy-dispersive X-ray)
and demonstrate the successful incorporation of nHAP particles into the fibers
(Fig. 26). Furthermore, (002) lattice planes of hexagonal HAP can also be seen
in the TEM micrograph.



54 S. Radoor et al.

Fig. 24 TEM micrographs of S. staphylococcus (a and ¢) and E. coli alpha (b and d) incu-
bated with CUR.NP or CS.CUR.NP after irradiation. Black arrowheads show the ultrastructural
changes of the bacterial membrane. [Reproduced with permission from Elsevier, License Number:
4671281408293] [43]

(a) (b) i (c)

Fig.25 Transmission electron microscopy (TEM)images of a MSN, b MSN-NH; and c MSNCMC
[44]

6 Optical Microscopy

Optical microscopy (or light microscopy) is the traditional techniques which magnify
the object 1500 times greater than human eyes [46]. As this technique utilizes visible



Structure and Surface Morphology Techniques for Biopolymers 55

Fig. 26 TEM observation of electrospun PVA/SA/nHAP fiber membrane. [Reproduced with
permission from Elsevier, License Number: 4671640730793] [45]

light, the observer can visualize the specimen by direct eyes. The magnification in
optical microscope is done using powerful objective lens and eyepiece lens. The light
sensitive camera captures this magnified image and generates optical micrograph.
Polarizing optical microscope (POM) is an advanced form of optical microscope
which uses polarized light to visualize birefringent materials [47, 48].

Optical microscopy has been used to investigate the microstructural information
of biopolymer. Ali et al. [49] reported that corn and wheat hulls are potential candi-
dates to reinforce starch film. The optical microscopic images of starch composite
with hulls are displayed in Fig. 27. It can be seen that both corn and wheat hulls
are uniformly distributed in the starch matrix, without losing their characteristic
geometries, crystallinity and particle size.

Ashok et al. [50] utilized optical microscopic technique to visualize the distribu-
tion and nature of plant fiber, Thespesia lampas microfibers (TLMFs) in the cellulose
matrix. Polarised optical microscopic images revealed that the TLMFs are uniformly
distributed in the cellulose composite. It can be also visualized from Fig. 28 that on
increasing the filler loading the distribution of TLMF in the matrix also increases.

A novel scaffold was developed from chitosan and f-MWCNT (f-multiwalled car-
bon nanotube) for orthopaedic application. Based on the optical microscopic analysis
(Fig. 29) authors reported that the scaffold has porous nature and the f-MWCNT is
homogeneously distributed in the composite [51].

The mechanical properties of PLA were improved by incorporating a biodegrad-
able aliphatic polyester, PBS (polybutylene succinate). PLA/PBS blends with differ-
ent weight ratios such as 90/10, 70/30, 50/50, and 30/70 were developed and their
optical images are shown in Fig. 30. It can be noted that in both PLA (Fig. 30a)
and PBS (Fig. 30f) tiny crystals are observed. The PLA crystals are found to be
uniformly distributed while the PBS has nonuniform distribution. Furthermore, the
crystal size of PLA/PBS blend is found to increases with PBS content, ascribed to
the enhancement in the crystallisation of PLA by PBS [52].

Core-shell microspheres are one of the ideal drug carriers which are being
exploited in the bioengineering field for the controlled release of the drug. Xu and
co-workers in their recent project fabricated double layered alginate microsphere by
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Fig. 27 (A, a) starch matrix
containing wheat hull and
(B, b) corn hull particles
observed under an OM with
normal and polarized lights.
[Reproduced with
permission from Springer,
License Number:
4671641032865] [49]

Pure starch
film

*Containing 4 % v« -
Seomhill...

electrospray method. The morphology of the developed microspheres was evaluated
by optical microscope and fluorescent microscopy. A uniformly dispersed double
layer particles were observed in the optical microscopic image (Fig. 31). The suc-
cessful coating of three layers of chitosan into the alginate microsphere is observed
[53].

7 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a topographic technique which uses a beam
of electrons to provide the surface morphology of specimens. The interaction of the
electron with samples provide the structural features of the materials. Here the beam
of electron hit the sample surface results in the emission of high energy backscattered
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Fig. 28 Polarized OM of cellulose/TLMFs composite films with a 1 wt%; b 2 wt%; ¢ 3 wt%; d 4
wt% and e 5 wt% TLMFs content. [Reproduced with permission from Elsevier, License Number:
4671290507653] [50]

electrons, low energy secondary electrons, and Auger electrons from the specimen
surface [54]. SEM uses back scattered electrons and secondary electrons for sample
analysis. The coating of samples with conducting layers is preferred in traditional
SEM. However, recent SEM techniques use low energy electron beams which do not
require the coating of samples.

The surface morphology of biopolymers can be analysed successfully by the use
of SEM. Yang et al. reported the SEM micrographs of whole wheat starch and their
A-type and B-type granules (Fig. 32) [55]. They observed that the morphology of
both A-type and B-type granules were close to that of wheat starch regardless of their
freezing storage. A-type granules showed a disc shape, on the other hand, B-type
showed ellipsoid shape. With freezing storage, the surface of A-type granules got a
slightly rough appearance, while the B-type granules have irregular edges with the
incompleteness of particles were observed. A similar observation was observed for
whole wheat starch.

Li et al. reported the SEM images of biodegradable scaffold of chitosan —alginate
and chitosan having application in tissue engineering (Fig. 33) [56]. They observed
the porous scaffold with a pore size of around 100-300 pwm which favours the
cell attachment and bone tissue ingrowth. The SEM micrographs reveal the porous
interconnectivity at higher magnification.

Suika et al. reported the SEM micrograph of starch granules (potato, corn, rice,
and wheat) before and after the modification in ethanol and water using ultrasounds
(Fig. 34) [57]. From the images, most of the corn and rice starch granules have an
angular shape with an uneven surface, with few granules are entirely smooth ones.
But after the ultrasound treatment in water, some granules showed small fissures and
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Fig. 29 OM images of chitosan and chitosan/f-MWCNT composite scaffolds (magnification =
40x). [Reproduced with permission from Elsevier, License Number: 4671290793368] [51]
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(0/50)

PLA/PBS (30/70) PBS

Fig. 30 Optical microscopy images for PLA/PBS blends: a PLA; b PLA/PBS (90/10); c PLA/PBS
(70/30), d PLA/PBS (50/50); e PLA/PBS (30/70); f PBS [52]
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Fig. 32 SEM images of the a 0 week A type starch b 4 week A type starch, ¢ 8 week A type starch,
d 0 week B type starch, e 4 week B type starch, f 8 week B type starch, g 0 week wheat starch,
h 4 week wheat starch, i 8 week wheat starch. [Reproduced with permission from Elsevier, License
Number: 4671640911100] [55]

depressions on the surface. The potato granules were smooth, while wheat granules
with numerous small depressions can be observed. After treatment with water, potato
granules show cracks and scratches, while after ethanol treatment few fissures are
observed. Similar results were observed for wheat granules.
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Fig. 33 SEM images of cross section view of chitosan alginate scaffold (a and b), chitosan scaffold
(c and d). [Reproduced with permission from Elsevier, License Number: 4671291378372] [56]

Moshaverinia et al. reported the SEM images showing the morphology of algi-
nate hydrogel with the application as a scaffold for dental derived stem cells [58].
Figure 35a represents the morphology of alginate hydrogel. The spheroidal stem cells
positioned inside the alginate microbeads can be observed from the SEM images
(Fig. 35b). The mineral formation by the stem cells after culturing in osteogenic
induction medium can be observed from Fig. 35c.

Liu et al. investigated the morphology of pomelo peel cellulose and pomelo peel
microcrystalline cellulose [59]. The surface of pomelo peel was smooth and the
cellulose bundles can be observed from the Fig. 36a. The appearance of the rough
surface of pomelo peel cellulose was imaged in Fig. 36b. In Fig. 36¢, shows the
surface morphology of pomelo peel cellulose after hydrolysis with acid. Here, the
penetration of acid causes the cleavage of f-1,4-linkage between the cellulose and
hence shorter pomelo peel microcrystalline cellulose was obtained. The appearance
of an ordered crystalline arrangement may be due to the formation of inter and
intramolecular H bonding between the hydroxyl groups. The commercially available
microcrystalline cellulose has rod-like structures and was longer and smoother than
pomelo peel microcrystalline cellulose (Fig. 36d).

Wasserman et al. reported the SEM images of granules of maize starch at dif-
ferent degree of hydrolysis by glucoamylase (Fig. 37). They observed the irregular
polygonal shapes of starch granules with sizes of wider distribution and a relatively
small portion of granules were oval in shape [60].
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Fig. 34 SEM images of native and modified starch granules. a, d, g, and j represents the granules of
native corn, rice, wheat and potato starch. b, e, h, and k represents the modified granules (water) c, f,
i, and I modified granules (ethanol). [Reproduced with permission from Elsevier, License Number:
4671641296401] [57]

8 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a powerful technique for analysing
the functional groups presents in organic molecules. The presence or absence of func-
tional groups, protonation states, and the newly formed interactions can be monitored
as a function of the intensity of bands and its position [61]. It collects high spectral
resolution data that covers over a wide range of spectra. Most of the biopolymers have
been successfully studied by using this technique. Several integrated approaches have
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Fig. 35 SEM micrographs of alginate microbeads with encapsulated stem cells. [Reproduced with
permission from Springer, License Number: 4671641474458] [58]

(d)

- e
X1,000 . 10pm

Fig. 36 SEM images of pomelo peel (a), pomelo peel cellulose (b), pomelo peel micro crys-
talline cellulose (¢), and commercially available micro crystalline cellulose (d). [Reproduced with
permission from Elsevier, License Number: 4671300171825] [59]

been developed in recent years. For example, Nano-FTIR is an integrated approach
that utilizes FTIR and scattering-type scanning near field optical microscopy. All the
biological samples, polymers, and other soft matters can be analysed and can be com-
pared with standard FTIR databases. The operation is similar to that of non-contact
mode in AFM that benefits biological samples [62]. The integration of thermogravi-
metric analysis (TGA) with FTIR provides the quantitative assessment of samples
via thermogram and the identification of the chemical composition of evolved gases
by IR spectra [63].
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Fig. 37 SEM images of native (a) and hydrolysed granules of starch (b, ¢, d, e with degree of
hydrolysis at 19.3, 30.4, 40.4 and 52.0%). [Reproduced with permission from Elsevier, License
Number: 4671650111568] [60]

Mendes et al. reported the FTIR spectra of thermoplastic starch (TPS), thermo-
plastic chitosan (TPC) and its blends (Fig. 38) [64]. For thermoplastic starch absorp-
tion band at 920, 1022 and 1148 cm™~! corresponds to CO stretching. The band at
1648 cm™! corresponds to bound water. The band at 3277 cm™! is due to the pres-
ence of —OH groups, while the band at 2914 cm™~! corresponds to CH stretching. For
the thermoplastic chitosan films, the band at 3300 cm~! indicate the —OH stretch-
ing which overlaps with —-NH stretching. The band at 1647 cm~! corresponds to
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Fig. 38 FTIR spectra of
TPS, TPC and TPS/TPC
blends [64]
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C=0 (amide I) stretching. The band at 1717 cm~! shows the presence of carbonyl
groups. The bands at 2875, 1415 and 1150-1014 cm™! indicated the presence of
—CH stretching, carboxyl and CO groups. For the blends, the bands identical to TPS
was observed this is expected since the amount of TPC is blend is small.

Kulig et al. reported the FTIR spectra of chitosan, sodium alginate, and their
blends. The FTIR spectra is given in Fig. 39 [65]. The band at 3232 cm ™! corresponds
to the stretching vibrations of O—H groups in chitosan. The asymmetric or symmetric
stretching of CH, can be observed at 2973, 2933, 2881, 1413, 1310, and 1230 cm™ L,
The characteristic absorption band of chitosan was observed at 156 m cm™!. The
spectra of sodium alginate showed a broad band at 3293 cm™' (O-H stretching)
and a weak band at 2926 cm~' (C-H stretching). The authors also discussed the
formation of polyelectrolyte complex by blending chitosan, sodium alginate which
is indicated by the characteristic peak at 1730 cm™".

Behera et al. reported the FTIR spectra of pure chitosan and chitosan/titanium
dioxide membranes (Fig. 40) [66]. From the FTIR spectra, the immobilization of
TiO; in the chitosan matrix was confirmed by the presence of characteristic peak of
TiO, at 400-700 cm™".

9 Summary

In recent years, there is a tremendous increase in biopolymer-based research due
to environmental awareness and the demand for alternatives to petroleum-based
resources. The non-toxic nature, biocompatibility, biodegradability makes them
superior over others and have been used in several applications. The extensive
research on structural and surface analysis by various microscopic techniques enables
a better understanding of biopolymers. Most of the features such as morphology,
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Fig. 39 FTIR spectra of chitosan, sodium alginate and their polyelectrolyte blend [65]

topology, structure, and composition can be analysed by using XRD, NMR, TEM,
SEM, OM, AFM and FTIR. Majority of the application studies is based on the
structural interpretation which is always in correlation with other properties. Hence
understanding the surface and structure of biopolymers by microscopic and others
can have immense promises in every field.
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Fig. 40 FTIR spectra of
titanium dioxide (TiO), 1.02
pure chitosan (CS) and
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Properties of Cellulose Based Bio-fibres m
Reinforced Polymer Composites L

M. Ramesh and C. Deepa

Abstract In recent years, both industrial and academia are focusing their atten-
tion towards the development of sustainable composites, reinforced with cellulose
fibres. To make use of these fibres, the properties of these fibres must be evaluated.
In this chapter, the various mechanical, thermal and morphological properties and
other characteristics of cellulose fibre reinforced composites (CFRCs) carried out by
various researchers have been discussed. Different factors have been addressed to
improve the adhesion of the fibre matrix resulting in the improvement of the proper-
ties of the bio-composites. The chapter concludes that the CFRCs are one of the new
fields of material science for use in various applications ranging from the automotive
to the construction industries.

Keywords Cellulose fibres + Bio-composites - Mechanical properties + Thermal
properties + Morphological studies « FTIR analysis

1 Introduction

Increasing environmental concerns, together with the drastic decline of fossil fuel,
have made people use more renewable and natural resources to offset the development
of new materials [1]. The viability of natural problems urged the need to look for
new options that could alternate synthetic fibre reinforced composites (SFRCs) with
environmental impact [2-5]. It is realized that the reinforcing of fibres into matrix
has a few points of interest, particularly the properties of this distinctive materials.
Recycling of SFRC:s is quite difficult, on the grounds that the detachment of the fibres
is very troublesome. Along these lines, SFRCs are frequently arranged in unsuitable
routes, for example, landfills or burning which causes serious natural effects [6, 7].
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The characteristics of cellulose fibres are mainly depend on the physical structure,
composition, growing conditions, place of origin, weather conditions, fibre separation
methods, etc. [8—11]. Incentives for the use of cellulose fibres as reinforcement are
the lightweight potential and properties of CFRCs similar to those of SFRCs [3,
12—14]. Similar to synthetic fibres, one of the benefits of using cellulose fibres is
their low density, which makes them excellent basic mechanical properties, better
handling and storage, recyclability and good thermal and acoustic insulation [15—
20]. Apart from these advantages, CFRCs have several disavantages that limit their
application, such as low strength, quality variability, high absorption of moisture,
limited temperature of processing, and lower durability and incompatibility between
fibres and matrices [17, 21]. However, researchers have come out with a number of
methods and treatments through continuous studies to improve CFRC performance.
This chapter provides an overview of CFRC’s physical, electrical, thermal and other
properties. Often discussed are the parameters that control the properties of CFRCs.
After that, the microstructures of several most commonly used cellulose fibres and
its composites were presented.

2 Properties of CFRCs

Synthetic fibres have a more precise strength compared to cellulose fibres, but they
are not environmentally friendly or economical, resulting in the researchers showing
a great deal of interest in cellulose fibres [22, 23]. Cellulose fibres are characterized
by cellular structures made up of cells comprising crystalline and amorphous regions
interconnected by fragments of lignin and hemicelluloses [24]. The final strengths
of CFRCs depend on the manufacturing process, apart from the fibre and matrix
components. The main objectives to be accomplished in order to develop composites
with good mechanical properties are: (i) ahomogeneous dispersion of the fibres in the
matrix, (ii) a well-balanced interaction between the matrix and the fibres to facilitate
fibre pull-out, (iii) a low matrix porosity and (iv) an optimized percentage of fibres:
enough to reinforce the material while allowing continuity of the matrix [25]. The
stems of the plant show high bending and torsional rigidity, considerable toughness,
humid vibration and tolerance to defects [26].

2.1 Mechanical Properties

The mechanical properties of natural fibre-reinforced bio-composites are typically
comparable with those of traditional fibre-reinforced composites. It is very difficult
to predict mechanical properties of CFRCs. The modulus of elasticity of CFRCs
has already been successfully modeled by some authors [27-30]. The mechanical
properties of cellulose fibres are mostly relied upon their chemical composition, for
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example, fibre structure and cellulose quantity, planting region, origination, atmo-
spheric condition and the techniques for fibre removal and storage [31]. Fibre-matrix
bonding is a component of several variables, including mechanical interlocking, sur-
face roughness, and polarity. The surface moisture can provide some information on
the fibre-matrix bonding [32]. The strength of the materials is constantly shown as
far as their mechanical properties, for example, elasticity, flexural strength, compres-
sion strength, impact strength and frictional characteristics. These are vital to decide
load carrying capacity, particularly extraordinary and heavy loading conditions,
directly associated with industrial applications. For last several years, various exper-
iments have been conducted on CFRCs, to describe its attributes, which incorporate
elasticity, breaking strain, flexural modulus, impact quality, and so on [33].
Identify structural characteristics and measure the mechanical properties of bio-
composites designed for specific conditions of loading [34]. Petioles are given leaves
of more than 1 m? in length to support Fig. 1 which is replicated from [35] and must
therefore withstand large loads of bending, compression and torsion, especially in
the case of wind or rain. Simple composites are then used as models to control and
vary specific design features, such as reinforcing fibres’ mechanical properties. A
rhubarb petiole’s cross-section is shown in Fig. 1b demonstrating the distribution in
parenchymatic tissue of bark fibre bundles and vascular bundles. The cross-section

; Parenchyma

-
*

Vascular bundieg +* ¥ " "

Fig. 1 a Red rhubarb petioles carry large leaves, subject to bending and compressive loads;
b Rhubarb petiole cross-section; ¢ thin cross-section stained with Safranin-Astra blue; and
d longitudinal thin section along a red rhubarb petiole stained with Safranin-Astra blue
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stained with the blue Safranin-Astra shown in Fig. 1c, displaying parenchyma, vessel
components, and crystal-like structures in a vascular bundle. Examine the effect
of incorporating specific design features of petioles into technical composites and
improve the structure—function relationships within the petioles themselves. The thin
section in the longitudinal direction a red rhubarb petiole stained with Safranin-Astra
blue is depicted along a vascular bundle in Fig. 1d. From the picture, the helically
arranged fibres around the xylem vessels are clearly visible in red. It illustrates how
a simple spatial arrangement of fibre-like reinforcements with different properties
can contribute to a combination of mechanical properties that is otherwise difficult
to achieve.

The testing strategy includes settling the specimen in a setup and subjecting it to the
load along the axial direction until the point that it breaks. The value is reported as a
gauge length expansion function. The gauge segment lengthening is reported against
the load applied to the sample during loading [36]. The tensile properties of polymer
composites based on wood fibre were investigated and it was found that the tensile
strength did not change with the fibre content [37]. Depending on tensile strength
and modulus, the elastic properties of structural materials have been overcome. The
composite’s elasticity depends on how well the strain can be transferred between the
damaged fibres and the remaining fibres by shearing the resin at the interface and
how much stress a sample can endure before failure [38]. The specimen for this test
was prepared in the dog-bone shape with dimensions of 165 x 19 x (3.2 £ 0.4)
mm?. The composites’ tensile strength and elastic modulus were carried out using
a 100 kN universal testing machine (UTM) with a 1 mm/min crosshead speed. The
value of the strain was measured using an extensometer attached to the specimen’s
gauge size. The sample will be shown in Fig. 2 before and after the tensile tests [39].

Flexural properties are primarily used to determine the material’s suitability for
structural applications by evaluating its flexural strength and modulus. The flexural
strength defines CFRC’s ability to withstand the bending before the full elastic limit
is reached. The three-point flexural test is the commonly used method for composite
material testing. The deviation in the sample is taken from the cross-head position
and the experiment outcomes incorporate the final strength and elongation. The
procedure includes setting the sample in the UTM and the load is applying until

(b)

Fig. 2 Tensile strength specimen a before and b after testing
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(b)

Fig. 3 Flexural strength test samples a before and b after the test

the point that it failures [36]. These experiments were conducted with 2.5 mm/min
cross-head speed, as per the ASTM D790-10 standards. The specimen with the size
of 125 x 13 x 3.2 mm? were used for testing. The normal distance between the
supports was set at 52 mm, with a ratio of 16:1. Mansour et al. tested the flexural
properties of Alfa fibre reinforced composites [40] and found that flexural strength
and modulus of NaOH treated fibre composites increased twice that of untreated
composites. The long fibres gave better properties than the particle fibre composites
and the flexural strength relies upon the fibre arrangement and the resin rich areas.
The flexural strength tested specimens are depicted in Fig. 3 [39].

The CFRCs impact test is conducted to evaluate the sudden load carrying capac-
ity. It is defined as the energy required per unit area under impact loading to break
a specimen [34]. The specimen must be placed in the test set-up during the process
and allows the pendulum to hit it until it splits or cracks. The impact rate on break
and ductile nature can be investigated by utilizing this method [36]. The resistance
due to impact loading of the composite materials can be measured by various strate-
gies, such as: (i) pendulum type test; (ii) dropping weight test; (iii) projectile test;
(v) uniform strain rate test; (iv) explosion test; (vi) Hopkinson bar test; and (vii)
instrumental pendulum type test [41]. The impact force of composites is calculated
using any of the following criteria; (i) the energy required to break the specimen;
(ii) the amount of blows required to achieve a specified rate of distress; and (iii) the
extent of the damage or the size and speed of the spall after the sample is subjected
to stacking of the surface effect [42]. The impact test of piassava fibre reinforced
polymer composites were conducted by Cristina et al. [43]. From the experiment, it
is found that the impact value is increased with the amount of piassava fibres. The
repulsive impact force of silica nano-particles incorporated sisal fibre composites
were determined and found that the untreated silica nano-particles incorporated sisal
fibres reinforced composites produced high impact resistance and the porosity of
composites is minimized considerably [44]. Ray et al. studied the impact behavior
of reinforced vinylester composites of untreated and alkali-treated jute fibres [45].
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Fig. 4 Impact energy of jute fibre reinforced vinylester composites [45]

Studies have shown that the alkali treated fibre composites to improve the index of
crystallinity and result in better dispersion of fibre into the matrix shown in Fig. 4.

2.2 Fatigue Properties

Dissimilar to the investigations made widely on the fatigue properties of engineered
fibre composites, almost no consideration was given to the CFRCs [46]. These com-
posites having discovered potential applications as a structural material, an enthusi-
asm for them has developed as of late. The multi-axial fatigue testing has pulled in
the scientists because of a few reasons [47]. For instance, numerous parts in use are
in reality subjected several types of loadings which are presented in this test. The
weakening of a material’s stiffness is defined by most methods used to assess the
damage caused by cumulative fatigue. It is observed by following the change in the
load of the specimen under a uniform stress, which indicates the calculation of the
rigidity of the component in each loading period. The fatigue strength of hemp fibre
with polypropylene matrix composites was assessed, and found that the strength is
improved and more uniform stress in transient regions [48]. Research on multi-axial
fatigue research has been done and a significant influence of shear pressure has been
found on a part’s fatigue life [49]. In addition, due to the reality of the non-uniform
stress concentration on the specimen, the raw data of a specimen under multi-axial
loading is also pointed out. Multi-axial tension—torsion fatigue testing details as the
ratio between each loading category results in its applications, consolidating the dif-
ferent ratios at that stage to reflect the implications of multi-axial loading [50]. The
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fatigue life is found to be dependent on the loading ratio between the two types of
loading used in multi-axial tests.

2.3 Interfacial Properties

The interfacial relationship at the interface of the fibre and the matrix can be enhanced
by modifying the cellulose fibres with alkali solutions [51]. The research on the
interfacial characteristics of various plant fibres with polymeric matrices conducted
by Gassan [52]. From the test, it is found that the composites reinforced by flax and
jute fibre had higher strength and modulus, good fibre-matrix adhesion, and resisted
higher critical load during the material crack production. Mylsamy et al. performed
interfacial experiments on raw and alkali-treated agave fibre-reinforced composites
[53]. From the experiments it is found that the composites treated with alkali solution
posses the good interfacial bonding when compared to untreated one and this leads
to dissipate more energy during processing.

2.4 Thermal Properties

Thermal investigation analysis are one of the basic important properties, should be
considered to recognize the general behavior of CFRCs. In order to determine the
moisture content and volatile components current products, this research can be
carried out. Therefore, the moisture content and volatile elements have a degrad-
ing effect on the properties of any material [54]. Consequently, three techniques
were utilized to analyze the thermal properties, to be specific differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), and dynamic mechanical
analysis (DMA). From the TGA calculation, a fibre’s weight shift can be calculated
in a nitrogen atmosphere as a function of rising temperature [55]. Mass changes usu-
ally occur during the material’s sublimation, evaporation, degradation and electrical
transformation that is specifically identified with thermal stability. A few important
parameters could then be evaluated from the DSC test, such as glass transition tem-
perature (Tg), melting temperature (Tm), crystalline thickness, and oxidation [56].
Paul et al. [57] tested the thermal properties of banana fibre enhanced polypropylene
composites. It is found from the tests that with fibre loading the thermal conductivity
and thermal diffusivity are declined. The findings further showed that there were
better thermal properties in the increase in NaOH concentration on banana fibre.
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2.5 Sound Absorption Properties

The application of this technique is to decide the capacity of composites to absorb
ordinary rate sound waves. The estimation of the sound absorption of CFRCs was
carried out as per the ASTM E1050 guidelines. The Bruel and Kjaer instrument
was utilized for the measurement of sound waves. This instrument incorporates one
huge tube with 0.1 m diameter for the lower frequency range; and a little tube with
0.029 m cross section for higher frequency range within 500—-6400 Hz. The coefficient
of sound absorption versus frequency range were plotted for the average values of
the repeated tests within an entire data transmission of the 1/3 band frequency for
comparison. A value representing the proportion of the sound wave occurring on
the front surface of an acoustically absorbent material to the sound wave transmitted
from the back surface is defined as the transmission loss measured in decibels. It
represents to the damping behavior of a material, which means the higher, very high
sound is absorbed. The ASTM 5285 standards testing technique strategy has been
utilized for sound transmission loss testing [58].

2.6 Fourier Transform Infra-Red (FTIR) Spectroscopy
Analysis

FTIR provides quantitative and qualitative fibre analysis and detects chemical bonds
in a fibre as well [55]. This research was done to verify composite chemical struc-
tures. By producing an infrared absorption spectrum, FTIR spectroscopy distin-
guishes chemical functional groups in a fibre. Using Shimadzu spectrometer (model:
FTIR 84008, Japan) [59, 60] the infrared absorption spectrum of cellulose fibres was
observed. It is an important analytical technique to characterize their data on covalent
bonding [61]. FTIR tests from the treated flax, hemp and wood fibres showed the
presence of acetyl/propionyl and the crystallinity of fibres slowly decreased due to
increased amorphous content during the esterification process [62]. The FTIR spec-
trum also indicates the presence of strong hydrogen bonds on treated fibres, resulting
in good mechanical actions of borassus fruit fibres [63]. FTIR spectra indicated that
the interfacial bonding of Acacia leucophloea fibres with the epoxy matrix improved
by 5% treatment with NaOH, resulting in superior mechanical and thermal properties
[64, 65]. The infrared spectrum reveals that alkali-treated Hildegardia lignocellulosic
fibres decreased hemicellulose and increased water absorption [66].

2.7 X-Ray Diffraction (XRD) Analysis

XRD analysis was conducted with a X’ Pert Pro diffractometer device (powder XRD)
followed by the monochromatic frequency of CuKa radiation with a wavelength of
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0.154 nm from 10 to 80 °C [59, 60]. The following formula was used to determine
the crystallinity index [67, 68]:

Cl = (Hy.50 — Hig) [ (H.50) (L

H», 59, Hg were heights of the peaks at the respective angles. This analysis con-
firms that closer cellulose packaging enhances the crystallinity index of cellulose
fibres and also improves mechanical properties and break elongation [64, 65]. This
states that cellulose microfibrils from fibres show better index compared to raw fibre
and regenerated composite cellulose film mainly due to the absence of non-cellulose
materials [69]. XRD shows that the surface of the fibres was rough and only after 8 h
of alkali treatment showed an increase in crystallinity [66]. It is stated that, due to the
absence of amorphous material in the fibres, the crystallite size and index of alkali-
treated jute fibres gradually increased over time [70]. It is found that there would be
a small decrease in hemp fibre crystallinity but a slightly improved 0.8-30% in sisal,
jute and kapok fibres [71].

2.8 Water Absorption Characteristics

Water retention behavior is one of the primary concerns particularly for CFRCs in
composite specific applications. A major concern is the water assimilation of CFRCs;
in particular for their outdoor applications. The water retention attributes for a given
composite material depend on the fibre quantity, fibre orientation, ambient tempera-
ture, exposed fibre layer, fibre permeability, void substance, and hydrophilicity nature
of fibre and matrix [72-76]. The water assimilation tests were completed as illus-
trated in the ASTM D570 standards. To begin with, at room temperature, the samples
are submerged in a holder filled with tap water. From that point the specimens were
pulled back from the water to monitor the mass in the middle of the ageing process,
wiped dry to remove any surface moisture, and then measured using a 4-digit weight
balancing system of high precision.

As far as CFRCs are concerned, the presence of polar groups in fibres helps them
to absorb large amounts of water and also makes them incompatible with the matrix.
Together, these two factors result in a reduction in the interfacial binding strength
between fibre/matrix resulting in poorer composite mechanical quality [77, 78]. The
water assimilation is not fundamentally changed by any handling condition aside
from by pressurization at low fibre quantity and increases with increase in fibre vol-
ume. Water retention causes the size of the composites to increase and also change
the shape of the material. Nonetheless, the small increase in dimensions of the sample
is known as swelling of the material [79]. Hemp fibre-reinforced polyester compos-
ites’ water absorption behavior was analyzed and concluded that increased voids and
cellulose content resulted in increased water intake characteristics of the compos-
ites [80]. By immersing the specimen in running tap water at room temperature, the
water retention behavior of the cellulose fibres was obtained until their water content
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saturation point was reached. The dry and water-borne specimens were subjected to
tensile and flexural loads [39]. The results show that water penetrating the fibre and
matrix interface reduced the tensile and flexural strength of the composites by longer
water immersion times.

2.9 Wear Behavior

A pin-on-disc setup is utilized to carry out the wear tests and the surfaces of the
composite samples of measurements 10 x 10 x 20 mm? was contemplated against a
surface plate made of stainless steel. Prior to the test, rough sheet of emery paper was
utilized to smooth the rough surface then the impurities on the surface were cleaned
by a wet cloth. Then the surface was heated by utilizing air at 100 °C for over 15 min.
Mahr Perthometer was used to measure the roughness of the exposed surface before
and after the test. The specimen contact layer was washed with a different grade of
rough paper for excellent contact between the sample and the stainless steel plate
and then cleaned with a dry delicate brush. From the analysis, it is observed that the
orientation varied in the roughness of the exposed composite surface. The weight
balance was used to determine the sample weights before and after the test and then
to determine the weight reduction.

The frictional force was determined by a load cell mounted in the middle of an
arm and an infrared thermometer was used to measure the temperature of the ini-
tial interface and calibration was performed to determine the final temperature of
the interface. The infrared thermometer was indicated at the midpoint of the inter-
face between the specimen and the counterface during calibration. Using an external
heating source, the counterface was heated up. While the counterface was heated,
between the specimen and the counterface a thermo-couple was held. The tempera-
tures from both the infrared and the thermo-couple were registered all the time until
the temperature of the interface was about 80 °C. For several times this process has
been replicated and the average values have been calculated. The temperatures mea-
sured with the aid of the thermocouple were plotted against the infrared ones and the
appropriate line was calculated with the calibration equation [81].

2.10 Morphological Properties

Scanning electron microscopy (SEM) is a typical technique to analyze the strength at
the attachment between fibre and matrix and the pictures were taken at the interface
to see the internal structure. With a specific goal to decide the level of attachment
between the fibres and the matrix, the surface morphology of broken samples was
inspected [82]. The broken surfaces were coated in chemical solution for 24 h before
scanning in the microscope. Itis noticed that a microscope can check just the damaged
surfaces of the broken samples [83]. The specimen with cracked surfaces was fixed
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on the table in the microscope during observation [84]. The morphology of the
cracked surfaces was observed at the ambient room temperature. The scanned images
were utilized to decide the deformities in the composites and to check the outcomes
acquired from the optical magnifying lens in the microscope. The measurements for
samples utilized for SEM observation were 0.5 x 1.5 cm?, at various thicknesses
of 0.1-0.5 cm. The observing surfaces of the samples were covered with gold or
palladium or blend of both [85]. Then observation was conducted at an accelerating
voltage of 2 kV [86]. The objective of this coating was to get some data with respect
to filler scattering and bonding quality amongst filler and matrix [87]. The pictures
of the broken surfaces of the CFRCs are presented in Fig. 5 [10].

Figure 6 compares the SEM images of a composite facial fracture packed with
5% and 30% of cellulose fibres. In the case of the composite filled with a low
concentration of cellulose fibres (5%), a fairly homogeneous structure with uniform
fibre dispersion is obtained as expected. However, the existence of certain clusters of
fibres is revealed at high fibre content. Their abundance and size appear to increase
with the fibre content, resulting in a slightly poor fibre/matrix interface adhesion.
After cutting the sample for the facial fracture image, some holes are clearly seen [88].

Pictures of SEM are given in Fig. 7, replicated in Piltonen et al. [§9], shows the
morphological development of cross-sectional CFRC surfaces developed at different
dissolution times. The layer of untreated cellulose is shown in Fig. 7a, the fibrous
structure of the starting material is clearly seen. The fibre structure was still clearly

Fig. 5 SEM images of the surfaces of CFRCs after fracture
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st () LLIM

Fig. 7 SEM images of cross-section surfaces of a cellulose fibre sheet; and after dissolution time
of b2s;¢30s;andd 60 s

visible after a treatment period of 2 s, which suggests that there was no active develop-
ment of the matrix process during the first 2 s of dissolution. From the SEM images,
the thickness of the fibre network has been decreased, resulting in an increased den-
sity of CFRCs and hydrogen bonding between fibres. The visible fibre structure had
completely disappeared after 30 s of dissolution and it was not possible to see dis-
tinctive matrix or fibre reinforcement phases. It indicates a very strong correlation
between the fibres and the matrix because the fibres are completely integrated in the
matrix and therefore not to be separated. When the dissolution period was further
increased from 30 s, the morphology of the CFRCs remained unchanged [89].
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Fig.8 SEM micrographs of a elongated epidermis cells; b cross-section of a dried rhubarb petiole
with several vascular bundles; and ¢ the spiral texture of the fibres surrounding the vascular cells

SEM images of the woven composites are shown in Fig. 8 following their fracture
under tensile and flexural loading [39, 90]. The fragmented surfaces of the highest
composite tensile strength under dry conditions and vice versa for the wet condi-
tion were chosen as representative samples to better understand the effect of water
absorption on the fibre/matrix bond. Near bonding between the fibre and the matrix,
as shown in Fig. 8a, led to improved composite tensile quality under dry conditions
in Fig. 8b. The dry test had a less hollow layer relative to the liquid submerged in the
sample. This hollowed section revealed the pull-out phenomenon which occurred
primarily in water-borne samples, as shown in Fig. 8c. Cracking and delamination
matrix as shown in Fig. 8c among the physical damage done by the absorption of
water, which further increases the fibre/matrix detachment and decreases the tensile
properties of water samples [39].

During impact testing, SEM images of fractured specimens revealed that the
helical fibres are stretched and pulled out. In Fig. 8 [35] increase the total pre-
failure elongation and provide an additional hierarchical level for energy dissipation
during fracture. Helical fibres were absent in bark fibres, which also appeared to be
less hollow compared to the vessels, probably increasing Young’s apparent fibres
modulus, which was calculated using the fibre cross-sectional area [91]. Figure 9
Displays wetted fibre optical images. The increased level of wetting of treated fibre
suggests increased interfacial interactions with polymers [92].

3 Conclusion

The primary motivation for the design of bio-composites was and continues to be
the construction of a new generation of fibre-reinforced composites, but compliant
with the environment in terms of production, use and removal. Much effort has been
made to produce these new composites in this direction; however, there are still many
technical and economic issues to be addressed before the CFRCs can be successfully
commercialized. Different types of cellulose fibre and their properties are studied
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Fig. 9 Optical images of surface morphology of a, b pristine (6 = 51.6°, 36.6°) and c, d treated
one wetted by polymer droplets with the scale bar of 20 pm (6 = 35.8°, 21.3°)

as a possible replacement for synthetic fibres such as glass and carbon fibres. The
chapter’s key findings are as follows:

®

(ii)

(iii)

@iv)

The chemical compositions of cellulose fibres are cellulose, hemi-cellulose,
lignin, wax and pectin as the key constituents and small quantities of
carbohydrates, starch proteins in different quantities.

Cellulose fibres have a high variance in the mechanical properties of the con-
ditions of the crop, the geographical and climatic conditions and the variety
of plants, agricultural variables such as soil quality, weather conditions, plant
maturity and the performance of the retardation process and the conditions of
measurement which include or exclude moisture.

Polymer matrix cellulose fibres composites exhibited promising properties
such as compressive properties, effects, tensile properties, flexural properties,
thermal properties and resistance.

CFRCs may therefore be regarded as a valid alternative or even superior to
SFRCs.
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Abstract Biobased composites are developed using either the reinforcement and/or
matrix from renewable and biodegradable polymers. Although there are plenty
of biobased resources available as reinforcements, there are limited numbers of
bioresins. Also, the properties of composites developed using biobased resins are
not suitable for commercial applications and biobased resins are expensive compared
to common synthetic polymer based resins. Considerable efforts are being made to
develop biobased resins or modify existing resins to reduce cost and improve per-
formance. In this chapter, we report the latest developments in developing biobased
composites classified based on the matrix used. In addition, the performance of
the biobased composites under various environmental conditions has also been dis-
cussed. Due to the extensive literature available, we have considered studies that are
distinct and have been reported in the recent years.

1 Polylactic Acid as Matrix

PLA is one of the most widely used synthetic biopolymer since it is derived from a
renewable resource, easily biodegradable and melts between 160 and 170 °C which
is convenient to use with a large variety of biomass as reinforcements. In addition to
being a resin or matrix for composites, PLA has been used in the manufacture of com-
modity plastics and also as textile fibers. The structure and properties of PLA have
been varied to obtain desired properties and achieve easy processability and hence,
PLA is available in different forms and with distinct properties (Table 1). Several
biomasses have been combined with PLA to develop biocomposites. Properties of

K. Gopalakrishna - N. Reddy (&)

Center for Incubation, Innovation, Research and Consultancy, Jyothy Institute of Technology,
Thataguni Post, Bengaluru 560082, India

e-mail: narendra.r@ciirc.jyothyit.ac.in

Y. Zhao
Department of Nonwoven Materials and Engineering, College of Textiles, Donghua University,
Shanghai 201620, China

© Springer Nature Switzerland AG 2020 91
A. Khan et al. (eds.), Biofibers and Biopolymers for Biocomposites,
https://doi.org/10.1007/978-3-030-40301-0_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-40301-0_4&domain=pdf
mailto:narendra.r@ciirc.jyothyit.ac.in
https://doi.org/10.1007/978-3-030-40301-0_4

92

K. Gopalakrishna et al.

Table 1 Properties of three different forms of PLA used as matrix for composites (Siakeng 2018).
Reproduced with permission from Society of Plastics Engineers, through Open Access Publishing

Properties PDLLA—Poly(D,L-lactic | PDLA—Poly(D-lactic | PLLA—Poly(L-lactic
acid) acid) acid)

Structure Amorphous Crystalline Hemicrystalline

Melting 120-170 120-150 173-178

temperature

TM/OC

Glass transition | 43-53 40-60 55-80

(Tg)/ °C

Density 1.25 1.248 1.290

(g/cm3)

Decomposition | 185-200 200 200

temperature

O

Elongation at Variable 20-30 20-30

break (%)

Breaking Variable 4-5 5-6

strength (g/d)

Half-life in 2-3 months 4-6 months 4—6 months

37 °C saline

Solvents Acetone, ethyl lactate, tetrahydrafuran, Chloroform, furan,
dimethylformamide, N,N xylene dioxaneanddioxolane

PLA containing composites reinforced with different biomasses are mainly depen-
dent on the inherent properties of the biomass (Fig. 1 and Table 2). Relatively poor
compatibility between the hydrophobic PLA and hydrophilic biomass also needs
to be addressed to achieve desired tensile and flexural properties [1]. However, the
availability of raw materials with unique and distinct properties should enable the
development of composites with desired properties. As shown in Table 2, PLA has

Fig.1 Comparison of the
tensile stress and strain
between composites
(densities between 1.299 and
1.305) containing different
biomasses used as
reinforcement for PLA [1]
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Table 3 Properties of composites containing various levels of calcium hypophosphite (CaHP) as
the flame retardant [3]

Sample Composition (%) LOI | UL-94 rating
PLA CaHP t1/e2 Dripping | Rating

PLA 100 0 195 | - Y -
PLA/5% CaHP 95 5 24 12.9/2.0 Y V-2
PLA/10% CaHP 90 10 25 11.7/2.2 Y V-2
PLA/15% CaHP 85 15 25.5 | 134722 Y V-2
PLA/20% CaHP 80 20 25.5 | 6.9/2.6 Y V-1
PLA/25% CaHP 75 25 26 5.3/3.0 Y V-1
PLA/30% CaHP 70 30 26.5 | 0.9/4.8 N V-0

been extensively used as matrix with a wide variety of biobased reinforcements
including recycled paper [2]. However, PLA is considerably expensive than com-
modity synthetic polymers and also needs chemical and/or physical modifications to
impart the desired properties to composites.

PLA is prone to combustion and tends to melt and drip making it unsuitable for
some applications [3]. To overcome this limitation, PLA was combined with calcium
hypophosphite to improve the flame retardant properties. After combining various
amounts (5-30%) of the flame retardants, the mixture was pelletized and later hot
pressed into sheets at 10 MPa for 10 min. Inclusion of the flame retardant led to
increase in residual mass from 0.2 to 28% after burning at 800 °C. Flame resistant
ratings of PLA composites changed from V-2 to V-0 when the hypophosphite content
increased from 5 to 30% (Table 3). Similarly, the enthalpy decreased from 25.2 to
19.2 J/g and melting temperature increased from 167 to 170.8 °C. However, the
mechanical properties of the composites decreased steadily with increasing content
of CaHP.

2 Biobased Resins as Matrix

2.1 Bioepoxies

Synthetically derived epoxy is one to the most studied and commercially used binder
for developing composites. However, epoxy is non-biodegradable, needs high con-
centrations to provide desired properties and is also relatively expensive. Hence,
several attempts have been made to develop biobased resins as alternative to epoxy.
A bioepoxy resin having viscosity between 200 and 500 mPas S, gel time of 40 min,
flexural modulus of 3310 MPa, flexural stress of 94 MPa was used as a binder for hemp
fabric. Composites were developed through the resin transfer molding approach and
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Table 4 Comparison of the tensile properties of biobased resins reinforced with chicken feathers
pyrolyzed to various extents [5]. Reproduced with permission from John Wiley and Sons

Fiber type Fiber content Energy Fracture stress Fracture strain

(%) absorption (MPa)

(kJ/m?)

Pure matrix 0 0.600 0.50 0.051
Untreated 5 2.202 1.86 0.055
feathers
Untreated 32 6.966 5.30 0.048
feathers
Pyrolyzed 5 1.377 1.27 0.049
feathers-2 h
Pyrolyzed 8 2.733 2.18 0.057
feathers-2 h
Pyrolyzed 19 4.260 3.73 0.053
feathers-2 h
Pyrolyzed 32 7.566 6.22 0.052
feathers-2 h
Pyrolyzed 5 1.243 1.46 0.036
feathers-10 h

were later subjected to various post-treatments to improve properties. Water absorp-
tion of the composites was at a maximum of 11% after immersion for about 800 h.
The tensile strength of the composites was 63 MPa and modulus was 5870 MPa and
flammability was between 14.28 and 14.85 mm/min. The water absorption and the
flammability of the hemp-epoxy composites was considered to be non-satisfactory
and needed further improvement [4]. Other than fibers and cellulosic materials, ther-
mally treated chicken feathers have been used along with epoxydized soybean oil and
methacrylated lauric acid as the matrix to develop completely biodegradable compos-
ites [5]. Pyrolysis of the feathers was done by treating at 215 °C for 2 h or 10 h under
nitrogen atmosphere. Later, the reinforcing material was combined with a 50/50 ratio
of the two bioresins and converted into composites having densities between 1.03 and
1.10 g/cm? using the resin transfer molding approach. Tensile properties of the com-
posites were dependent on the extent of pre-treatment of the feathers (Table 4). A 15
times increase in tensile and storage modulii could be achieved using 32% pyrolyzed
feathers. It was suggested that the composites could be suitable for light-weight and
inexpensive applications.

2.2 Vegetable Oil Based Resins

Biobased thermoset resins were synthesized by the reaction between epoxidized
soybean oil and methacrylic acid. The modified soybean oil based resin was obtained
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after heating the soybean oil for 12 h with excess methacrylic acid at 120 °C. This
resin was further reacted with methacrylic anhyride or acetic anhydride for 4 h at
69 °C to obtain MMSO or AMSO, respectively [6]. These resins were used as matrix
for flax fiber mats which were treated with 4% sodium hydroxide solution for 1 h.
Composites were formed using the hand lay-up technique with a fiber to resin ratio
of 60:40. In addition, polystyrene was included in some of the composites to increase
the compatibility between the matrix and reinforcement. Flexural properties of the
composites varied considerably depending on the type of matrix and reinforcement
used (Fig. 2). Composites containing MSO and AMSO resins had higher impact
strength but low thermal stability. Lignin obtained as a byproduct during processing
of sugarcane bagasse was chemicallly modified using formaldehyde and made into a
bioresin. Sisal fibers used as reinforcement were randomly added (30-70%) into the
bioresin and mechanically stirred for 20 min. Later, the bioresin and fibers were cured
at different temperature, pressure and time to form the composites [7]. Composites
containing 40% sisal fibers had highest impact strength of 500 J/m and the strength
decreased with further increase in fiber content. Morphological analysis did not
show any fiber pullouts suggesting good compatibility between the matrix and fibers.
Properties obtained in this study were considerably higher compared to previous
reports which was suggested to be due to the presence of lignin in the matrix and
fibers which would improve the adhesion between the two components. Lignin based
resins would not only be biodegradable but will also be inexpensive compared to
synthetic based resins. In a similar approach, tannins obtained from Acacia mimosa
were modified using formaldehyde and used as matrix for sisal fibers [7]. Properties
of the sisal fiber reinforced tannin-phenolic resin composites were betweeen 250 and
400 J/m and the composites also had good stiffness and lower loss modulus. Moisture
sorption of the composites increased to about 20% when 70% resin was used. Good
interaction between the resin and matrix was also observed and it was suggested
that high level of biodegradability could be observed using this system. Since resins
prepared from epoxidized soybean oil have inferior properties, a study was done to

Flexural strength (MPa)
Flexural modulus (GPa)

RN

MMSOSThwoven
AMSO/STwoven
AMSO/ST/airlald [

Fig. 2 Flexural strength and modulus of composites developed using various soybased bioresins
as matrix and flax fibers and fabrics as reinforcement [6]. Reproduced with permission from John
Wiley and Sons
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Table5 Comparison of the properties of epoxidized soybean oil resin modified using various levels

of DGEBA [8]

DGEBA (%) | Tensile Tensile Elongation Flexural Flexural
Strength modulus (%) strength modulus
(MPa) (MPa) (MPa) (MPa)

0 22.6 648 7.3 38.3 775

10 33.1 735 6.4 61.6 1285

20 47.6 787 6.1 83.0 2004

30 41.7 841 4.9 90.1 2406

improve soy oil resin properties by the addition of diglycidylether of bisphenol-A
(DGEBA). Extent of improvement in the properties of the bioresin was dependent
on the amount of DGEBA. As seen from Table 5, high amounts of DGEBA imparts
brittleness but increased glass transition temperature, thermal stability and crosslink
density were possible [8].

In another study on developing biobased resins using lignins [9], various pheno-
lics were selected and blended in different ratios and later subject to methacrylation
to obtain methacrylated lignin-based bio-oil mimic (MBO). The MBO was used as
low viscosity (cP of 30.3 at 25 °C) vinyl ester resin or as a blend with the regu-
lar epoxy resins. Average molecular weight for the MBO was 217 g/mol compared
to 104 g/mol for styrene. MBO had a initial degradation temperature of 306 °C,
maximum degradation temperature of 418 °C, glass transistion temperature of about
115 °C and storage modulus of about 2.5 GPa at 25 °C. The resin was able to form
transparent thermosets and considered to be suitable as replacement for petroleum
and vinyl ester based thermoset resins used for composite applications [9]. In another
approach, lignin has been blended with poly(lactic acid) through graft polymeriza-
tion. The chain length of PLA grafted onto lignin was controlled using different
preacetylation treatments and by varying the lignin/lactide ratio [ 10]. Grafted copoly-
mers had higher glass transistion temperature from 45 to 85 °C when lignin content
was increased from 10 to 50%. Nearly all of UV C and UV B rays were blocked at
a lignin content of 10%. Composites also had increased tensile strength and elon-
gation without change in modulus. Tough and shape memory biobased resins were
synthetisized by the reaction between castor oil and hyperbranched polyurethane in
the presence of graphene oxide [11]. Addition of GO increased mechanical properties
(Table 6) and also shape memory recovery of up to 99% (Fig. 3).
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Table 6 Mechanical properties of the castor oil based hyperbranched polyurethane containing
various levels of graphene oxide [11]. Reproduced with permission from Royal Society of Chemistry

Sample HPU HPU + GO0.05 | HPU 4+ GO1.0 | HPU + GO2.0
op (MPa) 7.06 +1.3 1123 £22 14.05£2.8 16.11 £ 3.1

E (MPa) 2.84+£0.2 42 +0.25 4.85 +0.37 6.55 +£0.32
ep (%) 695 + 43 735 £ 57 795 + 36 810 £ 46

T (MJm~3) 2540 £+ 128 | 4247 £+ 164 5845 + 108 6807 £ 211
Scratch hardness (kg) | 5+0.2 5.5+0.1 55402 6.5+0.2
Impact strength (cm) >100 >100 >100 >100

(a)

Fig. 3 Behavior and extent of recovery of nanocomposites prepared from biobased polyurethane
and graphene oxide [11]. Reproduced with permission from Royal Society of Chemistry
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2.3 Polysaccharides and Lignocelluloses as Resins

In a study that does not involve any thermoplastic biopolymer, sunflower stalks were
powdered and combined with chitosan solution and made into a composite. The
stalks were made into particles of about 1.6-6.3 mm and combined in 4.3-15.3 wt%
with chitosan. The mixture was placed in a PVC mold and compacted at 20 °C for
1 min at pressure between 1 x 10~ and 32 x 10~ MPa and later dried in a oven at
50 °C for 50 h. Mechanical properties and thermal conductivity of the composites
were studied and it was reported that the properties were similar to that of other
biobased material (Table 7) in use. A acoustic coefficient of 0.2 considered low for
insulation applications was reported for the 4.3% chitosan containing composites
[12]. In another study, hemp shives having length between 0—5 and 0-20 mm were
combined with wheat starch having a density of 453 kg/m?. To prepare the starch
binder, the starch was heated in 60 °C water until gelatinization. The hemp shives
were combined with starch and compressed under a pressure of 0.25 MPa to form the
composites. Porosity and mechanical properties of the composites were dependent
on the proportion of the hemp shives. With density of the composites being between
182 and 188 kg/m?, the tensile strength of the composites ranged between 0.08 and
0.11 MPa and compressive strength varied from 0.57 to 0.63 MPa. Comparitively, the
modulus ranged from 2.04 to 2.47 MPa. The specific heat capacity for the composites
was found to be 1264-1288 J/Kg K but was directly dependent on the temperature.
Compared to lime as matrix, the wheat starch based composites had lower moisture
buffer values 2.6-2.8 g/(m*> %RH) suitable for indoor applications [13]. To enhance
the properties of hemp shive composites, starch as matrix was modified using alkali
and a silane coupling agent [14]. For the modification, hemp shives were treated
with 1 and 6% NaOH for 72 h and later dried at 60 °C for 48 h. Similarly, the shives
were immersed in a aqueous solution of (3-glycidyloxypropyl) trimethoxysilane as

Table7 Properties of composites made from sunflower stalk particles as reinforcement and chitosan
as matrix [12]. Reproduced with permission from Elsevier

Properties Compaction (1073 Size of particles Chitosan/sunflower
MPa) (mm) ratio (%)

Tensile modulus 574 3.1 15.38

(MP)a

Tensile stress (MPa) 574 6.3 15.38

Thermal conductivity | 574 6.3 -

(Wm—1K-1)

Compressive 574 6.3 4.38

modulus (MPa)

Compressive strength | 574 6.3 15.38

(MPa)

Thermal conductivity 1 6.3 4.38

(Wm~! K
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the coupling agent at pH 2.9 for 15 min. The hemp shives were combined with
the binder in 60/40 ratio and compacted under a pressure of 0.25 MPa to form
the composites. Treating the composites with alkali and compatibilizer increased the
flexural strength from 0.15 to 0.25 MPa and compressive strength from 0.4 to 0.8 MPa.
It was suggested that the chemical treatments cause the formation of covalent bonds
between the starch and hemp leading to better composite properties [14].

In another study, particles made from hemp shive having density between 100
and 110 kg/m® and particle size of 4 mm were used as reinforcement with wheat
straw as matrix. To prepare the composites, the wheat straw was combined with
hemp with dry material to water ratio of 1 and compressed at 0.25 MPa at 180 °C
for 100 min [15]. The process of hydrothermal treatment of the straw results in the
removal of water soluble components such as pectins which become the binders for
the hives. Compressive strength of the composites varied from 260 to 330 kPa and
elastic modulus between 2.6 and 3.4 MPa depending on the ratio of the binder and
reinforcement. The thermal conductivites of the composites were between 66.8 and
69.3 mWm™! K~! in the dry condition and between 71.4 and 75.9 mWm~! K~!
when humidity was 50% similar to the specification for building materials (65
mWm~' K~!). Hemp shive particles were combined with corn starch having a amy-
lose content of 40 and 26% moisture. The particles were mixed with starch in 10-50
wt % and heated up to 100 °C for 2 h and later hardended by treating at 160 °C for
1 h to form the composites. Compressive and bending strength of the composites
varied from 2.5 to 2.6 MPa and 5.2 to 6.0 MPa suitable for use in softboards and
self bearing structural materials [16]. In a similar approach, corn stalk particles were
used as reinforcement for epoxy resin and gypsum. Thermal conductivity of some of
the samples was below 0.1 W m~!' K~ suitable for building insulation applications.
Compressive strength ranged between 0.1 and 0.29 MPa and water absorption and
flexural strength between 0.04 and 0.13 MPa. It was suggested that corn stalk rein-
forced epoxy composites could be useful as alternatives to gypsum based insulation
materials [17]. Two polyamides derived from biological sources and commercially
sold as PA 6.10 (vestamid Terra HS) and PA 10.10 (Vestamid Terra DS) were used
as matrix for cellulose fibers having diameter of 12 pm and strength, elongation
and modulus of 833 MPa, 13% and 20 GPa, respectively. The two polyamides had
biodegradable content of 62 and 100%, respectively compared to 0% for PA 6 (Ultra-
mid B27E). A two-step compounding process was used to combine various ratios of
the matrix and reinforcement and later injection molded at 190-240 °C depending
on the type of matrix [18]. Scanning electron images (Fig. 4) of the impact test frac-
tured samples showed that the glass fibers had fewer breakages and lesser fiber pull
outs compared to the biobased polyamides due to the differences in polarity. Tensile
strength and tensile modulus of the biopolyamide composites (Fig. 5) was similar
but energy absorption was higher when compared to that of the synthetic polyamide.
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Fig. 4 SEM images of biopolyamide-cellulose fiber composites containing 30 and 15% cellulose
shows fiber breakage and pull outs (a, b and ¢) compared to the glass fiber composites (d) [18].
Reproduced with permission from Elsevier
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Fig. 5 Tensile modulus and strength of biopolyamide-cellulose fiber composites compared to
synthetic polyamide composites [18]. Reproduced with permission from Elsevier



104 K. Gopalakrishna et al.

2.4 Proteins as Resins

In a unique approach, carbon nanofibrils prepared from norwegian spruce and scots
pine softwood were obtained with length of 400-600 nm and height of 2-3 nm. These
nanofibrils were combined with various ratios of silk fusion proteins (Z-silk and FN-
silk) obtained from recombinant spider silk. Composite films and fibers of CNFs
and silk were made by solution casting (Fig. 6) and by using a double flow focusing
geometry device (Fig. 7), respectively. Carbon nanofibrils had storage modulus of
about 350 Pa which increased to 450 Pa with the addition of silk. Although there was
no significant increase in Young’s modulus, the tensile stress increased from about

(a) (b)

Silk fusion proteins Films (isotropic)
ive, low

Fig. 6 Representation of the process of forming the CNF-silk composite films [19]. Reproduced
with permission from American Chemical Soceity by Open access publishing through creative
commons attribuiton

Hydrogel threads in water bath

SEM of fiber surface Fibers

Fig.7 Depiction of the formation of CNF-silk fiber composites and SEM image and highly oriented
nature of the fibers in the composites [19]. Reproduced with permission from American Chemical
Soceity by Open access publishing through creative commons attribuiton
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Fig. 8 Schematic representation of the possibilities of using ionic liquids to develop various types
of biocomposites [20]

830-1100 MPa when Z-silk was added into the nanofibrils [19]. The mechanical
properties of self assembled carbon nanofibrils obtained in this study were reported
to be the highest compared to previous reports.

2.5 Ionic Liquid Processed Biocomposites

Tonic liquids have been extensively used to dissolve biopolymers to develop materials
for a wide range of applications. Relatively low cost, short dissolution time and easy
recovery of the solvent are some of the advantages of using ILs. Several studies have
also been conducted on dissolving or modifying biopolymers using ionic liquids for
developing biodegradable composites. A schematic representation of the various
processes used to develop biocomposites after treating with the ionic liquids is shown
in Fig. 8.

3 Performance of Biodegradable Resins and Composites

Ability to resist moisture at different temperatures and humidities is one of the
most basic criteria for biopolymers and biocomposites. Since biobased materials
are hydrophilic, the performance of biocomposites at high humidities and in aque-
ous conditions is not satisfactory. An extensive investigation was conducted to deter-
mine the water sorption and changes in properties of commercially available biobased
resins and cellulose fibers [21]. Mechanical properties of the various biobased resins
are given in Table 8 and the influence of moisture on the properties of these resins is
listed in Table 9. Bioresins with a wide variety of properties and suitable for different
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Table 8 Comparison of the properties of biobased resins with epoxy [21]. Reproduced with
permission from John Wiley and Sons

Property Epoxy EpoBioX | Tribest | Palapreg | Envirez SA | Envirez SB
E (GPa) 32 3.6 0.7 3.5 34 34
v 0.37 0.37 0.35 0.37 0.37 0.37
G (GPa) 1.17 1.31 0.26 1.28 1.24 1.24
Omax (MPa) 84.4 56.8 14.1 50.7 394 49.0
€0max (%) 5.3 1.8 4.3 1.7 1.2 1.7
Ep(GPa) 3.1 32 0.6 32 3.0 3.0
o (MPa) 135.5 125.9 224 108.8 54.5 100.4
e (%) 6.67 5.57 8.01 4.74 1.88 4.51
Kic (MPam!'?) 0.31 0.87 0.37 0.17 0.32 043
acy (KJ/m?) 42.7 30.2 23.2 16.2 10.1 15.5
acy (KJ/m?)-90% 18.5 16.1 18.9 3.6 33 5.9
RH

Table 9 Performance of biobased resins under different humidities compared to epoxy [21].
Reproduced with permission from John Wiley and Sons

Material Humidity | Elastic Poisson’s ratio | Max stress Max strain (%)
modulus, GPa (MPa)

Epoxy - 3.20 0.37 84.4 5.33
41 3.06 0.32 78.6 4.23
70 3.17 0.34 57.7 2.38

EpoBioX | - 3.64 0.37 56.8 1.82
41 3.44 0.35 60.7 2.01
70 3.58 0.35 55.3 1.83

Tribest - 0.69 0.36 14.1 4.33
41 0.50 0.29 10.2 2.60
70 0.42 0.26 9.1 291

applications are available. Similarly, some of the resins showed excellent resistance
of moisture, similar to epoxy and hence considered for development of composites
with flax, regenerated cellulose and e-glass fibers as the reinforcement [22]. The
fibers were also subject to chemical treatments to improve performance properties.
Tensile properties and susceptibility to moisture of the composites was dependent
on the type of reinforcement and the extent of fiber modifications. Although the
raw resins had good resistance to humidity and water, the mechanical properties of
the composites was considerably affected due to humidity with more than 100%
reduction in stiffness. Fiber treatments also did not show any postive influence in
improving the water resistance of the composites (Tables 10 and 11) [22].
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Table 10 Changes in the tensile properties at two different humidities of composites containing
glass fibers (GF), cellulose fibers (RCF) combined with various biodegradable resins [22].
Reproduced with permission from John Wiley and Sons

Material RH | EL (GPa) | Ey (GPa) | v Gmax omax (%)
(%) (MPa)
GF/Tribest 41 | 4174+11 | 419409 | 043+£009 | 831+77 | 2.1+12
RCF/Tribest 145412 | 148+12 | 037+£000 | 35682 | 7.9+£0.7
GF/EpoBioX 364431 | 364+3.1 |031+£000 |833+£51 | 2.1+£02
RCF/EpoBioX 143412 | 147411 | 034011 | 245+23 | 43406
GF/Tribest 70 | 415415 | 420+£13 | 0312003 | 722442 | 1.8+02
RCF/Tribest 125405 | 129405 | 042+£003 | 3204£50 | 8.0+ 1.8
GF/EpoBioX 36.6+£29 | 367+£30 | 027+£002 | 74884 | 2.6+03
RCF/EpoBioX 132403 | 136403 | 050+£012 | 229+12 | 3.6+24

Table 11 Influence of moisture on the tensile properties of flax fibers (FF) and cellulose fiber
(RCF) reinforced biobased composites after treating the fibers to different extents (2-5%) [23].
Reproduced with permission from John Wiley and Sons

Material RH (%) EL (GPa) Ey (GPa) Omax (MPa) €omax (%)
FF/Envirez - 75+0.2 8.0+0.3 57+1 1.9+0.1
FF/Envirez-2% 5.6+£0.3 59+04 294+2 14+£05
FF/Envirez-4% 53£0.1 54+£02 28+2 20+0.2
FF/Envirez-5% 39+0.6 4.1+0.7 21 +2 1.9+04
FF/Envirez 98 3.9+£0.1 45+0.2 66 + 4 3.7+£0.8
FF/Envirez-2% 3.1+0.1 43+12 31+1 50+1.4
FF/Envirez-4% 2.7+0.2 3.1+03 28+3 34+14
FF/Envirez-5% 2.1+£0.2 24+0.2 21 +£2 79+05
RCF/Envirez - 8.0 8.7 174 7.7
RCF/Envirez-2% 8.3 8.7 146 7.0
RCF/Envirez-5% 7.7+£0.7 8.0+£0.9 145 + 15 7.0+£13
RCF/Envirez 98 3.5+0.1 38+0.2 101 £2 10.1 £ 1.6
RCF/Envirez-2% 34+0.6 3.7+£0.6 101 £2 11.0+04
RCF/Envirez-5% 33+£03 35+£02 9443 11.0+£0.3

4 Environmental Degradation

One of the major limitations of biobased materials is their relatively fast degradation
when exposed to external environments. However, there is not much information
on the performance of biobased composites when exposed to heat, UV, humidity
and high temperatures [24]. The performance of pure PHB films and hemp fiber
reinforced PHB composites were studied after exposure to UV light, water, heat
and high humidity. Composites were made using 40% hemp fibers and compression
molded at 207 kPa at 180 °C. Weathering tests were done using xenon arc source at
an irradiance of 0.85 W/m? for 30~1440 min. Considerable changes were observed
in the structure and properties of the composites. Mass loss and increased fading was
seen (Fig. 9) in the composites and the molecular weight of the PHB also decreased
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Fig. 9 Progressive fading and increased apprearnace of cracks in the PHB films and Hemp-PHB
composites after exposure to increasing UV cycles [24]. Reproduced with permission from Elsevier

steadily with increased weathering. A 25-47% decrease in strength, 17—-62% decrease
in modulus but increase in elongation by about 30% was observed for the composites
depending on the conditions during exposure. These changes in the composites were
suggested to be due to the photooxidative and hydrolytic degradation of PHB and
hygrothermal expansion and contraction of the hemp fibers.

5 Biodegradability

Despite the fact that biobased composites developed using natural and/or synthetic
polymers are claimed to be environmentally friendly and biodegradable, there are
very few reports on the biodegradability of biobased composites. Also, the biodegrad-
abilty of the natural and synthetic polymers is highly dependent on the conditions
prevalent during biodegradation. A study was conducted by Gomez and Michel
to understand the biodegradability of conventional plastics and bioplastics under
different environments [25]. The biodegradation profiles of various materials was
investigated in comparison to cellulose paper and 100% polypropylene as positve
and negative controls, respectively. Biodegradability was measured in soil media
containing 43% certified organic top soil, 43% no-till farm soil and 14% sand with
the addition of nutrients to maintain the C:N ratio of 20:1. Amount of CO, and/or
CH, emitting from the samples was used to calculate the % biodegradation relative
to the control. Extent of biodegradation varied considerable between aerobic, anaer-
obic and soil and compost conditions (Fig. 10). It was found that PHA showed lowest
biodegradability next to corn based plastic containing co-polyester, PLA, paper pulp
and natural fibers. Even under anaerobic conditions, the biobased materials showed
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Fig. 10 Extent of biodegradation of various synthetic (a) and biobased materials (b) after 660 days
in soil incubation [25]. Reproduced with permission from Elsevier

considerably higher biodegradability compared to conventional plastics with or with-
out additives. However, some of the organic materials released methane, which is a
major contributor to green house gas emissions. Hence, the biodegradability should
be assessed considering the overall impact and not just the weight loss.
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Abstract The mounting interests on the development of materials with superior per-
formance has induced the expansion of filler reinforced composites market around the
globe. The use of fillers in the polymeric materials helps the enhancement of the func-
tional properties of the resulting composites. The primary concerns of the polymeric
industry are poor material properties, degradability, and cost factors. Hence, embed-
ding the polymer matrix with the fillers becomes inevitable. The polymeric mate-
rials with an appropriate filler, better filler/matrix interaction, along with advanced
techniques, leads to the formation of superior performing composites for potential
applications in various industries. Dedicated efforts have been made to understand
the relationship between the filler particles in the polymers and their properties.
Reports in the past conclude that the fillers play a vital role in the enhancement in
the properties of the composites. This review article presents the influence of fillers
on the thermal and mechanical properties of biocomposites.

Keywords Fillers - Biocomposites + Thermal properties + Mechanical properties

1 Introduction

The use of polymeric materials has become unavoidable in almost all possible appli-
cations due to their low cost, ease of processing lightweight, reproducibility, and
excellent functional properties. However, on the other hand, most of the polymers
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used today are obtained from the depleting petroleum resources and pose serious
threats to the environment [1]. The growing concern over the environmental pro-
tection paved the way for continuous research and development of polymer-based
materials which can both serve the purpose of its intended use and also do not harm
the environment [2, 3]. It is to be noted that the conventional composite structures
were usually made of glass, carbon or aramid fibers being reinforced with epoxy,
unsaturated polyester resins, polyurethanes, and phenolics, etc. The most important
drawback of such composite materials is the problem of suitable elimination after
the end of a lifetime, as the components are closely interconnected, relatively sta-
ble and therefore difficult to separate, reuse and recycle [2, 4]. Even though many
successful attempts have been made on the development of novel biodegradable or
environmentally friendly polymeric materials, their functional properties and cost
factor remains unresolved [3, 5, 6]. Hence, in recent years, there is a growing interest
in using fillers by the polymer-based industries. And it is due to the reinforcing effect
of the fillers, which improves the material properties such as dimensional stability,
tensile, compressive and impact strengths, resistance to abrasion and thermal stabil-
ity. Apart from the above-said enhancements, fillers can also reduce the cost of the
material due to the increase in the bulk volume [6, 7]. However, the real challenge lies
in finding suitable applications which can use the developed material resourcefully
to compete both in terms of performance and commercial aspects in the market.
Fillers have always played a vital role in the polymer industry. It can be seen in
the past that the development of the industry would not have been possible without
the improvement of properties of these fillers. However, in recent years, due to the
scarcity of the petroleum resources and the increasing prices of the commodities
have recognized the necessity for the extensive use of the fillers [8, 9]. Initially, the
fillers used for polymer-based composites were mostly inorganic. The main purpose
of their usage was to reduce the material cost and to improve some of the properties
like rigidity significantly, thermal stability, etc. of the polymer matrix [10]. However,
organic fillers have found their way into the composites recently and are also gain-
ing more interest among the investigators. Moreover, it is because of their low cost,
biodegradable and renewable in nature and ease of disposal [10—12]. Apart from the
economic and environmental benefits, their lower density allows obtaining lighter
materials, an attractive characteristic for the automotive, construction and packaging
industries [13-16]. Many researchers are involved in the preparation, optimization,
and testing of composite materials with the introduction of fibres, which also involves
the extraction of fibres from various plant resources. However, with the poor mechan-
ical properties of some thermoplastic polymers, the expensive extraction processes
lead to economically non-competitive materials [16—18]. Hence, for increasing the
suitability in specific industrial applications, it becomes inevitable to decrease the
cost of the raw material and filler processing. With this objective, lignocellulosic
agricultural residues were considered as potential sources of biomass or agro-based
fillers [19-24]. Each type of filler possesses different characteristics which are influ-
enced by their chemical composition, particle size, morphology, and surface area,
etc. On the other hand, the filler dispersion, filler concentration or loading and their
compatibility with the polymer matrix play a significant role in the properties of the
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composites [24, 25]. Hence with these insights, this review article focuses on the
influence of the fillers on the thermal and mechanical properties of biocomposites.
Furthermore, the changes in the properties are discussed concerning several factors
like filler size, dispersion, morphology, chemical modification, compatibility with
the polymer matrix, etc.

2 Overview of Fillers Used in Biocomposites

The filler is defined as a solid particulate material that may be irregular in shape
and size. Fillers are not only used for cost reduction of the composites but also
to enhance their performance. The fillers are used as reinforcement material along
with the polymer matrix for specific applications, or they may be infused along with
another reinforcement material and the polymer matrix to improve certain required
properties which may not be achieved by the reinforcement and resin constituents
alone. Fillers are often referred to as extending fillers and functional fillers. Extend-
ing fillers are merely used to increase the bulk volume and whereas the functional
fillers are used for improving the properties of the material [26, 27]. However, some
extending fillers when reduced to finer particles or surface treated can perform as a
functional filler also. Fillers can be used to improve dimensional stability, mechanical
properties, thermal stability, etc. However, the changes in properties of the compos-
ites are subjected to various factors such as the filler composition, surface, size,
concentration, shape, and dispersion in the matrix.

3 C(lassification of Fillers

Fillers can be classified based on the chemical composition, shape, and size (Fig. 1).

It is to be noted that these fillers are typically rigid and immiscible with the
polymer matrix and their effects on chemical composition, shapes and size may vary
with of both the organic and inorganic components used as the filler [28].

4 Inorganic Fillers

Inorganic fillers were most commonly used in industrial applications. When used in
composite laminates, inorganic fillers can account for 40 to 65% by weight. There are
several numbers of inorganic filler materials that can be used with polymer matrices
or composites. Reports have been made based on the toughening mechanism of
semi-crystalline polymers with the addition of inorganic fillers [29—32]. Some of the
commonly used inorganic fillers are discussed below:
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‘ Classification of fillers [

. ' .

Based on composition ‘ l Based on shape ‘ l Based on size |
'-f| Inorganic fillers ‘ Spherical, flakes, Macro fillers,
l blocks platelet, Micro fillers and
and fibrous, etc. Nanofillers
Examples: Oxides,

Hydroxides, Salts,
Metals and
Silicates

Examples: Carbon,
graphite, cellulosic
fibrils, and wood

—>| Organic fillers }—D flour, etc.

Fig. 1 Classification of fillers

e Calcium carbonate (CaCOs3) is the most widely used non-reactive mineral filler
derived from limestone or marble and used in automotive parts. Previously, CaCO3
was used as a cost reducing filler in composites however later the used of coupling
agents along with CaCOj3 paved the way for its use as a toughening filler [33].

e Kaolin (Hydrous aluminosilicate) is also one of the commonly used industrial
filler widely used in plastic and rubber industry having plate-like structure and
high aspect ratio. Hence, the particle size and distribution play a vital role in
achieving better properties. Its reinforcing effect can provide enhanced strength
and stiffness of the materials [34].

e Silicon dioxide (SiO;) is the most complex and abundantly available natural com-
pound of silicon and oxygen, which is obtained from mining and purification of
the mineral. It is widely used to reinforce rubber vulcanizates due to the enhanced
thermal and tensile properties apart from tear and abrasion resistance [35, 36].

e Titanium dioxide (TiO,) is a naturally occurring oxide of titanium which is non-
toxic, chemically inert, corrosive resistant and inexpensive. It is used both in micro
and level sizes with polymer matrices for enhanced mechanical and tribological
properties due to its high hardness. Furthermore, it also provides photo stabilization
and antibacterial activity [37, 38].

e Montmorillonite (MMT) is a mineral filler from the phyllosilicate group that is
formed when it precipitates from water solution as microscopic crystals. They are
soft and users are used in many applications such as absorbent for heavy metals,
fillers for organic coatings, and as fillers for composites [39].

Even though there are many advantages of using inorganic fillers in composite
materials for several applications, they cannot be completely degradable and some
of the mineral fillers may be toxic to human health. Hence, there is a growing interest
in using organic matters as fillers in composites for different applications.
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5 Organic Fillers

Even though natural or organic fillers are not as popular as mineral or inorganic
fillers, they are gaining more attention due to their advantages compared with the
conventional fillers [5]. Their significant advantages include the least expensive,
lower density, resistance to abrasion, low energy consumption, biodegradable, and
renewable. It is to be noted that all organic fillers are not biodegradable. Material sci-
entists have understood that the exploration natural fillers as reinforcing materials in
polymer composites is inevitable and also an effective way to produce environmen-
tal friendly composites without disturbing their performance [39, 40]. The mounting
research interests on organic fillers can be attributed to their renewability, ease of
separation, carbon dioxide sequestration, and non-abrasive to equipment [41, 42].
Some of the commonly used organic fillers are discussed below:

e Carbon-based nanofillers such as single-walled carbon nanotube (SWCNT), multi-
walled carbon nanotube (MWCNT), carbon nanofibres (CNFs), graphene and
carbon black (CB) are extensively used in polymer matrix composites due to
their excellent structural and functional properties and they are well suited for
engineering applications [43—45].

e Wood flour (WF) is derived from various wood shavings, sawdust, chips and other
residues of wood processing industries. The interest in WFs is because they provide
dimensional stability and can enhance the elastic modulus. The main drawback of
WF is that their poor adhesion with the polymer matrix and lower decomposition
temperatures [46, 47].

e Lignocellulosic fillers also include wood, naturals fibres and trashes of variety
of plants. These fillers are abundantly available, economical, and are renewable.
Some examples of lignocellulosic fibres are cellulose, cotton, flax, sisal, kenaf,
jute, hemp, bamboo, banana, pineapple, coir, ramie, and starch, etc. [48]. Further,
many other agricultural wastes are also used as fillers such as the spent tea leaf
powder, spent coffee bean powder, eggshell powder, banana peel powder, tamarind
nut powder, and turmeric powder, etc.

The studies in the area of nanocomposites were dominated by the inorganic
nanofillers such as nanoclay, MMT, silica, mica, etc. However, recently, there is
a growing interest in using cellulose nanocrystals or nanofibrils as reinforcing fillers
polymer composites [49, 50]. It is because of many attractive properties such as
renewable and biodegradable, less expensive, available in abundance, high surface
area, high aspect ratio, low density, high thermal stability, and high surface reactivity.
These properties allow chemical modifications of the cellulose fibrils [51].
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6 Factors Influencing the Properties of the Fillers

Many factors govern the properties of the fillers such as the source and chemical
composition of the filler, size of the filler, aspect ratio, surface area, density, refractive
index, hardness and the filler loading [8]. These factors can directly influence the
performance of the composites. Hence it is imperative that these factors are handled
with the utmost care in order to get the desired performance of the composites as an
effect of the reinforcement of the fillers.

7 Influence of Fillers on the Thermal Properties
of Biocomposites

Researchers reported that addition of a small number of fillers and nanomaterials
within the matrix could enhance the (i) mechanical (ii) thermal and (iii) dynamic
properties without changing the weight of the composites. Fillers are classified as par-
ticulate type fillers, fibers, and other fibers. Some examples of particulate type fillers
are aluminum flakes and powders, aluminum borate whiskers, aluminum nitride,
anthracite, antimonate of sodium, etc. In fibers such as aramid fibers, carbon fibers,
carbon nanotubes, cellulose fibers, cellulose nanofibrils, etc. and other fibers such as
vegetable, animal and mineral fibers.

This particular section focusses the thermal properties of biocomposites reinforced
with fillers. The thermal properties of composites can be explored by techniques such
as dynamic mechanical analysis (DMA), thermomechanical analysis (TMA), ther-
mogravimetric analysis (TGA) and differential scanning calorimetry (DSC). Table 1
lists the essential outcomes/effects of materials by thermal analysis techniques, and
the applications of similar techniques are also listed. The thermal properties of bio-
composites much depend on many factors, including (i) fiber loading (ii) fiber ori-
entation (iii) fiber layering sequence (iv) fiber surface treatments (v) the addition of
fillers (vi) filler size (vii) filler loading, etc.

8 Effect of Filler Loading

Researchers studied the thermal properties of biocomposites using fillers/fibers as
reinforcements. Some of the reported studies on TGA, DMA, DSC, and TMA of
reinforced biocomposites tabulated in Table 2.

Saba et al. [52] fabricated hybrid composites using MH/kenaf fiber/epoxy matrix
by hand lay-up technique with overall fiber loading were maintained as 40% by
weight. The significant weight losses occurred between 300 and 400 °C due to
the decomposition of MH to magnesium oxide (MgO) along with water loss by
endothermic thermal dihydroxylation. The formation of MgO assisted in resisting
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Table 1 Lists of outcome and applications of thermal analysis techniques

Technique | Outcome Applications
DMA » Energy dissipation behavior Automobile and aerospace
* Damping characteristic (composites), chemical, fats and oils,
* Frequency paints and lacquers, rubber
* Force, and amplitude-dependent (elastomers), ceramic materials, food
mechanical behavior of materials industry, pharmaceuticals and plastics
(thermosets, prepregs, coatings, films,
adhesives, thermoplastics, packaging,
and cables)
TMA » Expansion or shrinkage of materials Plastics (elastomers, thermosets,
* Dimensional stability for the thermoplastics), electronics industry,
temperature textile fibers, packaging (films) and
chemical (organic and inorganic
materials, metals, pharmaceutical
products)

TGA * Content analysis and thermal stability | Automotive, chemical, fats and oils,
rubber, plastics, food industry,
pharmaceutical, paints, and lacquers

DSC ¢ Glass transition Automotive, chemical, rubber, plastics,

* Melting food industry and pharmaceutical
* Crystallization behavior reaction
enthalpies, and kinetics

the temperature (even at elevated temperature of ~ 2800 °C) without undergoing any
decomposition.

In another study, the researchers investigated the thermal stability of bayada
clay/oil palm fiber/high-density polyethylene composites by varying the clay loading
of 6.25-25 wt% [53]. It was reported that the clay formed a barrier to oil palm fiber
composites against the polymer’s exhausted gas, resulting in higher thermal stability
of clay infused oil palm fiber composites.

DMA investigation revealed that 20% of MH filled kenaf/epoxy composites com-
pensated the modulus incompatibility between fiber and matrix and improved the
interactions between fiber/matrix bonding. Further, the authors reported that the
occurrence of improved hydrogen bonding between the kenaf fiber and the epoxy
matrix facilitated to decrease the segmental chain movement in the composites,
caused higher E’ in MH filler filled composites [52]. The better interfacial bonding
between the kenaf fiber and the matrix was also pronounced by having a broader tan
delta curve.

In another study, Saba et al. [59] investigated the viscoelastic behavior of kenaf
fiber reinforced hybrid composites using prior dried nanofillers such as (i) OPEFB
(il)) MMT and (iii) OMMT. The fillers were uniformly dispersed at 3% (by weight) in
the epoxy matrix. The researchers reported that the OMMT nanoclay restricted the
movements of the epoxy matrix chains as they introduced between the phyllosilicate
layers of OMMT nanoclay. Hence the highly stiffed OMMT/kenaf hybrid composites
exhibited a remarkable stress transfer between the fiber and matrix and resulting in
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increased E’. Regarding the damping factor, the stiffened and hardened nano-OPEFB
filler restricted the movement of epoxy matrix molecules, resulting in improved E’
than the E” in OPEFB/kenaf hybrid composites.

In other findings, the researchers reported that the OMMT/kenaf/epoxy compos-
ites showed the highest dimensional stability [57]. Next, to the OMMT compos-
ites, the nano-OPEFB composites acted efficiently to control the thermal expansion
behavior of kenaf/epoxy composites. It was attributed to (i) larger aspect ratio of
nano-OPEFB filler and (ii) improved interfacial bonding between the kenaf fiber and
the epoxy matrix. Researchers in other study investigated the coefficient of thermal
expansion (CTE) by varying the wt% (1, 3 and 5 wt%) of oil palm nanofiber/epoxy
composites [58]. It was revealed that until the 3 wt% of nanofiller filled composites,
the CTE was decreased. Further increasing the filler loading, the CTE was found
to be increased. It was corroborated to the (i) poor dispersion and (ii) accumulation
of the 5 wt% of added filler particles, resulted in creating a free space for polymer
segmental movement. Nevertheless, the oil palm nanocomposites possessed higher
thermal stability than the epoxy matrix composites.

Hamid et al. [53] investigated the DSC by varying the bayada clay sizes from 0
to 25 wt% (order of 6.25 wt%) in oil palm fiber/high-density polyethylene (HDPE)
composites. The authors reported that the melting temperature (Tm) of clay filled
and fiber filled composites showed less significant compared to the HDPE matrix.
The range of ‘Tm’ of HDPE, oil palm fiber, clay-fiber composites, and pure clay
lied between 136 and 137 °C. Further, the AH,, of pure HDPE decreased while
adding the oil palm fiber and clay at 25 wt% of loading (shown in Table 2). These
observations indicated that the enrichment of thermal stability by incorporating the
filler (fiber/clay) within the matrix and the clay composites.

9 Effect of Chemical Modification

Senthil et al. [60] investigated the TGA of cellulose/spent coffee bean powder (both
untreated and alkali treated) composites. As expected, the alkali treated composites
shown the highest thermal stability after a temperature of 350 °C. It was attributed to
the existence of polyphenols presented in the spent coffee bean powder. Moreover, the
authors reported that the alkali treated composites produced a higher residue. It could
be due to (i) the presence of polyphenols and (ii) the removal of hemicelluloses. Many
authors studied the thermal properties of biocomposites by using different chemical
treatments. Some of the reported works tabulated in Table 3.

In another study, the thermal stability of hildegardia populifolia fiber/PPC com-
posites (both treated and untreated) was explored [61]. The untreated fiber composites
showed the highest thermal stability than the treated fiber composites. It was revealed
that the existence of hemicellulose from the untreated fibers helped to improve the
interfacial bonding between the fiber/matrix bonding, resulting in improved higher
thermal resistance behavior. Continuation to the previous work, the authors [61] stud-
ied the visco-elastic behavior of hildegardia populifolia fiber/PPC composites and
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reported that 20% of untreated and 20% of NaOH treated composites shown insignif-
icant variations in tan delta values. It was attributed to the removal of lignin content
from the fiber, resulting in no significant change in the hydrogen bond content.

In another study, the visco-elastic behavior of composites analyzed by adding the
nanoclay with natural rubber and short jute fiber/natural rubber composites [62]. They
observed that the natural rubber/nanoclay/jute fiber hybrid composites exhibited
higher storage modulus from the glassy region to the rubbery region. It ascribed to
the proper distribution of short jute fiber within the natural rubber in the presence of
nanoclay. However, the natural rubber/clay shown higher storage modulus than the
natural rubber/gum.

In another study, the effect of nanoclay addition was studied by Biswal et al.
[63] in polypropylene/pineapple leaf fiber reinforced composites. They reported that
good interfacial bonding of nanoclay with fiber was ensured by showing a lesser
melting temperature (166.60 °C) among the fabricated samples. Moreover, the strong
interaction of nanoclay, fiber, and polypropylene exhibited by increased order of
crystallization temperature in composites (shown in Table 3).

10 Effect of Filler Size

Huda et al. [64] analyzed the DMA behavior by varying the particle sizes such as 12.5,
4.8, and 2.2 pm in poly(lactic) acid (PLA)/newspaper fiber reinforced composites.
The product names of talc (i.e., filler) were Silverline 002, Nicron 403 and Mistron
CB whereas the Mistron CB (2.2 wm) filler was chemically pre-treated (silane).
Results revealed that incorporation of 2.2 pm filler in poly(lactic) acid/newspaper
fiber composites exhibited higher storage modulus than the rest of the samples due
to the existence of higher stiffer interface in the PLA matrix. In loss modulus, the
filler infused composites shifted the glass transition temperature (T,) to higher tem-
peratures. It was attributed to the reduced movement of the polymer chains by the
newspaper fibers. Also, the stresses surrounded by the fillers induced to shift the T,
to higher temperatures (between 65 and 75 °C). The storage modulus was increased
in the order, virgin PLA < PLA/newspaper < PLA/newspaper/12.5 wm (filler 1) <
PLA/newspaper/4.8 pm (filler 2) < PLA/newspaper/2.2 pum (filler 3).

Continuation of the previous work [64], the authors analyzed the DSC properties
by varying the particle size. It was reported that the addition of fillers in poly(lactic)
acid (PLA)/mewspaper fiber hybrid composites, the T, was found to be increased.
When increasing the particle size, the T, was further improved (i.e., Ty (2.2 pm)
> T, (4.8 wm)). Hence this improved of T, supported to vary the soft and flexible
properties to hard and tough. Regarding the T, the PLA/filler composites found to be
decreased compared with the virgin PLA, because the fillers limiting the movement
of PLA chains in the surfaces. Then reducing the filler size in PLA, the T, was further
decreased (i.e., T, (2.2 pm) < T (4.8 wm)) in composites. Besides, the crystallinity
of the filler filled composites was also found to be decreased, resulting in improved
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impact strength due to the reduction of crystallinity could reduce the flexibility of
molecular chains.

In another study, Kim et al. [65] used three different sizes of silver nanoparticles
(9, 65, and 300 nm) in paraffin and compared the thermal stability of TGA of phase
change material (PCM). Also, the silver nanoparticles varied from 0.5 to 2 wt% (order
of 0.5 wt%) in paraffin. The TGA results revealed that the decomposition temper-
ature of silver nanoparticles/paraffin composites were improved (ranged between 5
and 50 °C) by varying the size of silver nanoparticles. This increase in temperature
was due to the increased thermal stability of silver nanoparticles/paraffin compos-
ites. Among the different sizes of nanoparticles, the 65 nm exhibited higher thermal
stability. It could be due to the effective interaction between the silver nanoparti-
cles and paraffin. Researchers in another study [66], compared the decomposition
temperature (Ty) of Polytetrafluoroethylene (PTFE)/SiO, composites by varying the
particle size (5 and 25 pm) and the SiO; content (0—60 wt%). They observed that
the Ty was not influenced by varying the particle size and content of SiO, due to the
negligible interaction between the PTFE and SiO;.

11 Influence of Fillers on the Mechanical Properties
of Biocomposites

Itis well known that the mechanical properties of the biocomposites are influenced by
various factors about the fillers. This section discusses how different parameters influ-
ence the properties and the changes in the functional behavior of the bio-composite
based on these factors.

12 Effect of Filler Size and Filler Loading

In an interesting study, it was found that flexural properties and impact strength of the
PLA based composite reinforced with kenaf and rice husk fibres (RH) were depen-
dent on the fibre aspect ratio (length: diameter). Kenaf/PLA had superior flexural
strength, flexural modulus, and impact strength than the RH/PLA composite. Higher
cellulose content and larger aspect ratio of the kenaf fibre and their fibrillation helped
to withstand more load than the wider and shorter RH fibre [67]. In another study,
the effects of filler particle size on the tensile and impact properties of the poplar
sawdust/PP composites by varying the polar sawdust size to 40, 50 and 60 meshes
examined. The fibre aspect ratio increases with the mesh size. It can be observed
from their results that tensile strength and modulus increased with the use of bigger
particle size and vice-versa in case of the impact strength [68]. Polytetrafluoroethy-
lene (PTFE) was used as a filler with polyetheretherketone (PEEK), and the effect of
varying concentrations of PTFE (0, 7.5, 15, 22.5 and 30 wt%) on the composites was
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investigated. It was found that the impact strength of the composites improved with
increased filler addition while the tensile properties decreased. The higher impact
strength of the composites was due to the higher molecular weight of the PFTE fillers
added [69]. The effect of filler loading (5-25 wt%) on the PPC based composites
with biofillers obtained from agro-wastes such as spent tea leaf powder (STLP) [24],
tamarind nut powder (TNP) [70], spent coffee bean powder (SCBP) [1, 3, 5], banana
peel powder (BPP) [71] and eggshell powder (ESP) [23] etc. were studied. Accord-
ing to their findings, there was a significant improvement in the tensile strength and
modulus of the composites with increased filler concentration. It could be attributed
to several reasons such as the uniform distribution of the fillers, better matrix filler
bonding, and the presence of rigid phenolic components in the filler. In a similar
manner, the effect of filler loading (5-25 wt%) on cellulose-based composites with
the agro waste fillers such as STLP [72], SCBP [5], TNP [73], and BPP [19] was
also studied. A same kind of trend was also reported that the increase in filler loading
enhanced the tensile properties of the biocomposites.

Hybrid fillers were also used in composites to form hybrid filler composites. In
a study, tamarind polysaccharide was used as a reducing agent for silver nitrate and
copper sulfate to form silver nanoparticles and copper nanoparticles in PPC based
composites through the in-situ generation process. It was reported that the increase
in filler content improved the tensile properties which were attributed to the incorpo-
ration of the metal nanoparticles along with the cellulosic filler [74, 75]. Cellulosic
filler banana peel powder was used as a reducing agent to in-situ generate silver
nanoparticles in cellulose-based hybrid nanocomposites. It was found that the rigid
phenolic compounds and the metal nanoparticles contributed to the enhanced tensile
properties of the hybrid nanocomposites [56]. In another study, silver nanoparticles
were in-situ generated with Napier grass microfibrils, and their effect on the tensile
properties was investigated. It was found that the tensile strength and the modulus
increased only for the lower filler loadings (up to 2 wt%). The tensile properties
reduced with higher loading (above 2 wt%) and which was attributed to the random
orientation of the fillers and possible agglomeration due to high filler content [76]. It
was also reported that there was a significant effect of filler size and filler loading on
multi-walled carbon nanotubes and graphene nanopowder epoxy composites. The
incorporation of these fillers reduced the tensile and modulus to about 44% and 20%
respectively—the main reason behind such a behavior entanglement of the nanotubes
and agglomeration of the graphene particles. Hence, higher filler loading reduced
the properties of the composites [77].

According to some researchers, increasing the rice husk (RH) content in the
polyester matrix resulted in a drop in the tensile strength up to 20 wt% while the
maximum Young’s modulus was obtained at 15 wt% followed by a decline in values
with a further increase of RH. The reasons for inferior strength and modulus at higher
filler content are as follows: (a) poor interfacial adhesion between the hydrophilic
natural filler and hydrophobic matrix and (b) agglomeration of fillers causes improper
wetting of the resin and produces regions lacking in resin. These factors decrease
the load bearing capability of the composite and affect the stress distribution within
the matrix [78]. In another study, the tensile strength, modulus, and elongation at
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break of cellulose/Thespesia short fibre composites witnessed a drop in the values
with increased filler loadings. The random orientation of the fibre and the presence
of amorphous lignin and hemicelluloses as impurities in the fibre eventually led to
the weakening of the composites indicating their negative effect [22].

13 Effect of Chemical Modification

Introduction of bamboo cellulose fibre (BCF) at 2 wt% in the PLA matrix resulted
in lower tensile strength and % elongation than the pure PLA. However, the Young’s
modulus was slightly higher for the BCF/PLA composite, which was attributed to the
inherent stiffness of the bamboo fibre. They further demonstrated that mechanical
properties could be enhanced by fibre treatments. Fibre treatment with the potas-
sium hydroxide (KOH) and silane solution improved both the strength and modulus
significantly by enhancing the interfacial adhesion between the filler and matrix.
KOH treatment removes fibre constituents such as hemicellulose, lignin, pectin,
waxes, and other surface impurities, allowing for better mechanical interlocking of
the treated fibres with the PLA matrix. In the case of silane treatment, silane-grafted
onto the fibre reacts and forms a chemical bond with the PLA matrix [79]. It was also
reported that the improvement in the flexural strength, modulus, and hardness for
the coir/PP composite reinforced with hydroxybenzene diazonium chloride treated
fibres. In addition to the better mechanical interlocking between the fibre and matrix,
chemical treatment of the fibre was also helpful in minimizing the micro-void at the
filler-matrix interface [80]. Another study showed that tensile strength of the wood
flour/PP composite could be improved by treating wood flour with 2 wt% NaOH
for 1 h and also by adding talc into the matrix [81]. PP-based composite with hemp
fibres treated by 0.05% potassium permanganate solution (KP) in acetone for 30 min
had a superior modulus of elasticity and modulus of rigidity than the composite
with the untreated fibres. The fibres undergo oxidation and forms into elementary
fibre bundles due to the fibre treatment in KP solution [82]. In another interesting
study, the effect of alkali treatment on Sterculia urens short fibres was studied on the
mechanical properties of the cellulose-based biocomposites. It was concluded that
the composites with treated Sterculia urens short fibres possessed improved tensile
properties than their untreated counterpart. However, the tensile properties were still
lower than the cellulose matrix. It was ascribed to the random orientation of the fillers
used [21].

14 Aging Effects

RH/HDPE composites subjected to the accelerated weathering possessed lower
impact strength than the pristine or dry specimens. The swelling and shrinking of RH
fibre due to the moisture absorption induce interfacial cracks such that the premature



Influence of Fillers on the Thermal and Mechanical Properties ... 127

failure occurs at lower loads. The samples subjected to weathering were found to
have crazing and flaking of the RH fillers on the matrix, which is also believed to
have caused a loss in the strength [83]. The decrease in modulus of rigidity, and
Young’s modulus of the rubber wood fibre/recycled PP composites exposed to the
natural weathering was reported earlier. They also demonstrated that this resistance to
moisture and temperature could be improved by adding 1 wt% UV stabilizer into the
wood fibre/matrix during the fabrication [84]. Similarly, other researchers indicated
that grafting maleic anhydride (MA) into the polyvinyl chloride reinforced with alfa
fibres provided better resistance to the hydrothermal aging conditions by exhibiting
higher strength and modulus than the composite without MA. MA improves the
fibre compatibility between the fiber-matrix and acts a barrier to restrict the moisture
diffusion into the composite; hence, lower loss in the mechanical properties [85].
Based on the reported studies in the literature, it is concluded that mechanical prop-
erties of the bio-composites are influenced by various factors such as filler size, filler
loading, the addition of a compatibilizer, fibre treatments and exposure to the aging
conditions.

15 Challenges, Opportunities, Current Developments,
and Applications

There are some critical disadvantages of using organic fillers that limit their appli-
cation. The major challenge of the application of organic fillers in polymer matrix
composites lies in the compatibility of the filler and the matrix. Generally, the polymer
matrix is hydrophobic, and the fillers are hydrophilic. Hence, the issue of compatibil-
ity between the polymer matrix and the filler arises [86]. The hydrophilic character of
the filler results in high moisture absorption, poor matrix-filler interfacial adhesion,
and poor filler dispersion. The mechanical properties of the resulting biocomposites
largely depend on the interfacial adhesion between filler and matrix. Hence in order to
overcome these limitation coupling agents can be used to modify the polymer matrix,
or chemical modification of the filler can be done through treatments [87]. Another
major disadvantage of organic fillers is high moisture absorption due to the presence
of high hydroxyl groups. High moisture absorption leads to high swelling thereby
affecting the performance of the resulting biocomposites. It could be reduced by
chemical treatments of the hydroxyl groups present in the fillers. Further, the natural
filler reinforced composites have other issues such as the poor resistance to adverse
weather conditions, lower mechanical properties [88]. One more important issue of
selection of suitable fillers for the application in composites is that the nonexistence
of standards regarding the methods of collection, treatment, pre, and post-processing.
Over recent years, interest to incorporate two or more fillers into a polymer matrix is
increasing. It is also called as hybrid filler reinforcement. The main objective was to
overcome the constraint of the single filler reinforced matrix with the other filler that
has better properties when compared to the former filler [89]. Fillers having micro
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and nano-scaled sizes are also reinforced in a single polymer matrix to form hybrid
nanocomposites. Most of the reports on the hybridized fillers used in polymer matrix
composites proved to have improved the functional properties of the composites [56,
74, 75]. Natural or organic filler biocomposites are used almost in all applications.
However, the prominent user is the automotive industry. These biocomposites also
find their application on a variety of fields such as textile industry, construction, fur-
niture, packaging, paper, healthcare, and energy sectors [89-91]. The main reasons
for the substantial usage of natural fillers in these applications are the lower weight,
renewable, and relatively lower cost. Majority of the components in an automotive
vehicle such as the door panels, dashboard, armrests, body panels, seat bottoms, back-
rests etc. are made from the natural filler composites. Further, the natural fillers are
used also used for the manufacture of musical instruments, furnishing for workplaces
and homes, packing materials such as containers, cases, etc.

16 Concluding Remarks

Even though the inorganic fillers provide continuous performance improvements in
the composite materials, the polymer composites filled with natural-organic fillers,
are gaining more and more attention due to the mounting concerns over the envi-
ronmental protection and also the cost aspects. The organic fillers can also provide
performance characteristics at par with their inorganic counterpart; however, the
selection of fillers for the particular application with suitable properties is critical.
Although there are some limitations of using organic fillers in polymer matrices
such as the elasticity, processability and dimensional stability, these limitations can
be overcome through chemical modification of the filler, use of adhesion inhibitors
and some additives. Furthermore, the performance of the composites lies in the
selection of the most suitable matrix, filler, and optimization of all fabricating and
processing parameters. Furthermore, the potential of application of natural fillers in
polymer composites depends mostly on the increase of regulation and its commercial
features. The development of information on natural fillers will lead to the standard-
ization of the natural fillers and in turn, provides a higher level of confidence on
the physio-mechanical properties of the resulting biocomposites. Still, many natu-
ral organic fillers are unexplored for commercial usage in large scale applications.
Hence, there is a broad scope for the scientific community in the research and devel-
opment of organic natural filler reinforced composites for large scale applications
such as automotive, construction, and packaging industries.
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Abstract This particular chapter focuses on bionanocomposites, an emergent group
of bio-hybrid materials at nanostructured level, as a concept of environmental, bioin-
spired, and functional hybrid materials. Bionanocomposites represents at least their
one dimension on a nanometer scale and can be engineered using naturally occur-
ring biofibers and/or biopolymers either in pristine form or the combination of both
along with other inorganic elements. Nanoscale cues/constructs have now become
a high requisite for new applications. Likewise, synthetic polymer-based nanocom-
posites, bionanocomposites (based on biofibers or biopolymers) also exhibit inher-
ited or improved structural and multifunctional characteristics, such as renewability,
recyclability, biocompatibility, biodegradability, (re)-generatability, high and effi-
cient functionality against various substrates, induced turn-over, and overall cost-
effectiveness are of high interest for numerous applications. Individually or collec-
tively, all those properties of bionanocomposites open new and interesting perspec-
tives with notable incidences in the environmental, biomedical, and biotechnological
sector of the contemporary world. In this context, research is underway, around the
globe, on the positioning of bionanocomposites as a new interdisciplinary area that
could cover significant topics such as bioinspired biomaterials, green composites,
bio-nanofabrication strategies and/or engineering processes, and biomimetic sys-
tems. Briefly, this chapter discusses various perspectives related to the biofibers and
biopolymers, such as cellulose, chitosan, and polyhydroxyalkanoates, as building
blocks of bionanocomposites, their sources, and classification along with the devel-
opment of bionanocomposites using those fibers and polymers. Further to this end,
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the applied standpoints in relation to environmental and biomedical applications of
bionanocomposites are also given with suitable examples.

1 Introduction

In recent years, the research directed to polymer-based nanocomposites plays a
noteworthy role in a range of environmental, biomedical and engineering technol-
ogy applications [1]. The biocomposite materials exhibit exceptional characteristics
including thermal steadiness, permeability and mechanical properties that are gener-
ated from combining different materials. Generally, composite materials contained
two matrix components and fillers. In order to develop composite materials from
carbon fibers, Kevlar and natural fibers with various kinds of fillers such as nano-
and micro-particles are widely employed that upgrade the mechanical attributes,
isolation, conductivity, thermal stability, elasticity, and flame-retardant properties of
the matrix. Use of petroleum-based polymers is highly advantageous and received a
wider interest in many aspects of engineering applications depending on the require-
ments [2]. However, the polymers compounds are very detrimental and might sig-
nificantly damage the natural environment. Three major drawbacks included (i)
complicated reusing of composite materials because of the toxic release during the
decomposing process, (ii) difficult decay of carbon fiber armored strong polymeric
composites, and (iii) elevated cost of green and innovative composites for domes-
tic bio-products [2]. Therefore, researchers and the scientific community is highly
concerned to overcome these problems.

In this context, biopolymers or green polymers have been increasingly investi-
gated as potential alternatives to synthetic polymers. Their decomposition circum-
vents the discharge of noxious compounds to the ecosystem. Biopolymers are applied
as a structural matrix for the construction of bio-composite materials, for example,
poly(vinyl alcohol), poly(L-lactide), poly(3-hydroxybutyrate-co-3-hydroxy valer-
ate), etc. However, their application perspectives are quite narrow because of the
high cost, poor thermal stability, and marginal mechanical features [3]. Nowadays,
the tremendous focus has been paid to explore novel biocomposites to improve the
material properties. A great variety of nanoparticle fillers is proposed for modifying
the thermal and mechanical properties of biocomposites. Obviously, incorporation
of some nanoparticles furnishes new or improve the existing properties the sam-
ple such as antimicrobial, water vapor permeability, UV protection, facilitating the
biocomposite suitability for food packaging, biomedical, and therapeutic applica-
tions [4]. For instance, the introduction of blended silica nanostructured particles in
polymer matrix composites improved the creep resistance owing to homogeneous
nanoparticle distribution [5].

Nature offers an impressive range of biodegradable and biocompatible poly-
mers with great potential to swap many existing polymers. Natural polymers i.e.
starch, cellulose, and proteins are some notable examples of such kinds of polymers
that illustrate potential alternative nanocomposites to non-biodegradable traditional
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polymers. Polymer-based nano-biocomposites are materials in which nanoscopic
organic/inorganic particles, explicitly 10—1000 A in at least one aspect, are distributed
in an organic polymer matrix for dramatic improvement of the polymer properties.
Because of the nanoscale length, nanocomposites are usually translucently exhibiting
significantly improved properties than those of conventional polymers or composites.
They present high strength, heat resistance, lower flammability, improved solvency,
and exceptional barrier properties without any negative impacts on ductility.

2 Biofibers and Biopolymers—Building Blocks
of Bionanocomposites

In nanobiocomposites, the biofibers are used as renewable and low-cost reinforce-
ment by increasing the strength and toughness to the synthesized composites. The
conventional fibers like aramid, carbon, glass, etc., can be manufactured with def-
inite physicochemical characteristic, while the typical properties of natural fibers
significantly vary depending on plant leaves or stem, and the quality and age of the
plant species. Based on their origin, these fibers can be classified into seed, bast,
leaf, core, fruit, and grass and reed fibers. The best recognized examples are: (i) Leaf
(sisal, pineapple leaf fiber, and henequen) (ii) Bast (flax, kenaf/mesta, ramie, hemp
and jute) (iii) Seed (cotton) and (iv) Fruit (coconut husk) [6]. Natural fibers exhibit
a hollow structure, where each fibril possess an intricate and layered arrangement as
depicted in Fig. 1 [7].

Biorenewable materials are essential for environmental sustainability and can be
utilized as viable raw feedstocks in industrial sectors to substitute non-biodegradable
petro-based products, which are expensive and undesirable leading to increase of car-
bon dioxide in the ecosystem and thus global warming [8]. Presently, biodegradable
bio-based polymers play a pivotal role in all engineering aspects owing to their
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Fig. 1 a Three-dimensional structure of the secondary cell wall of a xylem cell and b the relative
amounts of cellulose, hemicellulose, and lignin across a cross-section of two wood cells (i: cellulose;
ii: lignin; and iii: hemicelluloses). Reprinted from Wei and McDonald [7], an open-access article
distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license
(https://creativecommons.org/licenses/by/4.0/)
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ecological friendliness. Due to microbial decomposition, their consequence is envi-
ronmentally friendly than that to the disintegration of petro-based materials. The
contributing monomers to manufacture such polymers may be either bio-renewable
i.e. based on agricultural plant and animal products or synthetic. Production of
biopolymers from renewable resources is more desirable than the synthetic coun-
terparts owing to their renewability, biocompatibility, biodegradability and carbon-
neutrality characteristics. Therefore, the application of bio-based polymers would
build a sustainable industry. When a bio-decomposable or degradable material, neat
polymer, amalgamated product, or biocomposite is completely derived from sustain-
able resources, it can be referred to as a green polymeric material [9]. The nanocom-
posites fabrication from natural polymers, such as cellulose, starch, and chitin, and
oriented investigation in this direction intended to increase the features of the bio-
products. Similarly, polysaccharide polymers with natural abundant availability are
also utilized to synthesize nanocomposites. Nevertheless, the associated drawbacks
of biopolymer i.e. low strength, brittleness, and low stiffness need to be improved by
incorporating some compounds in the matrix to constitute the biocomposite materi-
als. Notably, the functionality of a biopolymer might be limited, but the design and
life-cycle of biopolymers aid some important applications necessitating very fast
degradation such as the medical industry. In this way, the biopolymers have become
significant for such purposes [10].

2.1 Cellulose

The natural fibers are composed of lignocellulosic materials, which are the renew-
able and most plentiful organic resources on the planet. Lignocelluloses are broadly
scattered in the atmosphere in the form of plants, crops, and trees. Cellulose, hemicel-
lulose, and lignin are the major structural components of lignocellulosic bio-fibers.
Among the components of lignocellulosic materials, only cellulose in its numer-
ous arrangements establishes almost half of all polymer consumed in the global
industrial sectors [6]. Cellulose is a hydrophilic glucan biopolymer that consists of
a linear macromolecular chain of 1,4-8-bonded anhydroglucose units containing
alcoholic hydroxyl groups [11]. The occurrence of multiple hydroxyl groups on the
glucose ring promotes widespread intra- and intermolecular hydrogen bonds that
hold them together tightly leading to the formation of insoluble crystalline cellulose
microfibrils [11-13]. Indeed, the hydrogen bonding within and between cellulose
chains are linked to its unique characteristics such as exceptional strength, durabil-
ity, crystallinity, stiffness, and biocompatibility. In addition, these hydroxyl groups
impart hydrophilicity to all of the natural fibers and their moisture level approached
to 8-12.6%. Though the crystalline cellulose structure is identical in various natu-
ral fibers but varies with respect to their degree of polymerization. The mechanical
traits of a lignocellulosic fiber are directly related to the degree of polymerization,
and among the 10,000 different natural fibers, Bast fibers present the highest degree
of polymerization [14]. Cellulose can be chemically modified to a range of cellulose
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esters and ether derivatives such as cellulose acetate/butyrate/ propionate, ethyl or
methylcellulose, and hydroxypropyl cellulose. The reactivity of cellulose is based
on the presence as well as locations of OH groups. For instance, the OH groups on
the C6 position is 10-times more reactive during esterification compared to the OH
groups attached on C2 and C3 [13]. Overall, OH-C6 is more reactive followed by
OH-C2 and OH-C3 among the three types of OH groups. The mechanical properties
of cellulose derived compounds are modified than pristine cellulose and the degree
of replacements determine these properties [15].

2.2 Nanocellulose

Cellulose nanomaterials have recently received a great deal of attention. Two common
forms of nanocellulose include CNCs and CNFs. CNCs, also recognized as cellulose
whiskers, nanorods, or nanowhiskers, can be achieved by removal of amorphous or
crystalline regions of the cellulose, hemicellulose, and lignin using a controlled acid
hydrolysis treatment [7]. This treatment results in rod-shaped acid resistant CNCs
with a reduced degree of polymerization in contrast to the native cellulose [16].
The The dimension extent of CNCs differs upon the cellulose origins ranging from
100 nm to several micrometers (celluloses of bacteria, algae, and tunicates) in length
and 3-20 nm in diameter [17, 18]. CNCs typically exhibit an elevated specific surface
area, crystallinity and Young’s modulus of 150-170 m?/g, 54-90% and 120—170 GPa,
respectively, with highly reactive surfaces due to the OH moieties [17, 19, 20]. String-
like CNFs particles can be fabricated by various methods, such as 2,2,6,6,-tetrame
thylpipelidine-1-oxyl radical (TEMPO)-assisted oxidation, enzymatic hydrolysis,
ultrasonic methods, and high-pressure homogenization [21, 22]. These nanofibrils
possess a size of 4-20 nm with a length of several micrometers. CNFs produced
by TEMPO oxidation exhibit the magnitudes of 3-10 nm in diameter along with
a length of few microns. CNFs encompass both amorphous and crystalline regions
[23].

2.3 Lignin

Apart from cellulose, lignocellulosic fibers also consist of hemicellulose and phenolic
compound lignin. Lignin is a complicated three-dimensional biochemical polymer
containing both aromatic and aliphatic elements. It is characterized by three main
monomers coniferyl alcohol, p-coumaryl alcohol and synapyl alcohol (Fig. 2) [24].
Notably, monolignols composition depends on classes and species of plantsi.e., grass,
hardwood, softwood. The main active functional group present in hardwood Kraft
lignin include aliphatic hydroxyl, carboxylic acid, phenolic hydroxyl, and methoxy
with a concentration of 1.7, 0.5, 4.3, and 580 mmol/g, respectively [25]. This non-
polysaccharide matrix is generally a low-cost waste material of the pulp and paper
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Fig. 2 Chemical structure of lignocellulosic material; a Building blocks/units of Lignin; b Xylose
unit of hemicellulose; and ¢ Cellulose. Reprinted with permission from Igbal et al. [24]

and cellulosic bioethanol industries. Therefore, it has emerged a promising candi-
date as sustainable materials for the development of polymer bionanocomposite as a
coupling agent, matrix, coatings, and strengthening material in aerogels, fibers and
resins [26-29]. In recent years, the integration of lignin into biopolymer biocom-
posites as a reinforcement matrix has gained burgeoning interest owing to the rising
consciousness of constructing a sustainable environment.

2.4 Chitin and Chitosan

Chitin is another important bio-fiber source, which can be prevalently found in the
crustacean shells e.g., crab and shrimp, insect’s cuticles, and cell walls of some fungi
and microorganisms. It has a linear polymer containing p-(1-4)-linked 2-deoxy-2-
acetamido-D-glucose units [30, 31]. Chitosan is a deacetylated chitin derivative with
a degree of deacetylation more than 75%. Owing to admirable biocompatibility and
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biodegradability, chitosan finds increasing importance for biomedical purposes such
as artificial skin, kidney membrane, and drug delivery systems. Like cellulose, it is
of high interest to obtain chemically modified chitin and chitosan without any signif-
icant alterations in their physicochemical properties and backbone structure. Chitin
nanofibers and chitin-protein blended composite nanofibers have been prepared and
modified for diverse biomedical applications [32].

3 What are Bionanocomposites?

Bionanocomposite, also named as nano-biocomposites, bio-hybrids or green com-
posites has become a common term to illustrate the nano-material blends of natural
polymers with or without doping of inorganic moieties [33]. Bionanocomposite con-
stitutes a fascinating interdisciplinary area that associates nanotechnology, biology
and material sciences. Due to the systematic distribution of nano-sized particles
in the polymeric matrix, the physical, optical and mechanical properties of nano-
biocomposites are significantly upgraded [34]. Additionally, bionanocomposite dis-
plays improved biocompatibility and functional properties due to the occurrence
of inorganic or biological entities. A synthetic or natural biodegradable polymer
shows vitality in developing nano-sized materials incorporated bio-nanocomposites.
Biopolymers such as lignin, cellulose, hemicellulose, chitin, chitosan, lignin, glu-
cans, pullulan, protein, polyhydroxyalkanoates, and linear polyesters are often used
for the synthesis of nanocomposites. Certain factors including nature of biopolymer,
degree of cross-linking and the stoichiometric ratio of macromolecular skeletons and
assembled primary constituents (naturally abundant biopolymers) affect the charac-
teristics of bionanocomposites [35-38]. The ecological concerns and sustainability
necessitate bio-constructs hybrid essentially synthesized from renewable sources
apart from their real degradability and practical life cycle.

4 Biofibers and Biopolymers Based Bionanocomposites

Aiming to reduce/lower the environmental pollution burden caused by the exces-
sive utilization of petroleum-based resources and their synthetic counterparts that
results from large amounts of waste, current research is being refocused on the
exploitation of green natural materials which are carbon—neutral and environmen-
tally friendlier, in nature. Therefore, the development of bionanocomposites using
bioinspired biofibers and biopolymers, such as cellulose, chitosan, protein, and poly-
hydroxyalkanoates, are the focus of many research groups, around the globe [39—
42]. Moreover, petroleum-based resources and their synthetic counterparts are now
being replaced with naturally occurring biofibers and/or biopolymers extracted from
renewable natural resources, such as cellulose, chitosan, proteins, polyhydroxyalka-
noates, and many others [43-50]. Additional to this, several inherited or improved
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characteristics of natural biofibers and biopolymers, such as renewability, recycla-
bility, biocompatibility, biodegradability, and (re)-generatability, all signify a huge
benefit to the environment and can potentially contribute to abridge the undesirable
dependence on petroleum-based resources or their synthetic counterparts. Following
subsections briefly discuss various bionanocomposites based on cellulose, chitin and
chitosan, and polyhydroxyalkanoates with suitable examples.

4.1 Cellulose-Based Bionanocomposites

The chemistry and other highly requisite physiochemical characteristics of cellulose
and other cellulose-based materials that make them best fit for the development of
bionanocomposites are discussed earlier under the section of biofibers and biopoly-
mers as building blocks of bionanocomposites. An array of diverse processing meth-
ods has been developed and introduced for different biofibers including cellulose.
For instance, molding that includes injection and compression molding, and resin
transfer molding, enzymatic grafting, and vacuum bagging, among others [39, 51].
Alemdar and Sain [52] used a solution casting method to develop biocomposites of
cellulose-based wheat straw nanofibers and thermoplastic starch and characterized
for morphology, mechanical and thermal properties. As an initial step, a combination
of chemical and mechanical technique, so-called “chemi-mechanical technique” was
implemented to isolate cellulose nanofibers from wheat straw as a raw material. As
obtained cellulose nanofibers were found to have diameters in the range of 10-80 nm
and lengths of several thousand nanometers. Very recently, Ayrilmis et al. [53] devel-
oped Moringa oleifera cellulose-based epoxy nanocomposites by acid hydrolysis and
designated as cellulose nanowhiskers. A compared to neat cured epoxy resin, it was
found that the epoxy composites filled with 0.18 wt% cellulose nanowhiskers dis-
played better mechanical characteristics of the composites, such as the tensile mod-
ulus (31.4%) and bending modulus (38.2%) [53]. In another study, one-pot in situ
polymerization approach was exploited to engineer bio-nanocomposites of poly-
lactide (PLA)-CNFs [54]. For a said purpose, bleached hardwood kraft pulp was
first subjected to the enzymatic (FiberCare R type enzyme) and mechanical treat-
ment to obtain CNF. Following that various amounts of CNF were used to fabricate
bio-nanocomposites through ring opening polymerization (ROP) of | -lactide. The
end-product, i.e., bio-nanocomposites of PLA-CNF was speculated to be a compos-
ite mixture of both PLA chains coupled to CNF surface along with free PLA chains
as well (Fig. 3) [54]. The development of cellulose acetate and lignin-rich rice straw
nanofibers-based nanocomposite film is reported by Hassan et al. [55]. Unbleached
neutral sulfite rice straw pulp was used to isolate nanofibers to formulate transparent
films by casting cellulose acetate (CA) solution in acetone. The characterization pro-
file revealed their transparency and light transmittance features as shown in Fig. 4
[55].
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Fig. 3 Schematic representation of the “grafting-from” reaction resulting in PLA chain growing
from the CNF surface. Reprinted from Gazzotti et al. [54], with permission from Elsevier. Copyright
(2018) Elsevier Ltd.

4.2 Chitin and Chitosan-Based Bionanocomposites

Chitosan being the second most copious biopolymer available on the earth has been
extensively studied and exploited for the development of robust bionanocomposites
though using different methods/processes. Enormous inherited structural and bio-
functional features of chitin and chitosan offer wide range possibilities for chem-
ical, mechanical and biological modifications to achieve amendable requisite fea-
tures. However, such modifications are not the focus of this work and have been
reviewed elsewhere [56-59]. Regardless of the processing approach, various types
of chitin and chitosan-based bionanocomposites have been developed in different
geometries at the nanoscale. For instance, Peter et al. [60] prepared nanocomposite
scaffolds of chitosan—gelatin/nanohydroxyapatite by combining gelatin and chitosan
with nanophase hydroxyapatite (nHA). The as-synthesized composite frameworks
were highly porous with a pore diameter of 150-300 wm. Recently, Enescu et al.
[61] developed chitosan, nanoclays and cellulose nanocrystals-based bio-inspired
films by applying a water-evaporation-induced self-assembly approach. However,
this approach has considerable limitations such as unreacted chemical residues left
behind on the casted surface that requires additional processing. Qiu et al. [62] con-
structed chitosan/ZnO nanocomposite film by a facile and green method via in-situ
precipitation of nano-ZnO (nZnO) in the chitosan membrane. The characterization
results revealed robust coordination interaction between chitosan matrix and Zn>*
for the good dispersal of nZnO in the chitosan membrane. The preparation process
is shown in Fig. 5 [62].

4.3 Poly(hydroxyalkanoates)-Based Bionanocomposites

Poly(hydroxyalkanoates) (PHAs) are polymers produced by biological systems i.e.
microorganisms through metabolic engineering reactions. Based on their nature of
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Fig. 4 (A) Photos of neat CA (a) and CA/10% RSNF films (B) over a printed paper, and b Visible
light transmittance of CA films containing different ratios of RSNF. Transmittance values of 92%,
87%, and 80% were recorded for neat CA, CA/1.25% RSNF, and CA/2.5% RSNF films, respectively.
Reprinted from Hassan et al. [55], an open-access article distributed under the terms and conditions
of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/
4.0/). Copyright (2019) the authors. Licensee MDPI, Basel, Switzerland
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Fig. 5 Schematic representation of the preparation process. Reprinted from Qiu et al. [62], with
permission from Elsevier. Copyright (2018) Elsevier B.V
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origin, PHAs has been categorized or classified as natural or synthetic [39]. From the
past few years, PHAs have gained substantial consideration as bio-sustainable can-
didates for the development of bionanocomposites in numerous geometries. Based
on the literature evidence, more than 150 monomers have been known as compo-
nents of PHAs [39]. Numerous PHAs offers a wide range of properties to devel-
oping novel constructs with multifarious attributes. Most studied PHAs are poly
3-hydroxybutyrate, 3-hydroxyvalerate copolymer, 3-hydroxyhexanoate copolymer,
3-hydroxybutyrate, poly 4-hydroxybutyrate, and poly 3-hydroxyoctanoate. Despite
the use of PHASs in pristine form, various other materials have also been used in
combination to achieve requisite properties. For instance, very recently, Relinque
et al. [63] developed a surface coated PLA/PHA nanocomposites by mechanical
mixing under gentle conditions and low loading contents (<0.10 wt %). As devel-
oped PLA/PHA nanocomposites were coated with silver nanoparticles or either
Graphite NanoPlatelets (GNP). Igbal et al. [64] synthesized poly(3-hydroxybutyrate)
[(P(3HB)] grafted ethyl cellulose (EC) based green composites with multifunctional
characteristics by laccase-mediated grafting. The newly grafted composites showed
improved functionalities such as good mechanical and tensile strength [64]. In an ear-
lier study, the same group has prepared a laccase-assisted grafting of gallic acid and
thymol as functional entities onto the formerly constituted P(3HB)-g-EC composite
[65, 66]. The surface dipping and incorporation technique were used to graft different
concentrations of GA and T, each separately, onto the previously developed P(3HB)-
g-EC composite [65, 67]. Evidently, it was recorded that as developed enzymati-
cally grated bio-composites had strongest bacteriostatic and bactericidal activities
against Gram —+ bacterial strains, i.e., Bacillus subtilis NCTC 3610 and Staphylo-
coccus aureus NCTC 6571 and Gram- bacterial strains, i.e., Escherichia coli NTCT
10,418 and Pseudomonas aeruginosa NCTC 10,662. In addition to strong antibacte-
rial activity, these grafted bio-composites maintained differential viability of human
keratinocyte-like (HaCaT) skin cells. Figs. 6 and 7 shows the morphology of HaCaT
cells grown on the GA-g-P(3HB)-g-EC and T-g-P(3HB)-g-EC bio-composites at 1,
3 and 5 days of seeding [66].

S Applications of Bionanocomposites

Bio-nanocomposite exhibit good biocompatibility, biodegradability, and mechani-
cal properties. Effective antimicrobial performance of bio-nanocomposite materials
is attributed to the large surface to volume and high surface activity making them
useful against microorganisms compared to other macro- or micro-scale counter-
parts [3]. These properties are of profound importance in the field of regenerative
medicines and developing green and environmentally safe nanocomposite. One of the
main features of bio-nanocomposite materials is the biocompatibility and the accu-
rate functionality at the physiological condition of the human body for the required
results without harmful effects [68]. Several progressive biomedical applications of
bio-nanocomposite materials include drug delivery systems, tissue engineering, and
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Fig. 6 Adherent morphology of HaCaT cells seeded on the GA-g-P(3HB)-g-EC bio-composites.
All of the test samples were stained using neutral red dye (5 mg/mL) for 1 h followed by three
consecutive washings with PBS at ambient temperature. Reprinted from Igbal et al. [66], with
permission from Elsevier. Copyright (2015) Elsevier Ltd.
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Fig. 7 Adherent morphology of HaCaT cells seeded on the T-g-P(3HB)-g-EC bio-composites.
All of the test samples were stained using neutral red dye (5 mg/mL) for 1 h followed by three
consecutive washings with PBS at ambient temperature. Reprinted from Igbal et al. [66], with
permission from Elsevier. Copyright (2015) Elsevier Ltd.
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vaccination and wound dressing. In addition, the bio-nanocomposite materials can be
used as bio-nanocomposite films for food packaging, which are renewable, environ-
mentally friendly, cost-effective and manifest high antimicrobial activity. So far, bio-
nanocomposite materials investigated for packaging applications include cellulose
derivatives, starch, PLA, polyhydroxybutyrate, polycaprolactone and poly-(butylene
succinate). The appropriate fillers are layered silicate nanoclays of montmorillonite
and kaolinite [3]. Polymers armored with functional nanostructures can offer optical,
magnetic, electromagnetic shielding and electrical properties to develop advanced
materials such as sensors, solar cells, light emitting diodes, display panels, radiation
shielding materials and medical devices [69]. The variation in the clay by biopoly-
mers provides an alternative for pollutant removal [70]. For instance, chitosan bio-
nanocomposites and hydrogels with adsorbent and biocatalytic properties were fab-
ricated to remove heavy metals ions and azo dyes [71-73]. Bio-nanocomposites can
be altered by using different nanofillers such as silver, metal matrix nanocomposite,
ZnO0, etc. with biopolymers, for example, starch and polylactic acid endows superior
characteristics and improved performance. The nanofillers do affect the properties
and the prospective performance of the bio-nanocomposites [74].

Chitosan matrix reinforced from nanostructures has been used for the development
of a number of bionanocomposite materials such as chitin, cellulose nanofibers and
clays [75, 76]. Acidic pesticides are mostly present in their anionic form in soil and
contaminate ground and surface water. Therefore, the synthesis and engineering of
materials for the decomposition of anionic pesticides to control the environment has
attained much interest [77]. Celis et al. [78] prepared montmorillonite-chitosan bio-
nanocomposites that could adsorb pesticides and remove anionic pesticides under
mildly acidic conditions from water. Clay minerals can efficiently adsorb polar and
anionic pesticides. Although, the clay minerals display some restrained attraction
as of some repulsion from clay surfaces due to negative charge for anionic species
from pesticides. The introduction of cationic polymer can reduce this repulsion by
modifying the clay surface to hydrophobic from a hydrophilic character in case
excessively adsorbed reversing the charge. The clopyralid (3,6-dichloropyridine-
2-carboxylic acid) an anionic herbicide was successfully adsorbed from the soil by
montmorillonite-chitosan. So, the introduction of organic cations could be a potential
approach to increase the adsorption of anionic pesticides towards clay minerals.
Bion-nanocomposite material based on chitosan matrix and others organic—inorganic
substances such as organoclay, epichlorohydrin and Schiff’s base @Fe;0,4 have also
been synthesized for eliminating toxic heavy metals such as Cr (VI), Cu (II), Ni (II),
Cd (II), Pb (1), etc. [79-81].

Similarly, the biomedical application of several organic—inorganic nanocompos-
ite hydrogels has been studied significantly [82]. The nanocomposite hydrogels
developed for drug delivery purposes have shown superior performance in com-
parison to only polymer hydrogels. The nanoparticles enhance the efficacy of the
drug by improving the release effect, reducing the bursting of the drug and pro-
gressive and slower drug releases [83]. Several studies have been reported using
chitosan nanocomposites investigating the drug release behavior with different inor-
ganic nanoparticles such as vermiculite, attapulgite, palygorskite, montmorillonite,
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hydroxyapatite, etc. [84, 85]. Metal nanoparticles, for example, silver nanoparticles
(AgNPs) have shown promising results due to their excellent antimicrobial activity
and low toxicity, are commercially used in medical devices, clothing, and pharma-
ceutics. Yadollahi et al. [82] have prepared chitosan/Ag nanocomposite hydrogel
as shown in Fig. 8. The prepared hydrogel has shown higher swelling compared to
hydrogel without AgNPs. The chitosan/Ag nanocomposite hydrogel also performed
well against gram-positive and gram-negative microbial pathogens for the agar dif-
fusion test. Similarly, the group has also developed chitosan/ZnO and cellulose/ZnO
nanocomposite hydrogels for drug delivery applications [86, 87]. Therefore, metal
nanoparticles could be potentially used for the production of bio-nanocomposite
material for drug delivery application.

Encapsulation of bioactive molecules such as drug or high-quality supplement
is important where a stabilized material is packed for specific estimated times [88].
These bioactive substances must be structurally aligned in such a manner without
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* Drug molecules ® nanoparticles === Water molecules

Fig. 8 Preparation of chitosan/Ag nanocomposite and drug release mechanism; a sodium
tripolyphosphate (STPP) crosslinking with chitosan, b interaction of Ag ions and AgNPs with
chitosan and ¢ drug release mechanism of polymer (without NPs) and chitosan/Ag nanocomposite.
Reprinted from Yadollahi et al. [82], with permission from Elsevier. Copyright (2015) Elsevier B.V
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affecting their efficacy. An enzyme of firefly luciferase is little unstable at ambi-
ent situations can be employed in the pharmaceutics as well as food hygiene [89].
Therefore bio-nanocomposite materials were pleasantly developed to stabilize this
enzyme. Liu et al. [90] prepared freeze-dried hydrogel bio-nanocomposite from
chitosan/xanthan blended gum to firmly encapsulate firefly luciferase enzyme. The
encapsulated enzyme was stable and could be discharged at suitable rates from rehy-
drated samples. Polymer protective coating has been employed for a number of drugs,
for example, the synthetic polymer hydroxypropylmethylcellulose [91] and Eudrag-
it®S [92] have been investigated as colonic drug delivery systems. These were more
efficient and precise in drug liberation for specific site compared to conventional oral
formulations of the same drug. Ribeiro et al. [93] have revealed a new drug delivery
approach based on pectin coated chitosan microspheres with SASA and Mg—-Al LDH
intercalated as present in Fig. 9 [93]. This system was aimed to cover benefits of the
pectin coated for low stomach pH, drug adsorption muco-adhesive pattern provided
by chitosan and the presence of LDH host for drug immobilization could offer better
drug release kinetics.

LDH sheets

ZSASA (intercalated)

Chitosan (CHT) %

Fig. 9 Pectin-coated chitosan bead incorporating 5-aminosalicylic acid (SASA) intercalated in
Mg-Al layered double hydroxide (LDH) as a new drug delivery system. Reprinted from Ribeiro
et al. [93], with permission from Elsevier. Copyright (2013) Elsevier B.V
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6 Conclusions and Outlook

In summary, bionanocomposites based on naturally occurring biofibers and/or
biopolymers have been the subject of intensive research in different sectors with
a variety of applications, from environmental to biomedical at the nanoscale level.
To signify the applied value of bionanocomposites, research is underway, around
the globe, on the positioning of bionanocomposites as a new interdisciplinary area
that could cover significant topics such as bioinspired biomaterials, green compos-
ites, bio-nanofabrication strategies and/or engineering processes, and biomimetic
systems. More precisely, the area of bionanocomposites has considerable potential
and can be integrated as a new field at the frontier of nanobioengineering, nanotech-
nology, and polymer science or macromolecular science. Clearly, based on literature
evidence and published reports, the (re)-use or (re)-focus on naturally occurring
biofibers and biopolymers for the development of multifunctional bionanocompos-
ites for a variety of applications in the environmental and biomedical sector has
revolutionized the materials science of this century.

In recent years, several types of bionanohybrid nano-constructs/nano-cues have
been engineered by integrating naturally occurring charged biopolymers or pro-
teins such as chitosan or keratin, respectively. Additional to this, the development
of multi-materials based bionanocomposites which sometimes also terms as bio-
nanohybrid materials have also been the interest of researchers from different fields.
Considering the novel characteristics of multifunctional bionanocomposites, the
buzz words like renewability, recyclability, biocompatibility, biodegradability, (re)-
generatability, sustainability, “cradle-to-grave” design, environmentally friendly, and
eco-efficiency are not just newly coined but also pave the way/principles or guide-
lines for the development of a new generation of “green materials” following the
green chemistry agenda.

In future studies, novel pristine or multi-materials should be constructed fol-
lowing compact surface design and amendment of bionanocomposites. Besides,
naturally occurring polymers should be utilized to design controllable degradable
delivery systems. The use of natural biofibers and biopolymers will also reduce
the environmental and pollution burden of petroleum-based resources. Addition-
ally, such practices will also help to keep reserve the petroleum-based resources
which are finite. The click chemistry mediated biomimetic bionanohybrid nano-
constructs/nano-cues could encapsulate various other organic or inorganic solid com-
ponents for industrially requisite applications. Innovative click chemistry-based tech-
niques are simple, facile, controllable, and promising approaches to prepare cross-
linked bionanocomposites. From the perspectives of the biomedical application,
numerous materials-based cues with remarkable functionalities should be designed
to manipulate the drug-loaded molecules and their structures to control indispens-
able features such as degradability, compatibility, toxicity, and controlled delivery.
Moreover, to further strengthen the diagnostic are of the medical sector, numerous
fluorescent imaging-based approaches should also be implemented to understand
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the drug-loaded nanocarriers-host interactions. This will further strengthen the req-
uisite delivery insight and release mechanisms. Despite current advancement and
technology innovation in the medical sector, significant challenges remain before
such bionanocomposites can be used successfully and routinely for multi-purpose
environmental and therapeutic applications.
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Abstract A Chinese poet once wrote, “Man can live without meat, but he will
die without bamboo” because of its multifunctional and ecofriendly in nature. It
has recently entered the textile and composite sector with some attractive labels
such as ‘green’. The current commercial manufacturing methods of bamboo fibres
and its reinforced composites are mainly based on removal of nodes portion of
bamboo culm. This method generates a high amount of solid waste materials and
hence the term ‘green’ becomes questionable. This chapter investigates the effects
of culm nodes on strip properties from composite perspectives in order to seek their
suitability for prospective fiber reinforced composites applications. In this work,
strips of bamboo were collected and their mechanical properties; for instance, tensile
strength, compression, flexural, impact and thermal properties were analyzed and
compared. It was found that tensile, compression, flexural and impact properties as
well as thermal properties of bamboo strips were comparable to that of wood material
and far better than many other bio fibers due to their rigidity and durability.

1 Introduction

La Mantia and Morreale [1] state synthetic fibers like, fiberglass, carbon fiber,
polyurethane lead the composite industries for their superior mechanical properties
and lower preparatory cost. However, due to growing global environmental concern,
synthetic materials are now losing appeal since most of them cause higher carbon
footprint during production. In addition, they are not biodegradable after end use. So,
the use of natural fibers as reinforcement like, jute, kenaf, sisal, hemp, coir, straw,
bamboo, banana leaf is now a growing focal of attention of stakeholders throughout
the globe. Scurlock et al. [2] mention that especially the appeal of bamboo fiber is
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gradually being boosted in the world market for its high mechanical properties, rapid
growing nature, low production cost, and environmentally friendly behavior.

Bamboo is the longest grass. It belongs to the Poaceae family, a sub-family of
Bambusoideae with a large variety of 1250 spices and 75 genera. It is one of the
oldest building materials. Now, it is more extensively used including household,
handicraft, furniture, agriculture, architecture, paper-making and other industrial
purposes due to advancement in processing technology and rising market demand
[3,4]. Ray et al. [5] compare the mechanical properties of bamboo with other mostly
used fibers for composites viz. bamboo offers maximum mechanical strength and
minimum density; 0.9 g/cm?, whereas jute and fiberglass show 1.45 and 2.5 g/cm?
respectively. Although mechanical properties of bamboo are relatively lower than
fiberglass, they are approximately 10 times cheaper than fiberglass. La Mantia and
Morreale [1] find bamboo have much higher aspect ratio than wood fibers originating
from pine [1]. Bamboo is itself considered as a natural composite material in which
cellulose fibers are implanted in lignin and hemicellulose matrix. It shows maximum
strength along the fibers and minimum across the fibers. Thus, they provide maximum
tensile strength than many other natural fibers. Cellulose (60%) is the main chemical
constituent of bamboo. Other major constituents are hemicellulose and lignin [6].
The microfibrillar angle of bamboo is relatively small (10°-12°) [7]. Due to these
outstanding specific properties, bamboo fiber is also known as ‘natural glass fiber’
[8]. These superior characteristics have made the bamboo suitable as reinforcement
material for composite applications. But, the extraction of undamaged long technical
bamboo fibers of about 25 cm is very challenging due to the nodes [9]. For this
concern, recently an attempt has been made to develop composites from bamboo
strips instead of fibers for its difficulty associated to extraction. This approach is
appreciable as it enables the researchers to take the advantage of cohesiveness since
the cohesive strength of individual fiber is significantly low [10].

There is a large volume of published studies describing the performance of bam-
boo strips as reinforcement for composites. Polyester resin composites can be pre-
pared using bamboo stripes treated with Alkali (10-25%) as reinforcement [11].
Again, Kushwaha and Kumar [12] also treated bamboo strips with different concen-
trations (1-25%) of alkali at room temperature for 30 min long in order to enhance
the mechanical properties in preparing bamboo fiber-reinforced plastic. A number
of authors have considered bamboo strips to manufacture unidirectional bamboo—
epoxy laminates by changing the numbers of laminae and assessing their mechanical
properties [12, 13]. The moisture absorption properties of bamboo strips and their
effects on the interfacial shear strength of bamboo—vinyl ester composites have been
investigated [14]. To understand and compare the influence of different chemical
treatments (silane, alkali, oxidation and acetylation) on moisture absorption perfor-
mance of same composites have also been carried out [15]. Bamboo—polyester com-
posites have been developed by hand lay-up method using alkali treated and untreated
bamboo strips [16]. Furthermore, Das and Chakraborty have prepared novolac based
bamboo composites after mercerizing the bamboo strips with NaOH of various con-
centrations (10, 15, 20 and 25%) [17]. In the following study, they report detailed
information regarding dynamic mechanical and thermal properties of untreated and
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treated bamboo strip-reinforced Novolac composites [18]. Afterwards, they assess
thermal and weathering properties of that composites as well [19]. Overall, all these
studies highlight the applications of bamboo strips as a reinforcing material for com-
posite applications. But there is a comparatively limited body of literature regarding
the use of strips of bamboo along with nodes as reinforcement for composites.

However, available studies have hardly addressed the use of bamboo strips along
with nodes for composite applications. In this work various physical, mechanical, and
thermal properties of strips of bamboo determined having node and without having
node with a view to assessing whether the strips of bamboo bear the properties of
composite applications.

2 Materials

The bamboo strips were collected from mid of China with a typical length of 74 cm.
The strips had an average length of 74 cm. The average distance between the nodes
was 26.5 cm, 16.5 cm at the top and 20 cm at the bottom. The width and thickness
of bamboo strips were 4.7 mm and 1.8 mm respectively. The strips were classified
into two categories: without nodes or only internodes and with nodes in middle of
strips. All specimens were tested in standard air-dried condition.

3 Measurements

In this study, four mechanical properties; for instance, Tensile, Compressive, Flexural
and Impact as well as thermal properties (TGA) were evaluated as these properties
have significant influence on ultimate performance of composite materials and their
manufacturing process. For each mechanical property 20 samples were considered
randomly, and their averages were reported.

4 Mechanical Properties Investigation

Tensile testing: Tensile testing was carried out using an Instron 2712 pneumatic grips
machine, ISO 11566 was followed to determine tensile properties. The specimen
geometry was 250 mm x 4.7 mm x 1.8 mm. The gauge length was 150 mm and
the cross-head speed was 1 mm/min. The tests were carried out until the materials
got broken. The samples with Jaw break were not taken into consideration for the
analysis. Furthermore, tenacity has also been determined calculating linear density
in decitex (dtex).

Compression testing: Tests were carried out on bamboo strip specimens with
& without node to obtain the compressive strength. Data were collected using an
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electronic compression testing machine according to ASTM-D3410. The specimens
were cut into samples with dimensions of 30 mm x 4.7 mm x 1.8 mm for compres-
sion test. For more accuracy, the samples were placed within the center of the cross
head and perpendicular to the longitudinal axis. The cross-head speed was followed
at10 mm/min.

Flexural testing: Loading nose and its supports were arranged and finally three-
point bend tests were performed with samples of 150 mm x 4.7 mm x 1.8 mm
dimensions. Flexural strength was received from auto generated computer sheet
through a software called WinWdw inbuilt in universal testing machine equipment as
per procedure given in ASTM-D7164 standard. The ratio of support span to thickness
was maintained as 20:1 so that breakage arises at the outer surface of specimens for
higher bending moment. The similar speed of cross head was maintained like.

Impact testing: For impact behavior test specimens without notch were 60 mm
long and the cross-section was 4 mm x 1.2 mm. A 7.5 J pendulum was used to break
the specimens. The impact energy was note down. The final impact strength was
obtained from dividing the impact energy by the cross-sectional area. The unit of the
impact strength was KJ/m?.

5 Thermal Properties Investigation

The thermal degradation of bamboo strips occurs during the processing of com-
posite that decreases the effect of mechanical reinforcement. Thus, to analyze the
degradation behavior of bamboo strips, TGA analysis was conducted. The thermal
decomposition of bamboo strip was evaluated by thermogravimetric analysis (TGA)
using a NETZSCH instrument of TG 209 F1 instruments. Roughly 5 mg of sample
was heated under air from room temperature to 600 °C at a rate of 10 °C/min to yield
the onset temperature of decomposition, mass loss and maximum decomposition
peak.

6 Surface Morphology Investigation

A scanning electron microscope (JSM-6510LV, voltage: 20 kV) was used to inves-
tigate the surface morphology of the fibers. Before observation, the samples were
coated in gold by ion sputtering. Figure 1a and b show the structure of bamboo strip
nodes and internodes fibers respectively. It was observed that internodes of bamboo
strips had smoother and compact structure compared to nodes. Again, bamboo strips
including nodes had more cracks compared to internodes.



Bamboo Strips with Nodes: Composites Viewpoint 163

Fig. 1 a SEM photograph of bamboo strip with node b SEM photograph of bamboo strip without
node

7 Statistical Analysis

The average of the values and the comparisons of different properties between nodes
and internodes of the strips have been calculated using SPSS software at 5% level of
significance.

8 Tensile Properties of Bamboo Strips

Tensile properties of the bamboo strips with node and without node are shown in Table
1. The average value of Tensile Strength, Tensile Modules and Strain at failure% of
bamboo strips with node and without node are 183 MPa, 14 GPa, 1.6% and 235 MPa,
16GPa, 2% respectively. The difference in Tensile Strength (P = 0.0002) and Tensile
Modules (P = 0.0005) has been found statistically significant between nodes and
internodes. These results seem to be consistent with data of other research where
the tensile strength, tensile modulus and strain at failure% are 140-230 Mpa, 11-17
GPa and 1.1% respectively [20-22].

Table 1 Tensile properties of bamboo strips

Name of the Tensile strength Tensile modulus Strain to failure% =+
specimen (MPa) + STD (GPa) £ STD STD

Bamboo strip with 183 £ 26 14+2 1.6 £ 0.4

node

Bamboo strip 235+ 14 16 £0.9 2402

without node
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Fig. 2 Compressive properties of bamboo strip with and without node

From the Table 1, it is also observed that the tensile properties of internodes are
significantly greater than the nodes. These results are in agreement with the study
of Taylor et al. [23]. A possible explanation for this might be that the fiber cells
in the bamboo internodes arranged directly and continuously, while node portions
are arranged discontinuously. Thus, it reduces tensile properties of bamboo strips in
node portions. Therefore, the significant difference in the tensile properties between
the bamboo strips with nodes and internodes might be due to the differences in
fiber morphology and fiber alignment in nodes and internodes [24]. Another pos-
sible explanation could be the number of vascular bundles that also determines the
mechanical properties of bamboo. The vascular bundles have a positive influence
on the tensile strength and modulus for the bamboo [25]. Figure 2b shows that the
amount of fibers in the vascular bundles of internodes is higher than the nodes, which
contributes to higher tensile strength and modulus of internodes. During testing ten-
sile properties, it is also observed shear failures occurs first before tensile failure
in most of the internode specimens. On the other hand, in case of strips with nodes
failure due to tension occurs first. Consequently, shear failure specimens, internodes,
have higher tensile strength than tension failure specimens, nodes.

9 Compressive Properties of Bamboo Strips

The variation in maximum compressive stress and compressive modulus is presented
in Fig. 2. The compressive stress and compressive moduli of internodes and nodes
are 13 and 96 MPa respectively. In case of nodes, the corresponding values are 12
and 60 MPa respectively. The values of compressive stress are almost supported
by Li’s [3] finding which is 16.1 MPa for one-year-old bamboo. It appears that
the difference in compressive moduli between nodes and internodes is statistically
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significant (P = 0.0013). In addition, surprisingly, there were no significant dif-
ferences (P = 0.43) in compressive strength between strips with node and without
node. On the other hand, compressive moduli have been found statistically signif-
icant between nodes and internodes. In contrast to earlier findings, no evidence of
compressive strength of bamboo strip is found. This result may be explained by the
fact of unique morphological and anatomical characteristics of nodes [24] that allows
that contribute to the almost similar compressive strength.

10 Flexural Properties of Bamboo Strips

Figure 3 shows the results of the flexural tests conducted on bamboo strips of nodes
and internodes. Paired Student’s t-tests were also used to determine statistical sig-
nificance. It is observed that nodes have little effect on the bending strength. Nodes
have 6% higher strength than internodes, and this is not statistically significant. This
may be because of Specific Gravity (SG) as there is a strong relationship between
bending properties and SG of bamboo. The SG varied with age and height location
of bamboo [3]. However, these results are not very encouraging. A further study with
more focus on flexural properties is therefore suggested.

11 Impact Properties of Bamboo Strips

Impact strength is defined as “the ability of a material to resist fracture under stress
applied at high speed” [26]. The Pendulum type impact test provides a record of the
impact event. Figure 4 shows the results of impact tests conducted on specimens
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of nodes and internodes. This finding is far better than the previous research which
reveals that the impact strength of bamboo along the fibers is 63.54 (£4.63) [8].
Paired Students t-tests were used to determine statistical significance. It is apparent
from the Fig. 4 nodes cause a small decrease in strength from 113 kJ/m? (SD = +
5) to 103 kJ/m? (SD = = 8) which is not statistically significant (P = 0.09). It is
probably due to different shapes and sizes of samples. These results suggest that the
nodes have only a minor effect on the impact properties of the strips. The significant
effect could be obtained for high frequency of the nodes along the culm and more
compact structure in the nodes [23].

12 Thermal Behavior of Bamboo Strips

The thermo-gravimetric curves of waste bamboo strip at a heating rate 10 °C/min
are shown in Fig. 5 There is a peak at approximately 100 °C indicating the removal
of moisture from the strips. Bamboo strips show thermal decomposition within the
temperature range of 200 and 360 °C which are in line with those of previous studies.
However, the maximum decomposiion peak has been observed at 343 °C. Thus,
the bamboo strips had higher thermal stability as compared to other natural fibers
commonly used in the polymer processing industries [27].

13 Concluding Remarks

Bamboo in the form of strips including nodes and internodes have been characterized
in terms of mechano-physical and thermal properties from composite perspective.
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Fig. 5 TGA results of bamboo strip

This study has shown that all the criteria of mechanical and thermal properties vary
with nodes and internodes. Although the both mechanical and thermal properties
of bamboo strips do not possess as high as those of synthetic materials (Glass,
Carbon) which have been commonly and widely accepted materials for composite
applications, they do have better performance than other bio fibers like wood, alifa,
coir, feather, pineapple etc. [20, 21, 28]. The second major finding, the contribution
of nodes to the mechanical properties of bamboo strips, is not appreciable.

However, the properties revealed from the characterization imply that materials
could be applied for structural and non-structural applications. Consequently, future
research can be conducted by developing composites from bamboo strip materials
to understand their performance and behavior in the composites and other high-
performance materials. As the material is lower in cost and easily available, it could be
a good replacement for traditional wood in terms of indoor and outdoor applications
for example; furniture, housing, packaging, transport automobile body etc. along
with daily life applications like, decking, fencing, dustbin etc.
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Abstract In recent years, there is a mounting interest in the utilization of natural
fibers in composite materials due to their abundancy, low density and weight, low cost,
recyclability and biodegradable properties. It is well known that these plant fibers
are rich in cellulose and have the greater potential as reinforcements in polymeric
materials to form polymer composites. Natural fibers were already proved as a better
alternative for high cost synthetic fibers such as glass, carbon, kevlar and basalt etc.
This article presents an overview on the environmental impact of aquatic weed water
hyacinth (Eichhornea crassipe). Furthermore, emphasis is given on the extraction of
fibers from water hyacinth, fabrication of composites and the effective utilization of
the extracted natural fiber in composite materials for various applications.

1 Introduction

Natural fibers have gained more attraction due to their excellent characteristic prop-
erties and are considered as potential replacement for the traditional synthetic fibers.
Scientists all over the world are exploring the development of new natural fibers as
reinforcement materials in composites for different applications. One of the poten-
tial sources of natural fiber is the water hyacinth (Eichhornea crassipe) which is
an invasive and resistant plant that has infested the water bodies of most tropical
countries [1, 2]. Water hyacinth causes many problems and pose serious threat to the
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biodiversity. This is mainly because of its rapid rate of spreading which causes inva-
sions over large parts of water bodies. This results in hindrance to water transport,
blockage of water for irrigation, hydropower and water supply systems, obstruction
of canals and rivers causing flooding, micro-habitat for a variety of disease vec-
tors, increased evapotranspiration, problems related to fishing [3, 4]. But its high
growth rate makes it a potential renewable source of fibers. Further, with relatively
high cellulose contents, water hyacinth shows greater potential as a reinforcement
in composite materials. When compared to other natural fibers, water hyacinth has
a high percentage of holocellulose, which makes it a potential reinforcing candidate
[5, 6]. Indeed, water hyacinth is successfully used in sewage water treatments for
nutrient removal and retention of particles [2]. Many researchers have developed
composites with water hyacinth fiber as a reinforcement. Flores Ramirez et al. [7]
studied the properties of water hyacinth polyester composites. Similarly, Abral et al.
[8] examined the mechanical properties of water hyacinth polyester composites with
and without treatment of fibers. In another study the effect of chemical treatment
of water hyacinth on the mechanical properties of poly (vinyl alcohol) (PVC) and
Low-density polyethylene (LDPE) composites were investigated [9]. The chemical
treatments of the fibers enhanced the fiber matrix interaction and therefore presented
better functional properties of the composites [5]. The water hyacinth fiber in woven
form is useful in domestic applications such as carry bags and engineering application
purposes, like spinning sewing and indusial waste water treatment and some other
useful industrial applications. It is also used in the production of biomass. Recently,
a number of results have been reported with respect to thermoplastic composites. It
was also reported that the addition of organic fillers can also improve the functional
properties of water hyacinth-based composites. A study revealed that the addition
of organic fillers with polypropylene and poly methyl methacrylate improved the
mechanical, thermal and absorption properties [10]. Due to the negative effects of
water hyacinth and the large amount of money spent for their removal it becomes
very important to find better solutions for the utilization of this plant. Hence, this
article presents an overview of the physio mechanical properties of the fibers and
their potential as a reinforcement in composite materials.

2 Properties of Water Hyacinth Fiber

The physical and chemical properties of water hyacinth fiber are presented in Tables 1
and 2.

It can be seen from Table 2 that; the water hyacinth contains a comparable amount
of cellulose and hemicellulose when compared with other natural fibers used.
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Table 1 Physical properties of water hyacinth fiber [11-14]
Property Value
Moisture content (%) 24.63
Ash content (%) 2.17
Volatile acidity (%) 37.22
Particle density 1.12
Porosity (%) 61.45
Pore volume (cm? gfl) 0.89
Surface area (m*> g ~!) 102.6
Surface acidity (mmol g~!) 0.13
Table 2 Comparison of chemical composition of water hyacinth [3, 15, 16]
Fiber Cellulose Lignin Hemi Pectin (wt. | Wax (wt. Moisture
(wt. %) (wt. %) cellulose %) %) (wt. %)
(wt. %)
Jute 61-71.5 12-13 13.6-20.4 | 0.4 0.5 12.6
Hemp 70-74.4 3.7-5.7 17.4-227 | 0.9 0.8 10
Kenaf 31-39 15-19 21.5 - - -
Flax 71 2.2 18.6-20.6 | 2.3 1.7 10
Sisal 67-78 8-11 10-14.2 10 2 11
Coir 36-43 41-45 10-20 34 - -
Banana 63-67 5 19 - - 8.7
Water 61.63 3.78 16.26 - - 11.8
hyacinth

3 Issues and Opportunities in Extraction

The water hyacinth fibers were extracted from the fresh water hyacinth plant. The
fiber extraction process includes the drying of the fibers until the required weight
percentage were obtained with no damage. After drying, the fibers were stored in
vacuum desiccators [17, 18]. The process of extraction is shown in Fig. 1. First, the
plant leaves and roots were removed. Only the stem of the plant was considered the
fiber extraction process. The average length of the stem of water hyacinth plant would
be around 50 mm. After removing the leaves and roots, the stem was rinsed through
the flow fresh water to separate water hyacinth fibers from their skins. Then the
water hyacinth fiber was dried by the help of dehumidifier with the gradual relative
humidity of 40% at the 40 °C. After drying the water hyacinth fibers were obtained
which are stored in desiccators to maintain the relative humidity value [19-21].
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Fig. 1 Extraction of fibers from water hyacinth plant

4 Treatment of the Water Hyacinth Fiber

The chemical treatment of water hyacinth fibers was done by immersing the fiber
in different alkali concentration of 2.5, 7.5 and 10%. The fibers were soaked for
about 1 h after the alkalization process for the neutralization of cellulosic fibers.
Another method of treatment is done by boiling the water hyacinth fibers in fresh
water for about 3 h to achieve gradual reduction in their weight. Further, these fibers
were neutralized by 1% acetic acid in distilled water. After this the normal alkali
treatment process would be carried out. This is called as the before immersion and
after immersion processes in the fiber extraction processes [22, 23].
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5 Composite Preparations

Composites were prepared by using some advance and traditional methods. Com-
posite pipes and circular shaped composites can be fabricated using the z—blade
mixer method. The composite laminates were prepared using compression molding,
vacuum bagging and hand layup methods. Most of the researchers used the compres-
sion molding method because of outcome of defect free laminates and quick process
time compared with the other traditional methods [24].

6 Compression Molding

Many researchers used the compression molding method to produce the water
hyacinth-based composites laminates. The process parameters for compression
molding technique were as follows: Both the top and bottom plates of the mold
were maintained at 180 C. Then before placing a specimen the mold was heated
up to 2 min. After that the specimen were subjected into the mold, they were pre-
heated for first 2.5 min and compressed for another 2.5 min. After, the compression
processes the composites were cooled for about 2 min. Further, complex shapes and
parts can also be fabricated by processes like hand lay-up and vacuum bagging. The
main advantages of these methods were the dimensional control, stability and less
expensive finished parts compared to other methods. The temperature of the mold
plates plays a main role in the shape and strength of the composites made using
natural fibers as reinforcing materials [25-29].

7 Properties of Water Hyacinth Composites

It can be seen from the above Table 3 that the flexural strength of water hyacinth
fiber is more than double that of other natural fibers such as sisal, banana and coir.
Furthermore, the tensile strength of the water hyacinth fiber is also comparable with
sisal fiber but is higher than that of the banana and coir fibers. These strengths clearly

T.able 3 Comp ar'ison (?f Fiber Tensile Flexural Impact
different composites with
hvacinth strength strength strength

water hyacint (MPa) (MPa) (MPa)
Sisal [30] 34.35 40.12 30.15
Banana [31] 16.62 57.22 13.44
Coir [23] 17.867 31.08 11.49
Water 30.76 128.0 -
hyacinth [32]
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indicate the bonding characteristics of the matrix and the hyacinth fiber. It is well
known that most of the natural fibers are combined with thermosetting resins and
especially the epoxy resin [33, 34].

8 Biomass Production

Reddy discussed the water hyacinth fiber and the potential use for biomass production
from wastewaters. The water hyacinth is one of the worst aquatic plant in all around
the world. But this all were biomass and are waiting to convert it to the biofuel.
Renewability of this plant was maddening and it can be converted in the form of
profitable uses like biofuel and biomass. The stem of the water hyacinth is the usable
part, cut and kept separately and it was well dried to make crush. The materials
were kept in an anaerobic digester and maintained at a temperature of 32 °C for
about 28 days. During the process, the pH value was measured both the initial and
final stages. The gas properties were analyzed using digital flame photometer and
gas chromatography. The water hyacinth plant was used for reducing the oxygen
depletion from the water bodies and from these plant bio gas was used instead of
LPG [35, 36]. Verma and sSingh collected the various water hyacinth plants located
from India. These water hyacinth plants were does not grow up in electro plating
industry effluent and diluted brass because of its inability property. These plants were
under the several percentages of concentration like 20 and 40 and 60% concentration
for 30 days and then they were chopped to maintain 20 mm length and finally oven
dried at 60 °C for 48 h [30, 31, 37, 38].

9 Domestic Application

These water hyacinth fiber plants were well growth in the water and pretty useful on
urban and village faction like water hyacinth spinning and sewing (Fig. 2). It is low
in economic values of the people and the growth rate is vast in majority compare to
other fibers and plants.

g = (R g

Textile application of water hyacinth fiber Water hyacinth used in paper production

Fig. 2 Applications of water hyacinth



Water Hyacinth for Biocomposites—An Overview 177

This plant can also be used in day today life. Recent trends about the fiber is
utilization in wastewater treatment in industries and some other factories application.
The water hyacinth fiber stem was used in to the three different styles. The first way
of the water hyacinth stem is utilized directly in to the straw material. Second one
the stem was slit and the pith is removed and finally the water hyacinth was used in
looms [23, 32].

10 Engineering Application

The water hyacinth plant was used in phytoremediation process to clean up the several
number of pollutants in industrial and domestic waste water. In 1970s the waste water
treatment of the water hyacinth fibers was found to be useful to treat various several
types of sugar factory use and textile and paper mill production. The organic and
inorganic content removal process from the waste water the water hyacinth plant
was effectively done so now all the world exclusively researchers focused the water
hyacinth plant and fiber and composite materials. Especially water hyacinth petioles
were performed most useful construction materials and make a particle board. These
boards were proved they were good thermal conductivity values [39—41].

11 Conclusion

This review study explained the mechanical properties, extraction, and application
of the water hyacinth fiber. In these studies, first these fibers were extracted from
the fresh water and then they were cut into small sized pieces. Then some chemical
treatments and alkali process were done for making the composites with some suitable
manufacturing methods like z—blade mixture and compression molding. It is well
known that that some chemical modifications and the alkali treatment of the water
hyacinth fibers have more and better properties and good adhesion bonding compare
to normal untreated fibers. These chemical compounds and some of the treatments
increase the composite strength. And these fibers also have better interfacial adhesion
between the fibers and the matrix. And the water hyacinth fiber has more mechanical
properties like flexural strength compare to various other types of natural fibers.
These fibers were mainly used some domestic applications like textile application
and paper production and some furniture materials and sewing and spinning. In
engineering applications like industrial waste water treatment these water hyacinth
fibers were used and they also used in successful construction materials. However,
the use of water hyacinth fiber as a potential reinforcement in composite materials for
engineering and structural applications are less explored. Hence, there is a large scope
for the further exploration of the fiber for composite fabrication targeting structural
and other applications.
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Ionic Liquids Based Processing m)
of Renewable and Sustainable L
Biopolymers

Sadia Naz and Maliha Uroos

Abstract In view of immense potential of sustainable and renewable biopolymers
for future biorefineries, development of green and carbon economic methods for their
processing are highly demanding. Despite of numerous protocols established so far,
innovations leading to sustainable methods for integration of multi-step volarization
of low value biopolymeric feedstock are still highly concerned. One of such inno-
vations is the ionic liquids based biorefinery concept for various advanced biofuels,
valuable chemicals and other bio-products. Superiority of ionic liquids is due to their
green, non-degradative, non-toxic, nono-volatile and chemically and thermally sta-
ble profile for upgrading renewable biopolymers based biorefinery. Some processing
applications of ionic liquids for biofuels and fine chemicals production are covered
in this chapter.

Keywords Ionic liquids - Renewable and sustainable biopolymers + Cellulose -
Hemicellulose + Lignin - Closed loop biorefinery

1 Introduction

Future energy requirements intensely entertain the use of ionic liquids (ILs) as a plat-
form media for processing of renewable and sustainable biopolymers. The growing
attention towards these renewable biopolymers is due to the limited non-renewable
fossil resources and alarming climate concerns associated to their processing. In con-
trast, renewable biopolymers are widely distributed in nature and meet the green and
sustainable biorefinery concepts for advanced biofuels and valuable chemicals thus
retaining low carbon economy. It is predicted that a decade after, chemical industry
will rely on these renewable resources for 30% of their total raw material [1]. Thus,
the development of ‘integrated biorefineries’ based on sustainable and renewable
biopolymers is the topmost med-century targets for critical ‘Bioenergy’ demands to
welcome the dreamt golden era reveling the green and sustainable environment.
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Traditionally, various chemical, physical, physiochemical and biological methods
or their combination have been employed for the processing of renewable biopoly-
mers but these methods are associated with harsh conditions such as high temperature,
pressure, use of environmentally toxic chemicals making the process uneconomical.
The continuous search for green processing strategies underpinned the use of ILs as
highly appreciable media.

1.1 Ionic Liquids (ILs)

The term ‘Ionic liquid’ adverts a special class of molten organic salts having melting
points less than 100 °C, comprising of unending possible combinations of organic
cations and organic or inorganic anions. They are highly designed solvents exhibiting
vast adjustable striking features like high thermal stability, insignificant vapor pres-
sure and wide electrochemical assortment. Some other discrete properties that make
them distinct from other organic solvents include polarity, hygroscopicity, viscosity
as well as high solvation power even for polymeric compounds. These properties can
be tuned accordingly by sensible selection of cation or anion (Fig. 1) [2].

ILs are considered as best media for processing of renewable biopolymers in
view of promptly emerging green chemistry and clean technology. They reduce the
consumption of energy, solvent loss, chances of carbon dioxide evolution and by-
products formation. Thus these are highlighted as promising ‘green’, ‘designed’ and
‘degradative’ solvents for future sustainable biorefinery. Most potent classes of ILs
for the purpose involve aromatic ILs, deep eutectic solvents (DES) and salt hydrates

Molten salts M.P. < 100
, (Semi)-organic
,’ Non-volatile

‘ Non-flammable
~Moderate viscosity

High polarity

| Common Anions I High ionic conductivity

Thermal and chemical stability

CI, Br SCN' PF, BF,

CF,SO, OTf NO, MeCO,

Fig. 1 General profile of ionic liquids (ILs)



ITonic Liquids Based Processing of Renewable ... 183

[3]. Some most commonly employed ILs for different biopolymers processing are
piled up in Table 1 while their detailed description is given in succeeding sections.

1.2 Renewable and Sustainable Biopolymers

General and most abundant renewable and sustainable biopolymers involve car-
bohydrates and polyaromatic lignin. Former one contains polysaccharides such as
semi-crystalline cellulose and amorphous multicomponent hemicellulose while the
later one is recognized as phenylpropanoid lignin. Both of these biopolymers exhibit
high potential for bioenergy production and are thus promising feedstock for future
biorefinery. Most imperative cost-effective natural source of these biopolymers is lig-
nocellulosic biomass that is light weight, porous, carbon—neutral composite material
present in cell walls of woody plants like trees, shrubs and grasses. It contains 35-50
wt% cellulose, 23-32 wt% hemicellulose and 15-25 wt% of lignin (Fig. 2). Other
minor constituents of lignocellulose involve traces of proteins, pectins, inorganic
compounds and some extractives such as waxes and lipids. Nonetheless, the precise
lignocellulose composition is variable with respect to plant tissue type, species and
growth conditions [4]. Percentage chemical composition of biopolymers in some
plant derived biomass materials is listed in Table 2 and their brief overview is given
in next sections.

1.2.1 Carbohydrate Biopolymers

Carbohydrates mainly contain cellulose and hemicellulose; among which cellulose
is widely distributed in nature having wide renewability potential. It is a linear poly-
mer having flat sheet or stretched chain conformation containing varying number of
glucopyranosyl monomeric units linked to each other via p-1,4-glycosidic linkages
(Fig. 3). Linearity of the structure is due to the $-configuration and hydrogen bonding
associated to anomeric carbons of glucopyranosyl backbone [7]. Each monomer of
natural cellulose holds back three hydrogen bonds of which two are intramolecular
and third one is intermolecular to the adjacent polymeric cellulose in the same sheet.
These repeating interactions are responsible for uniform well-organized packing of
countless cellulosic elements to form crystalline fibrils that are stabilized via van der
Waals interactions [8, 9]. Nearly 10,000 or higher monomeric units are present in a
single polymeric strand depending upon polymer origin and its treatment protocol
(Table 3) [10]. Certainly, this is the highest degree of polymerization (DP) amongst
all other renewable biopolymers.

Despite the potential of glucose monomeric units and other short oligomers for
water, cellulose is completely insoluble in water and even in organic solvents. The
reason lies in its comparatively low flexibility, high molecular weight as well as
systematic close packing due to hydrogen-bonding and van der Waals interactions
resulting in hydrophobic flat upper and lower sides.
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Table 1 An outline of some ILs used in processing of renewable and sustainable biopolymers

Dissolution of biopolymers

Cellulose dissolution

S
\(13/ NiN ‘®/ )
N8 RN ER O Nl
R
X =Cl, OAc, POy, R=H,C, R=C,, Bn
HCOO", OH R, =H, Allyl, C,,C,, Cy, .. R;=H,C,
X = Cl, Br, OAc

Lignin dissolution

RN R (O

R=C,
R, =H, Allyl, C, Cy, C, ..
X =MeSO,, CF3S03, Cl, Br

Processing of biopolymers

Cellulose hydrolysis and further

& . L\
rocessin SN o HO NI o ® <
p g X X N‘H 0 ®
X =Cl, OAc, POy, X =Cl, OAc, X =Cl, HSOy4, MeSOy,
HCOO, OH" Lys, Asp CF;S0;, OAc
oy
CPZ Q
R ER (O N
R
R=H,C, R=C, Bn
R, =H, Allyl, C,, C, Cy, . R, =H,C,
X = Cl, Br, OAc, HSO,
Lignin degradation ®_
\ﬁj HO @ N o
SN N X@ N N C? [Oj Me,PO,
X = Cl, Me,PO,
CH
AN 3
N B N ‘ €] €]
— - ~
R;=C, G, Ch. X =l Br, Me,PO.
X =CI, Br, BE,, -0 Ve

HSO,, Me,PO,

Characterization of biopolymeric biomass

Solution state NMR spectroscopy

J— X
NiNH © ‘@ e
e
e N

(MIMCl-ds)-DMSO-ds  (PyCl-ds)-DMSO-d;

2D HSQC NMR analysis

\/N
@ T CH;C00

(IEMIM]OAc-d;)-DMSO-d;

GPC analysis of cellulose
biopolymer

-
NN N N__N
TNANGY o NN~ CH,C00




ITonic Liquids Based Processing of Renewable ... 185

Hemicellulose

/ (23-32 wt%)

— = Cellulose
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plant material Lignin
(15-25 wt%)

Fig. 2 Composition of lignocellulosic biomass

Table 2 Percentage of renewable and sustainable biopolymers in some lignocellulosics

Biomass Cellulose Hemicellulose | Lignin Proteins Ash References
(%) (%) (%) (%) (%)

Wheat 35-45 20-30 8-15 3.1 10.1 [3]

straw

Rice husk | 32-47 19-27 5-24 - 124 [5]

Corn 42.6 21.3 8.2 5.1 43 [3]

stover

Bagasse 65 (Net sugars) 18.4 3 24 [6]

Intramolecular H-bonding
B -1,4-glycosidic bonds

Non-reducing End

Mononmeric unit

Fig. 3 Flat sheet linear conformation of cellulose biopolymer

Table 3 Polymerization

degree of different cellulose Source Degree of polymerization (DP)
based on origin Cotton 800-1700

Wood 300-1700

Microcrystalline 150-300

Regenerated 250-500

Bacterial 6500-10,000
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Table 4 Percentage carbohydrate content of some lignocellulosics

Biomass Glucose Galactose | Xylose (%) | Mannose Arabinose | References
(%) (%) (%) (%)

Wheat 388£05 | 27+0.1 222+03 1.7£02 | 47£0.1 [13]
straw

Rice 41434 04 14.8-20.2 1.8 2.7-4.5 [5]
husk

Corn 39 0.8 14.8 0.3 3.2 [14]
stover

Bagasse 38.1 1.1 233 - 2.5 [14]

After cellulose, the second most eminent carbohydrate natural biopolymer is hemi-
cellulose having amorphous structure with multicomponent composition. Contrarily
to cellulose, polysaccharides present in hemicellulose are of low molecular weight
with only 100-200 monomeric units per polymeric structure [11]. It shows wide
structural diversity with respect to branching and type of five or six membered
monomeric carbohydrate units having versatile functional groups such as methyl,
acetyl or carboxylic moieties like cinnamic acid, galacturonic acid or glucuronic
acid. Mannose and xylose are two major monomers of hemicellulose present in
softwood and hardwood respectively. Hemicellulose carbohydrate content of some
lignocellulosics is presented in Table 4.

An example of hemicellulose is galactoglucomannan present in softwood exhibit-
ing branched chain structure due to a-1,6-D-galactopyranosyl units as well as $-1,4-
D-mannopyranosyl and p-1,4-D-glucopyranosyl monomeric linkages with C-2 and
C-3 acetyl substitutions (Fig. 4) [12].

1.2.2 Lignin Biopolymer

Second most frequent naturally occurring biopolymer is lignin present along with
carbohydrates in secondary cell walls of lignocellulosic plant biomass (Fig. 2). The
role of this water insoluble aromatic polymer is to provide strength to plant cell
wall, water proofing property and flexibility for biological and physical attack. It is
biosynthesized in plants after ceasing their growth. Three monomeric units taking
part in biosynthetic pathway are sinapyl, p-coumaryl and coniferyl alcohol that upon
polymerization in lignin give rise to syringyl, p-hydroxyphenyl and guaiacyl units
respectively (Fig. 5). These monomeric units are varied in different types of plant
biomasses; softwood contains only guaiacyl units, guaiacyl and syringyl both are
present in hardwood while grasses also contain p-hydroxyphenyl as minor lignin
contributors. Various linkages are present all over the polymer like C—C cross-linking
[15] responsible for rigidness and B-O-4 ether bonds [16] responsible for linear
elongation of polymer as it is present in 50% inter-subunit bonds.

The binding of lignin with carbohydrates in composite is facilitated by its covalent
cross-linking with hemicellulose in soft and hardwood. While in grasses binding is
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favored via ferulic acid that promotes dimerization of hemicellulose chain, radical
polymerization reaction to incorporate lignin in hemicellulose or ester bond forma-
tion with hemicellulose. This complex binding assures rigidity of the plant cell walls

[4].

2 Dissolution of Biopolymers in ILs

Dissolution of renewable and sustainable biopolymers in any appropriate media is
essential for their effective processing. But it remains a challenge due to the compact
and rigid structure and extensive inter and intramolecular forces present in them.
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Some most common solvents tried for a little cellulose dissolution are mineral acids,
strong bases, dimethyl acetamide or dimethylimidazolone in lithium chloride.

Thus, the main incentive in using ILs for dissolution of biopolymers is their insol-
ubility in water or any other organic or inorganic solvent. Highlighted IL properties
suitable for dissolution ability are their thermal and chemical stability and high recy-
clability. COSMO RS [17] and Kamlet Taft parameter [18] are two important fac-
tors to check the efficiency of different solvents for biopolymers. These parameters
intensely approve the competence of ILs for dissolution purpose.

2.1 Dissolution of Cellulose Biopolymer

As cellulose exhibits highly compact and crystalline structure with extensive inter and
intramolecular hydrogen bonding network; its dissolution in any solvent remained a
question mark for a long time. The first report on IL dissolution ability dates back
to a US patent filed in 1934 when N-ethylpyridinium chloride [EtPy]Cl was used
for dissolution in the presence of a base [19]. But it gained no care at that time due
to high melting point of [EtPy]Cl. Attention has been given to ILs about one and
half decade ago when 25 wt% cellulose dissolution was reported with 1-butyl-3-
methylimidazolium chloride [BMIM]CI without any derivatization [20]. After that,
a number of ILs have been tested for efficient dissolution of individual cellulose or
lignocellulose.
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ILs tend to penetrate inside the crystalline structure, disrupting the hydrogen
bonding network and thus facilitating the dissolution. Process is accompanied by
regeneration of dissoluted material with appropriate anti-solvents [21]. Analysis of
regenerated cellulose shows that dissolution causes alteration of its symmetrical
structure and crystalline cellulose having high polymerization degree is converted
to cellulose type II exhibiting reduced crystallinity and lesser degree of polymeriza-
tion and is easy to be converted to fuels and other targeted products. Various factors
affecting the dissolution process in ILs involve cellulose crystallinity and its poly-
merization degree, initial cellulose concentration, nature of selected IL and operating
parameters like time and temperature [22].

For effective dissolution, careful designing of IL by selecting effective ion pairs
is most important. Anion is most crucial for dissolution as it forms hydrogen
bonding with the biopolymers facilitating the process. Thus the size, concentra-
tion and hydrogen bond basicity or electron donating ability of anions is most
important for the process. In Kamlet Taft parameter when finding the dissolu-
tion ability of ILs, o and B factors are most important. o regards to hydrogen
bond acidity of IL while § is the hydrogen bond basicity that is mostly related
to the anion. Most widely used IL anions having highest hydrogen bond accept-
ing abilities are chloride and acetate having high §§ values. Contrarily, dicyanamide
N(CN),, bis(trifluromethylsulfonyl)imide (NTf,), hexafluorophopsphate (PFe) and
tetrafluoroborate (BF,) having less hydrogen bonding abilities are less effective for
dissolution [23].

Protons of cation must be highly acidic and it should contain short side chain
to reduce the steric hindrance between biopolymers and IL [2]. Thus acidic ILs
are proven to be more powerful for dissolution and further processing of renewable
biopolymers. Substituting the cation with unsaturated functional groups like cyanide
or allyl also enhances the process efficiency due to their increased interactions with
that of cellulose [24]. For example, replacing butyl of [BMIM]CI with allyl group
increases the dissolution up to 14.5%. In addition, this IL. [AMIM]CI exhibits a lesser
viscosity than many others having extended side chains thus positively contributing
in dissolution.

2.2 Dissolution of Lignin

Just like cellulose, lignin dissolution is also of profound investigation to enhance its
further processing to obtain fuels and targeted products. Dissolution causes expo-
sure of monomeric phenylpropane connecting points thus facilitating the degradation
process [25]. ILs have high dissolution power for these biopolymers as compared
to other solvents. A maximum of 500 g lignin have been reported to dissolve per
kg of 1-butyl-3-methylimidazolium trifluormethanesulfonate [BMIM]CF;SO3 and
1,3-dimethylimidazolium methylsulfate [MMIM]MeSO;, at 90 °C when incubated
for 24 h [26]. Alkylmethylimidazolium ILs like [HMIM]CF;SO3;, [MMIM]MeSO4
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and [BMIM]MeSOy also have significant lignin dissolution powers. Again, the dis-
solution is highly dependent upon anion type and trend is almost similar to cellulose
[271[B].

Ji et al. studied the mechanism of dissolution process by natural bond orbital
(NBO) analysis, atoms in molecules (AIM) theory, density functional theory
(DFT) and Wiberg bond index (WBI) method. They modeled the lignin with 1-
(4-methoxyphenyl)-2-methoxyethanol (LigOH) and employed [AMIM]CI as dis-
solution media. Theoretical studies revealed that interaction of [AMIM]CI and
LigOH happens via hydrogen bonding and it is stronger than interactions present in
LigOH itself. Successive regeneration process is favored by weakening or destroy-
ing this developed hydrogen bonding between IL and LigOH by addition of water
as anti-solvent [28].

3 Processing of Biopolymers in ILs

All-encompassing profile of ILs towards future green biorefinery concepts demands
the establishment of efficient protocols for obtainment and processing of renewable
and sustainable biopolymers. Generally, two methods namely ionosolv and disso-
lution are in practice for obtaining the renewable biopolymers from natural ligno-
cellulosic biopolymeric composites. By ionosolv method, considerable amount of
lignin is selectively dissolved in IL while keeping the carbohydrates intact. Solid cel-
Iulosic content is filtered and dissolved lignin is isolated via re-precipitation using
water. Significant delignification efficiency of ionosolv process depends upon nucle-
ophilic, neutral or acidic IL anions employed in the process [29]. On the other hand,
dissolution method uses such ILs that have high selectivity towards cellulose. Lig-
nocellulose is processed in ILs for suitable time and temperature for all possible
dissolution. Anti-solvents mixture is used to obtain cellulose and lignin. For exam-
ple, in mostly used water—acetone mixture, water precipitates cellulose enriched pulp
while acetone helps in lignin recovery. Generally, the deconstruction of lignocellu-
lose is not complete in this process due to the recovery of hemicellulose traces with
lignin and also a little fraction with that of cellulose [4].

3.1 Processing of Carbohydrate Biopolymers

Carbohydrate biopolymers possess wide range of applications for integrated biore-
fineries. From all carbohydrate contents, cellulose is hard to process or depolymer-
ize due to its highly compact crystalline structure [4]. Hydrolysis of cellulose into
monomeric sugars is the fundamental stairway to various biofuels and targeted plat-
form chemicals. It cleaves biopolymeric $-1,4-glycosidic bonds thus unlocks the
potential of cellulose for further processing; hydrolytic products are more prone to
chemical conversion and fermentation. A variety of products exhibiting one to six
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carbon skeletons can be obtained depending upon the mode of processing (Fig. 6).
Chemical conversion is generally accomplished via hydrolysis, dehydration, isomer-
ization, hydrogenation, aldol condensation, oxidation and reforming [30]. Remark-
able products of these methods include sorbitol, 5-hydroxymethylfurfural (5-HMF),
levulinic acid (LVA), 2,5-furan dicarboxylic acid, gluconic acid, glucaric acid and
many more. Highlighted products of fermentation involve bioethanol, glycerol, 1,3-
propanediol, glutamic acid, fumaric acid, lactic acid, 3-hydroxypropanoic acid, ita-
conic acid, ascorbic acid, fumaric acid, succinic acid, lactic acid, citric acid, malic
acid, penicillin, lysine and riboflavin [31-33].
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3.1.1 Hydrolysis of Carbohydrates

As stated earlier, hydrolysis of carbohydrates into simplest reducing sugars serves
as the starting point for carbohydrate-based biorefineries approach; cellulose is usu-
ally converted to glucose simplest units that further leads towards wide spectrum
biorefinery products. On the other hand, hydrolysis of hemicellulose ends up in
xylose monomers that in turn are hydrolyzed to give xylitol, xylal, dithioacetal, fur-
fural, hydroxy-xylal esters, levulinic acid, and aza-heterocycles such as pyrazole and
imidazole [32].

Traditionally the hydrolysis is achieved via alkaline, acidic or enzymatic meth-
ods that are associated with harsh pretreatment protocols. For example, dilute acid
hydrolysis requires high temperature, pressure and time, usually ending up with
degradation of sugars. Strong acid hydrolysis using concentrated sulfuric acid even
though requires comparatively less harsh conditions but it is done in expensive
corrosion-resistant reactors and is associated with glucose degradation and waste
disposal issues. Although enzymatic hydrolysis takes place under mild conditions
but the enzymes are very expensive, non-recyclable and process occurs very slowly.

Thirst for developing efficient and economic cellulose hydrolysis led the
researchers towards ILs as it’s the only medium efficiently dissolving the cellu-
lose, cleaving B-1,4-glycosidic linkages and disrupting its hydrogen bonding to yield
monomeric units (Fig. 6). Mechanism suggests the scission of bonds by endo- as
well as exoglycosidic cleavage with endoglycosidic being the dominant one causing
oligoglucoses as major hydrolytic product [34].

Various Lewis acids [35], mineral acids [36, 37], solid acids [38] as well as
enzymes [39] have been employed as catalysts in ILs to boost their hydrolyzing
power. Most frequently used traditional catalysts for cellulose in ILs are mineral acids
involving sulfuric acid (H,SO,), hydrochloric acid (HCI), nitric acid (HNO3), phos-
phoric acid (H3PQOy), boric acid (H3;BO3) and hydrofluoric acid (HF) [34]. Among
these, high dissolution tendency and in turn hydrolyzing power is that of sulfuric
acid attributed to its high acidic strength (pK, < 1). When reaction happens in ILs,
acidic protons are highly available to the B-glycosidic bonds rendering the hydrolysis
much faster. In contrast, in the absence of ILs, protons get interacted with cellulose
linkages only by surface interaction mechanism. An example of such IL system is
sulfuric acid in [BMIM]CI playing dual role; as dissolution media as well as acidity
enhancer for catalyst by increasing Hammett acidity. Resultantly, the rate of hydrol-
ysis is increased significantly [40]. Despite of all these, the use of these mineral
acid/IL catalytic systems is restricted due to their various downsides such as high
acidic amounts, product isolation from catalyst solution, recycling issues, waste dis-
posal and corrosion of reactors. These issues have been resolved up to some extent by
replacing mineral acids with solid acids. Highlighted solid acid/IL catalytic systems
involve supported metals, metal oxides, zeolites, functionalized silicas, acidic resins,
magnetic acids and carbonaceous acids [41].
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3.1.2 Dehydration of Carbohydrates

Dehydration of simplest five and six carbon carbohydrates results in 5-hydroxmethyl
furfural (5-HMF) that is the most important chemical derived from renewable
and sustainable biopolymeric composites. It is documented as a promising renew-
able platform chemical by U.S. Department of Energy [42]. The reason lies
in its structural versatility as a ‘sleeping giant’ containing multiple functional
groups; it’s an aromatic aldehyde, aromatic alcohol and also contains a furan
ring system. Thus it serves as an important intermediate in petroleum-based
industrial chemistry as well as biomass derived carbohydrate chemistry. Some
highlighted platform chemicals obtained from 5-HMF involve functional poly-
mers, biomass fuels, drugs and other important compounds like 2,5-diformylfuran
(2,5-DFF), 5-ethoxymethylfurfural (EMF), 2,5-dihydroxymethylfurfural (DHMF),
2,5-furandicarboxylic acid, 5-hydroxymethyl furanoic acid (HMFA), 2,5 furandi-
carboxylic acid (FDCA), 5-formyl-2-furancarboxylic acid (FFCA), formic acid,
levulinic acid and humins [43].

Lewis acids in ILs are the most suitable catalysts for transformation of carbohy-
drates to 5-HMF. The role of these Lewis acids is to enhance the cellulose hydrolysis
to produce glucose monomers, isomerization of glucose and finally the dehydration
of resultant fructose to produce 5-HMF. This mechanism is not as much favored by
other systems like mineral or solid acid catalysts due to their lack of competence for
glucose isomerization [44]. A wide range of Lewis acids have been tested till date
with the best ever results with halides of chromium, aluminium and iron. Mechanisti-
cally, these halides first get coordinated with the IL to ensure IL-Lewis acid complex
whose anion facilitates the mutarotation of glucose thus easing its isomerization to
fructose (Fig. 7) [35].

Rehydration of 5-HMF results in levulinic acid (LVA) that is the imperative build-
ing block for a number of organic compounds and various biofuels as identified by
National Renewable Energy Laboratory (NREL) of US. Starting from carbohydrate
biopolymers of lignocellulosic biomass, LVA is synthesized via deep hydrolysis
method. Just like 5-HMEF, it also exhibits structural versatility and diverse trans-
formational capabilities due to its dual functional group moieties; carboxylic acid
and ketone (Fig. 8). Again, deep hydrolysis of renewable carbohydrate biopolymers
using ILs is superior to traditional mineral acids and other heterogeneous catalysts
due to dual catalyst-solvent behavior of IL, being green, mild reaction times, high
recycling and so on. Various Lewis as well as acidic ILs mostly with imidazolium
based cations have been reported for said transformation [45].

3.2 Processing of Lignin

Despite of being a primary natural renewable biopolymer, a little work has been
done on lignin with regard to its volarization, degradation or chemical transforma-
tion as compared to carbohydrate biopolymers. Now-a-days, its practical applications
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are confined only to low value products such as binding, dispersing or emulsifying
agents, carbon fibers, wood panel products, phenolic resins, low-grade fuels, automo-
tive brakes, polyurethane foams and printed circuit boards [46]. But yes, it can serve
as a promising biopolymer providing efficient routes towards economic production of
valuable chemicals and biofuels sustaining the future bioeconomy. Due to its unique
structural and chemical properties, a broad range of bulk and fine renewable aromatic
compounds can be obtained by designing its effective processing. It’s a potent source
for various petrofuels like benzene, xylene and toluene [47], countless bio-products
[48] and efficiently imparts anti-oxidant, anti-bacterial and anti-UV properties to
other composites to enhance their polymeric properties [49]. It also serves as natu-
ral source of inhibition compounds such as syringyl aldehyde and vanillic acid for
fermentative organisms and hydrolase enzymes [50]. Thus exploration of selective
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and robust catalytic systems for lignin depolymerization is most suggested one by a
recent review on lignin role in biomass refineries by U.S. Department of Energy [51].
Patently, lignin is well thought-out to be the chief, economic and well recognized
aromatic resource of the bio-based economy (Fig. 9) approving the myth that says:
“You can make anything out of lignin... except money” [52].

In view of vast applicability account of lignin, various methods have been estab-
lished to deconstruct the lignocellulosic biomass; the most abundant natural source
of lignin. Mostly it is obtained via pulping methods like Organosolv, Kraft and sulfite
pulping that tend to remove the lignin from pulp [4]. The deconstruction or delig-
nification competence of various lignocellulosics depends upon the cross-linking of
monomeric units and complex binding of entire composite. Grasses and hardwood
can be delignified relatively easily than softwoods. The reason is the C—C cross-
linking present in softwood at C-5 of guaiacyl monomeric unit [15] that does not
hydrolyze easily by acid or base. Various deconstruction methods have also been
reported for lignin. Key method is its modification via hydrolysis of ether bonds.

Currently, biorefineries are taking on two-step strategy for biofuels production
from lignin biopolymer. Firstly, the lignin is depolymerized and then fuels are pro-
duced from depolymerization products preferably by hydrodeoxygenation into alka-
nes. Depolymerization is mainly done to convert the lignin into simple aromatic
products and it’s a difficult task due to recalcitrant nature and complex structure
of lignin, different extraction techniques and variability of sources. Different tools
used for the purpose include hydrogenation, fast pyrolysis or acid/alkaline hydroly-
sis [53] while oxidative method is the most widely used. Oxidation may be carried
out via peroxides, mesoporous materials, vanadium-based catalysis, photocatalysis
and electrocatalysis done either via conventional method or by processing in ILs.
Leading fragmentation products of lignin oxidation involve low molecular weight
phenolic compounds (LMWPC) and dicarboxylic acids (DCAs) such as quinones,
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malonic acid, succinic acid, maleic acid, muconic acid and muconolactone that serve
as efficient precursor of high value chemicals important for pharmaceutical, food and
polymer industries. Quinones themselves are used as catalyst for depolymerization
of lignin. They can also be used for energy storage purposes in battery technology
via benzoquinone/hydroquinone redox coupling [52]. Careful conversion of lignin
also leads towards aromatic aldehydes such as vanillin, p-hydroxybenzaldehyde
and syringaldehyde extensively useful in flavoring, agricultural pesticides as well
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as chemical intermediates for therapeutic drugs [54]. However, there is a need to
explore more about mechanism, selectivity and control of these depolymerizations
to generate valuable end products. Because complex mixture of aromatic compounds
or chemically modified lignin is generally obtained due to obstinate C—C linkages
between propylphenol monomers present in it [55]. Also, the selectivity and reaction
separation of oxidative degradation needs to be explored for aromatic aldehydes [54].

Although this first step has been made somewhat more improved and established,
second fuel forming step is still a challenging one. Traditional hydrodeoxygenation
methods for converting phenols to alkanes involve NiMo and CoMo sulfite catalysts
having drawbacks of sulfur contamination, accumulation of coke and deactivation
of catalysts due to the presence of water. To overcome this, aqueous-phase catalytic
systems are used to carry out a series of hydrogenation and dehydration reactions.
Although this catalytic system is superior to traditional ones, some limitations are
also associated with it like dehydration reaction taking place in water, high tempera-
ture and energy consumption. In this scenario, ILs are an important medium having
plus points of being green, high efficiency, easy phase separation and water-based
system acting both as catalyst as well as solvents. Different catalytic systems in
ILs have been developed for volarization and biofuel production from lignin; some
highlighted ones comprise metal nanoparticles (NPs) [53, 56], metal coupling with
various oxidants such as oxygen [54], hydrogen peroxide [55, 57] or titanium oxide
[58], metal chlorides [59, 60] and nitrates [61], palladium supported on activated
charcoal [62], biomimetic catalysts such as porphyrin [63] and electrocatalysis by
using IL [64] or catalytically active ruthenium—vanadium—titanium mixed oxide as
electrodes [65]. Various ILs used along with these catalysts are alkylimidazolium
based Bronsted acidic ionic liquids (BAILs) [53], trimethyl phosphite anion contain-
ing varying imidazolium, pyridinium, ammonium and morpholinium cations [54],
hydrogen sulfate anion with triethylammonium and butylimidazolium cations [55],
triethylammonium hydrogen sulfate [58], alkylsulfonates based imidazolium ILs
[61], choline based ILs [62] and triethylammonium methanesulfonate [65].

Besides these, some reports reveal the dual behavior of ILs for lignin depolymer-
ization; as solvent as well as catalyst. For example 3-methylimidazolium chloride
[MIM]CI has been reported for depolymerization of lignin obtained from oak wood
[66]. Other ILs used for this purpose include butylmethylimidazolium tetrafluorob-
orate [BMIM]BF,, butylimidazolium bromide [BIM]Br, butylpyridinium bromide
[BPy]Br [67], butyl-1,8-diazobicyclo[5.4.0]Jundec-7-enium chloride (DBUB]CI [68]
and many others.

In addition to fuel production, lignin also exhibits remarkable potential for syn-
thesis of micro/nanoparticles [69], functionalized lignin hybrid materials [70] as well
as various ionic liquids as patented recently [71, 72].

Due to wide spectrum bio-refinery applications of lignin, International Lignin
Institute (ILI) association has been made to provide a platform to academia and
industrial researchers having interest in volarization of lignin for future technology.
For example, PureVision Technology, Inc., succeeded in production of low molecular
weight lignin serving as fuel as well as a co-product to the cellulose stream [25].
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Fig. 10 Diagrammatic representation of closed loop biorefinery approach

4 Closed Loop Biorefinery

The concept of closed loop biorefinery is set forth to make the process more green
and viable. According to this hypothetical statement, the hemicellulose and lignin
biopolymeric contents obtained after pretreatment of lignocellulosic biomass can
serve as potential raw materials for synthesis of ILs. For this purpose, important
thing is the controlled depolymerization of these biopolymers to get low cost IL
precursors such as alcohols, aromatic aldehydes and acids. Pretreatment of lignocel-
lulosic biomass is also accompanied with lignin depolymerization to small aromatics
stream that could potentially be used for formation of renewable ILs (Fig. 10) [73].
Thus, an ecofriendly closed loop biorefinery concept was provided and somewhat
tried to be implemented by research group of Singh [74] who pretreated and decon-
structed lignocellulose using room temperature ILs; and re-entered hemicellulose
and lignin biopolymers into the biorefinery route by converting them into renew-
able ILs while cellulose was converted to biofuels and other platform chemicals in
successive pathways via enzymatic saccharification, fermentation and some other
processes.

5 ILs for Characterization of Renewable and Sustainable
Biopolymers

Structure elucidation of natural biopolymeric composites namely lignocellulose con-
taining three major types of renewable and sustainable biopolymers is important to
explore in order to use them in better way. Normally, the plant cell wall of con-
cerned lignocellulosic biomass is analyzed by first isolating its different compo-
nents that is time taking job and also can change their native structure. Thus, to
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preserve the structure and properties of lignocellulosic biomass during analysis,
effective dissolution of biomass should be done to get better spectroscopic char-
acterization from homogeneous solutions. ILs are only best non-degradative sol-
vents for this purpose that exhibit effective dissolution ability for all the biopoly-
mers and even for plant cell walls of lignocellulosic biomass under mild condi-
tions. Certain ILs has been successfully used as solvents in several 1D and 2D
high-resolution nuclear magnetic resonance (NMR) spectroscopy. For instance, cel-
lulose, hemicellulose, lignin and its inter-unit linkages as well as its complexes with
cellulose and hemicellulose are characterized by solution state NMR spectroscopy
using a mixture of 1-methylimidazolium chloride (MIMCIl-d)-DMSO-d; and pyri-
dinium chloride (PyCl-ds)-DMSO-d; [75, 76]. In the same way, 2D HSQC NMR
analysis of total plant cell walls is done by 1-ethyl-3-methylimidazolium acetate
([EMIM]OACc-ds)-DMSO-ds [77].

In addition, ILs are also used in biomass characterization via gel permeation chro-
matography (GPC) to understand the bonding of carbohydrates—lignin complexes.
For this purpose, biomass is first dissolved in 1-allyl-3-methylimidazolium chlo-
ride [AMIM]CI, derivatized using benzoyl chloride in pyridine and is then checked
for distribution of cellulose molecular weight and/or entire biomass cell walls [78].
Another advanced and more potent method that proficiently checks the molecular
weight distribution of whole biomass and lignin uses [EMIM]OAc in DMF and do
not require pre-swelling, activation or derivatization treatment [79]. These inventive
gel permeation chromatographic analysis methods are well thought-out to be more
substantial for thorough study of cellulose hydrolysis using enzymatic assay.

6 Challenges for ILs Based Processing of Biopolymers

Irrespective of continuously emerging research for the development and advance-
ments in virtuous practicality of ILs for processing of renewable and sustainable
biopolymers in integrated biorefineries, some economic and environmental issues
associated to sustainability still persist. These issues make the scaling up of process
a little bit difficult. This section covers a short overview of some of these.

6.1 Reducing the Particle Size of Renewable Lignocellulosic
Composites

Processing and pretreatment of lignocellulosic biomass into ILs requires a pro-
nounced particle size so that their surface area should be enhanced causing high
solubility in ILs. For this purpose, lignocellulose is thermally deconstructed to obtain
reduced size via grinding or milling consuming so much mechanical energy [80].
Different types of lignocellulosics require different energies as grasses need less
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energy than woody biomass [81]. According to an energy calculation report, grind-
ing the corn stover to reduce its particle size utilizes 1.1% of its energy content [82].
The solution to this problem is the addition of IL to lignocellulosic biomass prior to
grinding which will lower the energy consumption due to their lubricating properties
[83].

6.2 Stability and Recycling Issues of ILs

Generally, the ILs are considered to have high temperature tolerating properties.
But in real, this statement is not true for all types as different ILs possess different
temperature sensitivities. Typically, the processing of biopolymers in ILs is done at
high temperatures mostly above 100 °C. High temperature causes decomposition of
organic cation of some ILs favored by their counter anion at certain temperatures.
Therefore, most important thing to be considered is the stability of IL that is often
been ignored in most of the studies. At present, the obtained compounds as well as
ILs are checked for stability via thermogravimetric analysis (TGA) that measures
the percentage of sample’s weight loss with respect to temperature [84].

Another major issue of ILs based biorefineries is moisture sensitivity of ILs [20].
Lignocellulosic biomass containing renewable biopolymers itself holds significant
moisture content that should be removed prior to pretreatment with ILs. According to
areport, 0.15% of water, if present in IL, highly affects the dissolution by precipitating
the cellulose [85]. Water content of IL renders recycling process most problematic. To
stamp down this issue, IL as well as biomass both are well dried before processing that
requires so much energy rendering process a little bit malign. So, the time demands
discovery of temperature as well as moisture sensitive ILs having high recycling
ability to efficiently process biopolymers [19].

6.3 Product Isolation from IL Post-Reaction Phase

Separation of hydrolytic sugar products from IL post-reaction liquid is a major chal-
lenge in carbohydrate biopolymers based biorefineries to make the process econom-
ically viable. Due to strong interactions between IL and monosaccaharides, separa-
tion process should be such that do not affect the properties of IL. So, the separa-
tion is highly reliant on molecular weight, polarity and some other physicochemical
properties of IL and products.

An easy-to-do method reported for sugars isolation is by using alkaline solutions
that develop a biphasic system when added to imidazolium ILs thus helping in sugars
isolation by phase separation [86]. Preparative chromatography was also employed
for separation of xylose from [EMIM]JHSO, by sensibly tuning the stationary phase
as well as polarity of eluent [87].
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6.4 Toxicity and Eco-Protection Hazards

Growing fame of ILs towards biorefineries has questioned their widespread applica-
tions with regard to the possible threats to human life and environment. At present,
a number of reports have been presented on toxicity of ILs [88-92]. Usually, the
ILs are considered as highly green solvents imparting high environmental protection
but their (eco)toxicological and biodegradation studies by current European Union
Environmental Legislation for safety assessment revealed some of their (eco)toxic
effects. Studies show aprotic ILs to be more toxic as compared to protic ones. In
protic ionic liquids (PILs) further lessening of toxicity is also achieved by lessening
of alkyl chain [93] as well as substitution of some polar group in to the cation [94].
The anion of IL is also crucial for the same [95].

Talking about their direct entrance into the environment, they do not directly go
into the air due to their non-volatility but can cause harm when entering to water
bodies as these are highly water miscible. The PILs proved to have by far lower aquatic
toxicity than the other acidic ionic liquids (AILs) and are proved to be potentially
biodegradable in water, unlike the AILs [96].

6.5 Cost Effectiveness of ILs

Expensiveness of ILs is the main problem for scaling up the ILs based processing of
renewable biopolymers. The reagents and precursors used to synthesize ILs are highly
priced and the demand of searching low cost ILs is going up day by day. Luckily,
the problem is being resolved by discovering alternate methods and employing low
cost starting materials (chloine, mineral acids and many more) for the synthesis. An
option is to prefer PILs over aprotic ones due to their ease of synthesis as well as
low price. Recycling of ILs after the complete process also dramatically contributes
to the cost efficiency of IL used for processing of renewable biopolymers [97].

Cost calculation by techno-economic model of ILs by bearing in mind the syn-
thetic expense, loading and recycling, a practical design of low cost ILs has been
developed [98] and a number of ILs having varying cation and anions with reasonable
cost are known today. Thus, the ILs could pave the way to economical integrated
biorefinery approaches to meet the future energy requirements.

7 Conclusion

Tonic liquids serve as highly appreciable media for processing of renewable and sus-
tainable biopolymers. Dissolution, pretreatment, chemical conversion into valuable
fine chemicals and characterization analyses of natural biopolymeric lignocellulosic
composites are highly facilitated in ILs. Due to high process efficiencies as well as
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green chemistry and clean technologies associated with these IL based approaches
over traditional ones, need of the time is to develop highly designed, cost effective
and more benign methods that can be scaled up to meet the integrated biorefineries
demand.

8 Future Perspectives

In view of appreciable results of ILs based processing of renewable and sustainable
biopolymers, itis suggested to further explore the process for scaling it up to industrial
level. Cheap and economic ILs should be developed for the purpose and optimized
their specific features regarding this. Natural sources should be considered as efficient
precursors of ILs in this regard. Attention must also be paid to product yields and
purity and also to reduce the consumption of time.
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Nishant Verma, Manoj Kumar Singh and Sunny Zafar

Abstract The current scenario of every polymer processing industry is focussed
towards use of high strength material at a low cost. After discarding of polymer com-
ponent, it creates problem for environment due to its non-biodegradability. It takes
several years to degradation and reduces fertility of soil. So researchers focussed
toward maximum utilization of biodegradable polymer for sustainable development.
The biodegradable polymers have capability to replace non-biodegradable poly-
mers. This chapter includes various fabrication techniques to process biodegradable
polymers.

1 Introduction

The current demand of material for every structural application is lightweight with
high strength [1]. The available categories of materials are metals, ceramics and poly-
mers. The metals were very popular in various structural applications such as automo-
biles, constructions and aircraft. Due to the heavier weight of metals, researchers are
focussed toward the development of alternatives for metals. Applications of ceram-
ics are limited due to low fracture toughness. Polymers are lightweight, flexible and
corrosion-resistant but due to low mechanical strengths, neat polymer not gain much
attention from automobile and aerospace industry. However, polymer composites are
gaining much attention due to better performance in aircraft industry. Carbon fibre
reinforced polymer is a very popular material in aircraft for their good performance
[2]. During construction of Boeing 787, replacement of aluminium structure was
done with carbon fibre reinforced polymer. This attempt saves 20% of the average
weight of aircraft [3]. Polymers composite are not only popular in the aircraft indus-
try, but it is also popular in the implant industry due to its excellent biocompatibility.
The various biocompatible polymers are ultra-high molecular weight polyethylene
(UHMWPE), Polyether ether ketone (PEEK), Polylactide (PLA) and polycaprolac-
tone (PCL) [4]. The porous structures of polymers are also popular in acoustic and
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bone scaffold applications. Polymeric foam is a great example of porous material.
Porous polymers (foam) was invented in 1931, before the second world war [5]. Tra-
ditionally porous polymers were manufactured by polyurethane and polystyrene [6].
The traditional porous polymer materials were non-biodegradable. Biodegradability
of polymers is not only important to the environment but it is also important for
self-degradation in the body after growing a tissue (bone scaffold) [7]. This limita-
tion of biodegradability stimulates the researchers to focussed towards development
of porous biodegradable polymeric materials. Biodegradable polymers are the poly-
mers which can be degraded by microbial action and produce end products, such
as carbon dioxide and water in a reasonable interval. The complete decomposition
of materials depends upon material, conditions of environment such as moisture,
temperature and decomposition location.

2 Mechanism of Degradation
The mechanism involved in the biodegradation of polymers is shown in Fig. 1. The
biodegradation involves two processes.

2.1 Fragmentation

It is a natural process involved in the degradation of a biodegradable polymer. This
process occurs when biodegradable polymer exposed under the external environment.
In this process, long chains of carbon—carbon bonds shortened by moisture, heat and
humidity effect. In this stage, the polymer becomes weaker and polymer transform
into smaller groups known as polymer fragments.

2.2 Biodegradation

This process involves the passing of carbon chains through cell walls of microbes.
During passing the molecular chains of polymers are completely broken into biomass,
CO,, methane and water depend on anaerobic or aerobic conditions.

3 Classification of Biodegradable Polymers

The biodegradable polymer materials are classified in Fig. 2.
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Fig. 1 Mechanism of biodegradation

3.1 Agro-Polymers

These types of polymers are obtained from renewable sources of various kinds.
Saccharides, carbohydrates and oil can be transformed into polymer materials. The
properties of these polymers are comparable to polymers derived from mineral oil.
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Fig. 2 Classification of biodegradable polymers

3.2 Polysaccharides

These types of polymers are the most presented macromolecules in the biosphere.
These are constituted by glycosidic bonds, which are main structural elements of
plants (chitin, cellulose and carrageenan). Examples of polysaccharides are starches,
lignocellulosic products, gums and chitosan, etc. The treatment of starch is done
with water, heat and plasticizers to make them thermoplastic. The use of fillers is
made to improve the strength of starch. The main sources of starch are wheat, maize,
potato and cassava. This plastic has potential applications in packaging, tableware
and flower pots, etc. It takes approximately 100 days to degrade 46% by its weight
and takes two years to degrade completely.

3.3 Protein

These type of materials obtained from plants, animal and bacteria. The potential
examples of plant protein for the transformation of polymeric materials are corn
protein, soy protein and wheat proteins. The available animal proteins are and keratin
and gelatine. The bacterial proteins are chymotrypsin, lactate dehydrogenase and
fumarase.
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3.4 Micro-organism Derived

These types of polymers derived from micro-organisms. Polyhydroxyalkanoate
(PHA) is an example of micro-organism derived polymer. It is produced by bacterial
and genetically modified organisms. Recently researchers are focussed to derive PHA
from food waste. PHA is expensive material and a limited amount can be derived
from bacteria. These are used as cups, food wraps, coating for cardboard, and plates.
Apart from it, this polymer has potential applications in medical, which includes
gauzes, sutures, and medicines coating. It is replacing most of the fossil fuel-based
polymers such as polyethylene, polystyrene and polyvinyl chloride. It is compostable
in soil completely in the presence of microbes and fungi. The microbe presents in
soil breakdown the PHA with the help of enzymes. The degradation depends on the
concentration of presented microbes in the soil. As per bio-based press, PHA takes
2-3 months for decomposition. The decomposition rate is very slower in marine
waters As per ASTM 7081, 30% decomposition was recorded in six months.

3.5 Bio-Derived Monomers

It is a thermoplastic polymer and derived through fermentation by bacteria, which is
part of biotechnology, therefore, it is also known as bio-derived polymers. Polylactide
Acid (PLA) is a kind of bio-derived monomers. The molecules of PLA are joined by
a long chain of lactic acid. The production cost of PLA is quite lesser than the PHA.
But applications of PLA are restricted due to its brittleness. It is used to make food
packaging, grocery bags, cups bottles and plates. It is well decomposable material
in the presence of acids. It has potential applications in medical plates and sutures.
PLA is not easily decomposable in the backyard because water and temperature
levels required for decomposing the PLA are not available in the environment. PLA
generally takes 612 months for degradation in soil. When decompositions of PLA
is done in the presence of oxygen, CO, and H,O formed as the end product. When
degradation occurs in the absence of oxygen, methane gas will form as the end
product. PLA degrades only 3% in the marine water as per ASTM D7081 standard.

3.6 Petroleum Derived Monomers

These types of polymers obtained chemically from synthetic monomers. PCL and
PEA are a the major examples of petroleum-derived polymers. These types of poly-
mers are soft at room temperature. The production of these polymers depends on
petroleum resources.
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3.6.1 PCL

It is obtained by polymerization of e-caprolactone in the presence of metal alkoxides.
It is widely used as a solid plasticizer, polyurethane applications. The biodegradabil-
ity property of PCL leads to increase its applications in biomedicine such as controlled
drug delivery and in environmental aspects, it is used to make soft compostable pack-
aging. These polymers can be decomposed by yeast. The degradation time of PCL
is 15 days.

3.6.2 PBS

It is resin obtained from petroleum. The mechanical performance of neat PBS is
not good. So, bio-based polyester or fibres such as jute and coir may be used as an
additive to improve its mechanical performance. It is used to make service ware,
food packaging, plant pots, agricultural sheets and fishing nets.

The properties of various biodegradable materials are present in Table 1.

Table 1 Properties of various biodegradable materials [8]

Material Ultimate Modulus of Melting Degradation
tensile elasticity (GPa) | point (°C)
strength
(MPa)

Polylactic acid (PLA) | 14.0-114 0.0850-13.8 90.0-180 12 months in soil

and less than 3%
in marine water as

per ASTM D7081
Polyhydroxyalkanoate | 40 3.5 120-177 2 months in
(PHA) Backyards and

less than 50% in

marine water at
the time period of

6 months
Polycaprolectone 10 1.2 60 90% of film
(PCL) degrade in
15 days
Polybutylene 34 - 114 -
Succinate(PBS)
Polybutyrate adipate >17 - 110-120 Biodegradable as
terephthalate (PBAT) well as
compostable in
soil
Polyvinyl alcohol 151.68 - 200 -

(PVA)
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4 Composite Fabrication

The applications of polymers are limited due to higher flexibility, which leads to lower
Young’s modulus and other properties. The reinforcing of polymers may be required
to developed high strength polymer composite foam. The purpose of reinforcement
is to provide strength and stiffness to composite. The properties of the fabricated
composite are not only dependent on the properties of reinforcement, but it also
depends on compatibility and bonding between reinforcement and matrix. When
the load acts on composite, various phenomena may happen i.e. fracture on matrix,
delamination of fibre, fracture of fibre. The fracture in the matrix may occur due to
failure of load transfer from matrix to reinforcement. Delamination occurs due to
poor compatibility and interfacial bonding between matrix and reinforcement. The
reinforcement may be present in two forms.

(i) Fibre reinforcement
(ii) Particulate Reinforcement.

4.1 Fibre Reinforcement

Fibres are systematic arrangement of threads or strands in one or two directions. If the
arrangement of fibres in one direction, it is known as unidirectional fibres. When the
arrangement of fibres is in two directions is known as bidirectional fibres. The fibres
are categorized as natural fibres and synthetic fibres. Natural fibres are obtained from
nature while synthetic fibres are man-made fibres with better mechanical properties
than natural fibres. The energy required to obtain synthetic fibres is higher than natural
fibres. Using natural fibre is advantageous because of its biodegradable nature and
economical as compared to synthetic fibre.

4.2 Particulate Reinforcement

Composite contains reinforcement of particle size less than 0.25 pm is known as
particulate reinforced composite. The enhanced mechanical behaviour of composite
depends upon wettability between matrix and reinforced particles. Particulate rein-
forced composites are more popular in the case of MMC. For example, Graphite,
Molybdenum disulphide and tungsten disulphide PEEK reinforced composite may
be used in wear applications due to its better lubrication. Hydroxyapatite reinforced
composite may also be used as areinforcement in UHMWPE, PLA and PCL. The bio-
compatibility of polymers remains unaffected due to the use of hydroxyapatite. For
better mechanical properties, nano-hydroxyapatite (nHA) may be used as reinforce-
ment. Nano reinforcement leads to uniform dispersion due to the high surface area
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'Ii‘;able 2 Properties of nHA Compressive | Tensile Elastic Fracture

(8] strength strength modulus toughness
(MPa) (MPa) (GPa) (MPa/m)
>400 40 100 1.0

to volume ratio. The presence of nHA in composite leads to better tensile strength,
flexural strength, compression strength and shore hardness. However, the presence
of nHA leads to decrease impact behaviour of the composite due to brittle behaviour
of nHA. The properties of nHA is present in Table 2.

5 Introduction to Microwave-Assisted Heating

The fabrication of porous composite is a challenge due to its porosity, pore size dis-
tributions, longer process cycle, high power consumption and interconnectivity. The
efficient and industrial accepted techniques to make porous biodegradable polymer
composite are solid-state foaming, fluid foaming, phase separation and particulate
leaching. The comparative data of above discussed technique is presented in Table 3.

The mentioned techniques have the limitation of temperature gradient, residual
stresses and overheating at the localised region. Residual stresses lead to laminates
warping, fibre waviness and failure of the specimen at low loads. Microwave may
be an alternative to develop porous biodegradable polymer composite. Researcher
observed better mechanical properties of microwave processed polymer composite.

Table 3 Comparison of various fabrication technique used in fabrication of porous composite [8]

Fabrication route Advantages Disadvantages
Phase separation * High porosity * It takes longer time to
* High interconnectivity sublimation of solvent
* Pore size can be controlled by | « Shrinkage issue
varying processing condition * Small scale production

Particle leaching Controlled porosity » Use of organic solvent

Controlled interconnectivity

Solid free-form » The porous structure can be » Use of organic solvent
tailored
Scaffold coating * Easy to process * Pores clogging

* Adhesion of coating with the
surface is poor

Microwave processing Rapid technique Not suitable for mass
Controlled porosity production

Better interconnectivity

* Pores size can be varied by

wt.% of NaCl
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Microwave radiations are highly penetrating in nature, which leads to rapid and uni-
form heating characteristics. Processing of materials using microwave energy offers
to save in processing time as well as cost. It is an environment-friendly procedure to
process polymers as well as metals. In microwave processing, there is the conversion
of energy into heat inside the material rather than the transfer of heat from the source
to the target material. The frequency of microwaves varies between 0.3 and 300 GHz.
Microwaves are polarised and coherent, which can be absorbed, reflected and trans-
mitted depends on the type of material exposed under the microwave. Traditionally
microwaves were only useful for the purpose of telecommunication, radar detection
and non-destructive testing. Application of microwaves in the heating of material was
invented by Percy Spencer in 1946. From that time microwaves find potential appli-
cations in material processing due to its unique properties such as rapid, selected and
volumetric heating. From 1946-2000, the ceramics and polymers composites were
successfully processed with microwave energy due to their good microwave absorb-
ing properties at room temperature. In the conventional mode of material processing,
the heat transfers by conduction, radiation and convection, creating the temperature
difference between source and target.

6 Microwave Material Interaction Mechanism

In the case of microwave processing of materials, energy is directly delivered to
materials by molecular interaction and transformation of energy into heat occurs
by oscillating of molecules under electromagnetic field and dielectric heating takes
place. Dielectric constant (¢*) can be mathematically expressed in term of electrical
energy stored by a material (¢') and microwave energy dissipated by a heated material
(¢”) in Eq. (1).

e =¢ —ie" (1)

The microwave energy absorbed per unit volume may be evaluated by Eq. (2).
P= (1)(8°8//Erms2 + W M”Hrmsz) )

where,

go: Permittivity of free space (8.854 x 102 F/m).

¢”: Ability of heated material to dissipate energy.

Ems: Root mean square value of the applied electric field (V/m).
H;pns: Root mean square value of the applied magnetic field (A/m).

In case of polymers (non-magnetic materials), the value of " is considered as
negligible, hence no contribution of the magnetic field in absorption of microwaves
so it can be neglected from Eq. (2) and written as
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P= w(EOS//Ermsz) 3)

The difference in way of heating may lead to influence in resultant properties of
the material. However, bulk metals reflect microwaves at a frequency of 2.45 GHz
during processing at room temperature due to low skin depth (d;). The skin depth of
material is defined as the distance from the surface of material to depth of material,
where magnitude of microwave decreased by factor of 1/e (36.8%).

The skin depth of material may be evaluated by Eq. (4).

1
dy= — 4
e To “4)

where,

p: Imaginary part of magnetic permeability (H/m).
o: Electrical conductivity (S/m).

f: Operated frequency of microwaves (1/s).

In microwave material processing, microwaves absorption by materials is volu-
metric and transform the amount of energy into heat by two modes known as ionic
conduction and polarisation. Polarisation refers to a short-range displacement of the
charged particle, occurs at high frequency (2.45 GHz). The presented dipoles in the
materials rotate with the alternating field. Ionic conduction refers to the transport of
charge, which increase oscillation in the molecules. Figure 3a—d shows microwave
transparent material, microwave reflecting material, microwave absorbing material
and mixed microwave absorber respectively.

However, processing of poor microwave absorber in the microwave is challeng-
ing, in this case, technique of Microwave hybrid heating (MHH) may be used for
effective utilisation of microwave. In this technique, susceptor is used to enhance
the microwave interaction, as a result, the heating rate of material increased. Sus-
ceptors refers to the material, which is highly microwave absorber. The susceptor
has ability to couples with microwaves even at room temperature. Coupling leads
to rapid heating, which raises the temperature of subsequent material, which is poor
microwave absorber. When poor absorbing material reaches the critical temperature
value through conventional heat mode then it will start acting as microwave absorbing
material.

7 Case Study: Development of Biodegradable Porous
Composite of Hydroxyapatite Reinforced PCL and PLA
Composites

The applications of microwave energy for the development of composite are receiv-
ing huge interest since last decade. Researchers observed the better mechanical per-
formance of microwave processed polymer composite [9—14]. Zhang et al. used
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microwave energy for synthesis of shape memory polycaprolactone foam [15]. The
schematic used to fabricate porous composite of PLA and HA is shown in Fig. 4. To
apply compaction pressure of 0.02 MPa, deadweight is used to apply the load on the
alumina plate, which is put on the alumina mould. Hole of 7 mm was made on the
surface of the alumina pressure plate for monitoring of temperature inside the mould
using optical pyrometer.

The mechanism involved in the fabrication of PLA/HA composite is shown in
Fig. 5. The PLA, HA and NaCl are exposed under microwaves and directly couples
NaCl as well as HA. This leads to rise in temperature of HA as well as NaCl due
to conversion of microwave energy into heat. The further exposure leads to a satu-
ration point in the microwave heat energy conversion after that point heat transfer
will take place. The heat starts to transfer from HA and NaCl to PLA particles. This
heat transfer is due to the high thermal conductivity of NaCl. The temperature of
PLA starts rising and the thermal expansion process in the polymer takes place. The
temperature rises up to processing temperature (between T, of 58.39 °C and Ty,
of 161-170 °C). The melted particles of PLA make the bond with NaCl and HA.
The compaction pressure of 0.02 MPa increases the bond strength in molecules. To
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obtain porous composite, leaching of the obtained composite is done using distilled
water. While HA particles have negligible solubility in water and remain unaffected.
The leached particles create porosity and interconnectivity in the porous biodegrad-
able composite. The mechanism of development of PCL/HA biodegradable porous
composite material is shown in Fig. 6.

The steps of fabrication may be discussed by six stages.

7.1 Initial Stage

In this stage, the PCL pellets mixed with nano-hydroxyapatite and NaCl in powder
mixing equipment and loaded in alumina mould, which allows the microwave to
pass from themselves up to 900 °C. Beyond 900 °C alumina will act as microwave
absorbing material [16]. The average particle size of nHA was 100 nm. The particle
size of NaCl was 350 wm. NaCl was acted as susceptor as well as leaching agent to
induce the porosity in the fabricated composite.

7.2 Interaction Stage

In this stage, microwave interacts with loaded material (PCL, nHA and NaCl). The
interaction of microwave was observed different for different material as per dielectric
loss factor. The NaCl has the highest dielectric loss factor among all the materials
(PCL, nHA and NaCl). The dielectric loss factor of nHA and NaCl are 0.014 and
0.20, respectively [10]. The exposed microwave directly couples with NaCl particle
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and heats NaCl volumetrically. The temperature of NaCl rises rapidly. Due to the
high thermal conductivity of NaCl, it transfers their heat to nHA. The microwaves
are less interactive with nHA and PCL particles.

7.3 Temperature Rising Stage

In this stage, the temperature of PCL and nHA rises due to individual interaction
of microwaves with nHA and PCL. nHA and NaCl were not affected significantly
with the rise in temperature due to their higher thermal stability [9]. The pellets of
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affected by rise in temperature and start expanding and pellets of PCL make bonding
in each other.

7.4 Heat Transfer Stage

In this stage heat transfer occurs from NaCl as well as nHA to PCL and temperature
of PCL reach between glass transitions (T,) and melting temperature (Ty,), which is
42 °C and 60 °C, respectively.

7.5 Fabrication Stage

The PCL pellets expand on heating and make a stronger bond with nHA and NaCl.
The bonding increases with the cooling of specimens.

7.6 Leaching Stage

Leaching for one week was done in distilled water by using an ultrasonicator. The
particle of NaCl leached out and creates pores on the surface as well as throughout
the depth of specimens. Particles of nHA were not affected by leaching due to its
negligible solubility with water.

8 Microstructural Characterisation of Porous Composites

The micrographs of PCL/10HA and PLA/10HA can be observed in Fig. 7. The
gold coating of 5 nm was done on the surface of specimens before microstructural
observation on scanning electron microscopy (SEM). This is essential to avoid the
accumulation of electrostatic charge on specimens, which created a barrier to the
incoming electrons. The pore size varies between 142 pm and 261 pm. Nano-sized
pores may be observed inside micro-sized pores which are known as interconnected
pores. The dispersion of nHA particle may be observed in the highly magnified
image.
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Fig. 7 Microstructure of hydroxyapatite reinforced porous PCL and PLA composite

9 Comparison of Microwave Processed HA Reinforced
PCL and PLA Porous Composites

The pore size in both porous composites varies between 100 um and 400 pm. This
pore size is equivalent to the particle size of NaCl particles. The leaching time to
induce the porosity within PLA/HA and PCL/HA composite was 24 h and 1 week,
respectively. The flexural strength of PLA/HA porous composite is higher than com-
posite PCL/HA composite. The lower flexural strength is due to higher porosity and
high flexibility of PCL polymers. It can be concluded that porosity is a function of
leaching time. From Table 4 it can be seen that the porosity obtained in PLA/HA
porous composite is in the range of 23—25% and 70-72% in case of PCL/HA porous
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Table 4 Comparison between PCL/HA porous composite and PLA/HA porous composite [9, 10]

Specimens | Power | Exposure | Leaching | Flexural | Pore Porosity | Interconnectivity

(W) time (s) time (s) strength | size (%) (%)
(MPa) | (um)

PLA/10 900 1220 24 h 88.7 180-340 | 23.1 96.67

nHA

PLA/15 900 1190 24 h 74.3 179-350 | 23.9 96.67

nHA

PLA/20 900 1140 24h 66.5 182-345 | 24.9 96.67

nHA

PCL/10 540 412 1 week 6.26 142-261 | 70 51.7

nHA

PCL/15 540 393 1 week 6.99 98-169 | 70.8 54.8

nHA

PCL/20 540 368 1 week 72 98-261 | 72 60

nHA

composite. However, in terms of interconnectivity between pores, higher intercon-
nectivity was obtained in PLA/HA porous composite. The less interconnectivity in
the PCL/HA porous composite foam may be due to the hydrophobic nature of PCL.
Table 4 shows the comparative data of PLA/HA and PCL/HA porous composite.

10 Effect of Microwave Power on Interfacial Bonding

The matrix of PCL is flexible in nature. The failure of the matrix occurs at low
load due to its flexibility. The particle of nHA is stiff in nature. The uniform heating
feature of microwave energy enhances the bonding between the PCL matrix and nHA
particles. Thus the obtained mechanical property is greater at a lower power level.
The extent of bodings between matrix and reinforcement decreases with increased
power level. The enhanced bonding is due to the fact that load on the matrix material
transferred nHA due to the higher extent of bonding. The interfacial bonding is a
function of processing temperature of the specimen. Processing temperature depends
on levels of microwave power. So, it can be seen that interfacial bonding decreases
with an increase in power level of the microwave as shown in Fig. 8. This is due to
decrease in relaxation time of oscillation dipolar moment of molecules [11].
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Fig. 8 Effect of microwave
power on temperature and
interfacial bonding
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11 Effect of Dielectric Properties of Constituting Materials
on Time-Temperature Curve

As discussed above, the major dependency of microwave interaction of material on
dielectric properties of the materials. Therefore, the material having a higher value of
dielectric constant has more interaction with the microwave. The dielectric constant
values for PCL/PLLA, NaCl and HA are 1.2, 2.41 and 5.7, respectively. Since the
dielectric constant of HA is maximum among all the materials used to fabricate
porous composite. Therefore, the composite having a higher weight percentage of
HA particles take lesser time to process. As seen in Fig. 9, the slope of neat PCL is
minimum because of less microwave interaction. PCL/20 HA having the maximum
slope. This is because of the higher value of the dielectric constant of HA.

12 Concluding Remarks

Microwave-assisted composite fabrication may be an alternative technique to fab-
ricate biodegradable based polymer composite foam. The microwave technique of
fabrication is rapid, cost-effective and eco-friendly technique to process polymers.
The porosity of fabricated foam may be controlled by varying wt.% of NaCl and
leaching time. The mechanical properties may be enhanced by varying wt.% of
nano-HA.
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Cellulose Based Biomaterials: Benefits )
and Challenges L

Faiza Sharif, Nawshad Muhammad and Tahera Zafar

Abstract Cellulose is amongst the most inexhaustible natural source of polymers
available on the globe. It is present in trees, plants, fruits, barks and leaves in the
form of key structural element of the cell wall of plant tissues. It contains lignin and
hemicellulose as additional products when isolated, which need to be removed to
obtain nanofibrous cellulose. It has numerous applications in paper, leather, cosmetic,
pharmaceutical, food and packaging. Bacterial cellulose on the other hand is a micro
fibrous membrane made by bacteria in low pH conditions at air liquid interphase.
Bacterial cellulose (BC) is endowed with distinctive properties, for instance, abil-
ity to retain water, ability to mould, high rate of crystallinity, high tensile strength.
These striking physical characteristics arise from its distinctive nanostructure, which
consists of a three-dimensional network made of linear b-1, 4-glucan chains bonded
together by hydrogen interactions. This structure is organized as twining ribbons
made of microfibrillar bundles. These properties make BC an exceptional biomate-
rial which can be use in various ways in biomedical field. Although highly benefi-
cial for biomedical applications cellulose does present some drawbacks. Basically,
nanofibers of plant-based cellulose is isolated by acid hydrolysis and mechanical
defibrillation, both processes have their own challenges similarly bacterial cellulose
is naturally synthesized by bacteria which is a slow process and may make it difficult
to commercially viable for biomedical application.
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1 Introduction

Polymeric materials and derivatives of petrochemicals are composed of high molec-
ular mass and are non degradable [1]. Plastics being a useful and handy day to
day material have various applications but it is hazardious due to its inertness and
non-biodegradability [2]. It is quite obvious that the environment and its ecological
diversity has suffred great damage due to the unrestrained and widespread use and
disposition of such non-biodegradable materials [2]. The concequence of increase
usage of plastics is now having an impact on the global environment since clearance
and dispensation procedures are quite limited as compared to the rate of production.
All the existing methods being used to treat the plastic goods and their waste have
become inefficient and ineffective with passing time [3]. As a result of all these prob-
lems, revolutionary ideas are explored to substitute the conventional plastic material
with the biodegradable materials which are the most favourable materials despite
their high cost [4]. There are numerous biodegradable polymers which are being
explored for multiple applications and cellulose is one of them (Fig. 1) [5-8].

Cellulose, a bountiful macromolecule, is universally identified as the key con-
stituent of plant cell wall. This organic compound is literally the most abundant
polysaccharide on the face of earth, yielding 1.5 trillion tons of yearly biomass pro-
duction [9—11]. Chemically it is (C¢H;¢Os)y, a linear polysaccharide (Fig. 2) held
together by 1,4-B-glucosidic bonds containing highly functionalized hydroxyl group
forming hydrogen bonds responsible for compact structure, formation of crystalline
morphologies at different lengths and also for its low solubility [12—14]. The word,
“cellulose”, initially appeared in an article by A. Payen (1839), where it is defined
as “a resistant fibrous solid that is left after treatment of various plant tissues with
acids, ammonia, and after subsequent extraction with water, alcohol, and ether” [15,
16]. Plant extracted cellulose is useful where mass production is required [14, 17].
Plant cellulose is organized as a network of fibers nested in a matrix of lignin. A
single fiber has a diameter of five nm and lengths in tens of micrometers [18].

Various types of cellulose exist based on their origin, anatomy and processing [16,
19]. Cellulose can yield derivatives using a two-way approach. It can be synthesized
in a descending manner i.e. cellulose is exposed to shear forces to generate minute
particle of cellulose in suspension [20-22]. Or the ascending manner also referred
to as white biotechnology of cellulose [16, 23] which utilizes bacteria for the bio-
genesis of cellulose [24]. Nano cellulose is a unique merge of crucial properties of
cellulose and nano-scale materials [16]. It is noteworthy that at nano-scale the cellu-
lose fibres are entwined in the supramolecular cellulose complex [16]. This massive
cellulose structure provides an appealing pattern for inorganic particle stabilization
and different types of synthetic polymers [25, 26].

Cellulose is categorized further into three types of nanocellulose (NC). These are
cellulose nanofiber (CNF), cellulose nanocrystal (CNC) and nanocellulose compos-
ites [9, 16]. NC, CNC and CNF have distinctive properties like dimensional stability,
transparency, low thermal expansion coefficient, exceptional reinforcing potential. It
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Fig. 1 Cellulosic fiber structural moieties [6]

Fig. 2 Cellobiose unit

is extremely crystalline with a high E ~150 GPa, which explains its strong mechanical
properties [9].

Generally, nanofibrous structure is the basic aggregate of the discrete polymer
units. The straight and longer cellulose crystals are named as whiskers, nanowires or
rod-like microcrystals of cellulose. The term “microfibrillar cellulose” and “nanofib-
rillar cellulose” is used for the nanofibers that adhere together for at least a part of
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Table 1 Cellulosic derivatise and their applications

Cellulose derivatives Properties References
Hydroxypropyl methylcellulose Adhesive/water retention [32-34]
(HPMC) reagent/component in oral
medication/salivary substitute
Cellulose nitrate Highly inflammable [34, 35]
Ethyl cellulose (EC) Thin-film coating material [34]
Cellulose acetate Can be incinerated or composed [34]
Cellulose acetate/butyrate (CAB) Better weathering [34]
Cellulose propionate Stiffer
Caboxymethy] cellulose (CMC) Thickener/emulsifier [34]
Hydroxyethyl cellulose (HEC) Surfactant stabilizer/emulsion [34]
stabilizer
Hydroxypropyl cellulose (HPC) Thickner/emulsion stabilizer/binder [34]
Methyl cellulose (MC) Thickner/emulsifier [36]
Lubricant/bacterial motility
inhibitor/tear or saliva substitute

their entire length. Other terminologies for this are nanoscale fibrillated cellulose and
cellulosic fibrillar fines. The nomenclature “cellulose aggregate fibrils” are entitled
to the fibrils that have not been completely alienated from each other. The phrase
“microcrystalline cellulose” has been termed for bigger aggregates [27].

The extraction process of cellulose from plant source results in environmental haz-
ards and involves a great deal of energy for its formation [7]. Whiskers and nanofibres
are isolated from plant cellulose using two different methods [28]. Cellulose whiskers
are formed by acidic hydrolysis, whereas physical methods, for instance high pres-
sure homogenization, are employed for nanosized fibers [29-31]. Other than this
electrospinning is commonly being used to produce nanocellulose fibres from a cel-
lulose solution or derivatives of cellulose. Further development is still necessary in
order to achieve Nano sized fibre’s length in the range of 1-100 nm.

Cellulose intended to be used in industries comes from cotton, wood and cotton
(Table 1) [6]. The kraft process is used to separate cellulose from lignin, another
major component of plant matter.

2 Bacterial Cellulose

Bacterial nanocellulose (BNC) is another division of cellulose also known as bio
cellulose or microbial cellulose. Bacterial cellulose is beneficial in terms of purity as
it is devoid of certain components like wax, lignin, pectin and hemicelluloses, which
are the integral part of plant-derived cellulose [15, 37]. Additionally architectural
parameters like molecular weight and repeating units of bacterial cellulose could be
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engineered by harnessing the process during biofabrication. BC basically has the
porous fibrous framework of nanoscale cellulose [38]. The diameter of BC fibril is
approximately 30 nm. This shows that it’s diameter is roughly hundred times lesser
than that of cellulose fibers. BC has ultrafine ribbon shaped nanofibers, approximately
100 nm in width, which constitutes a porous 3-D network (conductive polypyrole).
The subfibrils having a width of ~1.5 nm tie-up in a ribbon form. Typically these
ribbons are 70-80 nm wide, 3—4 nm thick and 1-9 nm long. The ribbons twirl
and overlay to form a thick gel-like pellicle [39]. The surface area of the BC is
further apmlified by the nanosize of these fibrils, this is manifested in its substaintial
connection not only with the adjacent environment but also with other polymers, such
as the extracellular matrices of the living tissue and the various types of nanoparticles
[3].

BNC and plant cellulose has similar molecular formula but BNC is distinguished
from plant cellulose on the basis of its nanofiber architecture [40]. The chief differen-
tiating characteristics of BNC are: first; the constitution of cellulose with substrates
having less molecular-weight in laboratory environment, second; The evolution of
an exceptional material formed by uniting the attributes of cellulose with unique
traits of nanoscale material and third, the advantage of in situ control of cellulose
formation where certain traits of cellulose synthesis, for instance structure, shape
and composite generation can be regulated directly at some stage in biosynthesis
[41, 42]. The BC morphology can be regulated by using different kinds of bacterial
strains, adding different constituents in cultural medium, providing various growing
conditions, and post-processing drying methods [43].

2.1 Synthesis of BC

BC is produced by aerobic gram negative bacteria, for instance acetic acid bacte-
ria of the genus Gluconacetobacter [44, 45]. Strains of Achrobacter, pseudomonas,
Aerobacter, Azotobacter and Alcaligene can also be used to synthesize cellulose as
an unadulterated constituent of their own biofilms (Table 2) [46]. Such bacteria are
widespread in nature as a byproduct of sugar and plant carbohydrates fermentation.
In comparison to MFC and NCC which are extracted from plants, biotechnological
assembly is used for manufacture of BNC as a nanomaterial and polymer by using
carbon sources which are low-molecular weight, for example bacterial d-glucose.
BC uses Gluconacetobacter strains for instance G. Xylinus which was reported
by Brown first [14, 51]. It is assumed that bacteria make cellulose to guard itself
from UV radiation and extremes in chemical environment and contact with oxygen
[52-54]. The bacteria are cultured in glucose rich media to obtain cellulose while
producing ethanol as a fermentation product [55]. The BNC (bacterial nanocellulose)
is formed as exopolysaccharide concerning the outer and inner plasma membrane of
bacterial cell and a cellulose-synthesizing complex, using biochemically activated
dextrose catalyst, cellulose synthase [56, 57]. Cyclic diguanylmonophosphate (c-
di-GMP) is the sutaible initiator of cellulose synthase [56]. Here a single cell has
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Table 2 Bacterial strain used

. . Organism Cellulose type References
for synthesis of various types
of cellulose Acetobacter Extracellular pellicle cellulose | [47, 48]
ribbons

Achromobacter | Fibrils [49]
Agrobacterium | Short fibrils [47, 49]
Alcaligenes Fibrils [49]
Pseudomonas No distinct fibrils [47, 49]
Rhizobium Short fibrils [44]
Sarcina Amorphous cellulose [44, 50]
Zoogloea Not well defined [48]

the potential to transform 100 plus dextrose molecules into cellulose every hour.
This forms an enduring BNC hydrogel which is made of a nanofiber network with
fiber 20-100 nm in diameter, having 99% water content. The pure cellulosic mate-
rial exhibits high crytallinity, good mechanical strength and high molecular weight
[14]. A temperature range of 25-29 °C is normally employed to meet the reqiore-
ment of the bacteria [47]. Most common medium used for research work is made by
Schramm and Hestrin, comprising 0.5% peptone and 0.5% yeast extract [58]. Apart
from the nitrogen sources in culture media, a few amino acids are always considered
essential: methionine and glutamate [56]. Certain vitamins, for instance nicotinic
acid, pyridoxine, biotin and p-aminobenzoic acid; when added augments the process
of cellulose synthesis and cell growth [59]. Cellulose production largely depends on
the uninterrupted oxygen supply and carbon source. Other factors affecting the effi-
ciency of production are kind of Gluconacetobacter strain used, the kind of material
as well as its surface morphology, temperature, constituents of its culture medium
(for instance additives) and pH. For cellulose synthesis by Acetobacter xylinum the
optimum pH range is 4-7 [56, 58, 60].

2.2 BC Cultivation Methods

There are two methods used to produce the flat range of variable geometry i.e.
static cultivation involving liquid culture medium or thin layer cultivation associated
with solid phases for example agar. Certain parameters of BNC foils and fleeces for
instance thickness and size can vary, depending on the kind of strain used, volume
of culture medium and the time elapsed for cultivation.
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2.2.1 Static Culture

By using matrix in the static culture, a thick gelatinous membrane can be formed on
the surface of BC [61]. Agitated cultivation environment (stirred or shaken) provides
different shapes like spheres, fibres and pallets [62, 63].

2.2.2 Agitated Culture

Agitated culture is found more appropriate for bulk production of such cellulose
specifically because of their higher production rates [61].

Cellulose manufacture in horizontal fermentors, which is basically a mix of both
stationary and agitated cultures, has also shown promising end-products [64].

2.3 Composite Formation

Pure bacterial cellulose is deficient in certain properties which limit its applications
in industrial and medical field, therefore synthesis of BC composites is carried out
to overcome these limitations [65]. Composites can be prepared by in situ incor-
poration of composite partners to the BC synthetic medium, or by post processing
i.e. ex situ infiltration of reinforcement materials in BNC conventionally. Numerous
materials are used for the synthesis of BC composite such as organic compounds,
bioactive agents, polymerizable monomers, polymers such as polyacrylates, resins,
polysaccharides, proteins, inorganic substances like metals and metal oxides [16, 66].

2.4 BNC Coating

The beneficial traits of BC, like high Young’s modulus and increased fibre—matrix
and fibre—fibre stress transfer, can used in coating sisal fibres to generate hierarchical
composites. Short sisal fibres coated on Nano sized BC during fermentation create
fibre-reinforced nanocomposites with enhanced adhesion properties. This also allows
the extensive use of natural fibres in sustainable composites [67].

2.5 Properties of BC

A precise nano-structured BNC has remarkable intrinsic properties, and is utilized as
areinforcement material for nanocomposites, for actuation systems, and for biomed-
ical purposes [9]. A supramolecular structure of choice can be formed just by con-
trolling certain cultivation conditions and factors like type of bacterial strain, carbon
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source in culture medium, and types of additives used during biosynthesis. Further
properties of BNC is as follows:

1. The Bacterial bio cellulose is highly pure in nature [68].

2. Direct formation of cellulose bodies for instance hydrogels and aerogels (after
drying), can be carried out by using BC.

3. Surface cellulozation occurs if cultivated in a thin layer for coating different
materials.

4. Ability to form In situ composite by using dispersed particles or water soluble

additives.

It can be modified/processed effectively.

6. Natural fibers exhibit poor mechanical properties. Therefore BC plays a vital
role as a nano scale reinforcement material due to its high Young’s modulus
>138 Gpa [69] and tensile strength >2 Gpa (conductive—polypyrrole) and high
density of 1600 kg m~3 [70]. It gets attached in situ to the surface of fibers
(hemp and sisal) through strong hydrogen bonding. Yano et al. and Nogi et al.
found that the nanofiber network potential of BNC can be further exploited to
achieve optically transparent and low thermal expansion material [71]. Guhados
et al. worked out the elastic modulus of a single bacterial cellulose fiber [72].
BC exhibits remarkable mechanical strength in the dry state because of its 3D
crystalline nano fiber structure. The strength of its single fiber are comparable
to that of Kevlar and steel. Thus, it is a reputable source of reinforcing agent for
polymer composites.

7. Macroporosity of BC can be effectively controlled by introducing porogens in
the culture medium.

8. BC has a high molecular weight, characterized by lengthy polymer chains of
roughly 3000-9000 repeating units. Other characteristics are high crystallinity
(80-90%), high water content upto 99%, and superior fibre stability as well as
proven biocompatibility [16]. BC holds a huge amount of water not less than 200
times the dry weight of cellulose [73] which performs like a spacer and stabilizes
the nanofibril network.

9. Synthesis controlled shape of bacterial cellulose. A suitable reactor form and
function (agitated or static cultivation) is the deciding factor in choosing the
shape of BNC hydrogel [74]. Shaping of polymer-based materials is a vital pro-
cess in polymer manufacture and application. The key methods for shaping are
thermoplastic techniques, shaping from solution, in situ shaping and sintering.
Cellulosic materials are shaped from solutions usually due to lack of thermoplas-
tic behaviour. The BC formation by fermentation has offered a new perspective
in the field of in situ shaping of cellulose.

d
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2.6 BNC Cultivation Methods

To produce flat range of variable geometry either static cultivation in liquid culture
medium or thin layer cultivation on solid phases like agar etc. are used. The param-
eters like size and thickness of the BNC fleeces and foils can vary and depends on
the type of strain used, culture medium volume, and duration of cultivation.
Static Culture.

By using matrix in the static culture thick gelatinous membrane of BC on the sur-
face can be formed [61]. Spheres, fibres, pallets are formed under agitated cultivation
conditions (shaking, stirring) [62, 63].

2.7 Agitated Culture

Agitated culture is more appropriate for mass production of BC specifically because
of their higher production rates [61]. Cellulose manufacture in horizontal fermentors,
which is basically a mix of both stationary and agitated cultures, has also shown
promising end-products [64]. This bio-shaping is highly effective for the construction
of flat materials (fleeces, foils), spheres, hollow bodies, fibers, and coatings during
bacterial biosynthesis.

The primary step is selecting the appropriate bacterial culture in order to con-
struct a specific fibre-network of BNC materials [14]. By managing the biologi-
cal and physiological conditions of bacterial growth envioronment for instance pH,
temperature and composition of the culture media, and oxygen tension, pellicle of
different morphology is acquired [75]. Few polysaccharides complexes for instance
cationic starch and CMC, brings variety to the supramolecular alignment and remain
somewhat integrated in the hydrogen-bond of BNC [76].

2.8 Effects of Drying Methods on Morphology of Membranes

BC hydrogel materials can be dried by various techniques such as

(1) Dewatering by organic solvents such as ethanol or acetone. In slow dewater-
ing, the fibril network remains sturdy and aero gels are created.aero gels are
characterized by high re-swelling capacity.

(2) Ceritical point drying.

(3) Hot-press drying.

(4) Air drying under normal or higher pressure. Drying under pressure creates flat
foils with 99% loss of water. Flat foils have high density and are highly stable
mechanically. Such foils have technical application such as wound dressing and
membranes for audio technologies.

(5) Freeze-drying.
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2.9 In situ Modifications of Preformed BC

In situ or post modification done to design the BC composite is a step forward in
development of BC materials. In case of a hydroxyl group as an additive, the in-
situ insertion is altered by hydrogen bridge formation; in the case of nanoparticles,
the BC fibers can act as nanofiber templates. A recent example is the impregnation
of BC with silver nitrate and the subsequent reduction with water-soluble sodium
borohydride (a technical reducing agent), which forms silver metal deposited as
nanoparticles on the supporting BC nanofibers. Nanofibers of BC material, when
modified with carboxylic functionalities, have shown the unique ability to induce
biomimetic crystallization of calcium-deficient hydroxyapatite (28). The presence of
nano-sized hydroxyapatite crystals on the surfaces of cellulose nanofibrils promotes
osteoprogenitor cell adhesion and differentiation (29). The ability to control macro
porosity combined with surface decoration with hydroxyapatite makes BC materials
promising candidates for bone grafts.

2.10 Uses of BC

Because of its peculiarity, BC has gained reasonable importance as a worthy raw
material for various products related to biomedical field. Its use is considered in
microsurgery as an artificial blood vessels [77], scaffolds for tissue engineering [78],
dental implants [56], and drug delivery systems [79]. Other uses for the bacterial
cellulose includes its use as a fortification in very fine papers [80, 81], as coatings,
paint additives, cosmetics and pharmaceuticals [46, 82], diaphragms for electro-
acoustic transducers [83], and reinforcement for optically transparent films [71].
Bacterial cellulose is also utilized as a dietary fiber source (nata-de-coco) [84], as
thickening or binding agents [85].

Paper products: Cellulose is the major constituent of paper, paperboard, and card
stock.

Fibers: Cellulose is the main ingredient of textiles made from cotton, linen, and
other plant fibers. It can be turned into rayon, an important fiber that has been used for
textiles since the beginning of the twentieth century. Both cellophane and rayon are
known as “regenerated cellulose fibers”; they are identical to cellulose in chemical
structure and are usually made from dissolving pulp via viscose. A more recent and
environmentally friendly method to produce a form of rayon is the Lyocell process.

Consumables: Microcrystalline cellulose (E460i) and powdered cellulose
(E460ii) are used as inactive fillers in drug tablets [40] and a wide range of soluble
cellulose derivatives, E numbers E461 to E469, are used as emulsifiers, thickeners
and stabilizers in processed foods. Cellulose powder is, for example, used in pro-
cessed cheese to prevent caking inside the package. Cellulose occurs naturally in
some foods and is an additive in manufactured foods, contributing an indigestible
component used for texture and bulk, potentially aiding in defecation [41].
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Science: Cellulose is used in the laboratory as a stationary phase for thin layer
chromatography. Cellulose fibers are also used in liquid filtration, sometimes in
combination with diatomaceous earth or other filtration media, to create a filter bed
of inert material.

Energy crops: The major combustible component of non-food energy crops is
cellulose, with lignin second. Non-food energy crops produce more usable energy
than edible energy crops (which have alarge starch component), but still compete with
food crops for agricultural land and water resources [42]. Typical non-food energy
crops include industrial hemp (though outlawed in some countries), switchgrass,
Miscanthus, Salix (willow), and Populus (poplar) species.

Biofuel: TU-103, a strain of Clostridium bacteria found in zebra waste, can convert
nearly any form of cellulose into butanol fuel [43, 44].

Building material: Hydroxyl bonding of cellulose in water produces a sprayable,
moldable material as an alternative to the use of plastics and resins. The recyclable
material can be made water- and fire-resistant. It provides sufficient strength for
use as a building material [45]. Cellulose insulation made from recycled paper is
becoming popular as an environmentally preferable material for building insulation.
It can be treated with boric acid as a fire retardant.

Miscellaneous: Cellulose can be converted into cellophane, a thin transparent
film. It is the base material for the celluloid that was used for photographic and
movie films until the mid-1930s. Cellulose is used to make water-soluble adhesives
and binders such as methyl cellulose and carboxymethyl cellulose which are used in
wallpaper paste. Cellulose is further used to make hydrophilic and highly absorbent
sponges. Cellulose is the raw material in the manufacture of nitrocellulose (cellulose
nitrate) which is used in smokeless gunpowder.

Pharmaceuticals: Cellulose derivatives, such as microcrystalline cellulose
(MCC), have the advantages of retaining water, being a stabilizer and thickening
agent, and in reinforcement of drug tablets [46].

3 Bacterial Cellulose for Biomedical Applications

3.1 Skin

The striking similarity existing between bacteria cellulose and human skin is evident,
thats is why bacterial cellulose can be used as skin replacement in treating large-scale
burns [86]. The fibril framework of bacterial cellulose is comparable to extracellular
matrix of human skin [38]. Czaja et al. briefed the external usage of BNC in medicine:
cure for chronic burns and wounds, transitory wound coverage, use in cosmetics [87].
Currently, Lohmann and Rauscher “Suprasorb” wound dressing is available in market
[16]. Wang et al. explained the BNC dressings formation, medical gauze and artificial
skins, by using a special culture medium for the membrane [16] through this method
a suitable yield and thickness of BNC layer could be attained.
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The recent state of BC biomaterial development confirms that BC implants meet
important demands on biomaterials, such as blood and tissue compatibility, ingrowths
of cells, good surgical handling, endothelization and the use of common methods
of sterilization. BC tubes for instance BASYC (Bacterial SYnthesized Cellulose)
exemplifies a novel approach for outliving reconstructive issues by providing vas-
cular grafts of small-caliber (Table 3) [14]. The BNC used most inside the body as
grafts is to treat cardiovascular diseases—the illness common worldwide is the most

Table 3 Biomedical application of bacterial cellulose

Trade name Application | Treatment Properties Effect References
Suprasorb Wound
dressings
Bionext Wound Ulcers and Pain relief, [88]
dressing burns, reduced
lacerations infection and
inflammation,
faster healing
BASYC Bacterially Used as a Smooth [14]
synthesized | micro vessel | surface
cellulose
tubes
Biofill@, Temporary Therapy for | High Pain relief, [56, 77, 89]
Bioprocess@ | artificial burns and mechanical quick
skin ulcers strength in healing, pain
wet state, low | relief
roughness of
the inner
surface, high
water
retention
Membracell Temporary For burns Fast skin [88]
skin lacerations regeneration
substitute and ulcers
XCell Skin Promoting Proper and [88]
substitute autolytic quick wound
debridement, | healing
reducing
pain,
accelerating
granulation
Gengiflex Dental Periodontal Few surgical
implants, tissue steps
grafting recovery involved,
material reduced

inflammation
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important purpose. Up till now, for these coronary bypasses (inner diameter <6 mm)
only autografts (vena saphena and arteria mammaria) can be used. Suitable artificial
implant material for this purpose has not been developed yet [16].

3.3 For Bone

Hutchens et al. carried out an investigation by combining hydroxyapatite and BNC to
evaluate bone repair. It demonstrated that BNC can be used as a template to produce
calcium-deficient hydroxyapatite (CDHAP), the natural mineral constituent of bone.
Since it encourages bone colonization when inserted in bone defects and is also
biodegardable [16].

3.4 Tissue Biocompatibility

Tissue biocompatibility is main evaluating factor of biomedical material. Currently
no systemic study regarding cellulose absorbance and foreign body reaction on liv-
ing tissue has been reported. The reason could be poor biodegradability of cellulose.
Cellulose has poor biodegradability due to its higher-order arrangement. The dis-
tinguishing disparity in absorbance by living tissue chiefly recommends that the
amorphous regions are absorbed and crystalline regions in BNC are poorly absorbed
in tissue. This shows that absorption of cellulose (in vivo) relies on its degree of
crystallinity [13].

3.5 Degradation of Cellulose

Biological solubilisation of cellulose probably takes place in at least two steps: (a)
conversion of the native cellulose molecule into linear anhydroglucose chains and
(b) hydrolysis of the 1,4-b-glucosidic linkage to form soluble sugars [90].

3.6 Cellulosic Composites

Various cellulosic composites are prepared and used in various biomedical applica-
tions. Some of the data are summarized in Table 4.



242 F. Sharif et al.

Table 4 Cellulose based composite materials for biomedical applications

Application Nature of material Effect References
Wound dressing | BC membranes impregnated | Exhibit antibacterial activity | [91]
with Ag nanoparticles against S. aureus and E. coli
Wound dressing | Chitosan-BC membranes Faster epithelialization rates [92]
than BC or Tegaderm®
Burn treatment | BC membranes Faster wound healing of [93]
second-degree burns
Wound dressing | BC-Hyaluronan (0.1%) Higher regeneration rates [94]
composite films than gauze or BC
Cornea scaffold | BC-chitosan/CMC A more suitable interface for | [95]
composites retinal pigment epithelium
adhesion and proliferation
Artificial cornea | BC/PVA composites Artificial cornea and eye [96]
bioengineering
Bone healing BC/hydroxyapatite Improved cellular adhesion [97]
nanocomposites and differentiation

3.7 Drawbacks

In order to reduce the use of plant cellulose, greater emphasis on utilizing bacterial
cellulose is advocated. However, the microbial cellulose is found to be 80 times more
costly as compared to the plant cellulose.

Economical mass production necessitates designing a culture aeration and agita-
tion process [15] another drawback of using bacteria as a source for cellulose pro-
duction, is the aggregation of by-product during bacteria growth time. This retards
the rate of production on industrial level [98].

In conclusion, cellulose especially bacterial cellulose has wide application in
general applications as well as in biomedical applications.
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Rajendra S. Khairnar and Kashinath A. Bogle

Abstract Water pollution due to tremendous increase in industrialization, urban-
ization and population become serious concerns since the last some decade and
will be the major global nightmare. Various contaminations viz; dyes, heavy met-
als, pesticides, pharmaceutical effluents from industries are getting discharged into
water bodies. Among these contaminants, Heavy metals are the main wastewater
pollutants due to their ability to cause the nuisance to living beings and to persist
in the environment. Hence lot of efforts are being taken for treating waste water
contained with heavy metals. Materials scientist are trying to utilise various methods
and materials for solving these problems. Cellulose the natural biopolymer is one
of the materials gaining attention because of its extra ordinary physio-chemical, as
well as mechanical properties compared to other natural biopolymer materials. The
present book chapter deals with the preparations, modifications and its heavy metal
adsorption studies.

1 Introduction

The separation of pollutants, those are speedily rising in our environs due to the mas-
sive comprehensive industrialization, has become essential interest. The pollutants
are generally in the form of perilous organic or inorganic compounds they may be
include metals, non-metals, chemicals, dyes etc. Specially, the heavy metals are com-
ing towards us or towards the whole environment through the water streams from the
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different water resources [1-4]. The existence of such entities are posing a serious
global problem to public health and leading to the destruction of our environment.

Today’s scenario of the research fields is mostly relating with nanoworld. The
nanoworld can define as the one dimensional tiny objects which are nanometric
in size. Tiny objects can be tubular, spherical, wire like, sheet like or fibrous in
shapes. Consequently, we can term as nanotubes, nanopowder, nanowires, nanosheets
or nanofibers. This nanoworld is playing very important role in the cleansing of
contaminated water.

The most plentiful biopolymer cellulose at its nano scale, having diameters in
the range of some 1-100 nm and while its length varies from nanometres to sev-
eral micrometres called as Nanocellulose, is highly participating in the waste water
treatment area. Cellulose is one of the natural polymeric materials that consisting of
hundreds—and sometimes even thousands—of carbon, hydrogen and oxygen atoms
with the formula (C¢H;¢Os),. It is made from repeated units of the monomeric glu-
cose; hence it is a linear organic polysaccharide. It’s having specific chemical struc-
ture which depicted in Fig. 1. Nanocellulose show enhanced properties over bulk
cellulose. Nanocellulose is having properties such as high strength and large surface
area, which make cellulose as highly capable material for the engineering of high-
performance filters as well as membranes. Among the synthesis methods of nanocel-
lulose, Mechanical and chemical pre-treatments are the two different approaches
generally employed for the transformation of cellulose materials into the,

(i) Cellulose nanocrystals (CNCs),

(ii) Cellulose nanofibers or nanofibrils (CNFs),
(iii) Cellulose nanowhiskers (CNWs) and

(iv) Bacterial nanocellulose (BNC)

with an outstanding ability for treating industrial and drinking water system. The
literature survey is also proofed the nanocellulose application in the form of various
structures for water purification.

Recently, the modified as well as functionalized cellulose are giving more inter-
est towards the water treatment. It is investigated that Cellulose as well as modified

Fig. 1 The chemical structure of cellulose
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cellulose are used as adsorbent for the heavy metal ions adsorption, like chromium
Cr(IV), copper Cu(Il), Zinc Zn(II), lead Pb(II), cadmium Cd(II), and cobalt Co etc.
In addition to this, removal of bacteria from water through electrostatic interactions
using paper filters modified which further modified with polyelectrolyte multilayers
is also investigated [5]. Because of —OH group the cellulose can be successfully func-
tionalise into anionic and cationic nature by functionalization procedures developed
for the attaching functional groups on the cellulose [6].

This chapter mainly stress on the synthesis methods of cellulose, functionalization
of cellulose based bio polymers, and particularly its applications in eradication by
means of different methods for heavy metals.

2 Nanocellulose: Synthesis, Functionalization
and Applications

2.1 Synthesis of Nanocellulose

Cellulose having the ample applications in almost every field and researcher are still
working to improve its usability in all aspects and hence in order to use nanocellu-
lose on globally, it is necessary to produce a sustainable and environmentally bene-
ficial pre-treatment processes. The pre-treatment processes are necessary to produce
nanocellulose product in the pure form. Ample research articles have been already
reported the fabrication of nanocellulose using pre-treatments methodologies. Prepa-
rations of nanocellulose can be carried out by chemical as well as mechanical pre-
treatment [7]. Cryocrushing and refining, are the mechanical pre-treatment technique
which combines the steps like (i) combination of simple cropping in a refiner tank and
then (ii) high-impact crushing under liquid nitrogen atmosphere to avoid impurities
[8] (Fig. 2).

Nanocellulose can be further classified on the basis of characteristics, shapes and
sources are presented below.

Cellulose Nanocrystals (CNCs)

TEMPO oxidation and subsequent cavitation is utilized for the acid-free preparation
of CNCs [9]. Microcrystalline cellulose (MCC) subjected to NaOH/urea treatment
which further followed by regeneration and sonication to get cellulose nanocrystals
[10]. Industrial agricultural waste has been reported as the sources for the production
of cellulose nanocrystals [11]. Moreover, various bio-wastes including wheat straw,
rice straw, potato pulp, banana fibres, sugar beet, yellow pea cotton, algae, chitin,
and waxy maize are also reported sources of the production of CNCs [12-19].

Cellulose Nanofibrils (CNFs)

CNFs are prepared from Softwood, Hardwood, and Tunicate [20]. Sludge mate-
rials from Paper mills industries including dried and never dried papers are uti-
lized for the preparation of cellulose nanofiber [21]. High pressure homogenization
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Fig. 2 Some Pre-treatment methodologies for the synthesis of nanocellulose

method were used for production of CNFs as network structure with widths varying
from 10 to 50 nm. This method is not good in terms of energy consumption as it
requires high amount of energy [22, 23]. Carboxymethylation [24, 25], phospho-
rylation [26], acetylation, and NaClO,-oxidation followed by periodate oxidation
[21], Pre-treatment of cellulose fibers derived from plants to efficiently prepare new
nanocellulose using catalytic oxidation with 2,2,6,6-tetramethylpiperidine-1-oxyl
radical which is considered as TEMPO reagent under aqueous conditions has been
developed, this methodology is widely accepted for cellulose treatments to prepare
nanocellulose [21, 27-29].

Microfibrillated Cellulose (MFC)

Microfibrillated cellulose (MFC) can be synthesized with the methods reported here-
with. The micro cellulose fibrils and strong gel were produced by enzyme treatment
collectively with mechanical shearing and high-pressure homogenization [30]. Wood
source has been utilised for the synthesis of composite of nanocellulose polypyr-
role and microfibrilillated cellulose [31]. Three different precursor materials such
as China cotton, South African cotton and waste tissue papers are employed for
the facile synthesis and characterization of conventional nano-cellulose like nano
fibrils, nano-whiskers, microfibrillated cellulose by acid hydrolysis route [32]. An
environmentally friendly method is applied for the production of enzyme-assisted
preparation of microfibrillated cellulose (MFC) nanofibers [33]. High shear refining
and cryocrushing methods are utilize for the synthesis of MFC [34].
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Cellulose Nanowhiskers (CNWs)

Melt processed CNWs-filled polyactide-based nanocomposites are produced by
interfacial ring opening polymerization [35]. CNWs are also obtained from waste
recycling of paper industry [36] Coconut husk fibers [37], cotton fibres by controlled
microbial hydrolysis [38] are employed for the preparation of CNWs.

Bacterial Nanocellulose (BNC)

Bacterial nanocellulose is produced from cheap stock of wheat straw [39]. BNC
also have been produced from CI pre-treated waste cotton fabrics [40]. Enzymatic
treatment methods like Gluconacetobacter xylinus for saccharification of dissolution
pre-treated waste cellulosic fabrics have been effectively used for BNC synthesis [41].

2.2 Functionalization

The functional groups can be induced on the surface of the nanocellulose particu-
larly —OH groups through some functionalization methods viz; phosphorylation, sul-
fonation, esterification, etherification, carboxylation, amination and oxidation which
cause the surface of charge of cellulose. It is further examined that the introducing
such functional groups to cellulose surface now will acts as binding functional groups
such as carboxyl, sulfonate, and phosphonate groups, can provide the large number
of capturing sites to adsorb the pollutant. The various functionalities attached with
the nanocellulose biopolymer are schemed in Fig. 3.

The cellulose paper has been converted to the phosphorylated cellulose. The per-
formance of these phosphorylated nanopaper is examined for copper as heavy metal
ion. The result of reported nanopaper shows capability of eradicating copper ions
during a process of filtration by means of adsorption [42].

Fig. 3 The scheme for (RO,)SI(CH,)R’
different chemical 2 z
functionalization for

modification of cellulose -NR;* x /
surface \ -COR

-COOR

-SH / \
-(COOH)n
-PO*
-0,

-PO(OH),

-CONH,

-(NH)n &

Cellulose-OH
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Tetraethoxysilane combined with cellulose acetate to form composite material for
the adsorption purpose of Cr(VI) by alkalization process. The prepared composite
membrane shows the good rejection activity for Cr(VI) [43].

Fe(Ill)-coordinated amino-functionalized poly(glycidylmethacrylate)-grafted
TiO,-densified cellulose is utilized for the removal of As(V) from polluted water
[44]. The carboxylation of the waste pulp residue from paper industries carried out
by means of TEMPO-mediated oxidation and modified carboxylated substrates has
been used to adsorption of Cu(Il), Ni(Il) [45]. It is also examined the chemical
modification of nanocellulose is achieved using carboxylic acids [46].

Liuetal. reported the comparative study of sulfonated CNC with sulfonated CFCs.
They found that, Sulfonated CNC have greater adsorption capability (34 mg/g) for
Ag(I) compared to its counterpart i.e. sulfonated CNC (14 mg/g) [45]. Sulfonated
wheat pulp nanocellulose is suited for the Lead adsorption [47].

The removal of Cu(Il), Ni(Il) and Cd(Il) ions from aqueous solution are suc-
cessfully removed by using microfibrilillated cellulose which further modified by
amino propyl triethoxy silane improved [48]. Gurgel et al. reported the adsorption
of Cr(VI) using the cellulose functionalized methyl-iodide and triethylenetetramine
[49]. P-aminobenzoic groups modified by cellulose is utilized for the removal of var-
ious heavy metals [50]. Amine functionalized cellulose which was further pretreated
with microwave-H, O, used for heavy metal ions adsorption [51].

Esterification cellulose has been performed to remove range of heavy metals
including Zn, Pb, Cd, Cu etc. Various ratios of CNF and citric acid has been studies
to get perfect esterification of CNFs. It’s found that 1:1 ratio of CNF to citric acid
shows greater adsorption capacities [52].

3 Functionalized Nanocellulose for the Adsorption
of Heavy Metals from Contaminated Water

The contaminated water by heavy metals is turn into environmental disputes as
its subsequently bioaccumulation in living organisms including plants, animals and
humans cause the perilous effects. Therefore, the metal removal technologies are
utilizing in at highest level. Adsorption is widely used techniques because of its
merits, its an efficient, valuable and trouble-free technology for heavy metal removal.
Today adsorption of heavy metals using cellulosed biopolymers has been become
vital technology. This natural biopolymer and its chemically modified forms are
competent constituents to tackle the problems of metal poisoning. From literature
survey, various functional groups on cellulose are helpful for the remediation of the
different heavy metals, as summarized below.

Ag(I)=1.2mmol g™, Cu(Il) = 1.5 mmol g!, and Hg(IT) = 2 mmol g of adsorp-
tion capacity has been achieved using hybrid material of cellulose. CNF were precipi-
tated in the presence of Fe(Il)/Fe(Ill), using glycidylmethacrylate and tetraethylene-
pentamine [53]. Cotton as source of cellulose was used which first hydrolysed to



Cellulose Based Bio Polymers: Synthesis, Functionalization and Applications ... 253

Table 1 Functional groups assisted different nano cellulose for Cu(II) adsorption

Sr. no Adsorbent Functional groups References
1 Cellulose Linked 8-hydroxy quinolone [58]
2 Cellulose TEMPO oxidation, PEI grafting [59]
3 Cellulose nanofibrils Mechanical disintegration [60]
4 Cellulose Paper PEI cross linked [61]
5 Cellulose paper Amidoxime [62]
6 Cellulose Triethylenetetramine [63]
7 Cellulose from wood pulp Citric acid (carboxyl) [64]

achieve CNCs. CNCs were then termed as SCNCs after chemically modified with
succinic anhydride. The sodic Nano adsorbent (NaSCNCs) was further prepared
by treatment of SCNCs with saturated NaHCO3 aqueous solution. The prepared
adsorbent used for Cd and Pb removal [54].

The cellulose/chitin beads can adsorb efficiently Pb%*, Cd** and Cu?* ions, with
uptake capacities are 0.33 mmol/g, 0.32 mmol/g and 0.30 mmol/g, respectively [55].
The succinic anhydride modified mercerized nanocellulose were used for removal
of Zn(II), Ni(II), Cu(II), Co(II), and Cd(II) ions [56]. In-situ TEMPO surface func-
tionalization of nanocellulose membranes are accountable for the improved removal
capability of Ag(I), Cu(Il)/Fe(IIT)/Fe(II) ions through contaminated waste water [57].

Moreover, concerning with different functionalities on nanocellulose surface are
effective for the adsorption/removal of Cu(Il) ions, as listed according to the literature
in the Table 1.

4 Concluding Remarks

Cellulose, the most abundant biopolymer present in nature can be efficiently can be
prepare and it can play a major role to treat waste water. Research herewith studied
shows the cellulose can be prepared easily with mechanical as well as chemical
processes. The prepared cellulose can be easily can modify for its specific adsorption
of heavy metal from waste sources. The future research work will be the applicability
of cellulose based materials in actual commercial way.
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Abstract Oil spillage is considered one of the most devastating forms of pollution,
for its effect on the environment, particularly on aquatic life. This kind of disaster
can impact in two ways, directly caused by the polluting spilled oil or due to the
cleanup process. In fact, oil floating on water does not allow sunlight to pass through
and its toxicity puts the life of aquatic animals at risk. Furthermore, other factors can
also contribute to this damage. In fact, a wrong oil recovery system can add a further
pollution level. Polymer sorbents used for the oil spill recovery, if not properly
treated, increase the level of marine and ground pollution. For this reason, in the
last years, green materials are increasingly studied and used for this purpose. Green
adsorbents (such as lignocellulosic, fruits fibers) are recently employed with excellent
results. Aim of this book chapter is the evaluation of the oil sorption properties of
natural fibers extracted from the stem of the giant reed Arundo Donax L., a perennial
rhizomatous grass belonging to the Poaceae family that grows naturally all around
the world thanks to its ability to tolerate different climatic conditions.

1 Introduction

Oil represents one of the most important raw material sources for synthetic polymers
and chemicals worldwide. Consequently, there is a high risk of oil spillage whenever
oil is explored, transported and stored or its derivatives are used, thus leading to
significant environmental impact [1]. Oil spills have dramatic concern cause of the
adverse impact on economic, social and ecological systems. In the last years several
efforts were focused in order to identify an optimal cleaning-up technology able to
give high effectiveness and reliability.
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Aim of this book chapter is the evaluation of the oil sorption properties of natural
fibers extracted from the stem of the giantreed Arundo Donax L., a perennial rhizoma-
tous grass belonging to the Poaceae family that grows naturally all around the world
thanks to its ability to tolerate different climatic conditions. It was widely introduced
by humans as ornamental plant to many countries surrounding the Mediterranean
basin (even in the urban areas) but it has since became an invasive and aggressive
species that displaces autochthonous plant communities in a number of riparian habi-
tats [2, 3]. Its ability of adapting a wide variety of ecological conditions can be mainly
related to the development of coarse, drought-resistant rhizomes, and deeply pene-
trating roots [4]. In particular, its deep and permanent roots, able to extend as much
as 1.2 m downwards, play a key role in the prevention of soil erosion in addition to
perform their primary task of insuring efficient water absorption [4].

A further feature of Arundo Donax giant reed is the high growth rate even if it
can be slow down by water shortage [5]. In more detail, established rhizomes show
growth rates of about 6.25 cm/day in the first 40 days and about 2.67 cm/day in
the first 150 days. Furthermore, under optimal conditions (i.e., cultivation) Arundo
Donax L. plant is reported to grow in the range from 4 to 10 cm/day [6].

Arundo Donax L. plant shows a wide range of applications. Its stem (or culm) is
still today used in the production of musical woodwind instruments: i.e., no satis-
factory substitutes have been developed. In particular, optimum playing conditions
of woodwind instruments using Arundo Donax appear after some time of usage due
to the high content of water-soluble extractives, mainly of glucose, fructose, and
sucrose that influence their acoustic properties [7, 8]. Furthermore, the giant reed
stem is often used to make fences, trellises, stakes for plants, windbreaks, sun shel-
ters [9], as source of fibers for printing paper [10], as a diuretic and as a source of
biomass for chemical feedstocks and for energy production. In particular, Papazoglou
etal. [11] evaluated the grown of Arundo Donax L. on surface soil and irrigated with
solutions of mixed heavy metals (i.e., cadmium and nickel) to study the impact of
these heavy metals on its growth and photosynthesis. From the experimental results,
it was evidenced that Arundo Donax L. can be cultivated in contaminated soils to
provide biomass for energy production purposes, thus representing very promising
energy plants.

Moreover, this non-wood plant has been also considered for the production of
chipboard panels alternative to the wood-based ones. In this context, it was shown
by Flores et al. [12] that it is possible to produce panels based on Arundo Donax
particles (using urea formaldehyde resin as matrix) suitable for indoor use, since
they reach the minimum structural parameters for that use (i.e., acceptable resistance
compared to the wood panels available on the market). Fiore et al. [13] extracted
fibers from the outer part of the plant stem in order to evaluate their usefulness
as reinforcement in polymer based composites. To this aim, the morphology, the
chemical composition, the physical and mechanical properties of extracted fibers
were investigated. The promising results allowed to state that Arundo Donax fibers
represent a valid alternative to other common natural fibers as reinforcing phase
of composite materials. Starting from these preliminary study, the same Authors
used the extracted fiber as reinforcement of both epoxy resin [14] and poly (lactic
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acid) [15]. Ismail and Jaeel [16] evaluated the partial replacement of sand in con-
crete mixes by using giant reed ash and air-dried giant reed fibers, thus evidencing
that increments of the compressive strength (up to 7.96% by replacing 7.5 wt% of
sand with giant reed ash) were achieved. In a most recent paper [17], the effects
of plasma treatment both on the properties of fibers extracted from the leaves of
Arundo Donax L. plant and on their compatibility with a bio-based epoxy resin
were evaluated. The mechanical characterization showed remarkable enhancements
of the performances of the resulting composites, thus indicating that plasma treat-
ment was able to improve the compatibility between Arundo Donax fibers and the
epoxy matrix. However, the considerable industrial flexibility of this class of materi-
als does not limit its application fields to structural composite materials, but suggests
its potential use in more diversified contexts where the chemical-physical charac-
teristics of the fibers are integrated to the mechanical properties. In such a context,
the use of these fibers as oil spillage systems represents a stimulating and innovative
challenge in the panorama of the current literature.

2 Advances on Green Materials for Qil Spill Recovery
Technologies

An oil spill is the accidental loss or intentional release of petroleum hydrocarbons into
an ecosystem, particularly the marine environment. An oil spill in water represents a
significant environmental risk because it cannot be easily confined to the area where
the contamination occurred. The oil spill can be carried by the wind, current or sea
waves increasing oil transportation and weathering speed. Furthermore the spilled
oil evaporates, it forms a large surface layer that widely disperses in the water, or
submerges and accumulates in the seabed, implying contamination both in the marine
fauna and flora.

The research of new high performing adsorbents for oil spill recovery is a hot topic
today. Three main approaches can be identified for the clean-up oil spill: physical,
chemical and biological methods [18]. Skimmers are stationary or mobile devices,
that were used to remove floating and/or emulsified oil from the water surface [19]. In
adverse environmental conditions, such as rough seawater, the chemical dispersant
application is preferred. However, using chemical methods, seawater ecosystem may
be affected [20]. Biological methods are based on addition of microbes, nutrients or
oxygen to favor bacterial growth able to biodegrade the spilled oil [21].

The reliability of a technology compared to another one is related to the specific
conditions of use that are identified where the spill oil occurred (position, type and
volume of spilled oil, environmental conditions). Among the several techniques that
can be identified in oil spill recovery, the physical method applying sorbent materials
is considered to be one of the most efficient and high performing methods [22].
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In such a context, the main aim is to find a material with high adsorbent capacity,
superhydrophobic, reusable, low cost and recyclable, with a very low environmental
impact, to simplify disposal procedures at the end of its life and optimize the costs-
benefits ratio.

Three main categories of oil sorbents can be considered: i.e., synthetic polymers,
mineral materials, and natural biomass-based oil sorbents. Synthetic polymers (i.e.,
mainly polypropylene, polyester and polyurethane fibers) are typically used as sor-
bents, thanks to their great efficiency in the oil removal from oil-water mixtures.
Although, synthetic polymers as polypropylene [23], polyurethane [24], methacry-
late [25] are considered ideal materials for oil spillage clean-up, due to their low
density, good hydrophobicity and optimal physical and chemical resistance. Unfor-
tunately, they are made from non-biodegradable and expensive oil by-products. Fur-
thermore, often, polymers are employed to make hydrophobic some waste materials,
to enhance their properties and give them a second life and consequently an added
value. On the other hand, mineral materials (i.e., vermiculite, exfoliated graphite and
fly ash) can be also used even if most of them are difficult to handle onsite with poor
buoyancy and oil sorption capacity [26].

Due to the above drawbacks shown by synthetic polymers and mineral materials,
an increasing attention was focused in the last decades toward biomass-based oil
sorbents such as lignocellulosic fibers or particles. As a consequence, a quite wide
literature describing oil removal by natural biomass-based oil sorbents can be found.

In this context, Annunciado et al. [27] investigated the use of vegetable fibers
such as mixed leaves residues, mixed sawdust, sisal (Agave sisalana), coir fiber
(Cocos nucifera), sponge-gourd (Luffa cylindrica) and silk-floss as sorbent materials
of crude oil, showing that the latter evidenced highest hydrophobicity and oil sorption
capacity. Adhithya et al. [28] evaluated the feasibility of bamboo fibers for separation
of oil from water showing the great advantage in treating oil-water mixture with this
kind of natural fibers: i.e., very high adsorption capacities were obtained for both
vegetable and synthetic oils. Moreover, platanus fruit fibers having unique hollow
tubular structures were successfully utilized in the preparation of an efficient oil
sorbents by chemical modification with acetic anhydride by Yang et al. [26]. They
showed that the hydrophobic modification of platanus fruit fibers greatly enhances
their sorption capacity for various oils and organic solvents.

Liu et al. developed a cellulose-based oil adsorbent using the waste paper through
a simple modification process [29]. They sprayed with polyethylene wax and alkyl
ketene dimer the pulverized paper to increase the hydrophobicity of the raw material.
With this process they reached a contact angle of 125.6° in water ad an adsorbing
capacity of 16-28 times their own weight in oil. But these modifications may result
in decreased biocompatibility and the resulting materials may be not renewable and
biodegradable. Green materials are environmentally friendly and low cost. Further-
more they exhibit a low density, similar to polymeric materials and a competitive
adsorption capacity. Wang et al. assessed a simple and green approach to produce
a cost effective, ultralight, elastic, and highly recyclable superadsorbent by using
renewable cellulose fibers through a simple and eco-friendly microfibrillation treat-
ment and freeze-drying [30]. The as realized adsorbent reached 88-228 gg~! oil



Arundo Donax Fibers as Green Materials for Oil Spill Recovery 263

(a) (b)

Engine oil

- 100
Olive oil

Dissel addtives g 80

Acetone 60
Chioroform

Toluene g 40

Cyclohexane L 20

I Raw fiber

Re-sorption percentage (%)

Kerosene - N M Carbon fiber
) ___ : 0
40 60 80 100 120 140 1 2 3 4 5 6 7 8 9 10
Oil-absorbing capacity (g/g) Cycles

Fig. 1 Oil adsorption capacity (a) and reusability (b) of pyrolysed Calotropis gigantea fibers [31]

adsorption capacity, but what is worthy to note is that the material showed an excel-
lent flexibility and elasticity, being reused for at least 30 adsorbing/squeezing cycles
without changing its oil sorption capability. Tu et al. used carbon fibers derived from
Calotropis gigantea pyrolysis process to obtain an eco-friendly and sustainable oil
adsorbent [31]. The obtained material was able to adsorb up to 130 gg~! of oil in few
seconds and could be recovered by extracting the tested oils with absolute ethanol
and could be reused for more than 10 cycles (Fig. 1).

Structured cattail fibers were employed by Cao et al. [32] to remove oils from
runoff. The inner structural properties of the fibers were the reason of their good
oil cyclic cleanup (10.62 gg~! of diesel oil). Superoleophilic and superhydrophobic
carbon fibers obtained from sisal leaves alkalization, bleaching, freeze-drying and
carbonization, were utilized by Liu et al. [33]. The sorbent material exhibited an
excellent oil sorption ability (from 90 to 188 times of its own weight in different
organic oils). Recently, porous carbon spheres derived by a simple carbonization
of the Liquidambar formosana (Fig. 2a—c) were used for oil and organic solvent
adsorption [34]. Due to their porous structure and hydrophobic nature the organic
spheres could float (Fig. 2d) and showed a high rate of adsorption kinetics.

Furthermore the adsorbed oil could be removed by ethanol treatment and the
spheres could be reused for several times. Further studies were focalized on the
investigation of oil recovery properties of raw barley straw [35], kapok fiber [36] and
raw bagasse [37].

In such a context, Wang et al. realized magnetically superhydrophobic oil sor-
bent by directly immobilization of Fe, O3 nanoparticles on kapok fibers surface [38]
(Fig. 3).

This led to a water contact angle of 143° (Fig. 3b) also after several adsorbing
cycles. The as modified kapok could increase by 30.5% its sorption capacity in diesel
oil. In general, based on the low-cost and abundance of raw material obtained from
nature, green materials result very attractive to be applied in oil spillage recovery
field.
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Fig. 2 Photos of Liquidambar formosana (a), before (b) and after (c) carbonization. The sphere
can float on water (d) [34]

Fig.3 Schematic representation of magnetically superhydrophobic kapok fibers realization process
(a), wettability of water and toluene (b), mirror effect in water (c¢), magnetic properties (d) [38]
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3 Fibers Preparation and Characterization

3.1 Arundo Donax Fibers Preparation

The Arundo Donax L., used in this reference experimental campaign on oil sorption
characterization, was collected after flowering in a plantation in the area of Palermo
(Sicily). After collecting the fresh plant, the stem, having outer and inner average
diameters equal to 25 and 17 mm, was separated from the foliage. The stem was cut
into small parts and dried at 103 °C for 24 h in an oven to remove all the moisture
content, according to ASABE S358.3 (2012). After this phase, the fibers with a length
between 100 and 160 mm were extracted from the stem by mechanical separation.
In particular, the outer part of the culm was manually decorticated with the help of
blades obtaining thin strips from which fibers were easily separated with the aid of
a scalpel and a Leica optical microscope model MS5. Long fibers were chopped
at different length in order to evaluate the effect of fiber geometry on the sorption
performances on different oil pollutants. Therefore, three batches were prepared as
function of fiber length of Arundo Donax fiber in the range of 2000-300 wm, coding
them AD-L, AD-M and AD-S for large, medium and small fiber size, respectively.

3.2 Sorption Capacity Experiment

Sorption experiments were carried out by equilibrating AD fibers sample bags in
250 mL of different commercial oils at room temperature and under slow stirring.
In particular, four commercial oils were used for the sorption experiments (i.e., with
kerosene, virgin naphtha, pump oil and crude oil). For comparison sorption of distilled
water was also performed. Some characteristics of selected oils are summarized
in Table 1 (where p and p are density and dynamic viscosity of the pollutants,
respectively).

Atincreasing immersion time, the AD samples were accurately removed from the
beaker. The impregnated bag was places in a watch glass, open to air for 30 s in order
to release the residual pollutant and subsequently weighed. Furthermore, sorption
measurements on empty bags were performed as reference and used to extrapolate
the AD fiber sorption performances. The mass adsorption capacity was calculated
as:

Table 1 Density (p) and the dynamic viscosity (j.) of selected oils

Water Virgin naphtha Kerosene Crude oil Pump oil
o (kg/m?) 1000 630 780 890 858
w (Pas) 0.0010 0.0012 0.0019 0.2710 0.1231
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where (), is sorption capacity of the fiber at sorption time ¢, m( and m; are the initial
weight (at instant t = 0 s) and the weight of AD sample after sorption time ¢ (reduced
by the bag contribute), respectively. The sorption measurements were performed up
to weight stabilization. This value was identified as saturation sorption capacity.

4 Performance Evaluation and Characterization of Arundo
Donax (AD) Fibers for Oil Spill Recovery Applications

4.1 Morphology of Arundo Donax Fibers

As other lignocellulosic fibers, the surface morphology of the Arundo Donax fibers
is characterized by several elementary fibers (known as fibrils or fiber-cells) bonded
each other along their length by pectin and other non-cellulosic compounds [13, 39],
thus forming a fiber bundle.

Usually, their surface is characterized by impurities, typical of raw natural fibers.
In order to eliminate these impurities and to increase the surface functional groups,
natural fibers are usually chemically treated [13]. In Fig. 4a, the cross section of an
Arundo fiber is shown. Vascular bundles and fiber-cells, with polygonal shape and a
central hole, named lumen, can be clearly identified [13]. In particular, by analyzing
the detail reported in Fig. 4b, it is possible to identify the morphology of fiber-cells
structure. The AD fiber has a large porous structure with very wide channels with a
hexagonal-type geometry along the preferential orientation of fibrils. However, the
channel size is not regular with defects and heterogeneities commonly highlighted
on the structure. The variability in diameter of fiber-cells and lumen has a great
influence on the chemo-physical and mechanical properties of Arundo Donax fibers
[39]. For oil spill recovery applications, a fundamental key factor is therefore to
evaluate the morphology of the structure at the fiber size variable in order to be able
to uniquely define the relationship between structure and sorption performances. The
morphological peculiarity of a wide and regular internal porosity in AD fibers plays
a fundamental role in the adsorbent performance with the different contaminating
oils.

Arundo Donax fibers show a porous orthotropic morphology with lamellar struc-
ture that identifies a preferential orientation and several interconnected pores, as
observed in Fig. 5. The analyzed samples belong to three different sizes. The AD-L
has mean size higher than 500 pum and, as shown in Fig. 5a, the morphology is char-
acterized by circular channels side by side, each formed by many communicating
cells, like a beehive. AD-M mean size is in the range of 300—500 pm and the sample
is constituted by smaller Arundo Donax particles, where decreased channels size
and amount but still maintaining the characteristics of the base material (Fig. 5b).
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Fig. 4 SEM micrographs of
cross section of Arundo
fibers at two different
magnifications: a lower and
b higher [13]

AD-S sample presents a mean size between 150 and 300 pwm and the original beehive
structure is completely destroyed (Fig. 5¢). Owing to their channels morphology and
subsequently to their low density, the Arundo Donax fibers float.

4.2 Sorption Performances

The sorption capacity, q; (mg/g), evolution at increasing sorption time for all AD
fiber batches at varying pollutants is shown in Fig. 6.
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Fig. 5 SEM images of
a large b medium and ¢ small
shaped Arundo Donax fibers
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All curves highlight monotone trend with a progressive increase at increasing
adsorption time until reaching a constant weight. In particular, three stages can be
identified:

I.  Atfirst, at low sorption time (range 0-30 s), the sorption capacity increases very
quickly, indicating a high sorption rate.
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II. Afterwards, the pollutant uptake increases with a reduced sorption rate as con-
firmed by the low uptake versus time slope. This region occurs at different time
range depending on selected pollutant.

III. Eventually, an equilibrium condition is reached and an uptake plateau is
observed. In this stage only a very slight increase in the sorption capacity occurs
due to the reduced sorbent surfaces available for oil entrapment [40].

By analyzing AD-L samples, Fig. 6a, high absorption capabilities were observed
in water and pump oil. Instead, the lowest sorption performances were highlighted
in kerosene.

Gradually, as the size of the fibers increases, the adsorbent properties appear to be
apparently similar, although a slight deviation in trend can be found (e.g., analyzing
the crude oil in AD-L batch where adsorption at saturation is the lowest than other
pollutants).

However, in order to better analyze the importance of fiber dimensions on absorp-
tion capacities, Fig. 7 shows the absorption trend at varying time for two reference
liquids, at low and high viscosity (i.e., water and pump oil). While the pump oil
pollutant does not show a significant variation in the uptake trend as a function of the
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particle size (only a difference in uptake at saturation can be evidenced), it is worth
noting that that in water several phenomena participate in the sorption process.

In particular, the initial phase is kinetically favored in small size Arundo Donax
fibers. On the other hand, the uptake at saturation is very high for the large size
fibers. In fact, for AD-M and mainly AD-L batches, show a very extensive phase
IL, in which a slow but progressive increase in weight can be observed. This trend
cannot be identified for AD-S specimens.

By analyzing the pump oil trend there is a bilinear trend. The initial phase at short
times is associated with the rapid absorption phenomena that take place due to a
combined action of mass transfer (i.e., transport from the solution to the adsorbent
surface) and intra-particle diffusion (i.e., diffusion toward surface pores). The second
phase can be identified in correspondence of uptake plateau when the absorption
equilibrium is reached. This phase is identifiable by a quite horizontal straight line
indicating the independence of the pollutant uptake percentage from time. In fact,
as confirmed by Wahi et al. [41] in its study on sago bark fiber waste for removal
of oil from palm oil mill effluent (POME), a saturation step is reached when the
adsorption-desorption process that occurs at saturated sorbent surfaces takes place
(Fig. 8). After 30—40 min, adsorption capacity remains constant between 60 and 90%
for the examined sago bark fibers samples. In this case, the oil removal efficiency
is reduced or constant, because only small increase is observed due to the limited
availability of sorbent surfaces, for oil entrapment. It is worth noting that AD fibers
highlight a faster adsorption kinetics and almost compatible adsorption values as
saturation, assessing a better costs-benefits ratio.

Conversely, using water as adsorbed there is a further intermediate step. This step
extends over a relatively wide range (range 50-250 s). It may be due to the combined
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Fig. 8 Adsorption-desorption process at equilibrium step [41]
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action of two competing mechanisms: film diffusion (diffusion of the liquid film
from the sorbent surface toward the fiber bulk) and the surface interactions on the
active sites.

The first stage is relatively fast due to the superficial absorption of the water and
its diffusion on the superficial pores. The intermediate stage, instead, can be induced
by the diffusion of the adsorbed in the internal and interconnected porosities of the
adsorbent [42].

The first phase, linked to the interaction of the pollutant with the adsorbent, is
strongly influenced by the surface area. In fact, the slope of the uptake curve versus
time is steeper as smaller are the Arundo Donax fiber size. At the same time, phase
II, which is the intermediate stage, can be associated with the diffusion of adsorbed
within the micro-porosity of the Arundo Donax structure. The tortuosity of the fiber
surface acts as active site for oil adsorption enhancing sorption efficiency [43]. As
evidenced by the SEM images (Fig. 5) these interconnections are evident in large
shaped fibers. The AD-S samples showed a very fine structure, comparable to the
micro-fibrils size. Consequently, a large part of the porous channels in the fibrillar
structure were damaged or destroyed.

The sorption mechanism is influenced by fibers morphology and the presence of
channels structure, especially during the sorption of high viscose oils. Al-Din et al.
[44] evidenced that the pores can make oil entrance into the sorbent internal parts
easier and helpful in the sorption process, conducting a significant role in the sorption
performance in oil spilling. Moreover, high mean size samples (and consequently
low density samples for the channels presence) favor a higher and faster sorption of
oils. As a consequence, the stage II for small fibers (AD-S) is very short and very
rapidly the saturation is reached with a lower maximum adsorption level than AD-L
batch for which the liquid has spread inside the porous structure, thus increasing the
adsorption efficiency per unit of weight.

These considerations are summarized in Fig. 9. The AD-L sample shows, as
reported in SEM micrographs (Fig. 5), a bamboo like structure characterized by
interconnection channels. These channels are directly responsible for the higher

™~ no
"\ interconnection - limited interconnection
channels interconnection channels
| channels J
—_—t] ] i T
AD-L AD-M AD-S

Fig. 9 Schematic representation of samples morphology
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Table 2 Sorption capacity and time at equilibrium parameters for all liquids and all investigated
AD fiber batches

Water Kerosene Virgin Naphta Pump oil Crude oil
AD-L Se (mgg™h) 7880 + 394 4851 £ 243 5058 £ 253 6109 + 305 4434 £222
te (s) 290.0 +17.3 333458 20.0 + 10 80.0£17.3 46.7+5.8
AD-M | Se (mgg™!) 7343 £+ 367 4611 £+ 231 4697 £+ 235 6076 + 304 4844 £+ 242
te (s) 280.0+17.3 233+58 16.7+5.8 533+£58 533+58
AD-S Se (mgg™ 1) 6847 + 342 4253 £213 4379 £ 219 5672 + 284 5179 £ 259
te (s) 270.0 + 30.0 16.7+5.8 13.3+58 433+£538 56.7+5.8

sorption capacity of the material. In fact, they may be filled by the adsorbed oil. In
AD-M sample, the number of interconnection channels is limited and the adsorption
is mainly conducted on the fibers surface. This totally occurs in the AD-S sample
where the interconnection channels are completely absent.

Table 2 summarizes the equilibrium sorption capacity, S, at equilibrium time,
te, for AD fiber batches at varying pollutants. It is worth of note that in water solu-
tion all fibers are able to obtain high sorption capacity with S, value in the range
78806847 mg g~! with the highest value for AD-L batch. At same time, very
high equilibrium time can be highlighted. This result indicates a good interaction of
Arundo Donax fibers with water, thanks to a surface hydrophilic behavior, but at the
same time, as previously discussed, the intra-particellar diffusion of low viscosity
liquid takes place at long sorption time. With oil pollutants the sorption capacity is
lower than with water liquid even if a very fast saturation condition is reached. All
samples showed an equilibrium time, t., in the range 13—80 s, significantly lower than
that observed in water. In particular, all the investigated samples reveal a good affin-
ity with pump oil, showing, among the analyzed oils, the highest sorption capacity.
AD-L in particular reaches 6109 mg g~ of saturation sorption capacity, approaching
the result obtained in water even if in less than a third of the time. Conversely, AD-S,
shows the highest equilibrium sorption value, among the other samples, in crude oil
(5179 mg g~!). Probably this behavior is due to the crude oil characteristics, i.e.
highest density and viscosity, 890 kg m~3 and 0.27 Pa s, respectively [45], to respect
the other polluting oils. For this reason, the diffusion of crude oil in interconnection
channels results more difficult and the adsorption is mainly conducted on the surface
of the fibers, thus favoring the sample with smaller size and fewer channels (AD-S)
than those with more channels and larger size (AD-M and AD-L). On the contrary, for
lighter and less viscous oils (i.e., virgin naphtha and kerosene) the diffusion into the
interconnection channels is easier and the AD-L sample shows a higher equilibrium
sorption capability. However, as the diffusion in entering in the samples channels
is easy, its release is equally simple. As reported by Dong et al. [46] in the study
on a highly efficient and recyclable depth filtrating system using structured kapok
filters for oil removal and recovery from wastewater, three mechanism are described
to understand the sorption capacity of kapok fibers (Fig. 10). The bad wettability and
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Fig. 10 Separating process Water flow Fiber Bad wetting and
scheme of oil from water — T it
a bad wettability and (a) ‘-”d -
adhesiveness between oil and o @) 6)
fiber, b good wettability but O Cb
low adhesiveness, ¢ excellent O l Good wetting but bad
wettability and adhesiveness oil drfplets - adhesiveness
[46] o) 000

(b) 50O

@) Excellent wetting
(c) OOO .L/E) and adhesiveness
O

adhesiveness oil-fiber can lead to easy loss of oil drops from pores of fibrous filter
(Fig. 10a). As schematized in Fig. 10b, if the oil wettability is good, oil droplets are
attached on fiber, but easily distort and detach again due to the weak adhesiveness
with fiber. Nevertheless, if the fiber present high wettability and excellent adhesion
properties, a large number of oil droplets are captured and retained by the fiber
(Fig. 10c). The interactions of diesel and vegetable oil with kapok fibers in Dong’s
research were just associated with cases in Fig. 10b, c, respectively. The low diesel
adhesion with kapok fiber and its low viscous property cause it easily to deform,
detach and transfer from kapok filter body to the water.

Further information can be acquired defining a parameter that relates the sorption
performances with fiber size. In particular, an effect of sorbent size (ESS) parameter
was defined as:

m; —mp

ESS;[%] = ——= - 100
mp

where my_is the sorption capacity (mg g~!) of the AD-L sample at a specific pollutant.
m; is the sorption capacity (mg g~!) in the same pollutant of AD-M or AD-S samples,
obtaining ESSy; and ESSg index respectively. A negative ESS index indicates that
the sorption capacity of large size of Arundo Donax fiber is higher than smaller one.
At the same time, the higher or lower this parameter is, the greater the effect of the
fiber size on the adsorption properties in the specific pollutant.

By analyzing the Fig. 11, that shows the evolution of the ESSy; and ESSg indices
at varying the pollutant viscosity, there is a monotonous trend with a gradual growth
as the liquid viscosity increases. In particular for low viscosity pollutants, the index
has a negative value and progressively increases until it becomes positive for liquids
with viscosity higher than about 0.2 Pa s. This result indicates that in low viscosity
pollutants the larger fibers have higher efficiency in terms of absorption capacity
than the smaller one. Conversely, the higher the viscosity of the liquid, more small
sized fibers play a fundamental role in having effective adsorbent performance. This
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Fig. 11 Evolution of effect sorbent size index at varying pollutant viscosity

behavior can be associated with the microstructure of the fibers and the relative sur-
face interaction with the liquid under examination. The presence of porosity and
interconnected channels in the surface and bulk fibers, as in the case of AD-L batch,
allows better sorbent properties in liquids with low viscosity. In such configuration,
the mass flow towards the fiber bulk is favored and therefore, thanks to the low viscos-
ity of the pollutant, all the internal channels can be imbibed increasing the sorption
efficiency. In fact, the ESSg index is ~15% compared to ESSy that is approximately
one-third lower (ESSy ~ 5%) indicating a greater effectiveness in terms of adsorption
the larger the fiber size.

For high pollutant viscosity, this liquid diffusion toward the inner part of the fiber
is significantly limited. Therefore, the surface interaction is the driving force in the
sorption phenomena. AD-S is characterized by small sized fiber with subsequent large
surface area that allows a higher sorption capacity. Considering that micro channel
diffusion of pollutant is avoided in high viscous liquids, AD-L samples showed not
effective capabilities in these conditions. This is due, as previously discussed, to the
low ability of large sized fibers to host the adsorbed pollutant oil in their porosity,
reducing their sorption efficiency. In Fig. 12, the high selectivity towards oil of

Fig. 12 Oil adsorption steps in water of Arundo Donax fibers. a crude oil drops are poured into
water, b sorbent fibers are put into the beaker, ¢ sorbent fibers are taken out and the crude oil drops
disappear, d the oil remain trapped into the sorbent material, e the water is cleaned up
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Arundo Donax fibers is shown. In Fig. 12a, crude oil drops are poured into the water.
Subsequently, the sorbent fibers are put into the beaker (Fig. 12b). What is worthy
to note is that, when the sorbent material is taken out, the crude oil drops disappear
(Fig. 12¢), remaining trapped in the adsorbent (Fig. 12d) and the water is cleaned up
(Fig. 12e).

So, although the Arundo Donax fibers have a high water adsorption capacity,
the diffusion kinetics in oils is higher than in water, as shown from the shorter
equilibrium time found for oil pollutants than for water (Table 2). Consequently,
when fibers interact with a water-oil solution, there is a rapid impregnation of oil by
fibers that inhibit the possible adsorption of water. As shown in the figures above,
the AD fibers have enabled the water to be decontaminated in few seconds. The
results indicate efficiency (in terms of speed) and selectivity (towards oil). These
two conditions can represent an effective precondition for the use of AD fibers on
industrial scale, thanks also to the cheapness of the product which can offset the
adsorbing performance with respect to some new emerging materials [45, 47, 48].

4.3 Morphological and Structural Aspects of Oil Spill AD
Materials

Morphological characteristics are fundamental to understand the adsorption process
of adsorbent materials. Surface irregularities and porosity are required to promote oil
adsorption and trapping. Baker et al. [49] confirm that the selectivity of a membrane
for water treatment is related to the microstructure and chemistry of the membrane
material. They discriminate the membranes class according to the pore size.

Figure 13 summarizes these considerations indicating for each specific fiber pore
size, in the range from 1 to 3000 A, the optimal filtration approach.

It is well known that porosity has a main role in the sorbent adsorption capac-
ity. Piperopoulos et al. [47] examining carbon nanotubes sponges for oil recovery
applications describe a sorption mechanism, represented in Fig. 14a, and comparing
it in water. In Fig. 14al, oil molecules diffuse from bulk liquid and wet the sor-
bent. At the same time, physical (van der Waals forces between adsorbate molecules
and adsorbent surface) and/or chemical interactions take place (Fig. 14a2). Increas-
ing sorption time (Fig. 14a3), the sorption rate due to the oil diffusion into sorbent
micropores decreases. In water (Fig. 14b), the hydrophobic behavior of carbon nan-
otubes foam inhibits the sorption mechanism. After the mass transfer and the film
diffusion (Fig. 14bl), water diffusion occurs with difficulty due to few hydrophilic
active sites (Fig. 14b2), not filling micropores (Fig. 14b3).

Also Alaa ElI-Din et al. [44] attributes to irregular morphology and the porous
surface of banana peels (Fig. 15) the good result obtained during adsorption tests. In
fact, the pores can make able oil to enter into the internal parts of the material easier,
thus favoring the sorption process.
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Fig. 13 Schematic illustration of membranes classification according to pore size [50]

Natural surface roughness of green adsorbent materials is an added value for
this kind of application. Cui et al. [51] examine adsorption mechanism on cattail
fiber assembly. They observe that oil sorption by cattail fibers can be explained by
a combination of more mechanisms: i.e., oil adsorption by interactions with waxes
on fiber surface and adsorption by physical trapping on the fiber irregular surface.
Indeed, the rough surface and the open morphology of the cattail fibers provide the
high surface area thus guarantying the oil trapping.

Based on the previous remarks and on the supposed approaches, more competing
adsorption stages can be recognized:

I. mass flow towards the fiber bulk (external mass transfer and film diffusion);
II. liquid diffusion toward the inner part (intraparticle diffusion).

For water adsorption there is a further intermediate stage:
III. surface interaction on active sites and film diffusion.

In this scheme, analyzing oil adsorption process in AD-L, intra-particle diffusion
mechanism can be considered as the rate limiting step of the process instead exter-
nal mass transfer is generally rapid. So in the stage 1, as represented in Fig. 16, oil
molecules diffuse from bulk liquid and soak the AD sorbent. Subsequently, in the
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Fig. 14 Sorption mechanism stages for carbon nanotubes foams in oil (a) and in water (b) [47]
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Fig. 15 SEM analysis of banana peel surface [44]

stage 2 the oil diffusion into sorbent micropores takes place (Fig. 16, Stage 2) increas-
ing the oil sorption capacity of the fibers [42]. For AD-S sample the interconnection
channels are almost absent, so the adsorption process is conducted only in stage 1
(Fig. 16) and saturation occurs more quickly (Table 2). In water, the first stage is
fast, due to the superficial adsorption and the subsequent diffusion on the superficial
pores. The intermediate stage is described by the water diffusion from the sorbent
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Fig. 16 Sorption mechanism for AD-L and AD-S samples

surface to the fiber bulk and the surface interactions on the active sites. These prelim-
inary results evidenced good potential applicability of this type of green adsorbents
in oil recovery application, indicating a suitable interaction with large common oil
pollutants.

5 Conclusions and Future Trends

Recently most of the researchers working on oil recovery systems are moving to
the employment of natural fibers. Zhang et al. [41] synthesized anisotropic bamboo-
derived cellulose nanofibrils, improving shape recovery ratio of 92% after 100 cycles
at 80% compression. The obtained material, due to its low density, high hydropho-
bicity and high compressive recoverability, can be used several times without any
damaging. Whang et al. [52] remodeled raw cotton fibers into flexible and resistant
macropourous cellulose aerogels with excellent oil trapping capability. The stud-
ied material can adsorb several oils and organic solvents, reaching up to 19.8—41.5
times its initial weight. Phantong et al. [53] fabricated a nanocellulose sponge by
freeze-drying method, obtaining a superhydrophobic and superoleophilic material,
that can be reused at least 10 cycles without modifying and can easily disposed of
for its biodegradable characteristics. Furthermore, the use of waste materials to be
used and revaluated for this purpose can be an added value. Tesfaye et al. [54] used
chicken feathers for adsorption of liquid oils, being the disposal of waste chicken



280 L. Calabrese et al.

feathers a huge problem. They found that up to 16.21 g of oil/g of chicken feather
can be recovered at fast uptake time (i.e., 10 min).

What is worth to note is the use of ecofriendly materials that can reduce the
disposal cost and increase the costs-benefits ratio. A biocompatible and ecofriendly
adsorbent material has been studied by Lee et al. [55]. They realized a mixture of
lignin nanoparticles and 1-pentanol that is able to confine spilled oil into a thick
slick on the surface of water, easily to remove. Wang et al. [56] prepared a novel
superhydrophobic and superoleophilic material using a loofah sponge as porous
skeleton and carnauba wax and rice bran wax as coating material. This adsorbent
shows excellent selectively oil separation properties (>9.5 gg~!) and reusability (>10
cycles).

In such a context, the oil sorption capabilities of the Arundo Donax fibers, evi-
denced in this book chapter, highlighted the acceptable affordability of this material
for oil spill recovery application.

Although the sorption performances are lower than other conventional green mate-
rials, their oil/water selectivity makes them a cost-effective and reliable solution of
oil spillage remedy. Even if these results are promising, further focused studies in
order to improve the knowledge on performances/morphology relationship and on
surface treatments are welcome. At the same time to improve the kinetic oil sorp-
tion capabilities and to reduce the water interaction of the vegetable fiber surface is
another relevant issue for future activities.
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Effect of Surface Modification )
on Characteristics of Naturally Woven L
Coconut Leaf Sheath Fabric as Potential
Reinforcement of Composites

K. N. Bharath, S. Basavarajappa, S. Indran and J. S. Binoj

Abstract Increase in biological and ecological concern has made to find new natural
fibers which are biodegradable, from renewable sources and flexibility to chemical
modification. Naturally woven Coconut leaf sheath (CLS) fabric were investigated.
Removal of impurities on alkali treatment was carried to check the performance of
these CLS fabric. On alkali treatment tensile and thermal properties were enhanced
due to increase in crystallinity. The eco-friendly coconut leaf sheath fabric was
found to be a suitable reinforcement material in composite structure for biocomposite
applications.

1 Introduction

Natural fibers from agricultural crop residues, such as oil palm, coir, sisal, banana,
pineapple leaf, jute, etc., are generated worldwide in abundance, representing an
affordable, huge and easily accessible source. Among these enormous quantities of
residues, only some are reserved for animal feed or household purposes and much
of the residue is burned in the field, causing environmental pollution [1]. A lot of
technological innovations have taken place to satisfy the requirements of consumers
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and their expectations, which has increased demand for global resources. A remark-
able transformation has taken place in the field of biofibre in the last few decades [2].
They offer more importance to the efficient use of agricultural residues in developing
nations, and their importance depends on accessibility and use [3, 4]. Many scientists
are working to replace synthetic fibers for multiple apps with naturally accessible
fibers [5, 6]. Natural fibers are nonabrasive to mixing and molding equipment, which
reduces the cost significantly and has positive environmental impact [7].

Some natural fibers’ characteristics are described in the literature. To evaluate the
quality, the chemical and morphological features of rape are used. The proportions
of hemicellulose, cellulose and lignin in hardwood and prevalent nonwood were
comparable to those observed in stalks of rapeseed [8]. The fibers obtained from the
Cynara cardunculus were defined by electron microscopy and FT-IR scanning. These
fibers heat degradation behavior was investigated through TGA and DTG curves. The
mechanical characteristics were also assessed using single fiber tensile tests [9]. In
the production of excellent results, natural fiber composites, the thermo-mechanical
conduct of hemp fibers was regarded [10].

A part of the palm family (arecaceae) is the coconut palm (nucifera of coco).
Coconut palms grow abundantly in coastal regions of all tropical nations and are
grown in around 100,000 km2 worldwide [11, 12]. Coconut leaf sheath is obtained
from coconut tree in mat form that acts as a supporting framework between coconut
tree and leaves. For different purposes, the fibers from many parts of the coconut
trees are used, but the sheath fabrics are left to waste. No research on evaluating the
structure, morphology and thermal characteristics of CLS fabric has been revealed
to the best of the author’s data.

In the view of the above an attempt has been made in the present investigation to
study the effect of Sodium hydroxide on coconut leaf sheath fabric. The structural
and thermal properties were investigated on these fabrics verifying the possibility to
use them as reinforcement in a composite structure.

2 Materials

Figure 1 is shown on a coconut leaf sheath with fabrics. The leaf sheath gathered
from the trees was carefully cleaned with tap water in the current inquiry and then
dried for a week in the sunshine. The cleaned coconut leaf sheath is divided into the
internal sheath mat and the fibers of the outer layer. Tissues are obtained from the
inside sheath mat and handled with 5% aqueous Sodium hydroxide (NaOH) solution
for 24 h at room temperature. The treated and untreated fabrics were used for further
experiments.
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Fig. 1 Photographs of a coconut tree with leaf sheath; b leaf sheath inner mat

3 Experimentation

3.1 CLS Fabric Tensile Test

CLS fabric tensile test was performed for alkali treated and untreated fabric sample
to determine tensile characteristics such as tensile strength, Young’s modulus and
percentage elongation at fabric break. Five samples have been used in each and
average values have been recorded. Scanning electron microscope (JEOL JSM 820
SEM) was used to study the morphology of the treated and untreated fabrics after
the test. The micrographs of the cross section of the fabrics were recorded.

4 Thermogravimetric Analysis (TGA)

To determine the thermal stability of the fabrics, TGA of the powdered alkali treated
and untreated CLS fabric samples were carried out. Then these specimens were
registered using a Perkin—Elmer TGA-7 instrument to undergo TGA at a temperature
increase of 100 °C per minute. The range of temperatures was 250-5000 °C. In terms
of worldwide mass loss, thermal decomposition was noted as well as, the initial
degradation temperature and the final degradation temperature were calculated by
using these thermograms.

5 Differential Scanning Calorimetry (DSC)

Measurements of differential calorimetry scanning (DSC) were performed by heating
alkali treated and untreated samples of CLS fabric. These samples were produced
to undergo DSC in an inert atmosphere from 0 to 450 °C at a temperature increase
of 10oc per minute. DSC is performed to determine the melting temperature and it
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is the most widely accepted method for determining glass transition temperatures of
the treated and untreated CLS fabrics.

6 Results and Discussion

6.1 Naturally Woven CLS Fabric Tensile Test

Table 1 presents the tensile properties of the untreated and alkali treated CLS fabric.
The effects of chemical treatment on the properties of natural fabrics depend on the
type and concentration of the chemical solution. It was proved from the previous
chapter that, cellulose content increases on alkali treatment of natural fabrics and as
a result the tensile properties also increases. Similarly, we found the same results
in the naturally woven CLS fabric before and after alkali treatment of woven CLS
fabrics.

Table 1 shows the results of tensile strength, young’s modulus and percentage of
elongation for the untreated and alkali treated CLS fabrics. Due to the treatment of
fabrics there is increase of 40-60% in the tensile strength when compared to untreated
fabrics. There was also increase of 30-50% in Young’s modulus and 40-50% in the
percentage of elongation on alkali treated CLS fabrics. Unwanted substances like
wax and moisture were removed during the chemical treatments which led to an
increase in the ratio of cellulose in the material. In the alkali treated fabrics, the
increased quantity of cellulose showed a more significant increase in tensile strength
[13].

Similar observations were made by Jayaramudu et al. in case of Sterculia urecs
fabrics, in which increase in crystallinity was observed due to the removal of hemi-
cellulose from the fabric resulting in thinning of fabric on alkali treatment which
results an improvement in tensile properties [14]. It is evidenced from the Fig. 2a, b
showed the micrographs of both the untreated and alkali treated fabrics respectively.
The fabric has roughly uniaxial parallel fibers and these fibers are ligno-cellulosic
in nature which are completely or partially soluble in alkali solutions. Due to alkali
treatment, the amorphous hemicellulose and lignin were removed. From the above
discussion, it is marked that the tensile properties increases on alkali treatment.

Table 1 Tensile pr.operties of Fabrics Young’s Tensile Elongation at
untreated and alkali treated
CLS fabri modulus strength break (%)
abries (GPa) (MPa)
Untreated 5-8 150-250 6-13
Alkali 10-14 220-320 17-22
treated
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(a) (b)

Fig. 2 Scanning electron micrographs of a untreated CLS fiber b alkali treated CLS fiber

7 Thermogravimetric Analysis (TGA)

Figure 4a, b shows TGA results of the untreated and alkali treated CLS fabrics
respectively. Initially, weight change occurred is due to the release of moisture and
further shoulder peak at about 226 °C of untreated CLS fabric and 218 °C of alkali
treated CLS fabric corresponds to the removal of waxy layer and hemicellulose
degradation. The peak at 248 °C (untreated) and 233 °C (alkali treated) corresponds
to weight loss of the given material and the last peak at 371 °C (untreated) and 308 °C
(alkali treated) may be attributed to thermal degradation. As the temperature goes on
increasing, it is witnessed that thermal stability, decrease and further decomposition
of fabric takes place.

It is observed from the Fig. 3 that, weight loss in the untreated CLS fabric is 77%,
while weight loss in alkali treated CLS fabric is 51%. Lastly, residual char (mass) left
in untreated fabric is 14.38% at 492.62 °C and in alkali treated CLS fabric is about
37.42% at 505.2 °C. Treated CLS fabric does not show a minor second weight change
and peak discloses the removal of waxy layers and the nonexistence of hemicelluloses
in the alkali treated CLS fabric [15, 16]. Similar observations were made in the TGA
analysis of Manicaria fabric [17]. Three major weight loss steps were studied. The
first step was associated with the evaporation of moisture in the fibers and the second
step was related with the decomposition of hemicelluloses. The third step was due
to lignin and alpha cellulose degradation [18]. There is very less amount of variation
in moisture content of the untreated and alkali treated CLS fabrics. However, the
percentage of char content was drastically reduced in case of alkali treated fabrics.
Finally, due to reduction in amorphous hemicellulose content in the alkali treated
CLS fabric have better thermal stability when compared with untreated CLS fabric
which was confirmed after TGA analysis.
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Fig. 3 Thermograms of a untreated CLS fabric b alkali treated CLS fabric

8 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetric (DSC) results of the untreated and alkali treated
CLS fabrics to examine the thermal behavior of the fabric is shown in Fig. 4a, b.
Table 2 gives the DSC data for untreated and alkali treated CLS fabrics in an inert
atmosphere (Heating rate 10 °C per minute).
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Fig. 4 DSC curves of a untreated CLS fabric b alkali treated CLS fabric
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Table 2 DSC data of untreated and alkali treated CLS fabrics in an inert atmosphere (Heating rate

10 °C per minute)

Fabric Temperature Onset End temperature | Peak temperature
range temperature (°C) | (°C) °C)
(°C)

Untreated 0-140 38.92 117.4 78.05

Alkali treated | 0-128 98.35 119.49 104.15

A broad endothermic peak observed in the temperature range of 0—140 °C in
untreated CLS fabric and 0—128 °C in treated CLS fabric corresponds to the vapor-
ization. Initially, untreated CLS fabric DSC curve shows a broad and a symmetric
melting peak, which indicates fabric are very hygroscopic and retain water molecules
because of aggressive weather conditions. Further, accumulation of these water
molecules affects the crystallinity of fabric. The onset temperature, end temperature
and peak temperature more in alkali treated CLS fabric as compared with untreated
CLS fabric. As the melting peak temperature is higher, the lamella will be thicker
due to improved arrangement of structure (crystallinity) which was observed in alkali
treated CLS fabrics as an evident of SEM images. Also it was noticed that on alkali
treatment of CLS fabric, the area of the endothermic hump significantly reduces due
to the reduction in desorption of water (surface phenomenon).

In untreated and treated gomuti fiber specimen the same phenomenon was noticed.
It was observed that, an endothermic peak which relates to the heat absorbed during
the release of moisture was present in the sample. The untreated specimen curve
displays two exothermic peaks and treated sample curve displays one broad peak
after a shouldered curve. The finding from DSC results indicates that alkali treatment
of CLS fabric had a higher decomposition temperature of gomuti fibre, which further
implies an enhanced thermal stability [19]. Similarly, from DSC curves it is evident
that alkali treated fibers absorb more heat than untreated fibers. Hence, alkali treated
fibers are more susceptible to endothermic reaction. On chemical treatments on the
fiber surfaces leads to decrease in the amount of non-cellulosic fibers including
moisture, waxy substances, hemicellulose and lignin. Finally, it shows that, the alkali
treated fibers have lower moisture content than the untreated fibers [20]. It was
concluded that, on alkali treatment of CLS fabrics, non-cellulosic materials were
removed and high degree of structural order was retained. Nevertheless, both these
components played significant role in the thermal degradation of alkali treated CLS
fabric as compared to untreated CLS fabric.

9 Conclusions

The influence of alkali treatment on structural, morphological and thermal proper-
ties of CLS fibres and naturally woven fabric were investigated. Removal of non-
cellulosic materials due to alkali treatment was the main reason for enhancement
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of fabric tensile properties. Fiber was found to be less thick and rough, due to the
removal of amorphous on the surface of the fibers which was observed by Scanning
Electron Micrographs. Increase in thermal stability and decrease in the moisture
content in the fiber was due to the increase in crystallinity as indicated in TGA test.
In DSC, the results obtained after alkali treatment showed increase in the surface
area through D-condition which was due to water desorption. The obtained curves
strengthen the assumption that moisture plays a predominant role in the fiber behav-
ior during the glass transition region. Hence this work will provide a new approach
for effective utilization of coconut leaf sheath fabric. The renewable and environment
friendly coconut leaf sheath fibers were found to be a suitable reinforcement material
in composite structure for biocomposite applications.
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Effect of Glass and Banana Fiber Mat )
Orientation and Number of Layers L
on Mechanical Properties of Hybrid
Composites

T. P. Sathishkumar, S. Ramakrishnan and P. Navaneethakrishnan

Abstract Inthis work, the effects of fiber mat orientation and number of layers on the
tensile, flexural and impact properties of glass fiber random (SGFR) and banana fiber
woven (BFW) mat reinforced epoxy laminated hybrid composites are investigated
experimentally based on ASTM standards. The hybrid composites are prepared by
compression molding process and results are compared with pure glass and banana
fiber mat epoxy laminated composites. Results shows that introducing of SGFR mat
in-between the BFW mats in the epoxy laminated composites reduces the overall
weight of the composites and the mechanical properties of the hybrid composites are
varied with BFW mat orientation. Moreover, the mechanical properties are varied by
varying the number of layers in hybrid composites. The hybrid composites with four
layers of glass and three layers of banana (i.e. G4B3) are showing higher tensile,
flexural and impact properties compared to G3B2 composites. Also, by varying
orientation of banana fiber woven mat, the maximum mechanical properties obtained
for composites containing G4B3 layering pattern at 0° and 30° orientations.

1 Introduction

The composites are usually multiphase materials which are obtained by artificial
combination of two or more materials with different properties. Hybrid composites
are obtained by reinforcing more than one discontinuous phases in the continuous
phase which are used for applications like automotive parts, airplanes interior parts,
household appliances and infrastructure materials. For improving the mechanical
properties of the laminated composites, the two fiber mats are usually used to pre-
pare the laminated composites. Hybrid composites have prepared with two fibers,
one is natural fiber and another one is synthetic fiber, or both fibers are natural or
synthetic. Jun Hee Song et al. (2015) developed hybrid composites by lamination
pairing of carbon/aramid fibers and carbon/glass fibers by vacuum assisted resin
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transfer molding technique. The tensile and bending behaviors of hybrid composites
were evaluated according to ASTM standard. It was observed that the tensile strength
increased with accumulation of central carbon layers and the mechanical behavior
was dependent on the pairing sequence [1]. Arthur V. N. A. Lima et al. (2019) have
reviewed the researches on sisal/glass hybrid composites with special emphasis on
the specifications and parameters used. They have concluded that transverse orien-
tation of fibers and higher glass content (%) significantly augmented the mechanical
properties such as modulus, tensile, flexural and impact strengths. However, surface
modification of sisal fiber and higher glass content resulted in improved the hardness,
short-beam, shear strength, tear strength, and compression properties [2]. Fabrizio
Sarasini et al. (2013) studied the low velocity impact behavior of E-glass/basalt
reinforced hybrid epoxy composites, fabricated by resin transfer moulding method
with diverse stacking sequences. It was found that higher impact energy absorp-
tion and capacity damage tolerance capabilities were exhibited by basalt and hybrid
laminates having an intercalated configuration [3]. Silvio Leonardo Valenga et al.
(2015) investigated the tensile, bending and impact properties of Kevlar fiber plain
fabric and Kevlar/glass hybrid fabric reinforced epoxy laminated composites. The
composites plates were fabricated using hand lay-up technique. The results indi-
cated that epoxy composites reinforced with Kevlar/glass hybrid structure exhibited
higher tensile strength, bending and impact energy [4]. The water uptake behaviour
of jute/glass/carbon fiber reinforced epoxy composites and its consequent impact
on the in-plane shear performance of the laminates were evaluated by M. A. Abd
El-baky and M. A. Attia (2018). The water absorption behaviour of both jute fiber
reinforced epoxy composites and the hybrid composites with glass/carbon fibers
adhered to Fickian pattern. The shear strength of the laminates decreased with water
uptake. However, hybrid epoxy composites reinforced with jute/glass/carbon fibers
showed better in-plane shear properties in both dry and wet conditions [5]. Athith
et al. (2017) investigated the mechanical and tribological properties of natural rub-
ber and epoxy matrices reinforced with jute/sisal/E-glass fabrics as a function of
tungsten carbide (WC) loading. Results shows that incorporation of WC powder
significantly improved the mechanical properties and decreased the wear rate of the
hybrid polymeric composites [6]. Farah Hanan et al. (2018) prepared epoxy matrix
composites reinforced with oil palm empty fruit bunch and kenaf fiber mats by
hand-lay-up technique and evaluated the impact of hybridization on the mechanical
properties of the prepared composites. The results demonstrated that the hybridiza-
tion of kenaf fiber reinforced into oil palm EFB composites augmented the tensile and
flexural properties. On the other hand, pure oil palm empty fruit bunch composites
had better impact properties compared to those of hybrid composites [7]. Jothibasu
et al. (2018) investigated the mechanical properties of four different composites
obtained with different laminate stacking sequence involving areca sheath fiber/jute
fiber/glass-woven fabric. The epoxy composites fabricated with intermittent layers
of jute fiber, core layer of areca sheath fiber and skin layer with glass fabrics showed
substantial improvement in mechanical properties owing to hybridization effect [8].
Hande Sezgin and Omer B. Berkalp (2016) studied the dual effects of hybridization
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and stacking sequence of the E-glass fabric and carbon fabric layers on the mechan-
ical properties (tensile strength, impact strength) of jute fabric-reinforced polyester
composite laminates. It was concluded that higher impact values can be achieved by
incorporating high impact resistant fibers to the outer layers of the composites; in
this connection, higher tensile strength of the composite laminates can be obtained
by placing high tensile strength fibers at the inner layer [9]. Chensong Dong (2016)
studied the flexural properties of epoxy hybrid composites reinforced with glass and
carbon fibers. The composite laminates were prepared using two different kinds of
glass fibres and two different types of carbon fibers, respectively. From the results,
it was noted that partial replacement of glass fibres by carbon fibers in high strength
carbon fibre reinforced composites improved the flexural strength significantly [10].

Praveen Kumar and Nalla Mohamed (2017) have assessed the tensile and moisture
absorption behaviors of epoxy matrix composites reinforced with hybrid kenaf/glass
composites with and without fly ash particulate filler. The results showed that the ten-
sile properties of the kenaf/epoxy composites improved with addition of fly ash filler
whereas their water absorption behavior decreased due to hybridization with glass
fibers [11]. Erdem Selver et al. (2017) evaluated the tensile, flexural, and dynamic
mechanical properties of epoxy laminates reinforced with flax/glass and jute/glass
fibers. The laminates were prepared with different stacking sequences by vacuum
infusion method. The composite laminates made from natural fibers exhibited higher
specific strength values compared to glass fiber reinforced composites with normal-
ization. These composites also showed enhanced visco- elastic behavior owing to
synergistic effect of jute/flax fibers [12]. Yuqiu Yang et al. (2017) evaluated the
optical properties, such as light transmission property and luminance distribution,
of glass/silk fiber hybrid reinforced plastics. From the results, it was noted that the
glass/silk fiber hybrid reinforced plastics diffused light effectively compared glass
fiber reinforced plastics and light diffusion was positively correlated with the crepe
degree of silk fabric [13]. P. N. B. Reis et al. (2007) investigated the flexural property
of hybrid laminated composites having hemp fiber reinforced with polypropylene
core and two glass fibers/polypropylene surface layers at either side of the sample.
The hybrid composites showed economic and environmental benefits along with
augmented mechanical behavior [14]. Sathishkumar et al. (2014) reviewed the static
and dynamic mechanical, tribological, thermal and water absorption properties of
natural fibers and glass fiber reinforced hybrid polymer composites as a function of
different volume fraction or weight fraction, different fiber length and frequency. It
was concluded that better thermo-mechanical properties were shown by hybrid poly-
mer composites reinforced with treated natural fibers [15]. Morye and Wool (2005)
evaluated the mechanical properties of thermoset matrix composite laminates rein-
forced with glass/flax fibers as a function of fiber arrangement. It was determined that
the mechanical behavior of the hybrid composites was significantly influenced by
glass/flax ratio and the arrangement of fibers [16]. Carlo Santulli (2005) explored an
intermediary approach for fabricating hybrid laminates reinforced with glass/natural
fiber with adequate impact properties. It has been inferred that better hybrid lami-
nates can be developed by using larger volume of fibers and better interfacial adhe-
sion between the matrix and reinforcements [17]. Amico et al. (2005) investigated
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the mechanical properties of compression-molded composites prepared with pure
sisal, pure glass, and hybrid sisal/glass fibers with different stacking sequences. It
was found that excellent properties were obtained for hybrid composites prepared
with glass fibers on the top and bottom surfaces [18]. John and Venkata Naidu (2007)
developed unsaturated polyester based hybrid composites reinforced with sisal/glass
fibers using hand lay-up process to investigate their chemical resistance property.
The results indicated that the sisal/glass hybrid composites were strongly resistant
to most of the chemicals excluding chlorinated hydrocarbons [19]. Venkateshwaran
etal. (2011) investigated the tensile, flexural, impact and water absorption properties
of banana/sisal reinforced hybrid composites. From the results, it was noted that the
mechanical properties improved with addition of sisal fiber in banana/epoxy compos-
ites up to 50% by weight. Furthermore, the water uptake was also reduced due to this
hybridization [20]. Yahaya et al. (2016) investigated the impact and water absorption
properties of hybrid epoxy composite using woven kenaf-Kevlar fibers. The results
indicated that the physical properties of the composites considerably influenced their
water absorption and thickness swelling behavior [21]. Vieira et al. (2018) explored
the mechanical properties of epoxy composites reinforced with hybrid fabric with
70% Malva and 30% Jute fibers. The impact tests (Charpy and Izod) were carried out
on the polymer matrix specimens prepared with 10, 20 and 30% in volume of hybrid
fabric. It was observed that the samples incorporated with 30% volume fraction of
fibers showed superior results [22]. Siddika et al. (2013) evaluated the mechanical
properties of jute-coir fiber reinforced hybrid polypropylene composite as a function
of filler loading. The results revealed that 20 wt% of jute and coir fibers (1:1 ratio)
imparted better mechanical properties to the polymeric composites [23].

The more than one fiber reinforced with laminated composites have been increas-
ing the mechanical, thermal and dynamic properties. There are different types of
hybrid fibers laminated polymer composites were prepared such as natural-natural,
natural-synthetic and synthetic-synthetic by varying the stacking sequence and num-
ber of layers. During synthetic-natural fiber composites preparation, the synthetic
fiber mats were kept as outer layers for improving the mechanical properties and
reducing the water absorption. However, the bidirectional banana fiber woven mat
with random glass fiber mat is not yet discussed. The main aim of this work is to
prepare the bidirectional banana fiber woven mat with random glass fiber mat rein-
forced laminated epoxy composites by varying the number of layers and banana
fiber woven mat orientation, and studied these effects on tensile, flexural and impact
properties. Then this analysis will be concluded the number of layer required for
hybrid composites and fiber mat orientation in the composites.

2 Materials

Figure la shows the randomly oriented E-glass fiber mat. This mat is purchased
From Covai, Senu Industry, Coimbatore, Tamilnadu, India. The density of glass mat
is 2600 g/m3. The special types bidirectional banana fiber woven mat (Fig. 1b) was
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G3B2

G4B3

Fig. 2 Number of layers in the laminated composites a G3B2, and b G4B3

prepared in Erode Fiber Net India Pvt. Tamilnadu, India. The linear density of mat
is 6 fiber/cm. The handloom machine was used to prepare the banana fiber mat with
1 m wide and 3 m long. This mat was dried under sun light for about 8 h to remove
the moisture content (Fig. 2).

3 Preparation of Composites

The E-glass random mats and banana fiber woven mats were cut from the long mat
of 240 mm (length) x 200 mm (width). The thickness of glass fiber mat and banana
fiber woven mat are 0.45 mm and 0.25 mm respectively. The dried banana fiber mats
were cut from the mat at various angles 0°, 30°, 45°, 60°, and 75° respectively. The
laminated composites were prepared by varying the number of layers namely G3B2
and G4B3. The G3B2 is having three laminas of glass fiber mats and two laminas
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Fig. 3 a Die for preparing the composites, b composite plate

of banana fiber mats. The G4B3 is having four laminas of glass fiber mats and three
laminas of banana fiber mats. In both composites, the outer layers are glass fiber
mats which will give more strength to the composites. The resin and hardener were
mixed with ratio of 200:20 mL. In composite preparation, the releasing agent of
liquid polyvinylchloride was coated on the die set which could help to easily remove
the composite plate. the small amount of resin was poured in the female die and then
glass fiber mat was placed on the reins in the die. Followed that a steel roller was
used to roll on the glass fiber mat for distributing the resin uniformly. The similar
process was used to place the next laminas like banana and glass fiber mats. Finally,
the male die was closed and the die set was kept under hydraulic press with 5 bar
pressure for 4 h. The solidified composite (Fig. 3a) was taken from the die set and
then post cured in hot air oven at 45 °C for 1 h. The pure banana fiber mat composite
with seven layers (B7) and pure glass fiber mat composite with five layers (G5)
were prepared for the analysis. The size of composite plates was 240 mm (length) x
200 mm (width) x 3 mm (thickness) size shown in Fig. 3b.

3.1 Characterization

The tensile properties of hybrid laminated composites were studied according to
ASTM D638 standard [15]. The dog-bone shape specimens were drawn (Fig. 4a) and
cut the specimens (Fig. 4b) from the prepared composite plate. The length, width, and
thickness of specimen are 165 mm, 19 mm and 3 mm respectively. The gauge length
of specimen is 50 mm. The testing speed is 5 mm/min. The ten identical specimens
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Fig. 4 Specimens preparation a dimension, and b dog-bone shape for tensile test specimens

were tested for all composites, and average values are taken for analysis. Figure 5a
shows the tensile testing of dog-bone shape specimen using UTM. Figure 5b shows
the fracture specimens after tensile test.

Fig. 5 a UTM machine for tensile testing, and b tensile fractured samples
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Fig. 6 a Three-point bending test, and b bending fracture samples

The flexural properties of the composite specimen are analyzed by three-point
bending mode (Fig. 6a) according to ASTM D790 standard [15]. The flexural load
versus displacement curves is obtained for all samples. The size of specimens is
48 mm length and 13 mm width with 3 mm thickness. The length (span) to depth
(thickness) ratio of specimen is 16:1. The testing cross-head speed was 2 mm/min.
The following Eqgs. 1 and 2 are used to calculate the flexural strength and modulus.
Figure 6a shows the bending fractured samples.

3PL )
o=—=
2bd?
o = Flexural stress, MPa,
P =load at a given point on the load—deflection curve, N
L = support span of beam, mm,
b = width of beam, mm,
d = depth of beam, mm.
En— L3m @)
VTV

Ep = modulus of elasticity in bending, GPa,
L = support span of beam, mm,
b = width of beam, mm,
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d = depth of beam, mm.

m = slope of the tangent to the initial straight-line portion of the load—deflection
curve, N/mm of deflection.

The impact strength of all composites was measure by drop tower impact hammer
(Model: IZOD TESTC-R, Make: Deepak poly-Plast Pvt. Ltd) according to ASTM
D-256 [15]. The specimen length and width are 64 and 12.7 mm. The accuracy of
impact machine is 0.01 J and maximum measuring range is up to 0-25 J. Figure 7a
shows the impact testing of specimen and Fig. 7b shown the fractured samples from
impact test.

Fig. 7 a Impact test, and b impact fractured samples
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4 Results and Discussion

4.1 Effect of Number and Orientation of Layers on Tensile
Properties

Figure 8 tensile stress versus tensile strain of glass and banana fiber mat laminated
epoxy composites. The tensile stress is gradually increased with increasing tensile
strain and all curves are seemed to be linear. The tensile stress curve of pure banana
fiber mat composite (B7) is seemed lower compared to all other composites and
also the pure glass fiber mat composite (G5) is seemed higher compared to all other
composites. The tensile stress curves of all hybrid fibers laminated composites are
seemed between the B7 and G5 composites. By varying the banana fiber mat ori-
entation, the tensile stress curves are varying. The maximum tensile stress versus
curve is found for hybrid composites containing 0° orientation of banana fiber mat at
G4B3. Figure 9 shows the tensile strength of all laminated composites. Seeing that
the tensile strength of hybrid composites is found higher compared to banana fiber
mat composites and lower compared to glass fiber mat. The tensile strength of G4B3
composites is found higher compared to G3B2 composites. The increasing number
of layers increases the tensile strength of the composites because the more layers
can bear higher tensile loads. Five types of banana fiber mat orientations are taken
for the discussion link 0°, 30°, 45°, 60°, and 75°. The tensile strength is varying by
the orientation of the banana fiber woven mats. The maximum tensile strength of
hybrid composite is found for composites containing 0° banana fiber mat orientation

120 7  —e=B7 —a—(° G3IB2
0°G4B3  —e—30° GiB2
—8—30° G4B3 45° G3B2
100 { =e=45°G4B3  =—e=G0° GIB2
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Fig.8 Tensile stress versus strain of glass and banana fiber woven mat reinforced epoxy composites
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Fig. 9 Tensile strength of glass and banana fiber woven mat reinforced epoxy composites

and G4B3 layering pattern. Increasing the orientation of fiber mat decreases tensile
strength of the hybrid composites. Fiber orientation is also playing am important roll
on tensile strength.

The tensile strength of the G5 and B7 composites is 113.54 and 48.27 MPa. The
tensile strength of G4B3 and G3B2 hybrid composites is 99.18 MPa and 73.6 MPa
(at0°),90.55 MPa and 78.18 MPa (30°), 80.3 MPa and 71.24 MPa (at 45°), 83.1 MPa
and 58.08 MPa (at 60°), 74.76 MPa and 59.42 MPa (at 75°) respectively. Based on
the number of layers, the percentage difference of tensile strength between G4B3
and G3B2 is 25.79% (at 0°), 13.66% (30°), 11.83% (at 45°), 30.11% (at 60°), and
24.53% (at 75°). Based on orientation of banana fiber mat (G4B3 composites, the
percentage difference between maximum tensile strength (at 0°, G4B3) and other
strength is 8.7% (at 30°), 18.53% (at 45°), 16.2% (at 60°), and 24.62% (at 75°).
The percentage difference of tensile strength between B7 and G4B3 is 51.33% (at
0°). Figure 10 shows the tensile properties of laminated composites. The maximum
tensile modulus is found for composites containing G4B3 layers at 30° and 0° fiber
mat orientations, 1.74 and 1.64 GPa. The elongation at breaks and tensile strain are
varied for all composites based on the number of layers and fiber mat orientations.
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Fig. 10 Tensile properties of glass and banana fiber woven mat reinforced epoxy composites

5 Effect of Number and Orientation of Layers on Flexural

Properties

The three-point bending test was used to measure the flexural properties of the hybrid
and non-hybrid composites. Figure 11 shows the flexural stress versus flexural strain
of glass and banana fiber mat laminated epoxy composites. The load cell of 500 N
strain gauge was used to carry out the experiments. The flexural stress is gradually
increased with increasing tensile strain and all curves are seemed to be linear. The

——B7
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——60° G4B3

—-75° G4B3

Fleural stress (MPa)
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-3

Flexural strain (%)

Fig. 11 Flexural stress versus strain of glass and banana fiber woven mat reinforced epoxy

composites
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flexural stress curve of pure banana fiber mat reinforced epoxy composite (B7) is
seemed low compared to all other composites and the pure glass fiber random mat
reinforced epoxy composite (G5) is seemed equal to hybrid fibers laminated compos-
ites. During flexural test, the loading surface (top surface) is subjected to compressive
stress and unloading surface (bottom surface) is subjected to tensile stress. The fail-
ure mechanism is clearly shown in Fig. 6b. The top and bottom surfaces are seemed
to be compressive and tensile region. The flexural stress curves of all hybrid fibers
laminated composites are seemed between the B7 and G5 composites. By varying
the banana fiber mat orientation, the flexural stress curves are varying. The maxi-
mum flexural stress versus curve is found for hybrid composites containing 0° and
60° orientation of banana fiber mat at G4B3. Figure 12 shows the flexural strength
of all laminated composites. Seeing that the flexural strength of hybrid fibers lam-
inated composites is found higher compared to banana fiber mat composites and
little lower compared to glass fiber mat. The flexural strength of G4B3 composites
is found higher compared to G3B2 composites. The increasing number of layers
increases the flexural strength of the composites because the more layers can bear
higher flexural loads, the glass fiber mat can bear more flexural strength than banana
fiber mat due higher fiber strength. Five types of banana fiber mat orientations are
taken for the discussion of flexural properties link 0°, 30°, 45°, 60°, and 75°. The
various of flexural strength is associated with the change orientation of banana fiber
woven mats. Increasing the orientation of fiber mat decreases flexural strength of
the hybrid composites. The maximum flexural strength of hybrid composite is found
for composites containing 0° and 60° banana fiber mat orientation at G4B3 layering
pattern. Fiber orientation is also playing am important roll on flexural strength.
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Fig. 12 Tensile strength of glass and banana fiber woven mat reinforced epoxy composites



308 T. P. Sathishkumar et al.

aBE7 O0°G3BZ B0°G4B3  @30° G3BI @30° G4B3 m45° GIB2

045° G4B3 B60° G3BI O60° G4B3 O75° G3IBI O75° G4B3 RBGS

N\

7
g
7
.
.
.
|
|
.
.
.
%
o
7

exural modulus (GPa)

Fig. 13 Flexural properties of glass and banana fiber woven mat reinforced epoxy composites

The flexural strength of the B7 and G5 composites is 132.02 MPa and 246.23 MPa.
The flexural strength of G4B3 and G3B2 hybrid fiber laminated epoxy composites is
241.57 MPa and 174.88 MPa (at 0°), 223.41 MPa and 212.38 MPa (30°), 209.86 MPa
and 181.84 MPa (at 45°), 241.16 MPa and 227.16 MPa (at 60°), 224.89 MPa and
184 MPa (at 75°) respectively. Based on the number of layers, the percentage dif-
ference of flexural strength between G4B3 and G3B2 is 27.61 (at 0°), 4.9% (30°),
13.35% (at 45°),5.18% (at 60°), and 18.18% (at 75°). Based on orientation of banana
fiber mat (G4B3) composites, the percentage difference between maximum flexural
strength (at 0°, G3B3) and other strength is 7.6% (at 30°), 13.13% (at 45°), 0.17%
(at 60°), and 6.9% (at 75°). The percentage difference of flexural strength between
B7 and G4B3 is 45.35% (at 0°). Figure 13 shows the flexural properties of laminated
composites. The maximum flexural modulus is found for composites containing
G4B3 layers at 0° and 30° banana fiber mat orientations, it is around 3.59 GPa and
3.70 GPa. The flexural strain and deflection are varied for all composites based on
the number of layers and fiber mat orientations.

6 Effect of Number and Orientation of Layers on Impact
Properties

Figure 14 shows the impact strength of B7, G4 and G3B2 and G4G3 laminated
epoxy composites. It shows that the banana fiber woven mat reinforced composite is
found very low impact energy compared to G5 composite and hybrid fiber laminated
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Fig. 14 Impact energy of glass and banana fiber woven mat reinforced epoxy composites

composites. Incorporation of glass fiber random mat in banana fiber woven mat
laminated composites is increasing the impact energy absorption. The glass fiber
mat composite (G5) is found higher impact energy compares to B7 composites. The
Impact energy of B7 and G5 is 5905.51 and 54,383.3 J/m?. In hybrid composites,
the G4B3 composites is found high compared to G3B2 composites. Increasing the
number of both layers increases the impact energy absorption. It shows that the
G4B3 laminated composite at 0° banana fiber woven mat orientation is found equal
impact energy compared G5 composites. The composite containing G4B3 layering
pattern at 30° banana fiber woven mat orientation shows the maximum impact energy
compared to G5 composites due that the orientation plays an important role on impact
energy absorption. The impact energy transfers layers are uniformly occurred and
resisted between the layers. This figure that the impact energy of G3B2 and G4B3
composites is 36,115.49 and 54,120.73 J/m? (at 0°), 30,695.54 and 56,732.28 J/m>
(at 30°), 33,044.62 and 49,842.52 J/m? (at 45°), 35,667.38 and 49,094.49 J/m? (at
60°), and 44,960.63 and 4994.51 J/m? (at 75°). The maximum impact energy is
found for composites containing G4B3 layering patterns at 0° banana fiber woven
mat. The percentage difference between maximum impact energy (G4B3, at 30°) to
other G4B3 hybrid composites is 4.6% (at 0°), 12.14% (at 45°), 13.46% (at 60°) and
11.96% (at 75°), and also the glass fiber mat composite (G5) is 4.14% low compared
to G4B3 hybrid composite. So, the banana fiber woven mat can improve the impact
energy of the hybrid fiber laminated composites.
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7 Conclusion

The banana fiber woven mat and randomly oriented glass fiber mat was used to
prepared the laminated epoxy composites by varying the number of layers and banana
fiber mat orientation by compression molding process and studied the mechanical
properties like tensile, flexural and impact according to the ASTM standards. From
the extensive investigation, the following conclusion are obtained.

e The tensile stress curves of all composites are linearly increased. The tensile
strength of G3B2 and G4B3 hybrid composites is found between the B7 and
G5 composites. By varying number of layers, the tensile strength is varied, the
maximum tensile strength is found for composites containing G4B3 layering pat-
tern at 0° banana fiber woven mat orientation. The maximum tensile modulus is
found for composite containing 0° and 30° banana fiber woven mat orientation.

e The flexural stress curve of hybrid composites is linearly increased with flexural
strain. The flexural strength of G4B3 hybrid composites is found higher than G5,
B7 and G3B2 hybrid composites. Incorporation of banana fiber mat is increasing
the flexural strength of composites. By varying number of layers, the flexural
strength is varied, the maximum flexural strength is found for composite containing
G4B3 layering pattern at 0° banana fiber woven mat orientation. The maximum
flexural modulus is found for composite containing 0° banana fiber woven mat
orientation.

e The absorption of impact energy is varying for all hybrid composites. The impact
energy of banana fiber woven mat laminated epoxy composite is very low com-
pared to all hybrid composites and G5 composites. Incorporation of glass fiber
random mat is increasing the impact energy absorption. The maximum impact
energy absorption is found for composite containing 0° and 30° banana fiber
woven mat orientation. It is higher compared to G5 laminated composites.

Increasing the banana fiber mat orientation more than 30° is decreasing the ten-
sile, flexural and impact strength of the hybrid fibers laminated composites. Overall
the maximum mechanical strength is found for laminated composites containing 0°
banana fiber woven mat. Also, the weight of the banana fiber mat is low compared
to glass fiber mat, it is reducing the total weight of the composites. This G4B3 lam-
inated composites at 0° banana fiber woven mat orientation is a suitable composites
material for various structural applications.
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