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Preface

Agricultural biomass is abundant worldwide and it can be considered as alterna-
tive source of renewable and sustainable materials which can be used as potential
materials for different applications. Despite this enormous production of agricultur-
al biomass, only a small fraction of the total biomass is utilized for different appli-
cations. Industry must be prepared to take advantage of the situation and utilize the
available biomass in the best possible manner. Agricultural biomass such as natural
fibres has been successfully investigated as a great potential to be used as a renew-
able and sustainable materials for the production of composite materials. Natural
fibres offer excellent specific properties and have potential as outstanding reinforc-
ing fillers in the matrix and can be used as an alternative material for biocompos-
ites, hybrid composites and pulp and paper industries. Natural fibre based polymer
composites made of jute, oil palm, flex, hemp, kenaf have a low market cost, are
attractive with respect to global sustainability and find increasing commercial use
in different applications. Agricultural biomass based composites find applications
in a number of fields viz., automotive industry and construction industry such as
for panels, frames, ceilings and partition boards, structural applications, acrospace,
sports, recreation equipment, boats, office products, machinery, etc. Future research
on agricultural biomass natural fibre-based composites is not only limited to its
automotive applications but it also requires to explore its application in aircraft
components, construction industry, rural housing and biomedical applications. In
this book we will cover chemical, physical, mechanical, thermal, electrical, flame
retardancy and biodegradability properties of agricultural biomass based composite
materials and its different potential applications.

We wish to express our gratitude to all the contributors from all over the world for
readily accepting our invitations for not only shearing their knowledge but also for
admirably integrating their proficiency on scattered information from diverse fields
in composing the chapters and enduring editorial suggestions to finally produce this
venture that will hope be a success. We greatly appreciate their commitment.

We thank Springer team for their generous cooperation at every stage of the book
production.

Khalid Rehman Hakeem
Mohammad Jawaid
Othman Y. Alothman
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Foreword

Agricultural biomass has stirred much interest worldwide due to its tremendous
availability; however, only a small fraction of the total biomass is utilized for
different applications. The publication of the chapters appearing in this book rep-
resent a cooperative effort of various individuals from different background. The
book reviews the multiple uses of agricultural biomass and reports on basic char-
acteristics and performance in various potential applications such as construction
materials, automotive parts, biomedical, bioresin and bioenergy.

This book will be very helpful not only to scientists and engineers who are
interested in converting natural fibres and other biomass into higher value-added
products but hopefully also to a variety of people in other disciplines either in the
academic world, in industry or in the area of policy.

Director Prof. Dr. Paridah MD. Tahir
Institute of Tropical Forestry and Forest Products (INTROP)

Universiti Putra Malaysia

43400 Serdang, Selangor
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Potential Utilization of Kenaf Biomass
in Different Applications

N. Saba, M. T. Paridah, M. Jawaid, K. Abdan and N. A. Ibrahim

Abstract Kenaf is regarded as an industrial crop, and belongs to family Malva-
ceae along with hibiscus (Hibiscus hibiscum L.), hollyhock (Althaea rosea), cotton
(Gossypium hirsutum L.), and okra (Hibiscus esculentus), and is grown commer-
cially in different countries including Malaysia. It is undoubtedly the utmost impor-
tant cultivated plant for fiber globally, next to cotton, a short day, herbaceous 4000
years old, original crop which is endemic to ancient Africa. It has a precise promis-
ing prospect because of its long fibers derived from outer fibrous bark, the bast with
great potential in the biocomposite industry. The plants possess a wider range of
adaptation to environments, climates, soils, and are rich sources of cellulose com-
pared to any of other fiber plant in profitable manufacture industry. Kenaf reveals a
virtuous source of high and improved quality cordage fiber which can be processed
into a variety of goods such as fiber and particle boards, fiber-reinforced plastic
components, pulp and paper, chemical absorbents, and many others. The tensile
strength and modulus of solo kenaf fiber is found to be as high as 11.9 and 60 GPa,
respectively. All the components of kenaf plant, leaves, seeds, bast fiber, and core,
are of industrial importance. The countless variabilities in the utilization of kenaf
only because of its appropriateness as construction material (such as boards of dif-
ferent densities, breadths, along with fire and insect resistance), adsorbent, textile,
livestock feed, and fibers in original and reprocessed plastics are demonstrated by
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many recent studies and research efforts are increasing nowadays. Numerous other
kenaf fiber products are also being developed and marketed. Thus, it is important to
gather the information of its constituents and the matters governing the composition
of the plant.

Keywords Kenaf (Hibiscus cannabinus L.) - Natural fibers - Composite -
Antioxidant - Adsorption * Geotextiles

Introduction

In the global market, kenaf is regarded as an industrial crop. Kenaf (Hibiscus can-
nabinus L., Malvaceae) is an annual warm-season crop, relative to cotton, and from
historic times has been suggested by many researchers for use as both fodder crop
and fiber (Taylor 1992; Webber 1993). Kenafis the traditional crop in Thailand, cer-
tain areas of Africa, India, and Bangladesh, and to a certain level in Southeast Eu-
rope. It has been grown for over 4000 years in Africa, and its parts have been used
for animal diet, food, handicraft manufacture, and fuel by inherent communities
(Dempsey 1975). However, numerous types of kenaf crops nowadays are found to
be cultivated easily and widely in numerous countries. Moreover, the major farming
areas are throughout India, China, and several new countries, including Texas, USA
(seed farms), Tamaulipas, Mackay, Australia, and Mexico (Chan and Ismail 2009).
Kenaf has a growing demand from Australia, Europe, Japan, and Korea. In the past
decade, the crop has received an increased attention by EU as a high-yielding “non-
food crop” for fiber production and particularly for the newsprint paper pulp and
other paper products industry (Clark et al. 1962; White et al. 1970), as it is fast grow-
ing and high yielding and pulp can be obtained easily (Clark et al. 1962). Kenaf also
gets more familiarized into arid regions (Francois et al. 1992) and is progressively
getting mature in other dry, marginal soils, light-textured, under water-limited situ-
ations. It is regarded as a potential crop to substitute tobacco. Currently, about 95 %
of total kenaf production belongs to India, Thailand, and China (Tahery et al. 2011).
Based on research findings, kenaf is regarded as Malaysia’s next industrial crop
due to its technical, practical, and commercial potential. Figure 1 shows the kenaf
plantation in Malaysia. In Malaysia, it was first presented in the early 1970s and
was highlighted in the 1990s as the substitute and inexpensive important basis of
material for manufacturing panel products such as particleboard, fiberboard, and
textiles, and as a source of fuel (Abdul Khalil et al. 2010).

Kenaf is a dicot and has two different kinds of fibers—Ilong bark fibers, consti-
tuting 35 % of its fibrous portion, and short core fibers, determining the rest (Man-
zanares et al. 1997). Kenaf has a straight, single, and branchless stem. Kenaf stalk
is composed of an internal woody core and a superficial fibrous bark neighboring
the core. Bast fiber is the fiber derived from the superficial fibrous bark (Edeerozey
et al. 2007). Materially, their seeds are comparatively smaller (6 mm long x4 mm
wide), black or dark brown in color with a triangular shape in acute angles (Chan
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Fig. 1 Showing the kenaf
plantation in Malaysia

and Ismail 2009). Kenaf leaves are lobed or unlobed reliant on position and variety;
flowers are usually monoecious and fruit is a capsule of 2 cm diameter containing
numerous seeds and takes about 40—50 days for maturing (Monti and Zatta 2009).
Moreover, kenaf plant has a long effective taproot system and a wide-ranging lat-
eral root system which is moderately deep ensuring the plant to be drought tolerant.
Greater moisture is the major requirement, thus about 23.6 in. of water is highly
important during its growing period of about 120—150 days (Anonymous 2012). It
is quite hard, thus it is unaffected to the effects of robust winds and drought. Like
hemp, it is a diverse fiber; however, unlike hemp it does not possess the stigma of
marijuana (Anonymous 2014). Kenaf does not require any chemical pest control, or
toxic or synthetic products during its growing cycle, thus growing kenaf profits the
ecosystem. Kenaf plant collects poisonous elements, such as heavy metals from the
earthy soil. Kenaf plant shows absorption of CO, from the atmosphere compared to
any other crop—about 1.5 t of CO, is needed for a production of 1 t of dry matter
of kenaf (Fig. 2). Thus, every hectare of kenaf consumes 30-40 t of CO, for each
growing cycle (Eshet 2014).

Kenaf is one of the significant fast-growing crops, producing two harvests annu-
ally and can yield a profit 15-20 t per hectare (dry-weight basis) with the appropri-
ate seedlings and seeds. Reliant on the yield, 3—5 t (20 %) consist of fiber. Maturity
is about 4-4.5 months (Chen et al. 2011). Compared to that of conventional trees,
the photosynthesis rate of kenaf is considerably much greater. Kenaf’s environmen-
tal sustainability is deceptively perfect related to other predictable annual crops
such as sugar beet and maize (lesser amounts of fertilizers required) (Monti and
Zatta 2009). It is considered as one of the pillars among export commodities for the
country and a vital source for employment and foreign exchange earnings. Thus,
it is an economically important crop of the country as it has a wide range of uses
mostly in the fabrication of currency notes, bags, cigarette filter paper, meat casing,
cable insulation, and a host of other industrial products. However, like every other
crop, kenaf production requires some agronomic practices, especially soil nutrient
amendment, to improve its productivity and biomass quality. Moreover, kenaf has
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Fig. 2 Shows the absorption of CO, from atmosphere http://www.kenafibers.com/users_nec.html

been cultivated widely because of its tendency to captivate phosphorus and nitrogen
present in the soil; it can accumulate carbon dioxide at a significantly high rate than
that of Japanese cedar shown in Fig. 3. Natural fibers such as banana, hemp, flax, oil
palm, kenaf, jute, sisal, etc. have gained significant attention in the past few years
due to their environmentally green and renewable nature (Abdul Khalil et al. 2012).
Natural fibers are primarily classified on the basis of their origin, either belong-
ing from animals, minerals, or plant fibers. Natural fibers are renewable materi-
als and also possess the ability to be reprocessed (Jawaid and Abdul Khalil 2011).
Natural fiber itself consists of helically wound cellulose microfibrils, embedded in
amorphous lignin matrix, and hence resembles that of naturally occurring compos-
ites. Cellulose (a-cellulose), lignin, pectins, hemicellulose, and waxes are the major

Fig. 3 Kenaf CO, absorption Kenaf CO2 absorption capability
capability http://www.toyota- —7 times more than Japanese cedar—
boshoku.com/global/about/

development/eco/kenaf

Japanese Tropical
cedar rainforest Kenaf
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components of natural fibers. Generally, these fibers are extremely hydrophilic in
nature. This water-loving feature leads the water uptake and the formation of hydro-
gen bonds between water and fiber. The required stiffness and strength of the fibers
are delivered by the hydrogen bonds and other similar linkages. Natural fiber prop-
erties mostly depend on conditions of plant growth, making them highly variable.
A foremost disadvantage of natural (plant) fibers compared to synthetic fibers is a
variety of dimensions, their nonuniformity, and mechanical properties; this is also
in the case of individual natural (plant) fibers from the same cultivation (Bismarck
et al. 2005). However, treatment with chemicals such as maleic anhydride, silane,
and acetic anhydride improves the fiber dimensional stability properties (Wambua
et al. 2003). Researchers found that these fibers are not applicable for aerospace ap-
plications and high-performance military due to their low strength, environmental
sensitivity, and lower moisture resistance resulting in deprivation of stiffness and
strength of natural fiber-reinforced composites. However, all these shortcomings
can be overcome only by effective hybridization of lignocellulose fiber with per-
fectly proper synthetic fiber or natural fiber (Abdul Khalil et al. 2012).

Physicochemical Characteristics of Kenaf Fiber

Physical Properties of Kenaf Fiber

Kenaf is well recognized to have both ecological and economic advantages instead
of cellulosic nature. It can grow in 3 months (after sowing the seeds), under an
extensive range of climate conditions, up to a height of more than 3 m and a width
diameter of 3—-5 cm (Aziz et al. 2005). Kenaf (H. cannabinus L.) stem principally
comprises two types of materials: the long fiber (bast) and the short, woody-like
fiber (core), present at the innermost part of the kenaf stem. The bast to core ratio is
almost 30:70 (w/w). These fibers are different considerably in anatomical structure,
fiber, and their appearance (Voulgaridis et al. 2000). Fiber quality and its superior-
ity are relevant with its characteristics like capability of uptaking humidity, biode-
gradability, no allergic and harmful substance effects, and good air permeability.
Figure 4 shows transverse sections of kenaf cell wall fibers, showing hollow tube
of cell wall with four different layers: one primary cell wall, three secondary cell
walls, and a lumen which opens in the middle of the microfibril (Abdul Khalil et al.
2010). The microfibril size, chemical content, and extractive percent of kenaf stem
are shown in Table 1.

Kenaf core fibers exhibited countless variability in size, shape, and structure of
the cell wall fibers. Figures 4b, c are the transverse sections of kenaf bast fibers.
The cell wall fibers are polygonal to round in shape. The kenaf core and bast fiber’s
average lumen diameter is 6.7 and 2.8 um, respectively. This shows that kenaf core
can be a potential fiber for pulp and paper industries, thus substituting wood and
many other natural fibers as a raw material (Abdul Khalil et al. 2010). The pit struc-
ture can be observed undoubtedly in kenaf core fiber (Fig. 5). However, in other
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Fig. 4 Transmission electron micrograph of ultrathin section of kenaf fibers: a kenaf core fibers
showing cell wall and lumen, b transverse section of core fibers, ¢ transverse section of kenaf bast
fibers. Cell wall structure stained with uranyl acetate and lead citrate. Scale bar=5000 nm in. (a)
and (¢), 2000 nm in (b). CW cell wall, L lumen, F fiber, P parenchyma (with permission)

Table 1 Microfibril size, extractive percent, and chemical content of kenaf stem. (Source: Akil
etal. 2011; Abdul Khalil et al. 2010)

Nonwood fibers Stylel bark | Style4 core | Kenaf whole | Softwood | Hardwood
Fibril length, L (mm) 2.22 0.75 1.29 - -
Fibril width, 7 (um) 17.34 19.23 22.1 - -

Lw 128 39 - - -
Lumen diameter (um) 7.5 32 12.7 - -

Cell wall thickness (pm) 3.6 1.5 43 - -
Extractive (%) 5.5 4.7 6.4 02-85 |0.1-7.7
Cellulose (%) 69.2 32.1 53.8 30-60 31-64
Lignin (%) 2.8 25.21 21.2 21-37 14-34
Hemicellulose (%) 272 41 87.7 60-80 71-89
Ash content (%) 0.8 1.8 4.0 <1 <1

fibers, pits are seldom realized, and they are variable in their dimension. Average
bast fiber’s length is 2.5 mm, comparable to different species of southern pine and
the core length is 0.5 mm resembling hardwoods. This composition provides a re-
quired balance for several other pulp and paper applications, stimulating constant
attention, research and development in the industries (Schroeter 1994).
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Fig. 5 Transmission electron
micrograph of ultrathin sec-
tion of kenaf fiber. Transverse
section of pit fiber wall. Scale
bar=1000 nm. CW cell wall,
PT pit. (With permission)

Chemical Composition

Kenaf Fiber

Generally, kenaf fibers like other natural fibers consist of 60-80 % cellulose, 5-20 %
lignin (pectin), and up to 20 % moisture (Mohamed et al. 1995; Nishimura et al.
2002). The composition and products of kenaf constituents have been affected by
several aspects including cultivar, planting date, plant populations, length of grow-
ing season, photosensitivity, and plant maturity (Ayerza and Coates 1996). Fiber is
composed of cellulose entrenched in a matrix of hemicellulose and lignin, resem-
bling the reinforced composites. Hemicellulose is accountable for biodegradation,
moisture absorption, and thermal degradation of the fibers, whereas lignin (pectin)
is quite thermally stable and responsible for the ultraviolet (UV) degradation of the
fibers (Akil et al. 2011). Kenaf fibers were fairly dissimilar with respect to their
chemical constituents (Abdul Khalil et al. 2010). Shorter and thicker core fibers are
poor in slenderness ratio, thus reducing the tearing resistance intensely (Ververis
et al. 2004). However, fibers of core are extremely flexible with a good Runkel ratio
as shown in Table 2 and lower felting power thus can supplement the developed
mechanical strength of the bark fibers (Khristova et al. 1998) and Table 3 shows the
density and cost of glass fibers and natural/bio-fibers.

Kenaf Seed Oil

Oil composition of kenaf seed is alike to cottonseed apart from the existence of
gossypol (a toxic phenolic pigment) in cottonseed oil (Bhattacharjee et al. 2007).
Soxhlet extraction is most commonly used for the kenaf seed oil extraction, rich in
unsaturated fatty acids (76.0-81.5%) with linoleic acid being the major fatty acid
(45.9%) in the oil (Mohamed et al. 1995). Besides this, the oil is also rich in phy-
tosterols and phospholipids (0.9 and 6.0 % of the oil, respectively).
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Table 2 Fiber dimensions Fiber dimension Stalk height/branch | Kenaf
along the stalk/branch of length (%)
the kenaf plant. (Source:
1998) Length (mm) 10 2.30°
50 2.33
90 2.37°
Diameter (%4 m) 10 22.09
50 21.65
90 21.52
Lumen diameter (I%4m) 10 11.03
50 10.69
90 10.9
Cell wall thickness (i%4m) | 10 4.53
50 4.37
90 4.32
2 Bark

b Internodes

Table 3 Density and cost Fiber Density (g/cm?) | Cost (kg™")

of glass fibers and natural/

bio-fibers. (Zampaloni et al. Flax 1.4-1.5 $0.40-0.55

2007, with permission) Hemp 1.48 $0.40-0.55
Jute 1.3-1.45 $0.40-0.55
Cotton 1.5-1.6 $0.44-0.55
Kenaf 1.4 $0.40-0.55
Ramie 1.50 $0.44-0.55
E-glass 2.5 US$2
S-glass 2.5 Us$ 2
Pineapple leaf | 1.53 $0.40-0.55

Mechanical Properties

Most of the properties of natural fibers are extremely variable and governed by
conditions and situations of growth. So it is quite challenging to get the similar me-
chanical properties even after repeat testing. Mechanical properties such as modu-
lus and tensile strength are correlated to the internal structure and composition of
the fibers (Abdul Khalil et al. 2012). Natural fibers’ properties influenced by their
cellulose and its crystalline association or organization determine the mechani-
cal properties (Bledzki and Gassan 1999). Researchers also found that the tensile
strength and Young’s modulus of plant fiber rise with increasing cellulose content of
the fibers (Aji et al. 2009). Table 4 shows the comparison of various mechanical and
physical properties of natural and synthetic fiber. Moreover, like other natural fibers
kenaf fibers have poorer thermal resistance and specific modulus and are cheaper
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Table 4 Comparison of mechanical and physical properties of natural fibers versus synthetic
fibers. (Source: Misnon et al. 2014, with permission)

Fiber Density Tensile Young’s mod- | Elongation | Length Diameter
(g/em?) strength (MPa) | ulus (GPa) at break (%) | (mm) (um)
Bamboo | 0.6-1.1 140-800 11-32 2.5-3.7 1.5-4 25-40
Jute 1.3-1.49 | 320-800 8-78 1.5-1.8 1.5-200 | 20-200
Kenaf 1.4 223-930 14.5-53 1.5-2.7 - -
Flax 1.4-1.5 345-2000 27.6-103 1.2-33 5-900 12-600
Sisal 1.33-1.5 | 363-700 9-38 2.0-7.0 900 8-200
Hemp 1.4-1.5 270-900 23.5-90 1.0-3.5 5-55 25-500
Coir 1.15-1.46 | 95-230 2.8-6 15-51.4 20-150 10-460
Ramie 1.0-1.55 | 400-1000 24.5-128 1.2-4.0 900-1200 | 20-80
Abaca 1.5 400-980 6.2-20 1-10 - -
Cotton 1.5-1.6 287-800 5.5-12.6 3.0-10.0 10-60 1045
Bagasse | 1.25 222-290 17-27.1 1.1 10-300 10-34
E-glass | 2.5-2.59 | 2000-3500 70 2.5 - -
Aramid | 1.4 3000-3150 63-67 3.3-3.7 - -
Carbon | 1.4 4000 230-240 1.4-1.8 - -

as compared to synthetic fibers. Kenaf bast fiber has considerably higher flexural
strength mutually associated with its outstanding tensile strength, making it perfect
material for a variety of collection of extruded, molded, and nonwoven products.
They are tough and hard enough to be a probable reinforcement fiber in polymer
composites. It was concluded that kenaf fiber has a strong interfacial adhesion with
polymers. All these properties make kenaf fibers superior over other natural fibers
such as oil palm (Yousif and El-Tayeb 2007, 2008), sugarcane (El-Tayeb 2008) and
jute (Chand and Dwivedi 2006). Furthermore, research shows that alkalizing the
kenaf fibers offered improved flexural strength, impact strength, flexural modu-
lus, and strength modulus for polymeric composites (Nishino et al. 2003; Liu et al.
2007; Huda et al. 2008). Chemical treatment through acetic anhydride, silane, and
maleic anhydride also shows improvement in the properties of fibers such as dimen-
sional instability. Table 5 shows the chemical composition of the kenaf fibers after
different treatments (Karimi et al. 2014) (Table 3).

Integrated Industrial Applications of Kenaf

The consideration and utilization of kenaf have been the matter of many inves-
tigations, studies, and projects since the late 1950s to explore it as an industrial
crop. Currently, the industrial use of kenaf fibers endures to expand its application
from its ancient and historic appeal as a cordage crop (twine, rope, and sackcloth)
to a variety of novel tenders including building materials, absorbents, paper prod-
ucts, and livestock feed, enabling it as a major industrial crop (Webber et al. 2002).
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Table 5 Chemical composition, diameter, and average diameter range of the kenaf fibers after
different treatments. (Source: Karimi et al. 2014)

Different treatments | Diameter Average Component (%)

range (um) | diameter

Cellulose | Hemicelluloses | Lignin

RF/no method 15.5-148 55.18 61.2+0.8 | 18.5£1.5 12.9+0.7

49.9-115.5 | 82.7 - - -

10-80 - - - -
UBP/method 2.09-22.9 11.37-40.7 | 82.3+0.6 | 11.2+1.5 2.6+0.2
Alkali treatment 20-90 - - - -

20.7-60.7 | — - - -
BP/method 1.94-21.1 10.56 91.8+£0.9 |4.9+04 0.5+0.1
Bleaching process 8-14 11 - - -

7.4-11 9.2 - - -

8.58-12.68 | 10.63 - - -

BP Bleaching process; RF' Water retted Kenaf bast fibers; UBP unbleached pulp

Figure 6 illustrated diverse application of kenaf in enhanced bio-composites and
lignocellulosic materials (Chen 2011). Moreover, the residues from its different
industrial processes can be utilized as energy sources. Kenaf’s inner woody core
fibers possess high absorbency and many researchers have investigated its uses in
diverse fields such as seats for the automotive industry, sewage sludge composting
as a bulking agent, particleboard in dashboards (Webber 1994), acting absorbent
(Goforth 1994), as animal bedding and poultry litter (Tilmon et al. 1988), as a pot-
ting soil amendment (Webber et al. 1999), and effectively used for toxic discarded
waste removal such as oil spills on water, waste cleanup, and the removal of chemi-
cally adulterated soil’s composition (Webber and Bledsoe 2002). Kenaf bast fibers
have noteworthy mechanical properties and are thus used in a variety of applica-
tions such as burlap bags, twine, sacks, ropes, canvas, cordage, carpets, industrial
and commercial fabrics, and plastics (Cheng et al. 2004). Kenaf fiber is nowadays
regarded as a standard and typical raw material in the production of particleboards,
animal feeds, paper, textiles, and fuel; some varied applications of kenaf fiber are
shown in Fig. 7 (Alexopoulou 2013). However, kenaf products’ prices are influ-
enced by the procedure, specifications, and conditions. Novel attractiveness of ke-
naf and its products aretheir eco-friendly, strong, and very light nature (Chen et al.
2011). Table 6 display different application of kenaf plant and its fibres in pulp pa-
per, panels, traditional cottage, adsorption agent, packaging materials, natural fuels,
and animal fodder and feeds.

Pulp and Paper

Kenaf is evidently a promising natural fiber, basic source for both, textiles and at-
tire and industrial applications. Kenaf shows significant advantages, having small
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Fig. 6 Diverse and multiple uses of kenaf across industries (New Lightweight and Nanotechnol-
ogy Enhanced Bio-composites from Lignocellulosic Materials, http://www.greenprospectsasia.
com/content/fibrous-kenaf, Accessed on 24 June 2014)

bioplast

Fig. 7 Versatile kenaf applications. KENAF (Hibiscus cannabinus L.) agronomy and crop man-
agement http://www.fibrafp7.net/Portals/0/05_Alexopoulou.pdf
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harvestable period and nonchlorinated bleaching techniques employed for its di-
verse applications. Kenaf has been regarded as an ultimate source of fiber for paper
and pulp industries because of its suitable and sufficient physical strength proper-
ties. Unlike hemp, whose longer fibers are most commonly used in textiles and
ropes, kenaf’s outer stalk has shorter fibers similar to the best softwood fibers and
thus its applications are limited in making papers and composites (Loynd 2010;
Ververis et al. 2004). The kenaf core particles are also explored as absorbents in
paper products like wipes, tissues, and hygienic products (Zaveri 2004). Kenaf fi-
bers’ pulping (bast and core) also benefits the atmosphere as this procedure requires
smaller amount of energy and chemicals compared to the other typical pulping
procedures employed for woody fibers. The makeable greater lumen diameter and
negligible fiber thickness provide better pulp mat formation in the paper making
process; kenaf cell wall lumen is the best in pulp and paper processing techniques
(Abdul Khalil et al. 2010). Compared to hardwood, core pulp has a greater tensile
and burst strength but lower tear strength (Kaldor et al. 1990). Bark fibers deliver
good slenderness ratio compared to those softwoods and undoubtedly to most hard-
woods (Ververis et al. 2004). Kenaf bark fiber papers have improved mechanical
strength and thus are appropriate for writing, printing, wrapping, and for packaging
material (Saikia et al. 1997; Neto et al. 1996). Nowadays, the whole stems are being
used to produce a pulp of high strength and better quality. Much more significant
practical and economic advantages appeared by using the whole stem as it is simple,
easy to process, and devoid of the supplementary separation expenses. Kenaf paper
is longer lasting, whiter, stronger, resistant to staining, and has better ink adherence
compared to conventional tree paper (Han et al. 1995; Kaldor et al. 1990). The
kenaf virgin fiber is also applied for increasing reprocessed paper excellence and
paper power or strength (Webber et al. 2002). Excellent quality of newsprint paper
could be made from whole kenaf stalks and kenaf pulp by mixing with conven-
tional or traditional softwood pulps producing a wide range of paper grades (Kugler
1988). Furthermore, kenaf also reduces the cost and labor compared to the process
of making pulp from wood. Thus, the growing industry of kenaf paper leaves forests
undamaged while dropping energy consumption and industrial pollution, leading to
both ecological and commercial benefits (Anonymous 1994).

Magnetic Paper

Recently, researchers demonstrated the use of unbleached kenaf fibers for making
magnetic paper using chemical co-precipitation method through ferrous and ferric
compounds. It involves the precipitation and stacking of nano-sized ferrite particles
into the lumen of the kenaf fibers. Kenaf fibers with large lumen get integrated with
magnetic constituents apt for making paper for multiple printing papers, information
storage, electromagnetic shielding, etc. The cobalt compound for this type of co-
precipitation is also being observed. Degree of loading of the kenaf fibers increases
the magnetic properties of the papers, which in turn increases with temperature and
stirring speed. Moreover, these fibers form good fiber—fiber bonding and the chance
of loss of paper strength owing to the filler is reasonable (Chia et al. 2008).
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Medium Density Fibreboard (MDF) Panels

MDF manufacturing from Kenaf bast fibres have several application in non-struc-
tural products. MDF panels are influenced by different factors including resin con-
tent, resin type, and moisture content on their physic mechanical properties are well
established. Research shows that resin type and moisture content have noteworthy
effect on the mechanical properties while resin content is the least significant (Ali
et al. 2014). These panels are often used in a variety of nonstructural applications
such as furniture, laminated floors, paneling, cabinet doors, and underlay of carpet
floors (Bowyer et al. 2007).

Animal Bedding and Poultry Litter

The use of waste core particles as absorbents in animal bedding material is their
most important and explored possibility. Kenaf core fibers are extensively used as
bedding material for horses, cattle, poultry, and rodents (Lips et al. 2009). These
absorbent materials fulfill some requirements of animals such as perfect absorption
features for urine, low dust content, nonedible, and nonirritating particles for their
hoofs and skin (K.E.F.I. 2006). Absorption values and water-retention characteris-
tics for kenaf core particles are found to be up to 12 g water/g of small milled par-
ticles (38—1000 pum) and it competes with other natural absorbents and commercial
bedding materials like flax shaves, wood shavings, straw, and hemp core. Superior
water-retention values are shown by the bigger kenaf core particles; however, this
product contains higher amount of bast and coarse fibers found to be a perfect ani-
mal bedding material. Moreover, bigger kenaf core particles have the significant
water-retention properties compared to the marketable materials at both high and
low centrifugal forces. According to Lips et al. (2009), wood shavings absorb water
2.4 times of its own weight whereas kenaf core shows absorbency more than wood
shavings. Under high pressure, kenaf possesses higher water holding or retaining
capacity than wood shavings (Lips et al. 2009). Kenaf pith shows high water ab-
sorption features due to its cushioned structures and absorbs 20 times more water
than its own weight. Water-retention value even after high centrifugal forces is five
times (Lips et al. 2009). Kenaf bedding is carried in masses to ranch stock stores
and farm providing in wholesale to large consumers such as zoos, poultry, and farm
stables (Zhang 2003). In the USA, straw and wood shavings are regarded as inferior
bedding absorbing materials than kenaf core (Lips et al. 2009).

Microfiltration Membranes

The possibility of using kenaf (H. cannabinus L.) nonwoody plant as the el-
ementary and alternative material for making cellulose acetate membranes ap-
plied in pressure-driven processes used in microfiltration processes is being
studied nowadays (Radiman et al. 2008). Hardwood is usually used for making
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cellulose acetate membranes, but the consideration of using kenaf provides another
alternative resource from nonwood plants. The acetylated kenaf membrane displays
a more spongy arrangement and higher Young’s modulus value compared to that
obtained from commercial cellulose acetate because of its lower molecular weight.
Kenaf (nonwoods) is lesser in lignin and higher in silica and ash than the hardwoods
with comparable cellulose content (Barba et al. 2002). Thus, fewer chemicals are
involved in bleaching and cooking processes. Nonwoody kenaf plants require only
a few months to attain full growth compared to hardwood trees which take years
(Radiman et al. 2008). As shown in Table 7, the Young’s moduli of commercial
ones are lower than the kenaf membranes in all compositions. So, recently kenaf
applications in membrane technology (Radiman et al. 2008) received much atten-
tion (Table 6).

Adsorption Material

Recently, the use of raw natural agricultural and forest by-products as cheap ad-
sorbent materials, to eliminate contaminated and heavy metals from wastewater, is
extensively studied as the unconventional manner of dealing with that of existing
expensive methods (Aydin et al. 2008; Demirbas 2008). Recent research studies
confirmed prospective use of core and bast fibers of kenaf to improve bioremedia-
tion (Borazjani and Diehl 1994), adsorption (Sajab et al. 2010, 2011), sound absorp-
tion, and thermal insulation (Sellers et al. 1994). Besides kenaf, several agricultural
by-products were previously used to confiscate heavy metals such as eucalyptus,
mushroom biomass, wheat bran, bark, rice husk, sunflower stalks, Ficus religiosa
leaves, fruit peel of orange, and waste tea leaves. Kenaf possesses decent tendency
to eliminate heavy metals from aqueous solution in batch studies (Hasfalina et al.
2010; Sajab et al. 2010).

Adsorption of Copper (II)

Cu (II) is toxic at high concentration but is vital for certain biosyntheses in human
body as micronutrient for both plants and animals but it could cause anemia and

Table 7 Young’s modu- Type of cellulose | Cellulose acetate Young’s modulus
lusdof acetylat.ecli kellllaf acetate membrane | concentration (wt. %) | (107 N/m?)
and commercial cellu-
lose acetate membranes. Kenaf 14 5.38
(Radiman et al. 2008, with 16 6.78
permission) 13 6.85
Commercial 14 5.17
16 5.40
18 5.60
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stomach intestinal distress (Hasfalina et al. 2012), and might increase the risk of
cancer (Aydin et al. 2008) after exceeding normal standard level. Research works
investigated the successful use of kenaf in fixed-bed column for the adsorption of
copper (II) from aqueous solution (Hasfalina et al. 2012).

Adsorption of Hazardous Dye

Further, probable application of kenaf core fibers is the removal of hazardous dye
from wastewater. Citric acid (CA)-treated kenaf core fibers prepared via esterifica-
tion in the presence of CA display greater adsorption proficiency towards methy-
lene blue (MB). About 131.6 mg/g of maximum adsorption capacity was achieved
for the CA-treated kenaf core fibers. The study also cleared that treated kenaf core
fibers have higher adsorption capacity towards MB, compared to untreated kenaf
core fibers. Table 8 summarizes the maximum capacity of adsorption (Q,) of the
CA-treated kenaf core fibers with different adsorbent materials. CA-treated kenaf
core fibers’ heavy metal ions uptake or adsorption capacity is equivalent to that of
other bio-adsorbents (Sajab et al. 2011).

Oil and Chemical Absorbents

The kenaf core is a perfect absorbent to clean up oil spills and chemicals alike.
Kenaf absorbs oil before taking on water making the product to float on the sur-
face enabling easier assembly. The obtained product is nonabrasive, more effec-
tive, nontoxic than conventional remedies like clay and silica. In Texas oil fields,

Table 8 Comparison

. . Bio-adsorbent Maximum adsorption capacity,
of maximum adsorption 0, (mg/g)
capacity (Q,) of the kenaf o UMEE
core fibres with other mate- Peanut hull 161.3
rials towards methylene Poplar sawdust 153
blue (MB). (Source: Sajab Rejected tea 156
etal., 2011)

Mango seed kernel powder 153.846
Jute processing waste 22.47
Wheat shells 16.56
Rice husk 40.6
Garlic peel 142.86
Meranti sawdust 158.73
Hazelnut 76.9
Cherry sawdust 39.84
Oak sawdust 29.94

Kenaf core fibres 131.6
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this product absorbs coolant spills, gasoline, diesel, and transmission fluid. In some
places, it is used for personal garages along with bulk applications such as oil rigs,
clean-up operations in land, sea spills, and refineries, utility companies, storage ter-
minal industries, and for refueling applications in military field (Sellers et al. 1993).

Biologically Active Acidic Oligosaccharides

The major hemicellulose (hemicellulose A and hemicellulose B) from kenaf con-
sists of a B-(1 — 4)-p-xylopyranose backbone with 4-O-methyl-glucuronic acid
side chains at the two-position of many xylose units (Duckart et al. 1988; Neto
et al. 1996) obtained by a series of sequential extractions. It has 92-94 % xylose
content and analogous spectral profile to a classic hardwood birch wood xylan
(Nacos et al. 2006). Neutral and acidic xylo oligosaccharide results from hydro-
lysis of xylan with suitable enzymes. Achieved xylooligosaccharides are used as
constituent elements in pharmaceuticals, cosmetics, food, or agricultural products
(Vasquez et al. 2000). Acidic xylooligosaccharides also display exciting functions
as growth regulators in plants, acclimatization bioregulators (Katapodis et al.
2003), regulating certain biological activities, and as antibacterial sterile agents
(Christakopoulos et al. 2003).

Geotextiles

Geotextiles are textile-like materials used to improve soil structural performance
used for short term (6 months to 10 year) for mulching, absorption, as soil filters,
and for erosion control. Kenaf fiber-based geotextiles compete with polymeric geo-
textiles on both technical and commercial grounds; only the need is to increase their
competitiveness, with the biggest market share mainly focused on jute, coir, and
sisal fibers (Le@o et al. 2012). Forest Products Laboratory’s (FPL) initial effort is to
use kenaf as a staple fiber in nonwoven geotextiles.

Reinforcements in Composite

The natural fiber polymer composites have become the attractive centers for the
research community since the past few decades (John and Thomas 2008). Natural
fiber-reinforced composites are proposed to substitute synthetic fiber-based com-
posites due to several advantages such as renewability, less abrasiveness to equip-
ment, high specific properties, biodegradability, and low weight and cost (Frone
et al. 2013; El-Shekeil et al. 2012), thereby creating a positive environmental
impact (John et al. 2010). Kenaf fiber is regarded as one of the most important
natural fibers, and is getting much attention from the composite industry as the po-
tential polymer reinforcement fiber. Kenaf fibers have lower thermal resistance as
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compared to synthetic fibers, similar to other natural fibers. The application of ma-
ture kenaf bast fibers in fiber-reinforced thermoplastic composites involves separa-
tion of the core from the bast fibers (Lips et al. 2009). Compared to other parts of
the kenaf plant, its bast fiber has enhanced mechanical properties. The addition of
kenaf fibers improved the mechanical properties of neat polymers considerably. A
study by researchers indicated enhancement in flexural and impact strength, tensile
as well as stiffness of the composites when reinforced with kenaf fibers (Anuar
and Zuraida 2011). In another research it was also observed that composite kenaf
sheets/poly-L-lactic acid (PLLA) obtained has large mechanical anisotropies such
as Young’s modulus and tensile strength (Nishino et al. 2003). In another research
work, addition of kenaf fibers into the epoxy, thermal study results showed that it
slightly improved both the thermal and charring stability of the samples. Alkaliza-
tion also causes declination in the properties for the kenaf/epoxy composite (Azwa
and Yousif 2013). Kenaf bast fiber-reinforced poly(vinyl chloride) (PVC)/thermo-
plastic polyurethane (TPU) poly-blend (PVC/TPU/KF) composites have shown
lower tensile strength and strain with increase in fiber content whereas impact
strength and thermal stability were decreasing with increase in fiber content (EI-
Shekeil et al. 2014). Kenaf fiber-reinforced composites show wide feasible appli-
cations for cell phone shells comprising 15-20% kenaf fibers (Aji 2008). Another
illustration is in the automobile parts industry like Toyota RAUM, equipped with a
spare tire cover composed of kenaf fiber composites (Anonymous 2007). Some of
the important reported works on the kenaf fiber as a reinforcement and filler in the
various composites are tabulated in Table 9.

Automobile Industries

The rising efforts, awareness, and recent trend towards sustainable product design,
enable natural fiber materials to substitute synthetic-based fiber in the preparation
of composites exclusively for automotive organizational and semi-structural appli-
cations. Several locomotive parts and their components prepared formerly by glass
fiber composites are recently being mass-produced using environmentally friendly
composites (Dahlke et al. 1998; Leao et al. 1997). Among the natural fibers, ke-
naf received greater attention from the scientists and auto-industries as all its parts
could be perfectly applicable by forming composites with a variety of resins or
polymeric matrices. Figure 8 shows the pathway of using kenaf components but
their lower mechanical strength and hydrophilic nature restricted their submission
particularly for aesthetically associated locomotive components such as interior ac-
cessories, floor pan, and dashboard. Natural-based fiber is combined with synthetic-
based fiber such as glass fiber within the same matrix, to develop hybrid polymer
composites, to overcome this problem (Davoodi et al. 2010; Kumar et al. 2010;
Rao et al. 2011). Kenaf bast fiber scored the highest priority value of 0.129 or
12.9%, followed by pineapple leaf fiber (0.114), oil palm empty fruit bunch (EFB)
fiber (0.097), and many other types of natural fibers based on the overall design
analysis (Mansor et al. 2013). Thus, analytical hierarchy process (AHP) method
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Table 9 Reported work on kenaf fiber as reinforcement in composite

Reinforcement Matrix Reference

Kenaf fiber HDPE Salleh et al. 2014
Treated and untreated kenaf | Epoxy Yousif et al. 2012
Kenaf fiber Poly(furfuryl alcohol) bioresin Dekaa et al. 2013

Ghani et al. 2012
Asumani et al. 2012
Salleh et al. 2012

Kenaf/fiberglass Polyester

Short fibers nonwoven kenaf | Polypropylene

Long kenaf/woven glass Unsaturated polyester

Kenaf bast fibers Polypropylene (PP) blended with Anuar and Zuraida 2011
(TPNR) and (PP/EPDM).

Kenaf fibers Polyurethane Batouli et al. 2014

Kenaf fibers in polylactide Polylactide Lee et al. 2009

Johna et al. 2010

Kenaf—polypropylene

Kenaf—polypropylene

Kenaf

PLA

Ochi 2008

Kenaf-glass Unsaturated polyester Atiqah et al. 2014
Kenaf fibers and corn husk | Poly(lactic acid) Kwon et al. 2014
flour

Nonwoven kenaf Polypropylene Hao et al. 2013
Kenaf fibers Polypropylene Shibata et al. 2006
Alkali-treated kenaf fibers PLA Shukor et al. 2014
Kenaf fibers Cassava starch Zainuddin et al. 2013
Kenaf/glass Epoxy Davoodi et al. 2012
Kenaf/glass Epoxy Davoodi et al. 2010
Kenaf sheets PLLA Nishino et al. 2003
Kenaf fibers Polyurethane El-Shekeil et al. 2012
Kenaf fiber Polypropylene John et al. 2010

TPNR thermoplastic natural rubber, EPDM ethylene propylene diene terpolymer, PLA poly (lactic
acid), PLLA poly-L-lactic acid

and sensitivity analysis recommended kenaf bast fiber as the perfect and most suit-
able applicant material to prepare the hybridized glass fiber polymer composites for
the automotive component construction such as the design of center lever parking
brake component. Figure 9 shows the three-dimensional (3D) computer-aided de-
sign (CAD) model of a commercial passenger vehicle center lever parking brake de-
sign from kenaf glass fiber hybridized composite (Mansor et al. 2013). In the other
study, hybrid kenaf/glass epoxy composites are utilized in locomotive operational
components such as bumper beam by improving the impact property (Davoodi et al.
2010). Bumper system is shown in Fig. 10a with its three main elements, fascia,
energy absorber, and bumper beam (Sapuan et al. 2005). Harusmas Agro Sdn. Bhd.
(HASB) based in Sabah, Malaysia, initiated a kenaf project back in the year 2000.
HASB is currently developing kenaf fibers to replace glass fibers in exterior auto-
motive parts such as front and back bumpers (Khan 2011). Figure 10b shows the
kenaf bumper. In another important study, commercialization of door trims using
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From all Kenaf

Lignin

O

-
Frame Component

Fig. 8 Toyota's organic car from Kenaf http://www.kenafibers.com/users_toyota.html (Accessed
on 29th August)

PartNo Part Name

Brake lever
Bottom mounting
Lock

Rod

Spring
Release button

O R -

Fig. 9 3D CAD model of a commercial passenger vehicle center lever parking brake design in
a assembly view, and b exploded view. CAD Computer-aided design. (Mansor et al. 2013, with
permission)
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a b

Fig. 10 a Bumper system components (Davoodi et al. 2011, with permission); b Kenaf bumper.
(Source: Kenaf, a fibre for the future: the Harusmas experience. http://www.jeccomposites.com/
news/composites-news/kenaf-fibre-future-harusmas-experience)

kenaf and petroleum-derived polypropylene (PP) resin is made and Fig. 11 shows
the door trim using kenaf base material. This combination reduced the weight while
retaining the same level of durability as conventional products although achieved
by establishing a unique technology to realize a high level of shock resistance and
heat resistance (Toyoto 2014). Another research involves the formulation of biode-
gradable composite using kenaf base material with biodegradable polylactic acid
(PLA) resin to develop spare tire covers and deck board (Fig. 12) which is more
environmentally friendly (Fig. 7).

Preparation of Activated Carbon

Recently, agricultural and forest by-products are drawing great contemplation as
unconventional feedstock for fabrication of activated carbons (ACs) due to their

Fig. 11 The door trim using kenaf base material. (Source: Commercialization of door trims using
kenaf and polypropylene (PP). http://www.toyota-boshoku.com/global/about/development/eco/
kenaf/)


http://www.jeccomposites.com/news/composites-news/kenaf-fibre-future-harusmas-experience
http://www.jeccomposites.com/news/composites-news/kenaf-fibre-future-harusmas-experience
http://www.toyota-boshoku.com/global/about/development/eco/kenaf/
http://www.toyota-boshoku.com/global/about/development/eco/kenaf/
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Fig. 12 Deck board using
kenaf base material, spare
tire cover base material made
from kenaf and PLA. PLA
Poly(lactic acid) http://www.
toyota-boshoku.com/global/
about/development/eco/
kenaf/

easy availability, sustainability, and low cost (Thio et al. 2009, Hameed et al. 2009
and Chen et al. 2011). Kenaf core fiber has comparatively higher lignin content and
low ashes (Akil et al. 2011), making it a favorable feedstock for fabrication of supe-
rior quality of AC on a commercial scale for cost-effective value. Aber et al. (2009)
defined the activated carbon fiber (ACF) preparation from kenaf cloth (i.e., kenaf
bark fibers) by carbonization trailed by K,HPO, activation to attain highest specific
surface area of 493 m?/g. Recently potassium oxalate (K,C,0,) was also recom-
mended as an effective and promising activating agent for preparing high-surface-
area ACs from kenaf core with perfect dye removal capacity (Chen et al. 2013).

Construction and Housing Industry

Wood and wood-based products can be replaced by kenaf/plastic compounds which
are molded into lightweight panels in several applications. This is the first and
economically priced plastic lumber for use as constructing materials in housing
industry as an engineered material. Moreover, it is also used to make a strong, light-
weight, cement block with great insulation and effective fireproof properties. Kenaf
core blocks are nowadays used to construct multistory and solitary family homes,
deprived of power tools.

Stoves in Cooking Mode

Kenaf Stove is premeditated for high-proficiency cooking and biochar (a form of
charcoal) production as it is low cost, smokeless, and safe. The Kenaf Stove burns
kenaf in an oxygen-poor atmosphere, thereby in a cleaner condition, with longer
existence and certainly smoke-free fire.

Food Packaging Industry

Kenaf/plastic compound pellets are casted into a variety of commercial food storage
containers—non-food-related packaging, including bulk pharmaceutical drugs and
chemical packaging, disposable packaging, and packaging parts of the electronics
and electrical industries for large consumer appliances (Zhang 2003).


http://www.toyota-boshoku.com/global/about/development/eco/kenaf/
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High-Protein Source Feed

Livestock Feed

Although kenaf is a fiber crop and used by the fiber industry, the whole immature
kenaf plant, stalk (core and bark), and leaves could be considered as high-quality
livestock feed (Phillips et al. 1996). Crude protein in kenaf leaves, stalk crude,
and whole plant ranged from 14 to 34%, 2 to 12%, and 6 to 23 %, respectively
(Killinger 1969; Suriyajantratong et al. 1973; Swingle et al. 1978). Kenaf leaves
consist higher quantity of nitrogen compared to stalk, during the growing season
(Phillips et al. 2002). Kenaf has reasonable digestibility with great percentage of
digestible protein and hence can be ensilaged efficiently. Dried kenaf leaves are
turned into different-sized pellets as high-protein feed source for chickens, rabbits,
fish, and goats. Chopped kenaf meal is also used for sheep and Spanish goats as a
supplement. Alfalfa hay in the finishing diets of lambs can be replaced by kenaf hay
without affecting lamb routine or feed intake. Kenaf provides more flexibility than
perennial crops to fabricators in managing integrated livestock-cropping enterprises
(Phillips et al. 2002). Another study has demonstrated that the apical part of the
kenaf plant that is harvested at full bloom can be ensiled and silage of satisfactory
quality with good fermentation characteristics could improve the nutritional charac-
teristics of the forage obtained, leaving the lower part for use by the paper industry
(Xiccato et al. 1998).

Human Feed

Whitten variety of kenaf leaves are edible within 10 days of planting, are rich in
protein, that is, about 34 %, and are delicious. Kenaf leaf recipes are important ed-
ible items in Haiti and used extensively in salads, soups, boiled like spinach, or
added to rice, and can also be used for baking (Cross 2014). Kenaf seed oils dis-
played greater antioxidant activity compared to all traditional edible oils (P<0.05)
because of the considerable unique composition and oil content of kenaf seed oil.
Thus, it becomes an unconventional, cost-effective, and tremendous source of sol-
vent-free vegetable cooking oil with extraordinary antioxidant properties for human
consumption (Chan and Ismail 2009).

Medical Application

Kenaf from historic times is recommended in customary folk medicine in India
and Africa (Agbor et al. 2005; Kobaisy et al. 2001). Kenaf consists of several ac-
tive components including polyphenolics, tannins, saponins, alkaloids, essential
oils, and steroids (Yazan et al. 2011). From the very past it is used to treat bilious
conditions, bruises, puerperium, and fever. Kenaf seeds contain phytosterols such
as B-sitosterol, alpha-linolenic acid (ALA), vitamin E, and other antioxidants with
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chemopreventive properties. The oils obtained by Soxhlet, sonication, and super-
critical carbon dioxide fluid extraction (SFE) processes are found to be cytotoxic
towards ovarian cancer (CaOV3) and colon cancer (HT29) cell lines via the induc-
tion of apoptosis. They are recently being used to detect the early colon carcino-
genesis in vivo by virtue of their bioactive compounds (Yazan et al. 2011; Ghafar
et al. 2012). The seed oil of kenaf contains ALA, an originator of eicosanoids that
have antithrombotic activity, and are anti-inflammatory (Ruiz et al. 2002) and che-
mopreventive agents (Williams et al. 2007). Moreover, kenaf seed oil also consists
of phytosterol showing antioxidant, anticancer, and lipid-lowering cholesterol prop-
erties (Kritchevsky and Chen 2005; Berger et al. 2004). A noteworthy (P <0.05)
increase in the red blood cell count, packed cell volume, and hemoglobin concen-
tration against anemic condition is observed by the kenaf leaf extract (Agbor et al.
2005). This study shows the antioxidant properties of crude ethanolic extract (CEE)
of defatted kenaf seed meal (DKSM) and its derived n-butanol (BF) and aqueous
fractions (AqF). High-antioxidative phenolic compounds and saponins could be ex-
tracted from DKSM which is a prospective active ingredient that is multifunctional
and applied in functional foods, nutraceuticals as well as natural food stabilizers
recently (Chan et al. 2014).

Essential Oils and Volatiles from Leaves

Researchers explored that kenaf plant is a vital source of naturally occurring alle-
lopathic chemicals having the tendency to inhibit weed seed germination and their
growth, thus providing a harmless and profitable method of hindering weed rivalry
in both vegetables and agronomic crops. The kenaf leaf essential oil is found to be
phytotoxic to bent grass (Agrostis stolonifera L., Poaceae) and lettuce (Lactuca
sativa L., Asteraceae), and it also showed antifungal activity against Colletotrichum
species (Colletotrichum fragariae, C. gloeosporioides, and C. accutatum) which
can cause anthracnose symptoms (Webber and Bledsoe 2002). Extracts from kenaf
(stalks and leaves) abridged germination of redroot pigweed (Amaranthus retro-
flexus L., Amarathaceae) by more than 50% and to a smaller extent for tomato
(Lycopersicon esculentum Mill., Solanaceae) and Italian ryegrass (Lolium multi-
florum Lam., Poaceae) (Russo et al. 1997). The filtration characteristics of ground,
inert, loose particles of identical size and structure of kenaf core formed during the
fabrication of kenaf bast fibers for paper are investigated for certain leaching and
filtration applications towards dissolved solids (Lee and Eiteman 2001). Moreover,
a study also found that kenaf and commercial diatomaceous earth (DE) possess sim-
ilar filtration characteristics. Prospective application of ground kenaf core due to
its inertness, insolubility, light density, low expenditure, and homogeneity includes
the aid in filtration of swimming pool water, drinking water, or in sugar refineries,
breweries, and other industrial settings (Dickey 1961).
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Fuel and Bioenergy Production

Biomass is abundant and it can be considered as an alternative source of renewable
and sustainable energy, which promises to fulfill continuous supply of energy. Agri-
cultural biomass such as industrial kenaf (H. cannabinus L.) has been successfully
investigated as a great potential to be used as a renewable and sustainable feedstock
for the production of bioenergy. High-capacity processes for the conversion of plen-
tifully available biomass into liquid biofuels are needed for lowering reliance on
petroleum sources.

Biofuel Production

Biomass as an entirely renewable and extensively distributed resource is being
progressively used for the production of biofuels, chemicals, and many materials
(Klass 1998; Huber et al. 2006). In another research work, liquefaction of kenaf
biomass and its dried subcritical water hydrolysate and subcritical water non-hydro-
lyzed residue fractions were investigated in the presence of tetralin solvent under
hydrogen pressure (Meryemoglu et al. 2014) (Fig. 13). The results of the present
study show that kenaf can be a good alternative source for fuel production by lique-
faction. Liquefaction of kenaf biomass, its dried hydrolysate, and non-hydrolyzed
kenaf residue produced same compositions of the oils but in different amounts. The
oils consisted of fuel-related compounds (Meryemoglu et al. 2014).

Anaerobic Digestion

Kenaf may be subjected to anaerobic digestion to produce methane even though
hemp and kenaf produced the same amount of methane yield per hectare. It is es-
timated that higher cellulose and less lignin content in kenaf biomass make it an
advantageous feedstock for biogas production (Muhammad et al. 2013).

Ground Biomass
Romas Liquefaction
Hydrolysate (leeain Bio-oil
solvent
Ru/C catalyst)
Non-hydrolyzed
Biomass Residue

Fig. 13 Bio-oil from kenaf biomass (Meryemoglu et al. 2014, with permission)
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Biohydrogen

The emergence of biohydrogen as a substitute fuel has now attained growing ac-
ceptance and attractions (Koroneos et al. 2008). Being the member of bioenergy,
biohydrogen fuel is another important source of energy. Several feedstocks, such
as lignocellulosic biomass, are used to produce biohydrogen. Kenaf produces con-
siderably higher biomass but not explored as a potential feedstock for biohydrogen
production as compared to maize and rice (Pakarinen et al. 2011). Hydrogen-rich
gas mixture production from solubilized lignocellulosic biomass of kenaf in subcrit-
ical water and aqueous phase in the presence of Pt (platinum) on activated carbon
are well-defined methods. Kenaf biomass produced small quantities of gas mixture
by thermo-catalytic conversion. However, it is found to be very suitable for thermo-
catalytic decomposition for the hydrogen production (Irmak and Oztiirk 2010).

Solid Fuel

Kenaf biomass is used as a solid residue through pretreatment and hydrolysis. Kenaf
can also be used as a fuel for combustion in boilers as a cheap bioresource biomass
(Abbasi and Abbasi 2010; Tock et al. 2010; Sami et al. 2001; Kamm 2004). Kenaf
biomass fuel offers significant advantages as a combustion feedstock because of its
high volatility and high reactivity even of the resulting char (Demirbas 2005). The
strength and tenacity of the biomass combustion deposits are more than the deposits
of coal, thus making it more difficult to remove (Sami et al. 2001).

New Application of Kenaf Fiber

A new high-end use for kenaf was discovered when it was blended with cotton to
convert them into fabric and yarn. These lightweight blend fabrics are appealingly
attractive, having a linen look, pleasing, and soft to touch (Anonymous 2014). LG
and Samsung employ kenaf powder for investigating as alternative materials for
laptop covers and mobile phones. An armor factory in Malacca province of Malay-
sia is engaged in performing research work on blending kenaf with Kevlar to create
a sort of brighter bulletproof vest. In another project, manufacturers are willing to
use kenaf fibers for geotextiles applied for erosion control. Kenaf core is also being
useful for soil remediation for hydrocarbonate infestations.

An industrial unit in Sabah, Malaysia, is organizing to intermix the kenaf with
EFB fiber for forthcoming fabrication. The Malaysian Timber Industry Board
(MTIB) of Malaysia reported that kenaf is being used for making pulp and paper
in the USA, jeans in Mexico, China, and Thailand, indoor panels and other interior
components for high-end cars like BMW and Mercedes Benz, and in composite
materials for the building or construction industry (Chen et al. 2011). Recently,
business corporations like Sony, Apple, The Nature Co., Warner Bros., Recreational
Equipment Inc. (REI), J.C. Penny, The Gap, Esprit International, and Birkenstock
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are under way to consume kenaf paper for catalogs and many other related pur-
poses. Major printing and graphics firms such as Anderson Lithographics, Kinkos,
George Rice and Sons, and Ventura Printing are ready to offer printing services on
kenaf paper. Kenaf paper is recently being utilized by major publisher companies,
industries, corporations, and printing and graphics firms.

Conclusions

The crop has instigated to fascinate much interest and attention in the last decade,
attributed to the growing concerns of global warming and the rising price of petro-
leum-based products. Kenaf, regarded as the fiber crop of the twenty-first century,
is a renewable and sustainable alternative with a short gestation period of only 4
months, is exploding commercially for industrial products. The manifold beneficial
components (e.g., stalks, leaves, seeds, fibers and fiber strands, oils, allelopathic
chemicals, and proteins) of kenaf core are well established. Kenaf matures only
within 5 months, is eco-friendly, tolerant of environmental and drought stress, mak-
ing it a versatile encouraging and economic crop for industrial applications in the
upcoming years. The commercial and profitable achievement of kenaf crop reflects
prospective economic and environmental benefits in the different sectors of lethal
toxic waste cleanup, removal of oil spills from water, and soil remediation. Besides
these, successful efforts are also made towards the amounts of chemical and energy
used in soil erosion due to wind and water and in paper production. Moreover,
the potential of replacing synthetic polymers to reduced use of fiberglass, greater
recycled paper quality, and timber in industrial products, along with the increased
use of recycled plastics, are its additional applications. The versatile and diverse
applications of kenaf plants and their different portions in varied sectors require a
superior considerate of its components and the various issues influencing the plant
composition. The activities of several isolated and private industries amplified by
agrarian research and studies endured to offer a different variety of innovative kenaf
products. These are used to encourage in highlighting the flourishing and bright
future for the persistent extension of kenaf as a commercially profitable industrial
crop.
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Natural Fiber-Reinforced Polymer
for Structural Application

Juliano Fiorelli, Nolan Rempe, Julio Cesar Molina and Antonio Alves Dias

Abstract The glued laminated lumber (glulam) beams technique is an efficient pro-
cess for making sustainable use of wood. Fiber-reinforced polymers (FRPs) asso-
ciated with glulam provide significant gains in terms of strength and stiffness, as
well as modify the rupture mode of these structural elements. Certain natural fibers
display sufficient mechanical properties to reinforce the polymer used in the glulam
technique. This chapter presents a theoretical analysis considering the behavior of
stressed lumber and fibers in glulam beam of Pinus sp. and Eucalyptus sp. with and
without natural fiber-reinforced polymer (NFRP), and a numerical analysis evaluat-
ing the stresses and displacements in glulam beams using the finite element method.
Curaua, bamboo, and jute fibers were used for reinforcement. NFRP introduced in
the tensioned section of glulam beams guaranteed a gain of strength and stiffness in
function of the thickness percentage of NFRP used. In terms of maximum stresses
and vertical displacement, theoretical and numerical analyses provided analogous
results.
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Introduction

The reduced availability of native woods has spurred the development of new
techniques for the use of wood from managed forests (Segundinho et al. 2013).
Currently, it is not economically viable to use wood from older trees. The use of wood
from managed forests is contributing to the spread of the glued laminated timber tech-
nique. When used for structural elements, glued laminated lumber (glulam) refers to
the material produced by gluing the edges and faces of wood chips together, in flat
or curved shapes, with the grains of the sheets parallel to the axis of the larger piece.
Longer sheets are obtained by joining boards together longitudinally, gluing them
face to face and edge to edge to obtain the desired height and width. The sheets can
also be bent to produce a curved shape during gluing. All these factors permit a wide
variety of design choices, constrained only by production and/or application costs.

Fiorelli and Dias (2011) evaluated the rupture mode of glulam beams produced
with Pinus sp. wood and phenol-formaldehyde resin with and without glue-laminated
fiber-reinforced polymer (GFRP). The results indicated that beams without reinforce-
ment presented tensile failure beginning in the lower sheet of lumber and spreading
to the finger joint. Beams with GFRP reinforcement presented two observed failure
stages. The first was a tensile failure in the sheet positioned under the reinforcement
layer, while the second occurred as a result of preliminary compression yielding in the
upper face of the lumber, followed by both a shear failure at the fiber—lumber inter-
face and a tensile failure in the wood. The use of fiber-reinforced polymers (FRP) to
reinforce the underside of beams (last line of glue) ensures improvements in structural
strength and stiffness of the element, and alters its mode of rupture.

The use of synthetic FRP to reinforce glulam beams was studied by Triantafillou
and Deskovic (1992), Dagher (1999), Lindyberg (2000), Tingley and Kent (2001),
Bergmeister and Luggin (2001), Fiorelli and Dias (2006), Kim and Harries (2010),
Gentry (2011), Fiorelli and Dias (2011), Garcia et al. (2013), and Yeou-Fong et al.
(2014). In recent years, natural fiber-reinforced composites have received significant
attention because of their lightweight, nonabrasive, combustible, nontoxic, low-cost,
and biodegradable properties. Among the various natural fibers, flax, bamboo, sisal,
hemp, ramie, jute, and wood fibers are of particular interest (Kalia et al. 2009).

Composites reinforced with natural fibers are commercially viable only if they
have a higher value-in-use in the same application as the incumbent materials which
they are going to replace. A new composite part has a better value-in-use than its
incumbent counterpart if it has the same functionality but is less costly and more
environmentally friendly (Wallenberger 2002). Carvalho (2005) studied the use of
sisal fiber-reinforced plastic (SFRP), as an alternative to carbon and glass fibers,
for repairing and reinforcing wood structural elements. The results showed that the
new SFRP can be used to reinforce timber structures. Kalia et al. (2009) presented
a review of pretreated natural fibers for use in polymer matrix-based composites.
The effect of surface modification of natural fibers on the properties of fibers and
fiber-reinforced polymer composites has also been discussed.

Lee et al. (2005) conducted a study to estimate the strength and elasticity of
glued laminated timber beams, considering the modulus of elasticity (MOE) and
modulus of rupture (MOR) in bending, obtained in specimens free from defects.
The model showed results in accordance with those from tests in rafters performed
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in this work. Johnsson et al. (2006) studied the reinforcement of glulam beams with
pultruded blades made of carbon fiber by analyzing the optimal anchorage length
needed. This study concluded that the flexural strength can be modeled similarly to
that of reinforced concrete. Plasticizing the compressed region of the beam serves
as ductile compression reinforcement in the structural element; the use of reinforce-
ment also alters the mode of rupture, which usually occurs in the region pulled
weakly on beams without reinforcement.

Frese et al. (2010) conducted a numerical study to assess the strength of glued
wood beams that were tested experimentally. Their model considers the tensile
strength of the blades and the tensile strength of the toothed amendments, for slides
visually or mechanically sorted. They concluded that these two resistance param-
eters are not sufficient to ensure the planned mechanical resistance.

Kim and Harries (2010) present a numerical study of three-dimensional finite el-
ement modeling, considering the orthotropic properties of wood but not considering
the lamination in compression, in order to predict the behavior of glued laminated
timber beams reinforced with carbon fibers. In the model, rupture of the wood was
considered when the longitudinal strain calculated exceeded the ratio between the
MOR and modulus of longitudinal elasticity. The model provides the relative force
versus displacement, stress concentrations, and failure modes, allowing for a com-
parison between the theoretical results and experimental values. The strengthened
beams showed an increase in load capacity and energy absorption compared to the
beams without reinforcement. According to their findings, with the additional 1.9 %
of cross-sectional area from reinforcement, the maximum value of force that the
beam supports is reached.

This chapter examines the theoretical strength and stiffness, and provides a nu-
merical evaluation of the stresses and displacements, based on the finite element
method, of the natural fiber-reinforced polymer (NFRP)-reinforced glulam beams,
where established Pinus sp. and Eucalyptus sp. sheets reinforced with curaud, bam-
boo, and jute fibers were fixed along the last line of glue in the tensioned section.

Theoretical Model to Estimate Strength and Stiffness of
Glulam Beam

The theoretical deterministic model used in this study considers a realistic behav-
ior for the stressed lumber and fibers. The lumber subjected to compressive loading
parallel to its grains exhibits an initial linear elastic behavior, reaching compressive
strength parallel to the grains (f), followed by decreasing levels of stress as the strain
increases, until the material breaks (Buchanan 1990). The lumber subjected to tensile
loading parallel to the grains displays a linear elastic behavior until it approaches the
rupture point (Fiorelli and Dias 2006). To calculate the bending moment at failure for
the timber beams, an elastic—linear model in tension and an elastic—plastic with soft-
ening model in compression were considered (Fig. 1). Related to FRP in tension, an
elastic—linear model is considered until the point of failure. The bending stiffness was
calculated by the transformed section method, in the elastic—linear range, using MOE
and thickness of each lumber and fiber reinforcement layer.
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Fig. 1 Stress—strain relation Ag
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Software was developed to calculate the bending moment at failure. The position
of the neutral axis line (NA) is determined by means of resultant loads of tension
and compression equilibrium. By increasing the strain, it is possible to calculate
the load on each sheet of lumber on the transversal section of the glulam beam and
on the FRP layer, until failure occurs. Failure by tension can occur when the stress
reaches the tensile strength, of timber or FRP. In the case of failure by compression,
after the stress reaches the value of compressive strength, the section undergoes
gradual plastic deformation, reaching the maximum bending moment.

Evaluation of NFRP in Glulam Beam Strength and
Stiffness

This section presents information on the theoretical evaluation and numerical simu-
lation performed on glulam beams reinforced with NFRP.

Mechanical Properties

To analyze the efficacy of natural fiber reinforcement in glulam beams, curaud, bamboo,
and jute fibers were evaluated. The strength (bending moment failure) and stiffness
(moment of inertia) of the glulam beam with NFRP were evaluated. Table | indicates
the input parameters for analysis of strength and stiffness. Two species of wood were
considered for theoretical analysis of reinforced glulam beams (Pinus sp. and Euca-
lyptus sp.) as well as three different types of fiber (curaua, bamboo, and jute fiber).

Theoretical Evaluation

For theoretical evaluation of the strength and stiffness of the NFRP-reinforced
glulam beams, Pinus sp. and Eucalyptus sp. sheets were made with curaud, bamboo,
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Table 1 Mechanical properties: wood and fiber

39

Pinus sp. Eucalyptus Curaua-fiber- | Bamboo- Jute-fiber-
sp. reinforced fiber-rein- reinforced
plastic forced plastic | plastic
(CFRPY? (BFRP)® (JFRP)®
E (MPa) 9868 12,513 31,232 28,200 32,000
f,, (MPa) 423 40.3 - - -
f,, (MPa) 50.3 70.2 519 564 350
3 Amaya (2013)
b Guimardes (1984)
¢ Beaudoin (1990)

and jute fiber reinforcement fixed along the last line of glue of the tensioned sec-
tion. The percentage of fiber used was 1-7 % of the height of the beam. The beams
had ten 3-cm-thick layers of lumber, for a total nominal section of 7 x 30 %400 cm.

Tables 2 and 3 show values of bending moment obtained in two ways: consid-
ering an elastic—perfectly plastic model (m=0) of timber in compression, and an
elastic—plastic model with softening (m=0.3), according to Fig. 1.

Numerical Simulation

The numerical evaluation of the stresses and displacements in the glulam beams was
performed using the ANSYS commercial software, version 10.0, which is based on
the finite element method. For the proposed simulation, the tensile and compressive
stresses in the outer grains of the wood (Pinus sp.) were evaluated as well as the
values of tensile stress in the reinforcement layer (curaua fiber), which was con-
sidered in this case with a thickness of 7% (equal to 2.1 cm). The stress results

Table 2 Theoretical bending moment (M)—m=0

Bending moment (kN.cm)
Reinforcement (%) | Pinus Pinus Pinus JERP | Eucalyptus | Eucalyptus | Eucalyptus

CFRP BFRP CFRP BFRP JFRP
0 5180 5180 5180 6492 6492 6492
1 5514 5488 5520 6787 6766 6798
2 5931 5810 5961 7150 7075 7159
3 6268 6185 6285 7425 7371 7439
4 6572 6485 6616 7735 7626 7788
5 6946 6764 7005 8036 7878 8055
6 7277 7038 7305 8295 8132 8317
7 7556 7350 7595 8568 8421 8642

BFRP bamboo-fiber-reinforced plastic, CFRP curaua-fiber-reinforced plastic, JFRP jute-fiber-

reinforced plastic
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Table 3 Theoretical bending moment (M)—m=0.3
Bending moment (kN.cm)

Reinforcement Pinus Pinus Pinus JERP | Eucalyptus | Eucalyptus | Eucalyptus

(%) CFRP BFRP CFRP BFRP JFRP

0 5146 5146 5146 5902 5902 5902

1 5478 5440 5494 6100 6087 6103

2 5871 5803 5883 6290 6266 6296

3 6161 6098 6176 6474 6442 6482

4 6517 6360 6548 6653 6613 6662

5 6791 6646 6813 6828 6781 6839

6 7064 6946 7124 6998 6945 7011

7 7357 7183 7382 7165 7109 7179

BFRP bamboo-fiber-reinforced plastic, CFRP curaua-fiber-reinforced plastic, JFRP jute-fiber-
reinforced plastic

obtained for the reinforced beam were compared with those of the beam without
reinforcement, as shown in Fig. 2. The stresses were obtained for values of applied
load at the thirds of span of the beams (four-point flexural testing) which resulted in
values for the theoretical bending moment (M) presented in Table 2. For the beam
without reinforcement, a theoretical moment (M) of 5180 kN.cm was evaluated,
corresponding to an applied force of 38.85 kN, whereas for the reinforced beam
(7%) with curaua a theoretical moment (M) equal to 7556 kN.cm was evaluated,
corresponding to an applied force of 56.67 kN.

For the discretization of wood layers as well as the curaua fiber layer, the
SOLID 45 tool was used, which allows consideration of plasticity effects of the
materials. Materials were considered with an isotropic behavior. The constitutive
model used for the wood in compression simulates an elastic—perfectly plastic be-
havior by using a bilinear curve as shown in Fig. 3. To avoid numerical problems
in the portion of the curve between &, and ¢, a small slope of E/1000 was consid-
ered. In tension, the model adopted for wood as well as curaua fiber simulates an
elastic behavior. The mechanical properties of the wood were obtained through
experimental tests performed on beams with structural dimensions and properties
presented in Table 1.

Results and Discussion

Theoretical Values

Tables 2 and 3 indicated that theoretical model results showed approximately a
5% reduction in value for the elastic—plastic model with softening (m=0.3) when
compared to those of the elastic—perfectly plastic model (m=0), for timber in
compression. Subsequently, an elastic—perfectly plastic model (m=0) was used for
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the numerical simulation. Table 4 presents the values of bending stiffness calculated
on the linear portion of stress x strain curves for various materials.

Figures 3, 4, 5, and 6 present theoretical values of bending stiffness and bend-
ing moment of glulam beams (Pinus sp. and Eucalyptus sp.) reinforced with
curaua (CFRP), bamboo (BFRP), and jute (JFRP), obtained according to the sec-
tions “Theoretical model to estimate strength and stiffness of glulam beam” and
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Table 4 Theoretical bending stiffness (EI)

—

. Fiorelli et al.

EI (10° kN.cm?)
Reinforce- | Pinus Pinus Pinus JFRP | Eucalyptus | Eucalyptus | Eucalyptus
ment (%) CFRP BFRP CFRP BFRP JFRP
0 15.54 15.54 15.54 19.71 19.71 19.71
1 16.64 16.56 16.67 20.86 20.77 20.88
2 17.73 17.56 17.77 22.01 21.84 22.06
3 18.81 18.56 18.87 23.16 22.90 23.23
4 19.87 19.55 19.95 2431 23.98 24.39
5 20.92 20.54 21.02 25.46 25.05 25.56
6 21.97 21.53 22.08 26.61 26.13 26.73
7 23.01 22.51 23.13 27.76 27.22 27.90

BFRP bamboo-fiber-reinforced plastic, CFRP curaua-fiber-reinforced plastic, JFRP jute-fiber-
reinforced plastic
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Fig. 4 EI/EI versus fiber reinforcement (%)—ZEucalyptus sp.
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“Theoretical evaluation,” considering m=0.0. The increase in strength and stiffness
is approximately linear until 7% of fiber reinforcement. As a continuation of this
work, experimental tests will be conducted to check the validity of the theoretical
data obtained by the theoretical model.

Figure 7 presents stress diagrams created with software for beams without rein-
forcement, and beams with 7% of fiber reinforcement (curaua, bamboo, and jute)
to m=0.0. The curaua, jute, and bamboo fibers acted as efficient reinforcement for
glulam beams, and presented analogous results because of similar values for MOE.
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Fig. 7 (continued)

Tens#io em kglfcm2
Tenséio na fibra  ——

149

Tens#io em kglfcm2
Tensfio na fibra  ——

141




Natural Fiber-Reinforced Polymer for Structural Application 47

NODAL SOLUTION AN

DX =5.738
SMN =-4.286
S =5.087

-4.286 -2.45 -.237573 1.975 4.187
-3.556 -1.344 .B68472 3.081 5.087

Fig. 8 Stresses (kN/cm2) in the beam (Pinus sp.) without reinforcement

The efficacy of these fibers as reinforcement is a result of their stiffness, with values
for MOE approximately three times that of wood. The increase in stiffness was of
45-50% for Pinus sp. beams and 40 % for Eucalyptus sp. beams, with 7% of rein-
forcing fibers. The increase in strength was 40 % for Pinus sp. beams and 20 % for
Eucalyptus sp. beams, with 7% of reinforcing fibers.

Numerical Values

Figures 8 and 9 show a comparison of the stress values in the z direction obtained
for beams with and without reinforcement. The numerical results for stresses and
displacement were in accordance with the theoretical results. For the beam with-
out reinforcement, the maximum tensile stress was 5.09 kN/cm? and the maximum
compressive stress was 4.29 kN/cm?. The theoretical analysis predicted 5.00 kN/
cm? as the maximum tensile stress and 4.23 kN/cm? as the maximum compressive
stress (Fig. 7a). The value of vertical displacement at mid-span corresponding to
40% of the maximum applied load at the thirds of span was 2.28 cm. Theoretical
analysis, using values of bending stiffness from Table 4, predicted a displacement
of2.23 cm.

For the beam with a reinforcement of 7% (curaud fiber), the maximum ten-
sile stress in the wood was 5.15 kN/cm? and the maximum compressive stress was
4.36 kN/cm?. The maximum tensile stress in the curaud fiber layer was 12.76 kN/
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Fig. 9 Stresses (kN/cm2) in the beam (Pinus sp.) with reinforcement of 7% (curaua)

cm?. The theoretical analysis predicted 4.99 kN/cm? as the maximum tensile stress
and 4.23 kN/cm? as the maximum compressive stress in wood, and 12.42 kN/cm?
as the maximum tensile stress in the layer of curaua fiber (Fig. 7b). The value of
vertical displacement at mid-span corresponding to 40 % of the applied load at the
thirds of span was 2.25 cm. Theoretical analysis, using values of bending stiffness
from Table 4, predicted a displacement of 2.24 cm.

Conclusion

Based on the current results, it is possible to conclude that the method used to pro-
duce glulam beams led to a higher efficiency of the structural elements. The FRP
introduced in the tensioned side of glulam beams improved strength and stiffness as
the percentage of reinforcement increased.

Reinforced beams have presented two failure stages. The first one was caused
by tension in the sheet positioned under the reinforcement layer, while the second
occurred as a result of a compression yielding on the upper side of the beam,
followed by both a shear failure on the fiber—lumber interface and a tensile failure
on the wood.
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The maximum stress and vertical displacement calculated by numerical analysis
were in good agreement with the values obtained from theoretical analysis.
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Natural Fiber-Reinforced Composites:
Potential, Applications, and Properties

Piyush P. Gohil, Vijay Chaudhary and A. A. Shaikh

Abstract The majority of the mounting countries are extremely rich in agricul-
tural biomass such as natural fiber. Apart from a few exceptions, a huge part of
agricultural biomass wastes is used as a substitute for different applications. India
only produces more than 400 million tonnes of agricultural dissipate yearly. A huge
fraction of agricultural biomass wastes comprises various natural fibers. All these
natural fibers have brilliant properties and could be exploited successfully in the
development of composite materials for a variety of structural and nonstructural
applications. This chapter focuses on the prospective use of natural fibers in com-
posite materials, their availability, importance, mechanical and physical properties,
and their applications.

Keywords Natural fiber composites - Mechanical properties - Physical properties -
Applications

Introduction to Composite Materials

A composite is a mixture of more than two materials, i.e., reinforcement and resin
(Schwartz 1992), which differs in structure or composition on a macroscale. This
structure results in a material that increases specific performance properties. The
components do not disband completely and as a result normally show an interface
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between one another. Both reinforcing and matrix keep their physical and chemical
identities; however, constituents make a combination of properties that cannot be
attained with either of the constituents acting alone.

Composites are generally classified based on polymer matrix, ceramic matrix,
and metallic matrix. Fibers are load-carrying members, and matrix keeps them at
desired location and orientation in fiber-reinforced composites. The load is trans-
ferred between fibers via matrix, which also guard the composites from harmful
effects of the environment.

Glass, carbon, and Kevlar are the principal fibers for conventional composites.
These fibers can be incorporated into a matrix either in continuous or discontinu-
ous form (Mukhopadhyay 2005). Over the past three decades, composites have
progressed from a laboratory curiosity to a production reality; the composites are
extremely attractive in various applications.

Importance of Composites

It can be seen that composites can help to improve the quality of life so they are
becoming more and more important. Composites are used in various services like
aerospace, automobile, marine, pipings, and infrastructure. Researchers and scien-
tists are defining ways to get better qualities of composites so it may be tough,
lightweight, long-standing, and cheap to produce. The relative importance is shown
in Fig. 1.

Applications of Composites

Various saleable and industrial applications of PMCs are aircrafts and spacecrafts,
ship and submarines, trucks and railways, automobiles, structures and prosthetics.
Due to their high-specific stiffness and strength, fiber-reinforced polymer compos-
ite materials have long been used in the aerospace industry and, with increasing
focus on lightweight vehicle manufactures due to environmental legislation, au-
tomotive applications are becoming more widespread. Other notable engineering
applications include pressure vessels and wastewater pipes and fittings. The need
to utilize the mechanical performance of materials and to avoid unreasonable over-
specification for aerospace applications was highlighted by Boeing, who estimated
that it cost US$ 10,000 per pound (approximately UK£ 12,500/kg) to launch a satel-
lite into orbit (Boeing Press Release 1996). Also of significance, when considered
in terms of the levels of production and use, is that up to 40 % of the fuel consump-
tion of a road vehicle is considered to be attributable to its inertia; the effects of
inertia are particularly significant on the urban test cycle. With increasing envi-
ronmental pressure, some vehicle manufacturers look towards an increased use of
polymer composite materials for weight savings. Another driving force for efficient
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Fig. 1 Importance of composites

design with composites in high-volume production industries is the cost of the basic
material (Mayer and Seeds 1994). Because of the fact that composite material has
characteristics that are as good as conventional materials, the use of natural fiber
composites has begun gaining attractiveness in engineering applications. Properties
like low density, lower material cost, renewability, and environmental friendliness
are most important. In the past, various studies on natural fiber composites are car-
ried out (Sapuan and Malique 2005). Thus, the design of product using composites
is extremely essential issue and it is imperative to know of various property predict-
ing factors for the design of composites.

Natural Fiber Reinforcement

Natural fiber reinforcement have had the attention of scientists and technologists
due to environmental advantages that these fibers present above conventional re-
inforcement materials, and the development of natural fiber composites has been
a subject of interest for the past 20 years. Natural fibers are low-cost fibers having
low density and high specific properties. Natural fiber reinforcement is biodegrad-
able and nonabrasive, unlike other manmade reinforcing fibers. Specific properties
of some natural fibers are comparable to those of synthetic fibers used as reinforce-
ments in composites (Bledzki and Faruk 2004; Gayer and Schuh 1996).
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Classification of Natural Fibers

There are three types of natural fibers: plant fibers, animal fibers, and mineral fibers
(Fig. 2; (FAO 2010).

Plant Fiber and Their Sources

Plant fibers normally consist of lignin, cellulose, hemicellulose, and pectin. Cotton,
jute, flax, ramie, sisal, and hemp are famous examples. To develop paper and cloth,
cellulose fibers are used. This fiber is categorized into leaf fibers, seed fibers, fruit
fiber, bast fiber/stem fiber, and stalk fiber.

Animal Fiber and Their Sources

Animal fibers usually consist of proteins. Wool, silk, human hair, feathers, etc., are
well-known examples. There are quite a few behaviors that differentiate wool from
hair. Wool grows in staples and it is elastic (D’ Arcy 1986).

Mineral Fibers and Their Sources

Mineral fibers occur in nature and a slightly modified fiber developed from minerals
that may have distinct appearances. Asbestos arises naturally in the environment,

Natural
Fibre

| } }

1 Plant Fibre Animal Fibre Mineral Fibre
(Asbestos)
]
v -
. Amumal Haur
. e v ; 5 |
™ l)'-fq gL:w (Wool, Human hair, Silk Fibre Amosite
(Cotton)
Feather)
‘ Crocidolite }‘7
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Tremolite
St Actinolite 4
] (Flax, Ranue, Hemp)
l Anthophylite
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(Cour)
‘ Cluysotile }-
Ll Stalk fibre
(Rice)

Fig. 2 Classification of natural fiber. (Saxena et al. 2011)
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which has good heat and fire resistance but bad electrical conductivity. The two
major groups of asbestos minerals are serpentine asbestos and amphibole asbestos
(ATSDR 2011). Asbestos is mainly divided into six fibrous minerals: (1) amosite,
(2) crocidolite, (3) tremolite, (4) actinolite, (5) anthophyllite, and (6) chrysotile as-
bestos.

All abovementioned types of natural fibers are available. For example, sisal fi-
bers are widely cultivated in Tanzania and Brazil, and in tropical and subtropical
North and South America. Sisal is also widely grown in Africa, West Indies, and the
Far East (Bisanda and Ansell 1992). The largest producers of jute are India, China,
and Bangladesh.

Presently, the annual production of natural fibers in India is about 6 million
tonnes as compared to worldwide production of about 25 million tonnes (Mohanty
et al. 2005). Flax and hemp are largely being cultivated in Europe, Russia, Canada,
Argentina, and India. Kenaf is a crop grown commercially in the USA (Sanadi et al.
1995). India also produces 20 % of world production of coir (Satyanarayana et al.
1982).

Table 1 shows the fiber and countries of origin (Mohanty et al. 2005), and the
composition of different natural fibers are shown in Table 2 (Bledzki and Gassan
1999).

According to the data collected from other scientific publications, the strength
of natural fibers is lower than that of glass fibers (Table 3), while the specific stiff-
ness is on the same level. However, taking into consideration low density of natural
fibers, which are up to two times lighter than glass, the resulting specific stiffness of
natural fibers is substantially higher than the same parameter of glass fibers.

Natural Fiber Composite Potential

In the plastics industry, tonnes of reinforcements are used per annum, and there is
a vast possible market for environment-friendly composite materials using natural
fiber reinforcement.

Table 1 Fibers and countries of origin. (Source: Amar et al. 2005)

Fiber Country of origin

Flax Borneo

Hemp Yugoslavia, China

Sun hemp Nigeria, Guyana, Sierra Leone, India

Ramie Honduras, Mauritius

Jute India, Egypt, Guyana, Jamaica, Ghana, Malawi, Sudan, Tanzania
Kenaf Iraq, tanzania, Jamaica, South Africa, Cuba, Togo

Roselle Borneo, Guyana, Malaysia, Sri Lanka, Togo, Indonesia, Tanzania
Sisal East Africa, Bahamas, Antigua, Kenya, Tanzania, India

Abaca Malaysia, Uganda, Philippines, Bolivia

Coir India, Sri Lanka, Philippines, Malaysia
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Table 2 Composition of different natural fibers. (Source: Bledzki and Gassan 1999)

P. P. Gohil et al.

Component Cotton | Jute Flax Hemp Sisal
Cellulose, wt.% 82.7 61-71.5 64.1-71 70.2-74.4 | 65.7-78
Hemicellulose, wt.% 5.7 13.6-20.4 | 16.7-20.6 | 17.9-22.4 | 10.0-14.2
Pectin, wt.% - 0.2 1.8-2.3 0.9 10
Lignin, wt.% - 12-13 1.7-2.0 3.7-5.7 9.9

Wax, wt.% 0.6 0.5 1.5-1.7 0.8 2.0
Moisture wt.% 10.0 10.0-12.6 | 10.0 10.8 11.0
Microfibrillar spiral angle (degree) | — 8.0 10.0 6.2 20.0
Component Kenaf | Coir Ramie Palm Henequen
Cellulose, wt.% 31-39 | 36-43 68.6-76.2 | 70-82 77.6
Hemicellulose, wt.% 21.5 0.15-0.25 | 13.1-16.7 | — 4-8
Pectin, wt.% - 34 1.9 - -

Lignin, wt.% - 41-45 0.6-0.7 5-12 13.1

Wax, wt.% - - 0.3 - -
Moisture wt.% - 8.0 8.0 11.8 -
Microfibrillar spiral angle (degree) | — 41-45 7.5 14.0 -

Table 3 Properties of some synthetic and natural fibers. (Source: Saeb and Jog 1999)

Fibers Tensile strength Tensile modulus Specific Specific Specific
(MPa) (GPa) gravity strength stiffness
E-glass 2500-3500 70-73 2.56 27 29
Carbon 2500-6000 220-700 1.75-1.9 116 400
Flax 500-900 50-70 1.4-1.5 33 50
Sisal 80-840 9-22 1.3-1.45 6 17
Jute 200450 20-55 1.3-1.4 14 42
Hemp 310-750 30-60 1.48 20 41
Banana 530-750 7-20 1.4 14
Coir 130-175 4-6 1.15 5
Cotton 300-600 6-10 1.5 7
Silk - - 1.34 - -
Wool 125-200 - 1.31 - -

Major source of natural fibers like sisal, jute, banana, and coir is grown in many
parts of India and many of them have greater than 65 % aspect ratio. Sisal and ba-
nana fibers have greater than 65 % cellulose and give comparable tensile strength,
modulus, and failure strain with other cellulose rich fibers. These fibers are widely
used for fishnets, matting, cordage, sacks, and rope, and as filling for cushions (e.g.,
rubberized coir). Cellulosed fibers are achieved from different parts of plants.

In polymer composites, plant-based natural fibers can be replaced to some level
by more expensive and nonrenewable synthetic fibers like glass. Nangia and Biswas
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(2009) showed that the maximum tensile strength (jute—epoxy), impact strength
(jute—polyester), and flexural strength (banana—polyester) is 104.0 MN/m?, 22.0 kJ/
m?, and 64.0 MN/m?, respectively.

Several countries have devoted themselves to the Kyoto protocol, whereby a
reduction in greenhouse gas emissions (mostly CO,) have to be compacted to levels
under that of 1990 among the years 2008 and 2012. Pervaiz and Sain (2003) il-
lustrated that, by using hemp fiber and other natural fiber in place of glass fiber in
composites, 3 t CO, per tonne of product can be saved (Fig. 3).

The mechanical properties of natural fiber composites depend on parameters
like fiber strength, modulus, fiber length, and orientation in addition to the interface
strength. In the natural fiber composite properties, fiber—matrix interface plays an
important role. For effective load transfer, a good interfacial bond is required. In ad-
dition, it improves moisture resistance and the composite properties. The modulus
of elasticity of the fiber should be higher than matrix for effective reinforcement.
The mechanical properties of unidirectionally aligned continuous fiber composite
with polyester resin along with randomly oriented short fiber composites are given
in Table 4. Sisal fibers show a very good impact performance with specific impact
strength similar to fiber-reinforced composites and show the most balanced me-
chanical properties. Coir presents as high a strength as jute and banana fibers with
respect to tensile and impact strength of composites. Table 5 shows different proper-
ties of cotton fabric—polyester composite (Wiley 1955)

Gohil and Shaikh (2007) developed cylinders of varying thickness (3, 5, and
7 mm) with cotton fiber and polyester resin using the filament winding technique
on lathe machine which are shown in Fig. 4. The hydro test and some weight study
were also carried out. At the same time, the polyvinyl chloride (PVC) shell of the
same dimension was also tested and a comparative study was carried out.

Mussig (2008) compared the cotton fibers in composites to ramie fibers. By us-
ing a Dia-Stron device, the strength of fiber was tested and the testing of fineness
was carried out with fiber shape. Cotton- and ramie-based composites were pre-
pared with epoxy resin and a bio-based resin. The results of tensile and impact tests
show that mechanical properties of the composites strongly depend on fiber proper-
ties. Cotton with its morphological and mechanical properties can play a more vital
role to optimize products with a view to improve the impact properties.

Fig. 3 CO, emissions per 8
tonne of composite, and
reduction in emissions by

substituting glass fibers with § 6 1
hemp fibers. (Pervaiz and 2
Sain 2003) E 4 -
)
~
¢ 21
&)
0 4

HMT GMT Savings

CO, emissions and savings
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Table 4 Mechanical properties of unidirectionally aligned continuous fiber composite with poly-
ester matrix along with that of randomly oriented short fiber composites. (Sangeeta Nangia and
Soumitra Biswas, TIFAC)

Fiber (wt.%) | Tensile Modulus | Flexural Flexural modu- | Impact strength
strength (MPa) | (GPa) strength (MPa) | lus (GPa) (kJ/m2)
Unidirectional
Sisal (40) 129 8.5 192 7.5 98
Banana (30) 121 8.0 - - 52
Coir (30) 45 4 56 4 44
Chopped random
Sisal (25) 34.5 1.9 86.4 - 30
Banana (25) 43.5 2.3 92 - 10
Coir (25) 14.0 1.4 31.2 - 11
Fabric
Banana-cotton | 27.9-35.9 3.3 50.6-64 - 3.1-7.5
Table 5 Pr.operties of Property Value
cotton fabric—polyester
composite. (Source: Wiley Density (kg/m’) 1400
1955) Tensile strength (MPa) 34.5-68.96
Flexural strength (MPa) 62.1-124.1
Modulus (GPa) 2.76-4.14
Impact resistance (kg m/m?) | 253.3-428.8

Fig. 4 Cotton—polyester
cylinders (Gohil and Shaikh

2007)

In India, approximately 1.5 million acres of land is cultivated with banana plan-
tations, which yield about 3 x 10° t of fiber (Kulkarni et al. 1983). It has been noted
that banana fiber has been substituted for asbestos in bitumen and can be used for
roofing (Satyanarayana et al. 1990); also, banana fiber/polymer composites and cot-
ton fabric/polyester have been used in cars and for bearings, respectively (Satyana-
rayana et al. 1990).
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Satyanarayana et al. (1984) prepared banana fiber composites with 25 % wt frac-
tion by hand lay-up method and weathering tests (ASTM D570) were carried out. It
was observed that the specific modulus was around 2.39 GPa and impact strength
was about 10 x 10° J/m?. After weathering tests, reduction was observed in modulus,
ultimate tensile strength, and flexural strength around 8, 13, and 26 %, respectively.

Satyanarayana et al. (1981,1983, 1986) included banana fiber in the weft di-
rection and cotton in the warp direction with polyester resin in different weight
fractions (9— 25 wt.%). It was observed that up to 14 wt.% fabric can be included
by way of a hand lay-up practice with no pressure. Mechanical properties of these
composites have been estimated and are shown in Table 6 (Mohan et al. 1983).
Geethamma et al. (1998) anticipated the persistence and modulus of elasticity of
banana fiber within the range 529-759 MPa, and 8-20 GPa, correspondingly. The
percentage elongation at break of fiber varied from 1.0 to 3.5. Banana fibers are
stiffer and stronger than sisal fibers (Fig. 5).

Sapuan et al. (2006) carried out the tensile and flexural tests. They prepared three
samples from woven banana fiber composites with different geometries. It was
found that the maximum value of stress in x-direction and y-direction is 14.14 and
3.398 MN/m?, respectively. The elastic modulus was 0.976 GN/m? in x-direction
and 0.863 GN/m? in y-direction. To get the deflection of woven banana fiber speci-
men beam of 0.5 mm in flexural test, a load of 36.25 N was applied. The maximum
stress and elastic modulus in x-direction was recorded to be 26.181 MN/m? and
2.685 GN/m?, respectively. They used one-way analysis of variance (ANOVA) for
statistical analysis and showed the variations of results obtained from samples are
insignificant. Sapuan et al. (2001, 2003) have also performed an experimental study
for epoxy/coconut shell fiber composite.

Properties of Composite

Properties of Plant Fiber Composites

Natural fibers like jute, sisal, flax, cotton, etc., require a shift in application; ad-
ditionally, advantages such as biodegradability, lightweight, noise absorption,
strength, etc., are present.

Jute Composites

Jute fibers have reasonably elevated stiffness and definite strength. Development
of jute composite has constantly been a most important anxiety area because of
low cost, easy availability, and high tensile strength. A variety of composites were
prepared with various thermoset polymers and thermoplastic.

The mechanical properties of bleached and control jute composite at different
fiber loadings were evaluated by Dash et al. (1999). The maximum tensile strength
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Fig. 5 Stress versus percentage strain of various natural fibers (Geethamma et al. 1998)

was found at 60 % fiber loading which is shown in Table 7. Control jute—polyester
composite shows maximum tensile strength while bleached jute—polyester compos-
ite shows maximum flexural strength.

Ray et al. (2001) had treated the jute fiber for 0, 2, 4, 6, and 8 h at 30 °C by using
NaOH (5 %) solution. They used 35 wt.% jute fiber treated for 4 h and observed that
the flexural strength, flexural modulus, and laminar shear strength was improved by
20, 23, and 19, respectively, which is shown in Table 8.

Mishra et al. (2000) developed and evaluated the mechanical properties of
bleached and control jute—epoxy composite and the result showed improved flex-
ural strength and impact strength for bleached jute composite while tensile strength
was higher at 50% fiber loading for controlled jute—epoxy composite which is
shown in Table 9.

Table 7 Mechanical properties of jute—polyester composite. (Source: Dash et al. 1999)

Composite Fiber vol- | Tensile Ult strain Tensile modu-
ume (%) | strength (MPa) | (%) lus (MPa)

Jute—polyester hot curing 60 132+6.33 5.83+£0.68 | 2956+774

(Control)

Jute—polyester hot curing 60 117+£21.32 6.687+0.82 | 2106+229

(Bleached)

Jute—polyester hot curing 55 78.15+£7.45 5.04+0.72 | 2535+884

Jute—polyester hot curing 60 90.52+8.83 3.82+0.12 | 4189+403

Jute—polyester hot curing 66 80.6+£12.5 3.27+.40 4072+£402

Jute—polyester hot curing 71 70.31+£6.89 2.85+£0.25 | 4328+358
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Table 8 Flexural properties of jute—vinyl ester composite. (Source: Ray et al. 2001)

% Fiber volume | Flexural strength (MPa) | Flexural modulus (GPa) | Breaking energy (J)
0 2.120 2.951 0.8227
8 106.30 4.220 0.2948

15 128.60 5.544 0.3399

23 145.70 7.355 0.3531

30 180.60 10.030 0.4799

35 199.10 11.890 0.5543

Hatta and Akmar (2008) investigated the mechanical properties of polystyrene/
polypropylene ((PS/PP)-reinforced coconut and jute fibers and showed that there
is an increment from 24.73 to 30.99 MPa in tensile strength of PP/PS blend after
jute fiber loading which is shown in Table 10. It was also concluded that Young’s
modulus of composite increases with 10% fiber loading but the Charpy impact
strength decreases.

Cotton Composites

Gohil and Shaikh (2010) prepared the setup of mold punch for the experiments to
study the effect on unidirectional modulus of cotton—polyester composites at vari-
ous fiber volume fractions. It was found that the strength for longitudinally placed
cotton fiber with 10.41-35.27 % varies from 27.94 to 71.16 MPa. It was also con-
cluded that the strength in addition to longitudinal modulus of elasticity increases
linearly with increase in fiber volume fraction (Table 11).

Chaudhary and Gohil (2013) characterized mechanical properties of unidirec-
tional cotton—polyester composites (Uni-CPC). They compared experimental data
with finite element analysis (FEA) data. Experimental tensile and flexure strength
was 86.47 and 108.95 MPa, respectively, while FEA tensile and flexure strength
was 102.96 and 111.061 MPa.

Kim et al. (2008) compared cotton fiber with wood fiber. They found that with
increase in weight percentage of the PP/wood fiber composites, the tensile strength
was decreased while the PP/cotton fiber composites showed unusual behavior. They
also found that the tensile strength decreases with the addition of 10 wt.% cotton
fiber but it increases with the addition of 20 and 30 wt.% cotton fiber.

Sisal Composites

The majority of the mechanical properties of sisal-polyester composite are shown
in Table 12. It was indicated that density was not changed relating to the surface-
modifying agents. Fonseca et al. (2004) carried out work on silane-treated sisal—
polyester composites and concluded that the elongation at break (1.7 %) is greater
than that of the related composites which is explained by Singh et al. (1996). It was
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Table 11 Tensile properties of cotton—polyester composite. (Source: Gohil and Shaikh 2010)

S. No. % Fiber volume Tensile strength (MPa) Elastic modulus (GPa)
1 10 28 2.8

2 20 45 3

3 25 53 3.4

4 28 62 3.6

5 35 72 4

Table 12 Physico-mechanical properties of sisal-polyester composite

Composite | Fiber | Density | Tensile | Elonga- | Tensile | Flexural | Flexural | Ref
volume | g/cm® | strength | tion (%) | modulus | strength | modulus
(%) (MPa) (GPa) (MPa) | (GPa)
Sisal—- 50 0.99 29.66 9.52 1.15 59.57 11.94 Singh
polyester et al.
composite (1996)
Polyes- - - 22.5 1.8 1.39 - - Fonseca
ter neat etal.
composite (2004)

also observed that, with addition of sisal for polyester—sisal composites, the tensile
strength and elongation at break decrease 69 and 46 %, respectively.

Oksman et al. (2002) studied the mechanical properties of unidirectional si-
sal-epoxy composites prepared by resin transfer molding. It was concluded that
the sisal-epoxy composites (46 % (v/v)) have considerably higher tensile strength
(210 MPa) and Young’s modulus (20 GPa) which are summarized in Table 13.

Zhong and Wei (2007) investigated the mechanical properties of sisal-fiber-re-
inforced composites and concluded that the best Charpy impact strength (9.5 kJ/
m?) was achieved with 50 % (w/w) sisal fiber which is shown in Table 14, whereas
the composite with 30 % (w/w) sisal fiber gave excellent wear resistance, flexural
strength, and water absorption properties.

Nair and Thomas (2003) investigated the effect of interface modification on the
mechanical properties of polystyrene—sisal fiber composites. It was observed that
the greatest improvement in tensile and impact strength was with polystyrene with
maleic anhydride (PSMA) coating (Table 15). It was also observed that there was

Table 13 Mechanical properties of sisal-epoxy composite. (Source: Oksman et al. 2002)

S.No. | Composite Fiber vol- | Tensile Elongation | Tensile modu-
ume (%) | strength (MPa) | at break (%) | lus (GPa)

1 Epoxy 0 76 7.3 3.1-3.2

2 Sisal-epoxy composite | 28 169423 2.3 142+1.6

3 Sisal-epoxy composite | 35 183+16 2.2 14.5+1.6

4 Sisal-epoxy composite | 46 21112 1.9 19.7+1.5
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Table 14 Mechanical properties of sisal-urea formaldehyde composite. (Source: Zhong and Wei
2007)

S. No. | Fiber volume (%) | Charpy impact | Flexural Flexural modu- | Density (g/
strength (kJ/m?) | strength (MPa) | lus (GPa) cm’)

1 30 5.75 58.58 7.63 1.53

2 40 6.5 55.80 5.27 1.52

3 50 9.5 53.07 4.93 1.48

4 60 7 37.73 4.09 1.44

5 70 6.8 15.28 1.59 1.22

no significant difference in flexural modulus and flexural strain with fiber modifica-
tion.

Mohanty et al. (2004) investigated the dynamic and mechanical properties of
PP-sisal fiber composites which are summarized in Table 15. It was shown that the
greatest mechanical strength was obtained with 21 % fiber content and 1 % meth-
ylacetylene—propadiene propane (MAPP) concentration. It was also observed that
with increase in the fiber and MAPP the damping properties decrease.

Flax Composites

Baiardo et al. (2004) investigated the effect of processing conditions on fiber length
distribution and the dependence of the mechanical properties on fiber content. It
was observed that the tensile modulus increases with increase in fiber percentage.
It was also observed that at 12.5% flax loading the tensile strength was around
20 MPa and decreases at 37.5 % flax loading (Table 16).

The flax fiber has low modulus compared to epoxy resin modulus. Lamy and
Pomel (2002) investigated the modulus for unidirectional flax epoxy composite
with 40 % fiber volume fraction and compared with experimental results (Table 17).
It was observed that the longitudinal flexural modulus for unidirectional composite

Table 15 Mechanical properties of sisal-polypropylene (PP)/polystyrene (PS) composite

Composite Fiber vol- | Tensile Flexural | Impact | Reference
ume (%) | strength strength | strength
(MPa) approx | (MPa) (J/m)
Polystyrene 0 35 48 - Nair and
Untreated sisal-PS composite | 0 43 72 - Thomas
(2003)
Sisal-PP 0 17.80 19.60 23.25 Mohanty
Sisal-PP 6.8 24.17 34.83 40.50 ctal.
. (2004)
Sisal-PP 10.3 26.11 46.35 46.10
Sisal-PP 21.0 29.25 48.96 51.79
Sisal-—PP 31.0 23.21 43.41 39.83
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Table 16 Mechanical properties of flax—polyester composite. (Source: Baiardo et al. 2004)
S. No. | Composite Fiber volume (%) | Breaking Breaking | Young’s
strength (MPa) | strain (%) | modulus(MPa)
1 Polyester 0 20.0 19.6 435
2 Flax—polyester | 12.5 21.7 14.1 760
3 Flax—polyester | 25 19.4 6.1 1112
4 UPR - 70 22 3.7
5 Flax composite | — 1150 3 70
Table 17 Flexural strength of flax—epoxy composite. (Source: Lamy and Pomel 2002)
S. No. | Composite % Fiber | Thickness (mm) | Flexural stiffness (J) | Flexural modulus
1 Flax—epoxy | 34 2.28+0.01 82,9001800 3500+150
2 Glass—epoxy | 50 1.03+0.01 41,800+900 19,000+ 1000

is 12000 MPa, and determined modulus of the woven-flax-reinforced composite is

3500 MPa.

Kaith et al. (2008) evaluated the mechanical behavior of mercerized flax, raw
flax, and methylmethacrylate-grafted mercerized flax (MFx-g-MMA) fiber-rein-
forced polystyrene composites. It was found that polystyrene blend gave tensile
property of 125 N/mm? which becomes 175 N/mm? after loading raw flax fiber. The
properties are shown in Table 18.

Cantero et al. (2003) carried out a maleic anhydride polypropylene treatment and
found that the flax and fiber PP composite gave greater flexural strength than the
neat PP blend. They also found that the composite with 10 wt.% MAPP-treated fiber
gave maximum tensile and flexural strength which are shown in Table 19.

Table 18 Mechanical properties of flax—polystyrene (PS) composite. (Source: Kaith et al. 2008)

Composite | Compressive strength | Compression | Tensile strength Extension
(N/mm?) (N/mm?)

PS 100+5.5 00.27+0.02 125+3.6 0.42+0.05

Flax—PS 400+3.6 0.9+0.04 175+4.6 4.3+0.01

composite

Table 19 Mechanical properties of flax—polypropylene (PP) composite

Composite | Tensile | Tensile Charpy impact | Flexural | Flexural Reference
strength | modulus strength (MJ/ | strength | modulus
(MPa) (MPa) mm?) (MPa) (MPa)

PP 27 700 - 35 1400 Cantero et al.

Flax PP 19 17,500 | - 48 3400 (2003)

Flax PP 39 4200 19 56 3800 Bledzki et al.

(2008)
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Properties of Animal Fiber Composite
Wool Composites

Blicblau (1997) investigated the mechanical properties of wool-based polyester
composite. The properties are summarized in Table 20. It was observed that with
increase in fraction of wool content, the elastic modulus and tensile strength are
influenced a little. It was also observed that the tensile strength was increased when
the fibers were placed in a crosswise position to the load.

Silk Composites

Composite materials reinforced with silk fiber are comparatively light despite hav-
ing a high impact resistance. Bombyx mori-woven natural silk gives greater specific
strength and specific stiffness (Bledzki and Gassan 1999). Perez-Rigueriro et al.
(2000) observed that Bombyx mori natural silk is superior in terms of elongation at
failure than Kevlar or steel.

Dasgupta and Agarwal (1992) investigated the tensile and bending strength of
the composite through varying silk content. It was found that with increase in fiber
content the tensile as well as bending strength increase and it is maximum for 30 %
fiber. It was also observed that with increase in the silk content the tensile modulus
and bending modulus increase.

Human Hair Composites

There are not enough investigations on mechanical properties of human hair. Elas-
ticity is the important property of human hair. Bleaching varies the hair elastic-
ity and also decreases up to 25 % of its tensile properties (Dawber and Messenger
1997). Berivan et al. (2008) carried out tensile tests with a 50-N load cell device
and observed that there is no effect on mechanical property of human hair whether
they were dyed or not.

Table 20 Mechanical properties of raw wool—polyester resin composites. (Source: Quazi et al.
2010)

S.No. | Wool (wt.%) | Tensile strength | Tensile modulus | Flexural strength | Izod impact
(MPa) (MPa) (MPa) toughness

1 0 33.7+4.2 0.7+£0.2 - -

2 22 359+33 3.2+0.2 76.2+6.3 9.2+1.3

3 37 34.6+2.6 2.7+0.3 72.1+6.2 46.7+15.8

4 51 39.1+£1.7 1.6+£0.2 75.4+6.3 49.9+10.4

5 54 40.7+1.2 1.8+0.1 7.5.1+1.3 58.1£9.3

6 54 17.1£1.2 1.3+0.1 54.7+0.9 25.1+£0.6
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Feather Fiber Composites

Hong and Wool (2005) developed bio-based composite material from soybean oils
and keratin feather fibers (KF). It was found that at 30 wt.% feather fiber the bulk
density was 1.08 g/cm?®. However, up till now, very narrow work has been reported
on feather fiber composites. Acda (2010) prepared composite boards comprising
different proportions of cement, waste feather, sand, and chemical combinations. It
was observed that with increase in the feather proportion from 5 to 20 % workabil-
ity was decreased considerably. It was also observed that higher feather proportion
reduces the modulus of elasticity.

Properties of Mineral Fiber Composites

There is 8-16% of asbestos fiber by volume in asbestos cement products. Shah
(1981) compared strength of chrysotile and crocidolite fiber and found that the
strength of crocidolite asbestos—cement composites was greater than chrysotile—ce-
ment composites. Mechanical properties of asbestos—cement composites are shown
in Table 21. Sung et al. (1975) studied the mechanical properties of asbestos rein-
forced with phenolic resin and found that the flexural strength, flexural modulus,
and impact strength were 93.76 MPa, 159.96 GPa, and 64.08 J/m, respectively. Lee
and Kim 2004) showed the maximum tensile strength in axial fiber composites
and maximum compressive strength in the radial position (Table 22). Mechanical
properties of asbestos—cement composites are shown in Tables 23 and 24. Akers and
Garrett (1983) investigated the failure process of asbestos—cement composites and
calculated the flexural strength (35-37 MPa). Akers and Garrett (1986) also showed
that modulus of rapture increases up to 15% with increase in fiber mass fraction.
It was also observed that the density decreases from 1.65 to 1.23 g/cm?® when 35 %
fiber was added.

Table 21 Physico-mechanical properties of asbestos—cement composites. (Source: Shah 1981)

S. No. | Type of composites Tensile strength | Young’s modulus | Density | Elongation
(MPa) of elasticity (GPa) of break (%)
1 Chrysotile asbestos— | 3100 16.4 2.55 2-3
cement composites
2 Crocidolite asbestos— | 3500 19.6 3.37 2-3
cement composites

Table 22 Mechanical properties of asbestos—phenolic composite. (Source: Lee and Kim 2004)

S. No. | Orientation of fiber Tensile strength | Tensile modulus | Compressive
(MPa) (GPa) strength (MPa)
Hoop 32 13.3 86.2
2 Radial (orientation of fiber) | 11.1 3.0 105.3
3 Axial (orientation of fiber) | 15.6 35 753
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Table 23 Physico-mechanical properties of asbestos fiber—cement composites (different percent-
age fiber content). (Source: Akers and Garrett 1986)

S.No. | % Fiber mass | Modulus of rapture (N/mm?) | Impact resistance | Density (g/cm?)
fraction (no pressure) (kJ/m?)

1 5 20-24 0.6-1.4 1.65

2 10 35-40 2.0-2.4 1.55

3 15 37-42 2.2-3.0 1.45

4 20 33-37 3.0-3.5 1.3

5 25 25-30 3.5-3.8 1.25

6 30 25-30 3.5-3.8 1.23

Table 24 Physico-mechanical properties of asbestos fiber—cement composites (variation in
water—cement ratio). (Source: Akers and Garrett 1986)

S.No. | Water—cement ratio | Modulus of rapture (N/ | Impact resistance | Density (g/cm?)
mm?) (no pressure) (kJ/m?)

1 0.30 30-32 0.8-1.2 1.65

2 0.33 32-35 1.2-1.4 1.55

3 0.35 25-30 1.0-1.3 1.45

4 0.37 23-25 1.2-1.4 1.3

5 0.40 20-25 0.8-1.2 1.25

6 0.45 15-20 0.4-0.8 1.23

7 0.50 10-15 0.2-0.06 -
Conclusion

This work has examined the different types of natural fiber available for the devel-
opment of potential composites. Classification, courtiers of origin, chemical com-
position, mechanical properties of the natural fiber derived from various references
has been cited. This chapter also discusses the properties of various natural fiber-
reinforced composites.
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Effects of Nanotechnology on Fluid Flow
in Agricultural and Wood-Based Composite
Materials

Hamid Reza Taghiyari, Ali Karimi, Paridah MD Tahir and Adrian Cheng
Yong Choo

Abstract Wood is a natural renewable material with continuous porous structure.
Density in each wood species significantly depends on its porosity. The continu-
ous porosity in wood provides easy transfer of different fluids through it. Wood is
mainly composed of three polymers, including cellulose, hemicellulose, and lignin.
The hydroxyl groups (—OH) in cellulose and hemicellulose are mostly free, provid-
ing opportunity for water molecules to easily make bonds with them. This is the
root cause for shrinkage and swelling phenomena in wood and wood-composite
materials. In wood composites, constant and repeated shrinkage and swelling result
in breakdown of the resin bonds in the composite matrix, eventually weakening
the whole structure. Moreover, water molecules interact with resin polymer, sig-
nificantly weakening its strength. Easy transfer of water vapor and liquid through
composite matrix speeds up this process. It is therefore necessary to monitor, and
if possible to decrease, flow of water vapor and droplets into the wood-composite
matrix, increasing its service life. A brief overview of the research project carried
out on the utilization of nanomaterials in the wood-composite manufacturing indus-
try proved numerous potential applications of nanotechnology in this industry. The
use of metal and mineral nanomaterials with high thermal conductivity coefficient
helps to improve thermal conductivity and better cure of the resin, resulting in a
significant decrease in gas and liquid permeability. Improved thermal conductivity
also helped to decrease press time to a considerable extent, lowering production
costs, as well as accelerating the production rate. The water-repellent property of
some nanoparticles (nanozycosil) can also hinder penetration of water and vapor
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into wood-composite matrix; ultimately, the service life of the parts used in the
furniture or structure would significantly increase.

Keywords Fluid flow - Nanotechnology - Penetration - Permeability - Wood
composites

Introduction

Understanding fluid flow in wood is of vital importance as it has great impact on
its utilization in different industries (such as wood preservation, wood drying, pulp,
and paper; Chen et al. 1998). The way gases and liquids flow through wood cells in
solid woods, and the matrix in wood-composite materials, also affects their prop-
erties, and ultimately it influences their applications (Taghiyari 2013a; Taghiyari
et al. 2014a). Interaction between wood components as the fluid passes through
the complicated network of pores and cavities would also have significant effects
on the physical and mechanical properties as well as applications. Moreover, as
aerobic organisms, wood fungi produce CO,, water, and energy by respiration and
need therefore air oxygen. Fungi activity is, therefore, affected by the flow of gases
through wood. There are various reactions occurring in wood fungi that require
oxygen, such as degradation of lignin, oxidative polymerization of phenols, and
melanin synthesis in blue-stain fungi and other fungi (Schmidt 2006).

The total area of the world’s forests is decreasing in an alarming manner while
the consumption of wood in the world is progressively increasing along with the
exponential growth of the world population and the rising prosperity in several
continents. It was estimated that the total area of the world’s forests was under 4 bil-
lion hectares (Kues 2007). Shortage of wood resources and natural regeneration of
forests necessitate the use of fast-growing trees as well as harvesting them at short
rotations (Ruprecht et al. 2012). The harvested wood of these trees usually are not
suitable for furniture industry; however, they provide a sustainable source for paper-
and composite-manufacturing industries. For many centuries, the size of wooden
structures made by man was limited by the natural dimensions of trees and the wood
produced (Kues 2007). Moreover, solid woods had an inherent disadvantage; their
strength properties were significantly different in different directions. In fact, the
strength across the fiber in solid woods is about 1/20—1/10 of that in the longitudinal
direction (Nowak and Drach 1949). The orientation of cells is also characteristically
different, leading to a swelling and shrinking anisotropy. Therefore, the necessity
of a more uniform material with no limitation to the natural dimensions of trees
was brought up. The term wood-composite panels (or wood composites, panels
boards, etc.) refers to any product, which is manufactured on the basis of mechani-
cally chopped, milled, and grinded or refined wood (such as veneers, strands, par-
ticles, fibers, etc.) that are bonded by adhesives usually through a process at high
temperature and pressure (Youngquist et al. 1997; Kharazipour 2004). During the
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production of wood composites, the homogenized raw materials can be formed in
the desired shape, size, dimension, and amount. Current important wood-composite
panels are particleboards, medium-density fiberboards (MDF), oriented strand-
boards (OSB), and plywood. The term particleboard refers to a wood-based panel
manufactured under pressure and heat from wood particles (wood chips), usually by
addition of adhesives and under hot press. MDF is made from lignocellulosic fibers
mixed with a resin and under hot press. OSB is manufactured from shredded into
small rectangular strips, layered across each other in the direction of their grain, and
bonded together by a resin under hot press. Plywood is produced by wood veneer
being stacked crosswise onto each other (Kues 2007).

Wood-composite materials have the advantage of offering a homogeneous struc-
ture which may be important for many design purposes (Doost-hoseini et al. 2013).
Wood-composite materials also have the advantage of in-process treatments (IPT);
this particular property is quite useful when the end uses necessitate treatment of
wood chips and fibers with nanomaterials during the process of wood-composite
production (Manning 2002; Gardner et al. 2003; Taghiyari 2014a). In wood-com-
posite materials, the passing fluid may even affect other components, such as resin
and paraffin used in their production. A better knowledge of the porous structure
in woods and wood-composite materials would therefore provide us with useful
information on how they would react under different conditions; these conditions
include the relative humidity in which the wood-composite materials are installed
because wood has a thermohygromechanical behavior and its properties depend on
the combined action of temperature, relative humidity, and mechanical load varia-
tions (Figueroa et al. 2012; Taghiyari and Moradi Malek 2014), the temperature of
the surrounding environment, exposure to sunlight and ultraviolet (UV) radiation,
exposure to high temperature and possibly fire, the possibility of biological wood-
deteriorating agents (Schmidt and Moreth 2003; Schmidt 2007; Karimi et al. 2013;
Taghiyari et al. 2014b, 2014c) such as fungi, wood-boring beetles, and termites, as
well as exposure to special bacteria and microorganism to gain biofuels, bioincis-
ing, etc.

Many methods have so far been introduced to measure permeability in wood and
wood-composite materials with different precision, as porous media, over the past
few decades (Siau 1995; Shi 2007). In the recent years, there was a possibility to
measure gas permeability values in solid woods as well as composite materials due
to the invention of a gas permeability measurement apparatus with 0.001-s precision
(Taghiyari et al. 2010; Taghiyari and Sarvari Samadi 2010). The high precision, as
well as the easiness for operation, made the results obtained through this apparatus
credit-worthy for scientific and industrial purposes. The point is that gases usually
do not interact with wood material components while liquids may come to chemi-
cally and physically interact with it, mostly with its hydroxyl groups (Taghiyari
2013a). Besides, most industries in which permeability is important deal with im-
pregnation of solid woods with liquid or extraction liquids from them. Therefore,
in the first place, liquid permeability measurement seems to be of great importance
too, in order to have a better scope and understanding of practical behavior of wood
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structure towards penetration of liquids. In the second place, finding a correlation
between gas and liquid permeability is important for industrial decision-making
processes.

From another perspective, wood is considered a biological material that is great-
ly affected by its moisture content (MC; Schmidt 2006). Different modification
methods have therefore been tried to ameliorate the effects, such as acetylation,
and thermal modification (Hill 2006; Borrega and Karenlampi 2010). The thermal
modification of wood has long been recognized as a potentially useful method to
improve the dimensional stabilization of wood and increase its decay resistance
(Hill 2006; Taghiyari 2011a). Although it has negative effects on the strength prop-
erties of wood, there are some techniques for mitigating these effects (Awoyemi
and Westermark 2005; Awoyemi 2007). However, the thermal conductivity coef-
ficient of wood is quite low (Taghiyari et al. 2012; Taghiyari et al. 2013a). The
thermal conductivity of nanofluids containing dispersed metallic nanoparticles has
been studied in research projects (Ayesh and Awwad 2012; Taghiyari 2012a). En-
hancement in the thermal conductivity of common heat transfer fluids when small
amounts of metallic and other nanoparticles were dispersed in these fluids has been
reported by many researchers (Yu et al. 2010, 2012; Saber et al. 2013). The pos-
sibility of using an enhanced thermal conductivity in the structure of woods and
wood-composite materials occurs to mind.

In this chapter, the potentiality of using different nanomaterials (metal nanopar-
ticles, mineral nanofibers, mineral nanosheets, etc.) in wood-composite materials is
discussed. The simplicity of using nanomaterials, using the IPT process, has made
it quite attractive for the industry (Taghiyari 2014a). Their effects on fluid flow of
gases and liquids are further explained in details.

Gas Permeability Measurement

Gas permeability measurement apparatus can measure permeability values in po-
rous media (including solid woods, wood-composite materials, carton and paper,
lightweight cement, etc.) with millisecond precision (Taghiyari 2012b; Taghiyari
and Efhami 2011; Fig. 1); it is equipped with a seven-storey automatic-time-mea-
surement device (USPTO No. US 8,079,249, B2). The falling-water volume-dis-
placement method is used to calculate specific longitudinal gas permeability values
based on the microstructure porosity of wood (Siau 1995; Taghiyari 2013b). Speci-
mens can be prepared by a lathe machine (turning machine), or by a hole saw (a hol-
low saw). The optimum diameter of specimens was 17.5 mm. For each specimen,
gas permeability values can be measured at seven different water-column heights,
that is seven different vacuum pressures, in a single run. The internal diameter of the
glass tube was 13 mm. The water level should be 15 cm above the starting sensor
of the first time-measurement device (gas 1). The connection between the specimen
and holder was made fully airtight. A pressure gauge with millibar precision was
connected to the whole structure to monitor pressure gradient (AP) and vacuum
pressure at any particular time as well as height of water column. Vacuum pressures
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Fig. 1 The overview of the gas permeability apparatus (USPTO No. US 8,079,249, B2) equipped
with single-storey millisecond precision electronic time-measurement device (approved by
The Iranian Research Organization for Scientific and Technology under certificate No. 47022).
(Source: Taghiyari and Efhami 2011; Taghiyari 2012b)
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Table 1 Vacuum pressures at starting and stopping points for each of the seven water column
heights. (Source: Taghiyari 2013a)

Code of the Height of the Height of the Starting-point Stopping-point

seven water seven water col- | seven water col- | vacuum pressure | vacuum pressure

columns umns at starting | umns at stopping | (minus millibar) | (minus millibar)
point (cm) point (cm)

Gas 1 149.5 139.5 155 146.5

Gas 2 134.5 124.5 141.5 132

Gas 3 119.5 109.5 126.5 117

Gas 4 104.5 94.5 112 101.5

Gas 5 89.5 79.5 97.5 86.5

Gas 6 74.5 64.5 82 72

Gas 7 59.5 49.5 66.5 56

at starting and stopping points for each of the seven different heights are listed in

Table 1.

Three measurements are to be taken for each specimen in order to obtain a

trustworthy mean value for each specimen. The superficial permeability coeffi-
cient was then calculated using Siau’s equations (Siau 1995; Egs. 1 and 2). The
superficial permeability coefficients were then multiplied by the viscosity of air
(u=1.81x1075 Pa s) for the calculation of the specific permeability (K =kg u:

_ V4CL(Pam —0.074z) " 0.760 mmHg
&7 1A0.0742)(Pam — 0.0372) ~ 1.013 x 10°Pa

(M

V.(0.074Az)

e, @)
V,(P,, —0.0742)

where

k, longitudinal specific permeability (m? m™)

v, 72 Az [r=radius of measuring tube (m)] (m?)

C correction factor for gas expansion as a result of change in static head and
viscosity of water

L length of wood specimen (m)

P atmospheric pressure (m Hg)

z average height of water over surface of reservoir during period of mea-
surement (m)

t time (s)

A cross-sectional area of wood specimen (m?)

Az change in height of water during time # (m)

Vv total volume of apparatus above point 1 (including volume of hoses; m?)
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Fig. 2 Liquid permeability measurement apparatus (Rilem). (Source: Taghiyari 2012b)

Liquid Permeability Measurement

Liquid permeability was measured using Rilem test method I1.4 (Fig. 2) according
to Rilem Commission 25, PEM, Test Method 1154 by International Union of Labo-
ratories and Experts in Construction Materials, Systems, and Structures; penetration
tests were conducted under laboratory conditions according to ASTM E-514. Two
times were measured: (1) the time the first drop of water falls off the bottom surface
of the specimens and (2) the time the level of water in the Rilem tube lowers by
50 mm in the tube (that is, 6.6 CC of water). Correlations between each of the seven
gas permeability times were separately calculated with the first-drop time, as well

as the 50-mm-lowering time.

Permeability in Nanomaterial-Treated Wood Composites

One of the characteristics of wood is its water-absorbing potentiality when placed in
water or even moist areas. The easy transfer of water vapor and liquid through it is
due to its continuous porous structure. This affects wood-composite materials from
different aspects. First, the dimensions of wood-composite panels and parts alter
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Fig. 3 The liquid permeability of the first drop for the four treatments of control, NZ-50, NZ-100,
and NZ-150 treatments (s). NZ nanozycosil. (Source: Taghiyari 2013)

Second

due to the phenomenon called swelling. The swelling not only has undesirable side
effects on the design and dimensions of the wood-composite part that is used in the
structure but also the wood chips and fibers lose their integrity by micromovements
due to swelling. Second, water breaks down the resin bonds that have stuck wood
chips or fibers together in the matrix, again decreasing the overall strength of the
composite matrix.

In order to decrease water absorption in MDF, water-repellent property of nano-
zycosil (NZ) was used (Taghiyari 2013a). The NZ liquid (NZ-liquid) used was the
resultant product of organo silane reacted with an organic reactant. Its color was
pale yellow, with the flash point at more than 85°C and autoignition temperature
at more than 200 °C, specific gravity of 1.05 g/mL (at 25 °C), and viscosity of 500—
1000 cps (at 25 °C). The NZ-liquid was composed of hydroxyalkyl-alkoxy—alkyl-
silyl compounds (38—42 %), and the solvent was ethylene glycol (58-62%). NZ
was used at four consumption levels of 0, 50, 100, and 150 g/kg dry wood fibers.
The NZ-liquid was smoothly mixed with the resin. NZ content was based on the
solid parts in the NA suspension. For each treatment, the weight of NZ solids was
deducted from the fiber used; this way, the density of panels in different treatments
with different fiber contents was managed to be kept constant. The final mixture
of NZ+resin was smoothly sprayed on the fibers. The pH and viscosity of the
resin were kept constant for all treatments in this study. Density of all treatments
was kept constant at 0.67 g/cm?. The cited author reported that NZ significantly
decreased liquid permeability in MDF (Fig. 3) although the amount of wood fibers
was lower in NZ-treated panels and microcavities formed in the composite matrix
(Fig. 4). This resulted in NZ100 treatment to be clustered with the control panels
(Fig. 5). In another study, NZ was reported to decrease water absorption and thick-
ness swelling in MDF (Taghiyari et al. 2013b). NZ treatment affected the wood
composite in two ways. First, the water-repellant property of NZ nanoparticles
acted as a physical barrier towards penetration of liquid (water in this case). And
second, NZ contributed in the process of sticking wood fibers together; that is, NZ
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Fig. 4 MDF texture a control specimen: fibers are integrated more intensely; b NZ-150: some
void spaces (|) are observed in the texture leading air to pass through much easier. (Source:
Taghiyari 2013)

CASE 0 5 10 15 20 25
Label Hum + + + + fmm——————— +
Control 1
NZ100 3
NZ50 2
NEZ150 4

Fig. 5 Cluster analysis based on gas permeability value, as well as the two liquid permeability
times for the four treatments of control, NZ-50, NZ-100, and NZ-150. NZ nanozycosil. (Source:
Taghiyari 2013)

acted as an additional resin, although not as strong as the urea—formaldehyde (UF)
resin used in the process. However, it was reported that silane-treated panels were
susceptible to molds and therefore they were not recommended for moist climates
(Taghiyari 2014b). The molds and fungi were mainly Aspergillus niger, Penicil-
lium spp., and the Phycomycetes group. Therefore, in order to prohibit wood-de-
teriorating fungal attack, wollastonite nanofibers can be recommended to improve
durability (Taghiyari et al. 2014b).

Silver and copper nanoparticles were also reported to significantly decrease
both gas and liquid permeability in particleboards produced at industrial scale
(Taghiyari 2011b; Taghiyari and Farajpour Bibalan 2013). NS and NC suspen-
sions were added to the mat at two levels of 100 and 150 mL/kg dry weight wood
particles and compared with control boards. Permeability values were signifi-
cantly decreased in all nanotreated composite panels. The decrease was due to
the high thermal conductivity coefficient of metal nanoparticles, resulting in bet-
ter heat transfer to the mat, eventually causing better cure of the resin. However,
the optimum consumption levels of nanosilver (NS) and nanocopper (NC) were
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reported to be different. This was explained to be due to the significant differ-
ence in the thermal conductivity coefficients of silver and copper. In fact, in the
case of silver nanoparticles, overheating of the surface layer of the composite mat
resulted in depolymerization of resin in the surface layer; eventually, the lower
consumption level of 100 mL was recommended. In the case of copper with lower
thermal conductivity coefficient, though, it was reported that the optimum NC-
consumption level was 150 mL/kg. Water absorption and thickness swelling were
also reported to significantly decrease after addition of NS and NC to particleboard
matrix (Taghiyari et al. 2011; Taghiyari and Farajpour Bibalan 2013). The high
thermal conductivity coefficient of metal nanoparticles helped UF resin cure more
effectively; ultimately, wood chips were better integrated in the composite matrix,
resulting in the decreased gas and liquid permeability values. As to the close re-
lation between permeability versus water absorption and thickness swelling, the
nondestructive nature of air permeability (gas permeability) can be very helpful
for industrial purposes.

Accelerated heat transfer in NS- and NC-treated composite panels can influ-
ence permeability from another point of view. Heat treatment was reported to have
significant effects on fluctuations of permeability in different woods (Taghiyari
2013D). In this connection, structural modifications and chemical changes of lignin
occur while heating woods (Repellin and Guyonnet 2005). Moreover, the irrevers-
ible hydrogen bonding in the course of water movements within the pore system
also affects the fluid transfer process (Borrega and Karenlampi 2010). These pro-
cesses caused permeability to increase when woods are heated from about 75 up to
150°C. In these steps, higher temperatures increase high internal stresses that are
released as cracks (Oltean et al. 2007). These microcracks facilitate the process of
fluid transfer through the porous material causing the gradual increase in perme-
ability. Heat treatment at 185 °C caused permeability values to decrease. In fact,
these processes are present during hot pressing in wood-composite panels too. The
fluctuations in permeability alter behavior to the release of evaporation during hot-
press time.

Nanoclay was reported to have no significant effects on permeability in ply-
wood; however, moisture diffusion decreased significantly (Dashti et al. 2012). The
cited authors used nanoclay at two levels of 3 and 5%; hot-press time was also
studied at two levels of 4 and 5 min. It was concluded that due to the hydrophobic
property of clay nanoparticles, an increase in the level of consumption of filler re-
sulted in reduction in thickness swelling and diffusion coefficient.

Thermal Conductivity in Wood-Composite Mat

The thermal conductivity of wood is rather low (0.055-0.17 W/mK depending on
the direction of wood texture, in comparison to 429 in silver). In a study on MDF,
thermal conductivity coefficient of control MDF boards was measured to be 0.099
(W/mK). Addition of 10% of wollastonite nanofiber (NW) to the MDF matrix



Effects of Nanotechnology on Fluid Flow in Agricultural ... 83

Waterhose Waterhose
o ™

Absorbing brass bar

Heating brass bar

Spring to
Thermistor hold specimen

Temp. Temp.

Fig. 6 Schematic drawing of the thermal conductivity measurement apparatus in this study.
(Source: Taghiyari et al. 2013a)

(based on the dry wood fibers) increased thermal conductivity coefficient to 0.110
(W/mK); that is an increase of about 11.5% (Taghiyari et al. 2013a). Addition of
NW was further reported to decrease standard deviation in thermal conductivity
among the replications of NW-treated MDF panels. This means that NW resulted in
more homogeneity in the composite matrix.

Thermal conductivity was measured based on Fourier’s law for heat conduc-
tion (Fig. 6). Circular specimens were prepared, 30 mm in diameter and 16 mm in
length; all around, the specimens were covered with silicone adhesive for better in-
sulation. Thermal conductivity was calculated using Egs. (3) and (4). Temperatures
were measured with 0.1 °C precision:

AT
=KA— 3
0 T 3)
L
K- 2xL )
A X AT
where
K thermal conductivity (W/mK)
0 heat transfer (W)
L specimen thickness (m)
A cross-sectional area of specimens (m?)

AT temperature difference (7,-7,; °K)
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The results of the cited authors clearly proved the better cure of the resin in the core
section of the MDF mat, resulting in an increase in the physical and mechanical
properties (Taghiyari et al. 2013c).

Moreover, hot-press time is dependent on many factors, including the thickness
of the composite mat, press temperature, closing rate, and, most importantly, mois-
ture distribution throughout the mat (Taghiyari et al. 2011). Moisture of the mat
cannot always be increased as it in turn increases the hot-press time; hot presses are
usually considered the bottleneck in wood-composite manufacturing factories. It is
therefore necessary to try to decrease the time of hot pressing of wood-composite
mat; however, higher MCs increase the time significantly. Increase in the MC also
causes blows in wood-composite panels; high volume of vapor should be with-
drawn from the mat to the surrounding atmosphere. If the volume is too high, per-
meability in the composite matrix would not be enough to have a timely withdrawal
of vapor. Accumulated vapor within the composite matrix would eventually blow,
once the hot-press plates open. Furthermore, for UF resin, there is a limitation of
MC level (Papadopoulos 2006); that is, higher MCs than standard level for UF resin
would eventually weaken the strength of resin. Finding new ways to increase the
heat-transferring rate to the core section of the composite mat has always been a
challenge before the wood-composite manufacturing industry. Silver nanoparticles
were reported to decrease hot-press time by 10.9 % when 100 mL of NS suspension
was used for each kilogram of wood particles. Copper nanoparticles were also re-
ported to decrease hot-press time. It was reported that NC decreased hot-press time
by 5.7% when 100 mL of NC suspension was used. With due consideration to the
lower thermal conductivity coefficient of copper in comparison to silver, this was
reasoned.

The heat-transferring property of metal (Khojier et al. 2012; Sadeghi and Rastgo
2012) and mineral nanomaterials (Haghighi Poshtiri et al. 2013) was reported to
improve some properties in solid woods as well as wood-composite materials. In
a recent study, effects of a 400-ppm aqueous suspension of silver nanoparticles on
the heat-transferring rate from the hot-press plates to the core section of MDF was
studied (Taghiyari et al. 2013d). NS suspension was sprayed on the mat at three
consumption levels of 100, 150, and 200 mL/kg based on the dry weight of wood
fibers. Scanning electron microscope (SEM) micrographs showed uniform spread
of silver nanoparticles over wood fibers (Fig. 7). A digital thermometer with tem-
perature sensor probe was used to measure the temperature at the core section of the
mat at 5-s intervals (Fig. 8). The probe of the thermometer was directly inserted for
about 50 mm into the core of the mat (from the edge boarder of the mat), in the hori-
zontal direction. Temperature measurement was started immediately after the two
hot plates reached the stop bars. Measurement of temperature at the core section of
the mat (immediately after the upper plate of the hot press reached the stop-bars)
indicated significant difference between the temperatures of the four treatments
of control, NS100, NS150, and NS200 (Fig. 9). The cited authors reported that
temperatures at the core section of NS150 and NS200 were both higher than both
NS100 and control treatments. The depolymerization of the surface resin bonds
in the surface layers of panels with high metal nanoparticle content can be related
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Fig. 7 Scanning electron microscope (SEM) micrograph showing silver nanoparticles () scat-
tered all over the fibers. (Source: Taghiyari et al. 2013d)
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to the increasing trend in the final minutes of the hot pressing; that is, in the final
minutes when all MC was nearly evaporated in the surface layers, the heat resulted
in the depolymerization and breaking down of resin bonds. The depolymerization
increased the fluid flow in the composite matrix. As to the fact that rapid transfer of
heat to the surface layers of the mat would eventually result in the depolymerization
of resin, ending up in decrease in some of the physical and mechanical properties,
further studies should be carried out on possible spread of metal nanoparticles or
mineral nanofibers in only the core section of composite mats to facilitate the heat
transfer to this part; this would also prevent overheating of the surface layers and
the consequent resin breakdown.

It may, therefore, be concluded that addition of metal nanoparticles to increase
the heat-transferring rate to the core section of composite mats should not neces-
sarily improve all physical and mechanical properties. Furthermore, the optimum
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Fig.9 Temperature at the core section of the medium-density fiberboard (MDF) mat after the third
minute of hot pressing with 5-s intervals. ( NS=Nanosilver content mL/kg). (Source: Taghiyari
et al. 2013d)

consumption level for metal nanoparticles is dependent on many factors, including
the hot-press temperature, hot-press duration, thermal conductivity coefficient of
metal nanoparticles, and the type and density of composite panels.

Conclusions

Wood-composite materials offer the advantage of providing a homogeneous struc-
ture to be used in many applications. However, its biological nature causes it to suffer
from several shortcomings, such as susceptibility to biological wood-deteriorating
agents, water absorption and thickness swelling, fire, etc. A brief overview of the
research project carried out on utilization of nanomaterials in the wood-composite
manufacturing industry proved numerous potential applications of nanotechnology
in this industry. The use of metal and mineral nanomaterials with high thermal con-
ductivity coefficient helps in improved thermal conductivity and better cure of the
resin, resulting in a significant decrease in gas and liquid permeability. The water-
repellent property of some mineral nanoparticles (NZ) can also hinder penetration
of water and vapor into wood-composite matrix; ultimately, the service life of the
parts used in the furniture or structure would significantly increase.
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Composites from Bagasse Fibers,
Its Characterization and Applications

Deepak Verma, P.C. Gope, Inderdeep Singh and Siddharth Jain

Abstract As an important branch of the composite materials field, natural fiber-
reinforced polymer composites have been studied for decades. Natural fibers are
originated from several sources such as cotton, nut, shells, bagasse, corncobs,
bamboo, and vegetable. This work aims to discuss the different surface modification
techniques of bagasse fibers including alkaline, silane, acetylation, and benzoylation
treatments. The chapter also deals with the discussion on processing techniques
of bagasse fiber-reinforced composite manufacturing and its mechanical and
morphological properties. It also covers advantages of bagasse fiber reinforcement
in composites and future trends and applications.

Keywords Bagasse fiber - Processing techniques - Surface treatment + Scanning
electron microscopy (SEM)

Introduction

Cellulose-based natural fibers are achieving increasing consideration for their
applications in engineering and their uses in general applications like building
resources and structural parts for the automotive purpose, where lightweight is requi-
site. Environmental awareness motivates the researchers worldwide on the application
of natural fibers as strengthening/reinforcement and an alternative to synthetic fibers
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in polymer matrix composite. By taking into account the importance of polymer com-
posites, lot of work has been reported by various scientists/researchers to assess the
mechanical characteristics of different types of polymers and their composites. High-
ly developed composite materials have been employed to construct a good number
of structural parts in engineering purposes. This is because of their striking properties
such as high strength with lightweight and high stiffness as well as good fatigue and
corrosion resistance. Also, the capability to manufacture parts with complicated ge-
ometry using lesser components permits manufacturers to save cost as compared to
other conventional metallic materials fabrication techniques. The composite process-
ing includes the best use of available materials through the understanding of chemical
interaction of ingredients, structural changes during processing, suitable processing
methods for desired product shapes, and the resultant consequence on the mechani-
cal and physical properties. Various chemical treatment methods of bagasse fibers
have been reported by different researchers. A morphological study of composites
by the use of scanning electron microscopy (SEM) is carried out to recognize why
the mechanical characteristics of the composites prepared from treated and untreated
bagasse are dissimilar and also to know the effect of fiber handling or treatment on the
interfacial adhesion of filler—matrix. This chapter also reported the consequence of the
filler material on the reflex characteristics of the composites materials. The composi-
tion, surface chemistry, and Fourier transform infrared (FT-IR) spectra of the bagasse
fiber composites have also been discussed. In addition, various literatures related to
polymer composites have been cited in this chapter.

Surface Modification Methods (Chemical Treatment)
of Bagasse Fibers

Alkaline-Based Treatment

Treatment of natural fiber using sodium hydroxide (NaOH) is broadly applied
for composites. This handling alters the direction of extremely packed crystalline
cellulose arrangement and creates an unstructured region by enlargement of fiber cell
wall. This process offers more access to penetration of chemicals. Alkali-sensitive
hydrogen bonds existing among the fibers are agitated, and new hydrogen bonds
form between the chains of cellulose molecules and increase surface roughness. This
treatment removed the waxy substances on the surface of the fiber, thereby improv-
ing the close contact of matrix of fibers. This treatment was performed using saturat-
ing 5 g of fibers in 100 mL of NaOCI 4-6 % (v/v):H,O (1:1) for 2 h at 300°C and,
thereafter, the fibers were rinsed with water and soaked in 100 mL of 10% NaOH
for 1 hat 300 C (Brigida et al. 2010). Acharya et al. (2011) performed chemical treat-
ment of bagasse fibers by soaking in a “0, 1, 3, and 5% (w/w) NaOH” solution at
atmospheric temperature. The bagasse fibers were kept plunged in the solution for
2, 4, and 6 h, respectively, and thereafter the fibers were cleaned by the fresh clean
water for several times for the removal of the NaOH contents from the fibers.
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Silane Treatment

Coupling mediators generally recover the degree of cross-linking in the region of
interface and provide a great bonding. Silane coupling mediators were found to be
successful in adjusting the fiber—matrix interface. It goes through several stages such
as hydrolysis, condensation, and bond formation throughout the treatment process
with the fiber. This process also forms Silanols in the presence of moisture and hy-
drolysable alkoxy groups. Silanols retort with the cellulose hydroxyl group of the
fiber and ultimately improves adhesion between fiber and the matrix to stabilize the
properties of composites (Bledzki et al. 2010). Coupling agents such as toluene dis-
socyanate and triethoxyvinylsilane were tested in fiber treatment in order to enhance
the interface properties. Silanols can create polysiloxane structures by reacting with
hydroxyl group of the fibers. Arsene et al. (2008) reported the effect of combin-
ing pyrolysis and silane treatment. They used fibers of unpyrolyzed and pyrolyzed
sugarcane bagasse and treated with the help of an alkyltrialkoxysilane (RSi(OR’),),
S, or a dialkyldialkoxysilane (R2Si(OR"),), S, silane solutions. The range of silane
solutions used varies from 0.5 to 8% (v/v). By combining the pyrolysis with silane
treatment in composites, the water resistance capacity increases and a hydrophobic
character is shown.

Acetylation Treatment

Plasticization of cellulose fibers can only be achieved by the esterification method
which is also known as acetylation treatment. This method involves the rejoinder
which causes the production of acetic acid as a derivative and that must be eradicat-
ed from the lignocellulosic material. Sreekala et al. (2002) have reported that acetic
anhydride that is used for chemical alteration replaces the polymer hydroxyl groups
of the cell wall by acetyl groups and then enhances the properties of these polymers
so that they will turn into hydrophobic materials. Rowell and Keany (1991) treated
the bagasse fiber by acetic anhydride to various levels of acetyl weight gain. This
treatment (acetylation) causes the bagasse fiber to become more hydrophobic by
lowering the equilibrium moisture content as the level of acetylation increased.

Benzoylation Treatment

Benzoyl chloride is used in benzoylation treatment to decrease the hydrophobicity
of the fiber and improve fiber—matrix adhesion, and ultimately lead to increase the
composite strength. In benzoylation treatment, the alkali pretreatment is used to ac-
tivate the hydroxyl groups of the fiber. Then the fiber is soaked in benzoyl chloride
solution for 15 min. Benzoyl chloride which adheres to the fiber surface is removed
by ethanol solution followed by washing using water and is then dried in the oven.
Benzoyl chloride processing on alkali-treated sisal fiber results in higher thermal
stability than untreated fiber composites (Joseph and Mathew 2007).
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Processing Techniques for Composite Manufacturing

There are various methods available for the processing and manufacturing of the
composite materials some of which are discussed below.

Hand Laminating (or Wet Layup)

The hand/wet layup method is a very simple and effective method for the fabrication
of composite material. As a part requirement for the hand layup process, a mold must
be used unless the composite has to be fixed right to the next structure. The mold
should not be complicated and can be a flat sheet or have unlimited curves and edges.
For few typical sizes/shapes, molds should be joined in sections/parts so that after
curing they can be separated. A release agent can be used and applied on the surfaces
of the molds so that the part will not be able to stick to the mold surfaces. The fibers
(for reinforcement) can also be laid in the mold as desired by the designer. After that,
resin should be added to the fibers. Figure 1 shows the hand layup process.

Filament Winding

Filament winding is another method for the preparation of composite. Process pa-
rameters necessary to complete these tasks include exact filament tow, longitudinal
placement, and mandrel winding speed. Filament winding advantages include low
material and labor costs and precision of product dimensions. Cost and design con-
straints of removable mandrels and concave surfaces are some disadvantages of
filament winding. The filament winding process is shown in Fig. 2.

Pultrusion

Pultrusion is a composite manufacturing process used for structural shapes. The
pultrusion process is only suitable for mass production. First, the fibers are passed

Fig. 1 The hand Layup
method (http://www.net-
composites.com/education.
asp?sequence=65)
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Fig. 2 Filament winding
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through a resin bath and then through a forming block. Heaters are generally used to
insure fast curing through steel dies and then the part is cut to ensure proper length.
Because of the orientation of fibers, the pultruded parts are stronger in the longi-
tudinal direction. The main purpose of the fiber orientation is to increase strength
in other directions. By using the pultrusion process, solid shapes and open-sided,
hollow shapes can be produced. Cores such as foam and wood can be built inside
of the pultruded shapes. Due to the pressure and designs of production, protruded
production can be up to 95% effective in material utilization. Figure 3 shows the
pultrusion process.

Compression Molding

The compression molding technique for composite manufacturing requires de-
signing for the proper routing of the excess resin. Figure 4 shows the compression
molding process. Compression molding generally follows the first steps of the hand
layup process. In the process, the mold for a compression-molded part is designed
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Fig. 3 Pultrusion process (http://www.amgrating.com/pultrusionprocess.aspx)
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Fig. 4 Compression molding (http://www.sinotech.com/compressionAndTransferMolding.html)

for proper routing of excess resin. In compression, molding a male and female mold
will be required. In the composite production method, a release agent must be ap-
plied on the mold surfaces. After that, the fibers must be slashed accordingly and
placed on the surface of the molds. Then catalyzed resin must be applied onto the
fibers in excess. After joining the two molds, an adequate pressure is applied pneu-
matically/mechanically. After the mold is set up in a proper manner, the desired
amount of resin is applied/distributed throughout the fibers and then allowed to
come out through the exit channels.

Injection Molding

Injection molding (Fig. 5) is a pure plastic injection process without any fibers
and has been used to make injection molded parts. The resin generally used in this
process is mainly engineering thermoplastics such as polypropylene, polystyrene,
polymethylmethacrylate (PMMA), etc. Sometimes short fibers (such as short glass
or carbon fibers) can be incorporated into the thermoplastics to make reinforced
plastic components. In this case, the fibers are mixed with the resin and injected
together, rather than in the form of fiber preform.

Integration into Matrix and Mechanical Properties of
Polymer Composites

Integration into Thermoset Polymer

Mariatti et al. (2008) proposed the utilization of reinforcing part of unsaturated
polyester (USP) resin for more opportunities in the waste management sector. To
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Fig. 5 Injection molding

modify the fiber properties, chemical treatments processes were carried out by
using NaOH and acrylic acid. The result showed that by, selecting different fiber
weights, acrylic-acid-treated fiber composites demonstrated improved mechanical
characteristics than sodium-hydroxide-treated fiber composites. Dynamic mechani-
cal analysis (DMA) shows that the treatment of fibers by sodium-hydroxide- and
acrylic-acid-reinforced composites improves the storage properties of composites;
however, from water absorption study, it has been found that processed fiber com-
posites are better in terms of “lower water absorption properties” than unprocessed
fiber composites.

From study, it has been found that on the one hand surface modification of ba-
gasse decreases the moisture absorption, and on the other hand it improves the damp
ability and hence ultimately improves the mechanical characteristics of composites.

The tensile and flexural properties of the composites, as shown in Figs. 6 and 7,
represent the response of treated and untreated bagasse content. It has been found
that the most favorable value of treated bagasse fiber for improving the tensile and
flexural strength of the polyester composites is from 10 to 20 % (v/v). The increase
in mechanical properties of sodium-hydroxide- and acrylic-acid-treated bagasse-
based composites is due to increase in fiber surface adhesives characteristics by the
fibrillation process as mentioned by Mariatti et al. (2008).

De Sousa et al. (2004) have mentioned the effect of three operating parameters
on the mechanical properties of chopped bagasse—polyester-based composites.
From the analysis, it has been found that composites made from bagasse with size
under mesh #20 sieve pretreated for sugar and alcohol extraction were optimum
and have the best mechanical characteristics. This is due to the fact that treatment
increases the surface area and the complete sterilization of the bagasse surface. The
molding pressure made a closer contact between the bagasse and the resin matrix,
which condenses the snare voids. The weight fractions of the chopped bagasse are
shown in Table 1. Sieving provides a very uniform size distribution of particulate



98 D. Verma et al.

& Untreated fiber composites & Untreated fiber composites
m NaOH treated fiber composites [l NaOH treated fiber compesites
7| A treated fiver composites 55001 g an treated fiber composites
1 m Polyester — W Polyaster

- ! @

[} _-"_- o

s o =

= = 3

o = 3

[ | = ©
z o

o = 3

@ = S

] = =

= =
£
I
~L

a ) b i
Fiber loading (%) Fiber loading (%)

Fig. 6 The a tensile strength and b tensile modulus of treated and untreated fiber composites at
different fiber loadings. Unfilled polyester resin is used as a control. (Reproduced with permission
from Elsevier (Mariatti et al. 2008))
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Fig. 7 a Flexural strength and b flexural modulus of treated and untreated fiber composites at dif-
ferent fiber loadings. (Reproduced with permission from Elsevier (Mariatti et al. 2008))

Table 1 Weight factions of the chopped bagasse. (Reproduced with permission from Elsevier Ltd.
(Sousa et al. 2004))

Sieve (mesh) Size of retained material (mm) | Weight fraction (%)
4 >4.7 0.6
10 4.7-2.0 31.7
20 2.0-0.85 35.8
Bottom <0.85 31.9
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Table 2 Flexural properties as a function of the bagasse size. Untreated bagasse. Molding pres-
sure: 0.3 MPa. (Reproduced with permission from Elsevier Ltd. (Sousa et al. 2004))

Sieve (mesh) o (MPa) &, (%)

10 7.6+1.4 1.60+0.14
20 19.5+1.1 1.65+0.10
Bottom 21.6+1.6 1.84+0.14

material ranging from 4.7 to under 0.85 mm. Three different meshes were used
in the present investigation to analyze the effect of the size of bagasse on the
mechanical properties of the composites. Table 2 shows the flexural stress (¢,) and
the deformation at rupture (&) of the composites.

Balakrishna et al. (2013) prepared and tested Asian palmyra which is a natural
fiber-reinforced composites (NFRC). The experiments were designed in accordance
with a factorial design (three level) and determined the deviation of tensile strength
of short and randomly oriented NFRC under the condition of control parameters.
A thriving mixture of process parameters showed an improvement in the mechani-
cal characteristics of the composite. The developed model was able to explain
the influence of a design alter on each one of the operating parameters. Response
surface methodology (RSM) is used in this study to model the influence of operat-
ing parameter on tensile strength. The mathematical model which is developed to
predict tensile strength is found statistically suitable within the operating range of
the designed parameters.

Tables 3, 4, and 5 show distinctive experiment values of tensile strength (related
to output responses) and are used to put into practice the proposed tactic. The
developed mathematical relationships are used to develop a correlation for tensile
strength with the range of process parameters which will ultimately result in the

Table 3 Mechanical properties of the composite of fiber length 3 mm. (Reproduced with permis-
sion from Elsevier Ltd. (Balakrishna et al. 2013))

Specimen ID | Percent of Alkali treat- | Tensile load | Tensile Elongation
fiber ment time (2, | (N) strength (%)
4,6h) (MPa)
Sp301 20 2 549.653 13.741 2.51
Sp302 30 2 631.846 15.796 6.66
Sp303 40 2 674.846 16.857 4.78
Sp304 20 4 594.653 14.866 10.47
Sp305 30 4 658.076 16.451 3.57
Sp306 40 4 687.493 17.187 6.09
Sp307 20 6 696.653 17.416 2.42
Sp308 30 6 727.134 18.178 5.32
Sp309 40 6 789.652 19.742 4.27
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Table 4 Mechanical properties of the composite of fiber length 5 mm. (Reproduced with permis-
sion from Elsevier Ltd. (Balakrishna et al. 2013))

Specimen ID | Percent of Alkali Tensile load | Tensile Elongation
fiber treatment time | (N) strength (%)
(2,4,6h) (MPa)
Sp501 20 2 824.519 20.612 4.06
Sp502 30 2 766.615 19.165 12.17
Sp503 40 2 819.980 20.499 15.89
Sp504 20 4 834.134 20.853 5.35
Sp505 30 4 799.210 19.980 3.27
Sp506 40 4 846.346 21.158 6.42
Sp507 20 6 823.442 20.585 9.56
Sp508 30 6 864.115 21.602 13.79
Sp509 40 6 891.846 22.296 8.60

Table 5 Mechanical properties of the composite of fiber length 7 mm. (Reproduced with permis-
sion from Elsevier Ltd. (Balakrishna et al. 2013))

Specimen ID | Percent of Alkali Tensile load | Tensile Elongation
fiber treatment time | (N) strength (%)
(2,4,6h) (MPa)
Sp701 20 2 864.423 19.116 2.50
Sp702 30 2 864.136 21.604 4.65
Sp703 40 2 875.961 21.899 1.84
Sp704 20 4 869.346 21.733 17.37
Sp705 30 4 898.856 22.471 19.40
Sp706 40 4 926.960 23.174 11.45
Sp707 20 6 910.653 22.766 3.70
Sp708 30 6 920.340 23.008 3.24
Sp709 40 6 1091.34 27.283 10.23

optimization of the operating parameters. For the computation of the regression
coefficients, design expert 8.0 as statistical analysis software is used. The interac-
tion effects between the process parameters and tensile strength was also found
suitable, and based on analysis and results, a second-order quadratic mathematical
model is suggested.

Choudhury et al. (2011) prepared epoxy novolac hybrid composites reinforced
with the help of short bagasse and coir fibers. The dynamic mechanical properties
and the mechanical properties of the composite were determined and reported for
different layering patterns of the composites. It is found that the tensile strength of
the three-layer composites is maximum as compared to the two-layer composites;
on the other hand, it is observed that the flexural performance of the three-layer
composites is lesser as compared to two-layer composites. The tensile strength of
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the mixed composite is similar to that of three-layer composites having bagasse as
covering material. The temperature and frequency functions were used to study the
effect of different pattern of layers on damping behavior (tan 0), storage modulus
(E’), and loss modulus (E”). It is found that the modulus value of the two
layers composite is lesser than that of three layers as bagasse—coir—bagasse com-
posites. The composite made with the coir as covering layer shows minimum £’
The two-layer composite shows the best damping property. The theoretical model-
ing represents a suitable relation with experimental outputs above glass transition
temperature (Tg) while the theoretical model departs experimental data at lesser
T, The activation energy of the glass transition was calculated by Arrhenius
correlation.

Choudhury et al. (2011) also reported and found diameter of fiber (bagasse
based) to be higher as compared to coir fiber. The tensile characteristics of various
sheeting orders of hybrid composites consisting of three-layer/sheets, two-layer,
and mix composites are reported in Fig. 8a, b. It has been noticed that the tensile
strength was maximum when bagasse was used as the covering material and coir
as the core material. This is due to the fact that the use of high-strength material
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Fig. 8 Comparison of mechanical properties of different layering pattern hybrid composites.
(Reproduced with permission from Elsevier Ltd. (Choudhury et al. 2011))
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which is the prime load-bearing component for tensile value computation. In other
composites of coir—bagasse—coir, the value is minutely lesser because of the low-
strength coir fiber. In the bilayer, the tensile strength is found to be again lesser.
The tensile modulus for the trilayer (bagasse/coir/bagasse) composite is found to be
higher and the same in all other patterns.

Monteiro et al. (1998) studied the possible uses of bagasse waste as reinforce-
ment material in composites of polyester matrix. Preliminary results have attested
this possibility. Homogeneous microstructures composites could be fabricated
and the levels of their mechanical properties enable them to have practical appli-
cations similar to the ones normally associated with wooden agglomerates. Future
developments are expected to increase the performance and competitiveness of
these composites as compared to those of other materials in the same structural
class.

De Sousa et al. (2004) reported the effect of operating parameters on the mechan-
ical performance of polyester composites (chopped bagasse based). The parameters
to be evaluated were the “size of the material” and “molding pressure.” It has been
noticed that composites made with bagasse fiber of #20 sieve size pretreated for
sugar and alcohol extraction had good mechanical properties. Acharya et al. (2010)
conducted experiments to determine the abrasive wear behavior of reinforced epoxy
composite (bagasse fiber-based) in different directions which are named parallel
orientation (PO), antiparallel orientation (APO), and normal orientation (NO) by
using a abrasion wear tester (two body). Three different types of abrasives wear
behavior have been observed in the composite in three directions and follow the fol-
lowing trends: WNO < WAPO <WPO, where WNO, WAPO, and WPO are the wear
in normal, antiparallel, and parallel directions of fibers orientation, respectively.

Satyanarayana et al. (2011) described an option for pretreatment of sugarcane-
based bagasse fibers for fabrication of USP composite. Bagasse fibers were treated
by different methods, namely, steam explosion and alkali washing. From the
experiments, it is found that the hemicellulose amount and bagasse fiber acid-soluble
lignin were reduced by steam explosion method significantly, while acid-insoluble
lignin increased in equal proportion.

Satyanarayana et al. (2011) reported that the DMA shows that the application
of a small oscillatory mechanical tension leads to the deformation in solid environ-
ment under a variation of frequency. The DMA curves of the PPC and the fiber
composites are represented in Fig. 10. From the figure it is observed that in all devel-
oped specimens a sudden decrease in the modulus is noticed (as shown in Fig. 10),
under the temperatures above 0°C. The 7 displacement (as shown in Fig. 9) is
noticed at higher temperature ranges for pretreated fiber composite as compared to
the neat matrix or bagasse-fiber-reinforced composites without pretreatment. This
performance is because of the good interfacial adhesion of the treated fibers with
the matrix.

Lignocellulosic fibers have good water absorption capacity which is also
observed in composites reinforced with lignocellulosic fibers. Figure 10 represents
the curve for water absorption.
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Fig. 9 Dynamic mechanical analysis (DMA) curves of polyester matrix and its composites a
polyester matrix (PPC);b polyester-as-received bagasse (AR-PC); and ¢ polyester-surface treated
bagasse (STB-WI and WIPC). (Reproduced with permission from Elsevier Ltd. Satyanarayana
etal. (2011))
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Fig. 10 Moisture absorption of polyester—bagasse composites containing a as-received bagasse
(AR-PC); b steam-exploded and washed bagasse (STB-WIPC); ¢ steam-exploded +alkali-washed
bagasse (STB-WIPC). (Reproduced with permission from Elsevier Ltd. (Satyanarayana et al.
2011))
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Verma et al. (2012) investigated and developed fly ash—bagasse fiber composite
material which has been discussed. The bagasse fiber has been used in two different
sizes for the developed material. In two developed composites, the diameter of ba-
gasse fiber was varied between 13—16 and 83-95 pm in length. Correspondingly, in
the other two developed composites, the length of bagasse fiber was varied from 1
to 5 mm. It was observed that the density decreases by mixing the fiber was more
as compared to the composite having both bagasse fiber and fly ash. A bagasse
fiber composite with size in the range of pm exhibited better tensile strength than
the composite having bagasse fiber size in millimeter. The compressive strength of
the material increases, if fly ash alone is used for the composite material but, when
bagasse fiber was mixed with the fly ash, it was found that there was a decrease
in the compressive strength. It was also observed that there was a reduction in the
flexural strength of the material by mixing the bagasse fiber in the matrix.

Integration into Thermoplastic Polymer

Vazquez et al. (1999) developed bagasse-fiber-reinforced polypropylene compos-
ites. Different chemical treatments like isocyanate, acrylic acid, mercerization, and
washing with alkaline solution of the vegetal fibers were performed to enhance
the interface adhesion with the thermoplastic matrix. The effects of the treatment
reactions on the chemical structure of the fibers were analyzed by infrared spec-
troscopy. Optical photomicrographs indicate that a highly fibrillated surface is
achieved when fibers are mercerized. The effects of the fiber chemical treatment on
the tensile properties of the composite were also analyzed and it was found that the
tensile strength of the untreated bagasse-fiber-reinforced polypropylene composite
decreases. On the other hand, isocyanate and mercerization treatments improve the
tensile properties of the composite. Creep measurements were also carried out on
the various composites studied. The best results were reported by the author with
treated fibers.

Thwe and Liao (2003) reported the consequences of environmental and accelerat-
ed aging on tensile and flexural characteristics of bamboo-fiber-reinforced polypro-
pylene composite (BFRP) and bamboo—glass-fiber-reinforced polypropylene hybrid
composite (BGRP). Reduction in tensile strength for BFRP and BGRP was reported
as 12.2 and 7.5 %, respectively, after aging at 25 °C for about 1200 h however, tensile
and flexural strength of BFRP and BGRP were reduced by 32, 11.7 and 27, 7.5 %,
respectively, after aging at 75°C for 600 h. On the other hand, the strengths of the
bamboo-fiber-reinforced composites reduces with sorption time and temperature.

De Silva et al. (2009) used pretreated and reform residues from sugarcane
bagasse natural fibers. High-density polyethylene (HDPE) was used as matrix for
composite. Composites were made by mixing cellulose (10 %) with HDPE and Cell/
Zr0,+nH,0 (10%). Extruder and hydraulic press were used for the development
of composites. Results showed that the Cell/ZrO,*nH,0 (10 %)/HDPE composites
represent good tensile strength as compared to cellulose (10 %)/HDPE composites.
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This is because of agglomerations of cellulose which results in poor adhesion be-
tween fiber and matrix in cellulose (10 %)/HDPE composites. As compared to poly-
mer, HDPE/natural fibers composites have lower tensile strength. The fiber rein-
forcement in the matrix also improves Young’s modulus of composites.

Ashori and Nourbakhsh (2010) reinforced agricultural residues such as
sunflower stalk, corn stalk, and bagasse fibers in thermoplastic matrix. The two
grades (Eastman G-3003 and G-3216) of coupling agents were used and their
effects on mechanical properties were also studied. The amount of fiber loading
was kept 30 wt.% and also three percentages of coupling agent content (0, 1.5, and
2.5 wt.%) were used for making composite. As compared to the untreated samples,
it has been observed that addition of both grades of the coupling agents results in an
improvement in various mechanical properties such as tensile, flexural, and impact
strength of the composites. It is also found that the composite made with coupling
agent G-3216 gave better results as compared to the G-3003 coupling agent. The
high melt viscosity of G-3003 may be one of the reasons for this.

The tensile strength and tensile modulus of fiber/PP composites reinforced
with different fiber types are shown in Figs. 11 and 12. From the figure, it can be
observed that the range of maximum tensile modulus of elasticity for bagasse com-
posites varies from 2150 to 2190 MPa, while the maximum tensile strength is about
33 MPa. That means the addition of bagasse increases the modulus of elasticity of
pure PP by 1.7 times. Different factors such as fiber aspect ratio, fiber—matrix inter-
facial adhesion, and also the fiber orientation in the composites improve the tensile
properties of composites (Sameni et al. 2002). The fiber aspect ratio (Ilength/width)
is an important parameter which controls the mechanical properties of short fibers
composite. A high aspect ratio indicates potential strength properties (Ashori and
Nourbakhsh 2010).
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Fig. 11 Comparison of tensile strength of composites as function of the coupling agent content
and grade. (Reproduced with permission from Elsevier Ltd. (Ashori and Nourbakhsh 2010))
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Fig. 12 Comparison of tensile modulus of composites as function of the coupling agent content
and grade. (Reproduced with permission from Elsevier Ltd. (Ashori and Nourbakhsh 2010))

Table 6 Mechanical properties of the materials obtained by injection molding (reinforcement in
wt.%). (Reproduced with permission from Elsevier Ltd. (Mulinari et al. 2009))

Materials Elongation at break Tensile strength Tensile modulus
(%) (MPa) (MPa)

High-density polyeth- | 2.20+0.2 1.54+0.13 732+90.6

ylene (HDPE)

Cellulose (10%)/ 1.74+0.04 1.54+0.13 897+27.5

HDPE composite

Cell/ZrO2.nH20 1.54+0.13 18.2+1.06 1233.1+118.4

(10%)/HDPE

composite

Mulinari et al. (2009) reported mechanical and morphological properties of
high-density polyethylene/pretreated and reform residues from sugarcane bagasse
cellulose composites. The modification of bagasse cellulose with zirconium
oxychloride with HDPE showed higher tensile strength than unmodified bagasse
cellulose. Mechanical properties of composites are reported in Table 6.

Experimental results in Table 8 may be summarized by analyzing interaction
between fiber and matrix during mixing. From Fig. 13, the modified cellulose
represents good tensile strength and adhesion properties between fiber and matrix
as compared to the unmodified cellulose and thereby confirmed that modification of
cellulose with zirconium oxychloride enhances the fiber—matrix adhesion. It is also
found that the composites have lower elongation as compared to HDPE (Fig. 14) due
to the reinforcement in the matrix. The modified cellulose reinforcement in matrix
results in lower elongation as compared to unmodified cellulose and confirmed that
fiber modification enhances fiber—matrix adhesion (Mulinari et al. 2009).
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Fig. 13 Elongation at break (%) of composites specimens. (Reproduced with permission from
Elsevier Ltd. (Mulinari et al. 2009))

Ashori et al. (2013) showed effects of multiwalled carbon nanotubes (MWCNTs)
on the mechanical and physical characteristics of bagasse as HDPE composites.
MWCNTs and maleic anhydride grafted polyethylene (MAPE) were used for the
composite sample preparation. The morphological study of the specimens was stud-
ied with the help of SEM technique. From the experiments, it was found that the
tensile and flexural strength increases when 1.5% (w/w) of MWCNTs was added
in the matrix; however, at high amounts, which is about 3—4 wt.%, it was observed
that an increased amount of MWCNTs results in agglomeration and ultimately
blocks the stress transfer. The impact strength of composites decreased slightly
by the addition of MWCNTs filler. When 4 wt.% of MAPE was added then both
mechanical and physical characteristics of the composites were better. MWCNTs
have found as a good reinforce material for the enhancement of physical-mechani-
cal properties of composites. Statistical analysis exhibit that the mechanical prop-
erties such as tensile strength and tensile modulus were considerably affected by
reinforcing MWCNTs and MAPE as shown in Table 7.

Figure 14a represents the tensile performance of composites prepared with dif-
ferent MWCNTs and coupling agent MAPE contents. MAPE was used to amelio-
rate the adhesion properties. Tensile strength of 1.5 wt.% of MWCNTs and 0 wt.%
of MAPE composite was found to be 26.4 MPa. Composites made from 1.5% of
MWCNTs and 4 wt.% of MAPE exhibit improved tensile strength and found to be
27.7 MPa. So, addition of MAPE increases the tensile properties of pure HDPE by
3-5%. In a broad way, by increasing the value of MAPE from 0 to 4 % (w/w) ulti-
mately improves the tensile strength and tensile modulus value as shown in Fig. 14a.
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Table 7 Composition of Treatment | BP (wt%) | HDPE | MAPE | MWCNT
the studied treatments. code (Wt%) (Wt%) (Wt%)
(Reproduced with permis-
sion from Elsevier Ltd. Al 30 70 0 0
(Ashori et al. 2013)) A2 30 69.5 0 0.5
A3 30 69 0 1
A4 30 68.5 0 1.5
A5 30 68 0 2
A6 30 67 0 3
A7 30 66 0 4
Bl 30 66 4 0
B2 30 65.5 4 0.5
B3 30 65 4 1
B4 30 64.5 4 1.5
BS 30 64 4 2
B6 30 63 4 3
B7 30 62 4 4

From Fig. 14a, the tensile characteristics were increased by the addition of
MWCNTs. Hussain et al. (2006) suggests that the inclusion of nanosized particles
improves tensile properties of polymer matrix composites. The increment in tensile
strength is because of the filler in MWCNTs form. The MWCNT were rigid as
compared to polymer matrix, resulting provides rigidness to the composites. The
phenomenon seen was stronger when using 4 wt.% MAPE.

Figure 14b shows the flexural strength and modulus of the developed composites.
Composites prepared from 1.5 wt.% of MWCNTs and 4 wt.% of MAPE showed
the utmost flexural strength and modulus, however, without MWCNTs and MAPE
composites displayed least mechanical values. It has been also noticed that compos-
ites prepared from 4 wt.% of MAPE offered significantly greater flexural strength
and modulus than untreated samples. Flexural modulus of MWCNTs is found sig-
nificantly greater as compared to BP and HDPE, respectively. As it is clear from
Fig. 14b, with an increase of MWCNTs amount from 1.5 to 3% (w/w), the flexural
properties were greatly reduced. Farsheh et al. (.2011) examined composites at larger
CNT loading and suggested that the modulus might not be amplified because of
the agglomeration of CNT. Figure 14c represents the steady decline in the notched
impact strength values by reinforcing MWCNT filler. The largest reduction in impact
strength value was observed with the addition of 3 wt.% of MWCNTs and reported
to be reduced by 6.6 % than that of pure HDPE (Eitan et al. 2003).

In general, thermoplastic polymers, like HDPE, show moisture resistant prop-
erty due to hydrophobic character and thereby indicates that moisture is absorbed
by the hydrophilic wood component and voids found in the composite. Increas-
ing the percentage of MAPE and MWCNT results less water absorption by the
composites.
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Table 8 Results of wear characterization of the materials. (Reproduced with permission from
Elsevier Ltd. (Aigbodion et al. 2012))

S. No Speed Load (N) | Distance | Wear rate (g) | Wear rate (g) Wear rate (g)
(m/s) (m) at 0% Bap at 10% Bap at 30% Bap
1 1 10 1000 0.40 0.36 0.30
2 1 10 2000 0.55 0.49 0.35
3 1 20 1000 0.60 0.54 0.44
4 1 20 2000 1.10 0.84 0.75
5 3 10 1000 1.00 0.77 0.70
6 3 10 2000 1.15 1.07 0.95
7 3 20 1000 1.27 1.12 1.08
8 3 20 2000 1.67 1.51 1.49

Sheshmani (2013) studied and examined the two variable parameters, namely
the extractives and filler loading level. Injection molding method was used to make
HDPE composites by reinforcing agricultural waste bagasse flour (BF) as filler.
For increasing the adhesion between matrix and flour, MAPE was used as a coupling
agent. For extraction three solvents, such as ethanol-benzene, 1% NaOH, and hot
water, were used. Composites made by extracted bagasse showed improvement in
water absorption and tensile strength values (TSVs).

Aigbodion et al. (2012) studied the tribological nature of recycled low-density
polyethylene (RLDPE) polymer composites with bagasse ash particles as a reinforce
material using a pin-on-disc wear rig under dry sliding environments. The effect of
wear factors, e.g., applied load, sliding speed, sliding distance, and percentage of
bagasse ash fillers, on the wear rate were examined. SEM study was undertaken to
examine the microstructure of the fractured surface of different samples. The effect
of operating parameters on wear properties of the samples were experimented by the
regression analysis and analysis of variance (ANOVA). The envisaged wear rate of
the RLDPE and its composites showed the range nearer to the experimental values.

Experimental results obtained for the wear properties of the bagasse as particles-
based RLDPE and RLDPE are reported in Table 8 and Fig. 15. From the analysis,
it is found that addition of bagasse ash particles in to the matrix results in reduction
in the wear rate of the developed composites.

Moubarik et al. (2013) examined three distinct stages to isolate the cellulose
fibers from Moroccan sugar cane bagasse. In this process, a hot water treatment
process (70°C) is used to remove the hemicellulose from the bagasse, then the
lignin content was removed by the alkalization process, and the bleaching process
is used as final step of the chemical treatment. The extracted fibers from the sugar-
cane bagasse were reinforced into LDPE matrix. From the experiment, it was found
that due to good interfacial adhesion between matrix and fibers results increase in
mechanical properties of composites. Table 9 shows the mechanical characteristics
of the composites before and after water absorption.

Natural fibers reinforcement in thermoplastics has given good importance due
to the low cost and high specific characteristics (Souza et al. 2009). Souza et al.
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Fig. 15 Variation of wear
rate with treatment condition.
(Reproduced with permis-
sion from Elsevier Ltd. (Aig-

bodion et al. 2012))
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has studied the mechanical properties of high-density polyethylene/textile fibers
residues composites. Effect of pretreatment of textile fibers with sulfuric acid to
prepare composites was prepared to provide an enhancement in mechanical charac-
teristics of these materials.

Mechanical characteristics/properties of composites are reported in Table 10.
Composites resulted good mechanical properties as compared to the neat pure

HDPE.

Table 9 Mechanical properties of the composites before and after water absorption. Fifty replicates of
each composites. S.D. standard deviation. (Reproduced with permission from Elsevier Ltd. (Moubarik

etal. 2013))

Materials Before water absorption After water absorption
Tensile Young’s Flexural Tensile Young’s Flexural
strength modulus modulus strength modulus modulus
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Mean£S.D | Mean+SD | Mean+SD | Mean+SD | Mean+SD | Mean+SD

Low-density | 14+0.9° 236+21° 194+122 13+0.7 207+11° 186+10*

polyethylene

(LDPE)

Cellulose 10+0.4° 263+11° 230+8° 9+0.9° 249+ 14° 214+13°

(10%)/LDPE

composites

Cellulose 940.2¢ 310+£9¢ 260+ 15¢ 9+0.5° 289+10¢ 233+11¢

(15%)/LDPE

composites

Cellulose 11+1.5¢ 3604174 310+16¢ 8+1¢ 333£12¢ 2864204

(20%)/LDPE

composites

Cellulose 7+1.8¢ 407+12¢ 360+11¢ 6+1.1¢ 378+18¢ 308+18¢

(25%)/LDPE

composites




112

D. Verma et al.

Table 10 Mechanical properties of the materials. (Reproduced with permission from Elsevier Ltd.

(Souza et al. 2009))

Samples Tensile strength (MPa) Tensile modulus (MPa)
HDPE 15.7+1.1 732.5+£90.6
HDPE/FTS5% 22.8+0.7 1239.6+72.2
HDPE/FT10% 24.1+0.6 1557.3+88.8

Luz et al. (2007) have done work on injection and compression molding
processes and evaluated a mixer method for fiber and matrix. The samples were
slice in accordance order to the measurement of the suggested mechanical proper-
ties (flexural and tensile). The injection molding process (under vacuum) is found
to be the best process for composite making with homogeneous distribution of
fibers.

A comparison has been made between the composites made by injection
molding and compression molding process with respect to the mechanical (tensile
and flexural strength) properties. From elongation point of view, the obtained
composites showed less elongation as compared to the polypropylene. Two points
can be undertaken as: (1) fibers are points of failure that can produce a crack and (2)
there is a sliding of the fibers with respect to the matrix (Fig. 16).

Morphological Studies of Bagasse Fibers in Polymer
Composites

SEM can be used for the morphological characterization of coconut/coir fiber-
reinforced composites. This is most widely used method for the surface analysis of
the composite materials.

Figure 17a reports the composite with 4 wt.% of MAPE and without MWCNTs.
It is clear from the figure that there is very good contact between the fibers and
the matrix because of the inclusion of the coupling agent, responsible for strong
bonding. Figure 17b reports WPC without MAPE and MWCNTs, shows some
cavities and can absorb water and/or reduce mechanical characteristics. (Ashori
etal. 2013)

In another investigation, Aigbodion et al. (2012) report the SEM study of the
fractured or wear out surfaces (Figs. 18 and 19 of plates 4 and 5) of RLDPE and
its composites at 20 N load, 3 m/s speed and 3000 m sliding distance, for RLDPE
matrix and RLDPE+30 wt.% Bap. From plates 4 and 5, it can be noticed that the
RLDPE without bagasse ash particles reinforcement form a good thin and uniform
film (plate 4). In the case of RLDPE with bagasse, ash particle filler (see plate 5)
have some disruption of transfer film (Fig. 19).
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Fig. 16 Mechanical properties of composites materials obtained by injection molding. The
amount of reinforcement is expressed in weight percentage. (Reproduced with permission from
Elsevier Ltd. (Luz et al. 2007))
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Fig. 17 SEM micrographs of a the surfaces of samples with 4 wt.% maleic anhydride grafted
polyethylene (MAPE) (B1) and b without MAPE (A1). (Reproduced with permission from Else-
vier Ltd. MAPE maleic anhydride grafted polyethylene (Ashori et al. 2013))

Fig. 18 Plate 4. Scanning
electron microscopy (SEM)
morphology of the worn sur-
face for recycled low-density
polyethylene (RLDPE)
matrix. (Reproduced with
permission from Elsevier Ltd.
(Aigbodion et al. 2012))

Fig. 19 Plate 5. Scanning
electron microscopy (SEM)
morphology of the worn
surface for RLDPE +30 wt.%
Bap composite. (Reproduced
with permission from Else-
vier Ltd. (Aigbodion et al.
2012)). RLDPE recycled low
density polyethylene




Composites from Bagasse Fibers, Its Characterization and Applications 115

Fig. 20 Scanning electron
microscopy (SEM) images of
the tensile fractured surface
of optimal cellulose fibers
(20%)/LDPE composites.
(Reproduced with permission
from Elsevier Ltd. (Moubarik
et al. 2013)). LDPE low-den-
sity polyethylene

In another investigation, Moubarik et al. (2013) reported that the fibers were
shielded with the LDPE to a maximum degree (Fig. 20). In addition, it has been
found that there were no signs of fiber pullouts and most of the fibers were fractured
from the surface. Figure 21 represents the SEM image of the treated and untreated
bagasse fiber. Figure 21a reports the fiber with cellular structure. The NaOH and
AA treatments showed a compressed cellular structure as shown in Fig. 21b, c. In
other words, the cellular structure of the fiber is destroyed by the treatment and
hence decreases the void content of the fiber. (Vilay et al. 2008).

Luz et al. (2007) examined SEM tests on developed composites and observed the
morphological properties of lignocellulosics as shown in Fig. 22a. The polypropylene
represented a brittle fracture around the fibers. Figure 22b reports the bagasse/matrix
interface. Figure 22¢ and d represents the higher magnified micrograph of fiber and
matrix interface. The optical micrograph (Fig. 23a) displays the bagasse outline shape

Fig. 21 Scanning electron microscopy (SEM) micrograph of the cross section of: a untreated
bagasse fiber, b NaOH-treated fiber, and ¢ AA-treated bagasse fiber (magnification 250x). (Repro-
duced with permission from Elsevier Ltd. (Vilay et al. 2008))
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Fig. 22 Scanning electron microscopy (SEM) of fracture surfaces of bagasse/polypropylene com-
posite injected under vacuum. a Morphology of composite fracture surfaces towards the bagasse,
the presence exhibits of brittle fracture. b Morphology of composite fracture surfaces exhibits the
limit region between fiber and matrix (brittle fracture). ¢ and d Higher magnification of limit region
between fiber and matrix. (Reproduced with permission from Elsevier Ltd. (Luz et al. 2007))

Fig. 23 Optical micrograph with reflected light of composite polished surface (bagasse/poly-
propylene). a Fifty Magnified micrograph exhibits the bagasse forms and distribution within
the matrix. b Hundred magnified micrograph shows the detail of limit region between fiber and
matrix. (Reproduced with permission from Elsevier Ltd. (Luz et al. 2007))

within matrix and a random allocation. The highly magnified micrograph of bagasse
and polypropylene interface showed a major diffusion of polypropylene into fiber
which results in good adhesion between fiber and matrix as shown in Fig. 23b.
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Advantages of Bagasse Fiber Reinforcements in Polymer
Composites

Following are the advantages of the bagasse fiber-reinforced polymer composites:

1. Bagasse fiber preparation from sugarcane results lesser environment related
issues.

2. The composites reinforced with bagasse are lighter in weight and have equiva-
lent performance with regard to aesthetic point of view.

3. In growing stage (during cultivation) sugarcane consumes carbon which can be
directly linked to the carbon credits.

4. The economic reutilization of the end of life of composite material is the better
option to reduce environment related issues.

5. The utilization of natural fibers-reinforced composite also add up to a great
chance for economic progress of developing countries (Luz et al. 2007).

Summary/Conclusion

From this chapter, it can be concluded that bagasse fiber can be used as a filler
in composite material, which ultimately helps to resolve the environmental issues
generally arises from bagasse. The chapter explored the potential use of bagasse
fiber in composites specifically polymer composites and also studied and showed
the mechanical and morphological properties of developed composites. This chap-
ter also discussed the surface modification (chemical modification) of fibers which
is utmost important and provides good interfacial adhesion between the fiber
and matrix. Wide variety of application of bagasse fiber composites can also be
found like packaging, doors, furniture, etc. The influence of bagasse fibers on the
mechanical properties of bio composites has also been reported.

Future Trends/Applications

The following application of the bagasse fiber composites can be observed based
on different areas:

1. Building component
(a) Doors
(b) Window

(c) Wall partition
(d) Ceiling
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2. Transport sector (railway coach and Vehicle)

(a) Flooring
(b) Ceiling
(c) Seat and backrest

3. Furniture

(a) Tables
(b) Chairs
(c) Kitchen cabinet, etc.
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Abstract Widespread environmental awareness towards achieving product
sustainability has spurred great efforts in using more environmental-friendly
materials in product design. Among the most promising solutions to address the
needs is by using natural fibers to reduce the dependence on synthetic fibers as
reinforcement and filler materials for polymer composites’ construction. Many
efforts have been made to fully quantify the advantages of natural fiber composites
(NFCQ) for diverse applications such as automotive, building materials, and house-
hold appliances. Life cycle assessment (LCA) is among the efforts being undertaken
related to NFC with the primary aim to determine the overall potential environmental
impact of using such materials on the surroundings. Among the major advantages
of performing LCA is its capability to provide a more holistic overview of the envi-
ronmental impact whereby it covers the whole product life cycles from raw material
extraction to end-of-life stages, hence enabling justified decisions on the suitability
of using NFC for specific applications to be made scientifically. In this chapter, an
overview of the LCA method is explained and subsequently followed by descrip-
tion of its applications involving NFC in different applications. The advantages and
limitations of the LCA method related to the NFCs are also discussed as well as a
final conclusion on the future directions of LCA application for NFC.
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Introduction

Widespread environmental awareness towards achieving product sustainability has
spurred great efforts in using more environmental-friendly materials in product
design. Among the most promising solutions to address the needs is by using natu-
ral fibers to reduce the dependency on synthetic fibers as reinforcement and filler
materials for polymer composites’ construction. The introduction of natural fiber
composites (NFC) has grown tremendously over the years. Lucintel, one of the
main players in global market research and management consulting firms, reported
that in 2010, the world market on NFC reached US$ 2.1 billion with compound
annual growth rate of 15% in the past 5 years. Furthermore, they also revealed that
NFC market is predicted to reach US$ 3.8 billion by 2016 with compound annual
growth rate of 10%, highlighting positive growth of the materials by consumers
globally (Anonymous 2011). Elsewhere, based on the report from the Technology
Road Map for Plant/Crop-Based Renewable Resources 2020 which was funded by
the US Department of Energy (DOE) stated that up to 10% increase in the ba-
sic chemical building block is expected from the renewable resources application
derived from plants by year 2020 and further predicted to rise up to 50% in year
2050. Apart from that, over the past 10 years similar positive growth rate up to 13 %
was also observed in the application of natural fibers for building, industrial, and
commercial market sectors (Pandey et al. 2010). As for the automotive industry,
based on the UK Department for Environment Food & Rural Affairs (DEFRA)
report, the use of natural fibers in automotive components is also expected to grow
approximately 54 % per annum contributed by the consumption of the material for
car production to achieve environmental directives by European and American au-
tomotive companies. It is revealed that nearly 1.5 million vehicles produced by
American carmakers have already incorporated natural fibers such as kenaf, hemp,
and jute for producing both thermoset and thermoplastic polymer composites to be
used in the car component construction especially in automotive textiles applica-
tion. The growing demand was also supported by record of the NFCs market for
European and North American regions which was revealed to reach 685,000 t worth
nearly US$ 775 million (Alves et al. 2010).

The increasing trend on the application of NFCs is contributed to its light-
weight, environmental and cost superiority especially compared to synthetic-based
composites (El-Shekeil et al. 2012; Holbery and Houston 2006; Sapuan et al.
2011). Other advantages associated with the use of NFC especially for automo-
tive applications include improved lightweight and thermal property, enhanced
acoustic insulation performance as well as enabling CO, neutrality originated by
the consumption of the greenhouse gas during the plant cultivation process (Brosius
2006). The automotive industry, for instance, has embraced NFC to achieve bet-
ter environmental performance of vehicles attributed to its renewable property,
lower energy consumption, hence promoting cleaner manufacturing processes and
highly recyclable material during the component disposal phase which also further
promotes the implementation of ecodesign during the component initial product
development stage (Luz et al. 2010). The recyclability advantage also enables the
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development of environmental-friendly marketing strategy of NFC-based products.
As for other sectors, additional benefits are also materialize through the utilization
of NFC such as reducing processing temperatures, minimizing energy consump-
tion, reducing process cycle times by up to 25 %, reducing composite reinforcement
material consumption per unit volume due to the natural fiber lower specific weight,
cheaper shipping costs due to better lightweight property, and longer mold life in
composites’ manufacturing owing to the natural fiber minimal abrasive nature (Luz
etal. 2010; Rowell 1998).

In conjunction with the global acceptance, one of the research areas regarding
NFC, which is also gaining high interest currently, is life cycle assessment (LCA)
whereby researchers are interested to determine the actual environmental impact of
NFC applications. The main intention is to quantitatively analyze the environmental
performance of NFC throughout its complete life cycle which later can be compared
to its competitors. In this chapter, an overview of the LCA method is explained and
subsequently followed by description of its application involving NFC in different
applications. The advantages and limitations of the LCA method related to the NFC
are also discussed as well as a final conclusion on the future directions of LCA ap-
plication for natural fiber polymer composites.

The Life Cycle Assessment Method

The use of various products in daily applications consequently contribute to some
portion of environmental damage throughout the product’s lifetime. Due to that
reason, understanding the resulting effect of the product as well as differing envi-
ronmental performance between products are crucial and invoke much interest by
various stakeholders in improving the situation towards achieving sustainability.
Currently, LCA is among the popular methods applied in analyzing and quantifying
the effect of not only products but also services and materials to the surrounding
environment during their total lifetime. LCA is also gaining recognition as among
the key factors in environmental management, most notably involving corporate
and public decision making (Song et al. 2009). The methodology is considered to
be a young and evolving application, with its roots in research related to energy
requirements in the 1960s and pollution prevention, which was formally initiated
in the 1970s. Since its establishment, apart from end product assessment objec-
tive, the LCA method has expanded into a wide range of applications both at the
downstream and upstream activities such as ecolabeling, energy systems, product
designs, transportation, and food production, which further highlight its functional-
ity and effectiveness (Goedkoop et al. 2009).

In general, LCA is the method available to study the environmental aspects
and potential environmental impacts (e.g., use of resources and the environmen-
tal consequences of releases) throughout a product’s life cycle from raw materi-
al acquisition through production, use, end-of-life treatment, recycling, and final
disposal, termed as cradle-to-grave approach. The distinguish advantage of LCA
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lies on its ability to consider the product’s entire life cycle stages, which include
raw material extraction and acquisition, material production and manufacturing,
product use, packaging and transportation, end-of-life treatment, and final disposal.
The overall overviews of the products help us especially to identify the potential
environmental burden shifting between individual life cycle stages and minimize
its possible occurrence, thus making the whole analysis more comprehensive and
consequently enable holistic view of the results to be obtained (Finnveden et al.
2009). Figure 1 shows an example of the overall life cycle phases for NFC from
during natural fiber production up to final composite application.

In terms of focus, LCA only addresses the product system environmental aspects
and impacts thus excluding its scope on the impact from the economic and social
aspects (Hunkeler and Rebitzer 2005). Nevertheless, LCA still permits integration
with other tools to attain further extensive assessments. With the structure based on
functional unit, the LCA approach is considered relative whereby the functional unit
defines the attribute of the study being carried out. All defined inputs and outputs
of the system inventory, the impact assessment approach, and the analyses are also
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Fig. 1 Example of the overall life cycle phases for natural fiber composites (NFC)
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related to the functional unit. The method is also iterative in nature, whereby results
from individual phases are forwarded and shared within and between other phases.
This enables comprehensive and consistent results to be obtained from the study.
Moreover, to obtain proper results’ interpretation, transparency is crucial as it acts
as the guiding principle to cater to the inherent complexity which may arise during
execution of any LCA studies. Through the inclusion and consideration of natural
environment, resources, and human health aspects in a single analysis, the LCA
method is considered very comprehensive, enabling the identification as well as
assessment of emerging potential trade-offs (Anonymous 2006a).

Since 2006, the LCA methodology is currently governed by two international
standards and is implemented in LCA-related works. The two standards are ISO
14040 (principles and framework) and ISO 14044 (requirements and guidelines),
which are based on revision from the former LCA standards, namely, ISO 14040,
ISO 14041, 1SO 14042, and ISO 14043. The revisions were made in order to remove
the errors and inconsistencies as well as to improve the readability of the former
standards. The new standards also highlight that apart from the cradle-to-grave
approach, other techniques such as cradle-to-gate studies, gate-to-gate studies, and
specific part of the life cycle phase may also be applied in LCA studies with proper
justification (Finkbeiner et al. 2000).

For implementations with regard to NFCs, among the advantages of LCA is the
possibility for comparison purpose, such as to determine if from an ecological point
of view, the use of natural fibers is more advantageous compared to synthetic fibers
as reinforcement in composites. In addition, LCA also enables the identification
of key environmental parameters and phases in the whole life cycle of products as
well as permitting study on disposal scenarios of the NFC in order to improve the
environmental performance for the specific life cycle phase. Furthermore, through
the implementation of LCA, the investigation on the effect of different factors on
the sensitivity of the LCA results such as resin fiber content, product lifetime, and
total transport distance can also be performed (Corbiere-Nicollier et al. 2001; Luz
et al. 2010). Apart from that, LCA also enables specific view to focused stage in the
whole product life cycle and subsequently their relation in terms of environmental
performance to the whole product life cycle such as analyzing the significance of
the disposal phase relative to other life cycle phases and identifying various dis-
posal technology impacts to the overall environmental profile (Schmidt et al. 2004).
Businesses related to NFC applications also may benefit from LCA implementation
in reducing the product cost in several ways such as reducing operating costs via
supply chain coordination of transports to reduce the fraction of vehicles traveling
with light or empty loads, new product introduction by considering unused raw
materials as a marketable asset rather than a cost-centered waste stream, reducing
disposal cost and improved relations with authorities, linked with the installation of
near-zero discharge facilities, which are much easier to implement for small scales
if planned from the outset, reducing cost to certify to ISO 9001 and ISO 14001,
which also brings indirect benefits via stakeholder coordination (requirements from
industrial customers) and reducing overhead by having in place an environmental
management system, which permits the small- and medium-sized enterprises
(SMEs) in question to correspond to clients and suppliers programs. Besides that,
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LCA can also act to support NFC-related businesses by creating a favorable image
to local and regional politicians which can further provide loan guarantees for prom-
ising firms without any significant operational or environmental risks and improved
credit terms with major financial institutions (Rebitzer et al. 2004).

On the other hand, there are also several challenges reported to the successful
implementation of LCA. Among them is the need for consistent commitment by
the organization embracing the methodology in the products and services, espe-
cially by the top management (Rebitzer et al. 2004). In addition, considering the
vast amount of LCA specific methodologies related to life cycle impact assessment
(LCIA) methods available, international harmonization of methodologies and data
to reduce the problem of potentially divergent conclusions obtained from the LCA
exercise are required while allowing flexibility with respect to the main principles.
There are many ongoing efforts to address the challenge and close the gap through
the development of several new methodologies such as ReCiPe 2008 (Goedkoop
et al. 2009), the LCIA method based on endpoint modeling (LIME) (Itsubo and
Inaba 2003), and IMPACT 2002+ (Jolliet et al. 2003).

There are four main stages in the LCA process which are identifying the goal and
scope definition, inventory analysis, LCIA, and interpretation (Anonymous 2006b).
The first phase in LCA implementation involves defining the goal of the project such
as the reason of the study and the intended application, defining the scope of the
study such as the system boundary and the functional unit. In this phase, normally
a cradle-to-grave approach is applied in assessing the environmental impact, which
includes all life cycle phases, namely production that includes material and compo-
nent productions, use phase up to end-of-life processing of the product. However,
partial LCA or cradle-to-gate approach is also used for similar purposes whereby
a selected portion of the total life cycle is analyzed. The system unit processes are
defined by the system boundary which covers the input and output of the system
such as life cycle stages, resources, and by-products associated with the product of
interest. In the first phase, the functional unit of the product is also defined where
it is used as the reference unit in the LCA where a system performance is quanti-
fied. The reference unit is essential to enable producing comparable LCA results on
a common basis which is critical especially when assessing varying systems. The
second phase in LCA is inventory analysis to quantify inputs and outputs relevant to
the product system involving collection of data and calculation procedures.

The next phase in LCA is LCIA that provides further information that permits
results obtained from the inventory to be interpreted. In this phase, the significance
of potential environmental impacts are evaluated and inventory data are related to
the specific environmental impact categories and category indicators, thus allow-
ing more accurate improvement decision to be made (Saur et al. 2000). In general,
there are two types of LCIA models used in LCA studies which are the midpoint
damage model and endpoint damage model. In the midpoint damage model, the
environmental impacts such as hazardous elements’ production and natural resourc-
es’ extraction are converted into impact category indicators such as acidification,
eutrophication, and global warming. Examples of commonly used midpoint impact
categories in LCA research are shown in Table 1.
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Table 1 Commonly used
impact categories in life
cycle assessment (LCA)
research. (Pelletier et al.
2007)

127

Impact category

Description of impacts

Global warming

Contributes to atmospheric
absorption of infrared

radiation
Acidification Contributes to acid deposition
Eutrophication Provision of nutrients

contributes to biological
oxygen demand

Photochemical oxidant
formation

Contributes to photochemical
smog

Aquatic/terrestrial ecotoxicity

Contributes to conditions
toxic to flora and fauna

Human toxicity

Contributes to conditions
toxic to humans

Energy use

Contributes to depletion

of nonrenewable energy
resources

Abiotic resource use Contributes to depletion

of nonrenewable resources

Biotic resource use Contributes to depletion of

renewable resources

Ozone depletion Contributes to depletion

of stratospheric ozone

In the endpoint damage model, the midpoint impact categories are further classi-
fied into three broad groups which are damage to human health, damage to ecosystem
quality, and damage to resources (Pennington et al. 2004). Midpoint LCIA approach
was reported to better support more scientifically based decision analysis where-
as endpoint damage model provides additional support when a smaller or single
environmental indicator is desired (Bare 2010). Because of the invariable presence
of value judgments in any LCIA, there is no unique, best method for conducting
an impact assessment (Hertwich et al. 2000). Therefore, method developers have
to determine certain criteria which they judge to be the most important in order to
select a characterization model (Toffoletto et al. 2007). A detailed summary of exist-
ing LCIA methods such as Eco-indicator 99, Center of Environmental Science of
Leiden University (CML) 2002, and ReCiPe was reported in the EU International
Reference Life Cycle Data System (ILCD) report (Anonymous 2010).

The final phase in LCA involves interpretation of the results obtained from
the LCIA phase. Currently, there are many commercial LCA software available
for modeling subsystems and unit processes in order to help hasten the analyzing
time to secure the results apart from systematic data management especially for the
inventory analysis phase. Among them are SimaPro, Umberto, and GaBi (Consul-
tants 2008; Stylos and Koroneos 2014; Willers and Rodrigues 2014). Based on the
defined goal and scope, the results obtained are interpreted to obtain conclusions,
clarify limitations, and offer recommendations. Furthermore, the interpretation
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phase also provides decision makers the ability to compare between alternatives
and impact categories especially with the existence of trade-off between product
alternatives or desirability to prioritize areas of concern within a single life cycle
study (Rebitzer et al. 2004).

Application of LCA for Natural Fiber Polymer Composites

The earliest reported comparative LCA study for automotive parts was performed
between hemp/epoxy composites and acrylonitrile butadiene styrene (ABS) ma-
terials for the production of automotive side panel component of passenger cars
(Wotzel et al. 1999). Cradle-to-grave life cycle approach was implemented in this
study to determine the environmental impact between both candidate materials. The
study was aimed to support automotive engineers in the decision-making process
by providing the data on the potential environmental benefits that can be gained
through substituting ABS by hemp fibers in producing the component. The Eco-in-
dicator 95 impact assessment method was applied in the assessment process due to
its good handling and transparency with the assistance of Umberto LCA software.
Lower total eco-indicator score has been achieved by using hemp/epoxy material
compared to ABS. The cumulative energy demand results showed that natural fiber
required lower energy (73 MJ) compared to ABS (132 MJ) for the production of a
single basic component. Further ecological advantage is also provided due to lower
component weight by using NFC compared to ABS especially during the use phase
of the passenger car. Nevertheless, the substitution of hemp nearly doubles the eu-
trophication effect compared to ABS which is caused by the use of fertilizer during
hemp cultivation process and the score can be found higher if pesticides are also
employed during the cultivation phase of the natural fiber crops.

An exhaustive LCA study of a whole vehicle was reported involving Mercedes-
Benz S-class passenger vehicle model, which also included the application of
coconut, wood, flax, and cotton fiber in combination with different polymers in the
new component construction (Finkbeiner and Hoffmann 2006). Cradle-to-grave ap-
proach was also selected for the LCA involving design, production, use, recycling,
and disposal. In their report, results obtained from LCA which were analyzed using
GaBi LCA software revealed that approximately 85 GJ reductions in the overall
energy demand compared to the preceding model were achieved, corresponding to
the energy content of approximately 2500 L of fuel. Over the life cycle, emissions
of the carbon dioxide greenhouse gas also were predicted to reduce by 7%, with a
14 % reduction in nitrogen oxide emissions compared to the previous S-class mod-
el. In the analysis, the contributing factors to the improved environmental perfor-
mance of the vehicle were found due to the new introduction of 27 components with
a total weight of nearly 43 kg which were produced from NFC to the overall vehicle
buildup. The total weight of components made from renewable raw materials also
increased nearly 73 % compared to the previous model which also highlights the
success of the design for environment (DfE) initiative taken for the vehicle design.
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The importance of renewable resources in technical applications especially in
vehicle design was also reported through LCA by Mussig et al. (2006). Compara-
tive LCA study was made using two types of matrix materials reinforced with hemp
natural fibers, which are Polymer material made from Triglycerides and Polycarbon
acid anhydrides (PTP) vegetable-based thermoset resin and polyester resin, while
a bus body component produced from sheet-molding-compound (SMC) technol-
ogy was selected as the reference component. For both materials, the cradle-to-
grave LCA approach was implemented covering materials flow and energy usage
across the entire life cycle. The Umberto LCA software was used as the tool for the
modeling composites’ product system and environmental impact calculations. En-
vironmental impact assessment results based on seven major indicators which are
resources used, cumulative energy demand, human toxicity, eutrophication, acidi-
fication, summer smog, and greenhouse effect show positive effect on the use of
natural-based polyester resin for nearly all environmental impact categories expect
eutrophication due to high agricultural prechain portion involving a vegetable-
based thermoset resin at the raw material extraction phase in the product life cycle.

In another report, Schmehl et al. (2008) published LCA results on the application
of hemp natural fiber and PTP vegetable-based thermoset resin for passenger bus
body component casing. Their work was an extension of the previous report on sim-
ilar project reported by Mussig et al. (2006) but has been extended into more detail
by comparing four different variants of the hemp/PTP composites to the glass fiber/
unsaturated polyester composites used in the existing component. Eco-indicator 99
and cumulative energy demand life impact assessment method were both employed
for the analysis with the assistance of Umberto LCA software which covers the
whole product life cycle starting with acquisition of raw materials, semifinished
parts (prepregs) and body components’ production, the use phase, and finally end
of life. In the results obtained, the material system using hemp/PTP composites at
66 wt% with optimized production conditions (natural fiber and vegetable-based
thermoset resin (NFK) optimized) scored the lowest environmental impact based on
the total eco-indicator method compared to other listed alternatives while the exist-
ing synthetic-based glass fiber/unsaturated polyester composites scored the high-
est environmental impact. Apart from that, similar environmental impact trend was
also observed through the cumulative energy demand indicator whereby NFK op-
timized composites required less energy throughout their total life cycle especially
compared to glass fiber/unsaturated polyester composites. The performance of NFK
optimized composites in their report was contributed by lower overall weight of the
component which further brought benefits in eco-balancing through lower mate-
rial input and emissions in the production phase as well as lower fuel consumption
required in the product use phase.

Zah et al. (2007) investigated the use of curaua-reinforced polypropylene (PP)
NFC for automotive interior component production compared to glass fiber-rein-
forced PP composites in terms of their environmental impacts using LCA. CML
impact assessment method was applied to analyze the related ecological impact
of both composite materials based on the cradle-to-grave approach for a better
overview of the component performance. Final results show that overall, lower
environmental impact performance was obtained by using curaua/PP composites
compared to glass fiber/PP composites. Apart from that, results from the exercise
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also highlight that lower fuel consumption obtained through lightweight curaua
composites significantly affect the environmental impact for the component. On
the other hand, they also stated from the economical and sociological point of view,
that the use of curaua composites over glass fiber composites will be able to present
further positive advantages such as low cost, amplifying more agricultural business,
and eco-marketing works as well as increasing jobs for less developing countries
and reducing health risks during the component manufacturing process.

Alves et al. (2010) performed LCA on buggy enclosure component made from
three types of jute fiber composites which are produced in dried, untreated, and
dried and bleached-treated conditions. In their study, the jute fiber composite
(JFRP) alternative materials are also compared with glass fiber composites (GFRP)
to determine the difference in environmental performance for the same application.
Cradle-to-grave approach and Eco-indicator 99 LCIA method were both chosen
in the analysis and the LCA modeling was made using SimaPro software whereby
for the end-of-life phase, three types of disposal methods were also included in the
investigation namely recycling, incineration, and landfilling. Results for overall life
cycle show that GFRP produced higher environmental damage compared to JFRP,
caused by heavier GFRP weight which further caused higher fuel consumption for
the vehicle. Besides that, similar high-fuel consumption which relied on nonrenew-
able fossil fuel resource was also the reason found to cause the use phase of the
product to create highest environmental damage compared to the other life cycle
stages, and they suggested that future improvement actions should be focused on
the use stage to minimize the environmental damage. On the other hand, for com-
ponents made from three types of jute fiber composites (untreated, dried, and dried/
bleached-treated conditions), results also show that treated jute bonnet composites
are more pollutant compared to nontreated jute bonnets until the production phase.
They also added that through qualitative analysis made on the social and economic
impacts of using jute composites compared to glass fiber composites, they found
that jute fiber composites performed better in both categories compared to glass
fiber composites despite their lower technical performance.

In another automotive application, Luz et al. (2010) studied the environmental
performance of an aesthetic covering component of a vehicle made from hybrid
sugarcane/bagasse-reinforced PP composites using LCA. The environmental per-
formance of hybrid NFC was also compared with talc-reinforced PP composites for
similar application. The study was focused on a Brazilian setting which included
data gathering and component usage. Cradle-to-grave approach was adapted in de-
fining the LCA boundary condition and modeling of the system was made using
GaBi LCA software. Apart from that, three different product end-of-life methods
were also investigated in the study to simulate and compare their effect on the envi-
ronmental performance and results obtained showed that recycling disposal method
caused the lowest environmental damage compared to incineration and landfilling
methods. From the comparative LCA analysis results, it was observed that hybrid
sugarcane/bagasse composites produced lower environmental damage compared
to talc-reinforced PP composites throughout the component life cycle, with added
advantage of comparable mechanical properties between both composite materials
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for the intended application. They also concluded that lower hybrid sugarcane/ba-
gasse composites environmental damage was influenced by several factors such as
lower global warming impact especially during cultivation stage of the raw materi-
als, cleaner raw material production process, lower materials weight which causes
lower-fuel consumption during use stage of the component, and the availability of
implementing recycling method to dispose the material at the end-of-life stage.

LCA analysis related to the application of NFC in packaging for transportation
application was also investigated by Duigou et al. (2011). They performed simpli-
fied LCA of flax mat/poly-L-lactic acid (PLLA) biocomposites and flax mat/PLLA/
balsa bio-sandwich composites and later compared the environmental performance
to synthetic-based glass mat/unsaturated polyester composites and glass mat/unsat-
urated polyester/balsa sandwich composites. Cradle-to-gate approach was selected
for their study which covers raw material extraction up to composites’ production
stages. The CML 2000 and cumulative energy demand impact assessment methods
were applied to quantify the environmental effect of the composite materials using
SimaPro LCA software. From the analysis, results show that lower environmental
damage can be achieved using NFC (flax/PLLA composites and flax/PLLA/balsa
bio-sandwich composites) instead of synthetic glass fiber/polyester composites.
Furthermore, they also found that a larger weight of flax NFC is required compared
to glass fiber/polyester composites in order to provide comparable mechanical per-
formance for the intended application which influenced the overall environmental
performance. Thus, they suggested that weight reduction initiatives to be taken to
reduce the effect especially towards the intended application.

LCA study was also made to investigate the environmental impact of using natu-
ral fiber as alternative materials in paper pulp production (Gonzélez-Garcia et al.
2010). Two different types of natural fibers, namely, flax and hemp, were chosen
as the candidate materials and LCA analysis was carried out to predict and com-
pare the environmental impact associated with the use of both natural fibers. In
their study, cradle-to-gate approach was selected in the study which covers the raw
material cultivation up to the production of the paper pulp product (pulp mill gate).
SimaPro LCA software was also used in the LCA modeling based on CML base-
line 2000 LCIA method. The environmental impact obtained by the use of natural
fibers was later categorized in terms of global warming potential, acidification, eu-
trophication, photochemical oxidant formation, energy usage, and pesticide usage.
Overall results gained from the analysis showed that the potential use of flax fiber
as a raw material for the paper pulp production is more environmentally friendly
compared to hemp fiber. Despite the overall environmental advantage, flax fiber
however showed lack in irrigation and pesticide use environmental performance
compared to flax fiber and future improvement were later suggested to be focus in
both of the identified areas to further strengthened the final decision in applying
hemp fiber as the new raw materials for paper pulp product.

LCA was also implemented in determining the building materials’ environmen-
tal impact performance involving the use of kenaf-reinforced polyester composites
for thermal insulation board component (Ardente et al. 2008). A cradle-to-grave
approach was selected for the LCA analysis which included kenaf raw material
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cultivation, transportation, manufacturing, use, and disposal stages of the prod-
uct. The environmental impacts were assessed in three major categories which are
energy consumption, waste product, and environmental impact indexes such as
global warming potential and water consumption. The analysis results showed that
significant reduction of the environmental impact was obtained through the use of
NFC compared to synthetic composites for the insulation board application while
maintaining the required thermophysical and noise-abatement properties. The com-
parative LCA results involving six other alternative candidate materials for thermal
insulation board component, namely, polyurethane, glass wool, flax rolls, stone wool,
mineral wool, and paper wool with kenaf composites, showed that highest environ-
mental impact was contributed by synthetic materials and improved environmental
impact score was due to mineral wools. It was shown that kenaf-based composites’
environmental impact performance is situated between both material categories and
its performance can be further improved by adopting other disposal scenario in the
end-of-life stage of the product such as through the use of incineration method with
energy recovery and energy production. Elsewhere, LCA results also point out that
the use of kenaf-based composites as thermal insulation materials will be able to
provide higher energy, saving gain during the whole building operation time com-
pared to the material calculated total energy consumption throughout its life cycle
which further highlights the advantage of using NFC for the intended application.

Xu et al. (2008) also studied environmental performance of NFC particularly
involving the use of wood fiber-reinforced PP composites for the production of
preforms which are intermediate materials for producing other final composite
products. In the study, wood polymer composites were compared with PP mate-
rial for the production of preforms product and Eco-indicator 99 impact assess-
ment method was employed to determine the materials environmental burden based
on cradle-to-gate approach by assuming that the production phase dominates the
environmental standing of the product throughout its total life cycle stages. The
processes involved in the analysis using SimaPro LCA software were limited from
raw material extraction up to the product production. Analysis results showed that
the use of wood fiber-reinforced PP composites was able to contribute to lower
environmental impact compared to PP materials for the production of preforms and
the environmental performance is directly linked to the amount of wood fiber used
as the reinforcement. Moreover, at similar volume conditions, preforms made from
wood fiber-reinforced PP composites also possessed better environmental standing
due to lower density, and subsequently better lightweight property of the composite
material compared to PP material. Apart from that, in terms of material’s service
density index which was also proposed in their study to determine the equivalent
materials strength required to withstand the operational load, the environmental
performance of wood fiber-reinforced PP composites was also found to be consis-
tent with the previous results in comparison with PP materials due to less volume
of material required by wood fiber-reinforced PP composites. This is contributed by
the higher wood fiber tensile strength compared to PP.

Vidal et al. (2009) studied environmental burden of NFC made from cotton
linters and rice husks as the reinforcement materials and aggregated in recycled
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thermoplastic PP and high-density polyethylene (HDPE) matrices. The cotton
liner/PP composites, rice husks/PP composites, and cotton liner/HDPE composites
environmental impacts were later compared to virgin PP and virgin HDPE resins
based on a similar functional unit. Cradle-to-grave life cycle approach was selected
in their analysis and the results were displayed in four main categories, namely,
greenhouse effect, nonrenewable energy depletion, eutrophication, and acidifica-
tion which were all simulated using SimaPro LCA software. Apart from that, two
disposal scenarios were also studied for the selected materials which are incinera-
tion and landfilling. For all impact categories, LCA results show that NFCs were
able to reduce the environmental burden compared to virgin thermoplastics. More-
over, for both incineration and landfilling disposal process, all NFC also yielded
lower greenhouse gas effect impact as high as 40 % lower for cotton linters/HDPE
compared to virgin thermoplastic. Another interesting finding was also observed
between the simulated disposal scenarios whereby disposal of NFC through land-
filling process was able to provide higher greenhouse gas savings compared to
incineration process, thus providing a useful insight for selection of disposal meth-
od involving NFC.

Corbicre-Nicollier et al. (2001) studied comparative LCA of transport pallet
product made by using China reed biofibers and glass fibers, both reinforced in
PP matrix. Their study used the cradle-to-grave approach where the life cycle of
product was assessed from the raw material production, transport, use, and disposal
stages. For natural fiber production, it also includes the plant cultivation stages up
to fiber processing. Critical surface-time method (CST95) was employed as the
impact assessment method due to its ability to include the effect of heavy metals in
the soil, and the final results were later checked for reliability using CML 95 and
Eco-indicator 99 methods. Apart from that, during the functional unit definition
process, due to lack of actual data, rules of mixture composites’ micromechanical
model were employed to determine the China reed composite’s fiber weight frac-
tion information. LCA results showed that the use of China reed composites for the
production of transport pallet product is more environmental-friendly compared to
glass fiber composites for minimum pallet service time of 3 years. Moreover, life
cycle emissions (air, water, and soil emissions) and primary nonrenewable energy
usage are both higher using glass fiber compared to China reed fiber, while natural
fiber lacks in terms of higher land-use requirement for China reed pallet production.
In addition, they also stated that the potential of natural fiber to be implemented
in product design application is greater compared to biofuel production and direct
biomass heat production.

Apart from single system composites, LCA was also utilized in the environ-
mental impact assessment analysis of hybrid thermoset NFC (LaRosa et al. 2013).
Hybrid thermoset composites made from hemp/glass fiber were compared with
conventional glass fiber thermoset composites for the production of elbow-fitting
component designed for chemical plant cooling pipeline application. Cradle-to-
grave approach was applied in the study and the environmental damages were
analyzed based on ReCiPe, cumulative energy demand, and Intergovernmental Pan-
el on Climate Change (IPCC) 2007 100a method LCIA methods. The comparative
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LCA study indicated that overall, the use of hemp fiber in the hybrid thermoset
NFC formulation has enabled better environmental performance compared to con-
ventional glass fiber thermoset composites due to lower petroleum-based synthetic
glass fiber and thermoset resin quantity needed for the hybrid composites produc-
tion. Besides that, hemp fiber was also found to significantly reduce the environ-
mental damage in the production phase of the product life cycle due to the natural fi-
ber’s inherent ecofriendly attributes. Moreover, in a similar study, life cycle costing
(LCC) was also performed to evaluate the economic advantages between the hybrid
thermoset NFC and the conventional glass fiber composites. The economic analysis
results showed that the hybrid hemp/glass fiber thermoset composites were able
to reduce the raw material, labor, and waste costs for the elbow-fitting component
production compared to conventional glass fiber thermoset composites. The overall
results showed that the introduction of hemp natural fiber into the hybrid thermoset
NFC formulation was able to provide improvement in both environmental and eco-
nomic aspects for the elbow-fitting product.

Wang et al. (2012) performed comparative LCA of three fiber-reinforced SMCs
made from kenaf fiber, glass fiber, and soy-based resin, respectively. SMCs for au-
tomotive applications are typically made of unsaturated polyesters and glass fibers
and used for the production of automobile interior parts. Kenaf fiber and soy-based
resin application were selected to partially replace the glass fiber and polyester resin
due to their potential environmental benefits. In their study, a soy-based resin, ma-
leated acrylated epoxidized soybean oil (MAESO), was synthesized from refined
soybean oil. SMC1 composite was made from kenaf fiber and polyester resin while
SMC?2 composite was made from kenaf fiber and a resin blend of 20% MAESO
and 80 % unsaturated polyester. The cradle-to-gate LCA using Eco-indicator 99 and
cumulative energy demand methods was conducted for three composites, namely,
SMC1, SMC2, and the glass fiber-reinforced SMC using SimaPro LCA software.
The materials and energy input/output data for the production of one functional unit
of three composites were collected from laboratory experiments and literature. The
results showed that both kenaf fiber-reinforced SMCs perform better than glass
fiber SMC in every environmental category and the effect of global warming poten-
tial of kenaf fiber SMC (SMC1) and kenaf soy resin-based SMC (SMC2) was only
about 45 and 58 % of that for glass fiber SMC, respectively. Their findings dem-
onstrated that using soy-based resin and kenaf natural fiber for SMC would have a
great ecological benefit for the SMC product.

A summary of several comparative LCA studies was also reported in determin-
ing NFC environmental performance compared to specific glass fiber composites
(Joshi et al. 2004). Based on the cradle-to-grave approach, in general, the review
performed showed that NFC has better environmental performance compared to
glass fiber composites. The study also points out four main factors which contrib-
ute to the ecofriendly advantages of NFCs which are lower energy requirement
during raw fiber materials and final composite materials’ production, higher fiber
contents in producing the final composites which reduced the petroleum-based resin
requirement, lower final composites weight due to the natural fiber’s low density
which affects lower fuel consumption and lesser release of emission during use
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stage particularly for automotive application, and finally higher energy recovery
and lower carbon emission during the end-of-life stage of the product life cycle.
Moreover, based on the four primary life cycle stages, NFCs actively contribute
to better environmental performance in the production, use, and disposal life cycle
stages with the exception of raw material acquisition/extraction stage due to the
reported possibility of higher eutrophication effect from NFC. It is primarily caused
by the use of fertilizers as well as pesticides during the cultivation of natural fibers.
Nevertheless, in general, the overall findings strengthened the advantages of using
NFC in terms of ecological contributions apart from cost and lightweight attributes
especially for material substitution purpose in new product development. Table 2
summarizes examples of LCA application involving NFC.

Table 2 Examples of life cycle assessment (LCA) application involving natural fiber composites

(NFC)

NFC Application Life cycle Impact assess- References
approach ment method use
Hemp/epoxy vs. | Side panel Cradle-to-grave | Eco-indicator 95 | (Wotzel et al.
ABS component for 1999)
passenger car
(Audi A3)
Coconut, wood, | Interior Cradle-to-grave | Not specified (Finkbeiner and
flax, and cotton | components Hoffmann 2006)
fiber
PTP vegetable Bus body Cradle-to-grave | Not specified (Mussig et al.
resin vs. polyes- | component 2006)
ter resin, hemp
as the reinforce-
ment material
Hemp/PTP vs. Bus body Cradle-to-grave | Eco-indicator 99 | (Schmehl et al.
glass fiber/ component and cumulative | 2008)
polyester energy demand

Curaua/PP vs.
glass fiber/PP

Automotive inte-
rior component

Cradle-to-grave

CML

(Zah et al. 2007)

Jute fibers
(untreated, dried,
and bleached/
dried) vs. glass
fiber-reinforced
plastics

Buggy vehicle
enclosure
component

Cradle-to-grave

Eco-indicator 99

(Alves et al.
2010)

Sugarcane Vehicle interior | Cradle-to-grave | Not specified (Luz et al. 2010)
bagasse/PP vs. aesthetic cover-

talc/PP ings component

Flax mat/PLLA | Packaging for Cradle-to-gate Eco-indicator 99 | (Duigou et al.
vs. glass fiber/ transportation and cumulative | 2011)

polyester and, energy demand

flax mat/balsa/
PLLA vs. glass
fiber/balsa/
polyester
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NFC Application Life cycle Impact assess- References
approach ment method use

Hemp fiber vs. Paper pulp Cradle-to-gate CML baseline (Gonzalez-Gar-

flax fiber product 2000 cia et al. 2010)

Kenaf/PP vs. Building thermal | Cradle-to-grave | Not specified (Ardente et al.

polyurethane, insulation board 2008)

glass wool, flax | material

rolls, stone wool,
mineral wool,
and paper wool

Wood fiber/PP Preform material | Cradle-to-gate Eco-indicator 99 | (Xu et al. 2008)
vs. PP
Cotton liner/ Not specified Cradle-to-grave | Not specified (Vidal et al.
PP, rice husks/ 2009)
PP, cotton liner/
HDPE vs. virgin
PP and virgin
HDPE
China reed fiber/ | Transport pallet | Cradle-to-grave | Critical surface- | (Corbiére-Nicol-
PP vs. glass time method lier et al. 2001)
fiber/PP (CST95)
Hybrid glass Elbow-fittings Cradle-to-grave | ReCipe method, | (LaRosa et al.
fiber-hemp/ther- | for the sea water cumulative 2013)
moset vs. glass cooling pipeline energy demand,
fiber/thermoset and IPCC 2007
100a
Kenat/soy-based | Sheet mold- Cradle-to-gate Eco-indicator 99 | (Wang et al.
resin, kenaf/soy | ing compound and cumulative | 2012)
resin with poly- | material energy demand

ester blend, glass
fiber/polyester

NFC natural fiber composite, ABS acrylonitrile butadiene styrene, PP polypropylene, PLLA poly-
L-lactic acid, HDPE high-density polyethylene, CML Center of Environmental Science of Leiden
University, /PCC Intergovernmental Panel on Climate Change

Conclusion and Future Perspectives

The increase of LCA-related activities in NFC applications as summarized in the
previous section show a promising future for the area. Moreover, new trends of
LCA in NFC research and applications are also expected in the future which will
cover several areas involving product design, inventory data, scopes of assessment,
and legislations as shown in Fig. 2.

In terms of product development aspect, LCA information is increasingly being
incorporated into the conceptual design stage of the product especially during
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Design and
material
selection

requirement

LCA as

compulsory tool Integration

for green with social
certification of and economic

product £
involving NFC uture

aspects

trends of
LCAin NFC

Improve Adding data
quality and availability of
reliability of na;::f:,:::f”
data releﬂeti i ohes 1
to NFC LCA inventory

Fig. 2 Future trends of life cycle assessment (LCA) related to natural fiber composites (NFC)
application

the design and materials selection process. Traditionally, in the decision-making
process, designers only consider technical and economic criteria in selecting the
NFC materials for their intended application, but with growing requirements of
environmental performance by regulatory bodies and customers, the information
provided through LCA complements the requirement and aids designers to arrive at
a more holistic and optimized decision with balance between all the three aspects
(technical, cost, and environment), thus enabling a more sustainable product to be
materialized. Among the examples of the incorporation of LCA works in the prod-
uct design area are material selection of sandwich panels for car floor component,
gear component, and automotive body-in-white structure (Ermolaeva et al. 2004;
Mayyas et al. 2013; Milani et al. 2011). This is in agreement with Finkbeiner and
Hoffmann (2006), who highlighted that information of LCAs for parts can pro-
vide support decisions between different technological or material concepts for
new product development apart from conventional requirements such as technical
performance, design, vehicle production, cost, quality, etc.
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Current indicators also show that improved LCA methodology will be imple-
mented in the future through the incorporation of social and economic impact into
the current environment-based LCA analysis for various applications including
NFC. It is argued that current practice of concentrating solely on environmen-
tal impact will induce some degree of inconsistency with the defined areas of
protection in LCA, for example, social impact will also affect the human health
damage categories (Jorgensen et al. 2008). Among them, proposed solution is
life cycle sustainability assessment (LCSA) which incorporates traditional LCA
with social life cycle ssessment (SLCA) and life cycle costing (LCC) methodolo-
gies (Finkbeiner et al. 2010; Kloepffer 2008; Zamagni 2012). The new approach
brings together all the three domains of sustainability (environment, economic,
and social aspects) into a single assessment method, thus it is able to provide
more accurate insight on the impact of products or processes to all stakeholders
which are currently being analyzed independently (Foolmaun and Ramjeawon
2013; Vinyes et al. 2013).

Another area that also generates much interest in LCA is on the inventory data
which is crucial to secure accurate assessment results at the end of the analysis.
It is acknowledged that the research efforts on NFC are tremendously increasing
as new classes of NFC such as new reinforcement materials, fully biodegradable
matrices, and hybrid natural fiber/synthetic fiber composites are developed and
available for various applications, thus concurrently requiring the same amount
of effort to quantify them in LCA perspective at various life cycle phases to add
to the current available LCA inventory data (Ishak et al. 2013; Sahari and Salit
2012; Sahari et al. 2013). Apart from that, future directions also point out the
importance of enhanced quality and reliable data especially on natural fibers to
be present and be made more available for application in LCA process so that the
higher degree of confidence and credibility for final results can be obtained and
better accepted by all stakeholders.

Finally, as the current LCA methodology is being widely established and
accepted, it is also expected that LCA will be made as compulsory tool for green
certification of products and services in the future especially involving NFC. Thus,
the perceived green technology can be verified to be really green which means to be
able to provide positive influence to the environment (bring improvement in terms
of environmental effects) compared to the current products and services or to its
intended applications as LCA enables quantitative data such as cumulative energy
demand of products to be determined and assessed by consumers. Up to date, LCA
methodology has been steadily implemented to complement green certification
process such as in the European energy performance of buildings directive (Direc-
tive 2002/91/EC), certification of buildings in Spain, and Leadership in Energy and
Environmental Design (LEED) certification for green buildings in the USA (Trusty
and Horst 2003; Zabalza Bribian et al. 2009).

Overall, it is shown that the implementation of LCA brings more benefits espe-
cially to the current and prospective user of NFC in applying the material in newer
applications. LCA has untapped potential that still has to be exploited and increas-
ing relevance of LCA is expected in the future.
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Tensile, Oxygen Barrier and Biodegradation
Properties of Rice Husk-Reinforced
Polyethylene Blown Films

Khaliq Majeed, Azman Hassan and Aznizam Abu Bakar

Abstract The past few years have witnessed a renewed interest in developing new
ecofriendly materials, sparked mostly by the nonbiodegradability of most of the
polymeric materials. In this context, incorporation of biofibres as load-bearing con-
stituents in polymeric composites is a highly attractive research line for the devel-
opment of ecofriendly composites. An experimental study, with the overall aim of
making environmentally compatible packaging film, was conducted to investigate
the influence of rice husk (RH) loading on morphological, tensile, oxygen barrier
and biodegradation properties of low-density polyethylene (LDPE)-based extrusion
blown films. Various compositions were prepared with varying contents of RH and
the properties were correlated with the loading of RH. Morphological observations
revealed that there were micro-voids at interface and the RH particles start agglom-
erating beyond 5 wt%. The tensile, tear and oxygen barrier properties decreased as
the loading of RH increased. Soil burial tests revealed that the composite films are
biodegradable and RH loading has significant impact on rate of biodegradation.
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Introduction

Film is the largest market segment for polyolefin and is extensively used for food-
stuff and goods packaging, agriculture and merchandising (Mezghani and Furquan
2012; Zhong et al. 2007a). Among other polyolefin, low-density polyethylene
(LDPE) is a high-performance thermoplastic having good film-forming proper-
ties. It has a prominence over other polyolefin in flexible films because of its high
flexibility, easy processability, extensibility, easy-to-seal ability, impact toughness,
stress crack resistance, microwavability, recyclability, high resistance to moisture
and fair gas barrier properties (Zhong et al. 2007b). In fact, exploitation of these
unique properties has made LDPE extremely useful to mankind, and it is the widely
used polymer for film packaging. Like most of the other petroleum-based plastics,
LDPE is also nondegradable and this nonbiodegradability is the cause of many
environmental problems associated with its disposal, including damage to the envi-
ronment and ecosystem, water supplies, sewer systems as well as to the rivers and
streams.

Environmental concerns related to the use of nonbiodegradable fossil fuel-based
plastics and their increasing costs have propelled interest in the development of bio-
composites (Ahmad Thirmizir et al. 2013; Butylina et al. 2013; Nahar et al. 2012).
Composite materials composed of one or more phase(s) derived from a biological
origin are considered as biocomposites (Fowler et al. 2006; Haq et al. 2008). The
prospective benefits of biocomposites are derived from the properties of the natural
fibres. Natural fibres are susceptible to microorganisms and their biodegradability
is one of the most promising aspects of their incorporation in polymeric materials.
Among others, their renewability, abundance, lower cost, environmental friendli-
ness and relative non-abrasiveness for the processing machinery have made natu-
ral fibres an attractive candidate for reinforcement of polymers (Ahmad Thirmizir
et al. 2013; Ismail et al. 2013). These biocomposites are being used in large num-
ber of applications, including but not limited to automotive, building and furniture
industries (Butylina et al. 2013; Thamouchen et al. 2012). However, their strong
hydrophilic behaviour made using natural fibre-reinforced composites is less attrac-
tive. Moisture ingress may impair mechanical properties as well as facilitate fungus
growth that can assist the degradation of composites (Ahmad Thirmizir et al. 2013).
Most of the renewable materials are based on the agricultural residues as a source
of raw material, particularly to plastic industries. Development and progression in
these bio-based materials will not only benefit ecosystem but also would lead to
economic development for farming and rural areas in developing countries, owing
to non-food commercial applications of these underutilized renewable materials.

Rice husk (RH) is one of the widely available agricultural industrial residue
materials. It would always be removed and separated from rice grain during the
rice milling. The main components of RH are cellulose (25-35 %), hemicellulose
(18-21%), lignin (26-31%) and silica (15-17%). Cellulose is found in the cell
wall of lignocellulose materials as microfibrils embedded in the non-cellulosic ma-
trix, which is mainly formed by hemicellulose and lignin (Luduena et al. 2011).
Besides these structured main components, some other nonstructural components,
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like waxes, pectin, inorganic salts and nitrogenous salts, are also present (Fowler
et al. 20006). Like many other agricultural by-products, the industrial applications of
this biomass are very limited with little economic value. It is reported that for every
ton of rice produced, about 0.23 tons of RH is formed. As a consequence of large
production of rice, millions of tons of RH are produced every year. The continuous
generation of the RH may present a major disposal problem because of its limited
commercial applications. Currently, this mass is being used as bedding material for
animals and burned for power generation. Literature review indicated that there is a
lack of investigations on the effect of natural fibres-reinforced polymeric composite
films and their durability against moisture exposure. Moreover, the performance
properties of LDPE/RH biocomposite films have seldom been reported. Therefore,
this study focuses on the fabrication of RH/LDPE composite films using extrusion
blown film machine.

The objectives of this study are to explore the possibility of incorporating RH as
biodegradable filler in manufacturing composite films based on LDPE matrix. The
resulting films were characterized by tensile, barrier and biodegradation properties.
One of the main concerns of using natural fibres is their high hydrophilic behaviour
which ultimately affects the overall properties of the composites. Thus, the effect
of prolonged moisture exposure on the tensile properties was also investigated. An
attempt has been made to correlate the results of performance properties of the films
with RH loading.

Materials and Methods

Materials

LDPE (LDF 200 GG) having density of 0.922 g/cm?® and melt flow index of
2 g/10 min was supplied by Titan chemicals, Malaysia. RH was obtained from
BERNAS (Padiberas Nasional Berhad), Malaysia. The supplied RH was washed
extensively with distilled water at room temperature to remove dust or other debris
materials and dried in an air circulating oven at 100 °C for 24 h to reduce moisture
content to less than 4%. Prewashed and dried RH was ground using grinder and
used for composites manufacturing.

Film Blowing

The RH was dried in an oven at 100 °C overnight prior to processing. The pre-dried
RH was melt compounded with LDPE at different loadings (0, 3, 5 and 7 wt%) in a
co-rotating Brabender twin-screw extruder. The extruded strands were air-dried in
a cool air stream and pelletized. Finally, the resulting biocomposites pellets as well
as the neat LDPE were blown into films using extrusion blown film machine (Tai
King, model: TK/HD, Tai King Machinery Factory Co. Ltd., Taiwan).
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Experimental Techniques

Morphological Analysis

The morphology of biocomposite films surface was evaluated using scanning elec-
tron microscope (SEM, Philips XL 40). The biocomposites film samples were fro-
zen in liquid nitrogen and broken into pieces to make interface study. The fractured
film samples were mounted onto copper stubs using double-sided sticky tapes and
sputter coated with gold to provide enhanced conductivity. Finally, the SEM micro-
graphs were taken under different magnifications.

Mechanical Measurements

The neat LDPE and the composite blown films were cut into rectangular-shaped
specimen (102 x 15 mm) along their longitudinal direction. Micrometre (Mitutoyo,
Japan) with precision of £0.001 mm was used to measure thickness of the film
samples. The mechanical measurements, including tensile strength, tensile modulus
and tear strength, were carried out by using Lloyd’s universal testing machine fol-
lowing the procedures described in ASTM D882 and D1938 standards, respectively.
At least five different samples were tested for each sample composition and the
mean values were reported.

To investigate the effect of prolonged moisture exposure on the tensile properties
of composite films, the samples were submerged in distilled water and soaked for 7
and 14 days at room temperature. After soaking for a specific time, the test samples
were wiped gently with tissue paper and tensile properties measured.

Permeability Measurements

The oxygen (O,) permeability coefficient measurements for the films were carried
out at room temperature in a constant pressure/variable volume type permeation cell
designed according to ASTM D1434-82 (Reapproved 2009). Circular film sam-
ples of uniform thickness and 4.4 cm diameter were used to measure O, transmis-
sion rate (OTR, mL(STP)/m?/24 h). Micrometre (Mitutoyo, Japan) with precision
of £0.001 mm was used to measure thickness of the film samples, and permeability
coefficient was calculated by using the relation given below:



Tensile, Oxygen Barrier and Biodegradation Properties of Rice ... 147

,where P is the permeability coefficient, mL(STP)-mm/m?/24 h/atm, ¢ is the thick-
ness of the film under investigation, mm and Ap is the difference in partial pressure
of O, on two sides of the film, atm.

Biodegradability Test

The biodegradability test has been developed for the investigation and compara-
tive evaluation of degradability of different materials. In this study, biocomposite
samples have been subjected to soil burial test for 6 months and the rate of biodeg-
radation/disintegration of the buried samples of various compositions was studied
as a function for number of days, with the help of SEM micrographs.

Results and Discussion

Morphological Analysis

Simple naked eye examination of the LDPE/RH biocomposites films prepared by
extrusion blown film method indicated that good RH dispersion was achieved in the
low fibre content materials. On the other hand, composite films with fibre content
beyond 5 wt% showed fibre agglomeration in the matrix. Interface morphology of
the RH-reinforced LDPE biocomposites films at micron and submicron levels was
studied by examining the fractured surfaces with SEM. SEM micrographs of the
biocomposites films containing 3 and 7 wt% of RH loadings and the representative
micrographs showing the presence of voids and fibre pull-outs can be seen in Fig. 1.

Examination of these fractured surfaces indicates that the RH particles are well
dispersed in the films prepared by adding 3 wt% of the fibre. Increasing the fibre
content beyond 5 wt% started agglomeration (Fig. 1b) owing to the presence of hy-
droxyl groups. The presence of RH aggregates provides an evidence of low compat-
ibility and poor dispersion (Ihamouchen et al. 2012). This agglomeration decreases
homogeneity of the film and, in consequence, its performance properties. Further-
more, there are voids between biofibre and thermoplastic matrix (Fig. Ic). The
voids play a crucial role in physical properties of the composites (Gwon et al. 2012;
Nahar et al. 2012). Presence of these voids can act as stress concentrators, leading
to failure of composite samples. Moreover, the fibres are pulled out from the LDPE
matrix without their breakage depicting poor adherence of RH with LDPE. Holes
can be readily seen owing to fibre pull-outs which result from the fibre pull-out due
to poor interactions at the interface (Fig. 1d) (Zabihzadeh et al. 2011). These obser-
vations clearly indicate that the interfacial adhesion between the filler and the ma-
trix is poor, and fracture seems to be dominated by the matrix failure since no fibre
breakage can be observed. Poor interfacial adhesion results in a poor stress transfer
between the matrix and the filler. The lack of compatibility and interfacial bonding
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Fig. 1 Scanning electron microscope (SEM) micrographs of cryo-fractured surfaces of LDPE/
RH biocomposites having a 3, and b 7 wt% of rice husk (RH); and the representative micrograph
showing ¢ presence of voids, and d pull-outs of RH fibre. LDPE low-density polyethylene

between RH and polyolefin matrix can be attributed to low polarity of polyolefin
and the high surface energy of the cellulosic fibres (Bendahou et al. 2008). These
observations are in agreement with the low strength values reported for these com-
posites. Similar observation have been reported by Zhong et al. (2007a) for natural
fibre-reinforced polyethylene composites.

Mechanical Measurements

Mechanical measurements were conducted to understand the effects of RH load-
ings on tensile and tear properties of the composites. These tests were carried out at
ambient conditions. The influence of RH loadings on the matrix properties can be
assessed by comparing the results of the composites with the virgin matrix. Figure 2
depicts the tensile modulus of RH-reinforced LDPE composite films as a function
of fibre loadings under dry and wet conditions. A significant increase in tensile
modulus was observed with both dry and wet composites at various loadings of
RH. However, the ranges of increase in modulus values at various RH loadings
were low in the case of water-soaked samples. The tensile modulus of neat LDPE
was 163.4 MPa. About 42 and 47 % increase was observed with the addition of 5
and 7 wt% RH, respectively. Nahar et al. (2012) have also reported a similar be-
haviour for natural fibre-reinforced polypropylene composites. It is also observed
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Fig. 2 Tensile modulus LDPE/RH biocomposite films as a function of rich husk (RH) loadings
under dry and wet conditions. LDPE low-density polyethylene

that higher fibre loaded composite samples, as would be expected, showed higher
improvement in comparison to neat LDPE. The effect of water absorption and time
of exposure was also significant on all the studied composites except neat LDPE
which hardly absorbed any water. The absorption of water decreased the modulus,
and the magnitude was dependent on the RH loadings. The decrease in modulus
upon exposure of the samples to wet environment can be attributed to decreased
stiffness of the material components from absorbed moisture. This decrease in
modulus might also be because of the damage of fibre interface from differential
swelling. When the composite is exposed to moisture, hydrophilic RH fibre swells.
As a result of fibre swelling, debonding occurs. This could be due the fact that im-
mersion of composite samples at water affected the interfacial adhesion between the
fibre and matrix (Athijayamani et al. 2009).

Figure 3 shows the effect of RH content on tensile strength of LDPE/RH com-
posites under dry and wet conditions. It was observed that the tensile strength of
the composites decreased with the RH loadings under both dry and wet conditions.
The tensile strengths of the composites of 3 and 5 wt% RH are 9.9 and 8.1 MPa,
respectively, at dry conditions. This decrease in the tensile strength may probably be
due to incompatibility of RH with thermoplastic matrix that leads to poor interfacial
adhesion, which would have caused discontinuity in the matrix material, resulting
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Fig. 3 Tensile strength of LDPE/RH biocomposite films as a function of rice husk (RH) loadings
under dry and wet conditions. LDPE low-density polyethylene

in reduction in tensile strength (George et al. 2006). These findings further sup-
port the findings of Bendahou et al. (2008). This loss of tensile strength is in good
agreement with microscopic analysis which showed a lack of adhesion between RH
and LDPE. As the minimum acceptable tensile strength level for food packaging is
4 MPa (Tajeddin et al. 2010), it is worth noting that the incorporation of RH with
the overall aim of making ecofriendly composites has produced composites with
reasonable tensile properties.

The effect of moisture on composite tensile strength was also significant, and
the percentage of improvement decreased with increase in RH content. The tensile
strengths of the composites of 3 and 5 wt% RH are 11.4 and 9.2 MPa, respectively,
after immersion in water for 7 days. The percentages of improvement when com-
pared with dry samples are 15 and 13 %. The tensile strength, however, decreased
by 9%, for 7 wt% RH composites after water soaking for 7 days. Generally, for
natural fibre-reinforced biocomposites immersed in water, it was expected that the
relative extent of decrease in tensile strength was greater compared to dry samples
for various fibre loadings. It is interesting to note that for 3 and 5% RH composite
samples, the tensile strength of wet samples was higher when compared with dry
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Table 1 Effect of rice husk (RH) loading on tear strength and oxygen permeability of low-density
polyethylene (LDPE)-based films

Sample LDPE/RH (wt %) Tearing force (g) Permeability

( mL(STP) —mm )

m* —24hr —atm

100/0 138.4 (6.4) 224 (27)
97/3 131.3 (4.2) 572 (45)
95/5 123.9(5.2) 1450 (81)
93/7 105.7 (5.8) 3572 (221)

samples. This could be due to the fact that high amounts of water causes swelling
of the fibres, which could fill the gaps between the fibre and the polymer matrix
and eventually could lead to an increase in the strength of the composites. Dhakal
et al. (2007) have also reported the similar observation for hemp fibre-reinforced
polymer composites where ultimate tensile stress of wet samples was higher than
that for dry samples.

Tear strength, resistance to the growth of a cut or nick in a specimen when ten-
sion is applied, is another significant property for the determination of suitability
and effectiveness of a material for packaging. Table 1 displays the tear propagation
strength of all the studied samples. These results suggest a decrease in the tear
propagation strength with the addition of RH in LDPE matrix. This decrease in
tear strength can be attributed to the poor interfacial bonding between filler and the
matrix material that facilitate for tear propagation.

Permeability Measurements

Presence of oxygen (O,) is a major detrimental factor for food deterioration, and a
further part of our study was oriented to evaluate the O, permeance through the bio-
degradable films. The oxygen permeabilities for different loading of RH in LDPE
matrix are reported in Table 1. It is worth mentioning that these results are in con-
sistent with the mechanical measurements, and the trend of O, permeation through
the biocomposite films is almost similar to that of changes in tensile properties with
different amounts of RH.

The oxygen permeability of neat LDPE film is 224 mL-mm/m?/24 h/atm. As
seen in Table 1, adding 3 wt% of the fibre to the LDPE matrix advanced the per-
meation of O, through the biocomposite film, indicating that the barrier proper-
ties of the LDPE film deteriorates in the presence of RH. The permeability values
of RH-filled films increased further to higher amount in the same manner, by the
increase in RH loading. The similar behaviour have also been reported by George
et al. (2006) in the LDPE/rice bran composite films where oxygen barrier was dete-
riorated by adding rice bran.
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Biodegradability Studies

Biomaterials are susceptible to microorganisms and their incorporation into nonde-
gradable polymeric materials promotes degradation and disintegration of the result-
ing composites as various microorganisms consume this biomaterial. Moreover, the
incorporation of lignocellulosic material to the polymer increases the surface area
available to oxygen that accelerates oxidation of the composite. Figure 4 shows
SEM micrographs of the 5 wt% RH-reinforced LDPE-based biocomposite films
samples after 2, 4, and 6 months of the soil burial. Before the biodegradability test,
the samples surface was comparatively smoother and clear while, on the other hand,
buried composite film samples appeared to be heterogeneously eroded depicting an
irregular surface. Moreover, many holes of different sizes and depths are seen in the
samples under investigation showing the disintegration and breakup of the samples,
indicating microorganisms attack. These numerous surface irregularities and the
disintegration of the samples following the incorporation of RH can be attributed
to biodegradability of the bio flour. It is worth mentioning that the biodegradation
effect was more obvious with increased filler loading and enhanced time of burial
under the soil environment.

AL *1.0k 100 um

AL %50 2 mm

Fig. 4 Scanning electron microscope (SEM) micrographs of LDPE/RH (95:5 wt%) composite
films showing the progression of biodegradation with time a 2, b 4, and ¢ 6 months. LDPE low-
density polyethylene, RH rice husk
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Conclusions

LDPE/RH extrusion blown films with the overall aim of making ecofriendly pack-
aging material were manufactured successfully. Morphological studies revealed
that there are micro-voids between RH and LDPE matrix, and composite films with
RH content beyond 5% showed fibre agglomeration in the matrix. The presence
of micro-voids and RH agglomerates decreased homogeneity of the film and, in
consequence, its performance properties. Tensile modulus was found to be signifi-
cantly higher with increasing the RH loading. As the filler loading increased, the
tensile strength of the composites decreased, which is a logical consequence of
poor interfacial adhesion between RH and LDPE. In contrast to dry samples, water-
aged samples followed an opposite trend. Decrease in modulus may be because of
degradation of fibre matrix interfacial from differential swelling of RH. These me-
chanical measurements are in agreement with morphological observations. Oxygen
permeability was found to be higher for higher fibre loading. Biodegradation effect
was more obvious with increased filler loading and enhanced time of burial under
the soil environment. From these findings, we can conclude that these biocom-
posites films can fulfil the requirements of biodegradable packaging, where long-
lasting and highly barrier polymers are not entirely adequate. In order to improve
their compatibility and interfacial adhesion, the incorporation of a compatibilizing
agent into the lignocellulosic material-thermoplastic polymer biocomposites is rec-
ommended.
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Extraction of Lignin from Biomass for Biodiesel
Production

A.H. Bhat, Y.K. Dasan and Imran Khan

Abstract The renewable biorefinery concept involves transforming a pulp mill into
a multipurpose biofuels, biomaterials, and biopower production facility in which
these products are produced in an ecofriendly and sustainable manner. A key chal-
lenge in this process is the recovery of lignin from process streams such that it
can be utilized in a variety of innovative green chemistry processes. This chapter
focuses on the various methods used for the recovery of lignin and application of
lignin. The study also discusses about the production of biofuel, specifically bio-
diesel via Lignoboost lignin pyrolysis as biofuel, steam gasification/pyrolysis of
kraft lignin for biofuel, lignin hydrocracking for biofuel and hydrogenation of black
liquor. Besides this, the study also throws some light on the availability of biomass,
its sources, and global production of biodiesel.

Keywords Biomass - Lignin - Biodiesel

Introduction

The increasing industrialization and motorization of the world have led to a steep
rise for the demand of petroleum-based fuels. Today, the fossil fuels take up 80 % of
the primary energy consumed in the world, of which 58 % is consumed by transport
sector (Savaliya et al. 2013). The major energy demand is still supplied from con-
ventional fossil fuels such oil, coal, and natural gas. Utilization of fossil fuels over
the past century and following years has drastically increased the level of green-
house gases (GHGS) in the earth atmosphere (Talebnia 2010).

The rising concern over depleting fossil fuel and GHG limits has resulted in a high
level of interest in nonconventional fuel originating from biorenewable sources in-
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cluding sugars, starches, and lignocellulosic materials (Limayem and Ricke 2012).
Currently, biodiesel is the most attractive alternative to traditional fossil-based fuel,
but its development and application have been hindered by the high cost of the
required feedstock. However, the use of biorenewable sources considered to be the
most promising candidates to replace the traditional feedstock, such as vegetable
oil, could result in shortage of edible oil, and increase in food prices (Yousuf 2012).

Lignin, as a third most abundant natural polymer, has been sought for decades
for productive uses. One especially attractive possibility is that of developing value-
added products including biodiesel production from lignin (Saito et al. 2012). Lig-
nin as a renewable raw material currently has technical limitations, although certain
remarkable applications can be highlighted (Gosselink 2011).

The most common technique for producing biodiesel is transesterifications,
which refers to a catalyzed chemical reaction of vegetable oil with an alcohol to
produce fatty acid alkyl esters (biodiesel) and glycerol. The production of biodiesel
from residual, agricultural biomass would have environmental benefits that far ex-
ceed its economical benefits (Yousuf 2012). Significantly, there are advantages in
the use of biomass. Biomass is a renewable resource that has a steady and abun-
dant supply, especially those biomass resources that are by-products of agricultural
activity. Its use is carbon neutral, can displace fossil fuels, and helps reduce GHG
emissions while closing the carbon cycle loop. As the debate on food versus fuel
intensifies, biomass can provide added income to farmers without compromising
the production of main food and even nonfood crops. According to International
Energy Agency, biomass provides approximately 14 % of the total worldwide en-
ergy needs and represents an important contributor to the world economy (Kogar
and Civas 2013).

The chapter intends to review the published investigation on lignin conversion to
biodiesel and aims to present a brief overview of the available and accessible tech-
nologies for biodiesel production using renewable sources. This study also exam-
ines different feedstocks used and global markets demand for biodiesel production.

Biomass

Biomass is the name given to all the earth’s living matter. It is the general term for
material derived from growing plants or from animal manure. It is a rather simple
term for all organic materials that stem from plants, trees, crops, and algae. The
components of biomass include cellulose, hemicelluloses, lignin, extractives, lipids,
proteins, simple sugars, starches, water, hydrocarbon components (HC), ash, and
other compounds (Demirbas 2005). The chemical composition of biomass varies
among plant species, but it generally consists of approximately 50 % carbon, 44 %
oxygen, and 6 % of hydrogen (plus water), in the form of 25 % lignin, and 75 % of
cellulose and hemicellulose (carbohydrates). Most species also contain about 5%
of smaller molecular fragments such as resins, collectively known as extractives
(Sims 2002).
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There are five basic categories of biomass (Jansen 2012):

a. Virgin wood from forestory or waste from forest products: palm kernel shells,
woodpellets, woodchips, and sawdust.

b. Energy crops, that is, high-yield crops grown specifically for energy applications:
hybrid eucalyptus, jatropha, pongamia, and pennial grasses like Miscanthus and
Napier grass growing on marginal land, not fit for agriculture\agricultural resi-
dues: bagasse from sugarcane, corn husks, coconut shells, and straw.

c. Food waste, animal fat, residues from food and drink manufacturing, preparation
and processing, such as used cooking oil from sunflower oil, tallow, and greases.
Great examples of companies processing their waste are McDonald’s (oil) and
Tyson Foods (slaughter residues, fats).

d. Industrial waste from manufacturing and industrial processes.

Different type of biomass, such as woody plants, herbaceous plants, grasses, aquatic
plants, agricultural crops and residues, municipal solid waste and manures con-
tain different amount of cellulose, hemicellulose, lignin and extractives. (Agbor
et al. 2011). The value and recalcitrance of particular types of biomass depend on
the chemical and physical properties of the large molecules from which it is made
(McKendry 2002). The properties such as lignin content, cellulose accessibility to
cellulose (CAC), and cellulose crystallinity (CC) determine overall digestibility
(Agbor et al. 2011).

The biomass resource can be considered as organic matter, in which the energy
of sunlight is stored in chemical bonds. When the bonds between adjacent carbon,
hydrogen, and oxygen molecules are broken by digestion, combustion, or decom-
position, these substances release their stored chemical energy (McKendry 2002).

Biomass produced in a sustainable way the so-called modern biomass excludes
traditional uses of biomass as fuelwood and includes electricity generation and heat
production, as well as transportation fuels, from agricultural and forest residues,
and solid waste. On the other hand, “traditional biomass” is produced in an un-
sustainable way and it is used as a noncommercial source usually with very low
efficiencies for cooking in many countries (Goldemberg and Teixeira Coelho 2004;
Heinimd and Junginger 2009).

Biomass fuel is defined as any solid, liquid, or gaseous product derived from a
wide range of organic raw materials, either directly from plants or indirectly from
industrial, commercial, domestic, and forest or agricultural wastes, and produced
in a variety of ways. Report of the Intergovernmental Panel on Climate Change
(IPCC) shows that 400 EJ/year will be feasible from energy cropping by 2050. To-
gether with biomass estimates from forest, cereal, and sugar cane residues (39 EJ/
year), animal manures (25 EJ/year), and municipal solid wastes (3 EJ/year), then by
2050 about half the total annual global supply of primary energy could be met by
biomass (Sims 2002). Biofuels production is divided into four generations depend-
ing on the nature of biomass used to produce it which is shown in Table 1.
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Table 1 Classification of transportation-based biofuels

Types of biofuel Description Examples

First generation Edible feedstocks Sugarcane, sugar beet, and starch
crops. oil-based crops like rapeseed,
sunflower, soybean, palm oil, and
waste edible oils. Starch-derived
biogas

Second generation | Non-edible feedstocks Biogas from waste and residues
lignocellulosic materials (agricul-
ture, forestry, and industry residues)
biofuels from energy crops such as
sorghum

Third generation Aquatic microorganism like Biodiesel from algae algal hydrogen
algae

Fourth generation High-solar efficiency cultivation | Carbon-negative technology: tech-
nology of the future

Biodiesel

As per the American Society for Testing and Materials (ASTM), biodiesel is a fuel
consisting of monoalkyl esters of long-chain fatty acids derived from a renewable
lipid feedstock such as vegetable oil or animal fat (Hoque et al. 2011; Knothe et al.
2005; Sarin 2012). There have been a number of names applied to the ester fuels
in the past decade. Technically, the esters can be called “transesterified vegetable
oils (or animal fats).” In the early 1980s, the term MESO (methyl esters of soybean
oil) was coined by the Volkswagen (VW) corporation. Other specific names such
as RME have been used for rapeseed methyl esters. In our early work, we used the
term “M-diesel” (for methanolated waste vegetable oil diesel). The Novamont Co.
uses the term Diesel-BI. Recently the term “biodiesel” (for biomass-based diesel)
has been widely used for ester fuels (Pop et al. 2012).

Theoretically, 1 mol triglycerides is reacting with 3 moles alcohol producing
3 moles esters and 1 mol glycerol through transesterification process with low mo-
lecular weight alcohols (Mousdale 2010) as shown in Fig. 1. This reaction is most
commonly catalyzed by a homogeneous base catalyst that could be sodium hydrox-
ide among others (Mario 2011). Methanol is the major alcohol used for transesteri-
fication process because of its most volatile fatty acid esters and also low price.
However, other solvents such as ethanol, isopropanol, and butanol also can be used
for this purpose (Knothe et al. 2005).

History of Biodiesel

It is believed that the term biodiesel was coined around 1984, as one the article
cites the existence of a flyer from Bio-Energy (Australia) pty Ltd that promotes
equipment to produce low-cost diesel fuel which is called as “Bio-Diesel” (Sarin
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CH,-COO-R, CH,-OH R,-COO-R’
Catalyst

CH-COO-R, + 3ROH CH-OH + R,-COO-R’

CH,-COO-R; CH,-OH R3-COO-R’

Fig. 1 Transesterification reaction. (Mario 2011)

2012). The first diesel engine was created in 1893 by a German mechanical engi-
neer, Rudolph Diesel. The diesel engine is an internal compression-ignition engine
that uses the compression of the fuel to cause ignition, instead of a spark plug for
gasoline engines. As a result, a higher compression ratio is required for a diesel
engine, which for the same power output (when compared to a gasoline engine), is
more efficient and uses less fuel. The higher compression ratio requires the diesel
engine to be built stronger so it can handle the higher pressure; consequently, the
longevity of a diesel engine is generally higher than its gasoline equivalent. These
vehicles therefore require less maintenance and repair overall, thus saving money
(Vasudevan and Fu 2010).

The first demonstration of the diesel engine was at the 1900 World’s Fair in
Paris. Knothe (2001), in a book chapter, describes that the diesel engine built by the
French Otto Company was tested at this event using peanut oil. It is not totally clear
whether Rudolf Diesel had the idea to use peanut oil because, apparently, Diesel
gives credit of this to the French government. Furthermore, he has stated the interest
of French government in vegetable oil fuels for diesel engines because of its avail-
ability in their colonies in Africa, thereby eliminating the need to import liquid fuel
or coal (Songstad et al. 2011).

The use of vegetable oil as an alternative fuel in diesel engine gave a sense of
energy self-sufficiency to those countries producing oil crops, especially for those
countries in Africa in the 1940s. During World War 11, fossil fuels were diverted to
the war effort, so they become hard to get and more expensive (Solar Water Heat-
ing: A Comprehensive Guide to Solar Water and Space Heating Systems—Revised
& Expanded Edition). As a consequence of this, even Brazil prohibited the expor-
tation of cottonseed oil so it could be used as a substituent for diesel engine. In
China, tung oil and other vegetable oils were used to produce a version of gasoline
and kerosene. Furthermore, prompted by fuel shortages during World War II, India
conducted research on conversion of a variety vegetable oils to diesel. This interest
in biodiesel was also evident in the USA where research was performed to evaluate
cottonseed oil as a diesel fuel (Songstad et al. 2011). Another approach proposed at
this time was the use of fatty acids’ ethyl or methyl esters obtained by transesterifi-
cation or alcoholysis of vegetable oils or esterification of fatty acids combined with
transesterification of triglycerides (Pousa et al. 2007).

Then in 1973, the Arab oil embargo sent crude oil prices through the roof. With
gas and diesel suddenly four times more expensive than before, interest in biofuels
returned. But there was a dilemma: Pure vegetable oil was too thick for modern
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diesel engines; it plugged injection systems and did not spray evenly into compres-
sion cylinders. Short of going back to older engine designs, two options remained:
either heat the oil with an onboard system to make it less viscous (the method used
by today’s “Greasecars,” which run on straight fryer grease) or make the oil’s mol-
ecules smaller (Schmidt 2007).

The latter option led to biodiesel. In 1979, most producers chose a manufacturing
method called transesterification, which the South Africans used to make fuel from
vegetable oil before World War I1. With that process, refiners mix the oil with alco-
hol in the presence of a catalyst, usually sodium hydroxide. The alcohol and fatty
acids react, creating biodiesel and a by-product of glycerin. The alcohol used is usu-
ally methanol, yielding a biodiesel consisting of fatty acid methyl esters (Schmidt
2007). Since the 1980s, biodiesel plants have opened in many European countries,
and some cities have run buses on biodiesel or a blend of petrol and biodiesels.

Throughout the 1990s, plants were opened in many European countries, includ-
ing the Czech Republic, Germany, and Sweden. France launched local production
of biodiesel fuel (referred to as diester) from rapeseed oil, which is mixed into
regular diesel fuel at a level of 5%, and into the diesel fuel used by some captive
fleets (e.g., public transportation) at a level of 30 %. Renault, Peugeot, and other
manufacturers have certified truck engines for use with up to that level of partial
biodiesel; experiments with 50 % biodiesel are underway. During the same period,
nations in other parts of the world also saw local production of biodiesel starting up:
By 1998, the Austrian Biofuels Institute had identified 21 countries with commer-
cial biodiesel projects. Hundred percent biodiesel is now available at many normal
service stations across Europe. Today’s diesel engines require a clean burning and
stable fuel that performs well under the variety of operating conditions. Biodiesel is
the only alternative fuel that can be used directly in any existing unmodified diesel
engine (Abdulkareem et al. 2012).

In September of 2005, the state of Minnesota became the first US state to man-
date that all diesel fuel sold in the state contains a certain part biodiesel, requiring a
content of at least 2% biodiesel (B2 and up). This established that biodiesel blend
fuel is no longer a choice, but a standard and mandate. On April 23, 2009, the Euro-
pean Union (EU) adopted the renewable energy directive (RED) which included a
10% target for the use of renewable energy in road transport fuels by 2020. It also
established the environmental sustainability criteria that biofuels consumed in the
EU have to comply with, covering a minimum rate of direct GHG emission saving
as well as restrictions on the types of land that may be converted to production of
biofuel feedstock crops (Knothe et al. 2005).

Biodiesel as an Alternative Fuel for Diesel Engine

The successful introduction and commercialization of biodiesel in many coun-
tries around the world have been accompanied by the development of standards
to ensure high product quality and user confidence. Some biodiesel standards are
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Table 2 Properties of biodiesel fuel and No. 2 diesel fuels. (Moser 2011)
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Property Biodiesel No. 2 diesel
Fuel standard ASTM D6751 ASTM D975
Lower heating value (Btu/gal) —118,170 —129, 050
Density (Ib/gal) 7.328 7.079
Water and sediment (% volume) 0.05 max 0.05 max
Carbon (wt. %) 77 87
Hydrogen (wt. %) 12 13

Oxygen (wt. %) 11 0

Boiling point (K) 590-625 455-625
Specific gravity (kg/L) 0.87-0.89 0.84-0.86
Cetane number 46-70 47-55
Cloud point (K) 262-289 256-265
Pour point (K) 258-286 237-243
Flash point (K) 408-423 325-350
Sulfur (wt%) 0.0000-0.0024 0.04-0.01
Ash (wt%) 0.002-0.01 0.06—0.01
lodine number 60-135 -
Kinematic viscosity, 313 K 3.7-5.8 1.9-3.8
Higher heating value, MJ/kg 39.3-39.8 45.3-46.7
Lubricity SLBOCLE (g) >7000 2000-5000
Lubricity HFRR (microns) <300 300-600

ASTM D6751 and the European standard EN 14214, which was developed from
previously existing standards in individual European countries (Knothe 2005).

While the suitability of any material as fuel, including biodiesel, can be influ-
enced by contaminants arising from production or other sources, the nature of the
fuel components ultimately determines the fuel properties. Some of the properties
included as specifications in standards can be traced to the structure of the fatty
esters comprising biodiesel (Knothe 2005). The biodiesel esters were characterized
for their physical and fuel properties including density, viscosity, iodine value, acid
value, cloud point, pure point, gross heat of combustion, and volatility (Demirbas
2010) which is shown in Table 2.

Biodiesel is often used as a blend B20 (20 vol. % biodiesel and 80 vol. % con-
ventional diesel) rather than using B100 (100 vol. % biodiesel). It is asserted that
90% of air toxics can be eliminated by using B100 whereas 2040 % are reduced
using B20. A further assertion is that the risk of illness and life-threatening diseases
can be reduced using biodiesel blends. Furthermore, using blends of biodiesel in
oil-fired boilers can reduce NO_and SO, emissions by 20 % (Joshi and Pegg 2007).

Biodiesel thickens at warmer temperatures than No. 2 diesel fuel, but additives
are available that will lower the pour point. Pour point is the point at which flow
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of the fuel ceases. Mixing biodiesel with No. 1 diesel as is currently done with
No. 2 will lower the pour point. Installing an in-tank or fuel line heater may also be
needed to keep the fuel flowing in cold weather. A blend of biodiesel/diesel fuel has
a lower pour point than 100 % biodiesel, but gelling may still occur unless care as
mentioned earlier is taken (Hofman 2003).

Advantages and Disadvantages of Biodiesel

Biodiesel has attracted considerable interest as an alternative fuel or extender for
petrodiesel for combustion in compression-ignition (diesel) engines. Biodiesel is
miscible with petrodiesel in any proportion and possesses several technical advan-
tages over ultralow sulfur diesel fuel (ULSD, <15 ppm S) (Moser 2011). The most
significant advantages of biodiesel given in the literature include domestic origin,
reducing the dependency on imported petroleum, liquid nature-portability, readily
availability, and renewability (Group and Management 2009). Life-cycle analyses
have shown that the source-to-wheel CO, emissions from neat biodiesel combus-
tion account for at least 60 % savings with respect to petroleum diesel fuel, whereas
for the most popular B20 blend it is of the order of 15-20% (Giakoumis 2013).

A number of technical advantages of biodiesel fuel: (1) It prolongs engine life
and reduces the need for maintenance (biodiesel has better lubricating qualities than
fossil diesel); (2) it is safer to handle, being less toxic, more biodegradable; and (3)
It reduces some exhaust emissions (although it may, in some circumstances, raise
others). Biodiesel is an efficient, clean, 100 % natural energy alternative to petro-
leum fuels. Among the many advantages of biodiesel fuel, include the following:
safe for use in all conventional diesel engines, offers the same performance and
engine durability as petroleum diesel fuel, nonflammable and nontoxic, reduces
tailpipe emissions, visible smoke, and noxious fumes and odors. Biodiesel is better
than diesel fuel in terms of sulfur content, flash point, aromatic content, and biode-
gradability (Bozbas 2008).

Biodiesel can be pumped, stored, and handled using the same infrastructure, de-
vices, and procedure usually employed for conventional diesel fuel. In fact, as bio-
diesel does not produce explosive vapors and has a relatively high flash point (close
to 150°C), transportation, handling, and storage are safer than with conventional
diesel (Yusuf et al. 2011). Biodiesel is nontoxic and degradable about four times
faster than petroleum diesel. Its oxygen content improves the biodegradation pro-
cess, leading to a decreased level of quick biodegradation and shows better emis-
sion parameter as compared to petroleum diesel (Moser 2011).

Despite advantages of biodiesel, the other environmental impact shows the other
side. Photochemical oxidation potential (POCP) or summer smog is the result of
reactions that take place between nitrogen oxides (NO,) and volatile organic com-
pounds (VOC) exposed to ultraviolet (UV) radiation. Higher level of POCP was
directly caused by VOC (hexane) emission during the vegetable oil extraction The
other environmental impact potential, eutrophication (EP) and acidification poten-
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tial (AP), has showed a significant increase compared with fossil fuels. The higher
EP and AP potential in the life-cycle system of biodiesel were primarily caused by
the upstream emissions of nitrate and phosphate leaching into the groundwater, and
ammonia and nitric oxide (NO ) into air from N and P fertilizer application (Hafizan
and Zainura 2013). The economical drawbacks of biodiesel would be the produc-
tion cost, depending in part on governmental taxes and subsidies (Black 2001).

The technical disadvantages of biodiesel/fossil diesel blends include problems
with fuel freezing in cold weather, reduced energy density, and degradation of fuel
under storage for prolonged periods. One additional problem is encountered when
blends are first introduced into equipment that has a long history of pure hydrocar-
bon usage. Hydrocarbon fuels typically form a layer of deposits on the inside of
tanks, hoses, etc. Biodiesel blends loosen these deposits, causing them to block fuel
filters. However, this is a minor problem, easily remedied by proper filter main-
tenance during the period following introduction of the biodiesel blend (Bozbas
2008).

The energy efficiency of a vehicle is the percentage of fuel’s energy delivered
as engine output. The energy content per unit of volume measure (kilocalories per
liter) of biodiesel is somewhat lower than that of petroleum diesel, so biodiesel may
be less economical to use. Studies in the USA show that biodiesel contains 8 % less
energy per gallon than typical No. 2 diesel and 12.5% less energy per pound. The
differences are due to the fact that biodiesel is slightly more dense than diesel fuel,
so there are slightly more pounds in a gallon of fuel. Furthermore, all biodiesel
regardless of its feedstock provides about the same amount of energy (Bucholtz
2007).

Moreover, it has been proven that the direct use of vegetable oils and/or the use
of blends of the oils generally does not satisfy for direct and indirect diesel engines.
The high viscosity, acid composition, free fatty acid content, as well as gum forma-
tion due to oxidation and polymerization during storage and combustion, carbon
deposits, and lubricating oil thickening are obvious problems. The probable reasons
for the problems and the potential solutions are shown in Table 3 (Demirbas 2008).

Sources of Biodiesel

The large-scale production of a renewable and environmentally sustainable alter-
native fuel faces several technical challenges that need to be addressed to make
biodiesel feasible and economical. The two main concerns with any renewable fuel
are raw materials and the technologies used for processing. Advances in genetic
modification and other biotechnologies are resulting in new or modified feedstocks
that have significantly increased the yields of alternative fuels, such as genetically
modified Clostridium to improve alcohol production. Technological advancements
are also being made to convert the feedstocks into fuels by improving techniques
or developing completely new and environmentally friendly approaches to biofuel
production (Vasudevan et al. 2010).
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Table 3 Problems and potential solution for direct usage of vegetable oil in diesels. (Bozbas 2008)

Problem

Portable cause

Potential solution

Short term

Cold weather starting

High viscosity, low octane, and
low flash point of vegetable oils

Preheat fuel prior to injection.
Chemically alter fuel to an
ester

Plugging and gunning of
filters, lines, and injectors

Natural gums (phosphatides) in
vegetable oil

Partially refine the oil to
remove gums. Filter to 4
microns

Engine knocking

Very low octane of some oils.
Improper injection timing

Adjust injection timing. Use
higher-compression engines.
Preheat fuel prior injection.
Chemically alter fuel to an
ester

Long term

Coking of injection on
piston and head of engine

Carbon deposits on piston
and head of engine

High viscosity of vegetable oil,
incomplete combustion of fuel.
Poor combustion at part load
with vegetable oils

Heat fuel prior to injection.
Switch engine to diesel fuel
when operation at part load.
Chemically alter the vegetable
oil to an ester

Excessive engine wear

Possibly free fatty acids in
vegetable oils. Dilution of engine
lubricating oil due to blow by
vegetable oil

Failure of engine
lubricating oil due to
polymerization

Collecting of polyunsaturated
vegetable oil blow-by in crank-
case to the point where polymer-
ization occurs

Increase motor oil changes.
Motor oil additives to inhibit
oxidation

Globally, there are more than 350 oil-bearing crops identified as potential sourc-
es for biodiesel production. Table 3 shows main feedstocks of biodiesel. The wide
range of available feedstocks for biodiesel production represents one of the most
significant factors of producing biodiesel. As much as possible the feedstock should
fulfill two main requirements: low production costs and large production scale. The
availability of feedstock for producing biodiesel depends on the regional climate,
geographical locations, local soil conditions, and agricultural practices of any coun-
try. Selecting the cheapest feedstock is crucial to maintain the low production cost
of biodiesel. In general, biodiesel feedstock can be divided into four main catego-
ries as below (Table 4) (Atabani et al. 2012):

a. Edible vegetable oil: rapeseed, soybean, peanut, sunflower, palm, and coconut

oil

b. Nonedible vegetable oil: Jatropha, Karanja, sea mango, algae, and halophytes

o

Waste or recycled oil

d. Animal fats: tallow, yellow grease, chicken fat, and by-products from fish oil

Fats and oils are primarily water-insoluble, hydrophobic substances in the plant
and animal kingdom that are made up of 1 mol of glycerol and 3 mol of fatty acids
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Table 4 Sources of biodiesel feedstock. (Atabani et al. 2012; Singh and Singh 2010)
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Edible oils Nonedible oils Animal fats Other sources
Soybeans (Glycine max) | Jatropha curcas Pork lard Bacteria
Rapeseed (Brassica Mahua (Madhuca indica) | Beef tallow Algae
napus L.) (Cyanobacteria)
Safflower Pongamia (Pongamia Poultry fat Microalgae
pinnata) (Chlorellavulgaris)
Rice bran oil (Oryza Camelina (Camelina Fish oil Terpenes
sativum) sativa)
Barley Cottonseed (Gossypium | Chicken fat Poplar
hirsutum)
Sesame (Sesamum indi- | Karanja or honge (Pon- - Switchgrass
cum L.) gamia pinnata)
Groundnut Cumaru - Miscanthus
Sorghum Cynara cardunculus - Latexes
Wheat Abutilon muticum - Fungi
Corn Neem (Azadirachta - -
indica)
Coconut Jojoba (Simmondsia - -
chinensis)
Canola Passion seed (Passiflora | — -
edulis)
Peanut Moringa (Moringa - -
oleifera)

Palm and palm kernel
(Elaeis guineensis)

Tobacco seed

Sunflower (Helianthus
annuus)

Rubber seed tree (Hevea
brasiliensis)

Salmon oil

Tall (Carnegiea
gigantean)

Coffee ground (Coffea
arabica)

Nagchampa (Calophyl-
lum inophyllum)

Croton megalocarpus

and are commonly known as triglycerides. Biodiesel contains fatty acids with dif-
ferent levels of unsaturation. The fuel properties of biodiesel are dependent on the
amount of each fatty acid present in the feedstock. Important physical and chemical
characteristics that influence the biodiesel production and its quality are mentioned
below (Karmakar et al. 2010).

The source of biodiesel usually depends on the crops amenable to the regional
climate. In the USA, soybean oil is the most commonly biodiesel feedstock, where-
as the rapeseed (canola) oil and palm oil are the most common source for biodiesel,
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in Europe and in tropical countries, respectively. A suitable source to produce bio-
diesel should not competent with other applications that rise prices, for example,
pharmaceutical raw materials. But the demand for pharmaceutical raw material is
lower than for fuel sources. As much as possible, the biodiesel source should fulfill
two requirements: low production costs and large production scale. Refined oils
have high production costs, but low production scale; on the other side, nonedible
seeds, algae, and sewerage have low production costs and are more available than
refined or recycled oils (Singh and Singh 2010).

Global Production of Biodiesel

Global demand for renewable energy continued to rise during 2011 and 2012, sup-
plying an estimated 19 % of global final energy consumption in 2011 (the latest year
for which data are available), with a little less than half from traditional biomass.
Useful heat energy from modern renewable sources accounted for an estimated
4.1% of total final energy use; hydropower made up about 3.7 %; and an estimated
1.9% was provided by power from wind, solar, geothermal, and biomass, and by
biofuels. Total renewable power capacity worldwide exceeded 1470 GW in 2012,
up about 8.5% from 2011. Hydropower rose 3% to an estimated 990 GW, while
other renewables grew 21.5% to exceed 480 GW. Globally, wind power accounted
for about 39% of renewable power capacity added in 2012, followed by hydro-
power and solar photovoltaics (PV), each accounting for approximately 26 % (Al
Jaber et al. 2012).

Biodiesel has been in use in many countries such as USA, Malaysia, Indonesia,
Brazil, Germany, France, Italy, and other European countries. However, the poten-
tial for its production and application is much more. Biodiesel has a massive poten-
tiality to be a part of a sustainable energy mix in the future. Globally, annual bio-
diesel production increased from 15,000 barrels per day in 2000 to 289,000 barrels
per day in 2008 as shown in Fig. 2. It is believed that, 85 % of biodiesel production
comes from the EU. The demand for biodiesel in European countries is expected to
be up to 10.5 billion liters by 2010 (Lim and Teong 2010).

National Biodiesel Board in USA had reported production of 1.9 million liters of
biodiesel in 1999 while the following year, in 2000, saw that figure increased more
than tenfold to 25.4 million liters. In 2004, the Government of Philippines had made
it compulsory for the incorporation of 1 % of coconut biodiesel blend in diesel fuel
for use in government vehicles. Elsewhere in USA, Minnesota had become the first
state in the nation to mandate the use of diesel fuel with at least 2% of biodiesel
blend in 2005. Biodiesel as a proven fuel was further bolstered when ASTM Inter-
national published new quality specifications for biodiesel blends in 2008. Now,
biodiesel blend fuel is available at many normal service stations across Europe and
USA while the world biodiesel production output is estimated to be 11 million t in
the year of 2008. By 2010, total biodiesel production can be as high as 20 million t.
Boeing, the largest aircraft manufacturer, plans to start using biodiesel in its air car-
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Fig. 2 World biodiesel production for the period 1991-2012

riers in 2014 which will surely increase the biodiesel demand substantially in the
future (Lim and Teong 2010) (Fig. 2).

Lignin

Lignin is the most abundant natural aromatic polymer which can be found on earth.
It comprises 20-30 % of woody plant cell walls and by forming a matrix surround-
ing the cellulose and hemicellulose, it provides strength and protection to the plant
(Schoemaker and Piontek 1996). The lignin heteropolymer is an integral cell wall
constituent that significantly influences the physical properties of plants via its
involvement in architectural support, water transport, and defense (Robinson and
Mansfield 2009).

Long after Anselme Payen (1839) first described the “encrusting material” in
wood, researchers were unclear about the nature of this very abundant material.
Although it had a higher carbon content than the carbohydrates, its chemical nature
remained obscure for a long time; indeed, it was not until about 20 years later that
the term “lignin” became accepted for this material (Schulze 1857). In 1998, about
1% of all lignin generated in paper production worldwide was isolated and sold.
The remaining 99 %was either burned in an energy recovery step for the pulping
process or disposed of in waste streams. The global production of lignin products
was reported by Lin and Zhong to amount to 138,500 t/year in 1990. Extrapolating
these 1%numbers leads to a worldwide production of more than 10 million t/year
of available renewable raw material (Thielemans et al. 2002).

Most industrial lignin is obtained as a waste product during the paper pulping
process, but it can be found in all plants like rice and straw. While cellulose is
used for paper production and natural oils are mainly used in the food industry, the
industrial applications of lignin are rather limited, despite its widespread availability
(Thielemans et al. 2002). The recovery and usage of lignin have been studied over
years to convert lignin into high value-added products. Initially, lignin has been
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Fig. 3 Phenylpropanoid precursor of lignin. (Castillo de pilar 1997)

used as a boiler fuel in the production of octane boosters, and in biobased products
and chemical production. However, the different types of lignin exist depending
upon the isolation protocol and biomass sources (Gopalakrishnan et al. 2010).

Chemical and Physical Properties of Lignin

Lignin is a natural phenolic macromolecule present in the vegetal cell wall that is
made up of three main phenylpropane units (monolignols), namely coniferyl alco-
hol (G), sinapyl alcohol (S), and p-coumaryl alcohol (H) (Fig. 3). Lignin structure
is very complex and consists of a three-dimensional randomized net linked to hemi-
celluloses (LCC). The main function of lignin in the plant is as a biological barrier
and asglue that retains hemicelluloses and celluloses linked shaping the cell wall.
Lignin is a highly branched and heterogeneous three-dimensional structure made
up of phenylpropanoid units which are interlinked through a variety of different
bonds. Lignin is biosynthesized via a plant-peroxidase-catalyzed oxidation of (me-
thoxy-) substituted para-hydroxycinnamyl alcohols. The benzylic hydroxy groups
are introduced via quinone methide intermediates (Bhanu Rekha 2013).
Complicating the molecular picture of lignin further is that native lignin chem-
istry can vary depending upon its origin. Plant species, plant tissue type, and the
external environment all have roles in determining the chemistry of a specific lignin
sample. Lignin from different plant families is known to be derived from different
monolignols, and lignin is often classified according to its botanical origin. The two
major classifications are gymnosperm lignin, derived mostly from coniferyl alco-
hol monolignols, and angiosperm lignin, derived from both coniferyl and synapyl
monolignols. Each type also generally contains a small proportion of p-coumaryl
units, though nonwoody lignins generally contain a higher amount of p-coumaryl
units than woody lignins. There are exceptions to the rule, such as cases in which
gymnosperm lignin was found to contain high amounts of synapyl alcohol units, or
in which angiosperm lignin was found to be largely composed of coniferyl units.
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Other phenolic monolignols have been identified, but they generally make up a
much smaller portion of the lignin molecule (Fox and McDonald 2010).

Recovery of Lignins

The principal objective of isolating lignin from wood is to be used in paper produc-
tion. There are two main separation processes involved for the separation of lignin
such as degradation of lignin into soluble fragments and is removed by separating
the solid residue from spent liquor and selectively hydrolyze polysaccharides and
leave lignin along with some condensed carbohydrate deconstruction products as a
solid residue (Azadi et al. 2013).

Lai and Sarkanen (1971) have published a critical review of methods for the iso-
lating lignin. The commonly used method to isolate lignin from wood is thorough
milling of the plant material, followed by extraction with dioxan+ water; this mate-
rial is referred to as milled wood lignin (MWL). However, the yields are usually
low, and the possibility of chemical changes occurring during the isolation process
must always be taken into account (Brunow 2005).

Kraft pulping method of removing lignin produces strong pulps for use in cor-
rugated boards, liner boards, and paper bags. Besides kraft pulping, the second his-
torically important pulping process is the sulfite process. Other wood pulping pro-
cesses have been developed, though they are not usually used on an industrial scale
like kraft or sulfite pulping. “Organosolv” lignin is produced by pulping wood in
organic solvents with catalysts in both acidic and alkaline conditions. This process
is more environmental friendly as compared to kraft or sulfite pulping due to the
absence of sulfur compounds. However, solvent pulping is not currently in place
on an industrial scale in North America, although one plant in Canada did use the
process briefly in the 1990s (Fox and McDonald 2010).

Even though numerous methods exist to isolate lignin from plant biomass, only
limited methods are recognized for lignin recovery and utilization since lignin is
generally considered as a waste material and also the chemical structure of lignin
changes during recovery process (Gopalakrishnan et al. 2010).

Kraft Lignin Recovery

The kraft pulping process, which uses sodium hydroxide (NaOH) and sodium sul-
fide (Na, S) to pulpwood, is the dominant pulping process in the pulp and paper in-
dustry. About 130 million t/year of kraft pulp are produced globally, accounting for
two thirds of the world’s virgin pulp production and for over 90 % of chemical pulp.
The kraft pulping process favored over the other methods due to the ability of the
process to handle almost all species of softwood and hardwood, and the favorable
economics due to high chemical recovery efficiency (about 97%) give the kraft
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Table 5 Sulfite-pulping conditions for lignin removal

Process Reactive agent(s) pH Temperature (°C)
Acid sulfide SO,/HSO," 1-2 125-145
Bisulfite HSO,~ 3-5 150-175

Neutral sulfite HSO,7/S0,~ 6-7 150-175
Alkaline sulfite/anthraquinone Na,SO, 9-13 50-175

process and advantage over other pulping processes (Dickinson et al. 1998; Hough
1985; Singh 1980).

During kraft pulping process, lignin is removed from the wood chips and, fol-
lowing brown stock washing, it ends up in the spent pulping liquor (weak black
liquor). This black liquor is typically concentrated from about 15-20 % to 70-80 %
solids, with an evaporator train, and then fired into a recovery boiler for the pro-
duction of steam, electricity, and inorganic chemicals (in the form of a smelt) for
internal mill use (kraft lignin recovery and its use in the preparation of lignin-based
phenol formaldehyde resins for plywood). Several processes for the recovery of lig-
nin from the black liquor are available, among them a process developed by FP In-
novations and currently commercialized by NORAM, and another one, developed
by STFI (now called Innventia) and licensed to Metso.

Two main approaches which are used for lignin separation in the kraft pulp pro-
cess were acid precipitation and ultrafiltration (UF). Generally, precipitation is used
to extract lignin from kraft black liquor, whereas UF has been used mainly to purify
the lignin fraction in cooking liquor from sulfite and kraft pulp mills in order to
use it as a valuable chemical product. The optimal dry substance for precipitation
is reported to be 27-30%. The kraft black liquor used for precipitation is therefore
commonly withdrawn after the third evaporation stage in the recovery system. The
concentration of the liquor to be treated by UF is not that critical, even though the
flux of the membranes is reduced as the concentration increases. This means that
there is considerable freedom in the choice of liquor for treatment with UF (Wall-
berg et al. 2005).

Sulfite Lignin Recovery Ligninsulfonates are produced from waste liquid from
softwood, using several salts of sulfurous acid (sulfites or bisulfites) to extract the
lignin from wood by the sulfite-pulping procedure. The process is well known and
can be carried out under several conditions as shown in Table 5. Ligninsulfonates
present both hydrophobic and hydrophilic properties; they are water-soluble and
chemically modified with sulfonate groups, carbohydrates, and small amounts of
wood extracts and inorganic compounds. They are prepared mainly as calcium,
magnesium, and ammonium salts. The procedure is less aggressive than kraft pulp-
ing, and the molecular mass of the final product is higher than kraft lignin, render-
ing a structure that is more similar to the original lignin.

There are various methods for isolating and purifying lignosulfonates from spent
pulping liquors. For instance, the Howard process is one of the most widely used
industrial processes, where calcium lignosulfonates are precipitated from spent
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pulping liquor by addition of excess lime. In addition, other methods used industri-
ally include UF and ion exclusion, which uses ion-exchange resins to separate lig-
nin from sugars. Laboratory methods for isolating lignosulfonates include dialysis,
electrodialysis, ion exclusion, precipitation in alcohol, and extraction with amines
(Li2011).

Solvent (Organosolv) Lignin Recovery

Organosolv lignins known as lignins are produced from a number of different or-
ganic solvent-based systems. Two of the most common organosolv processes are
ethanol/water pulping (alcell) and pulping with acetic acid containing a small
amount of mineral acid such as hydrochloric acid or sulfuric acid (acetosolv). Since
1993, carbon fibers originating from organosolv lignins have been studied where it
was shown that fibers could be produced by melt spinning of hardwood acetic acid
lignin isolated from spent liquor (Brodin 2009). Lignin precipitation in acid organo-
solv pulping is carried out by diluting the spent liquor with water, which decreases
the proportion of organic solvent, reducing significantly the solubility of lignin and
producing its precipitation. The precipitated lignin corresponds to the fraction of
high molecular weight, the other fraction remaining in the spent liquors. Another
method used to precipitate the lignin by recovering the alcohol from spent liquors
in a recovery tower by vacuum. However, this procedure is usually ineffective and
difficult to control, since lignin tends to precipitate as a sticky tar in the internal
surfaces of the recovery tower, fouling it and reducing the effectiveness of alcohol
recovery (Fernando et al. 2010). A new approach of organosolv lignin recovery,
consisting of simultaneous precipitation and dissolved air flotation (DAF), is pro-
posed. DAF offers a low-energy, low-maintenance alternative to centrifugation and
filtration (Macfarlane et al. 2009).

Recovery of Lignin from Pyrolysis of Lignocellulosic Biomass

Fast pyrolysis is a high-temperature process in which biomass is rapidly heated in
the absence of oxygen. As a result, it decomposes to generate mostly vapors and
aerosols, and some charcoal. The yield of the brown powder, known as pyrolytic
lignin, obtained from the abovementioned method can be as high as 28 wt%, in-
dicating that a large fraction of lignin partitions into bio-oil upon fast pyrolysis
of biomass. The elemental analysis of the pyrolytic lignins obtained from several
different lignocellulosic species revealed that they are composed of approximately
66 % carbon, 6% hydrogen, and 27 % oxygen, almost independent of the original
feedstock. It is also important to note that the carbon content of the pyrolytic lignin
is 9-15% and 3-9% higher than the corresponding values in the bio-oil and in
MWL obtained from the same feedstock, respectively. As a result of higher carbon
content, the heating value of the pyrolytic lignin is significantly higher than the
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original bio-oil and the MWL (Azadi et al. 2013). Pyrolytic lignin can be recovered
by precipitation since it is insoluble in water under neutral or acidic conditions
(Bridgwater and Peacocke 2000).

Steam Explosion Lignin

Lignin can be recovered from steam explosion of woody materials. When wood is
treated with steam at high temperature/pressure (i.e., about 180-2008 °C), followed
by a sudden decompression in the presence of some chemicals, a partial hydrolysis
of lignin occurs. Under these conditions, a water-insoluble lignin material with a
low level of carbohydrate and wood-extractive impurities results. With this proce-
dure, the lignin itself has a somewhat reduced molecular mass because some acid
hydrolysis reactions take place. This type of separation process is often combined
with enzymatic hydrolysis to produce carbohydrates for fermentation (Calvo-Flores
and Dobado 2010).

Applications of Lignin

Lignin from various plant material and pulping processes provides an important
source of raw material that may be converted into value-added products by chemi-
cal or enzymatic means (Mattinen et al. 2008). Applications of lignin began in the
1880s when lignosulfonates were used in leather tanning and dye baths. Since then,
a number of studies have been encountered to explore applications of lignin in-
cluding dyes, vanilla, plastics, base exchange material for water softening, and the
cleavage products of lignin from nitration, chlorinate, and caustic fusion (Gopal-
akrishnan et al. 2010).

The use of lignin has increased due to the high yield pulping process which
includes sulfite and kraft pulping (Kutscha and Gray 1970). Sugar-free lignosul-
fonates from softwoods (conifers) serve as starting material to make vanillin—a
flavoring for food, ice cream, and bakery goods. The anionic charges (negatively
charged ions) in lignosulfonates make them good emulsifying agents or auxiliaries
for preparing or stabilizing oil-in-water or wax-in-water emulsions (for example, in
polishes and furniture creams or sprays) (McMillen 1967). Another major applica-
tion of lignosulfonates is for mud viscosity control during deep oil well drilling.
Lignosulfonates are also included in some adhesives. They act as extenders for the
phenolic resins used in manufacturing particleboard, nonwoven fiber padding, and
molding powders. (Browning and Perricone 1962).

In binders, about 50 % of kraft lignin or lignosulfonate lignin can be added in-
stead of phenol to phenol-formaldehyde resins without substantially modifying of
the final product properties. The substitution of phenols by lignins is not only en-
vironmentally friendly but also less expensive than other binders used in the wood
composite industry. Some physical and mechanical properties are modified, for ex-
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ample, in novolac-type resins, the addition of lignin leads to polymeric systems
with increased rigidity (Calvo-Flores and Dobado 2010).

Kraft lignins are used in some foam fire extinguishers to stabilize the foam and
in printing inks for high-speed rotary presses. Kraft lignin products are generally
used in high-value applications after the modification process. These include us-
age as emulsifying agents/emulsion stabilizers, as sequestering agents, as pesticide
dispersants, as dye dispersants, as additives in alkaline cleaning formulations, as
complexing agents in micronutrient formulations, as flocculants, and as extenders
for phenolic adhesives. Furthermore, it can also be used as an extender/modifier,
and as a reinforcement pigment in rubber compounding (Li 2011).

Production of Biodiesel from Lignin

The basic structure of all woody biomass consists of three organic polymers: cellu-
lose, hemicelluloses, and lignin in the trunk, foliage, and bark. These three structural
components are having rough formulae as CH, .,O, .., CH, (O, .., and C,(H,,0; ,,
respectively. Added to these materials are extractives and minerals or ash. The pro-
portion of these wood constituents varies between species, and there are distinct dif-
ferences between hardwoods and softwoods. In general, hardwoods contain about
43 % cellulose, 22 % lignin, and 35 % hemicelluloses while softwoods contain about
43 % cellulose, 29 % lignin, and 28 % hemicelluloses (on an extractive-free basis).
One of the major differences between biorenewable and petroleum feedstocks is
oxygen content. Biorenewables have oxygen levels from 10 to 44 % while petro-
leum has essentially none, making the chemical properties of biorenewables very
different from petroleum. For example, biorenewable products are often more polar
and some easily entrain water and can therefore be acidic (Demirbas 2009).

As one of the biorenewable resources, lignin can be converted into useful bio-
fuels via biomass upgrading and biorefinery technologies. Biomass upgrading pro-
cesses include fractionation, liquefaction, pyrolysis, hydrolysis, fermentation, and
gasification. Upgraded bio-oil from biomass pyrolysis can be used in vehicle en-
gines as a fuel (Demirbas 2009). The biorefinery economy is a vision for a future in
which biorenewables replace fossil fuels. The transition to a biorefinery economy
would require huge investment in new infrastructure to produce, store, and deliver
biorefinery products to end users (Balat 2008; Demirbas 2008; Mohan et al. 2006).

LignoBoost Lignin Pyrolysis as Biofuel: One of the separation processes of kraft
lignin from black liquor is called LignoBoost. The final product can be used as a
fuel in power boilers. For isolation of lignin, acid precipitation was selected as the
most potentially promising route. The lignin starts to precipitate at a pH of approxi-
mately 11.5, with the yield increasing to approximately 60 % of the original lignin
content at pH 10. The precipitation varies according to the acid strength. As the
addition of the weak acid carbon dioxide gave slightly lower yield than precipita-
tion with sulfuric acid, for pulp mill process economy carbon dioxide was chosen
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for future studies. To get purified lignin, the filtration properties of the lignin precip-
itate were systematically investigated by using a test filtration equipment with well-
defined conditions (constant pressure, constant solid concentration of the feed and,
minimized influence of sedimentation). The average specific filtration resistance of
the filter cake was found to strongly depend on both precipitation pH and precipi-
tation temperature. The large differences in filterability were shown to be caused
by smaller lignin particle sizes formed at higher precipitation pH and/or at lower
precipitation temperatures. Furthermore, washing the lignin after precipitation is an
important step for the removal of residual black liquor and metal ions (especially
sodium) (Axegérd & STFI-Packforsk 2007). The filter cake, consisting of lignin, is
re-dispersed and acidified again, resulting in slurry. This slurry is filtered once more
and the filtrate is also brought back to the evaporation plant. However, some part of
the filtrate is used for the re-dispersion of the filter cake from the first filtration. The
filter cake is finally washed with the use of displacement washing. The posttreat-
ment of the produced filter cake is, e.g., drying and pulverization (Hedlund 2010).

Pyrolysis of LignoBoost lignin extracts directly yields useful and valuable prod-
ucts that are currently extracted from nonrenewable fossil fuel resources (Jankovic¢
2011). Pyrolysis of lignin involves heating at 400 °C for 2 min and followed by re-
moval of char on top heating element. The biomass samples were dropped onto the
heating plate in 50 mg increments up to 1.2 g. Helium was used as a purge gas and
also as a means of maintaining an inert environment. The resulting gases were fed
to a condenser immersed in liquid nitrogen. At the end of the experiment, the con-
denser was allowed to heat back up to room temperature, and the bio-oil samples
were collected (Nagy 2009).

Steam Gasification/Pyrolysis of Kraft Lignin for Biofuel

Steam gasification was carried out at atmospheric pressure in a continuous down-
flow fixed-bed microreactor which operates at 600, 700 and 800°C. The reactor
was filled with a sample of accurately weighed lignin char (1-2 g) mixed with quam
chips (mass ratio 19). The system was tested for leaks prior to the steam gasification
run. Heating was started and when the reactor attained a temperature of —110°C,
water was fed into the reactor at the desired flow rate using a micrometering sy-
ringe pump (Eldex model A-604). The reactor had a long preheating section. Thus,
there was sufficient time for the water introduced into the reactor to vaporize and
to produce steam (at the gasification temperature used) before contacting the lignin
char. It took approximately 25-30 min to reach the desired operating temperature.
The run was continued for another 30 min until no more gas was produced from the
reactor. The product leaving the reactor was condensed and separated into liquid
(mainly unreacted water) and gaseous fractions. The liquid product fraction was
collected in a glass trap, which was cooled with flowing tap water. The gases were
collected over saturated brine. After each run, the spent lignin was removed from
the reactor and weighed. The difference in combustible content of lignin before and
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after the run was taken as an estimate of the lignin or char converted (Bakshi et al.
1999).

The liquid product that obtained from fast pyrolysis of biomass can be converted
to value-added products such as aromatic hydrocarbons and cyclic aliphatic hydro-
carbon over HZSM-5 zeolite catalyst. The experiments were conducted at atmo-
spheric pressure using a continuous down-flow fixed-bed microreactor operated
over a temperature range of 500—-650 °C and weight hourly space velocity (WHSV)
range of 2.5-7.5 h-1 (for the lignin and acetone solution). The reactor was a 400-
mm long, 11.5-mm ID (made of 316 SS) placed coaxially in a furnace. The catalyst
particle size range was 500-1410 pm. The catalyst was held by a plug of quartz
glass wool which was placed on a supporting mesh inside the microreactor (Bakshi
et al. 1999; Bridgwater et al. 1999)

Lignin Hydrocracking for Biofuel

This material can be pyrolyzed to make a pyrolysis oil, but due to the high water
content of the pyrolysis oil, often greater than 25 %, high total acid number of ap-
proximately 70, and phase incompatibility with petroleum-based materials, pyroly-
sis oil has found little use. The pyrolytic lignin is separated from pyrolysis oil and
contains potentially high-value products in the form of aromatic and naphthenic
compounds. Pyrolytic lignin is a complex structure that comprises aromatic rings
that are linked by oxygen atoms or carbon atoms, and can be broken into smaller
segments when decarboxylated or hydrodeoxygenated and further reduced under
mild hydrocracking conditions, while maintaining the aromatic ring structures
(Marker and Petri 2009).

The deoxygenated light oil stream is passed to a separation process where the de-
oxygenated light oil is separated into an aqueous stream and an organic stream. The
organic stream is passed to a hydrocracking where mild hydrocracking is performed,
thereby generating a product stream. The product stream comprises aromatic and
naphthenic compounds for use in gasoline or naphtha boiling range products. A
small amount of diesel is produced which can be put into diesel boiling range prod-
ucts. The product stream can be further processed by passing the product stream to
a reforming unit. The reforming unit reduces the naphthenic content and generates
an aromatic rich product stream for use in gasoline (Marker and Petri 2009).

Hydrogenation of Black Liquor

Creasy and Covey have done some research on hydrogenation of kraft black liquor.
The black liquor used in the experiments originated from batch kraft eucalyptus
pulping. The liquor was diluted with water to give a concentration of 15.8 % black
liquor solids. The experiments were performed in an autoclave with a volume of
1 L. The idea was to use the water gas shift reaction (WGS reaction) as the source of
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hydrogen for the liquid-phase hydrogenation. Sodium was used as a catalyst for the
WGS reaction in all experiments. During the trials, the reactor was heated to 350 °C
which took about 45 min. The reaction rate of the pyrolysis is rather slow during
the heating period, while the WGS reaction almost reaches equilibrium. There are
some ways to make the reaction rates more equal: The CO can be added when
350°C has been reached or, e.g., borax can be used as a catalyst for the pyrolysis
(Hedlund 2010).

An experimental design was constructed where experiments with and without
borax was conducted, CO was added at 15, 350 °C or not at all, and the black liquor
was kept at 350°C for 20 min or quenched directly. In total, 14 experiments were
carried out. After each test, the product was acidified with HCI and filtrated. Both
the retentate and the filtrate were extracted with 1,1,1,tri-chloroethane. The solids
from the retentate extraction composed the char fraction, while the extract from the
filtrate was evaporated and the residue was added to the retentate extract. The oil
fraction was formed by combining the two extract residues. The mean value of the
specific energy value was 28.1 kJ/g for the chars produced and about 32.7 kJ/g10
for the oil. The tests without CO gave a low amount of oil, while the best yields
were obtained when CO was added at 15°C. For those tests, the yield increased
when the reaction was continued for 20 min at 350 °C. However, for the tests where
CO was added at 350 °C, the additional 20 min did not give good yields. Altogether,
the hydrogenation gave four products; a gas phase (CO, and H,), an aqueous phase
containing most of the original sulfur and sodium, and char and oil which can be
used as fuel. Thirty to 50 % of the fuel value was found in the aqueous phase, which
can be used if it is brought back to the weak black liquor for evaporation and finally
for incineration in the recovery boiler (Hedlund 2010).
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Abstract Biofuels are fuels which contain energy from biologically modern car-
bon fixation. These fuels are generally produced from plants, agricultural wastes,
and microorganisms. This biomass (plant-derived products, microorganisms) can
be converted to suitable energy mainly in three methods. They are chemical conver-
sion, thermal conversion, and biochemical conversion. Conversion of this biomass
results in three forms, such as fuel in solid such as charcoal, fuelwood liquid such as
bioethanol, and gas such as biogas. The research and the public pay much attention
towards the production of biofuels due to the drastic increase in the oil prices which
are used in the motor vehicles as energy source. There are numerous biofuels which
have been produced to meet the variety of global needs. The various types of bio-
fuels are biobutanol, biodiesel, bioethanol, biogas, biohydrogen, etc. This chapter
therefore aims to deliver the existing status and future directions of biofuel produc-
tion using both agroindustrial-based waste products and conventional substrates.
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Introduction

Due to the swift escalation in population and industrialization, there is a tremendous
need and demand for ethanol, which has been rising day to day globally. The main
fuel used as an alternative for petrol is bioethanol. The major source of sugar re-
quired to produce ethanol is fuel or energy crops. These crops are purposely grown
for ethanol production and energy use. The plants include sugarcane, corn, wheat
crops, maize, willow and popular trees, waste straw, cord grasses, Jerusalem arti-
choke, myscanthus, reed canary grass, sawdust, and sorghum species. Sugarcane
and corn are deliberately used for bioethanol production and now these crops also
are not capable to meet the global demand in producing bioethanol due to their cru-
cial value in food. Consequently, materials such as wastes from agricultural feed-
stock are appropriate for bioethanol production. Agricultural wastes are profuse,
renewable, and lucrative. The production of bioethanol from agricultural waste
might be a potential tool. But there are several restrictions and confronts in the
process such as transportation of biomass, handling the biomass and well-organized
pretreatment techniques for delignification of lignocellulosic biomass. Lignocel-
lulosic biomass symbolizes a prospective ample source of renewable energy. These
lignocelluloses biomass is not suitable to be used as a food source and might be con-
sidered as a superlative substance for the production of bioethanol (Zhang and Lynd
2004). These substances contain lignin, cellulose, and hemicelluloses. Celluloses
are linear polymers of glucose and hemicelluloses are the heterogeneous polymers
of glucose molecules. Agricultural lignocellulosic biomass contains 35-50% cel-
lulose (Agbogbo et al. 2006). The major substances of these polysaccharides are
fermentable sugars such as glucose and xylose. Pretreatment plays an important
role in the production of biofuels. Accurate pretreatment techniques can definitely
enhance the absorption of fermentable sugars after enzymatic saccharification, thus
advancing the effectiveness of the entire progression. This chapter deals with the
present status of agricultural wastes used in the production of biofuels.

Types of Biofuels

Biofuels can be classified into three types. They are present in solid, liquid, and
gaseous states. The conversion of this biomass results in three forms such as fuel in
solid such as charcoal, fuelwood liquid such as bioethanol, and gas such as biogas
(Fig. 1).

The modern development and escalation of energy markets redesign the role of
agriculture. Most significant is the sector’s increasing role as a provider of feedstock
for the production of liquid biofuels for transport—ethanol and biodiesel (Fig. 2).

Biofuels

Among the biofuels, biohydrogen is a moderately latest form of biofuel, which is in
gaseous state. Production of biohydrogen takes place in anaerobic fermentation of
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Fig. 1 A schematic repre-
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wastes from agroindustries by using groups of bacteria such as acidogenic, metha-
nogenic, and hydrogenic bacteria. In contrast, liquid form of biofuels has been clas-
sified into biodiesel and bioethanol. Biodiesel is now being used as a prospective
alternative for petrol or diesel. In the recent times, bioethanol has also acquired
invigorated significance on the current energy crisis globally. Different kinds of
biofuels are conferred here.

Biogas

Biogas is naturally produced by using the organic substances in the anaerobic condi-
tions. Biogas is produced by anaerobic digestion of agricultural wastes such as sew-
age, green waste, manure, plant-related wastes, municipal-related wastes, and crop
remaining wastes with various types of anaerobic bacteria or fermentation(Risberg
et al. 2013). It is mainly made up of methane (CH, ; 70%) and carbon dioxide
(CO, ,,—45%) and might comprise petite quantities of moisture, hydrogen sulfide
(H,S—50-2000 ppm), siloxanes, saturated water vapors, and different types of hy-
drocarbons (Amigun et al. 2008; Kashyap et al. 2003; Sreekrishnan et al. 2004).

Biogas from Agricultural Wastes

Biogas production from agricultural wastes has many probabilities for the develop-
ment of agriculture and energy in the rural regions. Production and consumption
of biogas from agricultural wastes is one of the most important elements of power
system based on renewable sources (Chodkowska-Miszczuk and Szymanska 2013).
The biogas consumption is cost-effectively managed, only if it is done concurrently
with the other related renewable energy sources exploitation (Budzianowski 2012).
The residues from food crops which are not palatable (e.g., agricultural wastes and
vegetable wastes) and keen energy crops (e.g., beets, maize, and wheat) provide a
great prospective for anaerobic digestion.

Cellulose is a substance which can be easily degraded anaerobically to an amount
of about 80%. It is making the approach to grow the crops like grasses, which
hold high-cellulose content. (Appels et al. 2011). Various types of materials such
as wheat straw, sorghum straw, and rice straw are extensively accessible cellulose-
containing waste substances for the production of biofuels. Much attention needs
to be paid towards the selection of the species and crops in order to gain the high
quantity of methane per hectare. The major factors such as time of harvesting, type
of preservation, pretreatment of biomass, and digestion are vital in the production
and yield of biofuels. Sunflower and maize are the vital energy crops used for diges-
tion (Amon et al. 2007; Fig. 3).

There might be a chance to have a large amount of nondegradable substances in
the cellulose-containing crops. The exact methane yield from the cellulose-contain-
ing crops can be apprehended only after pretreatment, because the nondegradable
contents may be removed in the pretreatment. (Bauer et al. 2009; Petersson et al.
2007). Several types of pretreatment techniques are available such as mechanical,
thermal, acid pretreatment, alkaline, oxidative, and combinations of ammonia and
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carbon dioxide pretreatment for the methane yield (Hendriks and Zeeman 2009).
Especially for methane production, acid pretreatment has the most potential when
compared to the ethanol production. The reason involved in this is that methano-
gens can hold the compounds like hydroxymethylfurfural (HMF) and furfural to a
specific concentration until they adapt to the conditions (Xiao and Clarkson 1997).

Fruit and vegetable wastes are feasible to degrade and are generally co-digested
with other feedstocks. The waste from fruits and vegetables was co-digested with
cattle slurry, and a high quantity of volatile fatty acids was found. The combination
of cattle slurry and fruits and vegetable waste (FVW) with proportions of FVW of
up to 50 % in the supply furnished with a high-quality co-digestation in the methane
yield (Callaghan et al. 2002).

Biohydrogen

Hydrogen is one of the vital elements with utmost availability in the nature. But,
production of biohydrogen from renewable resources remains a main challenge.
Biohydrogen is produced biologically by using bacteria, algae, and archaea. Biohy-
drogen is one of the prospective biofuels accessible from both agriculture and waste
organic materials (Demirbas 2009).

At present, the direct conversion of hydrogen from sunlight may give superior
hypothetical possibilities (Akkerman et al. 2002) when compared to the 0.2-2.6%
photosynthetic effectiveness in energy crops (Klass 2004). Though, the technical
and practical viability of the development requires more improvement, and the ex-
penses of maintaining the photobioreactor will also be the main challenge. Indirect
biohydrogen involves in inhibiting the oxygen and production of hydrogenase from
carbohydrates (Demirbas 2009; Fig. 4).

Hydrogen from Agricultural Wastes
Agricultural residues such as green leaves, fruit shells, nutshells, straws, fruit seeds

molasses, and plant stalks are prospective renewable energy assets. There are vari-
ous technologies available to produce biohydrogen. They can be divided into two
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technologies such as photosynthesis (indirect biophotolysis, direct biophotolysis,
and photo fermentation) and dark fermentation (anaerobic fermentation). Photosyn-
thesis is a light-dependent process, whereas the dark fermentation does not require
light and is a light-independent catabolic process (Vardar-Schara et al. 2008). There
are three types of microorganisms that generate hydrogen. They are cyanobacteria,
photosynthetic bacteria (algae), and fermentative bacteria. Photosynthetic bacteria
and cyanobacteria produce hydrogen using light by photosynthetic processes (Sri-
kanth et al. 2009), while fermentative microorganisms produce hydrogen through
the acidogenic stage of the anaerobic digestion. The yield of the hydrogen in fer-
mentative processes is always better than the photosynthetic method and it does not
depend on the availability of light (Fig. 5).

The fermentative bacteria also exploit multiple carbon sources such as wastes
from various fields, agriculture wastes, organic compounds, insoluble cellulosic
materials, wastewaters, etc. This process is cost-effective, needs less energy, techni-
cally simple, and stable also. The cyanobacteria decompose water directly to hy-
drogen and oxygen in the presence of light through the process of photosynthesis
(Venkata Mohan 2009). Photosynthetic bacteria utilize organic materials such as
organic acids and convert them to the desired products. Anaerobic bacteria exploit
organic matters as the exclusive resource of energy and convert them into hydrogen.
A flourishing conversion of organic biomass to hydrogen relies sturdily on the pro-
cessing of raw materials to generate feedstock, which could be easily fermented by
the microorganisms (Hallenbeck and Benemann 2002; Fig. 6).

Numerous organic wastes such as solid wastes like blackstrap molasses and rice
straw have been productively used for the production of hydrogen (Nath and Das
2003). The majority of the experiments revealed significant production of hydrogen
using limited number of thermophilic strains. The potato steam peels also have been
used for the production of hydrogen (Djomo et al. 2008; Mars et al. 2010)
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Fig: A schematic representation of biodiesel production process

Vegetable
oil

Catalyst

I\.l"letham:.'ljv
Vegetable
oil

Wash
—_— Biodiesel

Removal of
Glycerin

: .

Fig. 5 A schematic diagram of production of biohydrogen from agricultural wastes

Heating

Fill biodiesel

AGRICULTURAL WASTES

PRETREATMENT

HEMI

SACCHARIFICATION

FERMENTATION

DISTILLATION

» ETHANOL

Fig. 6 A schematic diagram of production of biohydrogen from agricultural wastes



188 V. R. Pasupuleti et al.

Biodiesel

Biodiesel is a nontoxic, renewable, eco-friendly alternative fuel, which can be used
as it is or in combination with petroleum or diesel (Peterson and Reece 1994). Bio-
diesel is made up of completely with agricultural wastes, vegetable oil, or fats from
animals. Biodiesel does not contain polycyclic aromatic hydrocarbons and releases
diminutive amounts of carbon dioxide, carbon monoxide, sulfur dioxide, and other
particulates which significantly lessen the health hazards when compared to the
diesel or petroleum. Usually, the diesel engines face problems due to the presence
of triglycerides, their viscosity, and fluctuating temperature (Fukuda et al. 2001).
By using the vegetable oils and their derivatives, the engines do not encounter the
problems due to less or no triglycerides. Generally, transesterification is an exten-
sively used practice in which the triglycerides react with an alcohol in the presence
of'a chemical catalyst (acid or alkali) or biological catalyst (enzyme) to generate the
esters, especially monoalkyl esters which are commonly known as biodiesel. The
catalysts are different when the acyl acceptor is not similar. For example, potassium
hydroxide is used as a catalyst when ethanol is the acyl acceptor, whereas sodium
hydroxide acts as a catalyst when methanol is the acyl acceptor due to solubility
concerns (Ranganathan et al. 2008).

Biodiesel from Agricultural Residues

Biodiesel is commonly produced by using animal fats or vegetable oils. A variety
of oils such as sunflower oil, soybean oil, palm oil, rapeseed oil, and rice bran oil
have been used to produce biodiesel. The preference of vegetable oil to be used
in the production of biodiesel totally depends on its ample availability. Not much
information exists related to the use of agroindustrial residues for the production of
biodiesel. However, there is bioethanol production by using agroindustrial residues
and these can be used for the transesterification of oils for the production of mono-
ethyl esters of fatty acids, which can be used as biodiesel.

Bioethanol

Bioethanol is a nontoxic and non-petroleum fluid which releases low carbon
dioxide and other gases due to free availability of oxygen. Bioethanol is consid-
ered as a safe alternative to petrol for use in the vehicles as fuel. The production
as well as utilization of bioethanol does not release much carbon dioxide into
the environment (Chandel et al. 2007). Bioethanol is a derivative of renewable
resource feedstocks, typically plants such as corn, wood, sugar beet, wheat, and
straw. Any feedstock contains considerable quantity of sugars or substances that
are easily convertible to sugar (cellulose or starch), which can be utilized to
generate bioethanol.
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Bioethanol from Agricultural Residues

The principal feedstocks for the production of bioethanol are sugarcane and corn.
Globally, bioethanol is one of the most extensively used biofuels for transportation.
About 60 % of overall bioethanol production is derived from sugarcane and 40 % from
all the other crops. At present, the production of bioethanol accounts for more than
94 % of worldwide biofuel manufacture and the greater part of bioethanol production
is from sugarcane. The USA and Brazil are the global leaders for the production of
bioethanol, which together generate for about 70 % of the worldwide bioethanol.

Currently, cellulosic biomass use is very limited due to the expensive pretreat-
ment required for breaking the crystalline structure of cellulose. Bioethanol is al-
ready an established commodity due to its ongoing nonfuel uses in beverages, and
in the manufacture of pharmaceuticals and cosmetics. In fact, ethanol is the oldest
synthetic organic chemical used by mankind. The main advantage of production of
ethanol from renewable and cheap agricultural substances is that it decreases the
release of greenhouse gases such as CO, HO, NO_, and SO_and removes smog
from the atmosphere.

Future Prospective and Conclusion

There is a huge escalation in crude oil prices. So the need to produce biofuels from
the biological wastes has become more popular. The main biofuels available are bio-
methane, biogas, biohydrogen, biomethanol, and biodiesel. Biodiesel and bioethanol
are used as alternative fuels to diesel and petrol, respectively. Bioethanol is produced
from cane molasses through fermentation process and could also be generated from a
variety of agricultural wastes, whereas biodiesel is usually produced from vegetable
oils. Using modern biotechnological methods to produce different types of biofuels
from agricultural, industrial, and plant wastes is prospectively efficient. The pro-
duced biofuels through these modern techniques will be releasing very low quantity
of greenhouse gases and toxic pollutants and thereby protecting the environment
from pollution. Several accessible biotechnology methods can be applied to increase
the bioenergy production. For instance, expanding better biomass feedstocks and
raising the effectiveness of converting the biomass to biofuels. The scientists, re-
searchers, and agriculturists need to focus on the modern techniques which will be
cost-effective and more productive to encounter the crisis of biofuels.
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Nutrition and Health Benefits
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Abstract Oilseed cakes are the by-products generated from edible oil processing.
The oilseed cakes are generally used as animal feed, plant fertilizer or soil compost
due to their high protein, carbohydrate, mineral and nitrogen contents. However,
there is a strong interest to utilize oilseed cakes as food for humans due to increasing
global population and food prices as well as the attractive emerging nutritional
information on many of these by-products (e.g. the concentration of secondary
metabolites and protein contents). Soy, whey and egg albumin proteins have been
widely used for human consumption and food applications for centuries due to their
protein qualities and functional properties. The high demand for soybean and its
vast cultivation due to global market forces caused a negative environment effect.
Production of animal proteins, namely meat, whey and albumin, is not sustainable
due to higher carbon and water usage. Therefore, the utilization of agricultural
by-products, such as oilseed cakes, provides an opportunity to add value as well as
filling a gap in protein demand. The present chapter focuses on oilseed cakes and
discusses the opportunities to generate value-added products such as polyphenols,
protein isolates and protein hydrolysates. The processing conditions, health benefits
demonstrated in in vivo and in vitro studies of products generated from oilseed
cakes are critically reviewed with the aim of determining the best-use options for
the various materials. Strategies for the removal of antinutrients found in oilseed
cakes are discussed.
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Introduction

Oilseed cakes are the solid by-products of edible oil industries remaining after the
extraction of the oils. The global production of oilseed cakes, on average, increased
2.3 % annually over the past decade to 2010. The world oilseed production was re-
ported to be around 380 million metric t in 2004/2005 (Moure et al. 2006). Among
all types of oilseeds, there were about 30,265 metric t of hempseed produced world-
wide, while flaxseed production reached 2.3 million metric t in 2009/2010 (Ra-
betafika et al. 2011). In 2000-2001, the world production of canola was reported to
be around 33.86 million t (Karlsson and Martinsson 2011). Sunflower seeds were
reported to have an annual world production of 35.6 million t in 2008 (FAO 2010;
Pickardt et al. 2011). India, as the world’s largest oilseeds producers, produces over
25 million t of oilseed cakes annually (FAO 2010). These by-products of oil produc-
tion have been underutilized for human usage, and are worthy of investigation for
human use. In terms of the oilseed cake quantities produced, soybean seed cake is
the world’s largest by-product of oilseed cakes, followed by canola seed. Giving the
large volumes of the oilseed cakes produced, it is worth to explore the potential of
adding value and exploit their nutrients through further processing.

Traditionally, oilseed cakes are used as animal feed and soil compost, which have
been seen as an economical way to dispose the by-product and gain some benefit
without additional cost. Oilseed cakes are useful animal feed due to their abundant
protein, energy, carbohydrates and mineral contents. For example, young calves fed
cold-pressed hempseed cake had similar live weight gain to calves fed with a mix-
ture of soybean meal and barley (Hessle et al. 2008). Hempseed cakes have favour-
able amino acids and the protein resists degradation in the rumen (Mustafa et al.
1998), which can offer some advantages as animal feed. Higher egg weight and
total egg yolk linoleic and linolenic acids were obtained from hens fed with hemp-
seed cake-based diet compared to hens fed with wheat-, barley- and corn-based diet
(Silversides and LefranCois 2005). Furthermore, Hempseed cake was used as an
aquaculture feed for farmed fish (Lunger et al. 2007). Addition of hempseed cake
into fish meal improved the texture of fish fillet (Lunger et al. 2007) and the growth
rate of fish (Callaway 2004) compared with soybean meal and soybean isolate.

Another use of oilseed cakes without further processing is to use as compost for
plants. The effect of supplementing spent rice straw substrate with oilseed cakes, as
a source of extra organic nitrogen, was studied for the production of the mushroom
Pleurotus sajor-caju (Shashirekha et al. 2002). The supplementation of oilseed cakes
(mustard oil cake, sunflower oil cake, cottonseed cake and soybean cake) with rice
straw substrate colonized by the mushroom P. sajor-caju increased the mushroom
yields by 50—100% compared to the unsupplemented substrate (Shashirekha et al.
2002). Cotton seed cake was shown to produce the highest mushroom yield (up to
12 times higher than to those of unsupplemented spent straw and higher than the
other oilseed cakes). Cottonseed cake-supplemented mushrooms also had higher
protein and fat contents and lower carbohydrate content compared to other treat-
ments and controls. Seed cotyledon powders from tea (Camellia sinensis, L.) and
from oak (Quercusrobur, L.) were used to control soil nitrification (Kholdebarin
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and Oertli 1992). The seed powders decreased the amount of NO,— in soil due to
fixation and immobilization of nitrogen by organic substances present in seed pow-
ders rather than direct effects on nitrifying organisms.

The seed cakes of Jatrophacurcas, Madhucaindica, Azadirachtaindica and Pon-
gamiapinnata are used for the production of biofuel and bioenergy in India. It is
recommended to use nonedible oilseed cakes for biofuel processing rather than ed-
ible oilseed cakes since they possess toxic compounds and are not fit to be used as
animal feed or for human consumption.

Recent developments in oilseed cake utilization are focused on human health
and nutrition to meet the global increasing needs of protein and bioactive com-
pounds. One of the earliest reviews on the topic was published more than 40 years
ago (Meyer 1971) that discussed the processing, functional and nutritional prop-
erties of soybean isolate, as well as protein extractions from other oilseed cakes.
More recently, the use of oilseed cakes as a source of antioxidative peptides was
reviewed by Sarmadi and Ismail (2010). Various techniques for the extraction and
fractionation of protein and peptides from plant tissues have also been reviewed by
Martinez-Maqueda et al. (2013). However, there is no detailed review of clinical
studies examining the health benefits and bioactive properties of products extracted
from oilseed cake.

Several bioactive compounds, such as polyphenols, protein and oligosaccha-
rides, can specifically be obtained from the oilseed cakes since many of the seeds,
as source of new seedlings, are naturally well designed to alleviate any risks that a
new life may face.

Processing of Oilseed Cakes for Health-Benefiting
Products

The target bioactive products can be obtained using different processing methods
of the oilseed cakes (Table 1). Generally speaking, the bioactive compounds that
can be obtained from oilseed cakes can be either protein, carbohydrates or phenolic
compounds. The best use of the material will depend on the type(s) and concentra-
tion of the compounds as well as how easy the extraction process is.

Carbohydrates

Flaxseed cake is rich in mucilage or dietary fibre, which can be extracted by alkali
aqueous solution at pH 12, followed by centrifugation to collect the supernatant
(Gutiérrez et al. 2010). The sticky mucilage solution can be freeze-dried, spray-dried
or vacuum-dried to generate a shelf stable powder product. The mucilage can be
used as a thickening and emulsifying agent in food, pharmaceutical and cosmetic ap-
plications due to its desirable physical properties. Apart from its physical properties,
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several health benefits have been attributed to flax mucilage. For example, it can
be used as a dietary fibre source in human nutrition or serves as a prebiotic for the
healthy growth of gut flora. Mucilage can also be used in fermented dairy products
to support the growth of lactic acid bacteria and favourably modify the product
texture at the same time (Nezhad et al. 2013). In addition, in vivo studies showed
that flax mucilage has anti-ulcer activity and it significantly reduced the number
and length of gastric ulcers induced by ethanol in rats (Dugani et al. 2008). Poly-
saccharides or oligosaccharides from flaxseed cake were reported to possess anti-
tumour property as a result of their antioxidant properties (Gutiérrez et al. 2010).
The authors suggested that the antiradical activity of the saccharides prevents the
oxidation of proteins, lipid or DNA, thus preventing the leading causes of can-
cer. Chitooligosaccharides from flaxseed cake demonstrated antimicrobial proper-
ties against pathogenous bacteria and fungi such as Candida albicans, Penicillium
chrysogenum, Fusarium graminearum and Aspergillus flavus (Xu et al. 2008).

Polyphenols

Lignans from flaxseed cakes demonstrated various preventative actions, supported
by preclinical and clinical studies, in various cardiovascular complications such as
atherosclerosis, hyperlipidaemia, ischemia, hypertension and cardiotoxicity (Zan-
war et al. 2014a, b). Earlier attempts to extract lignans used a solvent mix of 1,4-di-
oxane and ethanol (1:1 v/v) (Bakke and Klosterman 1956). Basically, polar solvents
such as aqueous methanol or ethanol solvents were used as the first step in lignan
extraction from flaxseed cake. The incorporation of acid treatment step, using di-
luted hydrochloric or acetic acids, after the initial extraction by aqueous methanol
or ethanol, followed by extraction with ethyl acetate:hexane (1:1 v/v) improved the
yield of lignans (Meagher et al. 1999; Charlet et al. 2002). More recently, direct
aqueous acidic extraction followed by extraction with ethyl acetate:hexane (1:1 v/v)
was found to be optimal for the extraction of lignans (Lehraiki et al. 2010). The use
of the alkali extraction step after the aqueous polar solvents extraction followed by
neutralization was also reported in various reports (Miiir and Westcott 2000; Zhang
and Xu 2007; Rybarczyk et al. 2008; Renouard et al. 2010).

Polyphenols from oilseed cakes possess high antioxidant properties that are as-
sociated with positive health effects such as lowering lipid in plasma, skin photopro-
tection, vasoprotection, neuroprotection, antiageing, anticancer, antimicrobial, anti-
fungal and antiviral activities (Marrugat et al. 2004; Atten et al. 2005; Su et al. 2011;
Bekhit et al. 2011; Jacob et al. 2012; Cheng et al. 2012; Menaa and Menaa 2014).
Polyphenols exist naturally in all plant materials and consist of a common structure
of flavone. Polyphenols is a large family of compounds that include derivatives
such as flavonoids, catechins, flavonones, isoflavones, flavanols, dalbergin, an-
thocyanins, proanthocyanidins, anthocyanidins, phenolic acids, phenolic alcohols,
polyphenolic amides (avenanthramide, capsaicinoid), stilbenes, chalcones, lignans
and other non-flavonoids such as resveratrol, rosemaric acid, gingerol, ellagic acid,
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secoisolariciresinol, metaresinol, valoneic acid dilactone, lignans, curcumin and
hydrolysable tannins (gallic acid, ellagic acid, rosmarinic acid) (Sharma 2014).
As shown in Table 1, simple polar solvents extraction is used for the extraction of
polyphenols from oilseed cakes. In order to maximize the extraction yield and elim-
inate the use of organic solvents, technologies such as supercritical fluid extraction,
ultrasonic, alkali and acid hydrolysis were incorporated in polyphenol extraction
from the oilseed cakes (Amza et al. 2011; Tan et al. 2011; Teh et al. 2014). There
are several published reviews on health benefits and bioavailability of polyphenols
from plant material (E1 Gharras 2009; Sharma 2014; Acosta-Estrada et al. 2014).
The focus of the present chapter is on polyphenols extracted from oilseed cakes
with the emphasis on published in vivo and in vitro studies.

Biological Activities of Phenolics from Seed Cakes

Polyphenols such as gallic acid, tannic acid, quercetin and salicylic acid were
found to have high antioxidant activities as well as antimicrobial activities against
Streptococcus mutans (Sendamangalam et al. 2011). Antimicrobial activities and
modes of action of penta-, hexa-, hepta-, octa-, nona- and deca-O-galloylglucose
(gallotannins) isolated from mango kernels were found to have minimum inhibi-
tion concentrations (MICs) of 0.2 gL' or less against Bacillus subtilis, Bacillus
cereus, Clostridium botulinum, Campylobacter jejuni, Listeria monocytogenes and
Staphylococcus aureus. Higher concentrations (0.5—1 gL ™!) were required to inhibit
enterotoxigenic Escherichia coli and Salmonella enterica, but lactic acid bacteria
were unaffected by the extracts (Engels et al. 2011). Bound phenolic extracts (re-
ferring to the insoluble phenolics that are chemically bound to the plant matrix by
hydrogen bonds between the hydroxyl groups on phenolics and an oxygen molecule
from the polysaccharides glycosidic linkages, hydrophobic interactions and cova-
lent ester bonds between phenolic acids and polysaccharide, cellulose, hemicellu-
lose, lignin, pectin and proteins) from mango seed kernel flour were more effective
(MIC of 0.06—-0.157 %) than free phenolic (soluble phenolics that are not bound to
the plant matrix) extract (MIC of 0.117-0.191%; Govardhan Singh et al. 2013).
Furthermore, mango seed extracts showed high antioxidative and tyrosinase inhibi-
tion activities (Maisuthisakul and Gordon 2009).

The antioxidative properties of polyphenols have been associated with their
protective effects against several human diseases such as diabetes, cardiovascular
diseases, cancer, osteoporosis and neurodegenerative diseases (Graf et al. 2005).
Polyphenols accept electrons from oxidants and form relatively stable phenoxyl
radicals in order to disrupt oxidation reactions in cellular systems. In addition,
polyphenols are potent inhibitors of low-density lipoprotein (LDL) oxidation and
this type of oxidation is considered to be a key mechanism in the development
of atherosclerosis. Polyphenols exert antithrombotic effects by means of inhibit-
ing platelet aggregation, and thus preventing coronary heart diseases. Several
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mechanisms such as estrogenic/antiestrogenic activity, antiproliferation, induction
of cell cycle arrest or apoptosis, prevention of oxidation, induction of detoxifica-
tion enzymes and regulation of the host immune system, anti-inflammatory activity
and changes in cellular signalling were assigned to polyphenols to explain their
chemopreventing activity (Garcia-Lafuente et al. 2009). Polyphenol extracts from
oilseed cakes such canola, evening primrose, borage seed cakes (Table 2) exerts
high antioxidative activities. In in vivo studies using rats, oral doses of polyphenol
extracts from evening primrose seed cake demonstrated a hypocholesterolemic ef-
fect (Batasinska 1998). Similarly, oral doses of polyphenol extract of the shells of
Japanese horse chestnut seed (Aesculus turbinata Blume) inhibited the elevation of
blood glucose after oral administration of starch to the rats and showed antiobesity
effect (Kimura et al. 2011). Low-molecular procyanidin of grape seed exhibited
antihypertensive activity by reducing the systolic and diastolic blood pressure of
spontaneously hypertensive rats (SHR) in a dose-dependent manner up to 375 mg/
kg with the peak activity found 6 h post administration (Quifiones et al. 2013).

In vitro studies reported that polyphenols from grape seeds increased endothelial
progenitor cells (EPC) viability, adhesion and migration, and prevented the nega-
tive effects of high D-glucose; including the production of reactive oxygen species
(ROS; Felice et al. 2012). Furthermore, grape seed extract reduced [*H] cholesterol
uptake by up to 66% in HT29, Caco2, HepG2 or HuTu80 cells at half maximal
effective concentration (EC,) of 83 pg/mL, which means 83 pg/mL of grape seed
extract exhibited 50 % of its maximal effect (Leifert and Abeywardena 2008). The
authors also reported the inhibition of the proliferation of HT29 colon adenocarci-
noma cell and an increase in apoptosis and 5-lipoxygenase (5-LOX) activity with a
half minimal (50 %) inhibitory concentration (IC;,) value of 13 pg/mL (Leifert and
Abeywardena 2008). Ultraviolet (UVA) radiation promotes the production of ROS,
which consequently attacks lipids, proteins and other intracellular biomolecules
leading to oxidative stress, cellular damage and ultimately cell death (Jaszewska
et al. 2013). Aqueous Oenotheraparadoxa defatted seed extract decreased UVA-
induced release of lactate dehydrogenase (LDH) into the culture medium, the ROS
production and lipid oxidation compared to the control cells (incubated without the
extract), indicating that the extract of Oenotheraparadoxa is useful for the preven-
tion of UVA skin damage (Jaszewska et al. 2013).

In vivo and in vitro studies that evaluated the health benefit properties of poly-
phenols from plants, fruits and herbs have been reported (Peschel et al. 2007; Soto
et al. 2008; Felice et al. 2012). The majority of studies conducted on phenolics
in oilseed extracts determined the total phenolics, the total flavonoids as well as
the antioxidative activities of crude or semi-purified oilseed cakes extracts. While
these studies suggested the potential of the material as a source of bioactive com-
pounds, more studies on the composition of these extracts and clinical studies on the
therapeutic effects of polyphenols from the oilseed cakes are needed to support any
prospective use of the by-products from oil processing.
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Protein

Many studies reported the isolation of protein from oilseed cakes using an alkaline
extraction step followed by protein precipitation at the isoelectric point of a par-
ticular protein (Table 1; Wani et al. 2008; Pericin et al. 2009; Gutiérrez et al. 2010).
Protein isolates from different oilseed cakes can exhibit differing functional proper-
ties such as emulsification, creaming stability, water- and oil-holding capacities;
thus, they offer wide range of applications in the food industry. The protein quality
of some protein isolates from oilseed cakes such as hemp, canola, sunflower and
palm kernel seed protein isolates are comparable to that found in soy protein iso-
lates (Tang et al. 2006; Wang et al. 2008; Tan et al. 2011; Chee and Ayob 2013);
therefore, it can be used as an alternative for soy protein. The modification of the
functional properties of protein isolates in food products was reviewed by Moure
et al. (2006). Oilseed protein isolates have limited bioactive properties apart from
the amino acid content and composition (Table 3 and 4). In order to improve the
biological functions of protein from seed cakes, hydrolysis (chemical or enzymatic
hydrolysis) of protein isolates is required to produce protein hydrolysates (Vastag
et al. 2011; Girgih et al. 2013). The protein hydrolysates exhibit angiotensin-con-
verting enzyme (ACE) inhibitory activity and higher antioxidant activity compared
to protein isolates (Marczak et al. 2003; Girgih et al. 2013), which increase their
application as functional ingredients in health products.

Utilization of Oilseed Cakes for Protein Sources

The world population is increasing every year and the demand for food supply and
protein is equivalently increasing. The cost of food production is increasing due to
increased prices of raw material, energy, competition for land use, as well as cost
associated with addressing environmental pollutions and soil deterioration. Sustain-
able methods for producing alternative food sources to feed the world by utilising
reusable and renewable sources such as agrowastes and oilseed cakes for food pro-
duction are very promising to be part of strategies for food security. Oilseed cakes
can be used as a good source of protein for human nutrition (Table 4). Edible plant
proteins should be non-toxic, easily digested, nutritionally sufficient and function-
ally useful, and this can be achieved by processing oilseed cakes (Table 3). Protein
isolates can be obtained using traditional alkali aqueous extraction, followed by
protein precipitation at the isoelectric point using pH adjustment of acidification
(Gutiérrez et al. 2010; Tan et al. 2011). However, the use of enzymes to extract
protein isolates from palm kernel cake offers the potential of higher protein yield
compared to alkali—acid extraction (Chee and Ayob 2013). Isolation of protein from
oilseed cakes is not expensive, and hence it can be considered as a sustainable
approach for protein production to meet the global food demand.

Removal of polyphenols before protein extraction is recommended for oilseed
cakes, such as canola and sunflower, which have high polyphenol content (Mansour
et al. 1993; Xu and Diosady 2002; Salgado et al. 2012) because polyphenols will
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exert a dark colour on the protein isolates and affect the functional properties, e.g.
emulsifying, foaming, surface hydrophobicity and water-holding activities, of pro-
tein isolates. Several interventions can be employed to remove the polyphenols.
Salgado et al. (2012) extracted polyphenols from sunflower seed cake using Na,SO,
solution at pH 5.0 before extracting the protein at pH 9.0 and isoelectric precipita-
tion at pH 4.5. The resultant protein isolate had better functional characteristics such
as lighter colour, higher surface hydrophobicity, protein digestibility and solubility
compared to the protein isolate produced using a similar method but without the
removal of polyphenols (Table 3). An alternative way to remove low polyphenols
from sunflower protein isolates is to use resin (styrenedivinylbenzene copolymer
Amberlite™ XAD 16HP), which reduced polyphenols by 85.7 % and increased the
colour lightness by 26 % (Pickardt et al. 2011). In addition, the use of NaCl in a
range of 1.3-2.0 mol/L suppressed protein—polyphenol interactions and enhanced
protein extractability. The resulted sunflower protein isolate had moderate emul-
sifying activity, 209 mL/g compared to sodium caseinate (1100 mL/g), excellent
foaming properties (1070 mL/g) as compared to egg white (~1600 mL/g) and bet-
ter foam stability, 94 % compared to egg white (~80 %; Pickardt et al. 2011). The
use of membrane filtration technology to separate polyphenols from protein has
been reported (Xu and Diosady 2002, Karayannidou et al. 2007). Ultrafiltration
resulted in high protein content (>85 %), low phenolic acids (~ 200 mg/100 g) and
produced canola protein isolates free of condensed tannins (Xu and Diosady 2002).
In addition, lighter colour and higher overall sensory acceptability of canola protein
isolates resulted from the use of ultrafiltration.

Another protein extraction process utilizes the use of salts. Karaca et al. (2011)
isolated canola and flax protein isolates by salt precipitation (Table 3). Salt-pre-
cipitated protein isolates had higher protein solubility than isoelectric-precipitated
protein isolates. This supports earlier publications that reported high solubility of
calcium-precipitated (1 M CaCl,, ~78.8%) and ultrafiltration-obtained (~90 %)
canola protein isolates compared to the acid-precipitated canola protein isolate at
pH 7.00 (<6 %) (Aluko and MclIntosh 2001, Yoshie-Stark et al. 2008). The lower
solubility of isoelectric-precipitated protein isolates is due to protein denaturation
during the acid precipitation step, interactions between protein and nonprotein com-
ponents and the formation of insoluble phytic acid—protein complexes. In fact, the
micellization (extraction with 0.5 M NaCl solution followed by ultrafiltration and
isoelectric precipitation) reduced phytic acid and pentosans that interfere with the
solubility of flax protein isolate (Krause et al. 2002). The emulsifying capacity for
salt-precipitated (528.9 g oil/g protein) and ultrafiltration-obtained canola protein
isolates (693 mL oil/g protein) was greater than the isoelectric-precipitated canola
protein isolate (502.2 g oil/g protein) (Yoshie-Stark et al. 2008; Karaca et al. 2011).
The emulsion activity index (EAI) of the calcium-precipitated canola protein isolate
(81.9 m?/g) was significantly higher than that found with the isoelectric-precipi-
tated canola protein isolate (25.1 m?/g) (Aluko and MclIntosh 2001), and higher
EALI values for flax protein isolate were produced by micellization compared to
isoelectric-precipitated protein isolate (Krause et al. 2002).



Utilization of Oilseed Cakes for Human Nutrition and Health Benefits 213

Oilseed protein isolates have several functional properties of great importance
to the food industry, e.g. emulsifying, foaming, surface hydrophobicity and water-
holding activities that can modify the texture of a food system. Several studies had
evaluated the functional properties of the protein isolate isolated from oilseed cakes
(Table 3) and this is an important step in determining the optimal use of the pro-
tein extract. Hemp protein isolates have lower EAI, emulsion stability index and
water-holding capacity but have similar oil-holding capacity compared to soy pro-
tein isolate (Wang et al. 2008). However, hemp protein isolates have better protein
film-forming capacity compared to soy protein because the hemp protein isolate
interacts with glycerol leading to a protein film with high surface hydrophobicity
and tensile strength and low solubility (Tang et al. 2009c). The gingerbread plum
seed protein isolate exhibited high emulsifying capacity and water-holding capac-
ity, oil-binding capacity and bulk density than the commercial soy protein isolate
(Amza et al. 2011). Canola and flax protein isolates have higher emulsifying activ-
ity as they have slightly more effective interfacial tension reduction (~43.1 mN/m)
than whey protein isolate (~44.5 mN/m) (Karaca et al. 2011) but these (canola, flax
and whey proteins) have comparable creaming stability.

In terms of the nutrition of protein isolates from oilseed cakes, the amino acid
profiles are better or comparable to soy protein isolate (Tables 3 and 4) and can
have several advantages in the nutrition of infants and elderly diets. Gingerbread
plum seed protein isolate had higher levels of arginine, valine, tryptophan, glutamic
acid, cysteine, serine and proline than the soy protein isolate, thus offering a bet-
ter replacement in infant formula (Amza et al. 2011). The high calcium content of
gingerbread plum seed protein isolate enables its application as a natural source of
calcium supplementation for pregnant and lactating women, children and elderly
people. Palm kernel protein isolate have all essential amino acids, with the excep-
tion of lysine, at concentrations that met the suggested requirements of Food and
Agricultural Organization/World Health Organization (FAO/WHO) for 2-5 years
old infants. In fact, canola, hemp, flax protein isolates offer a favourable amino
acid profile to meet the amino acid requirements by FAO/WHO/United Nations
University (UNU) for both adults and children (Tang et al. 2006; Tan et al. 2011;
Teh et al. 2014) once fortified with lysine. Alkali extraction of hemp protein iso-
late, acid extraction of hemp, flax and canola protein isolates were found to have
higher concentration of methionine than soy protein isolate (Teh et al. 2014). Simi-
larly, higher sulphur-containing amino acid (methionine and cysteine) were found
in hemp protein isolates compared to soy protein isolate (Wang et al. 2008), which
can be advantageous for use in infant formula. Canola seed protein isolate is rich
in glutamic acid, aspartic acid, leucine and proline as well as contains consider-
able amounts of the essential amino acids phenylalanine, isoleucine and tryptophan
(Shahidi 1990). The pumpkin seed protein isolate was shown to be nutritionally
sound in vivo. Feeding pumpkin seed protein isolate to rats treated with carbon
tetrachloride (CCl,) and low protein reduced levels of LDH, alanine transaminase,
aspartate transaminase and alkaline phosphatase that are associated with protein
malnutrition (Nkosi et al. 2005).
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Bioactive Protein Hydrolysates from Bioconversion of
Oilseed Protein Isolates

The enzymatic hydrolysis is a more desirable method in modifying functional prop-
erties of plant protein compared to physical and chemical treatments due to required
milder process conditions, handy controlling reaction and minimal formation of
by-products (Mannheim and Cheryan 1992). Proteases such as pepsin, trypsin, al-
calase, flavourzyme as well as other proteases from bacteria, fungus, vegetables
and fruits can be used to hydrolyse oilseed protein isolates to produce bioactive
peptides. Enzymatic hydrolysis increases the protein solubility due to liberation of
smaller peptide from the breakage of peptide bonds. To date, enzymatic hydrolysis
has been used in modifying functional properties from oilseed protein isolates such
as hempseed (Tang et al. 2009b; Girgih et al. 2013), rapeseed (Marczak et al. 2006)
and pumpkin seed (Vastag et al. 2011) protein isolates.

ACE Inhibitory Activity of Protein Hydrolysates

There are several in vivo studies that used a rat model system in evaluating the
bioactive properties of oilseed protein hydrolysates (Table 4). Subtilisin-digested
canola seed protein hydrolysate was injected into the octadecylsilica (ODS) column
to obtain four bioactive peptides (IY, RIY, VW and VWIS) that possessed ACE in-
hibitory activity (Marczak et al. 2003). All the peptides lowered the blood pressure
of spontaneously hypertensive rats (SHR). Oral administration of fractions VW and
VWIS at the dosage of 25 uM/kg (7.5 mg/kg for VW and 12.5 mg/kg for VWIS)
to SHR exerted a significant hypotensive effect after 2 and 4 h of administration,
respectively (Marczak et al. 2003). Recent in vivo studies confirmed the blood-
pressure-lowering activity of canola protein hydrolysates (He et al. 2013; Alashi
et al. 2014b). Alcalase- and pepsin + pancreatin (PP)-digested canola protein hydro-
lysates decreased the systolic blood pressure by about 24 and 21 mmHg, respec-
tively, after 8 and 24 h of oral feeding to SHR (He et al. 2013). Pancreatin-digested
canola protein hydrolysate decreased the systolic blood pressure by 7.4, 7.7 and
15.1 mmHg after 2, 4 and 6 h of oral feeding, respectively (Alashi et al. 2014b).
Pepsin hydrolysates decreased the systolic blood pressure by 11.3 and 23.7 mmHg
after 2 and 4 h of oral feeding, respectively (Alashi et al. 2014b). Marczak et al
(2006) showed that the canola seed hydrolysate peptide arginine—isoleucine—tyro-
sine (RIY) decreased food intake and gastric emptying after oral administration
to rats at a dose of 150 mg/kg by stimulating cholecystokinin (CCK) release. The
authors proposed the application of this peptide in weight loss products.

Cationic fraction of flax protein isolate generated by alcalase hydrolysis
(Udenigwe and Aluko 2012) was found to decrease the systolic blood pressure in
SHR at a dose of 200 mg/kg body weight. The most recent studies showed that
the potassium chloride (KCI) recovery 50-kDa peptides (KCI-F1) and the cationic
peptide fraction of flax decreased the systolic blood pressure of SHR after 2-h oral
feeding with a maximum systolic blood pressure drop was after 4 h (27 mmHg)
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of administration (Doyen et al. 2014). The flaxseed bioactive peptide fraction was
obtained using enzymatic hydrolysis of flax protein isolate by trypsin followed by
pronase, and fractionated by electrodialysis with two ultrafiltration membranes (20
and 50 kDa) stacked in the system for the recovery of two specific cationic peptide
fractions (KCI-F1 and KCI-F2) by KCl solution (2 g/L), where KCI-F2 had lower
molecular weight peptides (20 kDa) than KCI-F1, 50 kDa (Doyen et al. 2014). Both
KCT fractions had high concentration of histidine, lysine and arginine. In addition,
the KCI-F2 flax peptide fraction possessed in vitro antidiabetic activity where it
increased glucose uptake in myoblasts that were derived from neonatal rat thigh
skeletal muscle (Doyen et al. 2014).

An ACE inhibitory assay was used to determine the in vitro blood-pressure-low-
ering activity of peptides. Basically, natural ACE inhibitor such as bioactive pep-
tides from plant proteins inhibits the ACE (EC 3.4.15.1) to the potent vasoconstric-
tor angiotensin II that inactivates the potent vasodilator bradykinin (Skeggs et al.
1956). Inhibitors compete with angiotensin I to bind the ACE active site, leading
to the function failure of ACE in converting angiotensin I to angiotensin II (Skeggs
et al. 1956). Direct inhibition of renin activity offers a better control of hyperten-
sion than ACE inhibition since it prevents the production of angiotensin I, which
could also be converted to a substantial amount of angiotensin II in some organs via
an ACE-independent pathway catalysed by chymase (Udenigwe and Aluko. 2012).
However, renin inhibition does not prevent ACE-catalysed bradykinin degradation
(Segall et al. 2007; Staessen et al. 2006). Hence, effective blood-pressure-lowering
bioactive peptides should exert pleiotropic effects in the inhibition of ACE and re-
nin activities in order to achieve a therapeutic effect.

Alcalase-hydrolysed pumpkin seed protein was found to have 71.05+7.5% ACE
inhibitory activity (IC,,=0.422 mg/ml; VaStag et al. 2011). Another study found that
a<1-kDa fraction of proteinase-K-hydrolysed canola protein hydrolysate had the
highest ACE inhibitory activity (86.94+1.14 %) while alcalase-hydrolysed canola
protein hydrolysate (1 mg/mL) had the highest (82 %) renin inhibitory activity (He
et al. 2013). The latest study reported that alcalase- and chymotrypsin-hydrolysed
canola protein hydrolysates had 90 and 88.8 % of ACE inhibitory activity, respec-
tively (Alashi et al. 2014b). The authors found that the < 1-kDa fraction of mem-
brane fractionation of trypsin-hydrolysed canola protein hydrolysate improved the
ACE inhibitory activity from the unfractionated trypsin hydrolysate. Furthermore,
pancreatin-hydrolysed canola protein hydrolysate had the highest renin inhibition
activity (63.2 %), in which the larger fraction (5-10 kDa) of pancreatin hydrolysate
exhibited higher renin inhibitory activity than the unfractionated pancreatin hydro-
lysate (Alashi et al. 2014b).

Antioxidant Activity of Protein Hydrolysates

Several in vitro studies were carried out to determine the antioxidative properties of
protein hydrolysates. As shown in Table 5, 2,2'-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS)"'radical scavenging activity (RSA), 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH)" scavenging assay, chelation of metal ions, ferric reducing
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antioxidant power (FRAP), hydroxyl radical scavenging, inhibition of linoleic acid
oxidation and Fe?**chelating ability were frequently used to determine the antioxidant
activity of extracts. These various assays have different modes of actions and provide
different information (Thaipong et al. 2006; Nenadis and Tsimidou 2010; Martysiak-
Zurowska and Wenta 2012). The antioxidant activity of canola protein hydrolysates
has been reported in several studies (He et al. 2013; Alashi et al. 2014a). According
to the previous study (He et al. 2013), the alcalase-hydrolysed fraction (<1 kDa) had
a higher oxygen radical absorbance capacity (ORAC) value (2493.71+£134.95 uM
TE/g protein) compared to other high molecular weight peptide fractions. Alashi
etal. (2014a) reported that pancreatin <1 kDa permeate fraction (EC,, 10.1 pg/mL)
had the highest ABTS  radical scavenging activity while alcalase and its derived
fractions had the highest DPPH radical scavenging activity (EC,, 0.5-0.9 pg/mL).
In addition, pepsin hydrolysate had 82 % inhibition of linoleic acid oxidation, while
the specific pepsin-digested (<1 kDa) fraction had the highest superoxide radical
scavenging activity (SRSA) value of 51.3% at a concentration of 1 mg/mL (Alashi
et al. 2014a). The authors found that alcalase-digested (< 1 kDa, and 1-3 kDa), chy-
motrypsin-digested (< 1 kDa) and pepsin-digested (3—5 kDa) fractions possessed the
highest ORAC values in the range of 20002200 uM TE/g.

It was reported that alcalase- and flavourzyme-hydrolysed pumpkin seed pro-
tein possessed high antioxidant activity (Vastag et al. 2011). Higher ABTS*'radical
scavenging activity and reducing power were found in alcalase-hydrolysed pump-
kin seed protein hydrolysate compared to flavourzyme hydrolysates. Alcalase-
hydrolysed buckwheat protein had 75 % of DPPH" inhibition (IC,, 0.56-0.94 mg/
mL), 0.77-1.24 units of the reducing power and inhibition of linoleic acid oxida-
tion activity at concentrations of 1.0, 5.0 and 1.2 mg/mL, respectively (Tang et al.
2009a). Protamex-digested hemp protein hydrolysate had the highest DPPH radical
scavenging activity (IC, 2.8 mg/mL) after 2 h of hydrolysis time, while neutrase-
digested hemp protein hydrolysate had the highest DPPH radical scavenging activ-
ity (IC,, 2.3 mg/mL) after 4-h hydrolysis time (Tang et al. 2009b). Trypsin- and
alcalase-digested hemp protein hydrolysates had the highest reducing power after
2-h hydrolysis time (Tang et al. 2009b). Neutrase-, protomex- and trypsin-hydro-
lysed hemp protein hydrolysates were found to have high Fe?" chelating ability
(IC,, 1.6-1.7 mg/mL) (Tang et al. 2009b). As shown above, different proteases
resulted in various degrees of antioxidant activities in different assays. Therefore,
the selection of protease and hydrolysis conditions can have detrimental effects on
the activity of the generated peptides.

Inhibition of Endothelial Isoform of Nitric Oxide Synthases

Nitric oxide (NO) is synthesized endogenously by the endothelial isoform of nitric
oxide synthases (eNOS). The compound is responsible for vascular smooth muscle
cell relaxation and vasodilation, regulation of blood pressure and inhibition of platelet
aggregation (Bryk and Wolff 1999; Omoni and Aluko 2006). Underproduction
of endothelial NO, or an impairment of eNOS activity, is implicated in the
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pathophysiology of vascular diseases (Albrecht et al. 2003; Omoni and Aluko
2006).The activity of eNOS is an important factor in the production of tumour ne-
crosis factor-a (TNFa) by human monocytes/macrophages; therefore, eNOS may
be regarded as a pro-inflammatory parameter (Miihl and Pfeilschifter 2003). Thus,
inhibition of eNOS activity could provide beneficial therapeutic effects in such dis-
ease conditions. Cationic fractions of flax protein hydrolysate (fractions I and II)
have been reported to reduce the activity of calmodulin-dependent eNOS, in which
fraction II had ten times the efficiency of eNOS-inhibiting activity compared to
fraction I (Omoni and Aluko 2006).

Antinutritive Compounds of Oilseed Cakes

Oilseed cakes contain antinutrients that hinder their application in animal feeds and
human nutrition. Examples of antinutrients that can be present in oilseed cakes are
summarized in table 6. Canola seed cakes contain glucosinolates, phytic acid, tan-
nic acid and protease inhibitors that can interfere with mineral absorption and lead
to failure of internal organs (Mansour et al. 1993). In addition, some antinutrients,
such as tannins and other phenolics, are able to bind with protein, which inhibits
protein adsorption and causes amino acid imbalance, thus leading to growth impair-
ment (Francis et al. 2001). The major antinutrient in flaxseed cake is cyanogenic
glycosides which form hydrogen cyanide during digestion in the gastrointestinal
tract. About 50-60 mg of inorganic cyanide is documented to cause acute toxicity in
an adult (Roseling 1994). However, one to two tablespoons of flaxseed that contain
approximately 5-10 mg of hydrogen is not a lethal dosage to humans. Neverthe-
less, the human body can detoxify hydrogen cyanide of 30-100 mg/day (Roseling
1994). Flaxseed cakes also contain linatine, a compound that causes pyridoxine
deficiency (vitamin B6 deficiency) in fowls. However, linatine in flaxseed does not
affect pyridoxide utilization in the human body up to a dosage of 45 g/day (Dieken
1992). Other antinutrients found in flaxseed cake and in almost every oilseed and
legume are phytic acid and trypsin inhibitors that cause interference of mineral and
protein utilization (Table 6).

Saponins are a heterogeneous group of natural foam-producing trierpene or
steroidal glycosides that present in oilseed cakes such as sunflower, mucuna and
Sesbania aculeate seed cakes (Akande et al. 2010; Siddhuraju and Becker 2001;
Hossain et al. 2001). Saponins cause erythrocyte haemolysis and interference of
dietary lipids, cholesterol, bile acids and lipid-soluble vitamins (Akande et al. 2010;
Jenkins and Atwal 1994). Lectins (also known as phytohaemagglutinins) are gly-
coproteins that occur in certain oilseed cakes such as S. aculeate and x’pelon (Vi-
gna unguiculata L) seed cakes. Lectins bind to sugars, carbohydrates, carbohydrate
membrane receptors and intestinal mucosa, which lead to indigestion and epithelial
lesions within the intestine (Akande et al. 2010; Almeida et al. 1991; Santiago et al.
1993; Oliveira et al. 1989).
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Table 6 Antinutrients of oilseed cakes
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Oilseed cakes

Antinutrients

References

Canola seed cake

Protease inhibitors, glucosinolates,
phytic acid, tannic acid

Francis et al. (2001)

Sunflower seed cake

Protein inhibitors, saponins, argi-
nase inhibitor, chlorogenic acid

Akande et al. (2010); Fran-
cis et al. (2001)

Flaxseed seed cake Cyanogenic glycosides, linatine, Ganorka and Jain (2013)
trypsin inhibitor and phytic acid

Mucuna seed cake (Mucu- | Tannins, phytates, saponins, Siddhuraju and Becker

napruriens var. utilis) 3,4-dihydroxyphenylalanine (2001)

(-DOPA), chymotrypsin inhibitor,
trypsin inhibitor,

Sesbania aculeata seed
cake

Tannins, phytates, saponins, trypsin
inhibitors, lectins

Hossain et al. (2001)

X’pelon (Vigna unguicu-
lata) seed cake

Phytic acid, trypsin inhibitors,
lectins

Lara-Flores et al. (2007)

Hempseed cake

Phytic acid, trypsin inhibitors,

Russo and Reggiani (2013)

cyanogenic glycosides, tannins,
saponins

Removal of Antinutrients from Oilseed Cakes

Several antinutritive compounds such as protease and trypsin inhibitors, cyanogenic
glycosides, glucosinolates, phytates and lectin can be effectively removed by heat
treatments (Francis et al. 2001). A heat treatment was carried out for 1.5 h in an auto-
clave-reduced glucosinolates, phytic acid and tannic acid in raw canola seed cake by
93.56, 42.51 and 66.66% (Mansour et al. 1993). However, heat-stable antinutritive
compounds such as saponins, tannins, non-starch polysaccharides, protein antigens
and phytoestrogen can only be removed by solvent extraction and fermentation by
lactic acid bacteria. Mechanical dehulling prior to oil extraction may be useful to
decrease the majority of saponins and tannins since they are mostly located in the
outer layer of oilseeds (Drew et al. 2007). It is recommended to wash or soak the
oilseeds in water to solubilize several antinutrients such as saponins and tannins from
the outer layer of the oilseeds before the extraction of oil. Washing oilseed can lead
to significant reduction in antinutrients in oilseeds cakes as shown in quinoa (Che-
nopodium quinoa Willd.) cake fed to broiler chickens (Improta and Kellems 2001).
Extraction of protein isolates from oilseed cakes have proved to be useful in eliminat-
ing antinutrients (Mansour et al. 1993). Generally, fractionations of protein isolate
from oilseed cakes are extracted by NaOH treatment (pH 9—12) and the solubilized
protein is precipitated according to the isoelectric point of a particular protein by
adjusting the pH using an acid. High pH is able to remove antinutrients from oilseed
cakes. As shown by many researchers, isolation of canola protein isolates from canola
seed cake by alkali extraction reduced glucosinolates and phytates by 95 and 92 %
respectively, while tannins and trypsin inhibitor were totally eliminated in canola pro-
tein isolates (Bin et al. 1990; Mansour et al. 1993). The suggested a process flow chart
of eliminating antinutrients while processing value-added products is shown in Fig. 1.
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Oilseeds

l

Washing / soaking with water

Dehulling

Heat treatments such as steaming,
boiling or autoclaving

v

K Raw oilseed cakes
Cold-pressing

Defatted oilseed cakes

5 Soxhlet extraction by hexane/ >
Cold-pressed oils defatting process l
l Solvent extraction by organic polar
- - solvents with the emerging
Solvent extraction oils technologies such as ultrasonic,

supercritical fluid extraction,
microwave and pulsed electric

field
Remaining solid residues of
defatted oilseed cakes i
l | Bioactive polyphenols |

Hydrolysis with alkali aqueous
solution at pH 9 -12

l

< Precipitation at isoelectric point

Liquid
Precipitation with i
trichloroacetic acid, followed

by centrifugation

|

Precipitation with ethanol
Protein isolates

| Neutralization, dialysis, lyophilization |

Polysaccharides

Fig. 1 Processing of value-added products from oilseed cakes

| Dialysis, Lyophilization |
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Conclusion and Future Perspective

In conclusion, oilseed cakes are by-products of the oil extraction that have little
commercial value. The value of oilseed cakes can be increased by their applica-
tion in human nutrition and health purpose. Polyphenols can be extracted from the
oilseed cakes as functional food products. Further studies need to be carried out to
identify the major bioactive compounds from the oilseed cakes. Technologies of
polyphenol extraction from the seed cakes and also the optimum processing condi-
tions need to be studied. Oilseed protein isolate need to be introduced in the human
diet in order to expand new market for the protein isolate, since the oilseed protein
isolates reviewed here have good comparable amino acid content and functional
characteristics to soy protein isolates. For bioactive peptides that are generated by
the enzymatic hydrolysis of protein isolate, they could be added in food products
such as milk powder, cheese and fruit juice for bioactive value addition. In addition,
these bioactive protein isolates could be purified and isolated in order to produce
functional peptides in pharmaceutical industry. Further studies such as in vivo and
animal studies need to be carried out to ensure the efficiency of bioactive peptides
in human health.
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Bamboo Biomass: Various Studies and Potential
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Abstract Bamboo being an industrial crop belongs to the family Gramineae, sub-
family Bambusiodeae, and grows naturally in many countries including Malaysia.
The cultivation of bamboo for commercial purposes in Malaysia is rather limited
due to problems in acquiring suitable land for planting, although it has been widely
recognized for excellent production of fiber biomass globally. It produces long
fibers derived from outer fibrous bark, and has great potential in the biocomposite
industries. In other countries like China and Japan, the plantation of bamboo is
common and utilized for many purposes including the production of fiber. Usu-
ally, the extraction of fiber from bamboo is done in 3—4-year-old bamboo plan-
tations. Fiber is produced through alkaline hydrolysis and multiphase bleaching
processes of bamboo stems and leaves followed by chemical treatments of starchy
pulp generated during the process. Bamboo fiber has micro-gaps, which makes it
softer than cotton and increases its capability to absorb moisture. Other interest-
ing properties of bamboo fiber are highly elastic, bacteriostatic, antifungal, anti-
bacterial, hypoallergenic, hydroscopic, natural deodorizer, resistant to ultraviolet
light, and biodegradable which render the bamboo fiber products environmentally
friendly. Furthermore, it is highly durable, stable, and tough and has substantial ten-
sile strength. Due to its versatile properties, bamboo fibers are used mainly in textile
industry for making garments, bathrobes, and towels. The plants possess a wider
range of adaptation to diverse climatic and soil conditions, and due to its rich cellu-
lose content compared to other plants it has been widely utilized for the production
of many products. Thus, it is important to gather and document useful information
of its properties and a wide range of products it produces.
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Introduction

Bamboo is a fast-growing fibrous plant on the earth, particularly abundant in tropi-
cal and subtropical regions. More than 75 genera and 1200 species of bamboo are
known globally (Yuming et al. 2004). Bamboo has associated a very long history
with the humankind. It has been traditionally used for multitude of household prod-
ucts and recently extended to many industrial applications due to advances in pro-
cessing technology and increased acceptance of the product quality in the market. In
Malaysia, bamboo has been recognized as the second important non-timber forest
product (Azmy and Norini 1990) and has the potential to offer itself as an alterna-
tive raw material for timber in producing high-value-added products. In realizing
the importance of bamboo, there was an attempt to plant bamboo species on a com-
mercial scale by the industry but the initial attempt was shelved due to diversion in
the interest of the company to invest in oil palm plantation that gives better internal
rate of return. In order to outcompete with oil palm plantations in Malaysia, bamboo
needs to capture unique higher-value-added products accepted by the market that
will justify the involvement of the private sectors in bamboo plantation. A recent
study also indicated that bamboo mat is suitable as a foundation for rubble-mound
breakwater on muddy areas along coastal arecas (Kamali and Hashim 2010).

Bamboo, being one of the fastest growing plants, needs only 3—4 years to mature
before it is ready for harvesting and utilization. This makes bamboo the best pos-
sible alternative to replace timber in the future. As a result, bamboo has been the fo-
cus of research in recent years. Research covers all aspects of ecology, silviculture,
propagation, processing, properties, and utilization of both planted and naturally
grown bamboo. In recent years the study on these aspects, particularly on properties
and utilization of bamboo for composite products, intensified (Wang et al. 2008; Li
et al. 2014; Lo et al. 2008; Montti et al. 2011). However, the study on cultivated
bamboo stands in Malaysia has so far been confined mostly to silviculture and fer-
tilizer application to enhance growth (Azmy et al. 2007, 2004), information on the
morphology, characteristics, and physical, mechanical, and chemical properties of
different age groups of cultivated bamboo in Malaysia is rather limited. Similarly,
the molecular biology of growth characteristics as well as the formation of thick
lumen in rapidly growing culms is altogether missing.

The anatomy and physical properties of bamboo culms have been known to
have significant effects on their durability and strength (Abd. Latif and Mohd
Tamizi 1992; Liese 1985; Razak 1998). Studies on the morphological and anatomi-
cal characteristics of managed natural bamboo stands Gigantochloa scortechinii
conducted by Razak et al. (2007) support this statement. Information generated on
these properties can be used to determine the possible products that can be derived
from naturally grown bamboo stands ranging from traditional household products
to high-value-added products such as panels, parquets, furniture, and construction
materials. The economy of scale of high-value-added products demands a greater
volume to be introduced into the market, and this in turn will put a lot of pressure on
greater consumption of raw material. A continuous supply of high quantity of raw
material from the natural bamboo stand is highly questionable to meet the demand
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from the industry due to the nature of the distribution of natural bamboo clumps
which are highly dispersed and difficult to manage. The solution to the problem is
through bamboo cultivation but there are issues associated with bamboo cultivation
that need to be seriously considered before embarking on a large-scale bamboo
plantation within the country. The possible choice of local bamboo species to be
introduced as a plantation for fiber biomass is unlimited but is controlled by site
suitability.

Taxonomy and Distribution

Bamboo belongs to the tribe Bambuseae, subfamily Bambusoideae of the family
Gramineae (Dransfield 1992; Mohamad 2000; Wong 1995), reaching up to ~1000
species (Dass et al. 2008; Gui et al. 2007; Ohrnberger 1999).

Bamboos are well distributed worldwide except in Europe and Antarctica. Bam-
boo is found to be most abundant in tropical and subtropical regions (Gui et al.
2007) which fall within eastern and southern Asia and south and central America
(Ohrnberger 1999). In terms of altitude, the range varies between species; Bam-
buseae was reported to reach up to 4500 m above sea level (Ohrnberger 1999).

Out of 75 genera of bamboo worldwide, 12 can be found in Malaysia such as
Bambusa, Chusquea, Dendrocalamus, Dinochloa, Gigantochloa, Melocanna, Phyl-
lostachys, Racemobambos, Schizostachyum, Sphaerobambos, Thyrsostachys, and
Yushania where all genera except Sphaerobambos are distributed in Peninsular Ma-
laysia while Bambusa, Dendrocalamus, Dinochloa, Gigantochloa, Racemobambos,
Schizostachyum, Sphaerobambos, and Thyrsostachys can be found in Sabah (Abd.-
Razak and Abd.-Latif 1995; Dransfield 1992).

Ecological Studies

Irrespective of the size of the gaps created, bamboo plants are an opportunist to
successfully establish in forest gaps that will outcompete the growth of other suc-
cessional species. Studies have shown that the diversity and species richness of
other light-demanding pioneer species were reduced in forest areas where bamboo
is dominant (Larpkern et al. 2011; Tabarelli and Mantovani 2000). In bamboo-dom-
inant areas, soil moisture was significantly reduced and this probably represents the
most critical factor compared to other growth conditions that eliminate other woody
plants to compete with (Grimson and Ashton 2003). Therefore, controlling the dis-
tribution of bamboo in disturbed areas posed great challenges to forest restoration.
Martins et al. (2004) reported a successful establishment of shrub and tree species of
different successional groups in areas where bamboo died. However, in agroforestry
projects conducted in Thailand, the biogeochemical role of bamboo was highlighted
where soil productivity was proven to be higher in areas intercropped with bamboo
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plants (Christanty et al.1996,1997). The study observed that dead bamboo fine roots
contributed to greater biomass of litter near to the soil surface. Similar results could
be interpreted in natural forest where greater biomass of bamboo fine roots helped
to improve productivity of degraded soils where Chandrashekara (1996) demon-
strated that in certain type of bamboo-rich soils the accumulation of potassium in-
creased. In national carbon accounting, bamboo stands proved to be excellent in
providing greater carbon stock resulting in a change of government strategy to have
more areas to be covered with bamboo (Chen et al. 2009). Flowering and fruiting
of bamboo are rare, and mast flowering and fruiting was never reported. Mast flow-
ering and fruiting of bamboo is mostly restricted to semelparous species that will
die once they produce flowers (Keeley and Bond 1999). Efforts have been made to
investigate on an experimental basis the ecological requirements of planted bamboo
and the best growth was found on sandy clay loam with the application of organic
fertilizer (Othman 2001).

Molecular Studies

Bamboo has a basic chromosome number, which is x=12. It consists of two poly-
ploids, which are tetraploid (4x=48) and hexaploid (=6x="72). Usually, tetraploid
can be found in monopodial bamboo, whereas hexaploid can be found in caespitose
bamboo (Gui et al. 2007). Moso bamboo has a genome size bigger than the rice
genome, yet it is similar to maize. Nevertheless, rice and maize contains a very rich
repeat elements than moso bamboo. Mostly repeat elements in moso bamboo are
Gypsy/DIRS1 and Ty1/Copia LTR retrotransposons while only a few DNA transpo-
sons are reported. The bamboo genome size is considered to be 2.45-5.30 pg (Gui
et al. 2007).

The largest genomic sequences of tetraploid moso bamboo ( Phyllostachys pube-
scens) for subfamily Bambusoideae is sequenced from 13 bacterial artificial chro-
mosome (BAC) clones and are recorded for 1.2 Mb. Repetitive elements between
bamboo and rice are quite different, where the bamboo genome contains lower DNA
transposons than rice. The results also showed that, during evolution, the rice lin-
eage had seemed to increase in the contents of the CACTA superfamily and minia-
ture inverted-repeat transposable elements (MITEs) of DNA transposons compared
to bamboo. Though high genomic synteny has been recorded between bamboo and
rice/sorghum, the comparison of the two bamboo-rice-sorghum syntenic regions
demonstrated that some Moso bamboo genes seemed to have been lost or moved
to other genomic regions after the divergence of bamboo from other members.
(Gui et al. 2010). As we know, many crops such as maize, wheat, Chinese sorghum,
sugarcane, and rice have nitrogen fixation characteristics which help in enhanc-
ing the production of these crops (Xiaoli and Xiaoping 2001). The application of
chemical fertilizers in order to maintain fertility and productivity of the soil may
lead to environmental problems if the amount applied is excessive and leaching is
certainly unavoidable under high intensity of rainfall. Therefore, biological nitrogen
fixation is the best option to improve crop production, and Xiaoli and Xiaoping
(2001) had determined root nitrogenase activity in several bamboo species in China.



Bamboo Biomass 235

They identified azotobacteria involved in nitrogen fixation activity from rhizophere
and four strains of bacteria which had a very high nitrogenase activity were selected
and applied to Ph. pubescens. This study showed that by innoculating aztobacteria
the growth of lateral root and root hairs increased. The finding confirmed an earlier
observation made by Ravikumar et al. (1997) that bamboo seedlings infected with
vesicular-arbuscular mycorrhizae (VAM) have a significant increase in growth rate
and biomass productivity.

Different expressed proteins in different development stages were studied to un-
derstand the molecular processes at the genome level underlying the rapid internode
elongation of moso bamboo, and the molecular data basis underlying the phenom-
enon of sequentially elongated internodes for the base to the top was identified
(Phyllostachys heterocycla cv. pubescens). Due to this, several key pathways which
are involved in rapid growth of bamboo culms like environmental adaptation, signal
transduction, translation, transport, and many other metabolic activities, and gene
ontology (GO) terms such as hormone-mediated signaling, cell growth, division
and differentiation, primary shoot apical meristem specification, xylem and phloem
pattern formation, protein modification, response to stimuli, metabolic process, and
biological regulation were also recognized (He et al. 2013)

He et al. (2013) also stated that the different portions of the same plant may be
at different stages resulting from the sequential basal-apical elongation of the culm
internodes. For example, GIM, G2M, and G3T involved in the initial or ascend-
ing stages, and G3M, G4M, and G3B involved in the boosting or descendent stag-
es. Temporal or static omics data, including transcriptome, post-transcriptome and
translatome/proteome, played an even bigger part in molecular mechanism study of
dynamic bamboo’ culm development. By integrating such data with their positive/
negative correlation analysis data sets, He et al., (2013) obtained the complete set
of gene/protein or miRNA that are activated, their dynamics and interactions, the
role that different gene/protein or miRNA have in the process and the differences in
processes within and between different growth stages. At last the core genes focused
on 64 genes and their correlative 55 miRNAs and 15 proteins were obtained, the GO
and pathway analysis revealed that genes involved in response to stimulus, cell cycle,
cellular component, regulation of plant hormone levels, many metabolism and signal
transduction played major roles in persistently elongating culms of P. heterocycla.

The study also mentioned dynamic changes of unimodal-type endogenous hor-
mone concentration while cell nuclei gradually declined and parenchyma and fiber
cells gradually elongated during bamboo culm development. Detection of 17 unige-
nes during the fast-growing stage of bamboo promotes response to stimulus indicat-
ing the important role of environmental cues in its rapid growth like carbohydrate,
cytokinin, auxin or ABA stimulus, cold, blue light, cadmium ion, and gravitropism
(He et al. 2013).

Four major endogenous hormones such as indole-3-acetic acid (IAA), gibberel-
lic acid (GA,), zeatin riboside (ZR), and abscisic acid (ABA) were identified in the
cell elongation phase in moso bamboo. The genes involved in the auxin efflux and
ABA-mediated signaling pathway, ethylene biosynthetic process, and response to
cytokinin stimulus that indicates environment cues might stimulate cell division,
growth or death through controlling hormone transport of influencing the expression
of hormone response factors. Moreover, glycan biosynthesis and metabolism, the
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metabolisms of carbohydrates, lipids, amino acids, nucleotides, energy, and biosyn-
thesis of secondary metabolites are the major metabolic processes in the developing
moso bamboo culm which provide supply energy and components especially for
the rapid culm elongation under conditions of light deficiency for DNA replication,
signal transduction, cellular growth, hormone biosynthesis, cellulose, and lignin
biosynthesis (He et al. 2013).

At the late stage of culm development, there is a reduction of nuclei in the cell
while the length of parenchyma and fiber cells increased continuously which gave
a sign of cell elongation and division. Occurrence of lignification of fiber cells has
also been recorded after seventh development. Simultaneous activity of cell divi-
sion and cell elongation affects the internode elongation and the result in the former
was predominant in initial stages whereas the latter was predominant in late stages.
Therefore, development from basal internode to top internode showed sequential
development throughout the growth period (Cui et al. 2012). Internode elongation
in moso bamboo occur when cell division starts to perform and initiate cell length to
elongate and decrease the numbers of cell nuclei. Thus, cell division and elongation
are correlated with internode elongation (He et al. 2013).

Endogenous growth-promoting hormones such as IAA, GA,, ZR, and ABA
show strong influence in cell elongation of basal, middle, and top internode of moso
bamboo (P, heterocycla), in which ABA act as an inhibitory factor while the rest act
as growth-promoting factors for plant development. The protein concentration was
increased from basal to top internode and in the early stage. Data show relatively
less dependence of protein expression on the location of the internode on the culm
and varied more in response to the developmental stage (Cui et al. 2012).

Gel-based two-dimensional (2D) electrophoretic studies are also known in moso
bamboo in order to understand its fast growth. Based on 213 proteins were analyzed
using matrix-assisted laser desorption/ionization-time of flight-mass spectrometry
(MALDI-TOF-MS) and subsequent bioinformatic softwares, almost half of these
belonged to the metabolism category and energy category. Energy was generat-
ed from the regulation of anaerobic and aerobic modes of respiration, and in poor
photosynthesis activity conditions energy was generated from sucrose degradation.
Of the 213 proteins, nine were internode-specific differential proteins that can be
found in different developing internodes in the same development stages while 175
proteins were stage-specific proteins which can be found among the different de-
velopmental stages in the same internode and the rest were internode- and stage-
dependent proteins which can be found at both among different developmental in-
ternodes and among different developmental stages. All of these proteins help in the
developmental variations but a majority of variations came from the stage-specific
differences in proteins. A higher proportion of internode and stage-dependent pro-
teins has been identified to be involved in metabolism, energy, and transcription
when compared to stage-specific proteins (Cui et al. 2012).

Proteins that function as internode- and stage-dependent proteins were abundant
in the basal internode. The protein involved in lipid biosynthesis was abundant in
the basal internode. Therefore, Cui et al. (2012) suggested that it is related to the for-
mation of epidermis cutin. In addition, these 29 proteins that acted as internode- and
stage-dependent proteins were found to be related to polysaccharide biosynthesis,
fiber biosynthesis, sucrose degradation, tricarboxylic acid (TCA) cycle, glycolysis,
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and antioxidant enzyme. Five type of proteins were distinguished based on dynamic
changes in protein expressed at each internode in different stages, namely gradual
increase (U-type), gradual decrease (D-type), transitional increase (A-type), transi-
tional decrease (B-type), and bimodal structure (C-type).

Based on the study by Peng et al. (2013) from different heights of moso bam-
boo (Phyllostachys edulis) by transcriptome sequencing analysis of mixed RNA,
a large number of candidate genes involved in transcript factors, plant hormones,
cell cycle regulation, and cell wall metabolism were identified. More than 81% of
genes which consist of unique and nonunique positions were distinguished from
10,689 differentially expressed genes. The genes of zinc finger protein family, the
WD-repeat-containing protein family, and the MADSbox family also can be found
in moso bamboo. In addition, when the plant faces environmental stress, the MYB
family, the WRKY family, the TGA family, and NAC family will respond to plant
hormones especially ABA. Nevertheless, Peng et al. (2013) also stated that the ARF
family may also play a different role during the fast growth of shoots due to expres-
sion changes of this gene.

The large quantity of gene numbers and high expression levels promoted the com-
mon ground between cell wall expansion factors and enzyme involved like expan-
sin (EXP) and xyloglucan endotransglucosylase/hyrolase (XTH). The same traits
were possessed by genes that allied with plant hormones, which indicated that most
of these genes may have reactions with each other resulting in the fast growth of
shoots. Also, an aquaporin PIP gene may play an important role in the fast growth
of shoot via that regulated by auxin and gibberellin. Candidate genes identified were
potentially involved in the growth and development of moso bamboo, thus offering
functional gene resources for improving bamboo growth (Peng et al. 2013).

Application of Bamboo Biomass

Traditionally, bamboo has many uses and is mostly confined to household items,
but with the advance in processing technologies and better understanding of ana-
tomical properties of bamboo fiber, the prospect of utilizing bamboo fiber as higher-
value-added products is greater.

Food and Feedstock

In some species, fresh bamboo shoots are commonly used as foods due to the high
concentration of fiber and proteins. Bamboo shoots and fibers are very popular as
Asian stir-fry delicacies and as pickled condiment. The most important genus for
production of edible shoots is Phyllostachys. Bamboo-fiber-derived food products
include bamboo tea, bamboo wine, bamboo vinegar, and charcoal-coated dry fruits
(Diver 2001). Bamboo fibers are also used for food packaging material like cello-
phane. The nutritive value of bamboo such as the total carbohydrate content of bam-
boo leaves decreases throughout the growing season, and remains stable for some
time but decreases during winter. Unlike carbohydrates, crude protein content is high
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in growing season and decreases in winter season. The bamboo has potential as win-
ter forage for goats and some other livestock. Halvorson et al. (2011) reported that
bamboo also reduces the exposure of livestock animals to gastrointestinal parasites.

Production of Biofuel

The use of bamboo feedstock for biofuel production is of huge potential because
a high level of biomass can be harvested from bamboo plants. Bamboo either as a
natural stand or as a plantation can easily be managed, and the issue of sustainable
supply of raw material is not a major issue for bamboo. However, the process of
converting a bamboo biomass to a liquid energy source can be fairly difficult since
the plant is hardy and processing requires necessary pretreatments (Littlewood et
al.2013). A standard procedure has been established to produce liquid energy from
bamboo but refinement is necessary to improve efficiency. China and Japan are the
two leading countries that developed cutting-edge technologies in producing etha-
nol from bamboo. It is suggested that Malaysia should join the bandwagon to be
actively involved in bamboo biofuel research since Malaysia has abundant bamboo
resource that can be tapped and processed for biofuel production.

Bamboo is observed to be more productive compared to many other biofuel
plants. Bamboo is suitable for fuel production because it has a low alkali index and
ash content. Moreover, it has a lower heating value than many of the woody bio-
mass feedstocks. Further research is required on bamboo fibers for commercializa-
tion of biofuel (Scurlock et al. 2000).

Building Material

Bamboo is one of the oldest and most flexible constructing materials used. Bamboo
has certain qualities which make it suitable for construction purposes. These quali-
ties include its hardness and lightweight. It does not require processing or finishing
but remain strong and even resistant to withstand earthquakes (Jayanetti and Follet
1998). Bamboo fibers are used in concrete reinforcement, (Diver 2001) and re-
garded as an excellent alternative to steel in concrete due to its high tensile strength,
tensile modulus, hardness, and other mechanical properties (Youngsi 2007). Gha-
vami (2005) performed some studies on microstructure of bamboo and revealed that
bamboo is a functionally gradient material that makes it suitable for the formation
of reinforced concrete composites, used in the construction of strong buildings.

Musical Instruments

Grass bamboo can be used in the preparation of musical instruments like wind,
string, and percussion instruments. Bamboo is ideally suited for the manufacture
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of xylophone bars and chimes, flutes and organs, violins and zithers, and violin
bows. Bamboo plates can be used for forming the body and neck of acoustic gui-
tar as it is easily available and is economically viable to produce (Wegst 2008).
Bamboo used for musical instruments should be harvested at 3—5 years of age
for high strength and durability (Diver 2001). Bamboo is immutable, and this
structure is best suited for the production of musical instruments like flute (Grame
1962). Bamboo culms are also used for the production of wind chimes (Perdue
1958).

Paper and Pharmaceutical Industries

The shape, chemical composition, and structure of bamboo are very suitable for
pulping. Pulping performance and pulp strength makes bamboo fibers one of the
most suitable materials for paper production. In the paper industry, bamboo fiber
pulp can be used in the production of newsprint, bond paper, toilet tissue, cardboard,
cement sacks, and coffee filters (Vena et al. 2010). The paper produced from bam-
boo has certain advantages, which include less pressure for wood, less pollution,
and being environmentally friendly (Kefu 2002).

Bamboo fibers have an excellent characteristic of inhibiting bacterial growth,
absorbing peculiar smells, and high hygroscopicity. Due to these characteristics,
bamboo fibers are used as nonwoven medical and hygienic materials (Yi 2004). Fla-
vones can be extracted from bamboo leaf fibers by leaching method. These flavones
are used in the preparation of many drugs (Gang et al. 2000). Consuming bamboo
fiber reduces the rate of intestinal infections by pathogens, and a bamboo drug for
gastrointestinal infections has been produced (Anping 2005). Moreover, bamboo
fibers can also be used for the production of sanitary towels, gauze, bandages, ab-
sorbent pads, surgical wear, doctors’ coats, and medical masks. Bamboo fibers have
a gentle makeup, and due to this reason only a few people are allergic to bamboo
fibers; this property plays a role in the production of masks which are light, durable,
and inexpensive.

Textile Engineering

Bamboo has a great potential to be used in the textile industry. Natural fibers from
bamboo have some of the excellent properties, which make it a very potent material
to be used in the textile industry (Yueping et al.2010). Refined bamboo fibers with
low noncellulosic content can be used in textiles (Liu et al. 2011). Bamboo fiber
luster is closer to that of silk. It can be used for knitting and weaving purposes (Yi
2004). A study on bamboo fibers revealed that its chemical composition represents
the fiber which has high cellulose content but low lignin content. The structural
properties of bamboo are different from those of other plants used in textile produc-
tion. They are used for the production of socks, underwear, T-shirts, bathing suits,
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bathing suit cover-ups, towels, sleepwear, face masks, sanitary napkins, bedsheets,
pillows, baby diapers, bulletproof vests, table cloth, blinds, and mattresses. Bam-
boo fibers have excellent characteristics for spinning and weaving (Hengshu 2004).
Dyeability of bamboo can be enhanced by plasma treatment. The longer the treat-
ment time, the higher will be its roughness and dyeability, which leads to greater
potential for textile and other related products.

Cosmetic Industry

The bamboo has the potential to be used in cosmetic industry (Liese 1992). Bamboo
fibers are widely used in cosmetic industry where cosmetic products for acne treat-
ment are produced. Recently bamboo has become an ingredient of choice for many
cosmetic companies including L’Oreal and Sally Hansen.

Sports Industry

In the sports industry, bamboo fibers can be used as reinforced composite materials
in the production of sports goods like polo balls, baseballs, etc. In terms of durabil-
ity and high strength, sport items made from bamboo fiber composites are strongly
considered suitable materials (Subic et al. 2009).

Conclusion and Future Prospects

Research and investigation on the use of bamboo fiber for the production of many
products are constrained by the availability of the fiber. The present techniques of
extracting bamboo fiber often resulted in low fiber yield and quality. Improvements
in extraction techniques of bamboo fiber need further study. Bamboo fiber is potent
for many applications including the production of high-value-added products from
inexpensive source of raw materials. The flexibility of bamboo properties to meet
the requirement of many products is an added advantage, and an integrated research
program on bamboo properties and utilization of local bamboo species in Malaysia
has to be properly developed to meet the demand and challenges from other coun-
tries, especially China and Japan. These are the two countries where the research
on bamboo utilization has very much advanced. It is important that research and
development of bamboo utilization in Malaysia focus on niche products like the
use of bamboo fiber as a composite material in manufacturing certain automobile
and aircraft components. Since the use of bamboo fiber in these high-end industries
are still lacking, Malaysia through a strong research and development program and
funding should take the lead in pioneering the production of bamboo composite
fiber in these two high-end industries where the market is less competitive.
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Mesoporous Silica Powder for Dental
Restoration Composites from Rice Husk:
A Green Sol-Gel Synthesis

Rayees Ahmad Shiekh and Visweswara Rao Pasupuleti

Abstract Morphologically organized non-crystalline silica powder was synthe-
sized from rice husk by a green sol-gel route. Amorphous sphere-shaped silica
powder with a surface area of ~370 m? g”!, particle size in the range of 70-250 nm
and pore size of ~8 nm was synthesized using sodium silicate extracted from rice
husk at most favourable conditions and adding up of phosphoric acid. The degree
of accumulation of the mesoporous particles was extremely reliant on sodium sili-
cate predecessor concentration, solvent and pH. For the characterization of silica
powder, various techniques were used such as X-ray diffraction (XRD), energy-dis-
persive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR)
and N, adsorption/desorption, and the morphology of the mesoporous powder was
characterized via scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The synthesis method adopted was kept green and ecofriendly.
The end product silica is a favourable choice in dental composite production.

Keywords Sol—gel technique - Mesoporous silica - Characterization - Rice husk

Introduction

Development in nanotechnology leads to synthesis of nanosilica through sol—gel
technique which has been broadly useful in the current development research world
(Sun et al. 2005). Stober synthesis (Stober et al. 1968) uses ammonia-catalyzed
reactions oftetracthylorthosilicate (TEOS) with water; to produce silica nanopar-
ticles with various characteristics, alcohol has been used. Making possible the reac-
tion conditions (Park et al. 2002), adding up of ionic additives (Kim et al. 2004)
and micro-emulsion ways (Kust et al. 2000) are the current challenges used by the
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researchers to condense the size of silica using the Stober synthesis as a platform.
Distribution and accumulation of silica nanopowder are two significant issues that
govern functional viewpoint in the synthesis of improved nanocomposites (Sun
et al. 2005; Boyle et al. 2005). Manufacturing of highly diffused nanoparticles (par-
ticles below 10 nm) with small accumulation level in precipitate form is still a chal-
lenge as the powder is extremely responsive to the processing environments (Kwon
and Messing 1997). The synthesis of silica nanopowder and the amount of accumu-
lation will effectively increase the thickness of the medium matrix, which hints to
complexation in providing the medium matrix (Sun et al. 2005). Apart from this,
accumulations also condense the silica filling, subsequently in condensed thermo
mechanical assets (Shenoy 1999).

Current research on the preparation of mesoporous silica by sol—gel method has
expressively improved the progress of silica nanopowder. Dissimilar particle size
and structures of silica particles are formed through the sol-gel method by con-
trolled conditions like amount of water, pH, concentration of alkoxide, aging time
and solvent (Bailey and Mecartney 1992; Park et al. 2002; Green et al. 2003; Kim
et al. 2005). Nevertheless, the synthetic way is time utilizing, expensive and has
highly poisonous contact from silicon alkoxide predecessors.

To decrease handing out price and period in systematic experiments, a lot of
experimental work has been made available to synthesize silica nanopowder using
rice husk as raw material (Huang et al. 2001; Tang and Wang 2005; An et al. 2011;
Liu et al. 2011; Dawei and Xifeng 2011; Schlomach and Kind 2004; Kalapathy
et al. 2000a, b). This raw material rice husk containing ~ 18-25 % silica is lavishly
accessible in rice-manufacturing nations and delivers a low-price silica founda-
tion. Presently, rice husk is mainly branded to get costly silica, which pollutes air,
as there is emission of greenhouse gases, and this ash present in the environment
results in silicosis disorder, fatigue, loss of appetite and respiratory malfunction
(Foo and Hameed 2009). Hence, the drawing out of silica via rice husk in a more
compassionate method becomes more essential, because humanity emphasizes on
the excellence and ecological maintenance via justifiable improvement and imple-
mentation of green technological skills (Yusoff 2006). A range of approaches has
been implemented for synthesizing silica particles from rice husk. In recent times,
well-absorbent silica particles have been synthesized from rice husk in not more
than 10 h by means of polyethylene glycol (PEG) as a prototype (Dawei et al. 2011)
and mesoporous nanosilica with a usual diameter of ~51 nm by using simple sol—
gel technique (Adam et al. 2011). Extracted carbons through rice husk have been
implemented for the synthesis of mesoporous silica particles with diameters of
28-200 nm (Zhang et al. 2010; Li et al. 2011). Bimodal mesoporous silica particles
extracted through rice husk ash and chitosan as an outline had been testified as well
(Witoon et al. 2008). Since no researches have yet testified for the synthesis of
mesoporous silica powder with fine, distinct morphological structures through rice
husk without any costly templates or devour of the energy, mesoporous silica par-
ticles are suitable for dental filler applications. It is favourable to flourish a simple,
inexpensive procedure that uses a low-energy technique for the synthesis of silica
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powder having guarded morphological structures through rice husk by utilizing a
throwaway product for a cost-effectively value-added product.

Hence, in the present work, the preparation of mesoporous silica nanoparticles
with spherical morphology via sol—gel technique from rice husk and sodium sili-
cate (SS) as a predecessor is reported. A precipitating agent (phosphoric acid) used
because of its polyprotic assets can manage the hydrolysis reaction and particle
formation. Additionally, food industries, medicine and dentistry generally use this
acid as an additive. Organized parameters which have an effect on the synthesis of
mesoporous silica powder have been conceded out. To find out its possibility as an
inexpensive packing biomaterial (filler) for dental restoration applications, physico-
chemical assets of silica were characterized.

Materials and Experimental Methods

Chemicals used in this research work were hydrochloric acid (37 %), phosphoric
acid (85 %) and ethanol (99 %) from Merck; sodium hydroxide (99 %) from Sigma-
Aldrich and rice husk collected from a rice mill in Terengganu, Malaysia.

Preparation of SS

To eradicate metallic impurities from rice husk, we treated diluted HCI with rise
husk in a water bath at 70 °C for 6 h. After the filtration, distilled water was added
for the washing process until pH of filtrate was ~7. At 130°C for 14 h, the residue
was dried in an oven. To a Teflon flask containing 10 wt. % NaOH, dried rice husk
was added and boiled at 95°C for 1 h with continuous stirring. Finally, SS with a
specific gravity of 1.14 was obtained by cooling the mixture at room temperature
and then filtering.

Chemical Synthesis of Silica Particles

Figure 1 gives a schematic illustration of silica particle synthesis. Ethanol was
added in different concentrations to SS along with water followed by constant stir-
ring for 20 min. A chemical titration process was followed for mixture with 3 M
H,PO, at different pH values (7, 8 and 9) with the formation of a gel-like product.
Finally, this yellowish gel was cleaned up systematically by hot distilled water and
was centrifuged to eliminate excess SS and phosphate groups. A freeze dryer was
used to dry the sample followed by calcinations in muffle furnace to get the final
product—silica particles.
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SS "r: EtOH

v Stir, 10min

SS+EtOH |¢— H,0 !

Stir, 10min

| SMH,PO, —>{ SSEtOH+H,0

Stir, 45 min

Precipitated SiO,

Centrifuge at 7000 rpm, 5 min x 8 times <—i H,0

y
Freeze Dry/ 24 h

i
Calcination at 550°C/ 30 min

Fig. 1 Synthesis of silica using sodium silicate precursor derived from rice husk: Flow chart (SS
Sodium silicate, EtOH Ethanol)

Chemical Characterization of Nanopowder

Transmission electron microscopy (TEM, Philips FEI CM12) system was used to
obtain TEM micrographs, and particle size was measured using analySIS Docu Ver-
sion 3.2 image processing software. Field-emission scanning electron microscopes
(FE-SEM, Quanta FEG450) equipped with energy-dispersive X-ray (EDX) were
used to investigate silica particles. The N, adsorption/desorption isotherms were
calculated by an automatic surface area and pore size analyser (Quantacerome AU-
TOSORB-1) at 77 K. Brunauer, Emmett and Teller (BET) equation was used for
specific surface area. A single-point total pore volume was assessed as the liquid
volume of N, was adsorbed at a relative pressure of 0.1 and 0.97. Fourier transform
infrared (FTIR) was carried out on silica samples by using spectrum (Perkin-Elmer
2000), with wave number range of 4000—400 cm™!. X-ray diffractometer (Philip
Electronic Instruments) was used for the X-ray diffraction (XRD) characterization
with the diffraction angle scanned from 10 to 80° 26 at 8° min!.
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Results and Discussion

Preparation of Silica Particles

As discussed above (introduction) the researchers’ synthetic way of synthesizing
silica particle from rice husk was earlier described. Nevertheless, the formed silica
particles are nanostructured and poise numerous arrangements (permeable and ac-
cumulate), lacking definite uses.

In the present research work, we have produced silica particles through rice husk
via sol—gel procedure by means of phosphoric acid as the triggering mediator. The
final product retains required physicochemical assets, having a great prospective for
practice in dental composite research, which will be reconnoitred in our forthcom-
ing work.

SS as an originator was acquired by countering rice husk with sodium hydroxide.
The procedure for producing silica particles matches the precipitation procedure
consuming inorganic acids like HNO, (Adam et al. 2011), HCI (Liou and Yang
2011; Rozainee et al. 2008) and H,SO, (Pijarn et al. 2010). Via phosphoric acid as
a triggering mediator, the general reaction is as follows:

3Na,Si0,+2H,PO, — 3Si0,+2Na,PO,+3H,0 (1

Throughout the accumulation of phosphoric acid, the =Si—OH units are designed
and organized to form a siloxane [Si—O—Si] bond as follows:

=Si-OH+HO-Si == 8i-0-Si = +H,0 @)

In the beginning, the =Si—OH units formed dimmers or trimers or developed into
principal units. The accumulation of principal units gives extra stable and firm par-
ticles. The formation of various entity morphologies was vastly reliant on condi-
tions of reaction which are studied in the current work.

Optimisation of Reaction Parameters

Ethanol Effect

Figure 2 shows TEM micrographs of silica powder synthesized by various con-
centrations of ethanol. Shorn of ethanol, the powder was extremely accumulated
and asymmetrical in nature (Fig. 2a). Sphere-shaped and extra discrete powder was
perceived by growing concentration of ethanol (Fig. 2b, c); this might be because
of the great solubility of ethanol that speeds up dispersion into the silicate predeces-
sor. Current activity improves the synthesis of =Si—~OH and =Si—O-Si= that yields
additional sphere-shaped and bigger particles throughout the aging method (Jung
et al. 2010; Godoi et al. 1999).
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Fig. 2 TEM images of the silica prepared at different concentrations of ethanol based on ratio of
SS: H,0: EtOH at pH 9: a 1:0:0 b 1:0:0.20 ¢ 1:0:0.30. EtOH ethanol, SS sodium silicate, TEM
transmission electron microscopy

Table 1 indicates the BET superficial areas were condensed from ~306 to
~75 m?g! by increases in the concentration of ethanol. An advanced precise super-
ficial area of silica powder lacking ethanol (sample 1:0:0) might ascribe to perme-
able properties of three-dimensional cross-networking silica bonds. Nevertheless,
with above circumstances, the nature of the powder is asymmetrical, which is chal-
lenging to calculate the size of powder particles (Fig. 2a).

pH Effect

pH is a perilous factor that defines the particle dimensions and morphology of silica
powder (Kalapathy et al. 2000). Diluted phosphoric acid was added slowly to con-
trol the pH of the reaction. At constant solvent ratio and amount of silicate, the
particle dimension improved along with the rise in pH (Fig. 3). Results revealed that
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Fig. 3 TEM images of the silica prepared at different pH based on the ratio of SS: H,O:
EtOH=1:0:0.30 at pH: a 7 b 8 ¢ 9 EtOH ethanol, SS sodium silicate, TEM transmission electron
microscopy

as the pH increased, the morphologies of silica powder were further sphere-shaped
and the particle dimension grew with extra broad dispersion. High pH concentration
stimulates the development and the synthesis of sphere-shaped powder by advanced
hydrolysis and compression degrees (reactions (3) & (4); Sing et al. 2008). A solid
cream is formed instantly on adding up of phosphoric acid (pH>9), prominent to
solid-accumulated powder; at pH <7, product turns out to be very watery and age-
ing takes up to 5 days, unfavourable for the synthesis of silica. Therefore, pH scale
in the current work is 7-9.

= Si-OH+OH —=Si-0"+H,0 ®)

= Si-OH+ = Si-O~ —= Si-0-Si+OH 4
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Evaluating N, adsorption/desorption isotherms, the BET superficial areas of silica
were calculated as ~198, ~199 and ~75 m?g™! with equivalent pore diameters of
4.95, 6.60 and 7.70 nm, respectively, attained at pH 7, 8 and 9, correspondingly
(Table 1). Decline in superficial area tallies with a proliferation in powder dimen-
sions conferred previously. Bestowing to International Union of Pure and Applied
Chemistry (IUPAC) arrangement, synthesized silica cream will be categorized as
mesoporous materials, for the reason that the pore sizes were in range of 2-52 nm
(Liou and Yang 2011; Kalapathy et al. 2000).

Water Concentration Effect

Silicate of sodium is the foundation of =Si—OH units. Therefore, its percentage con-
tent would disturb reactions (2), (3) and (4), and decide the amount of accumulation
of silica powder. Figure 4 shows adding of water molecules on morphologies and
dimension of silica powder. SS units were greatly agglomerated because of the huge
quantity of hydrolysed units at greater concentration. Hence, they bring out the re-
sult in widespread growth of principal particles. The dimension of the silica powder
was reduced, the powder was further diffuse and there were rarer aggregates due
to the addition of water (Fig. 4b). In the current situation, the absorption of silicate
is decreased. Condensation reaction outcomes with relaxed powder progress and
condense the powder dimension. The average particle size of silica powder reduced
from 230.37 to 150.49 nm at pH 7 (sample, SS:EtOH =1:0.30). Accordingly, the pre-
cise superficial area and pore diameter were improved from 197.66 to 370.35 m?g™!
and from 4.95 to 8.02 nm, correspondingly, under SS:H,0:EtOH=1:0:0.30 and
1:1:0.30 (Table 1).

FTIR and XRD Analysis

Distinct XRD with wide-ranging and tall-strength humps at 22° (20) is character-
istic for the amorphous silica (Fig. 5; Rozainee et al. 2008) and is attributed to the
non-appearance of well-organized crystalline structure.

The most important chemical groups of silica were recognised by infrared spec-
tra (IR) of silica powder, and were studied by FTIR spectroscopy ranging from 4000
to 400 cm™! (Fig. 6). The principal absorbance points (peaks) at 1107 cm™' resemble
those of distorted atmospheres of the siloxane bond, Si—O-Si. Groups found at 802
and 477 cm™! were consigned to the Si—O proportion stretching vibration and bend-
ing vibration, respectively. The groups at nearly 3450 and 965 ¢cm™" are attributed
to the SiO-H asymmetry stretching atmospheres and bending atmospheres, corre-
spondingly. The peak at 1634 cm™ has its place at the —OH stretching atmospheres
of the silanol or water molecules present in silica surface (Jal et al. 2004).
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Fig. 4 TEM versus SEM images of the silica prepared at different amounts of water based on
the ratio of SS: H,O: EtOH at pH 8: a 1:0:0.30 b 1:1:0.30. E£OH ethanol, SEM scanning electron
microscopy, SS sodium silicate, TEM transmission electron microscopy

Energy-Dispersive X-ray Spectroscopy

The existence of silicon (Si), sodium (Na) and oxygen (O) was distinguished in
silica particles (Table 2). The occurrence of oxygen and silicon was because of
the creation of silanol groups (Si—OH) and siloxane bonds (Si—O-Si). Sodium was
spotted in low quantity, for the reason that the phosphoric acid possibly will remain
non-dissolved whole Na* ions from SS solution. Phosphates were totally absent
from the sample, because all phosphates were either utilized during precipitation or
swept away throughout the washing technique.
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Table 2 EDX analysis of the silica powder prepared under conditions: SS:H,0:EtOH=1:1:0.30,
pH7

Element Average weight %
O 59.56
Na 0.64
Si 39.80
Total 100.00

EDX energy-dispersive X-ray spectroscopy, £tOH ethanol, SS sodium silicate

Conclusions

Rice husks, the main source of SS precursor and sphere-shaped silica powder, were
formed productively. By adjusting reaction environments like concentration of eth-
anol, varying pH (phosphoric acid) and concentration of water, precise superficial
area of ~370 m?g ! and sphere-shaped morphological dimensions were obtained.
This economical and ecofriendly method formed silica powders with appropriate
properties with high prospective to be used in dental nanocomposites.
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Rheological Properties and Processing
of Polymer Blends with Micro- and
Nanofibrillated Cellulose

Hesam Taheri and Pieter Samyn

Abstract Recently, scientists have a high interest in using micro- and nanofibril-
lated cellulose (MFC/NFC) fibers as reinforcing components in nanocomposites
together with a biopolymer matrix. This interest is abstracted from the abundant
availability of cellulose in nature and the need for renewable resources. Besides
chemical aspects, however, the successful formulation of polymer blends with
nanocellulose additives requires a good understanding of the physical compound-
ing and mixing properties. Therefore, the rheological features of aqueous MFC and
NFC suspensions play an important role for the further development of industrial
applications. Generally, the MFC/NFC suspensions show nonlinear behavior in the
form of a pseudoplastic or dilatant fluid at higher shear rates. There are different
parameters affecting their rheological behavior including processing parameters,
such as degree of fibrillation and concentration, and rheometrical parameters, such
as shear rate, temperature, rheometer geometry (gap), wall slip, and flocculation.
Controlling these parameters is very important before and after the processing of
MFC or NFC due to the direct or indirect effects on the viscosity of the suspension.
The aggregation of fibrillated cellulose is a conventional barrier to obtain suitable
dispersive mixing and an important reason for the loss of mechanical properties of
nanocomposites. As outlined in this chapter, better physical understanding of the
rheological behavior of MFC or NFC is helpful for further processing of polymer
blends by melt extrusion, injection molding, or electrospinning. A better rheologi-
cal insight helps to control the processing of nanocomposites and avoid the named
issues.
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Introduction

The fabrication of composite materials from renewable materials has become of in-
creasing interest in view of shortage of fossil-oil-based polymer resources. A wide
variety of natural, bio-based materials from different resources and their availabil-
ity under different forms provide a broad pallet of “building” elements that can be
combined into composites. Wood is an impressive example of a natural composite
with cellulose fibrils embedded in a matrix of lignin and hemicellulose. Under-
standing its complex hierarchical structure has engaged scientists over decades, yet
its organization still remains largely unexplained (O’Sullivan 1997; Klemm et al.
2005; Diotallevi and Mulder 2007). It is uncommon for cellulose to be in a chemi-
cally pure form, e.g., without hemicellulose or lignin and other polysaccharides
that are contained in the cell wall of wood. However, pure cellulose can be found,
for example, in the seed hairs of the cotton plant. Overall, there are many sources
from which the cellulose can be obtained, including agricultural residues, water
plants, grasses, or marine organisms. In recent years, various chemical pathways
have been established to liberate the cellulose from its matrix and use it as natural
fiber reinforcement.

By further application of nanotechnological routes, the cellulose can be con-
verted into fibrous structures with several nanoscale dimensions. From a plant
physiological point of view, the S1, S2, and S3 layers in the outer cell wall con-
tain a combination of different arrangements of fibrils with different dimensions
(Chinga-Carrasco 2011), which can be artificially disintegrated. Different descrip-
tors of these nanofibers are often referred to in literature: (i) cellulose nanowhiskers
(CNW), nanocrystals, or even monocrystals are used to designate short crystalline
rod-like nanoparticles, while (ii) microfibrillated cellulose (MFC), nanofibrillated
cellulose (NFC), or cellulose nanofibers (CNF) should be used to designate long
flexible nanoparticles with either micro- or nanoscale fiber diameters, consisting
of alternating crystalline and amorphous domains. In this chapter, we specifically
focus on the use of fibrillated cellulose because of its beneficial properties: It ex-
hibits excellent mechanical performance at low weight, biocompatible, transpar-
ent, and reactive due to the hydroxyl groups on its large fiber surfaces (Klemm
et al. 2011). The highly anisotropic shape of fibrillated cellulose with diameters of
about 10-20 nm and aspect ratio typically between 100 and 1000 provide them with
unique reinforcing ability, in contrast with the CNW that have more homogeneous
sizes and shapes. It is known that the aspect ratio will influence the viscosity and
steady-state shear properties of the cellulose fiber suspension, as higher aspect ra-
tios result in larger intrinsic viscosity (Iwamoto et al. 2014). The MFC/NFC forms
a densely entangled fibrous network with interesting properties for coating applica-
tions and/or further processing as a continuous reinforcing phase in combination
with bio-based polymer matrixes. In general, such nanoscale fibers can be used to
design and create new biopolymer composites with high flexibility and better me-
chanical properties than their constituent components (Ajayan et al. 2003; Dufresne
2012). The high specific surface area of MFC/NFC fibers not only provides good
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reactivity towards suitable polymer materials but also implies specific hindrance for
homogeneous processing. In order to further improve the performance of cellulose
fiber nanocomposites in combination with biodegradable polymer matrix materials
(Lee and Wang 2006), many researchers have sought to chemically tailor the fiber/
matrix interfacial properties (Rajulu et al. 2001; Saxena and Gowri 2003; Kumar
and Siddaramaiah 2005; Kumar et al. 2005; Das et al. 2006; Das and Chakraborty
2006, 2007; Okubo et al. 2004; Mi et al. 1997; Chen et al. 1998) and/or modify the
fiber morphology (Takagi and Ichihara 2004; Murali et al. 2007). Recently, other
approaches for surface modification and interface compatibilization of MFC are
also investigated, relying on the in situ deposition of hydrophobic nanoparticles on
the fiber surface (Rastogi and Samyn 2014). While the chemical isolation of cel-
lulose structures under the form of MFC/NFC fibrils or CNW has been the focus
of intense research in the past decade (Hubbe et al. 2008; Sir6 and Plackett 2010),
the processing of the nanoscale components and bio-based matrix materials has
been more challenging due to their molecular weight and rheological behavior. The
latter remains a most critical issue that limits the further application and final break-
through of bio-based nanocomposites.

The processing ability of nanoscale cellulose additives in combination with
polymer matrixes requires the homogeneous dispersion of both phases in order to
fully exploit the strength properties of the reinforcing fiber phase. However, the
strong tendency of aggregation of cellulose nanofillers due to their hydrophilic
character and consequently poor dispersion behavior has largely impeded the wide-
spread use of various processing technologies. In particular, intermediate drying
of cellulose nanofibrils from suspensions is critical in re-dispersing the materials
(Peng et al. 2011). Different drying processes such as air, oven, and freeze-drying,
or atomization and spray drying have been investigated, resulting in the formation
of different morphologies and sizes of the dried product (Zepic et al. 2014). It has
been indicated that freeze-drying preserved the favorable aspect ratio of MFC/NFC
with nanoscale dimensions. The spray-drying process was mostly influenced by the
gas-flow rate and resulted in agglomerates of NFC depending on the original fibril
properties in the formed droplets (Peng et al. 2012). Depending on the number of
drying and re-moisturing cycles, irreversible changes in the cellulose structure are
observed due to co-crystallization and hornification (Newman 2004), which alters
the fiber quality and dispersibility. The initial rheological properties of the suspen-
sion are not recovered after rewetting, which is generally attributed to the forma-
tion of additional hydrogen bonding and cross-linking during drying. Therefore,
several techniques for (re-)dispersing MFC were developed, adding water-soluble
polymeric additives before drying. The dispersibility of MFC can be improved by
controlling drying conditions and chemical surface modifications (Nechita and Pa-
naitescu 2013).

Various recent overviews of different processing methods for cellulose nano-
composites have been made (Dufresne 2010). Here, few processing issues are men-
tioned, as an illustration of the importance of further rheological research. Mostly,
bionanocomposites are prepared from aqueous environments, e.g., from hydroxy-
propyl cellulose (HPC) with dried and re-dispersed carbomethylated MFC powders
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(Tingaut and Zimmermann 2011). The solvent casting of acetylated MFC in com-
bination with polylactic acid (PLA) from chloroform solution resulted in films with
a maximum loading of 10 wt.% MFC with superior mechanical properties (Bulota
et al. 2012). Similarly, MFC—polyvinyl alcohol (PVA) composite films with suf-
ficient homogeneous dispersion of MFC in the polymer matrix are reached up to
10 wt.% MFC by solvent casting (Lu and Drzal 2008).

The melt processing of cellulose nanocomponents in combination with bio-
based polymers remains more challenging. First, the processing of biopolymers is
often more difficult than synthetic polymers because of their high molecular weight
and high viscosity. Otherwise, the most critical point in compounding of MFC/
NFC with molten polymers is to feed the nanoscale fibers into the extrusion line
and approach a dispersive and distributive state of mixing. The high surface area
of fibrillated fibers and their propensity to aggregate are the first obstacles of mix-
ing of NFC in dried form into molten polymer material (Jonoobi et al. 2010; Lee
and Wang 2006; Bulian and Graystone 2009). In general, the rheological proper-
ties and blending of cellulose nanowhiskers in combination with biopolymers have
been more frequently studied than MFC/NFC blends. It has been shown that the
chemical modification of nanowhiskers by grafting aliphatic chains or polymer
moieties could be an alternative approach to ensure homogenous dispersion of the
nanofiller within the hydrophobic matrix using a melt-extrusion technique (Goffin
et al. 2011). Recently, the mixing and melt compounding could be favored after
(2,2,6,6-tetramethylpiperidine-1-oxyl) oxidanyl (TEMPO) oxidation of CNF, as
demonstrated in combination with thermoplastic starch (Cobut et al. 2014). The in
situ surface modification of MFC after treatment with potassium hydroxide (KOH)
during high shear dispersion combined with ultrasound resulted in good dispersion
of the never-dried cellulose with native starch in a single-screw extruder (Ferreira
and Carvalho 2014). In another approach, mixing problems can be overcome by us-
ing a two-step process, including the production of a master batch with controlled
composition followed by extrusion or injection molding. Different techniques have
been exploited for the premixing of fibrillated cellulose with bio-based polymers,
e.g., nanocomposites of PLA/NFC were prepared by premixing a master batch
with high concentration of NFC and subsequent dilution to final concentrations
of 1-5 wt.% during extrusion, with the occurrence of aggregates only at highest
concentrations (Jonoobi et al. 2012). The premixing of MFC and PLA in an organic
solvent and subsequent roller mixing shows uniform dispersion and better mechani-
cal properties (Lee and Wang 2006; Murali et al. 2007). Other techniques such as
compression molding of PLA/MFC may result in the formation of a cellular MFC
network rather than creating a uniform dispersion, while subsequent twin-screw
extrusion may disrupt the MFC network due to limited deformability, resulting in
substantial losses in stiffness (Boissard et al. 2012; Plummer et al. 2013). Finally,
the appropriate dispersion of MFC in PLA indeed results in an improved fracture
behavior of the composite, as obtained by adding 1% MFC using a calendering
technique or roller mixing (Okubo et al. 2004, 2009), where the lower MFC concen-
trations have a positive effect on the mechanical properties of their nanocomposites.
The compression-molding technique was also used to form bulk composites from
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dried premixes of MFC/starch, by curing the blends at 150 °C (Duanmu et al. 2012).
A new manufacturing process similar to papermaking could be successfully applied
for the production of thin sheets with uniformly distributed PLA/MFC (Nakagaito
et al. 2009). In most novel approaches, the extrusion of nanocellulose-reinforced
nanocomposites is improved by using MFC nanoparticles encapsulated by physi-
cally cross-linked alginate (Lemahieu et al. 2011). The resulting capsules can be
fed to an extruder in combination with a thermoplastic polymer. Most traditionally,
however, the MFC remains compounded under aqueous conditions. The compound-
ing of poly(vinyl alcohol) or PVOH with MFC in water is favorable to decrease the
melting temperature of PVOH and provides well-dispersed samples that could be
further extruded in combination with CO, and water as foaming agents (Zhao et al.
2014). It was only recently that continuous microfibrillation of pulp and its melt
compounding could be effectively obtained by kneading with polypropylene in a
twin-screw extruder (Suzuki et al. 2014). In conclusion, the quality of the extruded
nanocomposite is affected by various parameters such as, temperature, diameter of
die, design of screw, and the amount of MFC or NFC filler. Moreover, the process-
ing of polymers within an extrusion line should be done above the melting tempera-
ture of the polymer, which could lead to the degradation of the cellulose polymer
chain. Therefore, more fundamental studies on the rheological properties of molten
composite blends can reflect the internal structure and processability of those mate-
rials within an optimized parametrical window. At the same time, only few studies
have investigated the rheological behavior in the molten state to obtain insights on
the change in microstructure and degree of dispersion in the melt as well as on the
effect of shear stress on the integrity of the MFC network (Mabrouk et al. 2011).
For solvent-based processing techniques such as casting and electrospinning,
the precise viscosity control of aqueous MFC/NFC suspensions is required. In pa-
permaking, the rheology of fibrillated cellulose suspensions becomes important in
the viewpoint of formation of nanofiber papers on traditional paper machinery, or
for the application of fibrillated cellulose suspensions with moderate-to-high solid
contents to a paper surface with a blade coater. For incorporating nanocellulose ad-
ditives in coating applications, a higher viscosity is required for roller coating than
for spray-coating applications, and an abnormal high increase in viscosity would
cause insufficient leveling of the coating on the substrate (Bulian and Graystone
2009). In another example, good control of the nanocellulose viscosity is required
in electrospinning applications (Hérdelin et al. 2011). The rheological data can be
used to understand the feasible viscosity of cellulose solutions and indicate their po-
tential use as suitable medium for electrospinning at different temperatures. At pres-
ent, most of the related work on electrospinning of cellulose deals with fundamental
studies on the behavior of various potential electrospinning solutions, including N-
methylmorpholine N-oxide/water (NMMO/water; Han et al. 2008), NaOH/urea (Qi
et al. 2010), lithium chloride/dimethylacetamide (LiCI/DMACc) (Frenot et al. 2007),
and ionic liquids (ILs; Miyauchi et al. 2010). Especially, electrospinning of CNF
was reported with different cosolvents (Hérdelin et al. 2011), such as dimethylacet-
amide (DMAc), dimethyl formamide (DMF), and dimethyl sulfoxide (DMSO). The
latter are specifically added to modify the rheological characteristics, the electrical
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conductivity, and the surface tension of the cellulose-based solutions. From studies
on the steady-state shear viscosity of cellulose in different cosolvents with ionic
liquids (ILs) as a function of shear rate and in constant stress, it has been demon-
strated that certain degree of viscosity and surface tension is needed to form suit-
able cellulose solutions for electrospinning, e.g., the DMSO-IL has higher viscosity
values compared to the DMAc-IL and DMF-IL (Qi et al. 2010). In another study on
electrospinning of poly(ethylene oxide) and microfibrillated cellulose (PEO/MFC),
rheological data show remarkable changes in viscosity of PEO/MFC dispersions at
higher MFC concentrations up to 21 wt. %, while there are almost no influences of
surface morphology or fiber diameter (Fortunato et al. 2012). After optimization of
the rheological characteristics, MFC is able to form a finely well-dispersed continu-
ous network structure within the electrospun fibers.

The above overview illustrates that huge advances in the processing of NFC/
MFC suspensions have been made over the previous decade. From an engineering
point of view, the understanding of the viscoelastic properties of nanocomposite
blends is of great importance in obtaining fundamental knowledge for predicting
the processability of these materials (Dealy and Wissbrun 1999). From a scientific
research standpoint, the rheological approach is effective in probing the microstruc-
ture and assessing the state of the nanocomposite dispersion and determining condi-
tions of homogeneous mixing directly in the melt state. Moreover, rheology seems
to be a unique technique for investigating polymer nanocomposites and exploring
the microstructure of the network that is likely to be formed by analyzing its lin-
ear and nonlinear viscoelastic behavior (Zhu and Sternstein 2003). Therefore, this
chapter aims at summarizing some effects and at providing additional insight in the
rheological behavior of micro- and nanoscale cellulose suspensions, before process-
ing them into extrusion line or injection molding.

Fibrillation and Processing of Cellulose Fibers

Selection of Resources for MFC/NFC

Lignocellulosic biomass is obviously the main feedstock for producing MFC and
NFC. Bleached kraft pulp from wood is most often used as a starting raw material
for MFC (Lavoine et al. 2012; Taipele et al. 2010). However, the concurrential use
of wood-based fibers for traditional pulp and paper industry can lead to conflict
situations with rising resource prices. Therefore, alternative sources of raw materi-
als such as agricultural crops and/or side products have risen into the spotlight. The
needs for change towards these resources are implied by environmental benefits
and efficient use of resources, where agricultural residues can be revalorized into
high-performance composite materials rather than being used for low-value prod-
ucts or purely energetic recovery by incineration. In particular the lower energy
content of agricultural waste products (relatively low lignin content) compared to
wood (higher lignin content) makes it feasible to consider these sources for material
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production. Due to different fiber compositions, the production of MFC/NFC from
nonwood agricultural products generally requires lower energy and bleaching pro-
cesses are less demanding (Lavoine et al. 2012; Alemdar and Sain 2008a). In addi-
tion to the lower lignin content in agricultural resources, the cellulose microfibrils
are less tightly organized and fibrillation can be done more easily (Dinand et al.
1996). Depending on the composition of lignin, hemicelluloses, and cellulose, the
selection of raw materials affects the efficiency of the fibrillation and the eventual
needs for pretreatment processes, as further detailed. As such, the presence of re-
sidual lignin amounts on the MFC/NFC fibers after fibrillation may reduce the need
for further hydrophobic surface modification and improve their compatibility.

The extraction of cellulose fibers from agricultural plants, such as wheat straw,
has been known for centuries in the papermaking industry. Several thermal, me-
chanical and chemical methods have been developed to extract cellulose fibers from
waste plant biomass without significant degradation of the cellulose, maintaining a
degree of polymerization of above 1000 units (Kopania et al. 2012). In recent years,
also MFC/NFC fibers have been extracted from annual plants such as wheat straw
(Kaushik et al. 2010), carrots (Lavoine et al. 2012; Siqueira et al. 2010), palm trees
(Bendahou et al. 2010), and ramie (Bhattacharya et al. 2008). Agricultural residues
such as sugar-beet pulp (Habibi and Vignon 2007), soy hulls (Alemdar and Sain
2008a), banana rachis (Zuluaga et al. 2007), banana peel (Phiriyawirut et al. 2010),
or soda-bleached bagasse pulp (Hassan et al. 2011) were also used, eventually in
combination with specific additives as retention aid (Djafari Petroudy et al. 2014).
While extracting MFC from raw fibers of bamboo trees, fibers with high crystal-
linity of above 70% were extracted (Nguyen et al. 2013). Other sources, such as
bagasse, delivered MFC fibers with a crystallinity up to 40 %, which is higher than
that of native cellulose from cassava bagasse (Wicaksono et al. 2013). A compre-
hensive review of MFC produced from nonwoody plants with different yields and
morphologies has been published recently (Alila et al. 2013) including sisal, jute,
and hemp. The efficiency of the disintegration of cellulose from the latter annual
plants was optimized by a combination of steam explosion and ultrasound pretreat-
ment in combination with extraction in 0.4 wt.% NaOH (Sutka et al. 2013). In a
study on MFC from unbleached pulp of annual plants such as kenaf (Rezayati Cha-
rani et al. 2013), it has been demonstrated that fiber suspensions can be produced at
higher consistency compared to traditional scotch pine pulp, while the rheological
properties were consistent. As a result, the possibility for producing MFC suspen-
sions with higher solid fiber contents (<5 % w/w) makes them favorable to be
processed into paper sheets and composites, but the rheological behavior of MFC
suspensions at high concentrations may be different from traditional suspensions.

Fibrillation of Cellulose Fibers

Pioneering work on the production of MFC was done in 1983 (Herrick et al. 1983),
by isolating MFC from several wood pulp types. The MFC could be dried and re-
dispersed while maintaining the viscosity almost unchanged. Since then, several
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techniques have been developed for the mechanical separation of cellulosic fibers,
including homogenization, microfluidization, microgrinding, cryocrushing, and ul-
trasonication.

By grinding, the cellulose suspension is fed between a fixed and turning grind-
stone. By cryocrushing, a mortar and pestle are used for crushing the swollen cellu-
lose fiber after submersing it in liquid nitrogen. Recently, MFC or NFC fibers can be
isolated by the processing of fiber pulp within a high-pressure (high-shear-rate) ho-
mogenizer. With this technique this technique, high internal shear forces are created
into the fiber suspension, allowing to disintegrate the cell walls of native cellulose
fibers into a microfibrillar suspension. The homogenizer high-shear-fluid processor
relies on the forces of shear and impacts against colliding streams and against the
walls to de-agglomerate, fibrillate, and disperse the solid fiber phase into the liquid
aqueous phase. The fibrillation process typically takes place within an interaction
chamber at average pressures of 300—1300 bar and at a given number of cycles
ranging from 15 to 30. The interaction chamber within a homogenizer processor can
essentially be considered as a fixed continuous microreactor geometry that provides
the turbulent mixing to create a uniform pressure profile for accurate and repeatable
size distributions. Inside these chambers, the dilute slurries of cut and eventually
pretreated cellulose fibers are exposed to flow velocities and shear rate to yield indi-
vidualized cellulose micro- or nanofibrils. Mechanical pretreatments to decrease the
size of the fibers may include milling and homogenization (to increase swelling),
as well as refining (to raise the binding potential of cellulose fibers). As shown in
Fig. 1, the fiber dispersion is initially poured into the inlet reservoir.

The intensifier pump for homogenization has two motions: (i) suction phase
and (ii) compression phase. During the suction, a portion of the fiber dispersion
is drawn into the processor through a one-way valve. The compression device will
push this portion of the fiber dispersion through the interaction chamber and then to
the outlet reservoir. A correct geometry of the interaction chamber can be selected
based on the starting particle size, the application, and the amount of required shear
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and impact. The applied pressure is the mechanism that propels the fiber disper-
sion through the interaction chamber and achieves the diameter reduction of fi-
ber. Increasing the pressure will increase the rate of shear rate and the degree of
fibrillation. Depending on the number of passes and on the chamber sizes, differ-
ent morphologies and sample sizes can be produced. In this regard, a low number
of cycling passes applied through interaction chambers with a large diameter will
obviously result in MFC fibers, while a higher number of passes within small in-
teraction will lead to NFC. For instance, at a low number of homogenizing passes
the fibrillation typically starts at the fiber surface where small fibrils are pulled out
of the fibers. Furthermore, in a typical range between 16 and 30 passes through the
homogenizer, a complete fibrillation of the bulk of the fibers progresses, which in-
creases the mechanical properties and the bending strength of the fibers particularly
due to the formation of a larger contact surface area (Abdul Khalil et al. 2012).
Finally, the fiber dispersions turn to a gel-like suspension with a stepwise increment
in viscosity after several passes through the homogenizer.

As one disadvantage, the fibrillation processing hardly provides a uniform
MFC/NFC suspension. In this respect, the behavior of the fiber with the highest
surface areas is most critical and the use of high-pressure homogenization gener-
ally provides fibers with largest surface areas. At the same time, this process con-
sumes more energy than microfluidization or grinding. The nonuniformities in the
suspension media are built by the high tendency of aggregation of single cellulose
microfibril and/or the flocculation with larger fibers. Figure 2 shows the scanning
electron microscope (SEM) images of entangled microfibrils with aggregated fi-
bril. Therefore, additional stabilization mechanisms for MFC suspensions should
be implemented.

As another disadvantage, the production of MFC and NFC is a very energy-in-
tensive process as a large input of mechanical energy is required and additional en-
ergy-consuming pretreatments are often necessary for its defibrillation. A compara-
tive study on energy and production costs has demonstrated that physical properties
of the MFC improve at higher energy consumption (Spence et al. 2011). However,
the energy consumption also depends on the rheological flow properties and even-
tual clogging. The reduction in energy needs for producing MFC on industrial scale
is one of the key factors for a further breakthrough of these materials. Therefore,
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fiber pretreatment techniques by means of enzymatic reactions and/or chemical ad-
ditives help to make the process more energetically and financially efficient (Abdul
Khalil et al. 2012; Siré and Plackett 2010), depending on the raw material source. In
general, properly chosen pretreatments of cellulosic fibers and/or their combination
help to increase access to hydroxyl groups, as they increase the inner surface, alter
crystallinity, and break cellulose hydrogen bonds and therefore, boost the reactiv-
ity of the fibers. As such, pretreatments can help to decrease the amount of energy
consumed for 1 t of cellulosic fiber from 30,000 kWh/t to as little as 1000 kWh/t.
Several methods for fiber pretreatment have been developed:

* Enzymatic treatments are generally applied to partly degrade and/or modify the
lignin and hemicellulose contents, while leaving the cellulose fibers almost unaf-
fected. The used enzymes can primarily be categorized as (i) cellobiohydrolases
(A and B type cellulases) which have most effect on crystalline cellulose and (ii)
endoglucanases (C and D type cellulases) that do not attack the cellulose if its
structure is not disordered. Mild enzymatic pretreatment can also be applied dur-
ing refining or homogenization of NFC into the fiber dispersion (Abdul Khalil
et al. 2012; Tanpichai et al. 2012).The mild enzyme results in a higher aspect ra-
tio and has a less intensive effect compared to acid hydrolysis. On the one hand,
the use of enzymes may have almost no significant effects on the final fibrillar
sizes but mostly leads to more fluent processing without clogging (Abdul Khalil
et al. 2012; Siddiqui et al. 2011). On the other hand, optimum concentrations of
enzyme may have also leads to reduce the fibril size without blockage through
homogenizer were reported at around 1 % resulting nanofibers of 38—42 nm (Ab-
dul Khalil et al. 2012; Janardhnan and Sain 2011).

» Alkaline—acid pretreatments need to be used for solubilizing lignin, hemicellu-
lose and pectin, which contain three main phases. At first, the fibers are soaked
forabout 2 hin 12—-17.5 wt. % sodium hydroxides (NaOH) to increase the surface
of cellulosic fibers, which are more sensitive to hydrolysis. The second phase in-
cludes the hydrolysis of the fibers with hydrochloric acid (HCI) at a temperature
of 60—80°C in order to solubilize the hemicelluloses. The third phase involves
processing the fibers with caustic soda (e.g., 2 wt.%) at temperatures and dura-
tions that are similar to the previous phases. During the last step, the structure
of the lignin is disrupted, and links between carbohydrates and lignin are also
broken. Another preparation route includes alkaline peroxide treatment (H,0O,)
that rapidly degrades the lignin and lignin compounds into low molecular weight
products (Cristobal et al. 2006). In general, the crystalline morphology of the
MFC may be changed from cellulose I to cellulose II with consequent variations
in mechanical properties, depending on the intensity of the alkaline treatment.
However, the extensive treatment of the MFC fibers by sulfuric acid hydrolysis
may result in the presence of sulfated groups onto the cellulose surface, resulting
in lower thermal stability and mainly different fiber interactions that influence
the suspension properties.

* Organic salts (IL) can alternatively be used as a pretreatment method before
mechanical isolation of NFC. These are organic salts with useful characteristics
such as nonflammability and thermal and chemical stability. These pretreatments
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are used to dissolve cellulose and can be a good pretreatment before high-pres-
sure homogenization. For example, 1-butyl-3-methylimidazolium chloride was
used to dissolve bagasse cellulose (Abdul Khalil et al. 2012; Li et al. 2012).
After this, it could easily be processed through the homogenizer at high pressure
without any clogging until NFC with diameters of 10-20 nm was obtained with
final characteristics such as lower thermal stability and crystallinity.

Finally, the rheological features and further processing characteristics of the MFC/
NFC suspensions are affected by the pretreatment methods, mainly influencing the
degree of fibrillation and eventually introducing surface charges. For example, a
suspension of NFC prepared by HCI hydrolysis is more shear thinning than a sus-
pension prepared by H,SO, hydrolysis (Araki et al. 1998). Otherwise, an increase
in the ionic strength can result in the strong gel-like behavior and the increasing of
viscosity, storage modulus, and loss modulus. In particular, the higher ionic strength
at higher salt concentrations leads to reinforcement of the viscoelastic properties
with higher moduli (Agoda-Tandjawa et al. 2010): The variations in ionic strength
can be related to the electrostatic attractive and repulsive forces between the micro-
fibrils, enhancing the fiber—fiber interactions. As a final step in the processing of
MFC/NFC suspensions, alternatives for the conventional freeze-drying have been
investigated: After similar preparation protocols of MFC suspensions, it was ob-
served that simple freezing preserved the rheological properties of the suspensions
in contrast to freeze drying.

Rheological Characteristics of Fibrillated
Cellulose Suspensions

Colloidal Suspension Rheology

Colloidal suspensions refer to the dispersed phase of a two-component system
where each component is too small to be easily observed. The stability of colloidal
particles are generally attributed to a balance of to gravity, and electrical simply
sediment within a suspending liquid medium (Mewis and Wagner 2012). The rota-
tion and orientation of dispersed particles depend strongly on the particle shape
and will consequently alter their flow characteristics. Early work on the rheology
of nonspherical suspensions can be found in Wierenga and Philipse (1998) and
Zirnsak et al. (1994). Indeed, nonspherical particles in a shear flow will change
their orientation in a periodic manner but not at constant rate of rotation. This is
illustrated by direct observations for rod-like and disk-like particles (Goldsmith
and Mason 1967). The rheology of nonspherical particle suspensions can either be
affected by regular Brownian motion or can be influenced by non-Brownian mo-
tions, where the orientation distribution function results from the particle motion
along the so-called Jeffery orbits (Mewis and Wagner 2012). The Brownian motion
leads to viscoelasticity even for dilute systems without interparticle interactions.
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In general, the Brownian motion may result in deviations of the rotational Péclet
number (Pe), with a random orientation at low Pe and more orientation at higher Pe.
The alignment of particles into the flow leads to shear thinning that scales with a
rotational Péclet number. Such alignment reduces the viscosity, but can also lead to
highly nonlinear rheological properties.

The MFC/NFC suspensions can be categorized as nonspherical particle suspen-
sions, where the rheological properties are strongly influenced by fiber morphology,
orientation, and aggregation. It is known that the viscosity of suspensions increases
for particles with higher aspect ratio and becomes substantially higher than that for
spheres. Moreover, the viscosity of MFC/NFC suspensions mainly depends on the
distribution of fiber orientation or network orientation. As such, the fibrillated fibers
strongly affect the viscosity depending on the type of flow, e.g., for uniaxial exten-
sional flow, even small amounts of fibers resulted into huge increases of viscosity
(Mewis and Wagner 2012). In this regard, the viscosity can increase if the aspect
ratio is large enough even at fiber concentrations of less than 1% (Dhont and Briels
2003). These effects are mainly related to the extensive probability of interaction
and entanglement between fibers with high-aspect ratio. In dilute NFC suspensions,
the interparticle interactions lead to particle flocculation or aggregation, which re-
sult in liquid-like behavior but with increment of viscosity. In this regard, the rheo-
logical consequence is a high degree of shear thinning for dilute solutions of MFC/
NFC with long and slender particles (Mewis and Wagner 2012). Generally, elastic
effects can also appear in dilute MFC/NFC suspensions, due to the orientation of
fibers or networks. At higher fiber concentrations, flocculation leads to percolation
and gel formation with rheological signatures being the onset of a yield stress and
elasticity. This gel-like behavior is very weak and has the yield under low strain. A
power-law model is often observed for the dependence of the rheological proper-
ties of these gels. The yield stress and yield strain of these gels depend on both the
strength and the detailed shape of the interparticle interactions.

Rheometer Types

The selection of a suitable rheometer for characterizing MFC/NFC suspensions is
essential to get the most precise rheological data. In fact, the rheometer geometry
might influence the flow patterns induced in the fiber suspension and hence, pro-
mote the occurrence of certain phenomena, e.g., mainly related to the tested volume
fractions and fiber interactions, induced flow patterns, interaction of the fiber sus-
pension with the steady wall, and specific issues related to the recipient geometry.
The selection of suitable rheometers from an industrial viewpoint is mainly given
from the practical availability of the instrument. Nevertheless, more fundamental
studies need to compare the suspension behavior under different conditions. More
recently, large-scale pipe-flow measurements have been performed on concentrated
MFC and cellulose suspensions in combination with ultrasound velocity profiling
and pressure difference measurements (Haavisto et al. 2011): As such, the flow
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properties of complex slurries could be described in function of pressure loss, vis-
cosity, and yield stress. The methods can be used to a large number of model and
industrial suspensions containing particles with different sizes and shapes. A com-
parison of off-line rheometry measurements with the pipe rheometry shows that this
method is more versatile and off-line techniques are only valid for suspensions con-
taining particles smaller than the gap width (Wiklund and Stading 2006). Further-
more, by using specific contraction flow geometry, the extensional viscosities of
MFC suspensions were measured by forcing them through a hyperbolic nozzle and
by measuring the required pressure drop (Moberg et al. 2014). The testing geometry
revealed an extensional thinning behavior over the extensional strain rates used. On
top of that, the extensional viscosity decreased with the decreasing concentration of
the suspensions, similarly to the shear properties of the specimens. Hence, based on
the rheological measurements and dispersion conditions, the experimental values
can serve as the basis for scaling up the production of nanocellulose fibers at an
industrial scale (Loranger et al. 2012).

The general flow behavior of MFC/NFC suspensions is measured by using two
main types of rheometers (e.g., cone on plate or cylindrical) according to the avail-
ability of rheometers and dilutions of samples. Generally, cone-on-plate rheometers
are applied at low shear rate while cylindrical (Couette or Vane) rheometers can be
used to apply higher shear rates on the sample. In some studies, parallel plate or
cone-on-plate geometries were used for specific rheological studies of MFC water
dispersions (Iotti et al. 2011): The time-dependent behavior was monitored in the
range of 0-1000 s™! and a hypothesis for the interaction mechanism of fibrils and
formation of fibrillar networks was proposed. In the case of very dilute suspensions,
however, parallel plate or cone-on-plate geometries cannot provide accurate data
due to evaporation, wall slip, or depletion effects. Otherwise, monitoring the quality
of process assessment at higher temperature and at different evaporation rates will
result from cylindrical or cone-on-plate rheometers, leading to different rheological
data: (i) in cylindrical rheometers, the settling of high viscosity samples is difficult
but there is less evaporation due to geometry design, while (ii) in cone-on-plate
rheometers, the settling of the sample can easily happen but there is more evapora-
tion due to the relatively “open” surface geometry. Therefore, it is recommended
to measure the rheological characteristics of dilute NFC suspensions by cylindrical
rheometers due to a better control of the evaporation and to the possibility to use
samples of higher absolute volume (Larson 1999). This way, the edge problems in
cylindrical rheometers are minimized and the sample can be very homogeneous
while using a cone rotor in the cup. The critical point when using cylindrical rhe-
ometer for suspensions is wall slip or wall depletion problem that induces differ-
ent states of shear at the boundary and core of medium. This problem is mainly
observed in very dilute suspensions such as NFC or MFC. We point out further in
this chapter how to minimize this problem in cylindrical rheometers. Moreover, we
will point out in the parametrical part how the rheological data vary for different cup
types used in a cylindrical rheometer.
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Influence of Fibrillation

Most applications of MFC/NFC mixtures are based on their typical rheological fea-
tures, including shear-thickening and gel characteristics, which make them favor-
able as additives or rheology modifiers, e.g., MFC can be utilized for increasing
the zero-shear viscosity or controlling the shear-thinning behavior of a medium at
higher shear rates. The physical understanding of rheological properties for MFC/
NFC suspension widely deals with the fiber network properties or entanglement of
fibrillated fibers. At the same time, it has been reported that high amounts of fibril-
lation lead to the higher viscosity of NFC suspensions (Saito et al. 2000).

The gel-like structure of MFC suspensions, even at low concentrations, is deter-
mined by the way in which the fibrils are settled within the network or flocculated in
the form of flocs, depending on the degree of fibrillation. Some detailed studies on
these subjects (Tatsumi et al. 2002; Ono et al. 2004; Hill 2008; Lasseuguette et al.
2008) have indicated that, MFC suspension shows the yield stress and a power-law
correlation between storage modulus and concentrations. For instance, the MFC
suspensions that are provided by a combination of TEMPO oxidation and mechani-
cal treatment show shear-thinning behavior without an apparent plateau. For this
suspension, the viscosity increases at low concentration, whereas the viscosity fol-
lows a power-law model at higher concentration with the exponent between 2 and
6, which decreased with shear rate. This system shows a gel-like behavior with a
clear yield stress and elastic behavior even at very low concentration around 0.1 %.

The NFC suspensions have both colloidal and noncolloidal features depending
on the diameter of fibrils and the degree of fibrillation (Saarikoski et al. 2012).
The fiber suspensions and colloidal suspensions were evaluated at macroscopic and
microscopic scale, respectively: These studies show the important contribution of
flocculation in suspension characteristics (Hubbe 2007; Mewis and Wagner 2009a).
At a macroscale, the fiber volume fraction and the fiber rotation in the suspension
during mixing cause fibers to collide, entangle, and flocculate. At a microscopic and
molecular scale, colloidal interactions between particles with the diameter of nearly
1-100 nm should be considered. The colloidal interactions result from the elec-
trostatic and dispersion effects between fibrils, highly depending on the degree of
fibrillation that augments the surface area and introduces more surface charges. Ac-
cording to the processing of MFC/NFC suspensions in a microfluidizer, as already
stated before, the less number of passes within large interaction chambers or the
more number of passes within small interaction leads to MFC and NFC, respective-
ly. However, it has to be considered that the fiber morphology after several fibrilla-
tion steps often contains a heterogeneous composition of micro-/nanofibrils, fiber
fragments, and less fibrillated fibers. Finally, the quality and rheological properties
of the NFC suspension depends on the internal structure of the suspension and the
homogeneity of the fibril size distribution (Saarikoski et al. 2012). Therefore, it can
be of interest to consider the average specific surface area per sample as a quantifi-
cation for the fibrillation process. Theoretically, the viscosity of NFC suspensions
is higher than MFC due to higher hydrogen interactions and/or more important
entanglements of fibrils within the network (Missoum et al. 2010). It has also been
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reported that for the same concentration of MFC and NFC, higher shear stresses
are observed for NFC due to the higher fibrillation degree. After fibrillation, the
formation of a dense MFC network structure in water dispersion is revealed as a
hysteresis loop in a shear-rate viscosity measurements and the network formation
was further confirmed by slow dynamic studies (Iotti et al. 2011). The interactions
at fibrillar level may induce a “memory” or “time-dependent” effects in the fiber
suspension with retarded recovery of the deformation state.

The interactions of fibrillated MFC structures can be more thoroughly studied
by comparing the rheological behavior of diluted MFC suspensions with that of
ideal polymer solutions (Zimmermann et al. 2010). The limiting viscosity (or intrin-
sic viscosity) is a characteristic parameter of indefinitely diluted polymer solutions
considering the interactions between individual polymer chains. Analogously, the
intrinsic viscosity of MFC can be interpreted by considering that each molecule
of MFC acts independently after infinite dilution in aqueous medium. In the case
of 0.5-2% w/w suspensions, intrinsic viscosities of 100-390 mL/g were reported
depending on the source and fibrillation of MFC. The intrinsic viscosity of aqueous
cellulose nanofibril suspensions is strongly altered by electro-viscous effects and
flocculation (Jowkarderis and Van de Ven 2014).

Parametrical Influence on Rheological Behavior

The MFC/NFC suspensions generally have a quite complex rheological behavior,
depending on its composition and operation conditions. In a typical rotational rheo-
logical experiment, a shear rate is applied and the change in viscosity and stress
of the sample is measured as a function of shear rate, as shown in Fig. 3. The flow
curve of NFC suspensions with volume fraction of 1% shows alternating shear
rates in ascending and descending condition in a cylindrical rheometer (Herrick
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et al. 1983): By comparing the viscosity and in particular the shear stress of the first
measurement at ascending shear rates to the second (descending shear rates) and
third (ascending shear rates) measurement, it can be concluded that the rheological
behavior at shear rates above 10 s! does not depend on the flow history and on the
rotational direction. From the measurement of shear stress during the first run, it can
be noticed that the inner network of the NFC suspension slowly breaks down with
rising shear rate as long as the yield point is not reached. In parallel, the hysteresis
regenerates the transition between the zero- or low shear region and the high shear
region.

The first rheological study on NFC described the shear-thinning (i.e., pseudo-
plastic) behavior for a 2% (w/w) NFC suspension in water (Herrick et al. 1983):
This behavior has been likely expressed with the breakup and with the change of
the interior structures of NFC suspensions, as the packing aggregation of MFC may
limit the formation of a continuous network. Generally, the suspensions behave like
a gel with shear-thinning effects as a function of low to medium shear rates, while
dilatant behavior may occur in parallel with hysteresis effects at very high shear
rates. A transitional regime has been observed in the relationship between viscosity
and strain rate at relatively low shear rates. Mainly, the flocculation and internal
fiber binding can lead to shear banding and transient behavior. The time-dependent
rheology (thixotropy) and transient regimes of NFC suspensions have been mod-
eled in relation to the aggregate sizes (Piusto et al. 2012). It was concluded that
wide distributions of fiber sizes were associated with high-to-low shear transitions
whereas low-to-high shear transitions occurred through a more narrow size distribu-
tion. It is known that the MFC suspensions may have operational conditions with
both viscous and elastic response. The viscoelastic behavior is generally quantified
by the value of the storage modulus (G”) from dynamic mechanical analysis. The
high values of G’ relatively to the loss moduli show that the MFC suspensions form
a rather strong network, even at low concentrations. As the applied stress or strain
amplitude exceeds a certain limit, the decrease in storage modulus can be inter-
preted as a breakdown of the entangled fiber network. Otherwise, slight variations
in frequency often do not significantly alter the storage modulus, which can be at-
tributed to the properties of the gel-like network structure.

The concentration effects of MFC gels were systematically studied for un-
bleached kenaf pulp, indicating that the rheological characteristics improved with
increasing gel concentration (Charani et al. 2013). A variation in concentration was
obtained by subsequent dilution from higher pulp suspension consistencies of about
5%. After dilution of the MFC starting from highly concentrated suspensions, the
modulus varied more strongly than under the same strain and frequency compared
to immediately prepared poorly concentrated MFC. Additionally, the high value of
G’ compared to G” and almost independence of its value with frequency confirms
the formation of a gel-like transient network structure of entangled fibrils at low fre-
quencies. The highly entangled and rigid cellulose network seems to be responsible
for an elastic behavior at low frequencies (similar to a homogeneous and organized
fibrillar cellulose system), while this network loses its strength and transforms into
a viscous behavior at high frequencies (similar to a heterogeneous multi-phase sys-
tem with cellulose fibrils, hemicellulose, and lignin).
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Temperature has slight influences on the rheological behavior of MFC/NFC sus-
pensions in different ranges of applied shear rate (Shafiei-Sabet et al. 2012; Liu et al.
2011). Since rheological behavior is directly affected by dispersion microstructure,
the effect of temperature on the steady-shear viscosity is observed. For instance, the
viscosity of an isotropic dispersion decreases with the increasing temperature. On
the other hand, in lyotropic systems, temperature that changes the viscosity can also
be indicative of changes in the microstructure or in the relative fractions of isotropic
and liquid crystalline regions (Urena-Benavides et al. 2011). Different results have
been reported in literature with regard to the temperature effects on rheological
properties of MFC/NFC suspension. In some research, a reduction of the viscosity
was reported with the increasing of temperature, but others have reported no change
in storage modulus and in modulus by temperature or smooth increment with rising
temperature (Iotti et al. 2011; Lowys et al. 2001; Paakko et al. 2007).

Due to the high tendency for flocculation of NFC networks, the internal structure
of the suspension highly influences the rheological properties and alters its internal
organization between zero-shear and high-shear-rate conditions. It can be estimated
that the diameters of the aggregated fibrils are about 10-30 nm, in contrast to the
diameters of single cellulose fibrils of 2—5 nm. The sizes of these fiber flocs remain
small enough (below the 1 pm) so that colloidal phenomena dominate while gravity
and inertia forces can still be neglected (Hubbe 2007). The low intra- and inter-
fibrillar repulsion forces and the high tendency for interactions between the fibril-
lated fibers facilitate the formation of fiber entanglements (Ono et al. 2004). At the
same time, the segmental mobility of the fibers in between the fiber contact points
remains as it is and increases under shear rate. These contact points in the fibrous
network are strengthened by van der Waals forces, which lead to the compression of
flocs and aggregation (Hubbe 2007). At higher concentrations of MFC/NFC suspen-
sions, a rigidity threshold value is reached where fiber flocs are coherent and able
to bear mechanical strength (Celzard et al. 2009). The structure of the flocculated
fiber network also depends on fibril characteristics, time, and shear-testing condi-
tions. Therefore, flocculation occurs more readily when measuring at low gap sizes
relatively to the fibril sizes, and its effects are the highest at low flow rates. For this
reason, rheological data of MFC/NFC suspensions should be analyzed with high
care as flocculation phenomena may result in false interpretation (Barnes 1995).
The defloculation of cellulosic suspensions can be promoted by adding anionic high
molecular weight polyelectrolytes, such as polyacrylamides (Korhonen et al. 2014).
Indeed, it has been observed from rheological measurements that the MFC network
becomes weaker as flocculation is hindered.

Depending on the shear rate, fibrils with different sizes move into the flow di-
rection and between the flocs, while the floc structure adapts to the applied shear
conditions (Karppinen et al. 2012). The sheared fibrillar network disintegrates with
periodical dynamic reconstruction depending on collisions of fibers by shear and
Brownian motion (Barnes 1997; Mewis and Wagner 2009b). According to Fig. 4,
the suspension structure approaches a constant floc size for shear rate around
200 s7!. Tt can be inferred that the structure of fibrils evolve very fast within a short
testing time of 0—10 min under high-shear-rate conditions. Hydrodynamic interac-
tions between flocs lead to physical collisions and result in the adaptation of the
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Fig. 4 The leveling of shear
stress as a function of time
during the pre-shear interval.
The geometries in use were
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floc structure to the high-shear-rate condition. In this regard, there is no time for
contact point optimization between flocculated fibrils compared to the prevailing
shear conditions (Saarikoski et al. 2012). For this reason, with cessation of shear
rate, the structure starts to recover immediately. During recovery, the floc structure
freezes while the organization of flocs in the suspension is retained without change
in macroscopic floc size and floc size distribution that were formed during the pre-
vious shear interval. After the recovery period, the flocculated fibril network starts
to deform and finally breaks down due to constant shear rate in a series of peak hold
experiments. Images of the different steps of this process are portrayed in Fig. 5,
for five-times-fluidized NFC suspension. The modulus levels also rise significantly
over time even if the apparent floc size is constant during the recovery. The fibrils
are limited in local motion at recovery or rest time, and the rises in the moduli levels
reflect the optimization of fibril contact points, while the flocs are being precipi-
tated (Saarikoski et al. 2012).

In addition, the effect of wall slip or wall depletion on the rheological feature
should be considered. Wall depletion plays an important role in the rheological
evaluation of NFC suspensions and recently, this rheological phenomenon has
been studied more fundamentally. Wall slip can occur as interfacial slippage in a
two-phase system, such as high molecular weight polymer solutions, particles, or
flocculated NFC suspensions (Barnes 1995). Wall slip can also be present when a
continuous phase enriches at a geometrical boundary and forms a very thin bound-
ary layer depleted of the suspension phase. Due to wall depletion, the real shear
rate at the boundary is higher than in the core of the suspension, which results from
a higher viscosity than the real magnitude of viscosity within the NFC suspen-
sion (Saarikoski et al. 2012). Concurrently, other heterogeneities in the flow pattern
of MFC suspensions may be related to shear banding, where the shear becomes
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Fig. 5 Different stages in flocculated flow at several shear rates for five-times-fluidized NFC sus-
pension. a At rest after the 25-min pre-shear interval at 200 s™'. The floc structure stems from the
pre-shear period. b 1 s7', flocs start to move in stress chains. ¢ 5 s7!, chain compressing. d 10 57!,
chain splitting. e 50 s, flocculated flow of individual flocs. A picture of each state was taken after
shearing 9 min 55 s at the indicated shear rate with the exception of “a” which was taken after 1-h
recovery (Saarikoski et al. 2012). NFC nanofibrillated cellulose

localized in a distinct fraction of the sample volume. Better insights in the flow
properties of complex MFC systems characterized by inconstant behavior with ap-
parent wall slip and shear banding could be obtained by optical coherence tomog-
raphy (Haavisto et al. 2014). The effects of wall slip and related flow instabilities
of some MFC/NFC suspensions have been systematically overcome by roughening
the wall of the testing geometry (Nechyporchuk et al. 2014). However, the use of
serrated tools did not prevent the wall slip of all pretreated NFC pulp suspensions
as it also affects the rate of water release from the suspension.

The gap distance in rheological testing is another important parameter that affects
the NFC floc size and wall depletion under high-shear-rate condition. The specific
use of a bucket vane rheometer with wide gap was adapted in combination with an
algorithm for the conversion of the angular velocity to global shear rates (Mohtas-
chemi et al. 2014), As a result, quantitative differences in the stress at same shear
rates can be up to 40 %. The large gap distances result in the reduction of floc sizes
under shear (Saarikoski et al. 2012). In this regard, the wall-depletion effect should
be minimized due to floc size reduction at very higher shear rates. Otherwise, the
rheological measurements above the yield stress lead to a slipping layer but the bulk
of NFC suspension is also under shear throughout the gap (Saarinen et al. 2014).
Comparing the average floc size with shear rate shows a relation between floc sizes
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and shear rate dependency on gap geometry: A gradual increase of the shear rate
can lead to growing floc sizes due to the formation of floc chains, or decreasing
floc sizes when the fibrillar network breaks down. Figure 6 presents the influences
of the gap distances on floc sizes at different shear rates. The starting point reflects
the situation after the pre-shear interval, which results in small average floc sizes.
Applying shear starting from zero (rest condition) breaks down the fiber bonds
between the existing spherical flocs at their weakest points, and the floc movement
begins with the formation of single chains. When the shear rate increases, the floc
chains break up and the fibrils start to move individually as spherical flocs. The
formation of flocs with different sizes and variations in local shear stress at a given
nominal shear rate indicates a dependency on geometry boundaries. At higher shear
rates, when the flocs become smaller, they are less affected by the gap size.
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Fig. 6 Influence of changing gap to average floc area for a ascending shear rate, b descend-
ing shear rate. Shear rate 0 represents floc size at rest condition 59 min after a pre-shear period
(25 min, 200 s). The samples were fluidized four times. (Saarikoski et al. 2012)
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From the above discussion, it is clear that different parameters such as wall shear
stress and yield stress affect flocculation and wall depletion. Maximum wall shear
stress refers to the amount of shear stress that is applied at the moment that the
contact between the geometry wall and the bulk of the suspension is lost. There are
two different techniques to find a relationship between yield stress: flow curve mea-
surements and the contribution of wall slip, which are determined as (i) initiation of
steady-state shear and (ii) constant stress ramp. A test with stepwise increment of the
stress as a function of time is an alternative method to analyze the yield stress and
to observe at which point the suspension starts to yield (Derakhshandeh et al. 2010).
As the yield stress determined by the steady-state shear method highly depends on
the speed of rotation, the rotational speed for flow measurements under stepwise
incremental stresses should be securely selected (Cheng 1986). It is often difficult
to determine precisely the actual specific stress value where the structure starts to
yield according to tests with a stepwise incremental torque. Thus, two yield stress
values are sometimes reported (Saarinen et al. 2014). According to published data,
the provided yield stresses are compared in Tables 1 and 2 for a standard rheom-
eter (TA Instruments) with hard-anodized aluminum geometry (Al,O, surface) and
a polymethylmetacrylate (PMMA) cup. The maximum shear stress was calculated
at the beginning of steady-state shear conditions and from continuous stress ramp
experiments. According to Tables | and 2, the rheometer cup type has an important
effect on the rheological data. Surprisingly, the flow curves for 0.5 and 1 wt.% NFC
overlap somewhat with metal and PMMA outer geometries although the maximum
wall shear stresses are different for the different geometry materials. Concerning
the limits for precise measurements, the yield stress determined from the start-up
method is always above the lower limit of the controlled stress ramp data. The vis-
cosity versus shear rate and shear stress versus shear rate result for 0.5 and 1 wt.%
NFC suspension measured with two different cup geometries shows that the shape of

Table 1 Yield stresses and the maximum wall stresses by start-up of steady shear and continuous
stress ramp (CR) methods for 0.5 and 1 wt.% NFC suspensions without added ions in solution
(Saarinen et al. 2014)

0.50 wt.% 1 wt.%
Start-up CR, lower | CR, upper | Start-up CR, lower | CR, upper
stress (Pa) | limit limit stress | stress (Pa) | limit stress | limit stress
stress (Pa) | (Pa) (Pa) (Pa)
Yield stress? 3.4+0.06 |3.1£0.0 |3.5+0.0 21.840.3 | 19.2+0.0 |21.5+£0.0
Maximum wall | 1.1£0.1 0.4+0.0 1+0.0 6.1+1.4 2.4+0.0 6.1£0.0
shear stress®
(PMMA)

Maximum wall | 1.7£0.26 | 1.1+£0.0 1.2+40.0 8.5+0.5 4.1+0.0 4.6+0.0
shear stress®
(AL,0,)
Errors are calculated by standard deviation (n=4 in start-up experiments, n=3 in continuous
stress ramp experiments)
2 Yield stress assumes yielding at the stress maximum, i.e., at the tip of the vanes
b Maximum wall shear stress calculated from stress maximum at the tip of the vanes followed by
a stress decay to the outer geometry boundary
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Table 2 Yield stresses and the maximum wall stresses by start-up of steady-shear and continuous
stress ramp (CR) methods for 1 wt.% MFC suspension with 1073 and 102 M NaCl. (Saarinen et al.
2014)

1 wt.% 107 M 1 wt.% 1072 M

Start-up CR, lower | CR, upper | Start-up | CR, lower | CR, upper
stress (Pa) | limit limit stress limit stress | limit stress
stress (Pa) | stress (Pa) | (Pa) (Pa) (Pa)

Yield stress® 22.0+1.2 | 19.2+£0.0 |21.5+0.0 |184+13 |17.1£0.0 |19.2+0.0

Maximum wall 7.7+1.2 3.8+0.0 7.6+0.0 7.7+0.6 |43+0.0 17+0.0
shear stress®
(PMMA)

Maximum wall 8.4+0.7 |4.6+0.0 5.2+0.0 8.1+0.3 |4.6+£0.0 5.2+0.0
shear stress®
(AL,0;)
Errors are calculated by standard deviation (n=4 in start-up experiments, n=3 in continuous
stress ramp experiments). PMMA polymethylmetacrylate
2Yield stress assumes yielding at the stress maximum, i.e., at the tip of the vanes
b Maximum wall shear stress calculated from stress maximum at the tip of the vanes followed by
a stress decay to the outer geometry boundary

the graphs for both suspensions is analogous. The differences lie in the shear stress/
viscosity levels which are much higher at high volume fraction concentration.

To better understand the apparent shear-thinning behavior of the NFC suspen-
sions in the low-shear-regime conditions, two categories should be considered: (i) if
the slip layer is only water, e.g., Newtonian, the slip-layer gap should decrease with
decreasing apparent shear rates, which leads to an apparent increment in viscosity.
On the other hand, (ii) if the slip-layer thickness remains constant, the slip layer
itself must behave like a shear-thinning medium (Ahola et al. 2008). The shear-
thinning boundary layers of NFC flows were measured in some research (Salmela
et al. 2013), and may exhibit even at very low volume fraction of the NFC suspen-
sion. Furthermore, the extent of the slip layer is geometrically limited and the fibers
have very little space between the bulk zone and the geometry wall. These attributes
lead to an assumption that the slip layer has a shear-thinning behavior. Generally,
the apparent shear-thinning behavior above the yield stress reflects the adaptation
of the floc structure to the apparent shear rate. Below the yield stress, the flocs stick
together and for this reason, the rheological features will vary upon concentration.
Increasing of NFC volume fraction leads to lower amounts of water that is held
within the NFC network. As such, the formation of an interfacial water layer in
contact with the geometry wall may influence the rheological data, depending on
the MFC/NFC concentration and applied stress.

Rheological Properties of Modified MFC/NFC

Surface modification of MFC and/or NFC fibers is an important pathway for tuning
and improving the network properties in specific applications. For instance, the use
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of MFC as a strength agent in paper technology requires cationic polyelectrolyte as
a fixative (Karppinen et al. 2011; Taipele et al. 2010). Otherwise, the hydrophilic
nature of MFC/NFC can be a barrier to use it as reinforcing material in hydropho-
bic matrices. The hydrophilic properties of MFC/NFC simultaneously influence the
rheological properties and flocculation behavior of MFC/NFC suspensions. As a
consequence, hydrophobic surface modification agents will affect fiber—fiber inter-
actions and/or surface charges on the fibrils with consequent changes on the flow
properties of the suspended fibers. In general, MFC modifications lead to easier
handing and better long-term stability during storage of the suspensions.

The rheological effects of surface modification on MFC/NFC fibers were stud-
ied in only few cases. After silylation of MFC, a pseudoplastic flow behavior was
observed (Goussé et al. 2004), but the modified suspension did not transfer into a
gel-like structure even at high concentrations of 3%. These observations would
imply that the flow properties of the MFC suspension become similar to that of
polymer solutions. In another example, the behavior of carboxymethylated NFC
gels was examined (Naderi et al. 2014): While the surface modification affects the
consistency, delamination, and shear during processing, the produced gels showed
high elasticity and shear-thinning effects that were almost similar to those of oth-
er NFC systems. The shear viscosity and the storage modulus of modified NFC
were found to scale with concentration, according to a theoretical power law with
exponents 2 and 2.4, respectively. In relation to the work on carboxymethylated
pulp suspensions, high ionic solutions such as NaCl were added to homogenize
the carboxymethylated pulp suspensions (Naderi and Lindstrdm 2014), which leads
to lower magnitudes in the rheological data for NFC compared to electrolyte-free
NFC suspensions. However, the carboxymethylated cellulose samples are often less
crystalline and consequently have a lower thermal stability for processing. Using
electrolytes into NFC suspensions that have been homogenized in deionized water
also leads to similar rheological data same as NFC suspensions that have been ho-
mogenized in the presence of electrolytes. The decrement of rheological properties
in the presence of ionic solution might be caused by the lower delamination of
fibers due to the lower swelling of the pulp. Hence, the use of an electrolyte is a
method implemented to control the rheology of NFC suspension after production.

In another example, the effect of different polymethacrylates on the MFC sus-
pension has been studied (Karppinen et al. 2011). It was reported that the cationic
methacrylate polymer poly([2-(methacryloyloxy)ethyl] trimethyl ammonium io-
dide) (PDMQ) strengthened the gel structure of the MFC suspension at low volume
fractions. This can be justified by the increasing interfibrillar repulsion forces that
were introduced by positive surface charges. In addition, other kinds of modifiers
could change the rheological nature of the MFC suspension from gel-like into a
liquid-like behavior. Similarly, the suspensions of surface modified MFC/NFC are
more sensitive to variations in pH, which might influence the surface charges and
hence affect the rheological properties. Variations of pH between 7 and 10 have no
influence on the dispersion quality but a pH lower than 5 has negative effect on the
quality of the dispersion (Loranger et al. 2012). In another example with TEMPO-
oxidized cellulose nanofibrils containing sodium carboxyalate groups (Fujisawa
et al. 2011), the liquid-like dispersion changed into a gel at pH below 2.0 as the
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sodium carboxylate groups on the surface change into free carboxyls. The latter
process was reversible after washing and sonication with an increase in pH to 4.6.

Rheological Characteristics of Polymer Blend with
Fibrillated Cellulose

As nanocellulose composites consist of MFC/NFC fibers as reinforcement within
a polymeric matrix, good mixing of the two components should be obtained. The
rheological features of both fiber and polymer components have important effects
to tune the processing parameters and reach more homogeneous mixing during pro-
cessing. Thus, good knowledge on the control of the structure and flow properties
of both components and their mixtures is required, including viscosity, viscoelas-
ticity, yield stress, and shear-thickening/shear-thinning behavior. For instance, the
increase in viscosity of NFC suspensions with high concentrations will entrap more
air bubbles in the suspensions, leading to incorrect viscosity measurements and
ultimately causing defects in the final composite structure. In general, the addition
of MFC can be used for tuning the viscosity of biopolymer blends, e.g., after adding
polyethylene glycol (PEG) as plasticizing agent into PLA/PEG blends, a remark-
ably low viscosity is obtained that limits the further processing, while the addition
of 5 wt.% MFC rises melt viscosity of the blend to a desired level. The gelation of
carrageenan in the presence of MFC did not show significant rheological differenc-
es compared to the pure carrageenan, only an increase in G’ and a more pronounced
maximum for the gel with 0.25% MFC additives was found (Martinez et al. 2012).
In order to better understand the interactions between colloidal particles and poly-
mers, different phenomena should be considered in the case of (i) adsorbing poly-
mers (e.g., nonionic polymers) that may stabilize the colloids by steric effects or (ii)
nonadsorbing polymers (e.g., polyelectrolytes) where osmotic pressure differences
may create an attractive force to the cellulose surface.

In concern to a potential use of NFC in coating compositions, the high viscosity
of the MFC/NFC suspensions might be a concern in optimum processing. Based on
previous discussions, the shear-thinning and concentration effects may be exploited
for lowering and tuning the viscosity values. Notably, the viscosity of acrylate/NFC
mixtures was investigated (Griineberger et al. 2014). The rheological data show
that the flow characteristic of the NFC dominates the properties of the acrylate/
NFC suspensions, while the type of polymer has a minor importance for the rheo-
logical behavior of the mixture. At progressively increasing amounts of NFC, the
viscosity will increase exponentially and is predictable in the considered shear rate
interval. The rheological behavior of acrylate/NFC is affected by temperature and
time, possibly due to the increment of interactions between single fibrils within
the network and/or swelling of the NFC. There are also other examples that show
the tremendous effect of NFC on rheological behavior of polymer matrix. Simi-
larly, rheological studies of NFC/PLA nanocomposites show that the NFC/PLA
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nanocomposites have a higher viscosity than the pure PLA and are determined by
the NFC additives. This data are essential for using NFC/PLA in foam industry
(Cho et al. 2013). The PLA can be processed similarly to low-density polyethyl-
ene (LDPE) while cellulose fibers were added into the polymer matrix (Shumigin
et al. 2011). They also reported that the increasing of cellulose portion causes the
abrupt increment of complex viscosity and elastic moduli for PLA- and polyethyl-
ene (PE)-based composites at low shear rate. This can be explained by inhomoge-
neous dispersion or fiber aggregation/flocculation into the composite, whereas the
most significant changes in the rheological properties occur when the filler content
is increased up to 10 wt.%.

On the other hand, when biopolymers such as pectin are added into MFC suspen-
sions, the viscoelastic and microstructural properties of the MFC are not significant-
ly altered and determined by the cellulose with or without the additional presence of
calcium ions. The flow behavior of MFC/pectin drastically changed upon addition
of NaCl with an increase in thixotropic character shear-thinning behavior (Agoda-
Tandjawa et al. 2012).

In other research on cellulose/chitosan in ionic liquid, steady-shear rheologi-
cal results show the pseudoplastic behavior of the mixture and the viscosity of the
solution increasing with the increment of cellulose proportions (Duan et al. 2011).
Dynamic rheological data also show that the G" and G” of cellulose/chitosan mix-
tures in ionic liquid solution shifted to a higher frequency range with an increasing
temperature. The temperature effects are likely attributed to the main behavior of
the polymer matrix rather than to the nanocellulose fillers. These rheological data
can be used to understand the feasible viscosity of cellulose/chitosan in ionic liquid
solution, which indicates the potential of NFC/polymer mixtures as an electrospin-
ning medium for processing at different temperature. According to rheological data,
similar features have been reported for PVA suspensions. The addition of PVA into
NFC suspensions can change the gel structure and will decrease the viscosity of
mixture (Hlisnikovska and Jarnstrom 2011). Interestingly, the rate of addition of the
same amount of soluble polymer leads to different rheological behavior: In particu-
lar, slow addition of the soluble polymer reduced the viscosity more rapidly than
a rapid addition. This observation shows that the viscosity of the medium also de-
pends on the strategy of mixing, e.g., geometrical design, energy input, and applied
shear rate or strain into the system leading to dispersive and distributive mixing.

The in situ polymerization process is another interesting route for homogeneous-
ly blending fibrillated cellulose with polymers; however, the effects on dynamic
rheological behavior has only been studied in combination with cellulose nanowhis-
kers, indicating the progressive effects of gelation and transition kinetics as a func-
tion of cross-linker agents (Zhou et al. 2011). In one specific example, the direct
grafting of poly-X-caprolactone (PCL) on MFC could be controlled with different
graft lengths depending on the molecular weight (Lonnberg et al. 2011), resulting in
a better dispersion of the MFC in nonpolar solvents and PCL the matrix. Neverthe-
less, full rheological data on such modified fibers within biopolymer blends are still
not fully understood.
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Conclusions and Perspectives

The rheological features and processing characteristics of the MFC/NFC suspen-
sions are primarily affected by the origin and fibrillation process of cellulosic fibers,
including pretreatment methods, the degree of fibrillation, size distribution, aspect
ratio, and surface charges. The measured rheological data should be critically evalu-
ated, taking into account different variables of the rheometer test such as concentra-
tion, shear rates, temperatures, and the gap geometry.

Generally, MFC/NFC suspensions behave as gel-like material. The rheological
properties and viscosity of MFC/NFC suspensions are strongly influenced by ori-
entation or aggregation of the fibers into the network. Comparing the behavior of
MFC/NFC to traditional suspension rheology, it was reported that the viscosity of
suspensions increases for particles with higher aspect ratio and becomes substan-
tially higher than that for spherical particles. As a result of the high tendency for
flocculation of NFC networks, the internal structure of the suspension highly influ-
ences the rheological properties and alters its internal organization between zero-
shear and high-shear-rate conditions. Parameters such as wall shear stress and yield
stress affect flocculation and wall depletion. As a result of wall depletion, the real
shear rate at the boundary is higher than in the core of the suspension, which results
from a higher viscosity than the real magnitude of viscosity within the NFC sus-
pension. The rheological data can be used to understand the feasible viscosity, in-
dicating the potential of MFC/NFC mixtures with polymer matrices for processing
in melt extrusion or electrospinning. The processing ability of nanoscale cellulose
additives in combination with polymer matrixes requires the homogeneous disper-
sion of both phases in order to fully exploit the strength properties of the reinforc-
ing fiber phase. From a scientific research standpoint, the rheological approach is
effective in probing the microstructure, in assessing the state of the nanocomposite
dispersion as well as in determining conditions of homogeneous mixing directly in
the melt state or processing condition.

While more fundamental understandings on the rheological properties of fibril-
lated cellulose suspensions have been developed as systematically presented in this
chapter, main future challenges lie in the better rheological characterization of sur-
face-modified cellulose additives and their combinations with different hydrophilic/
hydrophobic polymer mixtures. Contrarily, the rheological observations of MFC/
polymer blends during in situ polymerization reactions remain limited and could
provide essential information on the interfacial reactions and compatibility of the
polymer blends. As such, the rheological characterization of MFC/NFC blends will
be able to support the industrial formulation and further breakthroughs of optimized
bio-based nanocomposites.
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Optimization of Admixture and Three-Layer
Particleboard Made from Oil Palm Empty
Fruit Bunch and Rubberwood Clones

Syeed Osman Al-Edrus Saiful Azry, Paridah Md Tahir
and Juliana Abdul Halip

Abstract Empty fruit bunch (EFB) is a biomass that is widely available and has the
potential to be used as industrial raw material especially in wood-based industries.
This study focuses on producing a particleboard by incorporating EFB with two dif-
ferent rubberwood clones: Prang Besar (PB) 260 and RRIM 2002, respectively. PB
260 is a commercially planted clone and wood from matured (>25 year-old) trees
are used by wood-based panel manufacturers. RRIM 2002 is a new clone planted at
the Malaysian Rubber Board (MRB) research trial plots and consists of only 4-year-
old trees. Two types of particleboards (admixture and three-layer) with different
ratios were produced. The Japanese Industrial Standard (JIS-5908 2003 particle-
board) was used to evaluate mechanical and dimensional stability properties of the
particleboards. From the study, it was found that admixture particleboards showed
superior properties compared to three-layer particleboards. Layering EFB and rub-
berwood significantly decreased board performance for all properties (except inter-
nal bonding). The optimum ratios of EFB and both rubberwood clones are found
to be 1:1 (50% EFB: 50% rubberwood). Meanwhile, increasing the rubberwood
clones ratio to 70 % lowered board performance especially for EFB (30%):RRIM
2002 clone (70 %) boards which showed the lowest values for all properties for both
admixture and three-layer boards.
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Introduction

The oil palm (Elaeis guineensis Jacq.) is an allogamous arborescent monocot of
the Arecaceae family (Hartley, 1988). In Malaysia, oil palms are normally present
as single-stemmed, can reach a height of up to 20 m, and can be cultivated easily.
Malaysia is the second largest exporter and producer of palm oil in the world, with a
total oil palm planted area of 5.230 million hectares as of December 2013 (Table 1;
MPOB 2014). The main product from oil palm is palm oil while the rest of the
biomass waste is either burned (as the main energy source for power generation in
palm oil mills) or dumped as organic fertilizer through natural decomposition (Yu-
soff 2006; Ng et al. 2012). Biomass of oil palm, namely empty fruit bunch (EFB),
mesocarp fibre, palm kernel shell, and palm oil mill effluent are produced daily and
are more consistent in terms of supply compared to oil palm trunks (Roslan et al.
2011). Nowadays, palm biomass have gained more attention and are being used as
raw material for the production of plywood, laminated lumber, pellets, high-value
chemicals, and other products (Sulaiman et al. 2011; Ng et al. 2012).

As reported by KeTTHA (2011), most of the EFB in Malaysia is used in soil
mulching as an organic nutrient to reduce the input of inorganic fertilizer. Rahim
(2010) mentioned that there are mills that produce particleboards from EFB in Ma-
laysia. However, most particleboard mills in Malaysia use mainly rubberwood as
the raw material as rubberwood is regarded as the conventional raw material for the
production of particleboard and medium-density fibreboard (MDF) in Malaysia.
Presently, Malaysia has 16 particleboard mills which use rubberwood as their ma-
jor raw material (NATIP (2009). Nevertheless, with an ever-increasing demand for
rubberwood, especially from the furniture industry, the rubberwood supply is being
strained. Based on Ratnasigam et al. (2011), the total export value of rubberwood
products grew by 39.44% in 2009 compared to 2000. However, issues regarding
the shortage of rubberwood supply are a growing concern due to declining rubber
plantation areas (Ratnasigam et al. 2011). To date, various efforts have been made
to incorporate the usage of rubberwood with other lignocellulose materials includ-
ing EFB biomass. Oil palm EFB has been seen as an abundant, readily available,
and cheap resource for board manufacturing. In terms of fibre strength properties,
it has been proven to be comparable with the properties of rubberwood. In addition,
high toughness and cellulose content values of EFB make it suitable for composite

Table 1 Malaysia oil palm —
planted area. (Source: Year Planted area (million hectares)
MPOB 2014) 2007 4.304

2008 4.487

2009 4.691

2010 4.853

2011 5.000

2012 5.077

2013 5.230
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Table 2 Empty fruit bunch Fibre properties (um) | Empty fruit bunch® | Rubberwood®
and rubberwood fibre
properties Length 990 1249
Diameter 19.1 29.63
Lumen - 20.28
Cell wall thickness 3.38 4.88
2 Law et al. 2007
b Naji et al. 2011

applications (Sreekala et al. 2004; John et al. 2008). Fresh EFB from the mill was
reported to contain 30.5 % lignocelluloses (45.0 % cellulose, 32.8 % hemicelluloses,
and 20.5 % lignin), 2.5 % oil, and 67.0 % water (Ridzuan et al. 2002).

Besides the effort of many researchers to find alternative biomass to partially/
fully substitute rubberwood, the Malaysian Rubber Board (MRB) also has come out
with a new line of rubberwood clones to address the supply shortage of rubberwood.
The series of clones are called latex-timber clones (LTC) and RRIM 2002 is one
among them. Clones from the LTC series are expected to produce high latex yield
and wood volume. Prang Besar (PB) 260 which has been commercially planted for
decades belongs to the latex clones (LC). PB 260 is mainly planted for latex pro-
duction and is only harvested and used by wood-based industry manufacturers after
the trees reach the maximum tapping cycle (>25 years). Paridah et al. (2010) found
that 4-year-old clones from the RRIM 2000 series produced comparable wood and
particleboard properties to that of matured PB 260.

A comprehensive study on incorporating rubberwood with other biomass such
as EFB could reduce the problems faced by the wood-based industry. According
to Ratnasingam et al. (2007), the properties of particleboards made from 100 % of
EFB are comparable with commercial particleboards and possess certain acceptable
properties: mechanical, dimensional stability, and screw withdrawal. In addition, a
prior study reported on the properties changes of composite panels made from EFB
and rubberwood towards relative humidity, temperature, and storage time (Abdul
Khalil et al. 2010). In that study, panels made from a high ratio of rubberwood
exhibited superior flexural strength and flexural modulus. Juliana et al. (2012)
revealed that mixing rubberwood with kenaf particles significantly improved the
mechanical and physical properties of particleboard as compared to particleboard
made from 100 % kenaf. Table 2 display physical properties of oil palm EFB fibres
and rubberwood. However, problems may arise in the production of particleboard
by incorporating EFB and rubberwood especially due to the oil traces in the EFB
fibre. Mohd Nor et al. (1994) managed to produce MDF from oil palm frond and
rubberwood with a 50:50 ratio. However, its properties were not satisfactory espe-
cially the internal bond (IB) and dimensional stability. Liew and Razala (1994) who
also produced MDF from oil palm trunk fibres reported a similar board quality. Ac-
cording to Paridah et al. (2000), due to oil traces in the fibres, MDF from EFB has
lower wettability, thus is more difficult to be glued or finished.

In this study, the performances of particleboards made from homogeneous and
three-layer EFB with rubberwood (PB 260 clones and RRIM 2002 clone) particles
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were evaluated. The rubberwood clone PB 260 has been widely used as a raw ma-
terial in particleboard manufacturing. Meanwhile, RRIM 2002 is one of the new
clones promoted by Malaysia Rubber Board (MRB) where rubberwood can pro-
duce high timber and latex yield to be recommended for rubber plantations. How-
ever, the information on properties of this new clone as a raw material for wood-
based products such as MDF and particleboard are still lacking. This chapter reports
the properties of particleboard manufactured from EFB, PB 260, and RRIM 2002
clone.

Materials and Methods

Raw Material Preparation

EFB was obtained from Sabutek Sdn. Bhd., Teluk Intan, Perak. Two different rub-
berwood clones was used: PB 260 and RRIM 2002, respectively. PB 260 (age >25
years) wood and chips were supplied by Dongwha Fibreboards Sdn. Bhd., Nilai,
Negeri Sembilan. Meanwhile, 4-year-old RRIM 2002 trees were harvested from the
MRB research trial plot located at Tok Dor, Besut, Terengganu. The RRIM 2002
logs were then cut into billets and chipped using a Pallmann drum-chipper. All
chips from rubberwood (PB 260 and RRIM 2002) and EFB fibre bundles were
then flaked using a Pallmann knife-ring flaker to produce particles. The particles
were screened using a circulating vibrator screener to classify the particles into vari-
ous particle sizes retained at 0.5-, 1.0-, and 2.0-mm sieve sizes. Only particles that
were retained in mesh 1.0-0.5 mm were used to fabricate the particleboards. The
particles were then dried in an oven at 70+2°C until the moisture content reached
approximately 6 %.

Manufacture of Particleboard

Admixture and three-layer particleboards 340 x 340 x 10 mm in size were manufac-
tured with a target density of 700 kg/m?. Particleboards manufactured from 100 %
EFB, 100% PB 260, and 100% RRIM 2002 served as control samples. For ad-
mixture particleboard, both particles (EFB and rubberwood) were homogeneously
mixed whilst three-layer particleboards were layered with rubberwood particles
with EFB as the core layer. The ratio for each rubberwood clone and EFB is shown
in Table 3. Urea formaldehyde (65 % solid content) at 10% level was used as the
resin. One percent (w/w of resin solids) ammonium chloride was used as the hard-
ener and wax was added at 1% (w/w) of oven dry weight particles. Mats were
manually formed and cold-pressed for 5 min. The mats were then hot-pressed for
7 min at 170 °C. The boards were conditioned at an ambient temperature and a rela-
tive humidity of 65 % until it achieved equilibrium moisture content prior to cutting
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Table 3 Board types and ratios of EFB and rubberwood

Board type Composition/ratio
Control 100% EFB

100% PB 260

100% RRIM 2002
Admixture 50% EFB: 50% PB 260

30% EFB: 70% PB 260

50% EFB: 50 % RRIM 2000

30% EFB: 70 % RRIM 2000

25:50:25 (PB 260 %: EFB %: PB 260 %)
35:30:35 (PB 260 %: EFB %: PB 260 %)
25:50:25 (RRIM 2002 %: EFB %: RRIM 2002 %)
35:30:35 (RRIM 2002 %: EFB %: RRIM 2002 %)

Three-layer
(face : core : face)

EFB empty fruit bunch

into test specimens. A total of 11 particleboard types equivalent to 33 boards were
produced for the experiment.

After conditioning for 3 days at 23 °C and 65% relative humidity, the boards
were trimmed and cut into specimen sizes and evaluated for mechanical and physi-
cal properties according to the Japanese Industrial Standard, JIS A 5908-2003 (par-
ticleboard). The bending and IB strength tests on particleboards were conducted
using the Instron Universal Testing Machine.

Results and Discussion

Table 4 summarizes the effects of the board type and ratio of material to the proper-
ties of the particleboards. Except for internal bonding, all properties were found to
be significantly affected by the board type and ratio of materials.

Table 4 A summary of ANOVA for the effects of board type and ratio of EFB and rubberwood on
the properties of particleboard

Source df | p-value
Modulus of | Modulus of | Internal Thickness Water
rupture elasticity bonding swelling absorption
(MOR) (MOE) (IB) (TS) (WA)
Type 2 10.0001¢ 0.0001¢ 0.0336? 0.0033° 0.0001¢
Ratio 6 10.0001° 0.0001¢ 0.0001¢ 0.0001¢ 0.0001°¢
Type*ratio |2 |0.0001¢ 0.0001¢ 0.5191m 0.0001°¢ 0.0008¢

ANOVAS analysis of variance, EFB empty fruit bunch
2 Significantly different at p<0.05

b Significantly different at p<0.01

¢ Highly significant different at p <0.001

ns Not significant p > 0.05
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Bending Properties

The bending properties of the particleboards are shown in Table 5. From Table 5,
100 % EFB has a higher modulus of rupture (MOR) but lower modulus of elasticity
(MOE) compared to 100% PB 260 and 100% RRIM 2002. According to a prior
study, EFB fibres cannot withstand the heavy load and this leads to the failure of
that fibre which results in composite failure (Sreekala et al. 2002). This might be
due to the lower a-cellulose content in EFB fibres compared to rubberwood (Abdul
Khalil et al. 2010). Rubberwood is classified as light hardwood, having a specific
gravity of 0.57-0.60 (Bosshard 1966; Saiful Azry 2007), while EFB has density of
0.70-1.55 g/cm® which is slightly higher than rubberwood. This may contribute to
the improvement especially in terms of MOR in EFB boards.

After blending, the EFB with rubberwood particles, both MOR and MOE, have
better properties compared to 100% EFB except admixture board made from 30 %
EFB to 70 % RRIM. This shows that the 4-year-old rubberwood RRIM 2000 clone
exhibited comparable strength and stiffness when mixed with at least 50% EFB
particles. This finding also implies that, irrespective of the rubberwood age, RRIM
is equally advantageous in that less strength variation results from using matured
tree. However, the presence of a high ratio of rubberwood (up to 70 %) particles ap-
parently decreased the strength, but comparable to the control boards.

Apparently, a three-layer board has significantly lower strength and stiffness
properties compared to admixture boards. The same trend was also observed by Ju-
liana et al. (2012) where they found that three-layer particleboards made from kenaf
and rubberwood had slightly lower MOR, MOE, and IB values compared to admix-
ture boards. This is contributed to the presence of more void spaces in the three-
layer particleboard. According to Escobar (2008), a number of voids per unit arca
are sufficient to cause failure under stress. However, this is in contrast with Hay-
green and Bowyer (1989) who stated that the layering of multilayer particleboards

Table 5 Bending properties of particleboards

Materials Modulus of rupture (MPa) Modulus of elasticity
(MPa)

Admixture Layer Admixture Layer
100% EFB 22.48° 1118¢
100% PB 260 20.98° 2156°
100% RRIM 2002 20.44¢ 2145
50% EFB-50%PB 260 27.54% 16.73¢ 2138 17169
30% EFB-70%PB 260 23.05° 18.55¢ 2086° 1982¢
50% EFB-50 %RRIM 27.83° 19.88¢ 23192 2049°
30% EFB-70 %RRIM 18.144 17.98¢ 16454 1937¢
LSD 2.15 147

Means followed by the same letters **¢¢ in the same column were not significantly different
at p<0.05
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help to increase the bending strength of the boards by altering the properties of
the surface and core. Layering is one of the methods to improve the mechanical
properties of most composites. It was reported that layering with wood species has
significantly enhanced the MOR, MOE, and IB strength of particleboards (Nemli
and Ozturk 2006).

In terms of the ratio of materials, surprisingly, the higher ratio (50%) of EFB
for both rubberwood clones for homogeneous boards showed the highest values of
MOE and MOR compared to the lower ratio of EFB. This value was higher than
those shown by control boards made from 100 % of each material. High stiffness
and strength values might be attributed by the high aspect ratio of EFB. From ob-
servation, EFB particles are longer and slender compared to rubberwood particles.
This property brings EFB to resist higher load to fracture the weakest point area
of EFB board during bending. Thus, it resulted in high bending properties on this
particular panel. Ong (1981) agreed with this and stated that longer wood particles
significantly increased the bending properties of particleboard. As reported by John
et al. (2008), EFB also has good toughness and cellulose content. In addition, the
presences of a stiff material such as EFB in an admixture board might be able to
potentially provide high strength to the board. However, a dramatic decrement was
observed when 70 % rubberwood was incorporated. This may be due to excessive
rubberwood particles to be filled between EFB particles. This finding contradicted
with results obtained by Abdul Khalil et al. (2010). In their study, MDF boards
made from 80 % rubberwood showed greater mechanical and physical properties
compared to 50 % rubberwood.

Internal Bonding

Good compatibility can be indicated by a high modulus in composite materials
(Eichhorn et al. 2001). Compatibility is one of the main problems in composite
materials that commonly occur between the adhesion of the matrix and the fibres.
Figure 1 illustrates the internal bonding strength of single-layer and three-layer par-
ticleboards. Apparently, homogeneous single-layer boards of EFB and rubberwood
particles have good compatibility among EFB and rubberwood particles. Compa-
rable IB values of all single-layer boards may indicate that in form of crude par-
ticles, the board has good compatibility among EFB and rubberwood particles. This
finding concluded that EFB fibre can be used with PB 260 at a ratio of 30—50 %, but
only 50 % with RRIM 2000 series to achieve acceptable internal strength properties.

Usually, in many cases, the weak material becomes the core material due to
insignificant effect on board strength and stiffness but it may influence the IB prop-
erties. A previous study reported that EFB has low performance due to oil traces in
the fibres (Paridah et al. 2000). Based on Abu Bakar et al. (2006), EFB fibres have
oil residues of 4.5% and commonly give poor bonding properties in composite
manufacture. Therefore, for three-layer particleboards, EFB was placed at the core
layers. Meanwhile, rubberwood was placed at the face layers since rubberwood has
a higher IB value compared to EFB. Similar to an admixture board, a three-layer
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Fig. 1 Internal bonding values of particleboards. Note: Means followed by the same letters *** in
the same column were not significantly different at p<0.05

board apparently has good internal bonding with slightly higher improvement, but
not significant.

From Fig. 1, all boards were found to be not significantly different in terms of
IB value, except for boards made from 70% RRIM 2002. However, the trend for
IB is reversed compared to bending values, where three-layer boards showed better
properties compared with admixture and control boards.

Dimensional Stability

Thickness swelling (TS) and water absorption (WA) values are the main indicators
to determine the stability of a composite. A board with low dimensional stability is
indicated by high TS and WA values. Table 6 shows that the dimensional properties
of the particleboards were highly affected by board type and material ratio. Appar-
ently, single-layer and three-layer boards that consist of rubberwood particles show
relatively higher TS and WA values. And interestingly, a particleboard made from
pure EFB (100% EFB) has relatively low TS and WA values compared to others.
Generally, 100% EFB has the lowest TS value, followed by boards with 50 % EFB
and 30% EFB with value ranges of 14.59 %, 16.42—18.19%, and 15.08-26.13 %,
respectively. This indicates that most boards made of EFB have low TS values.

It can be observed that boards manufactured from the RRIM 2002 rubber tree
clones had higher TS values compared to the other boards. The incorporation of
30% EFB with RRIM 2002 did not increase the board stability. However, by adding
up to 50 % ratios of EFB the stability of three-layer board seem to improve. Table 6
also shows that the WA of three-layer boards was significantly higher than admix-
ture boards. This again might be contributed to the higher percentage of void spaces
in the three-layer boards which can be filled with water. Prior studies have stated
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Table 6 Dimensional properties of particleboards

Materials Thickness swelling (%) Water absorption (%)
Admixture Layer Admixture Layer

100% EFB 14.59" 48.644

100% PB 260 18.10¢ 57.85¢

100% RRIM 2002 22.35b 58.03¢

50% EFB-50%PB 260 18.19¢ 17.68¢ 45.384 68.17°

30% EFB-70%PB 260 15.08¢ 21.38¢ 44.734 67.42°

50% EFB-50% RRIM 16.42¢ 16.47¢ 48.00¢ 76.08°

30% EFB-70% RRIM 26.13° 23.78° 70.42° 72.23%

LSD 1.58 7.28

Means followed by the same letters **<4¢ in the same column were not significantly different at
p=<0.05

that the existence of more voids may also provide spaces which encourage water
uptake (Loh et al. 2010; Saad and Izran 2012). In their studies, panels consisting of
high amount of voids accommodate some of the swelling of the panel.

A study carried out by Abdul Khalil et al. (2010) showed that MDF made with
rubberwood fibres were more stable compared to boards made with EFB fibres.
In their study, the lower amount of holocellulose and lignin in rubberwood fibres
indicate that rubberwood fibres have a lower amount of free hydroxyl groups. In-
terestingly, this condition was not observed in this study. Particleboards made from
100% EFB had significantly lower TS and WA values compared to boards made
from rubberwood. This might be due to the waxy surface on EFB (Adlin 2007,
Nazir et al. 2013) which may resist water to penetrate into the board and reduce the
water uptake. The same trend occurred when EFB fibres were layered with rubber-
wood particles. Overall, boards with a higher amount of EFB had relatively lower
TS and WA values.

Conclusions

From the results obtained, it can be concluded that particleboards made from 100 %
EFB has comparable properties with boards made from 100 % rubberwood except
for the MOE. EFB particles can be mixed and layered with rubberwood (PB 260 or
RRIM 2002 clone) particles up to 50% (w/w). However, boards (both admixture
and three-layer) made from 30% EFB: 70 % RRIM 2002 gave the lowest values in
almost all of the properties.
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Characterization and Use of Coir, Almond,
Apricot, Argan, Shells, and Wood as
Reinforcement in the Polymeric Matrix

in Order to Valorize These Products

Abouelkacem Qaiss, Rachid Bouhfid and Hamid Essabir

Abstract The natural resource materials have an exceptional potential as
reinforcement in plastic composites, due to their low cost, good mechanical
properties, and biodegradability. This chapter is related to the use of some natural
resources (nutshells residues) and their effect on polymer composite with varying
filler reinforcement content and type or improving the adhesion between polymer
matrix and filler. In this study, the used natural resources as bio-filler were almond
shells, coir shells, argan shells, apricot shells, wood powder, and the mixture of
these fillers, reinforcing thermoplastic polymer at various filler content (5, 10, and
20 wt.%), through extrusion and injection molding processes. The chemical and
physical properties of the bio-filler and bio-filler/polymer composites were defined
by using Fourier transform infrared spectroscopy (FT-IR); thermogravimetric
analysis (TGA); differential scanning calorimetry (DSC); and tensile, torsional, and
rheological tests. Depending on the bio-filler type, there was evidence that some
particular difference in the chemical exists and also physical property changes. An
increase in the crystallinity of composites is explained by the nucleating agent role of
the bio-filler. The thermal, mechanical, and rheological properties of the composites
were mostly enhanced with the addition of bio-fillers compared to the neat polymer
matrix, and optimal properties were reached. Also, some optimal properties were
observed when enhancing the interfacial adhesion by using a coupling agent. As a
result, good final properties of the composites were manufactured with low cost.
However, a fundamental understanding of the bio-filler structure and chemical
composition could be beneficial to reach their full industrial applications.
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Introduction

In the last years, the need of improving living conditions has considerably increased
and the utilization of polyolefin polymer material, mainly plastics, as polypropylene
(PP), polyethylene, etc., has increased. The use of different plants or their residues
as bio-filler in a synthetic polymer matrix has been a successful way to produce and
to develop new filler/plastic composite materials with good and various properties
(Mirmehdi et al. 2014; Boujmal et al. 2014; Salleh et al. 2014).

The bio-filler (lignocellulosic)-reinforced composites have several advantages in
comparison with mineral fillers, including their low cost, low density, biodegrad-
ability and availability, ease of implementation, and their specific properties (Malha
et al. 2013; Ou et al. 2014). In addition, their high cellulose component makes them
biodegradable and recyclable. Lower processing costs, the design flexibility, and
the ease of molding the complex parts are also advantages of bio-filler composite
materials. These benefits are of interest for applications in various fields such as daily
living (furniture, floor, pots, etc.) and automotive industry, which requires high per-
formance, lightweight materials, minimum impact on the environment, and reduced
cost of the material. However, the ultimate properties of the polymer composites
are influenced by many factors such as the filler composition, filler size and mor-
phology, filler loading, filler dispersion/distribution in a polymer matrix, processing
methods, and interfacial interactions (Yao et al. 2013; Elkhaoulani et al. 2013).

Bio-fillers are hydrophilic as they are comprised of cellulose, lignin, pectin, and
hemicelluloses, which contain hydroxyl groups with high reactive functionality
(Arrakhiz et al. 2012a). These bio-filler are therefore incompatible with the hy-
drophobic thermoplastic matrix, such as polyolefin, and have a low moisture resis-
tance. It is then necessary to improve the interfacial adhesion between bio-filler and
polymer matrix. The importance of the interfacial interactions between the polymer
matrix and the fiber was widely renowned in the improved hygrothermal stability
and mechanical properties of polymer composites (Sreenivasan et al. 2012; Kuciel
et al. 2014; Shinoj et al. 2011). A force applied to the matrix directly on the surface
of a composite is transferred to the nearest filler and propagates through the filler
matrix and filler interface. If the interface is poor, efficient distribution of strength
is not reached and the mechanical properties of composites are impaired (Arra-
khiz et al. 2012b, ¢). Another important factor for obtaining composite with high
mechanical properties is the filler dispersion/distribution. Poor dispersion of the
fillers in the material leads to the formation of aggregates (Arrakhiz et al. 2013a;
Nekhlaoui et al. 2014a). These various problems are the main limitations to the use
of these fillers as reinforcing polymers.

Moreover, further search still develops techniques to overcome the main draw-
backs of using bio-filler, such as their poor interfacial bonding with polymer matrix,
filler distribution/dispersion, and low thermal degradation of bio-filler compared
with inorganic fillers. It has been shown that an appropriate treatment applied to the
filler or polymer matrix may enhance compatibility between them, which improves
the quality of the composite materials. Various methods such as plasma treatment,



Characterization and Use of Coir, Almond, Apricot, Argan, Shells, and Wood ... 307

alkali, heat, graft coupling agent, or other chemical products have improved
compatibility of the bio-filler with the matrix (Arrakhiz et al. 2012b, c; Nekhlaoui
2014a). All these studies show that the adhesion between bio-fillers and the matrix
plays an important role in the mechanical properties of the composite. It is therefore
essential to know the chemical surface interactions between the various components
of composites prior to conducting mechanical characterization of the assembly.

In general, bio-filler-reinforced polymer matrix is an interesting area of research.
So, many industries have developed their polymeric product by reinforcing them
with bio-filler. Wood powder is among the most frequently used natural fillers (Sli-
wa et al. 2012; Pérez et al. 2012; Zhang 2014; Najafi 2013); however, other natu-
ral fillers, such as coir (Mir et al. 2013), doum (Essabir et al. 2013a), sugar palm
(Sahari et al. 2013), bagasse (Arrakhiz et al. 2013b), hemp (Etaati et al. 2014), are
often employed as new reinforcement agents in polymer-based composite materi-
als. Among these natural fillers, the nutshells could have a promising future as new
reinforcement in polymer composites. Generally, when producing fruits, tons of
the seeds will be needed and, in turn, tons of shells will become available. Many
works reported that the nutshells can be used as an energy source in an open-core
gasifier (Wever. 2012; Bahar Tiryaki et al. 2014), a potential alternative fuel for
diesel engine and for heating. Therefore, the natural filler derived from nutshell
residues could potentially be substituted for inorganic fillers in the composites. In
this regard, this chapter attempts to use some local crops such as almond shells,
coir shells, argan shells, apricot shells, wood shells, and their mixture to reinforce
thermoplastic polymers.

Nutshells’ Characterization

Chemical Composition

The cellulose, hemicelluloses, lignin, ash, moisture, and undetermined contents of
the natural bio-filler (almond shell, coir shell, apricot shell, and wood powder) are
detailed in Table 1. There are other minor products that are extractable by organic
solvents, proteins, starch, and other inorganic products. Substances other than lig-
nin, cellulose, and hemicelluloses are known as extraneous components and include

Table 1 Chemical (ligno- Type of Cellulose | Hemicellu- | Lignin | Ash (%)

cellulosic) composition of bio-filler (%) loses (%) (%)
selected bio-filler (Bahar —
Coir (jacs 53.06 - 36.5 0.61

Tiryaki et al. 2014; Demiral

and Cemrek Kul 2014; 1938, 60, 1506)

Herrera et al. 2014) Almond shells | 21.7 27.4 36.1 6.85
Apricot shells | 29.57 17.01 4797 1095

Wood powder | 45.3 23.6 27.6 0.27
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extractives and ash. The chemical composition of the bio-filler depends on their
origin, but in general it can be said that the major portion corresponds to the cel-
lulose, with about 2050 %, lignin concentrations range from 20 to 50 % by weight,
and those of hemicelluloses from 10 to 30% by weight. The cellulose fractions
were high for the wood powder followed by apricot shells (Table 1; Bahar Tiryaki
et al. 2014; Demiral and Cemrek Kul 2014; Herrera et al. 2014). The ash content
of the almond shells was 6.85%, which is higher than other bio-filler materials.
These compounds are heteropolymers which have a high variability in chemical
composition according to their origin and contribute to the overall properties of the
bio-filler.

Structural Properties

Cellulose is the component that provides protection and support in plant organisms.
The microstructure composition of cellulose is complex due to the hierarchical or-
ganization which varies depending on the origin of shells. The molecular struc-
ture of cellulose, which is responsible for its supramolecular structure, determines
many of its chemical and physical properties. The individual cellulose chains are
associated via hydrogen bonds, and themselves associated with each other to form
cell walls. These walls are included in a matrix of amorphous hemicelluloses, pec-
tins, lignin, and some protein. Hemicelluloses comprise a group of polysaccharides
(excluding pectin) that remains associated with the cellulose after lignin has been
removed. Further, lignin is a complex hydrocarbon polymer with both aliphatic and
aromatic constituents. The mechanical properties of hemicelluloses and lignin are
lower than those of cellulose.

Infrared spectroscopy is considered as a simple, direct, and sensitive charac-
terization technique for the identification of the chemical structure and groups
in different materials, which may include bio-filler and their composites. The
Fourier transform infrared spectroscopy (FT-IR) spectra of the studied bio-filler
(almond shell, coir shell, apricot shell, argan shell, and wood powder) are plotted
in Fig. 3. The spectra of bio-filler show a large band at 3329 cm™!'which is assigned
to the OH stretching vibration of bio-filler’s group (Essabir et al. 2013b). In the
2900-1000 cm ™! region, the bio-filler spectra were evidenced only by the bands of
cellulose, hemicelluloses, and lignin (Essabir et al. 2013b, ¢, 2014). The band at
2940 cm™' belongs to the C—H stretching vibration from CH and CH, in cellulose
and hemicellulose components. The band at 1737 cm™' may represent the carbonyl
C=0 stretching vibration of linkage of carboxylic acid in lignin or ester group in
hemicelluloses (Essabir et al. 2013b, ¢, 2014). The band at 1615 cm™ is assigned
to the carbonyl group stretching. The peak at 1465 cm™ corresponds to the CH,
symmetric bending present in cellulose. The C—O stretching vibration of the acetyl
group in lignin and hemicellulose component appears at 1242 ¢cm™'. The strong
absorption band at 1040 cm™' is attributed to the C-O and O-H stretching vibra-
tion, which belongs to polysaccharide in cellulose (Essabir et al. 2013b, c, 2014;
Figs. 1 and 2).
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Mechanical Properties

It is well known that the mechanical properties such as Young’s modulus of bio-
fillers (nutshells residues) like argan, almond, and apricot shells are lower than those
of inorganic fillers commonly used in composites such as clay, talc, and calcium
carbonate. Though, in terms of specific strength and specific Young’s modulus, the
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Fig. 3 Fourier transform infrared spectroscopy (FT-IR) spectra of almond, coir, apricot, and
argan nutshells

Table 2 Density of selected Type of bio-filler | Density (g/cm?)

bio-filler
Almond shells 1.36
Coir shells 1.21
Argan shells 1.29

Apricot shells 1.28
Wood powder 1.48

bio-fillers derived from nutshells residues are quite comparable to inorganic fillers
such as talc and calcium carbonate, because the density of inorganic fillers is higher
(clay = 2.5 g/cm?, CaCo,=2.7 g/cm?®; Nekhlaoui 2014a), while that of bio-filler is
much lower (Table 2). This becomes particularly important in automotive and pack-
aging industry, which requires high performance of lightweight materials. Table 2
compares the chemical and mechanical properties of some bio-filler (nutshells) to
inorganic filler commonly used in composite materials.

Morphological Properties

One important parameter in filler composite technology is particle size. Figure 4
depicts the bio-filler size distributions before compounding. The morphology of
used bio-filler with different particle sizes is shown in Fig. 4 (argan shells as an
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Fig. 4 Morphological and
size of argan particle
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example). As shown in Fig. 4, bio-filler particles (argan) exhibit irregular shape and
porous structure. The porous structure of bio-fillers leads to much lower apparent
density (1.3 g/cm?) than that of mineral filler (approximately 2.8 g/cm?). Therefore,
bio-filler can be dispersed in polymer matrix more homogeneously. The average
diameter of the used bio-filler is less than 50 um.

Thermal Properties

Thermoplastic polymers with a high melting flow are commonly used to process
composite material-reinforced bio-fillers. So, during composite processing, the bio-
fillers are subjected to a high temperature (Salleh et al. 2014). Temperature above
polymer processing (above 240°C) temperature results in decomposition of bio-
filler. The thermal decomposition of selected bio-filler was determined by thermo-
gravimetric analysis (TGA) under air and is illustrated in Fig. 5.

It was found from Fig. 5 that the thermal decomposition of all bio-filler occurs in
four steps. The first mass loss, in the range 50-100 °C, is due to the evaporation of
the water from the particles, while the onset degradation of the three major constitu-
ents of the natural fillers—hemicellulose, cellulose, and lignin—occurs at higher
temperatures. The first degradation stage was the decomposition of hemicelluloses,
followed by that of cellulose, lignin, and lastly their ash (Dehghani et al. 2013; Luo
et al. 2014; Hao et al. 2013).

The first phase (280-310°C) was the thermal depolymerization of hemicel-
luloses and pectin of hemicelluloses, while the second phase occurs in the range
(320-340°C) and corresponds to the degradation of cellulose present in the bio-filler.
Because of the highly crystalline nature of their cellulose chain than the amorphous
nature, cellulose is relatively thermally stable. The third phase is assigned to the



312 A. Qaiss et al.

100+¢,, Argan
s — —— Almond
- sssssss Apricot
A Coir
80
e
g
< 604
y
|
.En
h__ﬂ)
2 40
20 4
0 — ‘I'n'n-nw------

100 200 300 400 500 600
Temperature (°C)

Fig. 5 Thermogravimetric analysis (TGA) curves of nutshells: almond, coir, apricot, and argan

decomposition of lignin between 440 and 480 °C (Essabir et al. 2013b, ¢, 2014). It
was found that because of its complex structure, the decomposition of lignin occurs
slowly in the temperature range (from 160 °C) to extend its complete decomposition
at a higher temperature (480 °C). This is contributed by lignin, which is a very tough
component and known as the compound that gives rigidity to the plant materials.

Use of Shells as Reinforcement in Thermoplastic Matrix

The nutshells were selected to be used as reinforcement in thermoplastics matrix
due to the wide amount of research material currently available (energy, adsorption).
Many works reported that the nutshells can enhance the thermal and mechanical
properties of polymer matrix and can be used as an alternative to mineral fillers
such as talc and calcium carbonate. In this regard, the specific nutshells such as
almond, coir, apricot, argan, wood powder, and their mixture were used as the rein-
forcing material since it is abundant in nature and has minimal effect on the environ-
ment due to their biodegradable properties (Essabir et al. 2013b, ¢, 2014).
Almonds are a very important crop throughout the world’s temperate regions.
Almond shell accounts for about 35-75% of the total fruit weight consequently;
around 0.8—1.7 million tons of almond shells are left annually (Essabir et al. 2013c).
Almond shell is the lignocellulosic material forming the thick endocarp or husk of
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the almond tree fruit which, upon processing, yields edible seeds. Almond shells are
separated from the edible seeds and since they have no important industrial usages,
they are normally incinerated or dumped. Burning agricultural residues cause envi-
ronmental problems such as air pollution, soil erosion, and decreased soil biological
activity.

Coir is obtained from coconut tree which is found in tropical countries. Because
of its hard-wearing quality, durability, and other advantages, it is used for making
a wide variety of floor furnishing materials, yarn, rope, etc. However, these tradi-
tional coir products consume only a small percentage of the potential total world
production of coir nut husk (Arrakhiz et al. 2012b). Hence, apart from the conven-
tional uses of coir as mentioned above, research and development efforts have been
under way to find new use areas for coir shells, including use of coir as reinforce-
ment in polymer composites.

The argan tree, called Argania spinosa, is a tropical plant, which belongs to the
Sapotaceae family. Moroccans traditionally use the fruits of A. spinosa to prepare
edible oil. It represents the only endemic species of the genus Argania (Harhar et al.
2014). As an important traditional alimentary medicine, 4. spinosa is a valuable
potential for the Moroccans. All parts of the argan tree are used by local people:
wood and woody shell of the fruit for heating, and the almond fruit for production
of argan oil. In cosmetics, argan oil is advocated as moisturizing oil against juvenile
acne and flaking of the skin as well as for nourishment of the hair, thanks to its high
content of vitamin E, while fruit pulp and seed cake residue from the production of
argan oil are used for cattle (Essabir et al. 2013b; Harhar et al. 2014).

Apricot is one of the most popular of the temperate fruits worldwide and is culti-
vated in all Mediterranean countries (Essabir et al. 2014). Apricot pits are also sepa-
rated into shells and kernels, which have washing, sorting, cracking, and separating
units. The resulting shells are generally used as fuel and the resulting apricot kernels
are exported worldwide Fig. 6.

Fig. 6 Photographs of the
used nutshells: a almond,
b coir, ¢ apricot, and d argan
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Problematic

Generally, the physical and mechanical properties of final composite materials
depend on the type of matrix, filler content, physical and chemical properties of
the reinforcing filler, distribution/dispersion of the filler into the polymer matrix,
and interfacial adhesion. There are three major challenges to be overcome in using
bio-filler as filler: (1) the thermal decomposition of bio-filler at the processing tem-
perature and (2) distribution/dispersion of the filler into the polymer matrix. Better
dispersion of the filler can be achieved by effective mixing of the components and
an appropriate compounding process (Essabir et al. 2013b, c). (3) The incompat-
ibility between the bio-filler and the polyolefin matrix.

The interfacial adhesion between bio-filler and polymer matrix is the limiting
factor of the filler-reinforced composite performance, as it defines the amount of
load that can be transferred from one filler to the second by the matrix. The strength
of a filler—matrix interface is dependent upon the degree of mechanical, chemical,
and electrostatic bonding and the level of interdiffusion between the matrix and
fillers. The lack of chemical bonding between filler and polymers is due to the
chemical properties of bio-filler that is strongly hydrophilic and to the polymer
matrix which is mostly hydrophobic and apolar.

To overcome this incompatibility, the hydrophilic nature of bio-filler can be
reduced by chemical modifications. Many researchers have tried chemical treat-
ment of biofiller’s surface such as mercerization, benzoylation, acetylation, silana-
tion, grafting copolymerization (Huu Nam et al. 2011; Arrakhiz et al. 2013c), and
utilized different chemical treatments to compare the impact of chemical treatment
on the mechanical properties of composites. The use of a coupling agent with inter-
mediate properties between those of the fillers and matrix can also be considered,
with the coupling agent forming a bridge between them. Arrakhiz et al. (2012a) and
Essabir et al. (2013a, ¢) described studies evaluating the effect of compatibilizer on
the mechanical and thermal properties of composites.

It is well known that the use of stiffer filler in the polymer matrix enhances the
rigidity of the final material, but in contrast, the ductility of materials decreases.
The filler acts as a nucleating agent, reduces the elasticity of the materials, and
leads to decreased ductility of the composites. Some industrial application requires
materials with a good rigidity/ductility ratio. To overcome these drawbacks during
implementation of composites, maleic anhydride (MA) can be used as a coupling
agent, which is generally grafted to the same polymer as a matrix. However, to
improve the interfacial adhesion and ductility of material, it was found in a previ-
ous study that grafting MA with a rubber copolymer as coupling agent enhances the
toughness property of the resulted materials (Nekhlaoui et al. 2014b). In this regard,
to improve the filler/matrix adhesion and to improve the ductility of composites,
the styrene—(ethylene—butene)—styrene (SEBS) triblock copolymer as the rubber
support can be grafted with MA, resulting in a coupling agent named styrene—
(ethylene—butene)—styrene triblock copolymer-grafted MA (SEBS-g-MA).
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Processing Techniques for Polymer Composites

The polymer processing techniques are most frequently used in the implementa-
tion of composite materials. The preparation of the mixture of raw materials is
performed at a temperature which corresponds to a softened plastic phase. This hot
mixing (melt blending) is obtained in several ways and leads to different modes of
manufacture. Among these methods of implementation can be distinguished sol—
gel process, in situ polymerization, and melt blending. The extrusion, injection,
and compression molding are the most usual processes to produce polymer/filler
composites with a high homogeneity and a good dispersion/distribution of fillers.
It is important to note that the process parameters such as the rotating speed of the
mixer, the temperature, time, and moisture influence the properties of the compos-
ite product. The extrusion of a blend of cellulosic fillers and a thermoplastic is a
technique which allows the achievement of the composite. The fillers are incorpo-
rated into the molten thermoplastic using a screw system. The plastic injection is an
implementation process of thermoplastics. It is to soften the plastic material to bring
it to melt and injecting it into a mold for shaping.

Mixtures of PP and bio-filler will feed an extruder. The extruder was a corotating
twin screws which rotate within a cylindrical sleeve with temperature-controlled
heating systems and cooling (Arrakhiz et al. 2013b; Qaiss and Bousmina 2011;
Fig. 7). The main function of the extruder is to convey, melt, and pressure the mate-
rial introduced into the hopper so that it can cross the die (Arrakhiz et al. 2013b;
Qaiss et al. 2012, 2013). The steps for implementation of the composite during
extrusion are described in Fig. 7a. The state of the polymer blend in the machine
can distinguish five zones:

1. The feed zone 1, wherein the polymer is entirely solid and preheated.

2. The homogenization zone in which the polymer is soft and the polymer already
in the molten state.

3. The feed zone 2, wherein the fillers are blended with the polymer in the molten
state. Bio-fillers are added in the third zone to minimize their residence time
under high temperature, in order to avoid charge degradation.

4. The homogenization zone dispersion/distribution, wherein the polymer coexists
in the molten state with the fillers.

5. The compression zone, wherein the material is fully melted and forced through
the die.

In this study, composites were manufactured from PP and PP-grafted coupling
agent matrix-reinforced nutshells as bio-fillers. Various concentrations of bio-filler
(0, 5, 10, and 20 wt.%) were blended by extrusion and by using a Leistritz ZSE-18
Twin Screw Extruder (Leistritz Extrusions Technik GMBH, Germany). Mixing was
performed using a speed of 125 rpm for the main screws and a 40-rpm side-feeder
screw speed for particle feeding. The temperature profile of the extruder barrel’s
seven zones was set, from hopper to die, at 170, 170, 175, 180, 180, 175, 170, and
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170°C (Fig. 7a). The melt-extruded composites were cooled in a water bath and
then pelletized into granules of about 2 mm length, from which test samples were
molded using an injection-molding machine (Engel e-Victory). The temperature of
the injection press barrel was fixed at 180 °C, while the nozzle temperature was set
at 170°C and mold at 45°C (Fig. 7b).

Composite Characterization

The structural, morphological, thermal, and mechanical properties of final com-
posite materials depend strongly on the filler content, distribution/dispersion of the
filler into the matrix, and interfacial adhesion. In this study, the adhesion between
bio-filler and the matrix was reached by the addition of SEBS-g-MA as the coupling
agent at 8§ wt.%.
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Structural Properties

The FT-IR analysis proved to be a useful tool for determining the interaction be-
tween matrix, compatibilizer, and bio-filler to provide a good interfacial adhesion.
It is known that cellulose is the major content of bio-filler; the cellulose has a re-
active functionality that can react as strong ester bonds with coupling agent, thus
enhancing adhesion between the bio-filler and matrix. The FT-IR spectra of the
studied composites (binary and ternary composites) are plotted in Fig. 8. Compar-
ing the spectra of the PP/bio-filler composites with the spectrum of PP, the most
major bands of PP are observed in all spectra, but there are also many overlapped
bands which contain vibrations from both PP and bio-filler components (Fig. 8b).
Table 3 summarizes the assignment of different characteristic bands of PP matrix
and bio-filler composites.

Morphological Properties

The physical and mechanical properties of bio-filler composites depend on the type
of matrix, the content, properties of the reinforcing filler, dispersion/distribution of
bio-fillers into the polymer matrix, and interfacial adhesion. Many studies reporting
on the effects of fillers incorporation on the mechanical properties include Arrakhiz
et al. (2013a, b). Better dispersion/distribution of the filler can be achieved by
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Fig. 8 Fourier transform infrared spectroscopy (FT-IR) spectra of polypropylene (PP) composite
with almond, coir, apricot, and argan nutshells
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Table 3 Band position and assignment of each composite

A. Qaiss et al.

Bands position (cm™)

PP PP/Al | PP/Coir

PP/Argan

PP/Ap

PP/Wood

Band assignment

- 3370 | 3460

3341

3356

3500

OH stretching vibration in bio-filler

2956 | 2963 | 2956

2959

2956

2955

Asymmetric methyl stretching
vibration

2910 2926 | 2918

2926

2911

2911

Asymmetric methylene stretching
vibration

- 2867 | 2867

2866

Symmetric methylene stretching
vibration

- 2822 | 2830

2825

2844

2822

Symmetric methyl stretching
vibration

- 1733 | 1730

1736

1741

1748

C=0 stretching vibration of
carboxyl and acetyl groups in
bio-filler

- 1637 | 1682

1625

1556

1637

Carbonyl group stretching

- 1504 | 1507

1502

1506

1549

C=C stretching vibration of substi-
tuted aromatic ring

1462 | 1467 | 1452

1460

1467

1445

CH, asymmetric bending vibration
in PP and C—H deformation vibra-
tion in carbohydrates

1364 | 1378 | 1371

1370

1371

1370

CH, asymmetric bending vibration
in PP and CH deformation vibra-
tion in carbohydrates

1302 | - -

CH, wagging and CH bending
vibration in PP

1258 | 1252 | 1256

1259

1259

1244

CH bending vibration in PP
and C-O stretching vibration in
bio-filler

1166 | 1163 | 1163

1170

1148

1155

C—C chain stretching vibration in
PP and C-O stretching vibration in
carbohydrates

1067 | 1040 | 1020

1010

1037

1029

CH bending and CH, rocking
vibration in PP and C-O and C-C
stretching vibration in bio-filler

- 992 970

978

958

CH, wagging and CH bends
vibration in PP and CH, rocking
vibration in bio-filler

- 970 896

889

963

CH, rocking vibration and C-C
chain symmetric stretching
vibration

- 903 | -

903

C—0 and C—C stretching vibration
in carbohydrates

- 844 | 844

852

844

830

CH, deformation vibration in
bio-filler

PP polypropylene
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effective mixing of the components and a proper compounding process (Essabir et
al. 2013a; Nekhlaoui et al. 2014a). Figure 9 shows the scanning electron microscopy
(SEM) micrograph of argan shell composites (20 wt.%) as an example. On the one
hand, a good distribution and dispersion of particles on the matrix, at high and low
magnification, respectively, which indicates a good affinity at the interface particles/
polymer, which is confirmed by the absence of decohesion between particles and
matrix was observed. On the other hand, there was no evidence of large agglomer-
ates of particles on the studied fracture surfaces; this is a result of the compounding
process which ensures the good dispersion of the used particles in the matrix.

The addition of bio-filler reinforcement to the polymer will enhance some prop-
erties of the composite and will result in high moisture sorption in the bio-filler-
reinforced polymer. The moisture leads to voids in the filler matrix interface causing
deterioration in mechanical properties and loss of dimensional stability.

Fig. 9 Scanning

electron microscopy

(SEM) micrograph of

argan shell-reinforced
polypropylene (PP) matrix

at low and high magnification
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The specimens were subsequently immersed in distilled water at 23°C for 1
month with a daily change of water. The weight of each specimen was determined
at stated periods. Water absorption of each specimen was expressed as water weight
absorbed, divided by the dry weight of the specimen.

Figure 10 shows the effect of bio-filler content and coupling agent on water
absorption of various composites. It can be noted that the water uptake or the
absorption of the composite increases with increasing bio-filler content. The
hygroscopicity of bio-filler is highly correlated with the free hydroxyl (—OH)
groups. Hemicelluloses had the highest capacity to absorb water, followed by
cellulose and then lignin.
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Fig. 10 Water absorption versus time for each composite with and without coupling agent com-
paring to neat polypropylene (PP)
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On the other hand, after the use of coupling agent, the water absorption of the
coupled composites was considerably reduced. This reduction is due to the better
interfacial adhesion between the matrix and the bio-filler.

The temperature degradation of bio-filler limits the choice of the polymer
matrix. During processing of polymer composites, bio-fillers are exposed to high
temperature, frequently combined with trapped air, which could lead to degrada-
tion (Salleh et al. 2014; Holt et al. 2014). If degradation of bio-fillers occurs at the
melt-processing temperature, the mechanical reinforcement effect of the bio-filler
can be decreased, with the side effects of discoloration and unpleasant odor of the
composites. Therefore, TGA was used to determine the high temperature degrada-
tion behavior of the composites.

Thermal Properties

The thermal analysis of binary and ternary composites was conducted to inves-
tigate the influence of bio-filler and coupling agent on the thermal properties of
composites. Figure 11 shows that the use of bio-filler (e.g., apricot shells) decreases
the thermal stability of the final composites material. These decreases are due to
reactions and complex interactions between the fillers and the matrix, which cause
scission of the polymer chain and thus affect the thermal stability. During the manu-
facturing process, the mixture is more viscous than the PP, which promotes friction
between the polymer and filler.

Figure 11 illustrates the effect of adding a coupling agent on thermal stability
when compared to a bio-filler/PP binary system (e.g., binary and ternary composite-
reinforced coir and apricot shells). In Fig. 11, the results show a slight increase in
thermal degradation temperature with the use of coupling agent; the formed ester
bond in the ternary system leads to a good adhesion between bio-filler and the poly-
meric matrix which explains the thermal behavior of this system compared to the
binary one (Arrakhiz et al. 2013a; Essabir 2013c).

A large number of transitions (melting, crystallization, glass transition tempera-
ture, etc.) are not accompanied by a change in mass. These transitions which are not
detected by the TGA are determined by differential scanning calorimetry (DSC).
DSC scanning was employed to evaluate the degree of crystallinity, the melting
temperature (7, ), specific enthalpy of melting (AH ), and temperature of crystal-
lization (7_; Gamon et al. 2013; Table 4).

DSC scanning was employed to evaluate the effect of bio-filler and coupling
agent on the melting temperature (7)), specific enthalpy of melting (AH ), tem-
perature of crystallization (7;), and degree of crystallinity of the final composites
(Table 4). The DSC results of binary and ternary system composites are presented in
Table 4. The addition of bio-filler and coupling agent produced no notable change in
the melting temperature of composites compared to neat PP (163.8 °C).

From Table 4, a decrease of the melting enthalpy (AH ) with the use of filler
from 5 to 20 wt.% and coupling agent, in comparison with the neat PP (89.4 J/g) was
observed. This reduction indicates an increase in the thermal stability of polymer
matrix (PP) with increasing bio-filler content. The fillers absorbed more heat energy
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Fig. 11 Thermogravimetric
analysis of composites
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Table 4 Differential scanning calorimetry (DSC) results of composites reinforced by different
fillers

Composites T, (°C) |AH _(J/g) | T, (°C) X (%)
Matrix Filler (wt.%)

Shells Polypropylene 163.8 90.8 105.57 43.44

Almond PP 5 162.27 1 90.43 118.11 45.54

20 161.32 | 86.95 119.2 52.00

PP-SEBS-g-MA 5 162.33 | 90.68 116.57 45.67

20 160.53 | 84.35 117.04 50.44

Coir PP 5 162.54 | 90.85 120.23 45.75

20 162.25 | 85.98 120.59 51.42

PP-SEBS-g-MA 5 161 90.73 118.02 45.69

20 160.54 | 83.16 119.15 49.73

Argan PP 5 161.37 | 90.8 116.95 45.73

20 162.02 | 84.06 117.9 50.27

PP-SEBS-g-MA 5 161.56 | 88.35 116.82 44.49

20 161 82.18 117.6 49.15

Apricot PP 5 161.58 | 90.63 118.52 45.64

20 160.55 | 86.17 118.74 51.53

PP-SEBS-g-MA 5 161.07 | 92.85 117.21 46.76

20 160.19 | 83.76 117.81 50.09

Wood PP 5 162.26 | 90.11 119.23 45.38

20 161.72 | 87.87 120.57 52.55

PP-SEBS-g-MA 5 161.62 | 85.34 118.22 42.98

20 161.16 |81.78 118.59 4891

MA maleic anhydride, PP polypropylene, SEBS styrene—(ethylene—butene)—styrene

in the melting of the composites (Yao et al. 2013; Gamon et al. 2013). In the case
of composites with coupling agent, it was observed that the melting enthalpy shows
a lower value than those of binary composites that explained the high thermal
stability of ternary composites (Ayrilmis and Kaymakci 2013). The formed ester
bond in the ternary system leads to a good interfacial adhesion which explains the
thermal behavior of this system compared to the binary one.

In general, the polymer molecular chains can crystallize by themselves through
a self-nucleation effect or by introducing a nucleating agent (heterogeneous nucle-
ation effect; Arrakhiz et al. 2013c; Parparita et al. 2014). A change of crystallization
temperatures 7, of composites with the use of bio-filler and coupling agent can
also be noted. The introduction of bio-fillers leads to an increase of crystalliza-
tion temperature of all composite systems (binary and ternary). The increase in the
T, designates faster crystallization of polymer chains upon cooling; the presence
of bio-fillers initiates the germination and spherolites growth. The bio-filler could
act as a nucleating agent and thus increase the crystallization temperature of the
resulted composites.
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The degree of crystallinity (X, %) was determined from the melting enthalpy
values using the following Eq. 1 (Yao et al. 2013):

X, %= Lmo , (1)
(1-a)AH,

where AH_ is the melting enthalpy of the composites (J/g); AH, 2, is the enthalpy

value (theoretical enthalpy) of PP while being 100 % crystalline (209 J/g); (1 —a) is

the weight fraction of polymer in the PP composites.

On the other hand, the degree of crystallinity increased progressively from 0 to
20 wt.% bio-filler content compared to neat PP (43, 44 %), the highest values being
registered for all binary composites at 20 wt.% (more than 50%). This behavior
may be due to the fact that the bio-filler introduced in the PP matrix can serve as a
nucleation agent, resulting in an enhancement of the overall crystallization rate. On
the other hand, all the filled ternary composites show a higher crystallization value
compared to PP, but lower than filled binary composites. This may be due to the
rubber coupling agent support (SEBS) to amorphous character. As conclusion, from
all the DSC measurements, it can be concluded that fillers’ addition has an influence
on polymer matrix crystallization, which leads to a change in the final properties
of material.

Mechanical Properties of Composites

The major advantage of using filler as a reinforcement agent into polymer matrix
is the improvement of the physical properties of the manufactured materials in
comparison with the neat polymer. However, there are several parameters affecting
the mechanical properties of the manufactured material. A better dispersion and
interfacial adhesion between the matrix and fillers are both critical factors for the
resulting composites to achieve improved mechanical properties. A good dispersion/
distribution of the fibers in the matrix can be achieved by effective compounding of
the various components and by a suitable compounding process. SEM can be used
to evaluate the degree of dispersion/distribution of bio-filler into PP matrix. Better
dispersion of the bio-filler can be achieved by effective mixing of the components
and a proper compounding process.

It is known that the coupling agent reacts as ester bond with the hydroxyl groups
of bio-fillers surface; in this regard, the FT-IR of binary and ternary composites
was used to check this bond (Fig. 12). The zoomed area shows the main charac-
teristic peaks of the formed ester bonds (1642, 1599, and 1543 cm™') between the
OH groups on the bio-filler’ surface with the MA functions grafted to the PP chains
(Arrakhiz et al. 2013a). For a composite without coupling agent, any improvement
is achieved by physical anchoring between polymer chains and fibers.
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Fig. 12 Fourier transform infrared spectroscopy (FT-IR) spectrum of composites with and with-
out coupling agent

The mechanical tests are essential steps in accessing the characteristic quan-
tities of materials: Young’s modulus to the elastic limit, Young’s modulus to the
toughness or fatigue strength, and that Young’s modulus under varying conditions,
e.g., temperature or strain rate and elongation at break. In the industry, materials
are subjected to mechanical stress and must possess the qualities of resistance to
these stresses. The tensile tests consist in subjecting a sample with rectangular
section (according to ISO 527-1 (2012)) to a continuous deformation at constant
speed and to record the constraint resultant. Figures 13 and 14 show the effect of
bio-filler types, bio-filler content, and coupling agent on the tensile properties of
the manufactured composites. The trend of tensile properties of the two-studied
composites systems as a function of bio-filler content and coupling agent is present-
ed in Figs. 13 and 14. As expected, the addition of bio-fillers enhances the stiffness
of the manufactured materials. There is a sharp improvement in Young’s modulus
values by introducing bio-fillers in the polymer matrix; there are no significant dif-
ferences between the effects of type of bio-filler. The noted Young’s modulus of all
filled composites is higher than the neat PP (1034 MPa) and reached a maximum
at 20 wt.% of filler content. Thus, the highest Young’s modulus was recorded when
using argan shells as bio-filler; the obtained gain was 65 % at 20 wt.% argan filler.
This value may be due to the higher rigidity of argan shells than other bio-fillers.
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For other composites, the Young’s modulus at 20 wt.% is almost equal and gives a
gain around 30 %. On the other hand, it was observed that the combination of the
five bio-fillers with equal ratio as filler shows the same Young’s modulus trend; the
maximum Young’s modulus is reached at 20 % wt.% filler content and the obtained
gain is 50%. According to Fig. 13, it was also observed that Young’s modulus of
ternary composites shows a linear increase with the addition of bio-filler and also
the argan shell composites shows a maximum value than other composites. More-
over, the binary Young’s modulus is higher than the ternary one; however, the use
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Fig. 13 Young’s modulus versus particle content of different composites
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of rubber copolymer, as a support of MA, with lower elastic modulus (7.2 MPa) re-
duces Young’s modulus of the resulted composites (Fig. 13; Essabir et al. 2013a, c).

Figure 14 displays the tensile strength of the two bio-filler composite systems,
which show in general a decreasing trend. The increase in the bio-filler content
from 0 to 20 wt.% resulted in a decrease in the tensile strength of all composite
systems (except PP-SEBS-g-MA/wood composites) compared to neat PP. This
reduction in tensile strength is due to the weak interfacial adhesion between bio-
filler and matrix under stress, as the filler content increases and the interfacial
area increases which generates a decohesion between the matrix and bio-filler.
This decohesion and further stress concentration accelerate the sample break
(Essabir et al. 2013b, ¢).
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Difference in behavior was found for PP/wood composites, which presented
beyond 5 wt.% an increase in tensile properties compared to neat PP. An increase
in tensile properties may evidence a good interfacial adhesion, which generates
greater resistance to stress, and, in consequence, the tensile properties of compos-
ites show higher values. A degree of affinity between wood filler and the matrix is
higher compared to the other bio-filler used in this work. Addition of coupling agent
enhances the interfacial adhesion; the MA molecules grafted to PP make a strong
ester bond with the hydroxyl groups present on the filler surface, which leads to a
higher tensile strength in ternary composites compared to the binary one. The ten-
sile properties of some composites are higher than those of other composites; this
can be associated with the chemical composition and physical properties of each
bio-filler system.

As conclusion, the difference in the tensile properties of the composites may be
due to the difference in the bio-filler structure/composition. Based on the mechani-
cal properties results, it is possible to mention that, by a combination of the five
bio-fillers with equal ratio as filler, the obtained composites (equivalent composite)
show a similar tensile strength than the other composites manufactured.

The mechanical characterization of the material, when considered isotropic,
requires the identification of at least two independent parameters: Young’s modulus
and modulus of coulomb. The latter characterizes the shear strength in which the
torsion forms a part. The torsion test consists in subjecting a test piece to measure
the angular deflection and the torque generated. This test specimen has a rectangular
cross section and, for the various measured quantities, a correction factor was used
to adjust the fundamental based on samples of circular section. The machine used
for this test is the rheometer ARES-LS which ensures the rheology in both the solid
state and the molten state. The dynamic mechanical analysis is a characterization
technique which consists of subjecting a material to a dynamic stress of low ampli-
tude and measuring its response. The dynamic stress replaces the static stress often
used in tests of simple traction.

The elastic and viscoelastic deformation of the components can then be recorded
in function of the frequency at a fixed temperature or vice versa. Typically, data
are available for the storage modulus (£’, G") and loss modulus (E”, G”) and the
ratio of these two parameters, namely the loss factor of damping factor (tan J). This
parameter, also called the coefficient of internal friction, is the fraction of energy
dissipated in viscous form:

"

tand = —. 2
= (2)

The complex modulus (G*) of torsion represents the elastic and the viscous parts of
the material according to Eq. 3:

G =G +G", (3)
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where G'and G" are, respectively, the storage modulus and loss modulus measured
by the rheometer.

A strain sweep test was performed on the neat PP compared to the two filled
composite systems in order to establish the linear viscoelastic regime and to char-
acterize the strain-dependent viscoelastic properties of the samples. Dynamic
frequency tests were then performed using 0.002 strain amplitude.

Figure 15 shows the effects of the bio-filler content and coupling agent on the
tensional properties of the various composite systems. It is illustrated that the com-
posites showed an increased torsional modulus ( G*) values, with bio-filler loading,
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related to PP matrix, which may prove the formation of a more rigid material
structure. It is evident that all composites show a linear increase excepting the PP/
wood composites, which show a modest decrease with increasing filler content until
a threshold is reached at 10 wt.% filler content, after which the torsional modulus
evolution becomes very significant. At higher bio-filler content, the wettability of
the filler into polymer matrix decreases, which promotes filler—filler interaction,
leading to increased shear stress modulus.

Moreover, the frequency has also played a role in the composite response, and
it is clear from Fig. 15 that the G* increases with increasing frequency. This can be
explained by the normal solid-like behavior of composite materials. The compos-
ite material behavior will be more like a solid at higher frequencies at which the
molecular polymer chains do not have enough time to attain permanent deformation
(Essabir et al. 2013a).

The effect of coupling agent is more marked for the torsional modulus. This
property decreases after the use of coupling agent, showing composites with
lower torsional modulus compared to binary composites. This reduction may be
explained by the rubber character of the used coupling agent. The shear stress from
the torsional torque is applied at the filler/matrix interface, which has a rubbery
character, leading to lower torsional modulus compared to binary systems.

The loss factor, tan 6, which represents the relationship between the loss
modulus and storage modulus, is given by Eq. 2. It is illustrated that the torsional
modulus is not affected by the introduction bio-filler. On the other hand, it can
be easily observed from Fig. 16 that the ratio of the loss modulus and the storage
modulus decreases slightly from 0.1 to 40 Hz when bio-filler is added. This is the
common situation in solid state as the elastic character of the material at room tem-
perature prevails over a viscous behavior. In the case of ternary composites, it was
illustrated that tan 6 is less high compared to the binary composites and the use of
SEBS-g-MA with a rubber character increases the viscous behavior of the material
composites.

Melt Rheological

Rheology is the science that studies the behavior or response of materials (solid,
liquid, and gas) as a result of the stresses and deformations that apply to them. It
consists of determining the rheological properties of the material such as viscosity
and the elastic and viscous moduli, which are a function of the deformation and the
stress applied to the material. However, this science is closely related to the study
of plastics. Many studies describe the rheological analysis as a potentially valuable
technique for evaluating the microstructure and the dispersion of fillers in the poly-
mer matrix. However, an increase in the complex low-shear viscosity is connected
with the good dispersion of fillers in the matrix.

The principle of the rheometer is to subject the sample to a deformation (shear),
linear or sinusoidal, at a given frequency and record the normal force and the
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Fig. 16 Loss factor versus particle content of different composites

corresponding torque. Oscillatory melt rheology tests have been realized on an
MCR 500 (physica) rheometer equipped with CTD600 device. The measurements
were carried out at 200 °C under small amplitude oscillatory shear mode using par-
allel plate—plate geometry (25 mm diameter). The 2-mm-thick sample disks were
used for all tests. Frequency sweeps ranging from 500 to 0.5 Hz were applied at a
strain of 5%, for which the materials exhibit a linear viscoelastic behavior as veri-
fied by previous strain sweeps.
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In general, rheological properties can reproduce the internal structure and pro-
cessability of polymeric composites. They present information about the dispersion
state of filler into the matrix, percolated network structure, and the interaction be-
tween components. Figures 17 and 18 show the effect of bio-filler content, frequen-
cy, and coupling agent in the dynamic properties of the manufactured composites. It
is evident from Figs. 17 and 18 that both dynamic storage modulus G’ and dynamic
loss modulus G” increase with an increase in frequency; these results are in accor-
dance with the torsion results. It was also observed (Figs. 17, 18, and 19) for both
systems (binary and ternary) that at high-frequency region, G’ values are higher
than those of G” which indicates a solid-like response in molten state. This behavior
is due to insufficient time at higher frequencies to allow polymer chains to relax,
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Fig. 18 Loss modulus versus particle content of different composites

which contributed to an increase in the elastic nature of the polymer melt (Spiridon
et al. 2012). On the other hand, it can be clearly seen that the incorporation of bio-
filler decreases the dynamic properties of composites and the degree of interactions
between the components affects the final dynamic properties of composites. The
reduction of G"” and G" in binary composites is even more than in ternary one, and
the use of coupling agent enhances the interfacial adhesion between bio-filler and
matrix, which affects the dynamic properties of the resulted material (Essabir et al.
2013c); this result is in accordance with tensile properties which explain a decrease
of interfacial adhesion with the use of bio-filler.



334 A. Qaiss et al.

Se*s
G' PP/ Al 20wt.%
— — | ====—=G'PP-SEBS-g-MA/Al20wt.%
4es 1] ot o G'" PP/ Al 20w1.%
/@ w—— we = G'' PP-SEBS-g-MA/ Al 20wt.%
K o
o
+5 1
de 2
- "'-'

1e*
Se™ 4
0 Ll L] Ll LS T
0 100 200 300 400 500 600
Frequency (Hz)

Fig. 19 Illustration of cross point (loss modulus—storage modulus)

Figure 20 illustrates the crossover point of G' and G", which indicates a transi-
tion from elastic to viscous behavior. The composites at crossing points (crossover
frequency) show the same viscous behavior as elastic. It was observed that with the
use of bio-filler, the crossover frequency decreases to take place at lower frequency
(binary and ternary composites). The reduction of the crossover point designates an
increase of the relaxation time of the polymer that can be explained by good inter-
action with the bio-filler (Tazi et al. 2014). Beyond the crossover point (G'=G"),
G" becomes smaller than G’ and shows a plateau-like nonterminal behavior which
implies elastic characteristic of the melt. On the other hand, for ternary composites,
a shift of the crossover frequency to higher frequency compared to binary compos-
ites, indicating a decreased rate of transfer from solid-like behavior to liquid-like
behavior at high frequency was shown. The use of SEBS-g-MA with a rubber char-
acter increases the viscous behavior of the material composites.

The melt rheological response during frequency sweep (complex viscosity) for
binary and ternary composites is shown in Fig. 21. It is well established that the
addition of bio-filler into the polymer matrix decreases the viscosity of the melt.
The incorporation of bio-filler into polymer matrix generates a stress concentra-
tion zone, which leads to existence of a yield stress. Yield stress illustrates the de-
gree of interaction of bio-filler with adjacent bio-filler which is in relation with
the bio-filler size (Parparita et al. 2014). Generally, the decrease in the viscosity
depends on the bio-filler content, concentration, particle distribution, and the size
of bio-filler (Parparita et al. 2014). Moreover, it was observed that the melt viscos-
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Fig. 20 Cross point (loss modulus—storage modulus) versus particle content of different
composites

ity of both composite systems decreases with increasing frequency, indicating the
existence of a yield stress. On addition of a coupling agent, the ternary composites’
viscosity was still higher than that of binary composites in all bio-filler loading. The
observed increase in melt viscosity is presumably due to the combined effect of
compatibilizer, with its rubber character and changes in the rheological behavior of
the interface. The decrease of viscosity of composites versus bio-filler content and
frequency, makes the processing and blending of composites, at higher bio-filler
content, easier.
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Fig. 21 Viscosity versus frequency of different composites

Conclusion

The incorporation of natural (lignocellulosic) resources as fillers in the polymer
matrix represents promising news and ecofriendly products, with high performance
and low cost for such industrial application. In order to enhance the use of these
materials in more advanced applications, many projects are funded to develop their
new uses. The almond shells, coir shells, argan shells, apricot shells, wood pow-
der, and their mixture have been effectively demonstrated to reinforce the polymer
composite. The high mechanical properties of the used bio-filler (Young’s modulus
and tensile strength) provide an increase in the mechanical properties of the final
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composite. However, many other parameters such as chemical surface modifica-
tion, filler content, dispersion/distribution of filler into polymer matrix, temperature
processing, and the added compatibilizer also influence the mechanical properties
and other characteristics of the composites (crystallinity, thermal stability, visco-
elastic behavior, etc.). The implementation of a composite material with the greatest
properties thus requires the control of all these parameters.

Future Perspective

* Higher bio-filler content, more than 20 wt.%, could perhaps be used in the future.

e Thermoset and rubber matrix could be suggested in future works, with new
processing method.

» Overcome the incompatibility between bio-fillers and matrix by the use of other
chemical methods such surface treatment or functionalization.

* Prediction of the experimental results by the theoretical models, taking into
account the interface as a third phase.

» Supporting the used experiments by a useful application.
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Algae-Derived Biomass for Sustainable and
Renewable Biofuel Production

Ibrahim Birma Bwatanglang, Mohammad Faruq, Arvind Kumar Gupta
and Nor Azah Yusof

Abstract The rapid increase in demand for energy efficiency and sustainability in
recent years, the ecofriendly and renewable sources of energy have taken the center
stage by replacing the fossil-based energy resources as they associated with serious
environmental and health-related issues. These negative factors ignite to rethink and
global shift towards a more carbon-neutral source of energy that is biodegradable,
sustainable, and ecofriendly. Agro-based materials from crops and post-harvest res-
idues are currently being explored to meet these challenges as primary feedstock for
the production of ethanol, agrochemicals, and biodiesel. However, the cultivation
of oilseed crops and other cash crops essentially for biodiesel production will avert-
edly water down on food supply and security and thus we report in this chapter an
ideal alternative source of energy derived from microalgae that hold great promise
for the future. Cultivation of microalgae will not compete with food productions
and fodder demands, can be cultivated anywhere, will not compete with arable land,
has simple growth cycle that can produce lipids all year-round under short period
of time requiring less water, and has metabolic pathways that establish atmospheric
carbon-neutral effect and balance. With this, the aim of the current chapter is to
discuss the potentials of microalgae as third-generation energy source, focusing
basically on simple taxonomy, lipid biosynthesis, and various cultivation methods.
We also reviewed some simple principles used for the optimization of lipid con-
tent in microalgae under various lipid-induction techniques and a brief look into
the biosequestration characteristics of microalgae. Furthermore, various methods
involved in harvesting and extraction of lipid from microalgae and the chemistry for
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the conversion of lipid extracted from microalgae into biodiesel following simple
transesterification process are equally touched at the surface in this chapter. Based
on the aforementioned, this chapter comes to conclusion elucidating algae lipid
metabolism and production as key fundamentals to consider towards achieving the
most desired global energy demand that is sustainable and ecofriendly.

Keywords Biomass - Biofuels * Algae - Oil extraction - Transesterification

Introduction

Ecofriendly and sustainable energy resources have become a global clarion call due
to the world’s increasing dependency on fossil fuel as the major sources of energy.
This clarion call is champion to minimize the environment-related consequences as-
sociated with greenhouse gas emissions and other obvious socioeconomic implica-
tions (Aguilera et al. 2009). With the increasing attendant consequences observed,
the emphasis is currently shifted to explore alternative energy sources that are eco-
friendly, renewable, and indeed sustainable to satisfy the raising global energy de-
mands projected to increase oil supply to about 75 mb/day by 2030 (Aleklett et al.
2010). In response to this call, researchers globally are expending resources towards
the development of sustainable and renewable sources of energy by expanding the
role of agro-based biomass with uncompromising determinations to put an end to
the continuous use of fossil-based resources such as coal, gas, and petroleum-de-
rived products; nuclear fusion; etc. (Aguilera et al. 2009; Brown and Brown 2014):

» Undisputed projections postulated that global demand for fossil fuels, especially
petroleum and its derivatives, will be skyrocketed in the coming years (Doman
2013; Sieminski 2013; Tariyal et al. 2013). A situation therefore arises in which
a choice should be made between renewable and sustainable forms of energy and
the undesirable continued burning of fossil fuels at the price of environmental
and health consequences.

» Fossils fuels are carbonaceous organic substances obtained from the anaerobic
decomposition of plants and animal remains following a series of biotransforma-
tions over geological period of years (Agrawal and Gopal 2014; Bolin et al. 1986).
These sources of energy are not sustainable and their associated derivatives carry
along long-term environmental and health-related consequences, such as green-
house gas emissions which add to ozone depletion, causes acid rain, and water and
air pollutions (Dincer 2000). The associated products obtained from petro-based
resources such as plastic and chemicals are not biodegradable and emit toxic
fumes when incinerated (Aguilera et al. 2009). These negative factors associated
with the use and application of fossil-based products ignite a rethink and global
shift towards biodegradable and ecofriendly sources of energy, especially from
bio-based resources that are capable of meeting global energy demands and at the
same time providing feedstock for other biochemicals and biomaterials.
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Biomass

Biomass are classified essentially as the materials derived from forest woods, crops,
manures, aquatic plants, microorganism, and other agro-based residues with great
potential that can be converted into energy sources either through direct combustion
processes to generate heat or could be used to extract biofuels and other agro-based
chemicals (Perlack et al. 2005). Biomass can be simply defined as carbon-based
materials with stored energy composed of organic molecules and other metals in
complex mix such as magnesium in chlorophyll (Perlack et al. 2005). Table 1 sum-
marizes various agro-based resources.

The energy stored in biomass is derived through a simple process of photosyn-
thesis; the plants utilize the light energy from sun to convert the carbon dioxide and
water into sugar and oxygen (Alcaine 2010). The biomass from plant and agro-based
products are of low-carbon or carbon-neutral forms, the nutrient and energy gener-
ated during photosynthesis are released into the atmosphere during combustion/
burning processes and subsequently absorbed back during the next crop’s growth
cycle, producing a reactive cycle of absorption—release—absorption activities, thus
establishing a perfect atmospheric carbon-neutral state contrary to what is observed
when fossil fuels are burned (Pyorala et al. 2014; (Schenk et al. 2008; Searchinger
et al. 2009; Tilman et al. 2006). Figure 1 summarizes the simple classification of
various products derived from agro-based biomass resources.

Biomass are diverse in nature while possessing different compositions in terms
of calorific value, moisture content, ash content, etc., and can be converted to
end-user products (such as biodiesel, methanol, ethanol, biopolymers, etc.) when

Table 1 Types of agro-based resources. (Perlack et al. 2005)

Forest resources

Agriculture resources

Primary

Primary

Residues from logging and conventional harvest

Crops and grains—corn, sugarcane, soy-
beans, oilseeds, etc.

Residues derived from forest land clearing
operations

From stover, small-grain straw, and others

From sugar beets, sugarcane, etc.

Perennial grasses

Perennial woody crops

Secondary

Secondary

Residues from primary wood-processing mill

Animal manures

Residues from secondary wood-processing mill

Pulping liquors (black liquor)

Food/feed processing residues

Tertiary

Tertiary

Residues derived from urban wood processing
activities and construction

Residues from demolition debris, tree trimmings,
packaging

Materials from wastes and consumer durables

Municipal solid waste and post-consumer
residues and landfill gases
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Biomass
Bio-based
products
Bi D, Transportation Fuels: Biomaterials:
op;wer; ]ea Bioethanol, Bio- Biogas: Synthetic gas Biopolymers,
sy methanol, Biodiesel Biochemicals

Fig.1 Classification of products that can be generated from biomass resources

subjected to different processing techniques such as combustion, fermentation, hy-
drolysis, pyrolysis, or gasification (Brown and Brown 2014; Clark and Deswarte
2008; Stephens et al. 2010).

Major Differences Between Biomass and Fossil Fuels

a. Biomass materials derived from forest woods, crops and aquatic plants are
renewable through re-cultivation. However, fossils are formed from the decom-
position of plants and animal remains buried under the earth’s crust following
millions of years due to geological transformations and are nonrenewable.

b. When burned, the stored energy in biomass releases CO, which is subsequently
reabsorbed by the plants in their growing state resulting in atmospheric carbon-
neutral effects and maintains the balance level of atmospheric CO, at a very
short time frame. However, on the contrary, the energy in fossil fuels that was
stored over millions of geologic years burns out carbon into the environment and
increases the carbon concentration in the atmosphere without being reabsorbed.

c. Biomass is highly dispersed across the world and can be cultivated virtually
everywhere, while fossil fuels are largely localized and found deep below the
earth’s crust or sea level.

Agro-Based Biomass Resources

Driven by the appetite for achieving a sustainable and renewable energy balance,
agro-based materials from grains, sugarcane, oilseeds, and post-harvest residues
are presently the primary feedstock deployed and are used in the production of
ethanol, agrochemicals, and biofuels/biodiesel (Da Costa et al. 2010; Perlack et al.
2005; Pyorila et al. 2014). Virtually all forms of agro-based biomass can be utilized
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sustainably and for this purpose, the crops are classified into edible crops, nonedible
crops, and shrubs or grasses (Perlack et al. 2005).

The edible crops such as corn, soybeans, sugarcane, sugar beets, and vegetable
oilseeds are consumed as food and are competing as feedstock for the production of
biofuels, methanol, and other agro-based derivatives. However, the chaffs, straws,
nutshells, perennial grass, and shrubs are nonedible feedstock and are best suited
for biofuel production (Da Costa et al. 2010; Perlack et al. 2005). This alternative
source of energy derived from agricultural resources remains very promising in
meeting the world’s quest for renewable and sustainable energy requirement, but
with a lot of hurdles to be crossed as summarized below:

a. Most of the crops essentially used as biomass-based fuels, especially the wood-
based plants, are not perennial in nature and can take years to achieve production
age and availability (Perlack et al. 2005).

b. Agro-based residues are very essential in natural replenishing cycle of soil, and
the continuous removal of crop residues will affect soil fertility, expose the soil
to erosion, and poise a raising risk for food security. This may put pressure on
global socioeconomic stability, especially to the less economically endowed
regions of the world (Perlack et al. 2005; Teweldemedhin and Mwewa 2014).

c. Extracting biodiesel from oilseeds would create a shortfall for vegetable oil
demands essentially needed for human consumption (Tariyal et al. 2013).

With much desired efforts put in place to diversify sources of energy, especially
biomass as against fossil-based energy, the agro-based biomass stands out as best
option for a lifetime and contextually provides a source of energy that is renewable
and ecofriendly. This chapter is designed to carefully explore agro-based biomass
potentials; the caviar highlighted above drown on the fact that cultivation of oilseed
crops and other cash crops essentially for biodiesel production will avertedly water
down on food supply and security. The overall implications, however, are to explore
agro-based biomass for biodiesel production that best meets one or all of the fol-
lowing requirements:

a. Will not compete with food production and fodder demands
b. Can be cultivated anywhere with all year-round output and less water demand
c. Establish atmospheric carbon balance

This chapter therefore identifies an aquatic plant called algae that falls and virtually
satisfies these conditions essentially for biodiesel production. Before digging into
biodiesel production from algae, let us quickly take an overview on the taxonomy
of algae briefly.

Algae-Based Biomass

In a milder definition, algae are photosynthetic nonflowering plants or organism
that contain chlorophyll but with no definitive roots, stems, leaves, and vascular tis-
sues (Campbell 2008; Dismukes et al. 2008; Munir et al. 2013; Schenk et al. 2008).
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Algae can be classified into prokaryotic microalgae (no definitive nucleus) such as
chloroxybacteria (cyanobacteria) and eukaryotic microalgae (has both nucleus and
organelles) such as the green algae (Chlorophyta), Rhodophyta (red algae), and
the diatoms (Bacillariophyta) (Brennan and Owende 2010; Falkowski and Raven
2007). Figure 2 briefly explains the prokaryotic and eukaryotic cells.

Most algae are photosynthetic and exhibit autotrophic energy pathways by con-
verting organic molecules from inorganic raw materials using the basic energy
source from sunlight, utilizing the sunlight and absorbed CO, with the aid of green
pigment (chloroplast) to produce cellular energy. Furthermore, the other forms of
algae are nonphotosynthetic and prey on food generated by other organisms such as
the fats, carbohydrates, and proteins through heterotrophic energy pathways, while
some exhibit both the energy pathways (Bilanovic et al. 2009; Brennan and Owende
2010; Chiu et al. 2009; Falkowski and Raven 2007; Khan et al. 2009).

The most important and widely available forms of algae essential for biodiesel
production are the diatoms (Bacillariophyta); green algae (Chlorophyta); blue-green
algae (Cyanophyceae); golden-brown algae (Chrysophyceae); and others like the
red algae (Rhodophyta), Dionophyceae, Haptophycease, etc. They are categorized
largely based on their simple basic characteristics such as pigmentation, life cycle,
and biochemical compositions (Lobban and Wynne 1981; Round 1984). We shall
discuss only few species in this chapter:

* Red algae (Rhodophyta) are mostly multicellular eukaryotic forms of algae
having flagella or centrioles, living in marine habitant, and reproducing sexu-
ally. They have the ability to use CO, and HCO, through photosynthesis and
equally use floridean starch (granular carbohydrates) as food source. Their struc-
ture consists of an inner wall made of cellulose and pool of jelly-like deposit
(agar) housed in the outer layer or wall (Lobban and Wynne 1981; Round 1984).
Figure 3 shows different images of some red algae.

Prokaryotic cell Eukaryotic cell

Plasma membrane Plasma membrane
Cytoplasm
DNA

ucleoid region

: Nucleous
Ribosomes

Ribosomes

10-100 pm

Fig. 2 Prokaryotic and eukaryotic cells
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» Brown/diatom algae are eukaryotic organisms containing fucoxanthin pigment
which provides the characteristic greenish-brown coloration and also has a de-
veloped but uniquely differentiated tissue—a soft organo-shell containing sil-
icon and oxygen elements and water molecules called frustules that give it a
unique identification to other 100,000 species of diatoms. They store energy in
complex polysaccharides, sugar forms, and as triacylglycerols (TAG) (Lobban
and Wynne 1981; Round 1984). Diatom species with its uni-micro size between
2 and 200 pm in diameter are found in large number in the ocean among the
phytoplankton and live in brackish and freshwater habitat (Guiry 2012; Round
1984). Other well-known species of diatom are the Chlorella sp, Thalassiosira-
baltica, Tabellaria,Amphipleura, and Coscinodiscus among others (Guiry 2012;
Round 1984). Figure 4 shows images of some brown/diatom algae.

» Green algae (Chlorophyta) are a classical progeny of plants, highly diverse with
about 7000 species in nature and could survive in virtually all habitats. Like
normal plants, they trap energy from sunlight to manufacture sugars and leave
primarily in aquatic environment. They reproduce through open mitosis without
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Fig. 3 Images of red algae in different forms
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Fig. 4 Images of brown/diatom algae in different forms

centrioles and each cell can develop rapidly forming cell colony and are mostly
flagellated and motile, others are immobile but do have flagellated stage during
their life cycle. Common members of green algae species are the Chlorella vul-
garis and Chlorella protothecoides, Scenedesmus obliquus, Haematococcus plu-
vialis, Dunaliella salina, and Tetraselmis among others (Burrows 1991; Guiry
2012; Palmer et al. 2004). Figure 5 shows images of some green algae.

Potentials of Algae-Based Biomass in Biodiesel Production

Algae-based biomass is one source of energy with a cutting age prospect that an-
swers virtually all aspects of ecofriendly and suitable energy lately; the lipid con-
tent or oil stored in large quantity as TAG in algae can be distilled out to produce a
number of products, ranging from vegetable oils to carbon-neutral biofuel products
when transesterified (Chen and Wu 2011; Schenk et al. 2008; Sharma et al. 2012;
Sialve et al. 2009; Stephens et al. 2010). Essentially, what it means is that the carbon
emitted during burning of algae-based biomass is reabsorbed as food, producing a
net carbon-effect cycle. The energy produced by algae is considerably higher as
compared to other agro-based biomass per unit area, easily grown on all habitats
and with a great promise as energy source for the future. Table 2 summarizes the oil
content yield of algae and some selected crops (Chisti 2007).
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Fig. 5 Images of green algae from different sources

Table 2 Oil content yield from algae and some selected crops

Oil content from algae-based biomass Agro-based biomass oil yields/crop
Type of algae Oil content Type of crop Oil yield

(% dry weight) (gallons/acre)
Botryococcus braunii | 25-75 Corn 18
Chlorella sp. 28-32 Soybeans 48
Crypthecodinium 20 Canola 127
cohnii
Cylindrotheca sp. 16-37 Jatropha 202
Nitzschia sp. 45-47 Coconut 287
Phaeodactylum 20-30 Oil palm 636
tricornutum
Schizochytrium sp. 50-77 Sunflower 102
Tetraselmis suecica 15-23 Algae 6283-14,641
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Below are advantages inherent in algae-based biomass production as energy
source:

a. The cultivation of algae-based biomass has fewer impacts on food security com-
pared to other conventional biofuel-based crops that are more or less edible by
man or are fodders for animals (Chisti 2007; Schenk et al. 2008).

b. Microalgae has a developed survival mechanism to adapt the changes in climatic
conditions all climatic conditions; undergo rapid growth cycle; flexibly adapt
to a variety of habitats (large number of different species); and could survive in
aqueous media, in brackish water, and even on nonarable lands that are consid-
ered infertile. This of course will drastically reduce pressure usually associated
with land exploitation and utilizations and even lesser pressure on freshwater. Of
greater note and interest are no need for herbicide, pesticide, or even fertilizer in
algae productions (Brennan and Owende 2010; Rodolfi et al. 2009); thus, pro-
viding remarkable opportunity for steady, stable feedstock supply all year-round,
doubling the biomass production and oil content percentage (Chisti 2007).

c. As compared to biofuels derived from lignocellulosic-based biomass, the biofu-
els derived from algae-based biomass have high lipid content with high caloric
value and low viscosity and density (Gouveia and Oliveira 2009; Miao and Wu
2004).

d. Algae-based biomass plays a critical role in regulating atmospheric CO, through
carbon-neutral effects, and helps in improving air purity because of its high CO,
sequestration or immobilization capacity (Chisti 2007).

e. Algae-based biomass also plays a significant role in contaminated water puri-
fication. Since algae makes use of nitrogen and phosphorus available in waste-
water, the process serves as a bioremediation platform (Bilanovic et al. 2009;
Gouveia and Oliveira 2009).

f. Algae-based biomass produces other associated by-products that are essential
feedstocks for other bio-agro-based products such as biopolymers, pigments,
animal feeds, fertilizer, etc. (Gouveia and Oliveira 2009).

The above mentioned advantages of algae-based biomass from other agro-based
biomass provide a clear and immediate reason to further explore the potentials
housed and still untapped in algae and its related species.

Chemistry of Algae-Derived Biofuel Production,
Harvesting, and Extraction

Basically, algae has the potential to use its phototropic ability to trap and absorb
energy from sunlight, converting the CO, from air, from industrial effluents, and
from soluble deposits such as carbonate to manufacture energy (Janssen et al. 2003;
Wang et al. 2008). Algae, just like biomass, participates in the removal or reduction
of atmospheric CO, emitted from the greenhouse activity through a process called
biosequestration (Jeong et al. 2003; Wang et al. 2008). Among the fuel gases (N,,
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CO,, SO, O,, NO, and water vapor) emitted by burning of fuels, CO, contributed
more to global warming, causing more environmental consequences such as acid
precipitation and rise in earth’s temperature and sea level (Brewer 2013; Sahoo
et al. 2012). Microalgae biomass consists of about 50% carbon by dry weight,
which suggested that algae has higher tolerance for CO, and flourishes rapidly in
carbon availability. Research documented that it only takes 1.5-2.0 kg of CO, to
grow about 1.0 kg of algae biomass (Sobczuk et al. 2000), and for efficient algae
cultivation, CO, availability in addition to the atmospheric percentage is required
(Brewer 2013; Jeong et al. 2003; Stepan et al. 2002). Also, algae utilize solar radia-
tion via photosynthetic process to capture CO, and reduce it into carbon molecules
in the form of energy as shown in Eq. 1

6CO, +12H,0 — (CH,0), +60, + 6H,0 (1)

The above reaction is light triggered and light dependent; however, algae have the
potential to utilize the energy synthesis during the light stage (nicotinamide adenine
dinucleotide phosphate (NADPH), adenosine triphosphate (ATP)) to convert CO,
and H, ions forming sugar, adenosine diphosphate (ADP), and NADP which are
further used to form amino acids and lipids (heterotrophic reaction) according to
Eq. 2 (Janssen et al. 2003; Nagaich et al. 2014).

3CO, +9ATP +6NADPH + 6H" — C;H60;, Phosphate
+9ADP + 8P, + 6NADP +3H,0 2)

Algae species also utilize some essential inorganic nutrients during their growth
cycle; silicon accelerates specifically the growth of diatoms species, are capable of
fixing atmospheric nitrogen, and can also utilize the soluble form of nitrogen found
in urea (Sharma et al. 2012; Welsh et al. 2000).

To fully optimize the production of algae, the following conditions are consid-
ered essential:

a. Sunlight availability can be affected by some climatic changes such as diur-
nal cycles and seasonal variations. This may hamper the effective production
of algae, especially when considering the harvesting of biofuels for commer-
cial purposes under natural growth conditions, thereby restricting the expansion
of such drive to areas with relatively higher solar radiation all year-round. The
mitigation, however, is to use artificial source of light such as fluorescent lamps
especially when growing phototrophic species while being mindful of the light
absorption characteristic of each species of algae in regard to its pigmentation
(Brennan and Owende 2010; Muller-Feuga et al. 1998).

b. Fixing of CO, is the path of algae’s growth cycle and the availability of CO,
source either from the atmosphere or from industrial discharge will further accel-
erate the growth of algae (Janssen et al. 2003; Wang et al. 2008).

c. Availability of nitrogen, phosphorus, and other inorganic nutrients will also has-
ten the growth of algae; this could be the reason why algae are largely found
around wastewater habitat (Sharma et al. 2012; Suh and Lee 2003; Welsh et al.
2000).
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The most important and widely used method of algae cultivations that are consid-
ered to provide the desired sustainable energy output are the (1) open pond method,
(2) closed pond method, and (3) photobioreactor production systems.

Open Pond Method

Open pond production system is the most popular and well-practiced method of
cultivation through history lines (Borowitzka 1999). Open pond systems are clas-
sified into three types: raceway ponds, central pivot ponds, shallow lagoons, and
ponds. Among the basic classification type, the raceway ponds are the most popular
and widely used culture systems, especially for large-scale production. For opti-
mum productivity, the raceway system requires a water flow rate of between 20 and
30 cm s—! supported by a paddlewheel (Vandamme 2013). Figures 6 and 7 show
open pond systems. In the raceway-based method, the paddlewheel principally aid-
ed even circulation of nutrients and water flow across the channels on continued
bases, thereby preventing the trapping and settlement of nutrients and sedimenta-
tion (Fig. 7; Chisti 2007).

The drawbacks of this system are the possibility of water shortages, and since the
pond is open, evaporation will also contribute to water loss (Haag 2007). The possi-
bility of pollutant and contaminants to runoff into the ponds and of greater concern
is the reliance on natural source of energy that is susceptible to seasonal variations
and diurnal cycle (Muller-Feuga et al. 1998). Selective cultivation of single species
of algae could be compromised using the open pond method due to possible compe-
tition from other organisms and species (Haag 2007).

Closed Pond and Photobioreactor Method

The technique involved in closed pond method also relies on paddlewheel for water
and nutrient circulations, but in this case, the pond is closed and the risk of contami-
nant running off into the pool is mitigated, eliminating the possibility of competi-

Fig. 6 Photograph of open
pond system
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Fig. 7 Schematic of raceway pond system. The algae culture in nutrient medium placed in front
of the paddlewheel which aids the circulation across the loop to the harvest extraction point and
with the aid of an aerators; CO, is made readily available for absorption by algae (Chisti 2007;
Brennan and Owende 2010)

tion and interference from other species and unwanted plants/organism (Brennan
and Owende 2010; Campbell 2008; Chisti 2007). The photobioreactor method is
considered to be the best and is preferred over the closed pond system due to its con-
trolled build in system that completely eradicates the chances of interferences, pro-
viding perfect conditions for optimizing the algae production (Becker 1994; Camp-
bell 2008; Chisti 2007). The close pond system and the photobioreactor system are
shown in Figs. 8 and 9, respectively. The closed system is made of tubular, flat plate
photobioreactors consisting of an array of glass tubes of about 0.1 m diameter that
act as solar receivers, as shown in Fig. 9.

Fig. 8 Closed pond system and photobioreactor
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Fig. 9 Schematic of tubular photobioreactor (Chisti 2007)

Optimization of Lipid Production
and Synthesis of Microalgae

Microalgae has large reservoir of lipids in the form of TAG consisting essentially of
saturated fatty acids (FA) and some unsaturated FA which serves as an energy storage
facility in the algae cells (Chisti 2008; Fukuda et al. 2001; Sharma et al. 2012). Lipid
availability varies among each species of algae which makes the selection of micro-
algae for commercial biodiesel production very critical, especially with regard to the
total lipid content (Guschina and Harwood 2006; Schuhmann et al. 2012; Thompson
Jr 1996). Several research efforts have been conducted to improve the lipid output
of microalgae for commercial oil production by enhancing photosynthetic pathways
and altering the essential ingredients involved in lipid biosynthesis such as induced
osmotic stress, radiation, nutrient starvation, temperature and pH, etc. (Fork et al.
1979; Sato and Murata 1980, Sato et al. 2000; Schuhmann et al. 2012; Thompson
Jr 1996). High energy content is produced when CO, are converted into inorganic
compounds through photosynthetic pathway; the TAG stored in the cytoplasmic lipid
matrix of the algae cells are synthesized under light and later used for the synthe-
sis of phospholipids (Lynch and Thompson 1982; Thompson Jr 1996). The study
of diversity, habitat adaptation, and survival instinct of microalgae were observed
to significantly determine the lipid synthesis and yield content among the species
(Guschina and Harwood 2006; Sato et al. 2000; Thompson Jr 1996). This discovery
encourages researchers to review the metabolic pathways of algae and maximize oil
output by altering some of the intracellular and extracellular environmental condi-
tions of the algae different from what is observed under normal conditions (Guschina
and Harwood 2006; Sato et al. 2000; Thompson Jr 1996). Microalgae under altered
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and induced intracellular or extracellular stress conditions developed a stress-endur-
ing protective mechanism by altering their lipid biosynthetic pathways, diverting and
depositing FA into TAG (Sharma et al. 2012). Several techniques such as osmotic
stress, radiation, nutrient starvation, temperature and pH, etc., are deployed in induc-
ing lipid induction biosynthesis in microalgae. We shall review briefly the aforemen-
tioned induction method and their potential in biodiesel productions.

Nutrient-Induced Stress

Algae cultivation is most favored and accelerated under the availability of three
primary nutrients: carbon, nitrogen, and phosphorus and other secondary micronu-
trients such as silica, manganese, iron, potassium, calcium, and zinc (Dongre et al.
2014; Thompson Jr 1996). While these nutrients are considered very essential in mi-
croalgae cell division and growth, they are, however, observed not to slow down the
biosynthesis of FA under induced nutrient starvation, as long as the microalgae can
access CO, and light energy (Thompson Jr 1996). The survival strategy employed
by microalgae under nutrient duress is very interesting; since the cell division and
growth are grossly impaired by nutrient deficiency, the microalgae in response divert
and deposit more FA into TAG by consuming NADPH in the process and replenish-
ing the electron acceptor driver in photosynthetic NADP* that was depleted as a
result of the nutrient starvation (Hu et al. 2008; Thompson Jr 1996). Most species of
algae, especially the red, brown, and green microalgae, were observed to accumulate
more lipids under nitrogen stress (Alonso et al. 2000; Rodolfi et al. 2009; Xin et al.
2010), while other studies reported a relative rise in neutral lipid level under silicon
(Griffiths and Harrison 2009; Xu et al. 2006), potassium (Lv et al. 2010), iron (Liu
et al. 2008), and phosphorus (Andersson et al. 2003; Hartel et al. 2000; Reitan et al.
1994). Based on the foregoing, nitrogen starvation significantly slows down micro-
algae growth in all the species and induces high level of lipid synthesis when denied
access to nitrogen (Widjaja et al. 2009). Thus, serving as one of the best nutrients
when denied, induces stress and accelerates lipid production in all the algae species
(Sharma et al. 2012). Table 3 summarizes the effects of nutrient starvation on algae
metabolism and change in lipid profile after induction.

Temperature-Induced Stress

Temperature variation significantly influences the FA profile where decrease
in temperature increases unsaturated FA and temperature rise causes increase of
saturated FA, especially among species of microalgae and cyanobacteria (Don-
gre et al. 2014; Lynch and Thompson 1982; Renaud et al. 2002; Sato and Murata
1980). These changes alter the basic properties of the algal cell membranes, allow-
ing normal photosynthesis, ion permeability, and respiratory activities to continue
unabated (Somerville 1995). The changes in profile are achieved by altering the skel-
etal structure of FA, particularly the unsaturated FA that has weak carbon—carbon
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Table 3 Effect of nutrient starvation on algae metabolism and change in lipid profile after induc-
tion. (Sharma et al. 2012; Dongre et al. 2014)

Change in lipid profile after induction

Microalgae species

Nutrient induced stress

Dunaleiella tertiolecta

Lipid fluorescence increases fivefold under limited nitrogen
supply

Chlorella sp.

Under nitrogen starvation, about 53.96+0.63 mg/L d of lipid
was obtained

Chlorella vulgaris

Total lipid content increases by 16.41 % under nitrogen
limitation

Chlamydomonas reinhardtii

Increase in total lipid observed under short nitrogen supply

Scenedesmus subspicatus

Increase in total lipid observed under short nitrogen supply

Nannochloropsis oculata

Increase in total lipid by 15.31 % observed under short nitrogen
supply

Pheodactylum tricornutum

Increase of 69—75% in TAG level observed under nitrogen-
induced stress

Neochloris oleoabundans

Lipid yield of 133 g/L d obtained under limited nitrogen stress

Scenedesmus sp.

Phosphorus and nitrogen limitations increase TAG content

Cyclotella cryptica

Under silicon duress, an increase in total lipid was observed

from 27.6 to 54.1%

TGA triacylglycerol

double bond and a direct link to increase the membrane fluidity (Dongre et al. 2014;
Harwood and Jones 1989; Sharma et al. 2012). This observation was supported by
an experiment in which haptophyte Isochrysis galbana cultured between two dif-
ferent temperatures 15 and 30°C are harvested and the lipid content evaluated at
both exponential and early stationary growth phases. The results showed high ac-
cumulation of lipid content in the stationary growth phase and highest at 30 °C than
at 15°C (Zhu et al. 1997). Interestingly, algae species like Paviova lutheri shows
a contrary result when cultured at two different temperatures 15 and 25°C. The
results showed a significant increase in acidic lipid and FA content with a slight rise
in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) at 15°C culture
grown compared to the culture grown at 25°C (Tatsuzawa and Takizawa 1995).
A similar observation was reported with Synechococus lividus species cultured at
18°C as compared to the culture grown at 35°C (Fork et al. 1979). Table 4 sum-
marizes the effect of temperature variation on algae metabolism and change in lipid
profile after induction.

Salinity/pH-Induced Stress

Interestingly, some microalgae, especially Dunaliella species, were observed to
strive in highly concentrated salty medium (Azachi et al. 2002); the reports show
that increase in sodium chloride (NaCl) concentration from 0.5 m (29 g/L) to
2.0 m (58/g/L) increases exponentially the lipid content and TAG percentage of
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Table 4 Effect of temperature variation on algae metabolism and change in lipid profile after
induction. (Sharma et al. 2012; Dongre et al. 2014)

Change in lipid profile after induction

Microalgae species Temperature-induced stress

Nannochloropsis oculata Lipid production increases by 14.92 % within crease of tempera-
ture from 20 to 25°C

Chaetoceros sp. Total lipid content was increase by 16.8 % cultured at 25°C
temperature

Rhodomonas sp. Lipid yield increases by 12.7-21.7% cultured between 27 and
30°C temperature range

Cryptomonas sp. Lipid yield increases by 12.7-21.7% cultured between 27 and
30°C temperature range

Isochrysis sp. Lipid yield increase by 12.7-21.7 % cultured between 27 and
30°C temperature range

Isochrysis galbana Increase in neutral lipids observed from 15 to 30 °C temperature

Chlorella ellipsoidea At lower temperature, the quantity of unsaturated FA increased
significantly

Nannochloropsis salina Total lipid content was observed to increase with increase in
temperature

Ochromonas danica Total lipid yield increases with temperature increase from 15 to
30°C

Selenastrum capricornutum | Oleate FA increases with lowering of temperature from 25 to
10°C

Dunaliella salina Increase in unsaturated lipids at a temperature shift from 30 to
12°C

FA fatty acids

D. tertiolecta species (Dongre et al. 2014). Similarly, diatom Nitzschia laevis at
20 g/L concentration of NaCl, total FA, EPA, and polar lipids were observed to be
increased significantly (Chen et al. 2008). Other researchers also reported such an
increase in pattern with salinity (Jiang and Chen 1999; Zhu et al. 2007). Inducing
pH variation in medium containing microalgae was observed to create a change in
the lipid profiles; for example, alkaline pH condition induces a decrease in mem-
brane lipids by inhibiting algae growth channeling and energy for the formation of
TAG (Guckert and Cooksey 1990) and acidic-mediated condition of pH 1 increased
the percentage of total lipids in Chlamydomonas species, suggesting an adaptive
reaction at low pH to decrease membrane lipid fluidity (Tatsuzawa and Takizawa
1995; Tatsuzawa et al. 1996). Table 5 summarizes the effect of salinity-/pH-induced
stress on algae metabolism and change in lipid profile after induction.

Light-Induced Stress

The role played by light in the entire photosynthesis and autotrophic life cycle can-
not be over emphasized (Sharma et al. 2012); any alteration or variation in light
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Table 5 Effect of salinity/pH-induced stress on algae metabolism and change in lipid profile after
induction. (Sharma et al. 2012; Dongre et al. 2014)

Change in lipid profile after induction

Microalgae species

pH-induced stress

Dunaliella salina

Increased concentration of C18 FA on increase of NaCl from 29
to 205 g/L

Dunaliella tertiolecta

Increase in lipid content and TAG on increase of NaCl from 29 to
58 g/L

Dunaliella sp.

Increase in total FA and monosaturated FA on increased salinity
from 23 to 234 g/L NaCl

Nitzschia laevis

Increase in unsaturated FA on increased salinity from 10 to 20 g/L
NaCl

Crypthecodinium cohnii

Increase in total FA content and DHA on salinity induced at 9 g/L
NaCl

Schizochytrium limacinum

Significant increase in total FA C15:0 and C17:0 on salinity
increase from 9 to 36 g/L NaCl between temperatures of 16 and
30°C

Chlamydomonas sp.

Increase in saturated FAs observed at low pH

Chlorella sp.

Increase in TAG under alkaline condition

Euglena gracilis

Increase in total lipids in cadmium, copper, and zinc medium

Chlorella vulgaris

Increase in total lipids to 56.6 % of biomass in Fe** medium

DHA docosahexaenoic acid, FA fatty acid, TAG triacylglycerol

availability produces direct effect on the biochemical metabolic activities such as
the lipid profile characteristics, pigment, and photosynthetic activities of the mi-
croalgae (Siegenthaler and Murata 1998). High light intensity decreases total polar
lipid content and neutral TAG, decreases the level of phospholipids content but
enhances the level of nonpolar lipid in some species of microalgae, while low inten-
sity facilitates the membrane polar lipid formations (Brown et al. 1996; Orcutt and
Patterson 1974). Details of light-induced stress are summarized in Table 6.

Harvesting of Algae-Based Biomass

This is one of the most important stages of algae-based production and somewhat
expensive stage that requires recovery of the biomass from the culture medium
which depends essentially on the type of algae biomass, processing, and handling
methods (Da Costa et al. 2010; Molina Grima et al. 2003). The most commonly used
methods of harvesting are the flocculation, centrifugation, flotation, and filtration.
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T