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Preface

Growing interest has been devoted in the last years to materials derived from renewable
and sustainable resources mainly due to the increasing concerns associated with environ-
ment, waste accumulation and disposal, and the inevitable depletion of fossil resources. It
becomes clear that ecological efficiency, green chemistry, renewable resources, and sustaina-
ble manufacturing should be the cornerstones for development of new methods and materi-
als that offset the use of fossil fuels, utilize wastes, and are biodegradables or recyclables. So,
the necessity of more renewable and sustainable composite materials can lead to the devel-
opment of new technologies and processes that can contribute to the environment and life
quality. Renewable and sustainable materials are of great concern in scientific research and
industry. These materials include biomass as industrial and agricultural residues and ener-
gy crops. The utilization of such materials as reinforcement or to improve specific properties
in composite or nanocomposites materials is an excellent alternative. Among the advantages
that can be cited are the strong ecological appeal, low cost, and higher specific mechanical
properties. Therefore, a solid knowledge is necessary to transform renewable and sustaina-
ble materials into useful products. So, this book intends to develop a deeper understanding
about the fundamental aspects and current applications of renewable and sustainable mate-
rials in engineering applications. Composites from Renewable and Sustainable Materials consists
of sixteen chapters related to the renewable materials, biomaterials, natural fibers, biode-
gradable composites, starch, and recycled materials. This is a useful book for readers from
diverse areas, such as physics, chemistry, biology, materials science, and engineering. It is
hoped that this book will expand the reader’s knowledge about this fascinating area.

Matheus Poletto

Center of Exact Science and Technology (CCET)
University of Caxias do Sul (UCS)

Brazil






Chapter 1

Polyolefine Composites Reinforced by Rice Husk and
Saw Dust

Thi Thu Loan Doan, Hanna M. Brodowsky and
Edith Mader

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65264

Abstract

Due to the global demand for fibrous light-weight materials, research on composites
reinforced with plant materials has increased. Natural fiber reinforced composites offer
several advantages: light weight, competitive specific mechanical properties, easy
processing, large volume availability, low cost, and low environmental footprint.
Especially, using agricultural wastes such as rice husk, saw dust etc. as fillers/fibres in
composites provides the chance to improve material properties while improving their
sustainability. In the present work, rice husk and saw dust were chosen as fillers for their
differing morphology, aspect ratios, and difference of structure. As matrices, polyethy-
lene (PE) and polypropylene (PP) were studied, either neat or modified with maleic
anhydride grafted PP/PE as coupling agent or compatibilizer between hydrophobic
matrices and hydrophilic bio-fillers. The bending modulus is improved due to filler
addition. In presence of compatibilizer, the improved interfacial interaction leads to
improved bending and tensile strength as well as toughness. Furthermore, the influence
of the filler and compatibilizer on composite properties such as hardness, dynamic
mechanical behaviour, thermal expansion, thermal degradation, melting and crystalli-
sation behaviour are presented.

Keywords: natural fibers, bio-fillers, composites, interphase

1. Introduction

The global demand for light-weight materials calls for the broad use of fiber-reinforced plastic
materials [1]. Developing composites using natural fibers provides the chance to improve

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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2 Composites from Renewable and Sustainable Materials

materials while decreasing their ecological footprint. Even using agricultural and forestry
wastes such as rice husks (RHs), coconut fibers, bagasse, and saw dust (SD) can lead to
significantly improved material properties [2].

Rice husk and saw dust, by-products of the rice milling and wood sawing processes
respectively, are potential reinforcing fillers for thermoplastic matrix composites because of
their lignocellulosic characteristics. These fillers offer advantages of easy processing, large
volume availability, annual renewability, low cost, light weight, competitive specific
mechanical properties, and high sustainability. The morphology differs: Rice husk is made up
of rectangular platelets and saw dust of short fiber bundles.

The most common thermoplastics used as matrices for bio-fillers are polyethylene (PE) and
polypropylene (PP). When a polylefin is used as a matrix for a bio-filler composite, the
incompatibility between hydrophobic matrix and hydrophilic bio-filler is an important issue.
Therefore, there have been many studies on improving interfacial interactions between the
polymers and bio-fillers. According to previous studies, the best solution of the problem is
using an appropriate coupling agent or compatibilizer such as maleic anhydride-
functionalized polylefin, for example, maleic anhydride-grafted polypropylene (MAPP) for
PP or maleic anhydride-grafted polyethylene (MAPE) for PE [3-8].

Biomaterials such as saw dust, bamboo powder, or grain husks used as fillers in polymer matrix
composites are natural compounds, mainly containing cellulose, hemicellulose, and lignin.
Their degradation takes place at a relatively low temperature, around 200°C [1]. Therefore,
bio-fillers will be subjected to thermal degradation during composite processing with the
majority of common thermoplastic polymers [2]. This leads to undesirable properties, such as
odor and browning along with a reduction in mechanical properties of the bio-composite [2,
3]. Therefore, it is important to understand and predict the thermal decomposition processes
of bio-filler in order to better design composite processes and estimate the influence of the
thermal decomposition on composite properties [4].

In this work, the suitability of rice husk and saw dust as reinforcing agents for composites
based on different polyolefine matrices was evaluated. The filler morphology is characterized.
Mechanical tests of their composites were evaluated as a function of filler content and filler
morphology. The effect of maleated polyolefines as compatibilizers on the mechanical
properties of the composites as well as hardness of the composites was studied.

Thermal studies of biomaterial-filled polyolefine (PP, PE) composites included thermome-
chanical analysis (TMA) and the thermal and mechanical dynamic behavior according to the
filler loading and the presence of compatibilizers. The crystallization is characterized by
differential scanning calorimetry (DSC) analysis and the thermal degradation by thermo-
gravimetric analysis (TGA).
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2. Experimental

2.1. Materials

Polypropylene, Advanced PP-1100N, and high-density polyethylene, EL-Lene H5818], were
supplied by Advanced Petrochemical Co. and SCG Plastics Co., Ltd, Thailand, respectively.
Two compatibilizers, maleic anhydride-grafted polypropylene Polybond 3200 and maleic
anhydride-grafted polyethylene Polybond 3029, were provided by Chemtura, USA. Table 1
shows the typical physical properties of the matrix polymers and compatibilizers.

Polymers properties PP PE MAPP MAPE
Density (g/cm?) 091 096 091 0.96
Melting point (°C) 163 131 157 130
Melt flow index (g/10 min) 12* 18 115

MA content (%) - - 1.0 1.6
Tensile strength (MPa) 350 280 - -
Notched Izod impact strength (kJ/m?) 3.0 48 - -
*MFI at 230°C/2.16 kg

**MFI at 190°C/2.16 kg

Table 1. Properties of studied polymer materials.

Rice husk obtained from a rice mill factory in Danang, Vietnam, was ground. Saw dust from
Acacia auriculiformis tree was collected from a Wood processing factory in Danang, Vietnam.
Rice husk and saw dust were screened and dried at 80°C for 24 h before preparing the
composites. Where a wood block was used for comparison, its dimensions were the same as
those of the composite samples in the tests.

2.2. Methods

2.2.1. Aspect ratio of fillers

A digital microscope (Keyence VHX-100, Japan) and the corresponding imaging system were
used for the aspect ratio determination. About 500-mg fillers of each filler type, classified by
the sieve opening, were placed on a glass dish under the microscope. The optical light was
adjusted to achieve the best focusing alignment and image resolution. The filler images taken
with a digital camera were used to measure the length and diameter of individual filler
particles. A minimum of 100 filler particles were measured for each sample. The aspect ratio
was described as the ratio of length and width of the fibrous wood and as length and width of
the rice husk platelets. Note the latter were not characterized by the length-to-plate-thickness
ratio.

3



4 Composites from Renewable and Sustainable Materials

2.2.2. Particle size distribution of fillers

To evaluate the particle size distribution, fillers were classified after grinding (for rice husk)
by screening into four mesh size ranges 20-35, 35-45, 45-80, and >80 per inch (approximately
500-850, 350-500, 180-350 um, and <180 um). The filler particles were then weighed in order
to determine the weight of the fillers in each mesh size range.

2.2.3. Preparation of the composites

Composites were produced in a two-stage process. In the first stage, bio-fillers and polyolefine
were compounded with and without compatibilizer using the twin-screw extruder Rheomex
CEW100 QC, Haake, Germany. The mixing zone temperature of the extruder was 160°C for
PE and 190°C for PP matrix composites. The rotation speed of the screws was 50 rpm. In the
second stage, the extrudate in the form of strands was cooled to room temperature and then
granulated.

The compound granules were dried at 80°C for 24 h before injection molding. The specimens
were prepared using the injection molding machine MiniJet II, Haake, Germany, at cylinder
temperatures of 180°C for PE and 190°C for PP matrix composites under an injection pressure
of 800 bar.

2.2.4. Mechanical testing

Tensile and bending tests were conducted with the Universal Testing Machine AG-X plus,
Shimadzu, Japan, according to ISO 527-3 and ISO 178, respectively. Notched Izod impact tests
were conducted with HIT 50P, Zwick/Roell, Germany, according to ISO 180 at room temper-
ature. Each value obtained represents the average of at least five samples.

2.2.5. Hardness tests

The hardness determination of the composites was carried out according to ISO 2039-1 on
specimens of 80 mm x 10 mm x 4 mm. The specimens were loaded using the force of 132.39 N
for a duration of 30 s. Each value obtained represents the average of 10 positions of measure-
ment.

2.2.6. SEM analysis

Studies on the morphology of fillers and the tensile fracture surfaces of the composites were
carried out using a FE-SEM (Ultra 55, Carl Zeiss SMT AG, Germany).

2.2.7. Thermomechanical analysis (TMA)

The thermal expansion tests of the composites and pure polyolefine samples were conducted
using a thermomechanical analyzer (TMA Q400 V7.4 Build 93, TA Instruments) from -10 to
100°C at a heating rate of 2°C/min in a nitrogen atmosphere. The expansion mode with a
constant compression load of 0.02 N was used on specimen of 5 mm x 5 mm x 4 mm.
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2.2.8. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis was carried out (DMA Q800 V20.24 Build 43, TA
Instruments) in N, atmosphere. The dimensions of the test specimens were 17.5 mm x 10 mm
x 4 mm. The tests were performed using a three-point bending-rectangular measuring system
at 1-Hz test frequency. The heating rate was 1 K/min in the temperature range of =50 to 150°C.
E' (storage modulus), E” (loss modulus), and Tan d (damping peak) of the samples were
determined as a function of temperature.

2.2.9. Differential scanning calorimetry (DSC)

The samples used for the differential scanning calorimetric analysis were cut from extruded
pellets. Approximately 10 mg of each sample was used. The equipment (DSC Q2000 V24.10
Build 122, TA Instruments) was programmed to work at the temperature range between 0 and
250°C, under a nitrogen flow of 50 mL/min. The heating and cooling rates were 10 K/min.

The values of melting temperature (T,,) and the melting enthalpy (AH,,) were calculated from
the second heating. The crystallization temperature (T,) was calculated from the cooling cycle.

2.2.10. Thermogravimetric analysis (TGA)

The samples used for the thermogravimetric analysis were cut from extruded pellets.
Approximately 10 mg of each sample was used. The thermogravimetric analysis (TGA Q500
V6.7 Build 203) was carried out under nitrogen and air atmospheres in a temperature range
of 23-700°C. The heating rate of the analysis was 10 K/min.

3. Results and discussion

3.1. Characterization of the fillers

Filler particle size and shape are important factors for reinforcement materials. Figure 1 shows
selected SEM images of RH and SD fillers. The morphologies differ strongly: SD is made up
of lengthwise agglomerated fibers, whereas RH is made up of platelets with protrusions
aligned in a regular pattern (Figures 1b, d and 2). Detailed analysis shows a hollow cellular
structure in both fillers (Figure 1c, d). The milling leads to different modes of fracture: In saw
dust, the fibers separate, partially branch off or break, sometimes the cells collapse or the cell
walls open, resulting in a highly nonuniform morphology with an irregular surface, which
will allow to interact with the molten polyolefine during compounding and increase the chance
of mechanical interlocking. In contrast, in RH the platelets have a highly regular pattern of 30
pum protrusions in a 90° array on the outside and a smooth inside. In the detailed image
(Figure 2a), additional hair-like structures become visible between the protrusions. Platelet
fracture occurs mainly along the lines between the protrusions, leading to platelets of angular
shape and of rather uniform thickness (50 pm), and the cellular structure is contained within
the platelet.

5
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(a) (b)

Figure 2. SEM micrographs of the morphology of rice husk (a) outer and (b) inner surface.

The filler surface layer plays an important role in surface tension and thus in wettability. It has
been postulated that the inner RH surface contains lipid and proteinaceous compounds bound
to the protein molecule by ester or thioester bonds [9]. The amount of lipid on the filler surface
has an influence on hydrophobicity and surface tension.

Figure 3 shows particle size distribution and aspect ratio of the rice husk and saw dust fillers.
About 80% of RH and SD fillers were in the range of 180-500 um. The aspect ratio of both saw
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dust and rice husk fillers is quite small. The fibrous saw dust has a higher aspect ratio in the
range of 4-5 compared to rice husk filler formed of rectangular platelets with an aspect ratio
of 2-3. Note that for better comparison, length-to-width ratio is used for both filler types. The
commonly used aspect ratio for platelets —diameter to thickness—scales with the particle size
as the thickness is around 50 um for all platelets.

g
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. AR | rn 5
40 4 4 4.
g €
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g 2
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0 _AE% ]_I L 0
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Particle size (um) Particle size (um)
(a) (b)

Figure 3. Size distribution (a) and aspect ratio (b) of filler particles (saw dust SD and rice husk RH). inset: Model of
filler shape: platelets (a x b x c) for rice husk, circular rods (length I, diameter d) for saw dust. Note: Here calculation of
aspect ratio is 1/d for a rod and a/b for platelets.

A simple model is used to estimate the surface area of the particles, cf. Figure 3b inset: RH
platelets may be modeled as rectangular blocks of 50 um thickness and SD as spherical rods.
The surface-to-volume ratio of a thin platelet is dominated by thickness (or, 2/side length a + 2/
side length b + 2/thickness), whereas that of a long circular rod is roughly proportional to the
inverse of the diameter (4/diameter + d/rod length). A rough estimate of the surface area per
volume (with a size distribution and aspect ratio as shown in Figure 3 and considering the
densities of 1.3 g/cm? for SD and 1.5 g/cm? for RH) shows that in a given weight, RH contains
a factor of two higher number of particles, but the filler surface area vs. particle size distribution
is only slightly shifted to smaller particle sizes in SD. The total filler surface area of the two
filler types is equal according to this simple model.

3.2. Mechanical properties of the composites

The good specific mechanical properties are the prime reason for the application of filled
polymer composites. The mechanical properties of the filler/polymer composites depend
strongly on filler loading, interfacial adhesion, the degree of dispersion, and the filler particle
size [10, 11]. Figures 4, 5, and 6a show the effects of filler content on the mechanical
properties of bio-filler/polyolefine composites. The stated filler content is the wt.%, with a
density of 1.3 g/cm? for SD and 1.5 g/cm?® for RH, and the volume contents are approximately
4% lower for SD and 7% lower for RH.
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Figure 5. Effect of filler content on (a) bending strength (b) tensile strength of the composites, no compatibilizer added.

The addition of stiff fillers to the polyolefine matrices improves the stiffness of the composite,
and the bending modulus increases linearly with filler content (Figure 4). The modulus reflects
the capability of fiber and polymer matrix to transfer the elastic deformation in the case of
small strains without interface fracture. The modulus of filled PP is 25% higher than that of
both filled PEs. It is noted that at high content of saw dust (above 50 wt.%), the viscosity of
melt compound is very high, leading to voids and reducing the modulus.
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Figure 6. Left: Effect of filler content on impact strength of the composites, no compatibilizer added. Right: Influence of
compatibilizer content on impact strength of the composites at 50% filler content.

The bending strengths (Figure 5a) are mainly influenced by the matrix type: PP/RH has 40%
increased bending strength compared to the PE composites. Considering the volume filler
content, the data for the bending strength of PE/RH and PE/SD coincide.

The saw dust/polyethylene composites show 20% higher tensile strengths compared to the rice
husk/polyethylene composites (Figure 5b). This is probably caused by the higher cellulose
content, better adhesion, and the higher aspect ratio of saw dust compared to the rice husk
filler [12]. The tensile strength of the PP/RH composite is 20% higher than that of the PE/RH.

There is a clear decrease in tensile and bending strength in dependence on filler content
throughout the investigated range. The fillers introduce a large interface area; in unmodified
polymers, this is dominant due to weak interfacial interaction between the polar bio-filler and
the apolar polyolefine matrix. As filler is added, this surface area increases, resulting in a slight
decrease in the tensile, bending, and impact strengths of three composite systems PE/RH, PE/
SD, and PP/RH in the absence of compatibilizer. The decrease is linear up to 50 wt.% (i.e., 46
vol.% of SD, 43 vol.% of RH) of filler. Specimens of 60 wt.% SD in PE could not be injection
molded with the current set up, and samples of 60 wt.% RH in PE showed a stronger-than-
linear decrease. At concentrations approaching the theoretical packing limit (e.g., 74 vol.% for
oriented spherical rod fillers), defects and voids occur, the viscosity increases, and the weak,
unbound interphase plays an increasing role.

Figure 6 presents the notched Izod impact strengths of rice husk and saw dust composites.
The impact strength of a composite is influenced by many factors, especially the toughness of
the filler and matrix components, and the dynamic stress transfer of the interphase, which in
turn is determined by particle size, shape, and filler surface properties [13-15]. The notched
impact strength of RH/PE composites, Figure 6a, is better than that of SD/PE composites when
no compatibilizer is added. The PP/RH composites show lower impact toughness than PE
composites. This trend is similar to a polypropylene composite system published by Bledzki
et al. [15], where it is attributed to the brittleness and local internal deformation found more
commonly in wood composites. Particle size, shape, and filler surface properties have influence

9
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on the impact strength [14]. The nature of the interphase plays an important role, and in the
case of fibrous material, the frictional work involved in pulling the fibers out of the matrix.

A matrix modification was performed by using compatibilizers (MAPE for PE matrix compo-
sites and MAPP for PP matrix composites) in order to improve the bonding strength between
the bio-fillers and the matrix polyolefine. Figures 6b and 7 show the effect of compatibilizer
content on the impact strength of the composites containing 50 wt.% filler. Tensile, bending,
and impact strengths increased while adding compatibilizer and leveled off at above 2 wt.%
MAPP for PP matrix composites and at above 4 wt.% MAPE for PE matrix composites. The
increase in strengths of the composites is due to the improved interfacial adhesion between
the fillers and polyolefine matrices. The maleic anhydride groups of compatibilizer interact
with the polar filler surface (through chemical coupling or hydrogen bonding), while their
polyolefine chains diffuse into the polyolefine matrices. Therefore, the interfacial strength is
improved, as seen before, for example, by Marti-Ferrer et al. and Correa et al. [4, 5]. The increase
in tensile, bending, and impact strengths due to the compatibilizers is higher than the losses
due to the inclusion of fillers.
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Figure 7. Influence of compatibilizer content on bending (left) and tensile strength (right) of the composites at 50%
filler content.

3.3. Composite fracture surfaces and cross- sectional analysis

Figure 8 shows SEM images of the tensile fracture surfaces of the composites at 50 wt.% filler
without and with compatibilizers (2 wt.% MAPP for PP matrix composites and 4 wt.% MAPE
for PE matrix composites). Adding the compatibilizers changes the fracture behavior of the
composites. The unmodified composites fail at the interphases of the filler particles. Voids at
the interphase (especially the outside surface of RH particles) and pull-out cavities (especially
in the higher aspect ratio SD particles) are visible. In the modified composite, the interfacial
interaction is improved, shifting the failure into the matrix with far less pull-out cavities and
polymer-coated or partially coated filler particles.
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(a) (b)

Figure 8. SEM micrographs of tensile fracture surfaces of PE/RH composites (top), PE/SD composites (middle), and
PP/RH composites (bottom), (a) without and (b) with compatibilizer. Scale bar: 100 pum.

Figure 9 shows SEM micrographs of polished cross-sections for the composites in the longi-
tudinal and transverse specimen direction. The saw dust is oriented along the specimen long
axis due to the injection molding process. Here, an anisotropic mechanical behavior is
expected. In rice husk, no preferred orientation of the platelets is seen for either PP/RH (as
Figure 9 bottom) or PE/RH (not shown here).
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(a) (b)

Figure 9. SEM photomicrographs of polished samples of PE/SD composites (top) and PP/RH composites (bottom), in x-
direction (a) and in z-direction (b).

3.4. Hardness

Figure 10 shows the effect of the fillers on the hardness of three modified matrix composites
[PE/RH (MA), PE/SD (MA), and PP/RH (MA)]. The fillers increased the hardness of polyolefines
significantly. Neat and filled polypropylene had a higher hardness than neat resp. filled
polyethylene. The addition of 50 wt.% fillers improved significantly the hardness of three
composite systems. The hardness of PE and PP matrix composites increased about 78 and 65%,
respectively. This was expected, since the chosen bio-fillers display considerably higher
hardness than the soft polyolefine matrices, the hardness of RH being higher than that of SD.
Thus, it was also expected that for the PE composites, the hardness of the PE/RH composites
would be higher than that of the PE/SD composite. In fact, they had the same value at 50 wt.%
filler content. This result could be caused by the higher volume content of SD filler (43 vol.%)
compared to that of RH (39 vol.%). The hardness values can be considered as a measure of the
wear resistance, since hard materials resist friction and wear better [15].
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Figure 10. Hardness of polyolefine and filler/polyolefine composites at 50 wt.% filler content.

3.5. Thermomechanical analysis (TMA)

Figure 11 shows the thermal expansion as determined by TMA in x-direction and the
coefficient of thermal expansion (CTE) values of the modified matrix composites [PE/RH (MA),
PE/SD (MA), and PP/RH (MA)], respectively. The CTE values of pure PE and PP were
determined to 134 x 10°%/°C and 123 x 10°/°C for the temperature range of —-10 to 50°C,
respectively. Thermal expansion is higher for the range 50-100°C (210 x 10°%/°C for PE and 163
x 107/°C for PP). CTE values of pure PE and PP decreased to 30-62% by adding 50 wt.% filler.
While the CTE values of rice husk composites are isotropic, the difference in CTE values in
longitudinal and transverse directions of the saw dust composite is quite high, especially in
the high-temperature range 50-100°C (94 x 10%/°C in x-direction and 187 x 10°%/°C in z-
directions). This reflects on the one hand the anisotropic behavior of the saw dust [16] and on
the other hand the aspect ratio of the SD particles which in injection molding lead to orientation
of the filler particles, confer Figure 9.
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Figure 11. Coefficient of thermal expansion of polyolefine and filler/polyolefine composites. inset: Dimension change of
polyolefine and filler/polyolefine composites in x-direction.
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3.6. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermal analysis (DMTA) is a sensitive technique that characterizes the
mechanical responses of materials by monitoring property changes with respect to the
temperature and/or frequency of oscillation [17]. It has been commonly used as a technique
for investigating the viscoelastic behavior of the composites for determining their dynamic
modulus such as storage modulus (E’), viscous behavior (loss modulus E"), and energy
damping (tan d) as a function of temperature [18-19]. The elastic component describes the
energy stored in the system, while the viscous part describes the energy dissipated.

5000 06
5 4000
i~ g
™ o2®
& yp00 ]
0 Lo
5000 b6
2000
£ o4
g 3000

Tan Nk

Loz

04 ]
L] 0E
g

o

Stcange moduus (MPE)
g

PG

= s w e " 50 o 50 100 150
Tempenature [*C) Tesmpsrature (')

Figure 12. DMTA: storage modulus (left), loss modulus, and tan d (right) of PP, PE, wood, and composites with 50%
filler loading, without and with compatibilizer.
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Figure 12 shows the storage modulus E’, the loss modulus E”, and tan 6 values of the compo-
sites without and with compatibilizers as well as the stock materials PP, PE, and wood. The
storage modulus (E’) of polypropylene and polyethylene matrix composites was higher than
those of pure polypropylene and polyethylene matrices, respectively. This is the expected effect
caused by the addition of high surface rigid fillers into semi-rigid polyolefine matrices. In all
the systems, the storage modulus drops with increasing temperature due to the increased
segmental mobility of the polymer chains. The E’ value of polypropylene systems decreased
rapidly at the glass transition above 0°C, whereas the E’ value of wood and polyethylene
systems decreased in a wider range around 30°C.

The temperature dependence of loss modulus and tan ¢ for the polyolefine, wood, and three
composite systems without and with compatibilizers is presented in Figure 12. The loss
modulus (E") is a measure of the absorbed energy due to the relaxation and is associated with
viscous response of the viscoelastic materials. E” of polyolefine and composites increased with
temperature and had a peak in the transition region about 0 and 30°C for PP and PE system:s,
respectively.

The damping factor tan 0, defined as the ratio of the loss modulus to the storage modulus
(E"/E"), is commonly used to characterize viscoelastic behavior of the materials, for example,
T, and energy dissipation of composite materials. With increasing temperature, the tan o
values of PP and PP matrix composites increased due to the increased polymer chain
mobility of the matrix and exhibited two relaxation peaks in the vicinity of 5 and 70°C. The
low-temperature peak is related to the glass transition of the amorphous polymer fractions
[20-21]. The high-temperature peak corresponds to the a transition related to the PP
crystalline fractions. The a transition peak of the modified PP composite (81°C) was higher
than that of the unmodified one (72°C) that can be a result of the existence of enhanced
transcrystallinity around the fibers in the modified composites [20, 22].

For the polyethylene system, tan d curves of neat PE and the composites had less distinctive a
transition processes compared to the loss modulus curves and there was no peak correspond-
ing to the T, of polyethylene (approximately —130°C) because it was not sufficiently cooled
down to this temperature while carrying out the test. The a relaxation is generally attributed
to segmental motions in the noncrystalline phase [23]. The a transition of the composites
shifted to higher temperature compared to neat polyolefine. An addition of compatibilizer also
led to shift slightly the a transition curve to the higher temperature, that is an indication of the
presence of some processes, which have restricted the mobility of the chains in the crystalline
phase so that more energy is required for the transition to happen. Therefore, the natural fibers
somehow restricted the matrix polymer chains and increased the a transition temperature [17].

3.7. Differential scanning calorimetry (DSC) analysis

Differential scanning calorimetry (DSC) can be used to measure melting temperature (T,,),
crystallization temperature (T,), and crystalline content (X,) of materials. Figure 13 presents
the heating and cooling thermograms for neat matrices and modified polyolefine composites
which contain 50 wt.% fillers. The T, of neat matrices and the composites was obtained from

15
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the maximum of the endothermic melting peak (heating curves). The T,, of polyolefines was
not significantly changed by the addition of bio-fillers. The peak area is reduced by 50% due
to the filler, as expected.
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Figure 13. DSC heating (2nd run) and cooling curves of neat matrix and modified composites (50% filler) of (a) PP/RH,
(b) PE/RH, and (c) PE/SD without and with compatibilizer.

To characterize the polyolefine crystallization, the crystallization peaks of the cooling run were
analyzed, confer Table 2. T, of neat matrices and the composites was obtained from the
maximum of the exothermic crystallization peak. The crystallization is influenced by the fillers:
For PP matrix without filler, the crystallization peak was observed at T, = 113°C, while for the
PP matrix composites, these exothermic peaks shifted to higher temperatures (T, = 120°C).

This shift to earlier crystallization in the cooling run is due to the nucleating ability of the
compatibilizer MAPP, which is enriched in the interphase, and perhaps the cellulosic filler
surface, creating a transcrystalline interphase morphology, which improves the material
properties [24].
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The T. of polyethylene systems (T, = 116°C) does not increase significantly upon addition of
the fillers (T, = 118°C). As the neat PE crystallizes only 10°C below T, and PE is a fast crystal-
lizing thermoplast (i.e., the width of the crystallization peak is narrow), nucleation influences
T. less than in PP, where the difference T,, — T. = 30°C.

Samples T, (°C) T, (°C) T, (°C) (onset)
PP 162.2 112.9 118.3
PP/RH (MA) 162.7 120.5 124.6
PE 131.0 1159 118.1
PE/RH (MA) 130.0 118.5 119.6
PE/SD (MA) 130.4 118.2 119.7

Table 2. Thermal properties determined by DSC.

3.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis is becoming an increasingly useful tool for material characteri-
zation, particularly in the development of new materials. It is essential to monitor not only the
final properties of the composites but also the basic raw materials through the processing
procedure to the final product. Optimization of the processing temperature and time with an
understanding of matrix, reinforcing element and interface between matrix and reinforcing
phase, can lead to the best balance of composite properties such as modulus, thermal stability,
and damping behavior [25]. Thermogravimetric analysis (TGA) can determine the moisture
content, thermal cleavage, thermal degradation temperature, and thermal stability of compo-
site materials [26, 27]. The differential thermogravimetric analysis (DTG) i.e. the slope of the
TGA data curve, permits a more detailed analysis of thermal decomposition.

3.8.1. Fillers and Polyolefines

Figure 14 shows the results of the thermal analysis of the used polyolefines and fillers
performed in nitrogen and air atmosphere. The TGA and DTG curves of the fillers in nitrogen
as well as air atmosphere show a slight weight loss between 40 and 100°C, indicating the
vaporization of water. A second weight loss from approximately 150-500°C is due to the
decomposition of the three major constituents of bio-fillers, namely cellulose (275-350°C),
hemicellulose (150-350°C), and lignin (250-500°C) [26, 28-30]. At 700°C, rice husk and saw
dust leave a greater char content, decomposing only by about 65 and 80% in nitrogen cf.
Table 3. The ash in the RH is mainly composed of silica (96%) [26]. In an air atmosphere, rice
husk degradation shifted to lower temperature values and split into two processes (320 and
438°C). The second may be associated with thermal oxidation degradation of char. Therefore,
the residues of RH filler at 700°C in the air atmosphere (20%) were lower than that in nitrogen
atmosphere (36%).
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Figure 14. TGA curves of stock materials: fillers saw dust and rice husk as well as polyolefines PP and PE in nitrogen
and air atmospheres.

Residue in nitrogen atmosphere Residue in air atmosphere
PP 1.8 0.8
PE 1.8 1.0
RH 35.7 19.8
SD 19.6 7.8
Filler content 30% 40% 50% 30% 40% 50%
PP/RH 11.0 12.7 14.1 5.5 6.9 8.0
PE/RH 10.9 12.2 18.8 5.5 6.7 9.4
PE/SD 4.5 7.4 8.8 1.0 1.0 13

Table 3. Residues of polymers and fillers as well as their composites at 700°C in nitrogen and air atmosphere in %.

PE and PP decompose at temperatures above 400°C, cf. Figure 14. In nitrogen atmosphere,
thermal degradation of PP and PE occurs very rapidly at 468 and 488°C, respectively. In air,
the thermal resistance of both polyolefines (PP and PE) starts at 250°C. While PP is fully
degraded at 380°C, PE decomposed more gradually and is fully degraded at 470°C. The
maximum decomposition rates of PP and PE in the air occurred at 371 and 399°C, respectively.
Both PP and PE decomposed almost completely. Residues of both polyolefines at 700°C were
<2% in nitrogen and <1% in air atmosphere.

3.8.2. Composites

Figure 15 shows the TGA and DTG curves of the polyolefines, fillers, and the composites with
filler content ranging from 30 to 50 wt.% in nitrogen and air atmosphere. The TGA or DTG
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analyses performed in nitrogen atmosphere show two regions of thermal decomposition that
consist of the superposition of the profiles of filler and polyolefines. As the filler is less
thermally stable than the matrix polymer, when filler loading is increased, the thermal stability
of the composites slightly decreases, whereas the final ash content increased (Table 3).
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Figure 15. TGA of fillers, plastics, and the composites in nitrogen (left) and air (right) of PP/RH (top), PE/RH (middle),
and PE/SD (bottom) composites, inset in left images: DTG.

In the case of the two studied PE composites decomposed in air, the TGA/DTG curves of the
composites correspond to the superposition of the separate components only up to 400°C,
whereas the charring behavior is different. The final reduction is only reached at 500°C, 60°C
above the temperature where both PE and filler are completely degraded thermal oxidate-
tively . That may be due to a thermally stable material (char), formed during the oxidation or
thermal degradation of hemicellulose, cellulose, and lignin, providing a thermal shielding and
acting as diffusion barrier on the polyethylene decomposition process. Moreover, the second
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peak of decomposition of olefinic products or their oxidation degradation products containing
functional groups such as C=0, O-H, and C-O-C which formed in the first stage of polyethy-
lene degradation appears at 438°C. This second main peak of PE degradation is in superposi-
tion with the second main peak of the bio-fillers due to degradation of char (Figure 15a).
Therefore, the second-stage degradation of both polyethylene and the bio-fillers is competitive
at above 438°C, that can also lead to retard the degradation of the composite. However, there
is a one-step degradation of polypropylene in air atmosphere and PP fully degraded at 380°C.
Therefore, RH char did not affect the degradation of polypropylene.
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Figure 16. Effect of compatibilizers on TGA of 50% filler composites in nitrogen atmosphere.

The RH-filled PE leaves a bigger residue than the SD-filled PE, as expected from the TGA
analysis of the fillers. The residues of rice husk composites (10.9-18.8% in nitrogen and 5.5-
9.4% in air atmosphere) were much higher than those of saw dust composites (4.5-8.8% in
nitrogen and 1.0-1.3% in air atmosphere) due to high ash content of rice husk compared to
saw dust. The residue is in all cases 0-10% smaller than the value calculated from the residues
of the separate components, and only in the saw dust composites in air, it is a third of the
expected value. The filler/matrix interaction leads to a more profound decomposition maybe
due to a wick effect.

Figure 16 shows the TGA curves of the composites at 50 wt.% filler without and with compa-
tibilizers (2 wt.% for PP matrix composites and 4 wt.% for PE matrix composites). The thermal
stability and degradation temperature of the composites with compatibilizers [PP/RH (MA),
PE/RH (MA), and PE/SD (MA)] were slightly higher than those of the composites without
compatibilizers (PP/RH, PE/RH, and PE/SD). The improved thermal stability of the composites
with compatibilizers is due to enhanced interfacial interaction and additional intermolecular
bonding (ester and hydrogen bonds) between hydroxyl groups of rice husk, saw dust and the
anhydride functional groups of compatibilizers.
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4. Conclusions

The performance of rice husk and saw dust fillers, used as low ecological footprint reinforce-
ment of PE and PP, was investigated. SEM micrographs show the different morphology of rice
husk platelets and fibrous saw dust fillers. Rice husk has the higher stiffness and the higher
density of the two fillers considered. In a PE or PP matrix, the fillers increase the bending
moduli. In composites without compatibilizer, an increase in filler load leads to decreased
tensile, bending, and impact strengths.

Here, PE matrix composites with saw dust have smaller moduli but higher strengths than those
with rice husk filler. The tensile, bending, and impact strengths of bio-filler/polyolefine
composites increase with increasing compatibilizer content, due to the improvement in
interfacial bonding strength between filler and matrix. The coefficient of thermal expansion of
PP and PE decreased upon adding rice husk and saw dust fillers.

The thermal stability of the fillers or natural fibers in general is not as high as that of high-
performance fibers. This limits the matrices of thermoplastic composites with bio-fillers to
those materials processable below 200°C, such as PP, PE, or polylactic acid (PLA).

Rice husk and saw dust can be used as fillers in manufacturing inexpensive polyolefine
composites for furniture and household articles as well as construction materials, generating
economic development for rural areas and reducing environmental pollution caused by these
bio-wastes if unused.
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Abstract

In this century, the developing country has a high potential towards the growth of green
composites, and therefore there is significant achievement in green technology
especially in the field of building constructions and automotive because of the
environment and sustainability issues. The market for development of advanced
biocomposite materials produced from biomass and recyclable post-consumer plastics
is increasing. Natural fibre-reinforced biocomposites based on rice husk biofibre (RHB),
recycled high-density polyethylene (rHDPE) and recycled polyethylene terephthalate
(rPET) were prepared through a two-step extrusion and hot pressing. The influence of
thermoplastic blend (TPB) matrix types (uncompatibilized and compatibilized with 5
parts per hundred compound (phc) ethylene-glycidyl methacrylate (E-GMA) copoly-
mer) and high fibre contents of 50, 60, 70 and 80 wt% RHB on the composite properties
was studied. Maleic anhydride polyethylene (MAPE) was added as a coupling agent to
enhance the interfacial adhesion of the fibre-matrix phases. Results showed that water
absorption, thickness swelling (TS) and tensile and flexural properties enhanced
tremendously with the increase of rice husk filler loadings. Biocomposites based on
compatibilized blend matrix exhibited higher mechanical properties and dimensional
stability than those based on uncompatibilized ones. Thermal analysis results from
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
indicated the notable improvement in thermal stability as the added rice husk (RH) fibre
content increased. From these results, we can conclude that RHF can work well with
rHDPE/rPET thermoplastic blend for manufacturing high loading biocomposite
products.

Keywords: green composite, high fibre loading, recycled polymer blend, agro waste,
melt blending, properties
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1. Introduction

Nowadays, environmental friendliness is becoming one of the important criterions to be
considered in material selection for the introduction of new materials and products resulting
from global ecological concern and new rules and regulations [1, 2]. Waste plastic industrial and
agricultural materials are currently becoming of interest worldwide in the field of composite
materials, as a result of the increasing demand for environmentally friendly raw materials. The
developmentofnewbiocomposites composed of recycled materialsby post-consumer polymers
as matrixes and agro-waste fibres as reinforcement phases and the better understanding of their
fibre-matrix interactions will enhance their aggregated values and applications. Consequently,
these reduce their environmental impact as waste materials and help to close the carbon cycle
and manufacture greener composites [3, 4]. Natural fibre-reinforced thermoplastic composites
have been used in various applications as furniture and architectural materials and, more
recently, in the construction and automotive industry [5, 6].

Malaysia is well endowed with rich and renewable natural tropical forest resources which
provide a variety of natural fibres. Rice husk (RH), one type of natural fibres, is an agricultural
industrial residue generated during the rice-milling process in rice-producing countries,
especially in the Asian, Pacific and North American regions [7]. In the paddy plants of
Malaysia, with a land area of approximately 680 thousand hectares, a total of 840 thousand
tons of RH is produced annually [8]. For every one million tonnes of paddy rice harvested, it
is estimated that about 200 thousand tonnes of the RH was used for the purposes as fuel
sources, animal beddings and landfill. The raw RH comprises several components with
different percentages that are 25-35 % of cellulose, 18-21 % of hemicellulose, 26-31 % of lignin,
15-17 % of silica, 2-5 % of solubles and 7.5 % of moisture content. The use of RH in composite
industry might be because of its low cost and bulk density, abundant, toughness, abrasive in
nature, resistance to weathering, renewability, biodegradability and nonhazardousness [9,
10]. Compared to wood-based composites, the composites containing RH possess better water
absorption and dimensional stability, as well as higher resistance to biological and termite
attack. Therefore, these composites are progressively being used in automotive industry for
interior parts such as car trims and door panels and in the building construction like interior
panels, decks and window and door frames [7].

The worldwide fabrication and consumption of plastics have resulted in a remarkable
contribution to municipal solid waste (MSW) [11]. For example, plastic wastes accounts for
24 % of the annual 7.7 million tonnes of the MSW generated in Peninsular Malaysia with the
population of 28.45 million inhabitations in 2010 [12]. Majority of them consist of a significant
amount of polyethylene (PE) and polyethylene terephthalate (PET) [13]. High-density poly-
ethylene (HDPE) and PET are widely used in packaging industry, and their annual rates of
consumption are keptincreasing. Blends of HDPE/PET possess the intermediate characteristics
and properties between both polymer components. As compared to PET, they have lower
brittleness; as compared to HDPE, they have higher stiffness, flow better and are fast cooling.
It has been revealed that ethylene-glycidyl methacrylate (E-GMA) copolymer serves as the
most effective compatibilizer in order to enhance the miscibility between the hydrophobic
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HDPE and hydrophilic PET, thus improving the blend properties [14]. The resultant blends
made of recycled polymers have been used in wood-plastic composites (WPC) as matrices [15].

Both thermoplastic and thermoset polymers either in the form of virgin or recycled can be
used in the manufacture of natural fibre-polymer composites (NFPCs). Because recycled
polymers are produced in large amounts daily and are cheaper than virgin polymers, the waste
polymers offer a promising raw material source for the composites [16]. Traditionally, a single
type of polymer is used as matrix in NFPCs [16-18]. However, there are very limited studies
on the NFPCs made of polymer blends [15, 19].

In this chapter, the influence of rice husk biofibre (RHB) contents (50-80 wt%) on the physical,
mechanical, thermal and morphological properties of recycled thermoplastic blend (TPB) was
investigated.

2. Experimental details

Thermoplastic blend (TPB) matrix used recycled high-density polyethylene (rHDPE) with a
density of 923 kg/m?® and melt flow index of 0.72 g/10 min at 190 °C and recycled polyethylene
terephthalate (rPET) with an intrinsic viscosity of 0.68 dL/g. Ethylene-glycidyl methacrylate
(E-GMA) copolymer (trade name of Lotader AX8840), with a melt flow index of 5 g/10 min at
190 °C and a glycidyl methacrylate content of 8 %, was used as compatibilizer for immiscible
TPB. Rice husk flour (RHF) with particle size of 100 mesh was used as agro-waste filler. Maleic
anhydride polyethylene (MAPE), a coupling agent with a melting peak temperature of
135.2 °C, was used. All the raw materials were supplied by a local factory, namely, Bio
Composite Extrusions Sdn. Bhd.

2.1. Preparation of thermoplastic blend (TPB)

The rHDPE and rPET were compounded via extrusion process by using a laboratory-scale co-
rotating twin screw extruder (Thermo Prism TSE 16 PC). The screw-rotating speed was fixed
at 30 rpm. The four barrel temperatures from feeding to die zones were set as 250, 270, 240 and
190 °C, respectively. For the uncompatibilized thermoplastic blend (UTPB), the weight ratio of
rHDPE/rPET was fixed at 75/25 (wt%). Meanwhile, 5 parts per hundred compounds (phc) of
E-GMA was added in the compatibilized thermoplastic blend (CTPB) with the same ratio of
both plastics.

2.2. Preparation of RHF-reinforced biocomposites

The pre-extruded TPB pellets were compounded with RHF and 3 phc of MAPE at temperature
profiles of 170, 215, 210 and 195 °C and screw speed of 30 rpm. Prior to extrusion, RHF was
oven-dried at 90 °C for 24 h to remove the moisture of RHF. After extrusion, the compression
moulding was performed at 200 °C using a hot/cold press machine (LP50, Labtech Engineering
Company Ltd.). The preheating, venting, full pressing and cold pressing times were set at 3,
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2, 5 and 5 min, respectively. In this study, the experimental variables studied were polymer
blend types (UTPB and CTPB) and rice husk flour content (50, 60, 70 and 80 wt%).

2.3. Characterization

Water absorption and thickness swelling (TS) tests were performed according to the ASTM D
570-98 method. The specimen (dimension: 76.2 x 25.4 x 3.2 mm) for each formulation was oven-
dried for 24 h at 100 °C. Each oven-dried specimen was weighed using an analytical balance
with a precision of 1 mg; the thickness of each oven-dried specimen was measured using a
digital calliper with a precision of 0.01 mm. The specimens were then soaked in distilled water
at 25 °C. The weight and thickness changes were determined periodically until 119 days.
Specimens were removed from the water, wiped dry with tissue paper and measured. The
percentages of water absorption (WA) and thickness swelling (TS) were calculated using Egs.
1and 2:

W —Ww,
WA (%) = /W % %100 (1)

0

TS(%):T';T°X 100 @)

0

where W, and W, represent the oven-dry weight (the initial weight) and weight after water
exposure at time ¢, respectively, whereas T, and T, represent the oven-dry thickness and
thickness after water exposure at time ¢, respectively. Three replicates of specimens were tested
for each formulation to obtain the average results.

Compression-moulded composite panels were cut according to ASTM D 638-03 (type I) for
tensile testing, ASTM D 790-03 for flexural testing and ASTM D 256-05 for impact strength.
Both tensile and flexural testings are carried out using a universal testing machine (model
Testometric M350-10CT) at 5 mm/min. The notched Izod impact testing was performed using
the Ray-Ran Universal Pendulum Impact System at 3.46 ms™ and 2.765 ] with a load weight
of 0.452 kg. In mechanical tests, five replicates of specimens were tested for each formulation
to obtain the average results.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were con-
ducted using a Mettler Toledo TGA/SDTA851e and DSC 882e, respectively, on the samples of
about 10-15 mg. Samples of TGA were tested at a heating rate of 10 °C/min over the temper-
ature range from 25 °C to 600 °C, the temperature of complete degradation. Balance accuracy
of TGA is 0.1 %. The DSC samples were scanned from 25 °C to 300 °C at heating rate of 10 °C/
min, under atmospheric air flow condition. Burning test was carried out in accordance to ASTM
D 5048-90 (procedure A —test of bar specimens) to determine the relative burning character-
istics and flame-resistance properties. The burning rates of specimens are calculated using the
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equation of V = L/t where V is the burning rates (mm/s), L is the burned length (mm) and ¢ is
the burning time (seconds).

The morphology of the fracture surface of broken sample from tensile testing was analysed
using SEM (VPSEM Philips XL-30). The samples were sputter-coated with gold before
examination of SEM.

3. Results and discussion

3.1. Long-term water absorption and thickness swelling

Theoretically, the shape of the sorption curve plotted with experimental values is represented
by the Fick’s equation as log (M,/M,,) = log(k) + nlog(t), where M, is the water absorbed at time
t, M,, is the maximum water absorbed at saturation point and k and » are the diffusion kinetic
parameters. The n values determined the diffusion behaviour cases: case I (n = 0.5) is Fickian
diffusion, case II (n 2 1) is relaxation controlled, and case III (0.5 <1 <1). The k values represent
the interaction between the material and moisture. Both coefficients of n and k are determined
from the slope and intercept of log plot of M,/M,, versus t which can be drawn from experi-
mental data, respectively [1]. As shown in Table 1, the value of 7 is close to 0.5 which confirmed
that all the investigated biocomposites exhibited Fickian diffusion behaviour. The k value was
found to increase with the increasing wt% of RHB in the biocomposites irrespective of the TPB
matrix types, in which a higher value of k indicates that the biocomposite attained the satura-
tion point of WA in a shorter period of time. This was due to the increased hydroxyl and
carbonyl groups as the RHB content increased [2].

Composite samples n k(™ M, (%) D x 107 (m?s™) TS.. (%) K x107 (h?)
Biocomposite UTPB/RHB

0 wt% RHB - - 0.22+0.04 - 0.19+0.03 -

50 wt% RHB 0.467 0.021 8.76+0.32 1.84 £ 0.09 4.94+0.68 3.53+0.17
60 wt% RHB 0.522 0.022 13.73+0.55 3.47+0.13 549+0.75 4.39+0.31
70 wt% RHB 0.511 0.025 14.16+0.59 5.66 +0.49 6.76 £ 0.58 4.50 +0.43
80 wt% RHB 0489 0.800 18.97+0.73 42.54 +1.05 9.41+0.77 10.29 +£0.82
Biocomposite CTPB/RHB

0 wt% RHB - - 0.14 +0.02 - 0.14 +0.01 -

50 wt% RHB 0.504 0.019 6.92+0.22 2.02+0.06 417 +0.26 210+0.14
60 wt% RHB 0.470 0.020 9.96+0.43 2.04+0.11 4.56 +0.34 221+0.16
70 wt% RHB 0.524 0.023 13.13+0.67 5.35+0.37 6.08 +0.52 3.74+0.28
80 wt% RHB 0.496 0.028 14.71+0.84 6.46 +0.61 8.71+0.79 4.66 +0.50

Table 1. Diffusion kinetic parameters, coefficients and permeability of biocomposites.
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The diffusion coefficient D represents the ability of water molecules to penetrate inside the
composites, which can be computed with Eq. 3, in the case where the M, value is <60 % of the
M,, value.

0
D= 7Z'|:m:| (3)

where D is the diffusion coefficient, 6 is the slope of the linear portion of M, against v/t / h/and
h is the height (thickness) of composite panel [3]. In Table 1, the M,, and D increase with the
RHB content which indicates that the biocomposites containing the higher wt% of natural fibre
tended to absorb more water. This phenomenon could be explained by the components of RHB
(cellulose, hemicellulose and lignin) that mostly contain polar hydroxyl groups which tend to
combine with water molecules by forming hydrogen bond [4]. The difference in D between
UTPB and CTPB matrixes was more predominant in the biocomposites at higher wt% of fibre.
Especially at 80 wt% RHB, a remarkable decrease in M,, and D was observed for the biocom-
posites based on CTPB matrix as compared to UTPB ones. This confirmed the reduction of
water absorption. This was probably because the free hydroxyl and carboxyl groups available
in hydrophilic rPET play the role in absorbing water as there are lack of chemical interaction
and bonding between polar rPET and nonpolar tHDPE chains in the case of without compa-
tibilizer in the UTPB matrix [5]. Meanwhile, the presence of E-GMA compatibilizer tended to
bind the rHDPE and rPET together, hence decreasing the hydrophilicity of CTPB matrix as
well as reducing the WA.

The theoretical WA can be estimated using Fick’s second law of diffusion. For the initial part
of the curve where M,/M,, < 0.6 [6], it can be predicted using Eq. 4. For the second half-sorption
curve where M,/M,, > 0.6 [6], an approximation has been proposed with Eq. 5 [7]:

M, 4 |Dt

M, iVr @
M, D"
M_ =1- CXP[—73[FJ :| (5)

Figures 1 and 2 depict the long-term WA of TPB/RHB biocomposites measured after a certain
period of immersion in distilled water, respectively. The experimental data, as represented by
the various symbols, show that the water absorbed by the biocomposites increased sharply
with time and then gradually slowed until it reached an equilibrium state (M,,). The solid
curves display the estimation of theoretical WA behaviour following Fick’s second law of
diffusion (Egs. 4 and 5). All the curves in both Figures 1 and 2 were found to follow the Fickian-
type behaviour, as conformed to the coefficient of n which was close to 0.5 (Table 1). Thus, it
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can be concluded that the experimental results will fit the Fickian mode of diffusion, especially
in the initial stage of diffusion. This result is in agreement with the previous studies on
polymer/natural fibre composites [6, 8]. Figures 3 and 4 present the thickness swelling (TS) of
immersed UTPB and CTPB biocomposites filled with RHB. It can be observed that TS was
positively related to the WA where TS increased rapidly in the initial stage for all RHB contents
and then remained constant. The higher the RHB loading, the more hydrogen bonding was
created in the fibre cell wall by the adsorbed water, and thus, the higher TS of biocomposites
was obtained.

X UTPB (0 wt% RHB)

2 a 50wt% RHB

b
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=]
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£

= ¢ 80wt% RHB
— Modd Fick

* b b L

T T B LA |

0 500 1000 1500 2000 2500 3000
Time of Immersion (hours)

Figure 1. Water absorption of immersed UTPB/RHB biocomposites after a certain period.
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Figure 2. Water absorption of immersed CTPB/RHB biocomposites after a certain period.
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Figure 3. Thickness swelling of immersed UTPB/RHB biocomposites after a certain period.
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Figure 4. Thickness swelling of immersed CTPB/RHB biocomposites after a certain period.

Theoretically, the swelling behaviour can be computed by the model suggested by Shi and
Gardner [9], which gives Eq. 6 after being rearranged and taking the natural logarithm:

1007
Inf ———=—-T |=In(T, —T,)— Kt 6
n(TS(t)+100 oj n( 0) SR (6)
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where TS(¢) is the TS at time ¢, T.. and T, are the equilibrium and initial thickness of sample,
respectively, and K is the intrinsic relative swelling rate (a constant). As shown in Table 1,
the T.. and K values increased with the RHB wt%, which indicates the higher swelling rate
that the composite required a shorter time to reach the equilibrium TS [10]. The CTPB/RHB
biocomposites exhibited lower K, values than that of UTPB/RHB biocomposites. This was
probably attributed to better compatibility of TPB matrix which led to better fibre-matrix
adhesion, and thus the water was difficult to access in the cellulose [2]. From Figures 3 and 4,
the experimental results fitted well with the predicted TS from swelling model (solid curve).

3.2. Tensile properties

The influences of the TPB matrix types and RHB contents on the tensile strength and elastic
modulus of biocomposites are presented in Figures 5 and 6, respectively. In general, the
compatibilization of incompatible rHDPE and rPET by E-GMA was capable to improve the
tensile properties of CTPB-based biocomposites with and without the presence of RHB. This
was because of the E-GMA copolymer that acted as compatibilizer in order to enhance the
compatibility and adhesion between rHDPE and rPET components [11]. Therefore, the CTPB
blend and composites possessed higher tensile strength and elastic modulus than the UTPB
ones.
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Figure 5. Tensile strength of TPB/RHB biocomposites.
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Figure 6. Elastic modulus of TPB/RHB biocomposites.

From Figure 5, both composites based on UTPB and CTPB show a similar trend. Tensile
strength increased with increasing RHB up to maximum values achieved at 70 wt%, which
were 20.5 and 22.2 MPa, respectively, for UTPB- and CTPB-based composites. This phenom-
enon suggests that the adhesion and interfacial bonding between the hydrophilic fibre and
hydrophobic matrix are enhanced via the surface modification by coupling agent (MAPE) in
which RHB can effectively transfer stress to each other [12]. As RHB content increased up to
80 wt%, it is found that tensile strength of composite decreased but the values were still higher
than the pure blend (UTPB and CTPB). This possible reason is that the fibres acted as defects
when the content of RHB exceeded the limit, which was at 70 wt% in this study. At high fibre
content, fibres were not sufficiently wetted by the matrix (lower content), and this resulted in
the fibre agglomerations which blocked the stress distribution. This could be further explained
by the fact that the high content of RHB will need higher amount of coupling agent in order
to give better interfacial adhesion and reinforcement effect with polymer matrix [13]. Some-
how, CTPB-based composites exhibited higher values of tensile strength than that of UTPB-
based composites. On the other hand, the increase of elastic modulus (Figure 6) with the RHB
content (0-70 wt%) can be related to the enhanced stiffness which was imparted by the intrinsic
characteristic of RHB. This trend is logic for biocomposite containing low stiffness polymer
matrix and high stiffness filler [12]. However, elastic modulus is reduced when 80 wt% RHB
is added into the composite. This may be due to the weaker interfacial interaction of RHB-
polymer matrix and rHDPE-rPET in UTPB matrix.
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3.3. Flexural properties

Figures 7 and 8 depict the modulus of rupture (MOR) and modulus of elasticity (MOE) of
biocomposites based on two types of TPB with different contents of RHB.
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Figure 7. Modulus of rupture (MOR) of TPB/RHB biocomposites.
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Figure 8. Modulus of elasticity (MOE) of TPB/RHB biocomposites.
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The results showed that the presence of RHB improved the flexural properties of biocompo-
sites. In Figure 7, CTPB-based biocomposites had higher MOR values than the UTPB-based
biocomposites. This was attributed to the compatibilizing reaction for inherently immiscible
TPB matrix which then improved adhesion between fibre and polymer blend matrix besides
the enhanced compatibility between polymer blend components. Meanwhile, the incorpora-
tion of E-GMA into the CTPB matrix seemed not to provide a significant effect in the MOE of
biocomposites (Figure 8). Comparing to UTPB-based composite, the MOE for CTPB-based
composite reinforced with 50-60 wt% RHB was slightly lower. This phenomenon is associated
to the weak intrinsic mechanical properties of E-GMA [14]. However, for the composites with
higher content of RHB (70-80 wt%), this factor can be negligible due to relatively low content
of the matrix (30 wt% and lower).

3.4. Impact properties

Figure 9 presents the impact strength of TPB/RHB biocomposites. For neat blends without the
presence of RHB, compatibilization reaction of E-GMA provided a reinforcement effect and
led to a significant increase of impact strength for CTPB matrix. However, this large improve-
ment decreased when RHB was added to the blend matrix, which was because rice husk is one
kind of stiff inorganic fillers [15]. The impact strength is reduced with RHB content. At high
fibre content, there were many interactions between fillers as a result of the filler agglomera-
tions in the composite which were more susceptible to the cracks than the fibre-matrix interface.
This indicates that the cracks spread more easily in the biocomposites with high content of rice
husk, thus decreasing the impact strength [16].
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Figure 9. Impact strength of TPB/RHB biocomposites.
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3.5. Differential scanning calorimetry (DSC)

Figure 10 depicts the melting temperature (T,,) of (a) tHDPE and (b) rPET components for TPB/
RHB biocomposites that are measured from DSC testing. According to Kiziltas et al. (2011),
the T,, of the composites plays a crucial role in determining the processing temperature and
thermal properties [17]. As shown in Figure 10, neat UTPB showed a T,, of rtHDPE component
at 135.6 °C and T,, of rPET component at 252.8 °C, whereas neat CTPB possessed a lower T,,
values of about 133.6 °C for rHDPE and 251.2 °C for rPET which were attributed to the
improvement of compatibility between two polymer components with the use of E-GMA as
compatibilizer. The reduced T, values by the addition of E-GMA might be because E-GMA
has lower molecular mass which promotes the composite degradation at lower temperature
values. In overall, it can be observed that the addition of RHB into polymer blend reduced the
T,, by approximately 1.2-5.2 °C. This phenomenon proved the enhancement in the processing
temperature of rHDPE after reinforced with RHB [18].
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Figure 10. Melting temperature of (a) rtHDPE and (b) rPET components in biocomposites.

Besides T,, DSC testing also has provided the data of crystallinity level (x,) for TPB/RHB
biocomposites, as presented in Figure 11. It was noted that the increasing RHB content from
50 to 80 wt% reduced the x. of TPB/RHB biocomposites. This was due to the incorporation
of RHB that restricted the movement of polyethylene (PE) chain from crystallization process
[19]. The CTPB/RHB biocomposites exhibited higher percentage of crystallinity than that of
UTPB/RHB biocomposites. This suggests that the presence of E-GMA in the CTPB matrix
improved the crystallinity by promoting the migration and diffusion of PE chains in order
to form crystals in the surrounding of the rice husk surface. Several previous research re-
sults have reported that the addition of coupling agent copolymer enhanced the crystallinity
of biocomposites [20, 21].
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Figure 11. Crystallinity level (x,) of TPB/RHB biocomposites.

3.6. Thermogravimetric analysis (TGA)

Figure 12 presents (a) decomposition temperature (T,) and (b) residues after heating at 600 °C
that were obtained from TGA thermogram of TPB/RHB biocomposites. The neat UTPB and
CTPB exhibited a one-step weight loss from 400 °C to 500 °C with the maximum decomposition
temperature (T,) at 471 °C and 469 °C, respectively (Figure 12(a)). This process occurred
because the neat polymer blend comprised a series of interchained monomers, where an
increase of temperature promoted the random chain scission through thermal degradation
and depolymerization (at T,) [22]. The lower T, for CTPB than that of UTPB was due to an
increase of rHDPE-rPET interaction because of the addition of E-GMA compatibilizer which
possessed a lower decomposition temperature [23].
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Figure 12. TGA thermogram data: (a) main decomposition temperature (T,) of polymer component and (b) residues
after 600 °C for TPB/RHB biocomposites.
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In the presence of RHB in TPB matrix, the peaks of T, have shifted to higher temperatures (478-
481 °C), irrespective of matrix types and RHB contents. This behaviour suggests the improve-
ment of thermal stability of TPB matrix by the incorporation of RHB that restricted the
movement of polymer chains and thus delayed the thermal degradation process. Upon heating
at temperature beyond 600 °C, both the neat UTPB and CTPB showed the relatively small
amount of residues (Figure 12(b)). This is because the thermal degraded polymeric materials
will further breakdown into gaseous products at higher heating temperature after T, [22]. It
can be observed that the residue weight of samples increased continuously with the increase
of RHB content, up to 26.3 % and 29.6 % for composites containing 80 wt% RHB based on UTPB
and CTPB matrix, respectively. These results were consistent with the high amount of silica
present in the RHB.

3.7. Fire retardancy

Figure 13 shows the burning rate of both UTPB- and CTPB-based biocomposites filled with
RHB. The neat TPB had the highest burning rate that was about 0.73 0.02 mm/s for UTPB and
0.71 + 0.02 mm/s for CTPB. A slightly lower burning rate for CTPB than that of UTPB reflects
that the CTPB sample showed better fire retardancy property than UTPB ones. This is probably
ascribed to the enhanced compatibility of TPB with the aids of E-GMA copolymer.

0.80

f=]
- |
L=]
L

Burning Rate (mm/s)
=]
&
i

0.60 -
055 -
E‘.S‘:] T T T T
0 50 60 70 80
wit% of RHB

Figure 13. Burning rate of TPB/RHB biocomposites.

For biocomposites containing RHB, the fire retardancy increased by 6-24 % with increasing
content of RHB from 40 wt% to 80 wt%. This enhancement might be due to the nature
characteristic of silica (relatively high amount, 15-17 % in the raw rice husk) that delayed the
combustion [24]. All the CTPB/RHB biocomposites gave lower burning rate (higher fire
retardancy) than UTPB/RHB biocomposites. The burning test results showed that the CTPB
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(miscible) seemed to improve the interaction between RHB and TPB matrix more effectively
than UTPB (immiscible)- based biocomposites.

3.8. Morphological observation

The morphology of the fracture surfaces for (a) 50 wt% RHB/UTPB, (b) 50 wt% RHB/CTPB, (c)
80 wt% RHB/UTPB and (d) 80 wt% RHB/CTPB biocomposites is illustrated in Figure 14. Two
striking observations can be seen in the surface morphology changes of biocomposites with
different RHB contents and TPB matrix types. First, by comparing the effect of RHB contents,
the 50 wt% RHB as in Figure 14(a/b)was perfectly attached and strongly adhered to the TPB
matrix, in which this observation indicates the efficiency of composite material compounding
and good fibres-matrix interfacial bonding.

(a)

Figure 14. SEM micrograph of (a) 50 wt% RHB/UTPB, (b) 50 wt% RHB/CTPB, (c) 80 wt% RHB/UTPB and (d) 80 wt%
RHB/CTPB biocomposites (magnification, 500x).

Meanwhile, the 80 wt% RHB as in Figure 14(c/d) showed poorer fibre dispersion and the
existence of more clear holes or cavities in the fracture surface morphologies which resulted
from insufficient adhesion between filler and matrix. This was then led to the fibre-fibre contact
(fibre agglomeration) dominated in the composites. Second, by comparing the effect of TPB
matrix types, the UTPB-based biocomposites (Figure 14(a/c) present relatively coarse and
obvious phase separation morphology with inhomogeneous filler distribution in the matrix.
This can be explained by the fact of the great difference in the polymer solubility parameters
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[25], in which rHDPE is nonpolar and rPET is polar. The CTPB-based biocomposites in
Figure 14(b/d) displayed more homogenous and finer morphology structure which proved
the enhanced interfacial adhesion between polymers as well as between fibres and TPB matrix
via incorporation of compatibilizer in the matrix.

4. Biocomposite product developments

The authors have carried out the collaboration with Bio Composite Extrusions Sdn. Bhd. and
Integral Wood Sdn. Bhd. under TechnoFund grant which produced some of the composite
panels and prototypes as shown in Figure 15 (http://bcextrusions.com/).

Figure 15. Photograph of biocomposite products, buildings and constructions.

5. Conclusion

Rice husk biofibre (RHB)-reinforced recycled high-density polyethylene/recycled polyethy-
lene terephthalate (tHDPE/rPET) biocomposites were fabricated via a two-step melt-blending
method. The TPB matrix types (UTPB and CTPB) and RHB contents have significantly affected
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the physical properties, mechanical behaviours, thermal stability and morphological perform-
ance of biocomposites. As RHB contents increased from 40 to 80 wt%, tensile and flexural
properties as well as thermal stability improved remarkably but reduced the impact strength.
In the long-term water immersion test, the water absorption and thickness swelling increased
with the content of RHB and immersion time regardless of the matrix types. The diffusion
coefficient and swelling rate parameter that are determined from the Fickian and swelling
model, respectively, increased with the RHB contents. Biocomposites based on CTPB matrix
possessed higher mechanical properties and dimensional stability than those based on UTPB
matrix. Based on the findings in this study, it is proven that natural fibres/recycled thermo-
plastic blend biocomposites are suitable for the outdoor applications such as in the field of
buildings and constructions.
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Abstract

Natural source-based composites became promising substitutes and synthetic petro-
chemical-based counterparts. So far, thermoplastic starch and lignocellulosic fibers are
the most common materials for making such eco-friendly “green” materials. Low cost,
abundance, and renewability are the factors that lead to deploying these two types of
materials. In this chapter, we are conducting further analysis for previously published
results of six types of high-content natural fiber-reinforced starch-based composites. All
composites were prepared by compression molding under pressure from 5 to 20 MPa
and temperature from 130 to 160°C. Composites exhibited highest tensile strength and
modulus of elasticity at fiber weight content from 50 to 70%, and then mechanical
properties deteriorated significantly at 80% fiber content due to the insufficient starch
resin. For instance, the tensile strength was boosted up from 2-12 MPa for thermoplastic
starch to reach 55, 45, 32, 28, 44, 365 MPa for flax, bagasse, date palm fiber (DPF),
banana, bamboo, and hemp composites, when fiber content was increased from 0% to
the optimum fiber content (50-70%). Kelly-Tyson (random 2d) was the optimum model
to predict random fiber composite. Increasing the fiber content and choosing a fiber with
high cellulose content significantly improve the moisture resistance of the composites.
Fick’s law of diffusion predicted the water uptake property successfully. The thermal
stability of composites was improved with increasing the fiber weight content as well.
This is attributed to the high thermal stability of cellulose when compared to starch.
Properties exhibited by starch-based high-content natural fiber composite are promising
for many industrial and biomedical applications.

Keywords: natural fibers, composite, mechanical properties, water uptake, thermal
properties, theoretical models

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) g



46  Composites from Renewable and Sustainable Materials

1. Introduction

In the past two decades, environmentally friendly biodegradable plastics have been receiving
attention because of the need to diminish the worldwide pollution caused by petroleum-based
synthetic plastics [1, 2]. Biodegradability by definition corresponds to the capacity of the material
to be completely assimilated by indigenous micro-organisms in the ecosystem. Every year more
than 300 million tons of plastics are produced for different applications [3]. In addition to
nonrenewability of the synthetic plastics resource, disposing of those types of plastics in landfill
will inevitably release toxins in the soil and underground water. Moreover, contaminants can be
absorbed in food resources and eventually accumulated in the human body [4, 5].

Bioplastics from natural resources provide reliable and sustainable alternative to synthetic
polymer. Starch is the most commonly studied materials as an eco-friendly polymer that is
based on renewable plant material, fully biodegradable, and low cost [6, 7]. There are some
challenges that oppose the development of starch-based plastics. Those challenges are mainly
poor long-term stability, low water resistance, deterioration of mechanical properties due to
moisture uptake, and the relatively fast biodegradability [8]. To overcome those challenges,
natural lignocellulosic fibers have been widely utilized to improve the properties of the starch-
based plastics [9]. Comparable to synthetic fibers, natural fibers are less dense in addition to
being fully degradable. Furthermore, the reinforcement of lignocellulosic fibers significantly
improves the mechanical properties of starch-based matrix [10]. Sisal, jute, kenaf, coir, wood,
pulp, cellulose, bagasse, banana, orange, and flax fibers are lignocellulosic fibers that have
been all studied and found to substantiate enhancement for the starch-based matrix’s versatile
properties [10-14]. The objective of this article is to review and conduct further analysis to
understand the effect of high-fiber content (flax, palm, banana, bagasse, bamboo, and hemp)
on mechanical and physical properties. Moreover, experimental results reported before will be
compared with theoretical models, selecting the most appropriate model.

1.1. Preparation and characterization

For flax, bagasse, banana, and date palm fiber (DPF) preparation took place by preheating the
composite, pressing at 5 MPa and 150°C for 30 min [13-16]. Bamboo-reinforced starch com-
posite was prepared by pressing at 20 MPa and 130 C for 5 min [17]. Hemp-reinforced starch
composite was prepared by pressing at 10 MPa and 130 C for 5 min [18]. All fibers except
bamboo and hemp were subjected to alkaline (NaOH) treatment before composite prepara-
tion. In this chapter, we will deal with tensile, moisture, and thermal results, and further
details concerning experimental procedures can be found in the cited articles.

2. Results and properties

2.1. Tensile properties
2.1.1. Strength

Role of mixture (ROM) and inverse role of mixture (IROM) are the most common theories to
predict composite mechanical behavior. ROM assumes that there is a perfect bond between
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fibers and matrix, also that the strain (and stress for IROM) in the fibers is equal to the strain in
the matrix. This model deals with aligned continuous fiber composites [19, 20].

ROM equation predicts tensile strength in longitudinal direction:

or =0rVr+omVu (1)

IROM equation predicts tensile strength in transversal direction:

OFOM
or=—F—"""7— 2
T VMGP+VFC7M ( )

where o is the fiber tensile strength, o, is the matrix tensile strength, V is the fibers volume
fraction, and V), is the matrix volume fraction. In order to transform fiber weight fraction (Wg)
to volume fraction (Vg), we will be in need to the following equation:

PmWr
Vpi=——F5%— 3
g oMW + prWi ®)

where pr is the fiber density, py is the matrix density, and W), is the matrix weight fraction.

Kelly-Tyson formulates an approach to deal with discontinuous (random and unidirectional)
fiber, overcoming the problem of unequal strain in the fibers and the matrix by assuming
perfect bonding between fibers and matrix. If the fiber is shorter than the critical length (L), it
cannot be loaded to its failure stress, and the strength of the composite is then determined by
the strength of the fiber/matrix bond, in addition to fiber strength. So for fibers’ length greater
than L, the composite tensile strength can be calculated as follows [19]:

_ ord
Lc = 7 4)
Lc
oc =¢ 1_i orVE+omVum (5)

where L, is the critical length, d is the fibers” average diameter, 7 is the shear strength of fiber/
matrix bond (about 0.5 of matrix strength), ¢ equals 1 in case of unidirectional distribution
and three-eighth in random distribution. L is the fibers’” average length, of is the fibers’
tensile strength, o, is the matrix tensile strength, Vr is the fibers” volume fraction, and Vj, is
the matrix volume fraction. Different properties have been investigated from low to high
fiber weight content (50-80%; Figure 1). For all types of fibers, mechanical properties
improved as the fiber content increased from 0 to 50-70%. Strength of 0% (starch matrix)
was around 4 MPa for the flax, bagasse, and DPF. Starch matrix recorded lower strength in
the case of banana composite (2 MPa), whereas starch-based resin strength used in bamboo
and hemp composites was 12 MPa. Among the first four types of composites, 50-60% fibers’
composite was 8-15 times higher than 0%, depending on the fiber type. Flax composite
exhibited the highest mechanical properties with tensile strength surpassing 60 MPa, banana
composite was the lowest in strength (27 MPa). About 80% composite was flimsy with
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Figure 1. Experimental and theoretical tensile strength of starch-based lignocellulosic fiber composites for different fibers:
(a) flax, (b) bagasse, (c) DPF, (d) banana, (e) bamboo, and (f) hemp.

severely deteriorated tensile properties due to lack of matrix material; hence, the load cannot
be transferred from fiber to another. For the last two types, the trials did not continue to
recognize the maximum possible fiber content for maximal strength (no reduction in
strength after maximum strength point). Hemp fiber composite recorded 365 MPa for 70%
of the fibers, the high strength of hemp fiber (above 700 MPa), and availability of hemp in
long bundles are reasons for this high strength. Kelly-Tyson’s (random 2d) was the closest
model to experimental results for flax, bagasse, and DPF composites. In the case of banana
and bamboo fibers, the experimental results were between Kelly-Tyson (random 2d) and
IROM, with more inclined trend to IROM, and this can be due to higher levels of random-
ness (3d), especially for shorter fibers (banana). Hemp fibers were continuous fibers; hence,
the results were close to ROM model.

2.1.2. Elasticity

Similar to ROM and IROM strength models, the two models predict longitudinal and trans-
versal elasticity values for unidirectional continuous fiber composites in which the actual
composite elasticity value must lie between. ROM equation predicts elastic modulus in longi-
tudinal direction (Ep):

Er =ErVe+EuVum (6)

And IROM equation predicts elastic modulus in transversal direction (Er):
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ErEm
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where Ep is the fibers modulus of elasticity, Eys is the matrix modulus of elasticity, V is the
fibers volume fraction, and V,; is the matrix volume fraction.

Another model used to predict discontinuous fiber composite behavior was called Halpin-Tsai.
The composite elastic modulus in longitudinal direction (E;) can be obtained as follows
[15, 19]:

(1 + ‘SLT?LVF)

R (T

®)

where (&) is a factor dependant on the shape and distribution of the reinforcement. The
parameter (1) is a function of the ratio of the relevant fiber and matrix moduli with respect to
the reinforcement factor (&). In this model, they can be calculated by the following formulas:

(EF—Em)

" e E) ®
& = 2(%) + 40V (10)

Also, the composite elastic modulus in transversal direction (E7) can be obtained as follows:

(1 + ET’?TVF)
Er =Ey~——"—F7-—2 11
! Y (1 _’YTVF) (
where
_ (Er-Ewm)
= (Er + &7Em) (12)
Er =2 +40VP (13)

The two previous moduli are for oriented fibers, the following equation is a result of an
averaging process made by Tsai and Pagano [21] to predict the modulus of an isotropic
composite (E.) based on random fibers reinforcement.

3 5
Ec=2E +2F 14
c=gEk+gkr (14)

Figure 2 shows the modulus of elasticity for the first four composite types discussed in the
strength section. Young’s modulus followed the same pattern as tensile strength. Modulus
increased with fiber content till an optimum point (50-60%), then property deterioration took
place at higher content (80%) due to the scarcity of resin and inability to transfer load between
fibers. Flax composite exhibited the highest modulus (4.7 GPa) in comparison with other types.
Superior mechanical properties for flax were realized elsewhere and attributed to high
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Figure 2. Experimental and theoretical tensile modulus of starch-based lignocellulosic fiber composites for different
fibers: (a) flax, (b) bagasse, (c) DPE, and (d) banana.

cellulose content and low fiber diameter. Halpin-Tsai was the best model to predict the
composite behavior, and this is due to the randomness of the fibers used to prepare these
composites.

2.2. Moisture absorption behavior

Owing to its natural abundance and low cost, starch-based biodegradable “green” polymers
have attracted great attention. Unfortunately, the use of these plastics in a wide range of
applications has been restricted by its low water resistance. Therefore, in order to overcome
this disadvantage while preserving the biodegradability and the green property of this poly-
mer, natural lignocellulosic fibers are being used as a biodegradable and eco-friendly rein-
forcement [22-25]. The incorporation of natural lignocellulosic fibers, which are mainly made
up of hydrophilic cellulose, into starch-based matrix is responsible for the reduction of mois-
ture absorption of the resultant composite. This reduction in the moisture absorption of the
two hydrophilic materials is attributed to the good interfacial adhesion between starch and
cellulose which leads to decreasing the free volume of the starch molecular chains and thus
reduce the water absorption; the less hygroscopicity of cellulose when compared with starch;
formation of fibrous network around starch thus hinder the moisture penetration; and the high
crystallinity of cellulose when compared with starch [26-29].
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2.2.1. Mechanism of moisture absorption in polymer/natural fiber composites

Polymer/natural fiber composites tend to absorb moisture in humid atmosphere. Therefore, this
moisture absorption affects the fiber matrix interface leading to low stress transfer between
matrix and fiber. The transport of water in a polymer/fiber composite can be attributed to the
imperfections of the matrix (voids, pores, and cracks). The water absorbed in a matrix can be
divided into two types, free water and bound water. Free water is the water molecules moving
freely through the voids, and bound water is the water molecules bonded to the polar groups of
a matrix [30]. Figure 3 shows the two types of absorbed water in polymeric matrix.

When water molecules penetrate polymer/fiber composite, it attaches to the hydrophilic group
of the fiber creating intramolecular hydrogen bonds. Thus, this interaction reduces the interfacial
adhesion between fiber and matrix which leads to deterioration in the mechanical properties of
the composite [30, 31]. Figure 4 explains how moisture absorption by fiber affects the composite.

Polymeric matrices, especially, starch-based reinforced with natural lignocellulosic fibers are
sensitive to moisture. Moisture absorption will deteriorate their functionality. Therefore,
aspects should be considered when manufacturing such a composite that would be used in a
humid atmosphere. The most important aspect is the proper selection of the fiber type
according to its moisture resistance.

2.2.2. Effect of fiber type and content on moisture absorption

According to literature, the moisture absorption of starch/natural fiber composites is highly
affected by the fiber type and its content. Each type of fibers has its own cellulose content; thus
fibers with high cellulose content highly diminish the moisture absorption of the resultant
composite. Mehanny et al. [13] studied the effect of reinforcing thermoplastic starch (TPS)
matrix with different contents of NaOH-treated bagasse fiber on the moisture absorption of
the resultant composite. Figure 5 shows the moisture absorption of composites reinforced with
0, 20, 40, 60, and 80% bagasse fiber. Their results showed that the moisture absorption after
reaching equilibrium of the starch-based matrix with 0% fiber reached more than 53%,

N\ Polymer
Free / 17 matrix
—
water =
*Bound
water

Figure 3. Free water and bound water in polymer matrix. Adopted from Ref. [30].
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Figure 5. Moisture absorption of TPS/bagasse fiber composites with different fiber wt%. Adopted from Ref. [13].
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whereas with the lowest fiber content 20% it reached 48%. By increasing the fiber content up to
80%, the moisture absorption dropped to 36%.

According to Elsayed et al. [14, 15], increasing the NaOH-treated flax fiber content from 0 up to
60% resulted in reducing the moisture absorption of the TPS/flax composite from 48 to 38% as
shown in Figure 6. The authors proposed investigating, as well, the effect of changing
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Figure 6. Moisture absorption of (a) TPS/flax fiber and (b) TPS/DPF composites with different fiber wt%. Adopted from
Refs. [14, 15].
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the reinforcement fiber on the moisture absorption of the resultant composite. NaOH-treated date
palm fiber (DPF) with different contents was used. They demonstrated that changing the fiber
type caused a slight effect on the moisture absorption property of the resultant composite. The
authors attributed this slight difference to the convergence of the cellulosic content of both fibers.

Darwish et al. [16] investigated the effect of increasing the content of the NaOH-treated banana
fiber (BF) reinforcement on the moisture absorption property of the starch/BFs composites as
shown in Figure 7. The starch matrix was reinforced with 40, 50, and 60% BFs. The moisture
absorption dropped from 70 to 41% with increasing the BF content from 0 to 60%.

Figure 8 shows a comparison between the moisture absorption of the TPS composites
reinforced with 60 wt% fibers at the equilibrium plateau from the previously stated studies
[13-16]. From Figure 8, it can be concluded that the moisture absorption is highly dependent
on the fiber type, hence the cellulose content of the fibers. Therefore, flax with the highest
cellulose content diminished the moisture absorption of the composite to 35%.

2.2.3. Fick’s law and moisture absorption of TPS/natural fiber composites

Fick’s second law of diffusion has been widely used to model and characterize the absorption
of moisture in many materials. Fick’s second law depicts the process of one dimension mois-
ture absorption with respect to exposure time as shown in Eq. (1) [32-35]:

ic _d*C

~_pZ= 15

dt dx? (15)
where C is the water concentration, ¢ is the time of diffusion, and D is the diffusion coefficient
normal to the surface in the x-direction.
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Figure 7. Moisture absorption of TPS/banana fiber composites with different fiber wt%. Adopted from Ref. [16].
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Figure 8. Moisture absorption of TPS composites reinforced with 60% fibers at the equilibrium plateau.

Diffusion behavior, Fickian or non-Fickian, can be recognized theoretically by the shape of the
absorption curve represented by
M;

— =K.t 16
=Kt (16)

where M, and M,, are moisture absorption at time ¢ and at equilibrium state, respectively. K
and n are the diffusion kinetic parameters. M, can be calculated from

M, = W%OW"wO(%) (17)

where Wj is the weight of dry sample and W, is the weight of wet sample at time ¢ [32-35].

The diffusion parameter n indicates whether the diffusion is Fickian or non-Fickian. When
n=0.5, the diffusion is Fickian. When n > 1, the diffusion is non-Fickian. Moisture absorption in
lignocellulosic fiber-reinforced polymer composites always follows Fickian behavior [32-36].

One-dimensional approach of Fick’s law shows that the moisture absorption is directly pro-
portional to the square root of time, then slows down until an equilibrium plateau is reached.
For values of M,/M,,, < 0.6, the initial part of the curve can be deduced by [36]:

M, 4 |Dt
M, o nV w (18)

where £ is the thickness of the sample.
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For the second half of the absorption curve, where M;/M,, > 0.6, Springer [37] proposed the

following approximation:
M, D.H\ %"
M—m = l—eXp [_73 <h_2>

Figure 9 shows a comparison between the Fick’s law predicted and the experimental moisture
absorption test results of TPS composites reinforced with 60 wt% of different fibers (banana,
bagasse, DPF, and flax). The four curves show that the experimental data are in a good
agreement with the predicted values. Thus, TPS/lignocellulosic fiber composites follow a
Fickian behavior.

(19)

BFscomposite

DOPFs composite {C:l T Flax composite [d'

Figure 9. Experimental and predicted moisture absorption of TPS composites reinforced with 60% (a) BFs, (b) bagasse
fibers, (c) DPFs, and (d) flax fibers.

2.2.4. Effect of moisture absorption on mechanical properties of composites

Mechanical properties deterioration is one of the drawbacks of moisture absorption on poly-
mer/natural fiber composites. This deterioration is attributed to the swelling of the cellulose
fibers. Due to this swelling, development of shear stress at the fiber/matrix interface occurs.
Therefore, this leads to debonding of the fibers, delamination, and loss of structural integrity
[30, 38]. Fiber surface chemical treatments are proven to promote the moisture resistance by
reducing fiber hydrophilicity. Moreover, these treatments improve the interfacial adhesion
between matrix and fiber thus, tightens the water penetration pathways and consequently,
lowers the moisture absorption [30, 39-41].
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In Ref. [25], the authors studied the effect of moisture absorption on the mechanical properties
of starch-based composites reinforced with different contents of NaOH-treated flax and DP
fibers. Tensile strength test results showed that the strength of both flax and DPFs composites
decreased to the half of its original value as shown in Figure 10.

In sum, from the previously illustrated studies, moisture absorption of TPS/lignocellulosic
fiber composites is affected by the type and the content of the reinforcement fiber. Moreover,
different fiber surface treatment techniques highly modify its water resistance. Therefore,
proper selection of fiber type, content, and surface treatment technique is of crucial importance
while manufacturing a composite exposed to humid atmosphere in order to preserve its
strength and structural integrity.
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Figure 10. Effect of moisture absorption on the tensile strength of (a) flax composites and (b) DPFs composite. Adopted
from Ref. [42].

2.3. Thermal properties

Thermogravimetric analysis (TGA) is a widely used thermal technique due to its high accuracy
in determining the decomposition temperature and thermal stability of materials. TGA mea-
sures the rate and amount of weight change of a material as a function of time or temperature
in a controlled atmosphere. This technique proved to be useful in studying the thermal
characteristics of polymeric materials such as thermoplastics, composites, films, and fibers
[43]. The thermogravimetric graph for thermoplastic starch matrix is shown in Figure 11. The
authors in references [13-16] reported that the thermal decomposition of thermoplastic starch
occurs in three main steps. The initial weight loss that occurred in the TGA curve between
room temperature and 100°C represents the first step. This weight loss was attributed to the
evaporation of water. It can be observed as a small peak around 100°C in the DTG curve. The
second step appeared as a peak in the DTG curve around 200°C. This peak was attributed to
the evaporation of glycerin. The last step appeared as a major peak around 330°C in the DTG
curve. This peak was attributed to thermal decomposition of starch.

TGA and DTG curves for different lignocellulosic fibers are comparable due to their chemical
composition similarity. On the other hand, chemical surface treatments affect the thermal
stability of the fibers [40, 45]. Darwish et al. [16] studied the effect of NaOH treatment on the
thermal stability of BFs. Their results showed that TGA and DTG curves were shifted to the
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right after treatment (Figure 12). This shift indicated that the treated fiber exhibited an
increased thermal stability relative to the untreated fiber.

TGA {a) DTG (k)

Figure 11. (a) TGA and (b) DTG of TPS matrix. Adopted from Refs. [13, 14, 44].

TGA {a) : DTG (b}

g hit

Figure 12. (a) TGA and (b) DTG of untreated and treated BFs. Adopted from Ref. [44].

TGA and DTG curves were plotted by the authors in references [13-16] to analyze the thermal
degradation of starch-based composites reinforced with different contents of NaOH-treated
lignocellulosic fibers (bagasse, flax, DPF, and banana) (Figure 13). The authors reported that
the decomposition of TPS/natural fiber composites has two main peak regions. From the DTG
curves, peaks, Group I represents the first decomposition region which is attributed to the
decomposition of starch. These peaks appeared at the temperature range of 300-340°C.The
second decomposition region appeared in the DTG curves as peaks Group II in the tempera-
ture range of 340-400°C. These peaks are attributed to the decomposition of the lignocellulosic
fibers.

The authors in references [11-14] reported that the small peak that is related to the evaporation
of water disappeared at high fiber contents. They attributed this disappearance to the improve-
ment of the moisture absorption resistance of the composites with higher fiber contents. Also,
the authors noted that as the fiber content increases, the residual weight decreases, which
imply that starch-based matrix contains more inorganic inclusions. The authors noticed that
the onset degradation temperature of starch increased with increasing the fibers’ content. They
assigned this improvement to the possible formation of hydrogen bond linkage between starch
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and fibers. The mentioned studies [13-16] reported that with increasing the fiber content, the
onset degradation temperature of the composites increased and the weight loss decreased.
Thus, the thermal stability of the composites improved with increasing the fibers content. This
improvement was attributed to the higher thermal stability of the cellulosic fibers when
compared with starch and the good compatibility of both polysaccharides. Moreover, proper
selection of the surface treatment technique of the fibers plays a prominent role in improving
the thermal stability of the resultant composite.

In short, the parameters obtained from the thermal characterization of TPS/lignocellulosic fiber
composites are useful in identifying the temperature limits of treatment, processing, or oper-
ating both matrix and fibers. Moreover, these parameters are useful in comparing the thermal
performance of various TPS/lignocellulosic fiber composites.

3. Conclusion

¢  For flax, bagasse, DPF, and banana composites, samples with 50-60 wt% fibers manifest
the highest tensile strength of 8-15 times what was recorded by 0% composite (less than
4 MPa strength for 0% fiber content).

e In 80 wt% composite, insufficient matrix is unable to transfer load and fill the gaps
between fibers, leading to severely deteriorated tensile properties.

¢ Kelly-Tyson (random) model shows the best fit for the mentioned composites, which can
be attributed to the realistic assumptions that count for the randomness of the fibers
during preparation.

®  For hemp composite, strength can be increased to 365 MPa, when increasing fiber content
to 70%. Small diameter and continous fibers with such high strength (702 MPa) led to the
significant composite strength improvement.

¢ ROM model can be used for tensile strength and modulus prediction for hemp composites
in case of fiber continouty in the composite.

¢ Halpin-Tsai (random) is the most suitable model to predict starch composite behavior.

*  The moisture absorption of TPS/lignocellulosic fiber composites is affected by the fiber
type and content. Increasing the fiber content and choosing a fiber with high cellulose
content improve the moisture resistance of the composites. Moreover, proper selection of
the surface treatment technique of the fiber highly modifies its water resistance.

*  The moisture absorption behavior can be modeled successfully by Fick’s law of diffusion.

®  The thermal stability of the TPS/lignocellulosic fiber composites is improved with increas-
ing the fiber content. This is attributed to the high thermal stability of cellulose when
compared to starch. Furthermore, proper selection of the surface treatment technique of
the fiber enhances the thermal stability of the fiber itself and the resultant composite.
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To further improve moisture resistance properties, hydrophobic modified starch, or hydro-
phobic coating can be implemented.

Starch-based lignocellulosic fiber can be a good candidate for regenerating broken bones
(producing bone plates) due to the biocompatibility of starch plastics (especially after
modifying the moisture uptake issue).

Starch-fiber panels can be a good candidate for many paneling applications relevant to
housing, cars, and decorative applications.
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Abstract

Polysaccharide-based composite materials have been the recent research focus in the
field of material science and engineering because of their biocompatibility, renewability,
and sustainability. In this chapter, the authors attempt to review and discuss recent
works in developing polysaccharide-based composites in applications of tissue
engineering, drug delivery, and biopolymer-based film packaging. This chapter focuses
on carrageenan, alginate, chitosan, starch, and cellulose composites. Introduction on
these types of polysaccharides used as biomaterials is briefly discussed.

Keywords: polysaccharide, biomaterials, composites, renewable, biocomposites

1. Introduction

Biomaterials are defined as materials that are used in therapeutic or diagnostic procedure by
interactions with components of living systems [1]. Over the years, synthetic polymers,
ceramics, and metals were preferred for these types of applications due to their reproducibility
and better performance. However, the growing concern on environment and health side-
effects have promoted researches to look for naturally derived polymers. Biomaterials are
designed to be inert and not to interact in biological systems and not to cause any harmful
changes to the body. Polysaccharides are natural polymers found in plant and organism. The
abundance of polysaccharide as a renewable resource promised its sustainability and
economic value for biomaterials. Their production cost is less than any synthetic polymers
and is easily processable.
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Polysaccharides are polymeric carbohydrate molecules consisting of long chains of monosac-
charide units bound by glycosidic linkages. The fact that these polymers are extracted from
natural resources has led to the impression of good biocompatibility and biodegradability.
Chemically, nearly all materials from plants are carbohydrate in nature and composed of
repeating unit of monosaccharides. Thus, they are nontoxic. Its biocompatible nature is also
attributed to the structural similarity of glycosaminoglycans (GAGs), which is a vital compo-
nent of extracellular matrix in tissue. There is an emerging interest in reducing the amount of
undisposable plastic waste that often leads to serious environmental problem. Polysaccharides
are potential alternative for replacing conventional petroleum-based plastics which are able
to biodegrade naturally in soil. Polysaccharides are famous for their used in the food and dairy
industries. However, its unique structure and versatile modification can be explored for other
important fields.

Polysaccharide can be categorized into structural and storage polysaccharides. Examples of
structural polysaccharides are cellulose in plant and chitin in the shells of crustacean, while
storage polysaccharides include starch and glycogen. Polysaccharides are present in most
living organisms. In fact, polysaccharides comprise about 70% of the dry weight of the total
biomass [2]. Although polysaccharide is advantageous as biomaterials as they are more
ecofriendly than petro-polymers, there are still critical drawbacks that need special attention
to make it an ideal choice. Polysaccharide exhibits poorer mechanical properties than the
conventional plastics. Some polysaccharides also have strong hydrophilic behavior that may
cause early rupture. Thus, polysaccharide composites have been extensively studied in regard
to counter this problem and obtain additional properties for specific application.

2. Types of polysaccharide

Several types of polysaccharide were widely studied over the past decades due to their
potential in numerous research areas. Some of the polysaccharides being explored as bioma-
terials are carrageenan, alginate, chitosan, starch, and cellulose.

2.1. Carrageenan

Carrageenan is a sulfated polysaccharide extracted from red algae. Marine organisms from
Rhodophycaea family like Hypnea, Euchema, Chondrus, Crispus, and Gigartina are the main type
of red seaweeds manufactured for carrageenan sources. Different types of red seaweed is used
to extract different carrageenan, namely, kappa (k), iota (1), lambda (A), nu (), mu (p), ksi (§),
and theta (¢). The structures of the three most prevalent and commercialized carrageenans are
shown in Figure 1. Examples of some different sources of carragenans are Euchomadenticulatum
(spinosum) for 1-carrageenan, Kappaphycusalvarezi (cottoni) for k-carrageenan, and Gigartinar-
adula and Chonduscrispus for extraction of both 1- and k-carrageenans [3]. All types of carra-
geenans are water-soluble.

Carrageenans contain alternate units of D-galactose and 3, 6-anhydro-galactose linked
glycosidically. As can be seen in Figure 1, k-carrageenan has only one sulfate group per
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disaccharide chain, two for 1-carrageenan, whereas A-carrageenan got three. This resulted in
anionic polysaccharide that is often neutralized by cations like sodium, potassium, calcium,
magnesium, and ammonium. Interesting to note that the structure of A-carrageenan does not
have 3,6-anhydro-bridge like in the x- and 1-carrageenans. This structure gives k- and 1r-
carrageenans gelling ability in response to thermal condition. The location of ester sulfate
group affects the solubility and gel strength of carrageenan, while existence of 3,6-anhydro-
bridge results in polysaccharide gelation [5]. Besides galactose and sulfate units, other
carbohydrate residues that commonly exist in carrageenan are xylose, glucose, and uronic
acids [6]. Carrageenans are used in a variety of commercial applications as gelling, thickening,
and stabilizing agents, especially in food products and sauces. Aside from these functions,
carrageenans are being explored in experimental medicine, pharmaceutical formulations,
cosmetics, and industrial applications.
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Figure 1. Structure of carrageenan [4].

2.2. Alginate

Alginate, or also called alginic acid, can be derived from both algal and bacterial sources.
Current commercial alginates are mostly from the cell walls of brown algae (Phaeophyceae) [7]
such as Laminaria hyperborea, Laminaria lessonia, Macrocystis pyrifera, and Ascophyllum nodosum.
They are harvested to be converted into raw material commonly known as sodium alginate.
On the other hand, alginates that are synthesized by bacterial biosynthesis obtain more defined
chemical structures and physical properties than that of seaweed-derived alginates [8]. These
bacterial alginates can be produced from Azotobacter and Pseudomonas. Other common forms
of alginates are potassium alginate and calcium alginate. Alginates are anionic polysaccharides
that can form viscous gum when bound with water. They are composed of linear unbranched
copolymers containing blocks of (1,4)-linked (3-D-mannuronic acid (M) and a-L-guluronate
(G) residues, covalently linked in different sequences or blocks. The blocks can be consecutive
MMMMM or GGGGG, or alternating GMGMGM. The amount of G and M blocks and the
length depends on the alginate origin. The gel formation of alginate occurs when two G blocks
of adjacent chains chelate with cations like Ca*" with their carboxylic groups [9].

Alginate is also another popular material used in foods as a thickening agent, gelling agent,
emulsifier, stabilizer, and texture improver. It can be added to color paste for textile printing
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and act as binder of flux in welding rod production. Alginates are also established as bioma-
terials in the pharmaceutical industry where they can be compounded into tablets to accelerate
disintegration of tablet for faster release of drugs. In cosmetic field, alginate can help to retain
the color of lipstick on lip surface by forming gel network.

2.3. Chitosan

Chitosan is a natural aminopolysaccharide produced from partial alkaline deacetylation of
chitin. Chitin, the second largest natural polymer after cellulose, is the structural element found
in the exoskeleton of crustaceans, insects, and fungi. Just like plants produce cellulose in their
cell walls, insects and crustaceans produce chitin in their shells. Chitosan is composed of linear
copolymer of  (1-4) linked 2-acetamido-2-deoxy-f3-D-glucopyranose and 2-amino-2-deoxy-
[-D-glycopyranose. Different factors, such as alkali concentration, incubation time, ratio chitin
to alkali, temperature, atmosphere, source of chitin, and particle size, play a role in affecting
the properties of chitosan [10]. Chitin possesses poor solubility in aqueous solution and organic
solvents mainly because of the highly extended hydrogen bonded semicrystalline structure of
chitin, thus limiting its practical application in biomaterials [11]. Chitin has the degree of
acetylation (DA) of 0.90 [12]. Whereas chitosan possess primary amino groups with pKa value
of 6.3. These amines get protonated and form water-soluble and bioadhesive chitosan which
readily bind to negatively charged surfaces [13].

Unlike chitin, chitosan has highly sophisticated functionality and wide range of applications
inbiomedical and other industrial areas. The advantage of chitosan over other polysaccharides
is because of its cationic character and primary amino group [14]. Although they exhibit similar
structure, chitosan display different properties from that of cellulose. When the degree of
deacetylation of chitin reaches about 50%, it becomes chitosan and soluble in aqueous acidic
media [15]. Chitosan has been applied in agriculture, water and waste management, food and
beverages, cosmetics and toiletries, and biopharmaceutics.

2.4, Starch

Starch comprises of two main components: (1) amylose (Figure 2a), a nonbranching helical
polymer consisting of a-1, 4 linked D-glucose monomers and (2) amylopectin (Figure 2b), a
highly branched polymer consisting of both a-1,4 and a-1,6 linked D-glucose monomers. All
starches are biosynthesized as semicrystalline granules with small amount of water [16]. There
are amorphous and crystalline growth rings arranged alternately encircling hilum which is
the point of initiation of the granule. Starch gelatinization is done by heating native starch in
water [17]. After heating, starch granules start to swell and burst. The semicrystalline structure
is disrupted and smaller amylose molecules start to leach out of the granules. Gelatinization
irreversibly dissolves starch granule in water where water acts as a plasticizer. It forms network
that holds water and increase the solution viscosity.

Starch is a resourceful natural polymer where it can be found in many plant roots, crop seeds,
stalks, and staple crops. Main sources of native starch are maize (82%), wheat (8%), cassava
(5%), and potatoes (5%) [18]. Starch is produced by all green plants as source of stored energy.
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They were used in many applications in the form of native and modified starches. Starches are
popular in food making including bakery, dairy products, confectionery, and processed foods.
Other nonfood industries using starches are papermaking, adhesives, clothing, and cosmetics.
Starch also involves in production of antibiotics, vitamins, penicillin, and dialysis solutions.
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Figure 2. Structures of (a) amylose and (b) amylopectin [17].

2.5. Cellulose

Cellulose is a linear chain of ringed glucose molecules and has a flat ribbon-like conformation.
It has the formula (C¢H,(Os), where 1 depended on the source of cellulose linked by (3(1—4)
glycosidic bonds. Cellulose is an essential structural component of cell walls in higher plants
and is the most abundant organic polymer on the Earth. It is relatively stiff and rigid because
of the intramolecular hydrogen bonding that can be reflected from its tendency to crystallize,
high viscosity, and ability to form fibrillary strands [19]. Cellulose is insoluble in water and
indigestible by the human body [20]. The glucose units in cellulose are linked by {3 glycosidic
bonds, different than the a glycosidic bonds found in glycogen and starch. Cellulose has more
hydrogen bonds between adjacent glucose units, both within a chain and between adjacent
chains, making it a tougher fiber than glycogen or starch. This is why wood is so tough. Wood,
paper, and cotton are the most common forms of cellulose. The purest natural form of cellulose
is cotton. Other than these, cellulose can also be produced by certain types of bacteria and they
are called bacterial cellulose. While cellulose is a basic structural component in most plants, it
isalso produced in Acetobacter, Sarcina ventriculi, and Agrobecterium. Bacterial cellulose contains
higher purity and water uptake capability compared to plant cellulose [21]. It has a tensile
strength that is almost comparable to the Kevlar and steel and it can achieve stress-strain
behavior resembling that of a soft tissue in never dried form [22].
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Being the largest natural polymer available is the most advantageous character for material
sustainability and renewability. Cellulose has been tremendously applied in the production of
cardboard and paper [19]. Current development of cellulose shows its potential in biomedical
and biotechnological implementation. It is used in bioseparation, adsorbent for sewage
treatment, cell suspension culture, and wound healing system.

3. Applications of polysaccharide composite biomaterials

Fabrications of polysaccharide-based composites containing different kind of reinforcements
were subjected to many applications.

3.1. Tissue engineering

Tissue engineering and regenerative medicine have been important research areas that aim to
repair and replace malfunction tissues or organs [23]. Assistive material or system is produced
in order to support tissue generation which then can continue growing and functioning like
original tissue in the body. Ideal three-dimensional (3D) tissue scaffolds must have certain
characters to promote new tissue formation. Polymer-based material for 3D tissue scaffolds
needs to possess high porosity, high surface area, suitable biodegradability, and good structural
integrity. Human bodies are made up of complex and sensitive biological systems. Therefore,
thorough attention needs to be taken in developing materials for tissue regeneration. Polysac-
charide-based materials have since been of interest because of their important properties for
biomedical application such as biocompatibility, biodegradability, and low cost [24]. They have
acceptable response to the host and have ability to promote cell proliferation and adhesion.
The emerging technology has investigated and explored many potential new forms of
biomaterials for this purpose.

Halloysite nanotubes have been of interest since decades as biomaterials and fillers in com-
posite scaffolds. A study by Liu et al. used this clay in alginate matrix to construct porous tissue
engineered scaffolds [25]. They have successfully produced scaffold with 96% porosity. The
composite scaffolds showed increased mechanical properties of alginate where higher
compressive strength and modulus than pure alginate scaffold were obtained in dry and wet
states. Halloysite nanotubes assisted in cell attachment and improved the stability against
enzymatic degradation. Another attempt reported that chitosan/alginate/halloysite nanotube
undergo amine treatment which later showed better cell growth and adherence than nonami-
nated composite scaffold [26]. Biomimetic synthetic scaffold was fabricated with inclusion of
amorphous silica into alginate hydrogel [27]. They embedded bone cells, osteoblast-related
5a08S-2 cells, and osteoclast-like RAW 264.7 cell into the hydrogel beads. The bead encapsu-
lation of bone cells is a useful technique to produce bioactive programmable hydrogels. It is
observed that it does not impair the viability of the encapsulated cells. Furthermore, incorpo-
ration of nanoceramic may improve the capability of polymeric scaffold for tissue regeneration.
A study found that as-fabricated alginate/nano-TiO2 needles nanocomposites by lyophiliza-
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tion technique contain well controlled swelling and degradation compared to neat alginate
scaffold [28].

A unique honeycomb composite of mollusca shell matrix and calcium alginate was fabricated
to carry cells for soft tissue, skin, bone, and cartilage tissue regenerative therapies [29]. The
composite was produced by frozen and treated mixture of Anodonta woodiana shell powder
and sodium alginate with hydrochloric acid. It was transplanted into rats for 7, 14, 42, and 70
days. The composite displayed honeycomb structure under laser confocal microscope. This
composite has significant mechanical properties, good biological safety over 70-day period,
and lower degradation rate compared to the calcium carbonate (control). The regeneration of
soft tissue requires substitutes that exhibit mechanical properties similar to native tissue. Thin
saloplastic membranes from chitosan/alginate polyelectrolyte complexes containing different
concentration of sodium chloride were prepared [30]. The membranes are resistant to degra-
dation by lysozyme and stale at different pH. With high salt concentration, the water uptake
and tensile moduli were increased, but decreasing the ultimate strength. High proliferation
rates and viability of L929 fibroblasts were demonstrated. Structural modification to bacterial
cellulose/alginate scaffold was constructed by two procedures, first is producing composite
sponge bacterial cellulose/alginate (BCA) by crosslinking and freeze drying, and second is by
reversing the previous procedure [31]. These procedures resulted in open and interconnected
porous structure and thus lift up the problem of limited in vivo application due to dense outer
layer of scaffolds.

3.1.1. Bone tissue engineering

Scaffolds fabrication in bone tissue engineering becomes preferable alternative to autografts
and allografts which require surgical transplant of tissue or bone whether from the patient's
ownbody or from a donor, respectively. These procedures often suffer from limited availability
and risks of immunogenicity [32]. The performance of scaffolds for hard tissue critically
depends on their mechanical and biological properties. Reinforcement of nanomaterials inside
polysaccharide matrix is always proposed to increase the material surface area for enhanced
cell adhesion and proliferation.

A blend of alginate and chitosan was added with nanosized bioactive silica (5i0,) particles to
provide biomineralization capability and polymer stiffness [33]. The composite scaffolds
showed increased protein adsorption, controlled swelling ability, and improved apatite
deposition without significant cytotoxicity toward osteolineage cells. Nanoscale fibers have
been suggested to be effective reinforcing agents because of their resemblance to the fibrous
structures of bone tissue bone extracellular matrix (ECM). A composite was developed by
unique combination of wet electrospinning, particulate leaching, and freeze drying of starch/
silk fibroin [34]. Silk fibroin has slow degradation rate with high oxygen permeability and thus
is suitable for slow regeneration of tissue. Hadisi et al. fabricated the silk fibroin nanofibers by
wet spinning directly via wet electrospinning using methanol coagulation bath before
incorporating the chopped electrospun nanofibers into the starch matrix, followed by partic-
ulate leaching and freeze drying. The silk fibroin-containing starch hydrogel was further
coated with calcium phosphates for better compatibility with the surrounding tissues. The
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viability of osteoblast-like cells (MG63) exposed to the composites’ extracts was significantly
higher than that of the pure starch.

Hydroxyapatite (HAp) is the main inorganic component of natural bone that has been
extensively used in many biocomposites to boost osteoconductivity and reinforce the structure
of polymer-based bone scaffolds [35, 36]. The formation of bone-like apatite on scaffolds can
be seen through the detection of calcium phosphates on the material surfaces. Incorporation
of HAp nanoparticles in carrageenan [37], alginate [38, 39], cellulose [40, 41], and chitosan [42]
displayed favorable site for bone cell adhesion and tissue regeneration compared to the neat
polysaccharide scaffolds. The preparation of HAp-containing composites can be carried out
either by using conventional mixing technique or by precipitating HAp crystals on the polymer
matrices [36]. Mixture of two or more types of polysaccharides with HA like in Sharma et al.
were believed to generate more synergistic effect to better mimic to the bone extracellular
matrix, which comprises a variety of components [43].

3.1.2. Skin tissue engineering

Skin is the largest organ of human body. It serves as the first protection to human from
environmental and surrounding threat. Fabrication of quaternary composite scaffold using
chitosan, alginate, gelatin, and silk fibroin has successfully produced scaffold of 88% porosity
with good mechanical stability [44]. L929 fibroblast cell cultured onto this quaternary compo-
site scaffold showed good viability, adhesion, and proliferation, thus indicating the great
prospect of the scaffold for skin tissue engineering. Boateng et al. studied two different
methods for wound dressing to test their adhesive properties [45]. Solvent cast films and freeze-
dried wafers containing polyethylene oxide (polyox) and carrageenan or sodium alginate.
Wafers and films produced demonstrated high detachment force indicating strong interactions
between polymers and the model wound surface. The adhesive properties were evaluated
using attenuated reflectance Fourier transform infrared spectroscopy by monitoring the
diffusion of mucin solution. The diffusion of mucin solution as model protein was faster for
the wafer form than the film.

Wound dressings with antimicrobial and antiinflammatory properties are favorable besides
the general noncytotoxic requirement. The gel-forming ability of polysaccharide materials
helps in dressing application and removal without much pain to the skin. Incorporation of
certain fillers to the dressing can provide additional function to the wound dressing to meet
patients” needs. Encapsulation of antimicrobial and antiinflammatory drugs into wound
dressing is the most common attempt for this purpose. The previous polyox/carrageenan
composite has been loaded with diclorofenac and streptomycin to enhance the healing effect
of wound [46]. The dressing showed higher zones of inhibition against three microbes
compared to the individual drugs zones of inhibition. The insertion of diclorofenac can prevent
inflammation while streptomycin can prevent the wound infections. However, adding
multiple drugs into wound dressing without disturbing the healing function of the dressing
is quite challenging. Thus, several studies have been done to incorporate other materials as
antimicrobial agents, such as essential oil [47] and metal oxide [48], inside wound dressing to
support its purpose.
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3.1.3. Neural tissue engineering

Central nervous system diseases are usually caused by the death of neurons and progressive
loss of its function. Current developments in neural technology have opened up possibilities
of nerve tissue regeneration. Two potential natural polymers for nerve tissue engineering were
combined with hyaluronic acid and heparan sulfate via freeze-drying technique [49]. The
composite scaffolds demonstrated highly homogenous and interconnected pores with
porosity above 96%. The presence of hyaluronic acid and heparan sulfate has promoted the
adhesion of initial neural stem and progenitor cells. Nanofiber-hydrogel of polycaprolactone
(PCL) and sodium alginate composite was prepared by electrospinning [50]. The fibrous form
of this scaffold is to provide suitable environment for regeneration of the peripheral nerve
injury. This kind of combination of natural and synthetic polymers has long been worked on
to utilize the mechanical properties of PCL while preserving alginate hydrophilicity to support
cell adhesion. The composite displayed that a good suture pulled out strength and assists the
human mesenchymal stem cells (hMSCs) viability, adhesion, proliferation, and neurogenic
differentiation in neural induction media.

3.2. Drug delivery

Drug delivery area involves an art of transporting drugs or therapeutic compounds to human
body. Itis a critical research field where the transported compounds must achieve the optimum
therapeutic effect to protect or heal from any kind of disease. The use of polysaccharide
materials in drug delivery systems is increasing mainly because of their ability to form
hydrogel with stimuli-responsive properties [51, 52]. Besides being mechanically deficient,
polysaccharide-based drug carrier normally have initial burst problem in the delivery system.
Therefore, controlled delivery systems were proposed by addition of various fillers into
polysaccharide matrix. This includes incorporation of Fe,O, [53], CaCO; [54], silica nanopar-
ticle [55], graphene oxide [56], gold nanoparticle [57], and montmorillonite [58].

Oral drug administration is one of the preferred routes since it is convenient and has no cross-
infection. However, drugs taken through oral route have to pass through different phases of
gastrointestinal tract, where pH values vary greatly. The change in pH may lead to loss of
mechanical strength and fast degradation. To protect the drugs from the harsh environment
in stomach before they can be absorbed in the intestine, pH-sensitive polysaccharide compo-
sites were developed. Protein drugs were encapsulated in inorganic carrier [59, 60] and gel
beads [61, 62] to prolong their release. Series of pH-sensitive composite hydrogel composites
of alginate and chitosan base were prepared with addition of attapulgite [61], bone ash [63],
and other polymer-like pectin [64] that clearly showed their release dependence to pH
condition. It was found that cross- linking and nanofiller loading can significantly improve the
targeted release [65, 66] in the pH-sensitive polysaccharide composites.

Polysaccharides like starch and carrageenan are thermoresponsive polymers. They can be
utilized in drug delivery with thermal sensitivity. ?-carrageenans were incorporated with Au
[67] and silica [68] nanoparticles. The effect of both nanoparticles on the microstructure and
strength of the hydrogel had implications in the mechanism of controlled release as demon-
strated by in vitro release studies using a drug model and displayed potential for thermally
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controlled drug delivery. Schmitt et al. loaded aqueous drug containing 5-aminosalycylic acid
(5-ASA) into halloysite nanotubes and dispersed them well in thermoplastic starch matrix [69].
The swelling of the produced nanocomposite strongly depends on the temperature but not on
pH. Furthermore, ?-carrageenans were also studied for a triple-response hydrogel by simul-
taneous formation of super paramagnetic iron oxide nanoparticles (SPION) and crosslinking
of of polyacrylyc acid (PAA) [70]. The swelling capacity and drug release of ?-carrageenan-
PAA/SPION hydrogel were tested to different temperature, pH, and magnetic field to assess
the sensitivity of the hydrogel. They have successfully synthesized biocompatible hydrogel
with considerable temperature, pH, and external magnetic field sensitivity using simple and
convenient one-pot strategy. Another interesting functional hydrogel of ?-carrageenan was
prepared by reinforcing with multiwalled carbon nanotubes (MWCNT) [71]. This hydrogel
composite shows increased release of a model drug in in vitro conditions due to the near-
infrared (NIR) photothermal effect of MWCNTSs, thus demonstrating its promising role as
carrier for remotely activated drug delivery.

Apart from being too focused on the additional function on drug carrier material, exci-
pients must have the ability to encapsulate and protect the drugs. Some drugs have some
specific needs to achieve targeted release. Targeted release is very important to ensure op-
timum drug effects. Aceclofenac is an orally administered phenyl acetic acid derivative
with effects on a variety of inflammatory mediators. Its frequent administration and pro-
long treatment was associated with various side effects. The use of Boswellia gum resin
into chitosan polymer to deliver nonsteroidal antiinflammatory drug has caused signifi-
cant improvement in drug entrapment efficiency (~40%) of the polymer composites [72].
Highly hydrophobic drug like curcumin frequently has poor solubility in polysaccharide
excipients. An attempt to add pluronic F127 into alginate/chitosan matrix found to have
increased the encapsulation efficiency of curcumin inside the composite, indicating better
dispersion of curcumin inside matrix [73]. Local avascular delivery to treat orthopedic in-
fections caused by Methicillin-resistant Staphylococus aureus (MRSA) was developed by
fabrication of porous chitosan/bioceramic [B-tricalcium phosphate (CS/B-TCP) [74]. The
composite was then coated with poly(?-caprolactone) (PCL) to retard the release of vanco-
mycin for 6 weeks at levels to inhibit MRSA proliferation. Recently, the potential applica-
tion of deferoxamine (DFO) in several iron dysregulation diseases has been highlighted.
However, DFO presents significant limitations in clinical use due to its poor absorption in
the gut and very short plasma half-life. Inclusion of poly(D,L-lactide-co-glycolide) micro-
spheres into preformed chitosan/alginate hydrogel provided strong DFO entrapment in
the hydrogel network and slow release [75].

3.3. Packaging films

The disability of conventional plastic material used in packaging to biodegrade has led to
serious solid waste problem. Polysaccharide materials are fully recognized as potential
alternative for petroleum-based plastics, mainly contributed by its biodegradability and
environmental friendly properties. Packaging basically functions as container and external
preserver or protector to consumer goods including food. Materials used in packaging need
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to possess excellent mechanical properties and barrier properties so they will be able to
maintain the condition for the products to extend their shelf-life. Therefore, several reinforce-
ments have been identified to be good fillers for polysaccharide films.

Clay minerals have received extensive study as reinforcing filler in polysaccharide-based
packaging film and coating [76]. Nanoclays have been a subject of interest nowadays con-
sidering their high aspect ratio and surface area, alongside with biocompatibility feature.
The inclusion of clays showed good dispersion in polysaccharide matrix and resulted in
superior mechanical and barrier properties. Incorporation of montmorillonite (MMT)
nanoclay into alginate film has shown increase in tensile strength of up to 36% [77]. MMT
may also enhance the thermal stability, storage modulus, and barrier properties of chito-
san [78]. A comparative study of nanobiocomposite of carrageenan/zein and carrageenan/
mica found mica clay to be more efficient as an additive to carrageenan for clay has better
dispersion in carrageenan composite [79]. Cellulose nanocomposite foam containing MMT
was investigated as a substitution for synthetic polymer foam trays. The presence of nano-
clay caused more uniformity in the structure of the foam, thus resulted in higher com-
pressive strength, Young's modulus, and density [80]. The use of sepiolite and
palygorskite fibrous clays in some polysaccharides of different types was reported [81].
The good compatibility between these fibrous clays with the polymers resulted in im-
proved mechanical properties, barrier to UV light, stability in water, and reduction of wa-
ter absorption, which make them very attractive bionanocomposite in the food packaging
sector. Other fillers included into polysaccharide-based packaging films are nanosilica [82],
zinc oxide [83], and copper [84] nanoparticles.

In terms of polysaccharide composites, certain fillers were added to the packaging films
not only to improve their mechanical and barrier properties, but special characteristics can
also be instilled for the production of active packaging films. Active packaging refers to
the packaging systems used for products like foods and pharmaceuticals that have extra
function to extend their shelf-life, in addition to the general purpose of providing external
protective barrier. Introduction of different kinds of natural and synthetic antimicrobial
agents into packaging have been studied against various pathogens such as Listeria mono-
cytogenes, Escherichia coli, Clostridium perfringens, Staphylococcus aureus, Salmonella pullorum,
Bacillus cereus, and Pseudomonas aeruginosa. The inhibitory effect of the films was deter-
mined by measuring the bacterial growth inhibition zones. Preparation of polysaccharide-
based packaging films with incorporation of nanometals, organically modified clay
minerals, plant essential oils and extracts, and other natural antibacterial agent were test-
ed for their antimicrobial properties.

Clays are organically modified to increase their hydrophobicity since the polysaccharide
matrix is already water sensitive and has low water vapor barrier properties. They also exhibit
biocompatibility, bioactivity, and can be used as antibacterial materials. The inclusion of
modified clay Cloisite 30B in carrageenan/locust bean gum matrix [85] and zeolite-A inside
chitosan matrix [86] have demonstrated high antimicrobial efficiency compared to neat
polysaccharide. A combination of halloysite nanotube and nisin had been expected synergistic
effect in active packaging [87]. Nisin is an antimicrobial agent recognized to fight against
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Listeria and spores of Bacilli and Clostridia. However, a study by Lu et al. showed the formation
of 3% alginate solution containing nisin-ethylenediaminetetraacetic acid (EDTA) might have
limited the release of nisin [88]. Lower concentration of alginate was proposed to see the effect
of alginate concentration to nisin performance. Another study included silver (Ag) nanopar-
ticles combined with Cloisite 30B in ?-carrageenan as antimicrobial bionanocomposite films
[89]. Ag nanoparticles have attracted considerable attention for packaging application for their
antibacterial activities, high thermal stability, and low toxicity. Ag/clay mineral was prepared
to overcome the tendency of Ag nanoparticles to agglomerate when used alone. While
organically modified nanoclay exhibited strong antibacterial activity against Gram-positive
bacteria, Ag nanoparticles exhibited strong antimicrobial activity against Gram-negative
bacteria. Thus, the combination of these two antibacterial agents helps in providing polymer
packaging with strong antimicrobial properties. Shankar et al. investigated different types of
Ag particles incorporated into alginate-based films [90]. They found Ag zeolite and citrate
reduced Ag nanoparticles provide better antimicrobial activity than metallic silver and laser-
ablated Ag nanoparticles in alginate compared to the neat films.

Strong antimicrobial activities can also be induced inside packaging films by plant ex-
tracts and essential oils. Extracts of green and black tea were added into chitosan dis-
played good antioxidant and antimicrobial capacity [91]. Natural extract from the seeds,
pulps, and peel of grapefruit was also put inside carrageenan film to encourage the anti-
bacterial, antifungal, and antioxidant properties [92]. However, addition of plant extracts
showed decreased tensile strength and elongation at break of the packaging films. In ad-
dition, oregano, thyme, and Satureja hortensis essential oils were used in carrageenan films
to overcome the poor water vapor barrier and as possible substitutes for synthetic antioxi-
dant-antimicrobial agents to achieve oxidative and microbial stability [93, 94]. The tensile
strength was lowered with increasing essential oil concentration. They suggested it hap-
pened because of the replacement of strong polymer-polymer interaction with oil-polymer
interaction in the film network.

4. Conclusions

Polysaccharide-based composites are attractive biomaterials because of their chemical
structure and ease of manipulation. They are easily processable and abundant in nature,
forming a vast potential economical application compared to other synthetic biomaterials.
Moreover, they are highly environmental friendly and nontoxic to humans and animals.
Preserving the nature while taking advantage of its application leads to promising future for
renewable and sustainable materials. Polysaccharide-based composites are mainly to over-
come the problem of low mechanical and water barrier properties of common natural poly-
mers. Many studies have been done and successfully associated different reinforcements and
fillers to polysaccharides for variety of fabrication purposes. Polysaccharide-based composites
are thus a favorable alternative to the commercial petroleum-based polymers and highly
recommended for renewable and sustainable composite materials.
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Abstract

Current research studies have been focusing on the procurement of environmentally
friendly materials, with the aim of resolving the problems created by materials derived
from petroleum. Starch is a promising biopolymer for producing biocomposite
materials because it is renewable, completely biodegradable, and easily available at a
low cost. Thermoplastic starch (TPS), by itself, exhibits poor mechanical properties such
as low tensile strength and severe deformations, which limits its application in
packaging or films. In addition, TPS presents high hygroscopicity. The use of reinforcing
agents in the starch matrix is an effective means to overcome these drawbacks and
several types of biodegradable reinforcements, such as cellulosic fibers, whiskers, and
nanofibers, have been utilized to develop new and inexpensive starch biocomposites.
This chapter provides the latest advances in green composite materials based on TPS
and cellulose fibers and includes information on compositions, preparations, and the
properties of “green” composite materials elaborated from TPS and cellulose fibers, with
the focus on using undervalued natural resources.
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1. Introduction

Current research studies have been focusing on the procurement of environmentally friendly
materials with the aim of resolving the problems created by materials derived from petroleum.
Starch is a promising biopolymer used in the production of biocomposite materials because it
is renewable, completely biodegradable, and easily available at a low cost. Starch, in the form
ofitsthermoplasticderivate (TPS), hasbeenrevealed asanappropriate candidate tobeemployed
as a substitute of synthetic polymers traditionally used for packaging. Starch is not a real
thermoplastic polymer, but can be processed after its gelatinization by mixing it with enough
water and/or plasticizers[1, 2]. Inmost investigations the plasticization of the material is carried
out by casting a dispersion of starch with glycerol [1, 3].

TPS films are reported to have low permeability to gases, poor water vapor barrier properties,
and must resist the tensions arising from their use in packaging [4].

Therefore, improving the resistance of TPS films to traction forces is a factor that must be taken
into consideration for their use [5, 6]. The use of reinforcing agents in the starch matrix is an
effective means of overcoming these drawbacks and several types of biodegradable reinforce-
ments such as cellulosic fibers, whiskers, and cellulose nanofibers (CNF) have been utilized to
develop new and inexpensive starch biocomposites. Cellulose is the most abundant, renewable
polymer in the world; it is found in plant cell walls and it can also be synthesized by some
bacteria. Its reinforcing property is remarkable [7]. Basically two types of nanoreinforcements
can be obtained from cellulose: microfibrils (or CNF) and whiskers.

Improving the mechanical and water barrier properties by the addition of CNF (extracted from
different botanical sources) can depend on the correct dispersion and the generation of an
active nanoreinforcement/matrix interface.

This chapter provides the latest advances in green composite materials based on TPS and
cellulose fibers and includes information on compositions, preparations, and the properties of
“green” composite materials elaborated from TPS and cellulose fibers, with the focus on using
undervalued natural resources.

2. Starch

Starch is a biodegradable and widely available natural resource [8], and constitutes the main
source of carbohydrate reserves in plants. This polysaccharide is found in different parts of
the plants and can be isolated from seeds, fruits, leaves, tubers, and roots [9].

The functionality of starch is largely due to its two components of high molecular weight:
amylose and amylopectin. Most of the starches contain between 20 and 30% of amylose and
70 and 80% of amylopectin; these proportions depend on the plant source. Amylose molecules
consist of approximately 200-20,000 glucose units joined by a-1,4 glycoside bonds (Figure 1)
in unbranched chains or coiled helix [10].
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Figure 1. Segment of an amylose molecule [10].

The structure of amylopectin is different from that of amylose; amylopectin molecules contain
a-1,4 and a-1,6 glycosidic bonds, as can be seen in Figure 2. The glycosidic bonds join the
glucose molecules in the main amylopectin chain. Branches of the main chain are often found,
which are due to the a-1,6 glycosidic bonds with other glucose molecules.

CH,OH

CHLOH

Glycosidic bond o-1,4

CH,OH

Figure 2. Segment of an amylopectin molecule [10].

The bonding points of the branches constitute between 4 and 5% of all the bonds [11]. Amy-
lopectin molecules are significantly larger than the amylase molecules; some contain be-
tween 10,000 and 20,000,000 glucose units. The molecular weight of amylose is between 0.1
and 1 million g/mol while that of amylopectin ranges between 10,000 and 1000 million
g/mol [10].

One of the most important properties of natural starch is its semicrystallinity and amylopectin
is the dominant component for crystallization in most starches. The significant commercial
properties of starch, such as mechanical resistance and flexibility, depend on the resistance and
character of the crystalline region, which in turn depend on the amylose/amylopectin ratio and
thus on the type of plant; these properties also depend on the distribution of molecular weight,
degree of branching, and the conformation process of each polymeric component [12].

Starch is versatile due to its variety of uses; it is also one of the most important ingredients at
an industrial level. In the food industry, starch is used to provide a wide range of functional
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properties and is probably the most utilized hydrocolloid [13]. It can be used in flavor
encapsulation, as a thickening agent or a filling agent, in bakery products, production of
syrups, etc. Starch is also included in many other industries such as textiles, paper, cosmetics,
plastics, pharmaceutical, and adhesives.

Currently, the negative environmental impact caused by synthetic polymer wastes, denomi-
nated plastic materials, is well known and there is now a growing interest in biodegradable
materials like starch to substitute the conventional plastic materials, such as polyethylene and
polystyrene. A number of studies have reported the use of starch in the manufacture of fast
food utensils and packaging material [14].

It is clear that one of the alternatives is the use of starch from nonconventional sources,
particularly in countries where there is a high production of raw material for the production
of this polymer. Nonconventional sources of starch have attracted much attention, given their
diversity of properties, which allow their application in different industries, including the food
industry.

Table 1 shows the amylose content, granule size, and gelatinization temperature of a few
starches from nonconventional sources such as chestnut [15], kudzu [16], ramon [17], chayote
[18], -parota [19], makal [20], sorghum [21], mango [22], and okenia [23], which could be
considered for the production of biodegradable materials. In general, the new botanical sources
are always widely available in the countries, which produce them.

Type of starch Amylose (%)  Granule size (um) Gelatinization temperature (°C) Reference
Chestnut 26.6 4-21 619 [15]
Kudzu 22 2-20 64-83 [16]
Ramon 25.3 6.5-15 83.05 [17]
Chayote 129 7-50 67.7 [18]
Parota 17.5-21.3 20-28 76-78 [19]
Makal 23.6 12.4 78.4 [20]
Sorghum 11.2-28.5 Not reported 70-75 [21]
Mango 9-16 7-28 77-80 [22]
Okenia 26 Not reported 71.3 [23]

Table 1. Characteristics of starches from different botanical sources.

3. Thermoplastic starch (TPS)

To produce a film based on starch, a high content of water or plasticizer is required (glycerol,
sorbitol). These plasticized materials (application of mechanical and thermal energy) are
known as thermoplastic starches [8].



Thermoplastic Starch (TPS)-Cellulosic Fibers Composites: Mechanical Properties and Water Vapor Barrier: A Review 89
http://dx.doi.org/10.5772/65397

The development and production of TPS is considered to be important for the reduction of the
total quantity of synthetic plastic wastes in the world [24].

TPS is a material which is obtained through the structural disruption (modification) occurring
inside the starch granule when it is processed with a low water content and the action of shear
force and temperature in the presence of plasticizers which do not evaporate easily during the
processing [25].

To date, it is known that the techniques (extrusion, injection molding, and film casting) for
processing starch-based materials are similar to those used for conventional polymers.
However, it is important to note that although the processing of starch is complicated, it can
be achieved successfully if an appropriate formulation is developed and adequate processing
conditions are established [26].

A simple and well-established technique for producing sheets or films by extrusion is the use
of a twin-screw extruder with a slit or flat film die, followed by a takeoff device for orientation
and collection [27, 28].

Foaming extrusion has mainly been used to produce loose-fill packaging materials, in a similar
way to the production of extruded expanded snack foods [29].

Twin-screw extrusion is the most widely used and is preferred because of its ease of feeding,
longer residence time, more extensive shear, and more flexible temperature control [30, 31].

The high viscosity and poor flow properties of starch-based materials present difficulties
during injection molding, while the lack of reliable parameters makes it difficult to design the
optimum processing conditions [26].

Compression molding has been intensively investigated for processing starch-based plastics,
particularly in the production of foamed containers, and generally involves starch gelatiniza-
tion, expanding, and drying. Apart from gelatinization agents, mold-releasing agents such as
magnesium stearate and stearic acid are also often used in formulations to prevent the starch
sticking to the mold [26].

The casting technique for preparing starch films includes the preparation of a dispersion,
gelatinization at 95°C, casting in acrylic or Teflon plates, and a drying period of approximately
24 h at 40-75°C [32-34]. Glycerol is the most used plastifier in the preparation of starch films.
The resulting starch film can have a thickness between 0.02 and 0.10 mm [26].

Over the last few years, much research has focused on the modification of the starch in the
production of a good thermoplastic material [35, 36]. A number of mixtures of TPS with
biopolymers based on thermoplastic starch are being commercialized with a certain degree of
success, by companies such as Mater Bi® (NovamontS.P.A., Italia) in Italy [www.mater-bi.com],
Carghill-Down® in the U.S., and by others in Spain, Germany, France, Japan, Denmark, and
Canada [37].
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4. Cellulose

Cellulose is the most abundant renewable biomass material in nature and is also a major
component of plant cell walls. It has been widely used in the form of wood and plant fibers as
an energy source, for building materials, and for clothing. Cellulose can be used as feedstocks
for producing biofuels, bio-based chemicals, and high value-added bio-based materials. In the
past, much attention has been given to the conversion of cellulose-to-cellulose-based compo-
sites due to its properties relating to mechanical strength, biocompatibility, biodegradation,
and bioactivity, as well as its potential applications which include biomedical, antibacterial,
water pretreatment, and in the field of functional materials for photocatalysis [38].

The basic building block of cellulose is 3-p-glucose (C,H,,O;) (Figure 3). To form the “cello-
biose” molecule, one water molecule is eliminated for every two glucose molecules. Then, from
the condensation of various cellobiose molecules, the cellulose molecule is formed. The
cellulose chains are found very close to each other due to their hydrophilic character [39].
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Figure 3. Segment of a cellulose molecule.

The elemental composition of cellulose was discovered in 1842 by the French chemist Anselme
Payen [40] and cellulose consists of: 44.0-45.0% carbon (C), 6.0-6.5% hydrogen (H), and 48.5-
50.0% oxygen (O).

Table 2 presents a list of the chemical composition of several materials containing cellulose [41].

In plants, cellulose can be found in the form of microfibers in the primary, secondary, and
tertiary cell walls, organized either unidirectional or as a woven mesh. Cellulose microfibers
are 5 nm thick strands of glucopyranose molecular chains, whose Young's module is 134 GPa,
with a density of 1.5 g/cm?, and a tensile strength (TS) estimated at approximately 2 GPa.
Cellulose microfibers have a diameter of 20-200 A, while the length can reach several dozen
microns. These characteristics are responsible for the interesting mechanical properties of the
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microfibers, which are extracted from the biomass by means of a chemical treatment followed
by a mechanical treatment; the aim being to obtain a homogenous suspension of individual
microfibers [42, 43].

Composition (%)

Source Cellulose Hemicellulose Lignin Extract
Hardwood 43-47 25-35 16-24 2-8
Softwood 40-44 25-29 25-31 1-5
Cotton 95 2 1 0.4
Bagasse 40 30 20 10
Coconut fiber (coir) 32-43 10-20 43-49 4
Corn cobs 45 35 15 5
Corn stalks 35 25 35 5
China grass (ramie) 76 17 1 6
Flax (unretted) 63 12 3 13
Flax (retted) 71 21 2 6
Hemp 70 22 6 2
Jute 71 14 13 2
Sisal 73 14 11 2
Kenaf 36 21 18 2
Sunn 80 10 6 3

Table 2. Chemical composition of materials containing cellulose [41].

In this process, the disintegration of the cellulose was achieved by the generation of high shear
forces. As a consequence of the above, the microfibers detach from the surrounding material
and remain united to other microfibers, thereby forming a network of fibers with nanometric
dimensions. The cellulose obtained from this procedure is denominated cellulose nanofibers.
These CNF are packages of fibers on a nanometric scale. It has been determined that, within
the plant, these CNF are capable of supporting the pressure exerted by the water contained in
the plant cells and thus the interest in using cellulose in this form for nanocomposites, based
on the concept of introducing nanometric loads (fillings) in a polymeric matrix [44].

4.1. Extraction of cellulose nanofillers

Several processes have been used to extract highly purified CNF from cellulosic materials. All
these methods lead to different types of magnesium stearate and stearic acid, depending on
the cellulose raw material and its pretreatment, and more importantly, depending on the
disintegration process itself [45]. CNF extraction can be divided into: chemical hydrolysis and
extraction by mechanical force.



92 Composites from Renewable and Sustainable Materials

4.1.1. Extraction by chemical hydrolysis

A commonly used extraction methodology of CNF is acidic hydrolysis of the amorphous
regions surrounding the embedded CNF and cleavage of the bundles, followed by filtration
or centrifugation to exclude dissolved noncrystalline elements [46, 47]. The methodology is
beneficial in that it can be performed on very small quantities of cellulose, it requires only the
simplest laboratory equipment, and the CNF can be obtained without any induced imperfec-
tions caused by mechanical processing. The conditions typically involve the use of aqueous
solutions of sulfuric acid, stirred at 45-60°C at atmospheric pressure until a homogeneous
beige solution is obtained [48, 49]. After acid hydrolysis, the suspension is diluted with water
in order to stop the chemical reaction. This suspension is subjected to centrifugation to obtain
the cellulose and eliminate excess acids. The resulting cellulose is washed with water using
centrifugation and is finally dialyzed using membranes to reach a neutral pH [50].

This procedure results in CNF having anionic groups on the surfaces (leading to electrostatic
stabilization of the nanocrystals in suspension) with the ability to form chiral nematic liquid
crystalline phases in concentrated solutions [51]. The form of cellulose obtained was denoted
microcrystalline cellulose (MCC) by Battista in 1975 [52].

Exaggerated hydrolysis can typically be noted as the solutions turn dark or black in color as
the degradation of the CNF occurs. This phenomenon was reported by Roman et al. in 2004
[53], who assigned the crystal degradation to potential induced thermal degradation related
to the sulfate groups, introduced as a functional surface on the CNF when sulfuric acid is used
for hydrolysis.

4.1.2. Extraction by mechanical force

The mechanical methods to extract CNF from wood pulp and parenchyma cells typically
involve a high-pressure homogenizer treatment [42, 54], a microfluidizer [55, 56], a high-
pressure refiner, a super-grinder treatment [57], or ultrasonication [58]. The form of cellulose
obtained was denoted microfibrillated cellulose (MFC) by Herrick et al. and Turbak et al. in
1983 [42, 43]. These processing methodologies have in common the fact that they rely on the
application of high shear forces on cellulose fiber suspensions in order to mechanically liberate
the CNF from the original plant cell wall structure. In a high-pressure homogenizer this is
achieved by allowing a cellulose suspension to pass under high pressure through a thin slit
where it is subjected to high shear forces. The shear forces serve to disintegrate the microfibrils
or microfibril bundles in the plant cell wall, resulting in CNF with diameters of about 5-100
nm [59].

High-intensity ultrasonication consists of a combination of chemical pretreatment and high-
intensity ultrasonication. To obtain the cellulose fiber, first, the lignin is eliminated from the
samples by immersion for 1 h at 75°C in a solution of sodium chlorite, previously acidified [60,
61]. After the bleaching, the samples are treated with potassium hydroxide (3%) at boiling
point for 2 h. After which, they are subjected once again to a treatment with potassium
hydroxide at a different concentration (6%), the aim being to eliminate hemicellulose, residual
starch, and pectin. After the application of the chemical treatment, the samples are washed
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with distilled water and the resulting cellulose fibers are immersed in distilled water. A total
of 120 ml of this solution containing purified cellulose fibers is placed in an ultrasound
generator of 20-25 kHz in frequency equipped with a cylindrical titanium alloy probe tip of
1.5 cm in diameter. The subsequent ultrasonication is conducted for 30 min to isolate the CNF.

4.2. Green composites of TPS and cellulose fibers

Human beings are known to be highly dependent on synthetic polymers derived from
petroleum for the elaboration of diverse packaging and utensils, giving rise to environmental
problems [45]. However, reports have been published of the combination of natural fibers,
which are completely biodegradable, for the development of green composites. These mate-
rials are environmentally friendly and their use can reduce contamination on a global level [45].

Nanocomposites contain materials with a nanometric dimension ranging between 1 and 100
nm. These materials surpass conventional composite materials due to their superior thermal,
mechanical, and barrier properties [62, 63]. Biodegradable polymers, in particular, may require
improvement in terms of brittleness, low thermal stability, and poor barrier properties [63].

The physical and mechanical properties of the polymeric material reinforced with cellulose
are strongly dependent on their structure, relaxation, and morphological processes, as well as
a good dispersion of the fiber in order to achieve the minimization of holes. Indeed, a good
dispersion of fibers in the polymer matrix has been reported as something very difficult to
achieve [64].

The processing of TPS reinforced with cellulose fibers processing is similar to most conven-
tional synthetic thermoplastic processing [65]. Most thermoplastic operations involve heating
and forming into desired shapes, and then cooling. Processing techniques used on thermo-
plastics can also be used in the TPS reinforced with cellulose fibers. These include extrusion,
injection molding, internal mixing, compression molding, and others [66].

4.3. Preparation of green composites: mechanical properties and water vapor barrier

From a tensile test, basic mechanical properties of a TPS can be obtained such as tensile strength
(the maximum tensile stress a TPS can withstand before it breaks), percentage of elongation
at breakage (E) (flexibility), percentage of elongation at yield (EY), and modulus of elasticity
(EM) (stiffness) [67, 68].

It has been reported that the mechanical properties of a starch film is affected by the glass
transition temperature, degree of crystallinity of the films, amylose content, plastifier type, and
content and the storage conditions.

Studies of the barrier properties of starch films are important in order to estimate the shelf life
of a food product. This barrier property depends on the starch source, and on the quantity and
type of plastifier used, among the most important. Gas barrier properties for a TPS film include
water vapor permeability (WVP), oxygen permeability [14], and aroma permeability. WVP is
used to describe the ability of the film to control water vapor transportation between a food
system and its surrounding. TPS films are not considered good water vapor barriers [68].
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The use of CNF has shown to be a viable option for the improvement of mechanical and bar-
rier properties of TPS films. Table 3 presents a number of studies on the use of starch from
different botanical sources to obtain TPS films reinforced with CNF from different materials.
However, there are in fact very few reports relating to the use of CNF as reinforcement ma-
terials in TPS films. A number of studies have researched the use of undervalued residues as
source material for the procurement of cellulose fibers or CNF such as cassava bagasse, bar-

ley husk, and sugarcane bagasse, as shown in Table 3.

Type of Type of Preparation of CNF or  Preparation of TPS reinforced =~ Most important Reference
starch fiber isolation of cellulose ~ with CNF or cellulose fibers results
fiber
Cassava Cassava Acidic hydrolysis with A mixture containing starch, The addition of 10% [49]
bagasse sulfuric acid (H,SO,) at  glycerol or a mixture of glycerol and 20% of CNF
60°C for 40 min. Excess ~ with sorbitol, stearic acid and significantly reduced
acid was removed by different quantities of CNF from the elastic module of
centrifugation. Dialysis cassava bagasse. The films were the TPS films
of the suspension and ~ prepared by compression
ultrasonic treatment molding at 140°C
Barley grainBarley husk Removal of lipids from The films were prepared The addition of [72]
the barley husk. by casting. A suspension cellulose fibers in the
Removal of lignin and  containing 3% starch in distilled ~ films increased the
hemicellulose by water, 0.30 g of glycerol/g dry TS and decreased
alkaline treatment at starch, 0.01 g of guar gum/g dry  elongation.
80°C for 4 h. Bleaching  starch, 10 and 20 g of cellulose ~ The WVP of the
to remove residual fiber/100 g dry starch.The starch film with 20%
lignin in sodium acetate solution was heated at 90°C for  of cellulose fibers
buffer and a solution of 10 min and poured onto acrylic =~ was lower than that
sodium chlorite at 95°C  plaques of the film without
for4h fibers
Potato Wood flour To obtain the cellulose, A mixture of starch, sorbitol, An increase in TS of [74]
the wood flour was stearic acid and CNF (5, 10,15,  TPS films was
treated with aceticacid and 20 g/100 g dry starch). The ~ observed with the
and sodium chlorite TPS films with CNF were addition of CNF

between 70 and 75°C
for 58 h.The CNF
were obtained from
delignified wood flour
through mechanical

fibrillation

manufactured using a twin
screw extruder. Pieces of the
extruded materials were
compression molded into thin

films with a thickness of 0.3 mm
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Type of Type of Preparation of CNF or  Preparation of TPS reinforced = Most important Reference
starch fiber isolation of cellulose ~ with CNF or cellulose fibers results
fiber
Cassava  Wood Not reported The films were prepared by The incorporation of [4]
cellulose casting. Film-forming solutions  cellulose fibers
fibers were prepared with 3% w/w of ~ mechanically
cassava starch, 0.30 g glycerol/g  reinforces the films,
dry starch, 0.01 g guar gum/g dry resulting in high TS,
starch (to avoid fiber low deformation and
sedimentation) and three low WVP
concentrations of cellulose
fibers: 0.10, 0.30, and 0.50 g
of fiber/g dry starch. The film
forming solution was placed in
a Petri dish and dried at 40°C
for16 h
Corn Eucalyptus  Acid hydrolysis of The films were prepared by The films with [75]
wood fiber  eucalyptus wood fiber  casting. The filmogenic solution  gelatin and CNF
at 50°C for 50 min. The  was composed of 3% starch, 20% have greater
hydrolyzed material glycerol, gelatin, and CNF. The  resistance.
was subjected to solution was placed in Petri
centrifugation, dishes and dried at 25°C to 50%
washing, dialysis, and  relative humidity (RH)
ultrasonication
Chayote  Starch Acid hydrolysis of the  The films were prepared by The addition of CNF [48]
cellulose fiber (H,SO,,  casting. The filmogenic solution  reinforced the film
60%) at 45°C for 30 min consisted of 4% starch, 2% matrix, improving
glycerol, cellulose, or CNF and TS, EM, and E. The
water. The solution was heated =~ mechanical
to 90°C for 10 min. The solution  properties of the
was placed in Petri dishes and ~ starch films with
dried at 40°C for 24 h. The films  CNF were better
were placed at 25°C and 57% RH than those for films
with cellulose. Starch
films added with
CNF presented the
lowest WVP values
Tamarind Sugarcane  Not reported A mixture of tamarind starch The cellulose used [77]

seeds

bagasse

(12%, w/v) and cellulose
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Type of Type of Preparation of CNF or  Preparation of TPS reinforced = Most important Reference
starch fiber isolation of cellulose ~ with CNF or cellulose fibers results
fiber
(4% w/v) in 100 ml of deionized  as filler improves the
water. 1.5% of acetic acid and mechanical
2.5% of glycerol were added. properties of the film
The mixture was gelatinized at (TS and E)
105°C for a period of 15-20 min.
The mixture was placed on
glass trays at 50°C, for 6 h
Potato Potato Potato pulp was treated A suspension of cellulose The cellulose [73]
tuber tuber with NaOH (2%) at microfibrils (3.3%) was mixed microfibrils reinforce
80°C for 2.5 h. The with a gelatinized solution the starch matrix in
cellulose was of starch (3.1%). Glycerol was the film (greater
submitted to a used as plasticizer. The mixture tension module in
bleaching process with ~ was homogenized and air comparison with the
a solution of sodium bubbles were eliminated at film without
chlorite (NaClO,). The  reduced pressure. The cellulose
resultant cellulose was  suspension was poured into a microfibrils)
washed with distilled  Teflon mold.
water and lyophilized.
The cellulose
microfibrils were
obtained by submitting
the cellulose to a
homogenization process
with distilled water at
500 bars and
90-95°C
Corn - Extraction of the The nanocomposites were The addition of [76]

crystalline region of

the cellulose was carried

out by acid hydrolysis

(H,SO,, 64%) for 30 min

at 45°C. The CNF
obtained was washed
and neutralized by

dialysis. Finally, the

obtained by casting. A solution
was prepared containing 3.58 g
of normal corn starch, 1.93 g
glycerol, 35 g of distilled water,
and different quantities of waxy
corn starch nanocrystals (0, 50,
and 100%) and CNF (0, 50, and
100%). The solution was

gelatinized at 90°C. The mixture

waxy starch
nanocrystals and
CNF increased the
TS and reduced
WYVP of TPS films.
Moreover, with the
addition of the CNF,
deformation values

decreased and
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Type of Type of Preparation of CNF or  Preparation of TPS reinforced = Most important Reference
starch fiber isolation of cellulose ~ with CNF or cellulose fibers results
fiber
suspension was was placed in Petri dishes and Young’s module
sonicated for 15 min dried at 55°C. The samples increased
were stored at 43% RH for 2
weeks
Wheat Cotton The cotton CNF were A suspension was prepared As the CNF content [78]
obtained by acid containing 7% wheat starch, 3%  increased,
hydrolysis with H,SO,  glycerol, and 90% water. The deformation
(64%) at 45°C for 4 h. suspension was gelatinized at diminished and both
After hydrolysis, the 100°C for 20 min. After Young's module and
suspension was gelatinization, a dispersion of TS of TPS films
neutralized and CNF (0, 2.5, 5, 10, 15, 20, 25, and  increased

washed by dialysis ~ 30%) was added to the
suspension and mixed for 20 min.
The mixture was degassed in a
vacuum and placed in a
polystyrene mold. The

nanocomposites were dried

at 40°C with 50% RH

Table 3. Research work on the use of starch from different botanical sources to obtain TPS films reinforced with CNF.

Table 3 presents information regarding the isolation of cellulose fibers, CNF preparation, the
preparation of TPS films reinforced with CNF or with cellulose fibers, and indicates the most
significant results.

In general, one can observe that the isolation of cellulose fiber consists in exposing the plant
material to high temperatures by means of an alkaline treatment, with the purpose of elimi-
nating lignin and hemicellulose. In addition, the material is exposed to a bleaching process at
high temperatures with a solution of sodium chlorite.

For the procurement of CNF, the cellulose fibers are treated with hydrolysis between 45 and
60°C. After hydrolysis, the CNF are recovered by centrifugation, dialysis, and subsequent
treatment with ultrasonic bath.

Diverse studies are available which report the use of the casting technique for the production
of biodegradable starch films. The most commonly used plasticizer is glycerol. To prepare the
solution used to form the films, the starch is mixed with glycerol, water, and different quantities
of CNF (between 2.5 and 50% with respect to the starch) as reinforcing agents. In some cases,
guar gum is used to avoid sedimentation of the fibers. The solution for film formation is heated
in order to achieve gelatinization of the starch for a specific period of time. After gelatinization,
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the solution is poured into Petri dishes for the formation of the films, and conditioned for
evaluation. Very few studies have been published reporting on the use of injection molding
and extrusion to obtain TPS films reinforced with CNF.

The mechanical properties and water barrier properties of TPS films reinforced with CNF have
been reported in a number of publications. In general, CNF facilitates an increase in tensile
strength, a decrease in deformation values, an increase in Young's module, and a decrease in
WVP of TPS films. The chemical structure of cellulose and starch is similar. When they are
mixed to produce a filmogenic solution, interactions among the OH groups of both polymers
are produced by hydrogen bridges, producing a rigid network that increases the TS [4, 5, 69].
The addition of CNF favors high values of TS for TPS films. This may be due to the fact that a
greater contact surface is produced between CNF and the starch chains [70].

The nanometric size of CNF allows a low WVP value of the starch films, which favors the
generation of a network of hydrogen bridges between the starch chains and the CNF, causing
the water molecule to follow a path with many “curves and bends” and thus reducing its
diffusion through the starch films [71]. In addition, the cellulose is less hydrophilic than starch,
due to its higher crystallinity and compact microfibrillar arrangement, making it more
hydrophobic [69].

Table 3 shows research works on the use of starch from different botanical sources, such as
cassava [4, 49], barley grain [72], potato [73, 74], corn [75, 76], chayote [48], tamarind seeds [77],
and wheat [78], to obtain TPS films reinforced with CNF.

5. Conclusions

The knowledge that the ecosystem is already considerably contaminated as a consequence of
the use of synthetic polymers derived from petroleum, environmental initiatives have now
been put in place to promote research work on new products which will be compatible with
the environment. The development of biocomposites of TPS with cellulose can reduce the
dependency on oil reserves.

In recent times, science and technology has centered on the use of more environmentally
friendly, raw materials; emphasizing the importance of the advances in such research on
“green” composite materials and cellulose fibers for use in the industry.

It is important to mention that cellulose on a nanometric scale is used as a biodegradable
reinforced material to improve the mechanical properties as well as the water barrier properties
of the TPS.

According to reports in the literature, the technique for the preparation of cellulose fibers from
different materials is very similar, whereas the technique for the preparation of TPS reinforced
with CNF presents some differences depending on the type of material processed.

Starches from different sources which do not include corn and potato are used in the devel-
opment of the green composite material, while the cellulose fibers are obtained from waste



Thermoplastic Starch (TPS)-Cellulosic Fibers Composites: Mechanical Properties and Water Vapor Barrier: A Review
http://dx.doi.org/10.5772/65397

material produced by the industries, the aim being to attain the sustainability of natural
resources.

Extrusion is one of the most promising methods for processing “green” composite materials
and cellulose fibers (TPS-cellulose); however, very little information is available with respect
to this.

Based on information found in the literature, it is reported that the incorporation of CNF
mechanically reinforces the films, which display high tensile strength, low deformation, and
low WVP.

Within the next few years, it is highly likely that the production of biocomposites of TPS films-
cellulose will intensify with techniques that are normally used in synthetic polymer processing.
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Abstract

This chapter reviews the progress and perspectives of composite materials in the form
of thin films based on renewable resources for biofabrication of a new generation of
medical implants with antibacterial properties. The chapter starts with an overview of
the types of renewable materials that were currently studied and of the unique
properties which make them perfect candidates for numerous bio-related applications.
A briefing of recent progresses in the field of advanced laser synthesis of composites
from renewable and sustainable materials, as well as the relevant results in our
researches is made. The discussion spans composite coatings based on renewable
resources, [e.g., chitosan (CHT) and lignin (Lig)] as biomaterials intended for metallic
implants. A particular attention is given to lignin synthesis in the form of thin films due
to its ability to functionalize the medical implant surface while preserving the similar
composition and the structural properties of the raw, renewable biomaterial. We focused
on recent technological advancements (e.g., matrix-assisted pulsed laser evaporation
(MAPLE) and Combinatoria-lMAPLE) which have brought the spotlight onto
renewable biomaterials, by detailing the relevant engineering data of processing. This
chapter concludes that the extensions of advanced laser techniques are viable fabrication
methods of a new generation of metallic implants.

Keywords: Renewable, Chitosan, Lignin, MAPLE, C-MAPLE

1. Introduction

In this section, we made a short overview regarding classification of biocomposites, empha-
sizing the motivation of using biomaterials derived from renewable resources and highlighting
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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the current challenges in natural-derived biomaterials and their biomedical-related applica-
tions. We present relevant data regarding the properties of natural-derived and renewable

biomaterials.
Biocomposites/biofibers
Natural biopolymers
Animal-based fibers Wood-based natural fibers Nonwood natural fibers
Proteins, like wool, spider,  Polysaccharides, chitin/ Cellulose, hemicellulose, and  Straw fibers, bast, leaf,
and silkworm silk fibroin chitosan, glucose [3] lignin, like flax, jute, sisal, seed/fruit, grass fibers [5]
2] and kenaf [4]

Table 1. Classification of renewable biopolymers used for biocomposites fabrication.

Biocomposites are a combination of natural fibers (e.g., wood fibers: hard and soft wood) or
nonwood fibers (e.g., rice straw, pineapple, sugar cane, jute, flax, banana, etc.) with polymer
matrices from both of the renewable and nonrenewable resources [1]. Table 1 includes a
classification of biocomposite biomaterials based on renewable resources [2-5].

In recent years, researchers focused on environmentally friendly composite based on natural
fibers [6]. Because of their advantages, recent developments in composite based on renewable
resources lead to improved biomaterials biofabrication with enhanced support for global
sustainability [7].

In particular case of medical applications, biocomposite based on renewable materials have
ability to support cell adhesion, migration, proliferation and differentiation; therefore, they
can induce extracellular matrix formation and promote tissue repair [8]. An overview of recent
reviews, book chapters and articles published in the field of renewable biomaterials is given
in Table 2.

Relevant data regarding the properties of natural renewable biomaterials with related results
presented in this chapter are introduced.

Polysaccharide-based biopolymers are of considerable interest as a source of renewable
materials with applications in the biomedical, food, textile and energy industries [22].

Between them, chitin derivatives are widely studied [e.g., chitosan (CHT)]. Since chitosan is
biocompatible and biodegradable, an ample diversity of interesting studies based on chitosan
were reported [22].
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Chitosan has been explored as a scaffold for tissue engineering due to its significant osteocon-
ductivity, but minimal osteoinductive property [23, 24]. Chitosan has been prepared in various
geometries such as thin films, scaffolds, sponges, fibers or other complex structures, for

biomedical applications [25, 26].

The chitosan incorporation in composite biomaterials enhances the mechanical property of the
basic biomaterial. In Ref. [27], it was proved an increase in compressive strength by 33.07%
and an enhancement of the proliferation of mouse preosteoblastic cells (MC3T3-E1) upon
addition of nano-hydrohyapatite (nHA) to chitosan. Another example is given by Venkatesan
et al. [28] which evidenced that the blending chitosan with an anionic polysaccharide alginate
may stabilize the system by electrostatic interaction of them.

Renewable materials Applications References
Thermosetting materials, plant oils, polysaccharides, lignin, Non-food applications [9]
phenolics, epoxy, unsaturated polyester and polyurethane resins
and proteins
Polysaccharides and their derivatives, lignin, suberin, vegetable ~ Biomedical application [10]
oils, tannins, natural monomers like terpenes, and monomers Biomass
derived from sugars, with particular emphasis on furan deri
vatives and lactic acid, bacterial cellulose, and
poly(hydroxyalkanoates)
Vegetable oils, lignin, proteins, natural polysaccharides Bioplastics; bioasphalt; biofuel; [11]
biomass; medical applications
Biocomposites natural fiber bioplastic cellulosic plastic polyl Industrial ecology; green chemistry;  [12]
actides poly(hydroxyalkanoates) soybean-based plastic fiber- agricultural and biomass feedstock
matrix interface
Plant oil-clay hybrid materials Green nanocomposites [13]
Ryegrass (lolium perenne X multiflorum) and alfalfa (medicago =~ Production of leaf protein concentrate; [14]
sauva subsp. Sativa) green biorefinery
Cellulose nanocrystals (CNC) Biomedical application [15]
Oil palm Biofuel production [16]
Lignin Production of chemicals, materials, [17]
and fuels from renewable plant
resources
Algae-derived hybrid polyester Scaffolds for bone, cartilage, cardiac ~ [18]
and nerve tissue regeneration
Polymers from biomass; polysaccharides; lignin; plant oils; Bioplastics; bioasphalt; biofuel; [19]
terpenes and rosin; glycerol; sugars; furans biomass; medical applications
Chitosan; poly(vinyl butyral) Anti-corrosion coatings [20]
Polysaccharide-based biopolymers especially starch, cellulose, Waste-water treatment; drug-delivery [21]

chitin, chitosan, alginate

systems

Table 2. Overview of recent reviews, book chapters and articles published in the field of renewable biomaterials.

Other studies have been dedicated to chitosan and its biocomposite scaffolds investigations
under in-vivo conditions. Ma et al. [29] demonstrated that chitosan/gelatin scaffolds degraded
completely in 12 weeks, while promoted osteoblast proliferation in-vivo.

109



110 Composites from Renewable and Sustainable Materials

As well as chitosan, lignin (Lig) is a renewable and a natural polymer [30]. This complex,
amorphous organic polymer consists in a natural matrix which binds the strong and stiff
cellulose units together, generally in natural wood. Lignin has been studied due to its antiox-
idant and antimicrobial properties, making it the perfect candidate for biomedical applica-
tions [31].

In the study of X. Pan et al. [32], lignin prepared from hybrid poplar wood chips exhibited
higher antioxidant activities based on 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay. In the
same time, in Ref. [33], it is reported that Kraft lignin from wood sources in pulp industry can
protect the oxidation of corn oil, being as efficient as vitamin E.

Nada et al. [34] demonstrated the lignin antimicrobial activities toward some bacteria and
fungi-like Gram-positive bacteria (Bacillus subtilis and Bacillus mycoids).

The lignin incorporation in composite biomaterials led to biofabrication of new compounds
with enhanced bioactivity and osteoconductivity [35, 36]. An unaltered incorporation of lignin
provides a composite with enhanced stability and improved interconnected structure, while
increasing the coating cohesion, as showed in Refs [37, 38].

Renewable resources have therefore a functional role in providing easily available and often
cheap biomaterials for biofabrication of new generation of implants.

2. Laser-assisted strategies for renewable resources with medical
applications

In this section, we present the current strategy in laser-assisted synthesis (emphasizing the
challenges and limitations) and the potential biomedical applications of deposited/obtained
coatings. An up-to-date example of composites based on natural biopolymers for medical
applications by means of laser-assisted processing is given.

The development of bionanotechnology based on laser techniques holds out great promise of
improvements in the quality of life, including new treatments for disease providing a high
potential for the fabrication of antimicrobial coatings for orthopedic implants [39].

Several techniques for the synthesis of thin films based on renewable resources such as spin-
coating [40], dip-coating [41], spray-coating [42], as well as laser methods, such as laser-
induced forward transfer [43], matrix-assisted pulsed laser evaporation (MAPLE) [44],
Combinatorial-MAPLE [45]; resonant infrared (RIR) MAPLE [46] and MAPLE direct write [47]
are currently used.

In spite of the vast list reported in the literature of biomaterials deposited in form of thin films,
each of the above-mentioned methods have some limitations in terms of coating thickness,
multilayer deposition, adherence, composition or crystallinity. Table 3 summarizes the
generally used biomaterials based on renewable resources and deposition methods along with
specific advantages and drawbacks.
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Biomaterials and

performance/application

Deposition method

Advantages

Disadvantages

Lignin extracted from Physical vapor High temperature and good Line-of-sight transfer, operate at
sugar cane bagasse [48] deposition (PVD) impact strength, excellent very high temperatures and
abrasion resistance, improved = vacuums, requires a cooling
corrosion resistance water system to dissipate large
heat loads
Silver/hydroxyapatite/ Electrophoretic Lower costs, simpler and less ~ Poor coating adhesion
lignin [49] deposition (EPD) complex control requirements;

application to both organic

and inorganic coatings

Nano-TiO,/silk fibroin Sol-gel (5G) Macroporous bioactive Poor coating adhesion;

[50] scaffold involvement of liquid media limit
multi-layer assembling (affect
interfaces)

Lignin [51] Spin coating Simple, uniform coatings Solvent issue during multilayers,

adherence

Acacia lignin-gelatin [52] ~ Casting Monolayers Limited to very thin films

Simple and silver-doped ~ Matrix assisted Application to both organic Small covering areas

hydroxyapatite lignin [53]  pulsed laser and inorganic coatings,
evaporation

(MAPLE)

multilayers and multistructures

Fibronectin (FN) and poly-
dl-lactide (PDLLA) [45]
Chitosan/biomimetic

apatite [54]

Combinatorial matrix- Simple, single step, fabrication Composition gradient is hard to

assisted pulsed laser  route which can easily limit the discriminate in case of
evaporation (C-

MAPLE)

time of manipulation and compounds with similar

biomaterials consumption chemical structures

Table 3. Biomaterials from renewable resources, deposition methods, advantages and drawbacks.

Between all techniques, laser-based technologies are exhibiting a lot of advantages, as:
fabrication of a wide range of different biomaterials, controlled film thickness, good adhesion
to substrate [55]. Furthermore, laser-based technologies imply a low material consumption
and ensure the stoichiometry preservation of the growing films [39].

Next, relevant data regarding the laser processing techniques used for fabrication of medical
implants based on renewable materials are presented. Concretely, the discussion spans the
MAPLE and C-MAPLE techniques.

MAPLE technique proved to be a safe approach for transporting and depositing delicate, heat
sensitive molecules. Recent comprehensive reviews on MAPLE deposition of organic, biolog-
ical and nanoparticle thin films exemplified a large potential in medicine, biology, pharma-
ceutics or drug delivery applications of thin coatings obtained by this method [56].

The MAPLE experimental setup is presented in Figure 1.
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Figure 1. MAPLE experimental setup.

MAPLE target consists of starting material (<10 wt.%) dissolved or suspended into a laser
wavelength absorbing solvent when in frozen state. The biomaterial molecules achieve enough
kinetic energy by collective collisions with the evaporating solvent molecules, guarantying a
controlled transfer on the substrate while being efficiently pumped away by the vacuum
system.

By most favorably adjusting the MAPLE deposition parameters (e.g., laser wavelength, laser
fluence, repetition rate, solvent type, solute concentration, substrate temperature, background
gas nature and pressure), the process can be performed without considerable biomaterial
decomposition [38, 57].

Concomitantly, remarkable efforts were recently focused on the development of combinatorial
processes for biofabrication of new biomaterials with innovative properties. Typically, the
fabrication of a composite layer is carried out by premixing of biopolymer solutions followed
by heating of coating [58] or film casting/solvent evaporation [59]. The combinatorial technol-
ogy for the blending of two different biomaterials [45, 60-62] is based on MAPLE process
(Figure 2).

MAPLE COMBINATORIAL-MAPLE

BIOMATERIAL 1 BIOMATERLAL 1 "BIOMATERIAL 2

Figure 2. Target holder in the case of MAPLE (left) and combinatorial- MAPLE (right) techniques.
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This brand new developed technique —Combinatorial-MAPLE—stands for a simple, single
step, biofabrication path which can easily limit the time of manipulation and biomaterials
consumption [55].

In C-MAPLE experiments, the two targets (e.g., Biomaterial 1 and Biomaterial 2) were
concurrently evaporated by the laser beam, which was divided into two beams (Figure 3) by
an optical splitter. The two beams were focused in parallel onto the surface of each target,
containing the frozen solutions to be irradiated. A gradient of composition from 100%
Biomaterial 1 to 100% Biomaterial 2 is thus obtained on a substrate, as schematically repre-
sented in Figure 4.

Wi Baanah 34

Figure 3. Combinatorial- MAPLE experimental setup.

Figure 4. Schematic representation of the thin film gradient structure growth and components intermixing developed
by C-MAPLE.
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C-MAPLE technique offers the possibility to combine and immobilize two or more biomate-
rials, dissolved in different solvents, using diverse wavelengths. Next, by physical, chemical
and biological characterization of the obtained structures, one may select the best compositions
that can be synthesized from the two biomaterials.

MAPLE and C-MAPLE techniques could unlock the research frontiers in biofabrication of
composite based on renewable resources with great potential for various applications.

3. Relevant results regarding renewable materials deposited by advanced
laser techniques: trends and challenges

In this section, relevant data regarding the engineering of novel renewable materials by laser
processing and their applications are detailed.

3.1. The literature survey of renewable materials-based composites deposited by laser
techniques

In this chapter, we focused biomaterials based on renewable resources in form of thin films
fabricated by laser-based concepts for obtaining functionalized medical implants. The first
example refers to silk fibroin and composite HA-fibroin coatings deposited by MAPLE [63].
Silks are fibrous proteins synthesized in specialized epithelial cells of Lepidoptera larvae such
as silkworms, spiders, scorpions, flies and mites.

The studies of Miroiu et al. [63] showed that compared to the simple fibroin or HA thin films,
obtained implants exhibit an intermediary topography, favorable to bone cells anchorage and
proliferation. On the same time, it resulted that the fibroin content in films was a mixture of
preponderantly random coil with crystalline forms, 3-sheet and a-helix. The renewable silk
fibroin composite evidenced by in-vitro viability tests appropriate bone cell behavior nontox-
icity, good spreading and normal cell morphology [63].

Next, biocomposite silk fibroin-poly(3-hydroxybutyric-acid-co-3-hydroxyvaleric-acid) bio-
degradable functionalized implants were grown by MAPLE [64]. Silk fibroin and poly(3-
hydroxybutyric-acid-co-3-hydroxyvaleric-acid —PHVB) are both natural biopolymers with
excellent biocompatibility, but different biodegradability rates and tensile strength proper-
ties. They were combined in a composite in order to improve their properties as coatings
for biomedical uses. The physical-chemical properties of the composite coatings and princi-
pally their degradation behavior in simulated body fluid were investigated as primary step
of applicability in local controlled drug release. It was demonstrated that higher PHBV
contents enhance the resistance and lead to a slower degradation rate of composite coat-
ings [64].

Another MAPLE studies related to synthesis of poly(p,L-lactide-co-glycolide) (PLGA) particle
systems were reported by Socol et al. [65]. PLGA + polyvinyl alcohol (PVA), PLGA +PVA +
bovine serum albumin (BSA) and PLGA + PVA + chitosan nanoparticles were prepared by an
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oil-in-water emulsion-diffusion-evaporation method and afterwards were transferred in form
of thin film for local-controlled drug delivery. In vitro investigations exhibited that the
distribution and morphology of osteoblast-like SaOs-2 cells on some PLGA particle coatings
were comparable with that of control [65].

Further, considerable attention has been focused on development and utilization of secondary
metabolites of plants (phytochemicals) as a substitute to and/or in combination with traditional
antibiotics for treating infections. Between the phytochemicals, flavonoids are perfect candi-
dates because they are extensively distributed in edible plants and possess broad pharmaco-
logic activity [66]. Flavonoids are a group of heterocyclic organic compounds frequently found
in vegetables, fruit, flowers, nuts, wine, seeds, stems, tea, honey and propolis [66]. Composite
thin films of biopolymer (polyvinylpyrrolidone), flavonoid (quercetin dihydrate and resvera-
trol)-biopolymer and silver nanoparticles biopolymer were deposited using MAPLE method
demonstrating the anti-inflammatory, antispasmodic, anti-allergic and antimicrobial proper-
ties obtained effects [66].

Furthermore, C-MAPLE was used for transfer and immobilization of Fibronectin (FN) and
poly-p,L-lactide as a new strategy for the controlled release applications of biologically active
substances as proteins and drugs [45].

3.2. Case study: lignin-based biocomposites

This subsection is intended to summarize the recent progresses and concerns involving the
use of lignin in the development of new polymer biocomposite materials for high performance
medical implants applications.

Until now, biocomposite coatings based on the renewable lignin were studied by electropho-
retic deposition (EPD) only [36, 37], and the results revealed that the obtained composite
exhibited enhanced stability and improved interconnected structure, with an increased coating
cohesion [53]. For electrophoretic deposition (EPD) method, it was applied a constant voltage
(at optimized parameters 60 V for 45 s), and it were obtained uniform composite coatings with
good adhesion and mechanical properties without any phase transformation [67].

In our studies, we report MAPLE deposited a large macromolecule of undefined molecular
weight-organosolv lignin (Lig) embedded in a simple hydroxyapatite (HA) or silver (Ag)
doped hydroxyapatite film matrix [53]. A pulsed KrF* laser source (A =248 nm, (g =25 ns)
operating at 10 Hz was used for the Ag/HA/Lig and its counterpart without silver (HA/Lig)
composite frozen targets evaporation. Pure titanium foils or silicon wafers were used as
substrates. A total number of 20,000 pulses at a fluence of 0.7 Jem? were applied for the
deposition of each structure while the spot size was of 25 mm?. Then, the structures were
subjected to analysis by scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), X-ray diffraction analysis (XRD), X-ray photoelectron spectroscopy (XPS)
and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) [53].

Smooth, uniform Lig-based thin films adherent to substrate were revealed by typical top-view
SEM images (Figure 5). As a first observation, rough surface of the films was reported starting
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from the same nano-hydroxyapatite powder composite with Lig, when using the electropho-
retic deposition [67] (Figure 6).

1 pm

Figure 5. Top-view SEM micrographs of the HA-Lig (a) and Ag:HA-Lig films (b) deposited by MAPLE on Ti sub-
strates. Reproduced with permission from Ref. [53].

Figure 6. SEM micrographs of sintered Ag/HAP/Lig coating (a) before and (b) after immersion in SBF solution at 37°C.
Scale bar: 5 um. Reprinted from Ref. [67] with permission. Copyright American Chemical Society 2013.

EDS analyses revealed the presence of HA components but also evidences of traces of Ag and
lignin. The deposited HA was Ca deficient, which denotes a film with increased solubility.
Recorded X-ray patterns (data not presented) were characteristic to amorphous films. Lignin
presence in composite films was undoubtedly proved by both XPS and FTIR. The XPS spectra
were achieved for two films: the composite Ag:HA-Lig and the pure HA film one (Figure 7).
The lignin dispersion in HA matrix was evidenced by the massive increase in the C-bonded
carbon signature, accompanied by a slight raise of the constituent connected with oxygen-
bonded C or oxygen-containing radicals. These enhancements were attributed to the lignin
presence. The certain proof that lignin has been successfully transferred into the HA composite
film consist in calculated experimental data regarding the stoichiometry fraction xC:yO
considering the addition of 10% lignin into the HA matrix.
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Figure 7. C 1s core level high resolution XPS spectra for the pure HA (a) and Ag:HA-Lig (b) MAPLE films. Reproduced
with permission from Ref. [53].

HAP/Lig, wt.% Lig Thermal treatment Ca P C Ca/P
HAP Non-sintered 19.4 11.3 7.2 1.72
Sintered 16.5 55 21.7 3.00
0.5 Non-sintered 19.1 11.3 8.2 1.69
Sintered 18.4 7.9 15.9 2.33
1 Non-sintered 19.3 10.8 10.5 1.79
Sintered 18.7 8.9 11.3 2.10
3 Non-sintered 18.4 12.0 11.7 1.53

Adapted from Ref. [67] with permission. Copyright Elsevier 2016.

Table 4. Quantitative XPS analysis data for Synthetic hydroxyapatite, Ca,,(PO,)s(OH), (HAP) and hydroxyapatite/
lignin (HAP/Lig) (0.5-10) wt.% Lig electrophoretic coatings.

According to the Ref. [67], in the electrophoretic deposition case, lignin limited the decompo-
sition of the apatite lattice of sintered composite coatings based on Lig with (1-10) wt.% Lig.
This was designated by the smaller increase in carbon content and decreased Ca/P ratio,
compared to pure apatite coating and HAP/Lig coating with 0.5 wt.% Lig (Table 4).

In addition, FTIR investigations advocated a certain improvement of Lig-based films mechan-
ical properties due to lignin incorporation (Figure 8). In good agreement with FTIR observa-
tions in the case of MAPLE method, it is also noticed for electrophoretic deposition that does
not occur with any alteration of the initial material. This fact could be associated with the
binding of hydroxyls from apatite lattice, preventing the decomposition and/or ion diffusion
on substrate surface, demonstrating that Lig protects HAP/Lig coatings [68].
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Figure 8. ATR-FTIR spectra of Lig powder (a,b), pure HA film (c), pure HA powder (Sigma-Aldrich) (d) and Ag:HA-
Lig film (e,f) in the spectral regions: 1800 — 550 cm™ (a,c,d,e) and 3100 — 2700 cm™ (b,f) . Reproduced with permission

from Ref. [53].

The validation of the MAPLE technique was demonstrated for deposition of such delicate
renewable biomaterial, as suggested by EDS, XPS, FTIR, biological and microbial results. The
MAPLE obtained biocomposites-based Lig were found noncytotoxic, promoting the prolifer-
ation of the adhered human mesenchymal cells (figure not shown here) [53], while the
microbiological assays revealed that the coated composite assured a prolonged release of silver
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ions, exhibiting a high both bacterial and fungal behavior (Figure 9). The same comportament
was noticed in the case of the other reported electrophoretic case (Table 5) [68], where lignin
addition both boosted the antimicrobial activity and supported the normal development and
growth of the adhered cells [68].
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Figure 9. (a) Number of Pseudomonas aeruginosa and C. famata viable cells recovered from the biofilms growing on the
tested specimens after 24, 48 and 72 h, respectively (b) Absorbance values at 600 nm of the P. aeruginosa and C. famata
bacterial biofilm developed on the tested specimens after 24, 48 and 72 h, respectively. Adapted with permission from
Ref. [53].

Bacteria strain type Staphylococcus aureus TL

Initial 1h 24h

Control (CFUmL™) 1.0x105 3.0x104 9.9x104
Ag/HAP/Lig (CFUmL?) 2.5x104 2.0x103 No bacteria

Reprinted from Ref. [68] with permission. Copyright Elsevier 2016.

Table 5. Reduction of viable cell number of Staphylococcus aureus TL after incubation with Ag/HAP/Lig coating for 0, 1
and 24 h.

Biofabrication of composites based on Lig-renewable resources have a great potential for
medical applications, supporting the osteogenic cell proliferation while assuring an antibac-
terial behavior.
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3.3. Case study: chitosan-based biocomposites

This subsection is intended to summarize the recent progresses and concerns involving the
use of chitosan in the development of new biocomposite materials for high performance
medical implants applications.

Although many authors have reported the preparation of mixtures of chitosan and calcium
phosphates in the form of powders [69], membranes [70], scaffolds [71] or microspheres [72],
only few publications were dedicated on developing new procedures allowing the concomi-
tant preparation of a biocomposite material containing the two components, which is predicted
to assure a more close contact between them [73-75]. For this reason, further we will exemplify
the biofabrication of the compositional map of chitosan (CHT) and biomimetic apatite (BmAp)
by the innovative C-MAPLE technique. In the experiments, an excimer laser source (KrF*, A
=248 nm, Cpypy = 25 ns) operated at 10 Hz frequency repetition rate was used for the cryogenic
targets evaporation. As deposition substrates were used as follows: 12 mm diameter Ti (grade
4) disks, Si wafers or glass slides. The coated samples areas deposited onto the substrate
selection formed of five consecutive 12 mm Ti disks which are further denoted S1-S5; where
S1 stands for the coating area having CHT as major component, S5 represents the coating area
with richer content of BmAp. 52-53-54 series indicates blended coating areas with decreasing
CHT/BmAp ratios. For comparison reasons, simple CHT and BmAp films have been also
deposited on the same type of substrates [54]. After preliminary studies, deionized water was
chosen as solvent to prepare solutions of 1 and 2 wt.% for CHT and BmAp, respectively. A
parametric study in order to find the optimum laser energy (70, 100, 120 and 150 m]) for which
the materials are deposited unaltered was performed. The selected laser energy was as follows:
100 m] in the case of CHT target and of 70 m] for the BmAp one.

C-MAPLE composite coatings have a homogeneous spongy appearance all over the substrate,
which is known to be beneficial for cell adhesion as revealed by SEM micrographs (results not
presented here). While CHT particulates preserve their spherical morphology, elongated
filiform structures can be also noticed in the blended regions of the film (S2-S4). One can
assume that these thread-like structures may support some toughness improvements similar
to the one provided by fiber reinforcing in the biocomposite materials, ensuring the desired
mechanical behavior for tissue substitution [76].

The C-MAPLE synthesized biocomposite-based CHT thin films are amorphous, rough, with
a morphology characteristic to laser deposited structures. Next, by high resolution AFM
investigations, we disclose information about the nanostructuring of the film grains and their
morphological evolution (Figure 10). One notices that a progressive increase in roughness
(Rgys) occurs with the CHT concentration in the C-MAPLE composite films [54].

For each combinatorial surface, the Ca/P molar ratio was in the range ~1.3-1.5, lower than the
stoichiometric theoretical value of hydroxyapatite (i.e., 1.67), pointing to the calcium-deficient
state of biomimetic apatite synthesized.

The Raman spectra of BmAp, HA (pure and highly crystalline) and CHT raw materials are
presented comparatively in Figure 11a and b [54]. Similar vibration bands to the ones revealed
by FTIR investigations (data not shown here) [54] have been also identified by micro-Raman
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analyses for the CHT and BmAp source materials. However, in the case of Raman spectra the
symmetric stretching bands are now the dominant ones (e.g., symmetric stretching v1 of
(PO,)*> ~956 cm™; symmetric stretching of aliphatic (C-H) bonds ~2929 cm™). This is owned
to the fact that in Raman spectroscopy, the vibration bands intensity is dependent on the
polarizability induced dipole, and not on the variation of the dipole moment of the molecule,
as is the case of FTIR spectroscopy. Thereby, this was to be expected, as for a given centrosym-
metric molecule, the vibration modes which are symmetric to the inversion center of the
molecule generate higher Raman intensity bands. Moreover, the electronic density between
the carbon atoms in aliphatic C—-H bonds that can be deformed under the action of the radiation
electric field should be large. If the vibrational mode involved in the Raman scattering process
is not totally symmetric, then the polarization of the photon can be partially (e.g., antisym-
metric stretching modes) or even totally reduced.

Figure 10. Comparative AFM images recorded on the surface of: simple CHT and BmAp films deposited by MAPLE,
and in various regions of the C-MAPLE composite film starting from the CHT-rich edge. The coated samples areas de-
posited onto the substrate array composed of five consecutive 12 mm Ti disks were denoted S1 to S5; where S1 stands
for the coating area having CHT as major component, S5 represents the coating area with richer content of BmAp. S2-
53-54 series indicates blended coating areas with decreasing CHT/BmAp ratios.
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Figure 11. Comparative Raman spectra of BmAp, crystalline HA and CHT powders presented in the fingerprint (a)
and functional groups (b) regions. The spectra have been normalized to the highest intensity peak (i.e., v1(PO,)* vs. C-
H bands in the case hydroxyapatite and chitosan, respectively).

Figure 12. 2D Raman maps obtained from (80 x 100) um? areas of the CHT-BmAp composite C-MAPLE film, based on
the characteristic Raman stretching vibration bands of C-H bond in aliphatic and aromatic groups (3000-2850 cm™!
wave numbers region) of CHT (red colored), and vl symmetric stretching of orthophosphate groups (965-950 cm™
wave numbers region) of BmAp (green colored). (a) CHT-rich edge region (b) CHT-BmAp central region (c) BmAp-
richer edge region.

In perfect agreement with the FTIR results, the Raman spectra indicated that the BmAp
material elicit a decreased ordering (indicated by the broader aspect of the bands) and a certain
level hydration with respect to the pure and crystalline HA.

The CHT vibration bands in the 1250-1000 cm™ wave numbers region are screened by the more
intense superimposed Si—-O-5i stretching band of the glass substrate (Figure 12). Overall, the
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CHT and BmAp bands in the case of the composite C-MAPLE films are less conspicuous and
defined with respect to the ones of the source powders. The shift of v, symmetric stretching
band of (PO,)* groups close to ~956 cm™ with respect to the stoichiometric crystalline com-
pound (i.e., ~962-961 cm™) suggest a higher degree of disordering, similarly to the source
BmAp material.

Subsequently, X-Y Raman mapping measurements have been performed in three relevant
regions (with areas of (80 x 100) um?) of the C-MAPLE synthesized biocomposite-based CHT
thin films deposited onto glass substrate (Figure 12), in order to generate detailed chemical
images (in red-green-blue colors) of the spatial distribution of the two species (i.e., CHT and
BmAp). The CHT phase (red colored) has been integrated with the stretching vibration bands
of C-H bond in aliphatic and aromatic groups (3000-2850 cm™ wave numbers region), while
the BmAp phase (green colored) has been assigned with the prominent Raman band of HA
(i.e., vi(PO,)* symmetric stretching) situated in the 965-950 cm™ range. The distribution of CHT
seems to be homogenous in all analyzed composite film regions, whilst the BmAp phase is
rather distributed in randomly dispersed aggregates.

XPS analysis confirmed the chemical composition of the C-MAPLE synthesized biocomposite-
based CHT thin films. XPS survey spectra collected on the surface of CHT-BmAp samples (not
presented) indicated the presence of C 1s, O 1s, N 1s, Ca 2s, Ca 2p, P 2s and P 2p photoelectron
peaks [54], while Figure 13 showed the atomic ratio N 1s/(N 1s+ Ca 2p) evolution depending
on the position of material deposited along the CHT-BmAp blended sample. As predicted, the
atomic ratio (N 1s/N 1s + Ca 2p) is decreasing from CHT to BmAp compounds, evidencing the
composition gradient of the combinatorial films.
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Figure 13. Typical XPS measurement along the composite CHT-BmAp C-MAPLE films. Reproduced with permission
from Ref. [54].

The antimicrobial activity was controlled by the concentration of chitosan, the most efficient
antimicrobial activity, against Gram-positive and Gram-negative strains, was assigned to
blended S3 and S4 samples (Figure 14).
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Figure 14. Graphic representation of the number of viable microbial cells adhered to the surface of CHT-BmAp compo-
site film after (a) 6 h (b) 24 h and (c) 48 h of incubation. Reproduced with permission from Ref. [54].

The composition gradient of the chitosan-to-biomimetic hydroxyapatite has been confirmed
longwise the combinatorial films by FTIR and XPS analyses, validating the used C-MAPLE
technique.

C-MAPLE technique used in this study proves to be a prospective and viable method for the
fabrication of biomimetic and bioactive antimicrobial orthopedic coatings based on renewable
resources which resemble the native bone extracellular matrix while creating a favorable living
environment for osteogenic cells, in the same time assuring protection from microbial coloni-
zation.

4. Conclusions and future perspectives

This chapter is intended to provide a brief outline of work that covers biocomposites based on
renewable resources which have been studied and applied in medical applications, capable of
supporting cell proliferation and biodegradability.

The raw substances used for depositions are renewable and the whole procedure is very
accurate due to the cumulative advantages of substances origin and applied laser procedures.
A credible demonstration for the conservation of biomaterial composition, structure, mor-
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phology and the most probably functionality was made of the MAPLE and C-MAPLE
transferred films.

In this way, multifunctional structures could be deposited with combined bioactive osteoin-
ductive and/or antimicrobial action. The synthesized multistructures were considered for use
as biomimetic coatings of advanced implants but also as a shield against infections including
microbial biofilms. This feature can play a key role in the development of a new generation of
drug delivery systems based on renewable resources free of infection with microbial biofilms
which cannot be annihilated with the existing generation of antibiotics.
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Abstract

The aim of this chapter is to introduce to the use and possible applications of
polylactide-based composites. Polylactides are biodegradable aliphatic polyesters,
which are widely used in medical and ecological-friendly fields. First of all, a deep
description of main characteristics of polylactides is shown. This chapter summarizes
many concepts, which comprehend a general view of polylactide biopolymers such
as synthesis and structures, physical-chemical and mechanical characterization and
possible applications of final products. Then, an overview of composites based on
polylactides and their benefits compared with bare polylactides are described.

Keywords: Polylactide, poly(lactic acid), composite, biodegradable, biopolymer, poly-
ester, biocompostable, bone repair, nanocomposite

1. Introduction

Polylactide or poly(lactic acid) (PLA) is the front runner in the emerging biopolymer market
with the best availability and the most attractive cost structure [1]. Although PLA existed for
several decades, its use has been limited to biomedical applications due its high cost. However,
in the new century processing of PLA has been developed in the industry in a large-scale
production promoting its commercialization as a commodity plastic [2].

To date, PLA is one of the most used biodegradable polymers in the field of biomedical
applications and eco-friendly industrial production. A clear advantage of this polymer is its
possibility of polymerization coming from renewable resources as starch, but it is not the only
one: stiffness of polylactides are similar to some commodity polymers as polyethylene,
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polypropylene and polystyrene [3] and products derived from its degradation process are
nontoxic for the human body and also do not leave any footprint in the landfills [4].

2. Synthesis

The monomer of PLA is lactic acid. Although this monomer can synthesize from petroleum,
almostall lacticacid available on the market is produced by fermentation. During fermentation
a suitable carbohydrate is converted to lactic acid by microorganisms without the presence of
oxygen, hence, under anaerobic conditions. Fermentation of sour whey resulted in the
discovery of lactic acid in 1780, when it was isolated by C. W. Scheele [5].

Lactic acid is the simplest a-hydroxyacid that contains a chiral carbon atom and exists in the
following two enantiomeric forms: L-lactic acid and D-lactic acid. Monomer forms a stable
cycled dimer, that is, lactide. Consequently, dimer presents three different structures, namely
L-lactide, D-lactide and DL-lactide. Isotactic, optically active and crystalline homopolymers
are obtained if either L- or D-lactide dimers are polymerized. However, DL-lactide or copoly-
mers of L- and D-dimers polymerize obtain atactic, nonactive optically and amorphous
polymers [6].

Polymerization of this lactic acid is carried out by polycondensation [7], instead of polymeri-
zation of the dimer that occurs by ring opening polymerization [8]. Polymerization started
from lactide dimer allows to obtain high level of molecular mass due to a chain polymerization
mechanism and this is the mechanism that is normally used for production.

3. Polylactide characterization

3.1. Physical-chemical and mechanical characterization

Polylactides have a glass transition (T,) value around 60°C. This characteristic point refers to
a change in the mobility of amorphous chains. Hence, atactic homopolymer shows a value of
60°C, but crystalline homopolymers that have some restriction in the mobility of amorphous
phase could present T, values up to 70°C depending on the thermal treatment used for
crystallization [9, 10].

Isotactic polylactides (pure PLLA and PDLA have same properties) crystallize forming a
homocrystal, which melts in the range of 160-190°C depending on the molecular mass and
shows a crystallinity fraction around 35% [9]. This value is calculated using one of the different
values for theoretic melting enthalpy extrapolated from experimental analysis by different
researches, being the most common values 93.6 [11] and 106 J/g [12].

Depending on the crystallization conditions, PLLA can crystallize in &, 3 or y polymorphs [13,
14]. The most common form usually is the orthorhombic « crystal [15], while trigonal 3 form
is obtained under high drawing conditions and high temperatures [16, 17]. Besides, y poly-
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morph is obtained through epitaxial crystallization on special substrates with organic sol-
vents [18]. Recently, the existence of a a’ crystal has been reported, which can be identified as
a disordered o form, with the same 10, helical conformation but different lateral packing [19].

As with other enantiomeric polymers occurs [20], polylactides also form thermally stable
crystals when 50-50 wt.% of PLLA and PDLA enantiomers are blended [21]. The formation of
stereocomplex crystals is favored with low molecular mass [22, 23] or isothermal treatments
above homocrystal melting [24, 25]. These crystals melt at 50°C above the homocrystals and
their formation is favored if a pretreatment at temperatures above the melting temperature of
«a crystals is carried out. This pretreatment allows the formation of homocrystal nuclei and
increases the crystallization rate of stereocomplex during the isothermal crystallization step
[26].

In regard to the mechanical properties, PLAs display high tensile modulus (3 GPa [27]) and
yield strength (50-70 MPa [28]) but low elongation at break (5-7%) that result in a brittle
behavior of the material.

3.2. Biodegradability

Ester groups in polylactides allow hydrolytic degradation of polymer chains. The degradation
mechanism depends on factors, which can be assigned to two groups: (a) related to material
as molecular weight, crystallinity, comonomer structure, porosity, etc; and (b) related to the
media: temperature, pH, solute concentration, enzymes, etc. [29].

For bulky materials, there are three kinds of degradation mechanisms: surface erosion, bulk
erosion and core-accelerated bulk erosion [30]. A surface erosion mechanism takes place when
the hydrolytic degradation rate of the material surface in contact with water (containing
catalytic substances as alkalis and enzymes) is much higher than the diffusion within the
material. In contrast, a bulk erosion mechanism occurs when hydrolytic degradation takes
place homogeneously, irrespective of the depth from the material surface. As it can be foreseen,
the hydrolytic degradation mechanism changes from the bulk to surface erosion when material
thickness becomes higher than the critical [31]. On the other hand, some authors report that
polylactides degradation mechanism proceeds via core-accelerated bulk erosion, when the
material is thicker than 0.5-2 mm, due to the accelerated degradation sustained by oligomers
and monomers trapped and accumulated in the core part of the materials [32]. Hence,
depending of the thickness of the PLA piece, the degradation mechanism proceeds via bulk
(<0.5-2 mm), core accelerated (between 0.5-2 and 74 mm) and surface erosion (>7.4 cm). In
general, chains in the crystalline region are hydrolysis resistant compared to those in the
amorphous regions because the access of water molecules to the chains inside the rigid
crystalline regions is prohibited. Such crystalline regions are called “crystalline residues.”

Concerning to enzymatic degradation, no study of specific enzymes for the biodegradation of
polylactides has been reported [33]. Williams reported the enzymatic hydrolysis of polylacti-
des in the presence of proteases as pronase, bromelain and proteinase K, being the latter a
protease with a strong activity in hydrolizing proteins, particularly keratin [34, 35].
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4. Strategies to changes polylactide properties

4.1. Blending

Easier strategy to change properties of a pure polymer is blending with other polymers. These
blends could be miscible or immiscible depending on solubility parameters and specific
interactions established between counterparts. Miscibility of blends is governed by thermo-
dynamic law, in which the free energy of mixing in the blend must be negative [30]. Polylactide
is miscible with polyvinylphenol (PVPh) [36-39], poly(styrene-co-vinylphenol) [40, 41],
polyhydroxybutirate (PHB) [42], poly(methyl methacrylate) (PMMA) [43], poly(vinyl acetate)
[44] and poly(ethylene oxide) [45].

Phase separation induced by immiscible blends has been commonly used for improving fragile
commodity polymers as PS and PMMA with a rubber modification leading into HIPS [46] and
high impact PMMA [47]. However, the modifications in polylactides with biodegradable
polymers as polycaprolactone (PCL) are an efficient way to toughen polylactides [48].

4.2. Copolymerization

Modification in the synthesis process with other monomers is other way to tune the properties
of polylactides. Comonomers as etylenglycol or ethylene oxide [49, 50], propylene oxide [51]
and trimethylcarbonate [52] have been reported for polymerization with lactide units.
However, cyclic comonomers are suitable to polymerize by ring opening polymerization
(ROP) with lactide such as lactones or macrolactones. The most investigated systems are
poly(glycolide-lactide) [53, 54] and poly(lactide-co-caprolactone) copolymers [55-57]. Recent-
ly, some studies in search of more biodegradable copolymers are using macrolactones as -
valerolactone [58].

Moreover, starting the polymerization of lactide or lactic acid with polymer containing
hydroxyl groups leads into graft copolymers. This strategy is welcomed to increase the
miscibility with other polymers and hydrophobicity as it occurs with poly(vinyl alcohol) [59].

5. Polylactide-based composites

Composites combine two (or more) different components: a continuous phase, called matrix,
acts as binder and distributs homogeneously the forces through whole composite; and a
discontinuous phase, called reinforcement, fundamentally is used to carry the applied load.
Depending on the form of the reinforcements, they are arranged in different groups, of which
two most important are fibers and particles. Normally, the aim of the reinforcements is to
enhance the stiffness and tensile strength of the matrix, although sometimes fillers are used to
reduce the price of the final product or modify the physical, rheological, optical or other
properties. However, more important is the interface between both components to assure good
transmission among constituents of the composite.



Biodegradable Polylactide-Based Composites
http://dx.doi.org/10.5772/65468

Efforts made for advancing in technology lead to the scientific community to introduce
nanoscale in material science and consequently in polymer science. It must pay special
attention in nanocomposites, because itis foreseen remarkable improvement in properties with
less quantity of reinforcement than micro or macroscale composites.

Different families of reinforcements can be classified into function of their chemical nature and
it is analyzed the effect that induces in polylactides.

5.1. Organic reinforcements

5.1.1. Natural fibers

These composites are very attractive because both matrix and reinforcement are obtained from
renewable resources. But comparing to synthetic ones they have some characteristics to take
into account [60]:

* Natural fibers degrade at low temperatures (<200°C). Hence, processing of polylactide/
natural fibers composite must be made carefully.

* Natural fibers are hydrophilic and absorb moisture easily. Polylactides can degrade faster
and wettability of fibers produces swelling and distorsion in the interface due to a lack in
dimensional stability.

* Natural fibers have low microbial resistance. Long-time storages are not ideal for these
composites.

Environmental friendly materials with a full degradation capability promote the interest of
these composites, especially in the automotive industry. Different natural plant fibers have
been used to obtain polylactide-based composites: agricultural natural fibers as jute, kenaf,
sisal and flax and also inexpensive agricultural residues as wheat straw, corn stover, soy stalks
and their hybrids [61].

* Jute/polylactide [62]: Alkali-, permanganate- and peroxide-treated composites exhibit lower
thermal stability, whereas silane-treated composites show a higher thermal stability when
compared to untreated composites. However, a better fiber matrix adhesion improves the
abrasive wear resistance of the jute fiber-reinforced composites.

* Kenaf/polylactide [63]: The effects of the silane-coupling agent on composite properties is
highly beneficial leading to increased moduli and heat deflection temperatures as well as
reduced water swelling. Moreover, an optimal formulation comprised of 50% kenaf and 50%
PLA fibers with three parts of silane-coupling agent represents an optimal formulation to
manufacture automotive headliners.

* Sisal/polylactide [64]: Mechanical properties of PLLA/sisal fiber composites (improved with
caustic soda treatment) confer high strength, high modulus sisal-PLLA composites, because
of effective stress transfer at well-bonded fiber to matrix interfaces.

* Flax/polylactide [65]: Mechanical properties of polylactide and its composites with flax are
greater than those of related polypropylene/flax fiber composites and concretely the specific
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tensile strength and modulus have demonstrating to be very close to values obtained in glass
fiber polyester composites.

Moreover, micro- and nanoscale improve the mechanical properties of natural fiber-based
composites; hence, cellulose microfibrils (CMF), cellulose nanofibrils (CNF) and cellulose
nanocrystals (CNC) are the new tendencies.

Composites of polylactide with silane-modified cellulose microfibrils (CMFs) coming from
sisal fiber (SF) showed a maximum impact strength which was 24% higher than that of virgin
PLA [66].

However, the most important feature of using nanofibrils is the dispersion in the matrix,
because fibrils are hydrophilic and the matrix hydrophobic. To overcome this, feature some
researches disperse CNF in polylactides by anew method obtaining increments in the modulus
and strength (up to 58 and 210%, respectively) demonstrated the load-bearing capability of the
CNF network in the composites [67].

Although crystallinity degree of polylactide/CNC nanocomposites remain similar to that of
neat homopolymer, the crystallization rate has been notably increased (1.7-5 times) boosted
by the presence of CNC, which act as nucleating agents during the crystallization process. In
addition, structural relaxation kinetics of PLLA chains has been drastically reduced by 53 and
27% with the addition of CNC [68].

5.1.2. Synthetic fibers, nanofibers and nanotubes

5.1.2.1. Carbon-based reinforcements

Carbon fiber (CF) is made from organic polymers, where hexagonal carbon structures acquired
a fibrillate form. Helped by their excellent specific properties supported by low weight (high
stiffness, tensile strength, chemical resistance, thermal stability and low thermal expansion)
carbon fibers have a widespread application in different sectors such as aerospace, civil
engineering, military and competition sports. However, still remain to overcome the price
because they are relatively expensive when correlated with natural fibers, glass fibers or
polymeric fibers. However, most futurist than carbon fiber composites are these with nano-
fibers, nanotubes or graphene.

* Carbon nanotubes (CNT)

Since the discovery by lijima in 1991 [69], carbon nanotubes have been investigated as their
unique properties [70, 71, 72] make them interesting fillers to develop polymer nanocom-
posites. CNTs influence in the physical-chemical properties, as well as in the mechanical,
electrical and biocompatible properties of polylactides.

It has been reported that CNT influence in the crystallinity without changes in dimension
of the crystal assisting in the disorder-to-order (alpha’-to-alpha) transition. However, results
obtained from Hoffman-Weeks plot reveal that equilibrium melting temperature increase
with CNT content, while thickness of crystal layer and amorphous layer of PLLA both
decreased with increasing CNT contents of polylactide matrix [73]. Moreover, structural
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aspects as physical aging [74] and thermal degradation [75] of polylactide matrix is notably
affected by the presence of these CNTs.

However, compatibilization of CNTs increment the efficiency of the composites [76]. Pyrene-
end-polylactide has been founded as a good interface stabilizer in polylactide/CNT com-
posites. Therefore, modified CNT influence in polylactides in much greater manner than
comparing results obtained without modification of CNTs [77].

Besides, polylactide stereocomplexation is clearly favored by CNT content [78]. The addition
of small amounts of MWCNTs combined with a mild thermal treatment extends the
processing window for the preparation of polylactides exclusively crystallized in the
stereocomplex form, instead of the homocrystal formation.

With other point of view, conductivity of polymer matrices with nanofiller addition has been
increased even with very low percentages of conductive carbon nanotubes composites [79].

In the biomedical field, also, polylactide/MWCNT composites have been carefully analyzed
due to the possible cytocompatibility of the CNTs when polylactide matrix degrades [80,
81]. Instead of nanocomposite system shows adequate biocompatibility, degradation
products may induce adverse effects on cell metabolism and proliferation, paying special
attention in lactic acid presence and the quality of the MWCNT suspension [82]. However,
an extensive in vitro evaluation including final degradation products is needed to enable a
comprehensive prediction of the overall success or failure of newly developed degradable
nanocomposites.

* Graphene

Graphene is a single-atom thick graphite sheet. Itis structurally very similar to silicate layers
and chemically analogous to carbon nanotubes, due to its huge specific surface area is
considered as ideal reinforcing nanofiller in the fabrication of multifunctional polymer
nanocomposites, superior mechanical strength, remarkable electronic and thermal proper-
ties [83]. As it could be expected to achieve its maximal reinforcing efficiency, graphene
sheets must be homogeneously dispersed in the polymer matrix to prompt the interfacial
stress transfer between graphene and polymer matrix [84].

An effective nanofiller has been found when graphene is functionallizated with octadecyl-
amine (ODAG) in well-exfoliated solution/casting process. Due to the good hydrophobic
compatibility between organic counterparts, interfacial adhesion and consequently crystal-
lization, mechanical properties and thermal stability are improved [85].

5.1.2.2. Other organic reinforcements

Slit die extrusion, hot stretching and quenching is proposed as a new technique to construct
well-aligned, stiff poly(butylene succinate) (PBS) nanofibrils in the PLA matrix for the first
time [86]. The high strength, modulus and ductility are unprecedented for PLA and are in great
potential need for packaging applications. However, this technique opens a new way for the
development of new composite materials based on polymeric fibers.
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5.1.3. Inorganic reinforcements

Bioresorbable polymers play great relevance in biomedical field. Due to its excellent mechan-
ical properties related to stiffness and tensile strength, polylactides are proposed for using in
implants with safety-critical applications [87]. Hence, fixation and bone reconstruction are
compulsory for a good health and reconstruction of the damaged zone. Most of implants based
on polylactide polymer are focused on bone repair; however, radiopacity and other properties
are too of great interest.

5.1.3.1. Bone repair

In this context, inorganic reinforcements play the most important role, because the natural
bone is formed up to 70 wt. % by calcium phosphate very similar to hydroxyapatite (HA) [88].
HA is an inorganic compound, which helps the differentiation of osteoblasts in regeneration
of the bone structure [89]. For this reason, incorporation of HA into PLA matrices has been
widely reported [90, 91, 92, 93].

Tricalcium phosphate (3-TCP) has been also widely used due its bioactivity and biodegrada-
bility. Its degradation rate is incremented 3-12 times compared with HA [94] and this favors
bonding of bone to the bioceremic [95]. However, combination of 3-TCP and HA in denomi-
nated biphasic calcium phosphates (BCP) shows the advantages of both components: reactivity
of B-TCP and stability of HA. BCP with 60-40% of HA-TCP incubed in simulated body fluid
produces the precipitation of needle-shaped apatite crystals [96], allowing polylactide/BCP
composites for fracture fixation plates [97].

Furthermore, discovery of bioactive glasses by L. L. Hench in 1969 catapults the use of these
inorganic particles in tissue engineering due to their excellent biocompatibility and the ability
of bone bonding [98]. A common characteristic of bioactive glasses and ceramics is a time-
dependent kinetic modification of the surface that occurs upon implantation [99]. Bioactive
glasses originate a superficial layer of calcium deficient carbonate, which permits a chemical
adhesion to bone. This adhesion is appealed as bioactivity and is associated with the formation
of carbonated hydrocyapatite (HCA) when glass is implanted or in contact with simulated
body fluids [100, 101]. The HCA layers formed on a scaffold made of 4555Bioglass® immersed
in SBF takes a “cauliflower” typical morphology [99] and allows osteogenic formation [102].

Some researches of PLA/bioactive glass composites have been reported [103, 104]. However,
melt processing of bioglass with polylactides affects the thermal stability of the composite
[105], and to overcome this handicap, protection of bioactive ceramic with and acrylic plasma
treatment has been proposed [106]. An easier treatment than plasma has been proposed by A.
Larrafiaga by covering these particles with a mussel inspired polydopamine coating, which
results in a bioactive composite [107].

5.1.3.2. Radiopacity

Although alternative radiopacifiers have been proposed in bibliography [108, 109], barium
sulfate (BaSO4) is still the gold standard for medical applications [110]. Incorporation of BaSO4
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particles to polymer matrices enables surgeons to accurately place and to monitor any
migration of the implant over time.

Singularly, barium sulfate submicron particles added to polylactide matrix enhance deforma-
tion at rupture and confer high toughness to fragile polylactides [111]. Consequently, the
addition of these submicron barium sulfate particles enables a radiopaque and tough poly-
lactide composite.

5.1.3.3. Nucleating effect

The influence of the nature of the filler on the mechanical properties of PLA has been reported
for two silicated clays, both having a platelet-like shape [112]. Talc is a more efficient filler
regarding mechanical reinforcement of PLA as compared to kaolin. This better reinforcing
effect in the case of talc is ascribed to its higher affinity with the PLA. It was also evidenced
that talc has a nucleating effect on the PLA crystallization [113], while kaolin has no or very
limited effect on the crystallization behavior of PLA. In conclusion, the existence of crystallo-
graphic relationships between the structures of the filler and the polymer crystals is also a key
parameter for the observation of a nucleating effect.

6. Future trends and perspectives

Although polylactide has been researched for various decades, still remain being the gold
standard in biodegradable polymers. In fact, development of new techniques as 3D printing
includes in its commercial version polylactide material. It seems as if polylactides will be
investigated for long years and could carve out a place in commodity plastics.

7. Conclusions

Polylactide composites broaden the possibilities of application of neat polylactides. Biode-
gradable matrix allows validity for ecological packaging and biomedical applications and their
composites improve the potential use of these materials.
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Abstract

Polymeric materials have had a boom in the global industry over the past two decades,
because of its adaptability, durability, and price so much so that now we cannot imagine
a product that does not contain it. However, many synthetic polymers that have been
developed are mainly derived from petroleum and coal as raw material, which make
them incompatible with the environment, since they cannot be included in what is a
natural recycling system. Aware of the environmental impacts that produce synthetic
polymers, a solution could be the mixtures with different types and sources of biological
materials, called biopolymers, such as starch, cellulose, chitosan, zein, gelatin among
others and that gradually replace synthetic polymers to address and resolve these
problems. The development of new applications, such as composite materials by
incorporation of alternative materials, found in nature that has similar properties to oil-
based polymers, but its main feature is its biodegradability and offering competitive to
current material costs. In this sense, various investigations are aimed at decreasing the
amounts of plastic waste and to manufacture products with less aggressive environment
since the synthetic plastics are difficult to recycle and can remain in nature for over a
century.
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1. Introduction

Use of polymers has increased significantly over other types of materials, this more than
anything because of its many possible applications, true reflection of the ease offered to
the design of new compositions with very different properties.

However, conventional polymers remain subject to very specific investigations, primarily
aimed at improving their properties, as well as modifications that allow the expansion of its
range of applications.

That is, materials can be prepared with very different properties, for example, polymers with
a great structural rigidity, due to a high proportion of aromatic structures in the molecular
skeleton or flexible polymers with chains exclusively of the concatenation of aliphatic groups.

These polymers are primarily used for their advantages being chemically inert, lightweight,
durable, comfortable and hygienic, and submit versatility of shape and size. It is undeniable
that the introduction and advancement in the technology of synthetic polymer-based petro-
leum have brought many benefits to humanity.

But nevertheless, to be synthetic compounds, nonbiodegradable and based on petroleum, use
poses serious ecological problems, mainly due to the environmental pollution they cause, by
manufacturing and incineration as its contribution to the generation and accumulation of
waste.

Since the last decades there has been a growing demand of friendly products environment,
promoting the development of biodegradable materials based on biopolymers as lipids,
polysaccharides, and proteins, which have been studied being renewable raw materials and
inexpensive considered as an alternative to plastic nonbiodegradable and based on petroleum.

The replacement of synthetic plastics by biodegradable materials to obtain friendly products
environment has not been achieved so far. However, if some synthetic polymers are replaced
by other natural, in specific applications such as films, foams, covering, dishes, cups, spoons,
and bags.

2. Classification of polymers

Although there are several elements that can be molecules of synthetic organic polymers, the
main elements are carbon (C), hydrogen (H), oxygen (O), and nitrogen (N).

According to the process of obtaining, the polymers may be classified in to the following types:

* Synthetic polymers are obtained by polymerization processes from raw materials of low
molecular weight, for example nylon, polystyrene, polyvinyl chloride, and polyethylene.

* Semisynthetic polymers are the resultant product of chemical processes of some natural
polymers. Examples of these are nitrocellulose, etonita, vulcanized rubber, to name a few.
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* Natural polymers obtained directly from the plant or animal kingdom, for example,
cellulose, starch, protein, natural rubber, nucleic acid, chitin, lignin, among others.

Within this classification, the synthetic-based polymers have induced the accumulation of
plastic in our environment, pollution sources of atmospheric, visual, and also contamination
of soil and marine environments [1].

Thus, natural polymers, also known as polymers, are in complete growth, although their
properties limit their applications compared to conventional polymers, but nevertheless, the
market for biodegradable polymers is growing every year [2, 3] mainly by increasing access
limited to nonrenewable fossil resources has contributed toward finding renewable natural
sources for chemical synthesis of polymers with similar properties those based on petroleum,
but its main feature is its biodegradability.

2.1. Biodegradable polymers

Biopolymers are a new generation of materials that are still in development and that have
attracted attention as possible replacement-based materials of conventional plastics due to an
increased interest in sustainable development [4-6].

These have been part of humanity since it exists, being that have been part of basic daily needs
as fundamental as food and clothing, as well as medical materials, packaging, food additives,
engineering plastics, chemicals for water treatment, among many others [7, 8].

Biopolymers used to obtain biodegradable materials have diverse provenances, such as
products from vegetable origin (starches, celluloses, pectins, chitosan, zein, etc.); animal origin
(casein, whey protein, and gelatin); microbial products (polyhydroxybutyrate and polyhy-
droxyvalerate) and chemically synthesized polymers from the monomers of natural origin
(polylactic acid) [9, 10].

Natural polymers more prominent have been sugar derivatives, polysaccharides, being starch
the most used and representative. This is a thermoplastic biodegradable polymer highly
hydrophilic, low cost, and high availability [11]. Starch is found in a variety of tissues botani-
cals, including fruits, seeds, leaves, and tubers [12]. It consists essentially of a mixture of
polysaccharides comprised of amylose and amylopectin and, a minority fraction (from 1 to
2%) not forming glycosidic [13]. Most starches in their glycosidic structure is made up of 20%
amylose and the remaining 80% amylopectin.

Some application with this biopolymer has been its combination with synthetic polymers (such
as polyvinyl alcohol, polyethylene), plasticizers (glycerin, sorbitol), nitrogenous bases, etc., to
obtain a material partially biodegradable.

However, there are others polysaccharides obtained from various sources of natural resources
(e.g., cellulose and chitosan) that also have been used by both its structure and its functional
diversity [14].

The mixture of chitosan with aldehydes produces a harder material, biodegradable, insoluble
in water and with high resistance to fats and oils [15]. Cellulose derivatives obtained by
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chemical modification by esterification of glucose, such as carboxymethylcellulose (CMC),
hydroxypropylcellulose, and methylcellulose (MC), are used as food additives in the case of
CMC, and in the pharmaceutical industry, the MC and hydroxypropylcellulose are used in
pharmaceutical tablets for sustained release of granules.

The most important sectors that are intended to the biodegradable polymers are as follows:

 Containers and bags used in stores.

* Disposables (razors, dishes, spoon, and other items).
¢ Electric and electronic (computers, photography).

¢ Automotive (internal lining, mudguards).

* Sanitary (prosthesis).

* Agricultural (plastic greenhouses).

However, the market of biodegradable polymers is an alternative market or replacement,
intended to replace as a percentage of conventional materials for biodegradable materials. The
demand is being generated from own production companies, appealing to a more ecological
sense and responsible consumption, through the use of biodegradable materials. Nevertheless,
given the evolution of the oil market with a view to 2020, it is estimated that replacement could
reach almost 10% by weight, this involves managing areas for the cultivation of raw materials
of which biopolymers are obtained and may present in a way as competitors in agricultural
area for biofuels, livestock feed, and human food.

Even if the biopolymers are widely distributed in the nature, only limited number of plants
and animals are used extensively for the production of commercial biopolymers. It points to
a “exploitation” of natural resources that if not treated as a “management” of these; could
become an excessive and irresponsible consumption on natural resources. So, all renewable
resource must be replenished twice to meet the needs of current and future generations, and
then, things that sustain life should also last in time, should be sustainable.

2.2. The role of sustainable in the use of biopolymers

The effects of pollution from nonbiodegradable plastics have been found in both terrestrial
ecosystems and water, which has changed behavior, morphology and physiology of individ-
uals, the distribution and abundance of populations, the structure of communities and
dynamics of ecosystems. The increasing incorporation of these materials and its impact on the
environment are due largely to having resistance to corrosion, weathering, and degradation
by microorganisms.

Every year several million tons of plastic are produced in the world, for example, it has been
documented that global production in 2013 increases to 299 million tons [16]. On the other
hand, the deposition of plastic particles less than 5 mm has increased in the ecosystems, which
may be acrylic, polyethylene, polypropylene, polystyrene, etc., and can have an impact on
different levels of ecological organization having a knock-on effect and affecting biodiversity
in terms of genes, species, or ecosystems.
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Therefore, recent studies focus on finding new technologies to use biodegradable natural
products (natural polymers), allowing replace conventional materials and significantly reduce
the production and accumulation of garbage (plastic). The integrated use of natural resources
as a source of conservation and recycling, becomes an excellent choice and innovation in the
development of new biodegradable products.

Also, biopolymers have the characteristic of being thermoplastics and have properties similar
to petroleum-based plastics. Its total biodegradation by bacteria that produce, fungi, and algae
yield products such as CO,, water and then composted is a great advantage over synthetic [17].

Biopolymers synthesized by microorganisms, polyhydroxyalkanoates (PHA), have the
characteristic of being biodegradable, with physical properties similar to petroleum-based
plastics (e.g., are rigid, brittle, or flexible). This has led to an increased research on studies with
PHA, and it is proved by [18] Lemoigne (1926), since he documented that the bacteria Bacillus
megaterium yields PHA and it has been that more than 300 bacteria can produce this biopolymer.

Species such as Alcaligenes latus, Azotobacter vinelandii, Herbaspirillum seropedicae, Pseudomonas
oleovorans, and Wautersia eutropha are mostly used, because they are easily grown and can
accumulate a large amount of PHA in the form of granules within the bacterial cell, and up to
90% of the biomass. Despite this, tracking new producing strains, optimization in strategies
culture and the production of PHA using strains of recombinant bacteria, remains challenging
to reduce production costs and increase productivity using various strategies.

With emphasis on reducing environmental degradation caused by unnatural polymers,
innovation studies are performed on cultivation technologies, processing, and application. The
studies focus on using plants available as side products in agriculture to obtain biopolymers,
for example: Ananas commusus, Hevea, Lycopersicon esculentum, Manihot esculenta, Opuntia ficus-
indica, Saccharum, Solanum quitoense, Zea mayz.

Plants are an excellent alternative in the production of biopolymers, because they can be grown
in large tracts of land generating high levels of biomass, as they use sunlight as an energy
source.

The disturbances caused by high levels of pollution produced by plastic are another factor that
set in crisis the biodiversity of genes, species, and ecosystems on the planet. Therefore, the
effort to search for new alternatives of natural polymers, which allow contaminated environ-
ments return to their state of pre-disturbance, is essential. More studies are necessary with an
integrative approach to enable sustainable development, defined as “which meets the needs
of the present generation without compromising the ability of future generations to provide
their own needs” [19, 20]. This sustainable development is a key element for the management
of natural resources [21], involving environmental, economic and social aspects.

To take a direction to the management systems of natural resources more sustainable, it is
necessary to adjust the economic model with the conviction that security, the welfare, and
survival of the planet depend on these changes [19]. Thus, from the 1960s, it began to start to
have a sense of comprehension of serious environmental problems, and therefore, the conse-
quences for economic and social development [19, 22], resulting several years later in the
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approval of the global Earth Charter and the formation of the World Commission on Envi-
ronment and Development. This commission presented in 1987 the Brundtland Report which
is distinguished by describing for the first time the concept of sustainable development.

Conservation of biodiversity in the world is crucial not only in the socioeconomic and industry
development of a country, but also maintain environmental stability, including the protection
of water resources, flora and fauna [23]. Particularly, forest biodiversity focusing in the struggle
for the sustainable conservation of biodiversity embedded in the convention on biological
diversity (CBD), because the forests contain most photosynthetically active biomass and
contain the greatest diversity of species in terrestrial ecosystems, in addition to providing an
important source of food, medicines, energy and building materials, provides esthetic and
cultural values [23].

Returning to the above, we have a disorderly growth and an imminent ecological, social and
environmental imbalance, insomuch is established a direct correlation between economic
growth and environmental degradation. Thus, there is a need to develop synergies between
economic subsystems, social, and environmental [24].

It is necessary to have an ecological mentality and changing consumption patterns; guide
efforts towards the efficient use and recycling of resources; develop more efficient technologies
that mainly use renewable resources; conserve natural ecosystems and promote the partici-
pation of all social actors [21, 22, 24]. With this new model, imbalance can be handled with a
holistic approach to the development [24].

Currently, there is a need to evaluating socioenvironmental system and guide actions and
policies for the sustainable management of natural resources. The concept of sustainability or
sustainable development is clearly on the basis of assessment of sustainability [20]. Indicators
are a central element in practice the concept of sustainability. They represent a link between
the theoretical development of the concept and its practical application [21].

The concept of sustainable development has gained attention locally, nationally, and interna-
tionally to guide planning and policy in the transition to the sustainable development. This
performs every aspect of human life, one of which is education. Education for sustainability
was recognized by the UNESCO in 1975, and today, it is found that this can help to change
attitudes and behavior of people as consumers, producers, and citizens to carry out their
responsibilities. Agenda 21, (Action plan proposed by the United Nations Organization),
reaffirmed the importance of education for sustainability and the need to consider all social,
economic, and political aspects of sustainable development, in addition to environmental
protection [22].

3. Conclusions

Due to the characteristic features of biodegradability, eco-friendly manufacturing processes
and its wide application ranges, biopolymers are important alternatives to unsustainable
products.
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Therefore, it is noted that all efforts on obtaining materials from sustainable sources, which
also have a high rate of biodegradation in the environment, occupying roles, and displacing
traditional plastics, are of great importance, in order to restore the environment that has been
damaged so far by the indiscriminate use of synthetic polymers and prevent deterioration
onwards.

But nevertheless, obtaining these biopolymers must be based on an integrated environmental
perspective to increase the sustainability of materials and processes throughout its lifetime,
obtaining materials from products that do not compete with traditional food sources, and also
reduce dependence on non-renewable resources in long term.
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Abstract

In a world increasingly fixated on the demands of sustainable development, too much
attention has been focused on the widely used building materials, mainly on those tools
and strategies for their reuse and those characteristics for considering them as
environmental-friendly materials. Among the strategies are the following: (a) increased
reliability on waste and recycled materials—such action will have to incorporate the
substitution of recycled for virgin materials; (b) improved durability through reduction
of materials needed for their replacement; and (c) improved mechanical properties,
which reduces the use of raw materials. Extensive research and development activities
in recycling composite materials have been conducted, and various technologies have
been developed: (a) mechanical recycling, (b) thermal recycling, and (c) chemical
recycling. However, gamma radiation is an innovative and clean technology, alternative
to conventional recycling procedures. Gamma irradiation has proved to be an adequate
tool for modifications of the physicochemical properties of polymers, through different
effects: (a) scission, branching as well as cross-linking of polymer chains and (b)
oxidative degradation. Moreover, the reuse and recycling of waste materials and the use
of gamma radiation are useful tools for improving the mechanical properties of concrete.
In this chapter, we show results of the effects of gamma irradiation on the physico-
chemical properties of waste and recycled materials and their reuse to enhance the
properties of construction composite materials.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X R
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1. Introduction

Inrecentyears, due tohigh demand of construction materials, some actionshave been developed
such as extraction of large amounts of raw materials, development of new materials, use of
recycled and demolition waste; all of them generating higher costs and environmental problems.
Special attention on the development of economic and ecological materials through the use of
waste materials has generated anovel research area. Moreover, in order to reduce the ecological
impact, many efforts have been made for reducing the consumption of nonrenewable resources
in the production of construction materials, one of these is the production or addition of waste
or recycled materials into the mixture in substitution of the common mineral aggregates, taking
care of the final quality that includes parameters such as resistance, modulus of elasticity, and
durability, among others.

Although some advantages are obtained when adding waste or recycled materials for im-
provement of the toughness of construction materials, they present some disadvantages
such as lower values on the compressive strength, which should be attended. One alterna-
tive is the use of gamma radiation. Recent works have studied the effects of gamma radia-
tion on compressive properties; in one of them, the results show more resistance to crack
propagation; moreover, compressive strain and the elasticity modulus depend on the com-
bination of the particle sizes and the radiation dose. This chapter attempts to use gamma
irradiation as modifier of the physicochemical properties of waste and recycled materials,
and use them as reinforcements of construction composites and as a consequence improve
their mechanical properties. This chapter promotes the use of waste and recycled materi-
als in the construction industry, as one alternative for reducing environmental pollution.

2. Waste and recycling materials in the research area of construction

Discovered and patented in England in 1941, polyethylene terephthalate (PET) has been used
in the packaging industry for a broad range of applications. Annual average consumption per
person of 234 1 of bottled water is reported. As it has become a widely used material, all
disposed bottles are actually a serious environmental issue. Pollution caused by PET bottles
includes not only the final disposal of them, but also the by-products obtained during PET
fabrication process. Plastic bottles take centuries to decompose and if they are incinerated, toxic
by-products, such as chlorine gas and dioxins, are released into the atmosphere. Solid handles
of materials have experienced an important impact because of the nonbiodegradability nature
of PET. The world consumption of PET is about 15 million tons, of which 3.5 million tons are
used in the manufacture of packaging materials, including jars and bottles.
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Two methods for recycling of polyethylene terephthalate (PET) bottles are mechanical process
and chemical process. (1) Mechanical process includes three well-defined stages such as
separation, washing, and grinding. The recycled PET is used for elaborated laminates, metal
sheets, and food and nonfood packages. Moreover, recycled PET flakes can be directly
employed to elaborate pellets in the creation of products by injection or extrusion. (2) Chemical
process consists of separation of the basic components or monomers. The methanolysis,
glycolysis, and hydrolysis are the elemental processes to achieve this transformation.

PET can be recycled many times and can be used in a variety of products, such as fibers for
clothes, fiberfill for bags, or industrial strapping. One interesting alternative to recycled PET
materials consists of using them as a substitute of concrete aggregates; in this, silica sand is
partially substituted by waste PET particles. The main goal is improvement of mechanical
properties, including compressive strength, deformation, and modulus of elasticity. Demand
of technological development in different construction areas makes possible the generation of
alternative materials that can be applied with increasing functionality, low costs, and better
physical, chemical, and mechanical properties than conventional materials. Fiber-reinforced
concrete, in which new materials are applied in order to obtain more efficient crack-resistant
concrete, is an important research field these days. PET has been widely used to produce fibers,
particles, or flakes to obtain cement-based products with improved properties.

Different kinds of fibers have been used in the concrete, including steel, glass, carbon, nylon,
polyester, propylene, among others; however, in order to reduce the environmental impact of
industrial or postconsumer waste, recycled fibers have been used. They offer advantages in
reducing waste and conserving resources.

Another waste with potential applications in different technological areas is that related with
the automotive tires. The typical components of automotive tires are synthetic and natural
elastomers, sulfur and its compounds, phenolicresins, oils, and steel wires among others; while
zinc oxide, titanium dioxide, and carbon black are used as pigments. Moreover, manufactured
tire includes: synthetic elastomers (27%), natural elastomers (14%), carbon black (28%), steel
(15%), as well as fabric, infill materials, accelerators, and anti-ionizer (16%) [1, 2].

The most common method to dispose waste tires is to burn them for vapor, heat, or electricity.
The usage of waste tires as alternative fuel in cement furnaces is generalized across the U.S.
and Europe. However, these practices result in the generation of organic and inorganic
compounds such as zinc oxide (ZnO) and zinc sulfide (ZnS), in hydrocarbon gas, aromatic
volatile compounds, and liquids formed by heavy and light oils, all these by-products which
are highly polluting.

Recycling of automotive tire includes reuse in plastic and rubber products as well as alternative
fuel in cement furnace or as material in the carbon black production. Another approach for the
application of waste tires includes hot bituminous mixes as pneumatic dust for the agglutina-
tive modification in asphalt pavements. This application has been more or less effective, but
not enough for reducing the reserves of waste tires, since these novel technologies are more
expensive than conventional methods. Moreover, components of the recycled waste tires have
been used in the construction industry, for example: (a) waste steel fibers as mechanical
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reinforcement of concrete [3] and (b) recovered rubber as replacement of natural aggregates
(fine and coarse), in which the elasticity features are improved and a lower diminution on the
compressive strength and brittleness values is found [4-6]. In general, use of them as a
substitute of fine or coarse aggregate can improve mechanical properties of concrete such as
strength and modulus of elasticity, instead of those achieved by sand or stone.

Addition of particles into concrete produces internal stresses, which promote sooner cracking
and subsequent failure, which can be avoided with the control of the particle sizes. Early
studies pointed out that those elastomeric particles can reduce propagation of cracks, show
increment in tensile strength, and have capacity in energy absorption. One advantage of the
rubber particles is concerning energy absorption through ultrasonic waves, in order to benefit
the concrete elasticity. However, differences in the values of Young’s modulus modulus
between rubber particles and concrete matrix, besides concentration of rubber particles into
concrete, could promote great deformations when applying loads and thus results in progres-
sive diminution of the mechanical properties. Other properties of concern for concrete
workability include diminution of slump and increment of air content when increasing the
elastomeric concentration, which promotes a low unit weight.

Tetra Pak is an aseptic packaging material, elaborated of several laminated layers of three raw
materials: paper (75%), low-density polyethylene (20%), and aluminum (5%). The barriers
consist of six layers of these materials. After recycling Tetra Pak packages through hydropulp-
ing process, cellulosic fibers are recuperated, which have superior quality when compared to
those found in the waste paper market. Moreover, they are used in the production of tissue
and paper towels. Percentage of recovery of the Tetra Pak components in a separate way shows
63 wt% for paper, 30% for polyethylene, and 7% for aluminum.

Recycling of these materials is based on mechanical milling and chemical attack, from which
it is possible to obtain size reduction and component separation. In the case of the cellulosic
fibers, the surface energy is closely related to the hydrophilicity of the fiber. Another important
parameter is concerning reduction of the moisture adsorption of cellulose fibers, which are
involved in reduction of the number of cellulose hydroxyl groups and the hydrophilicity of
the fiber’s surface, as well as restraint of the swelling of the fiber. Moreover, degradation
produces water-soluble or insoluble oxygenated compounds.

Cellulose is the most abundant, inexpensive, and readily available carbohydrate polymer in
the world, traditionally extracted from plants or their wastes. Currently about 30 million tons
of natural fibers are produced by year around the world. The current interest for using such
fibers is based on the environmental preservation; there is great interest for replacing synthetic
fibers for natural ones [7, 8]. However, due to environmental problems caused by products
made using cellulose (boxes, bags, containers, office supplies, etc.), different ways to recycle
thosematerials have been developed.

Some natural fibers are composed mainly of cellulose (54%), hemicellulose (20%), and lignin
(15%). Natural fibers are a resource that is environmentally clean, renewable, and biodegrad-
able; one of them that has captured attention in applied research is Luffa fiber, due to its
physicochemical properties. They are obtained from a subtropical plant of the Cucurbitaceae
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family, which produces a fruit with a fibrous vascular system (luffa), with sizes between 1.5
cm and 1.5 m and an average diameter 8-10 cm [9]. Their morphological surfaces show
roughness surfaces, containing width channels (4-12 pm), and particles with different lignin
shapes (indicated by arrow), and thin layers of lignin and hemicellulose covering the cellulosic
fibers (Figure 1).

Figure 1. Morphological surfaces of Luffa fibers.

One of the main characteristics of raw luffa fibers (without surface treatment) is its capacity to
absorb moisture easily and its high potential as reinforced material in hybrid composites,
mainly on the mechanical properties. In the case of Tetra Pak packaging, an optional recycling
way for this is based as a substitute of mineral aggregates in the elaboration of composite
materials, which improving its properties, including lower weight and density, higher
mechanical strength and toughness [10].

Some investigations are concerning use of natural fibers, such as cellulose, for elaboration of
composite materials. Different thermosetting polymers, namely polymeric resins, have been
used for such purpose. The main idea is to use inexpensive and abundantly available fibers.
Mechanical properties, including tensile strength, flexural strength, compressive strength, and
wear resistance, increase their values when increasing the concentration of the cellulosic fibers.
Moreover, the impact properties significantly increase. Such behavior is due to an excellent
dispersion of the reinforcements. But for higher content of fibers, decrement on the values is
observed; this is due to agglomeration of the fibers. Composite elaborated with cellulose fibers
has light weight. Surface modification of the cellulose fibers facilitates elaboration of compo-
sites. Silane and alkali treatments are used for such proposal, having higher fiber-matrix
adhesion strength. Moreover, reduction of water absorption is observed, as a consequence of
the strong interface. Another treatment is referred to coupling agents; the presence of double
bonds is necessary to obtain the formation of covalent bonds between fiber and matrix. Residue
cellulose can act as a natural coupling agent and improve the interfacial bonding by reducing
the hydrophilicity of the fiber. The water absorption increases with an increase in fiber content.
Moreover, fibers can be further subdivided into microfibrils with high elastic modulus by
hydrolysis, followed by mechanical disintegration. Such fibers are produced commercially by
the pulp and paper industry.
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3. Structural modification by using gamma irradiation

Asitis known that environmental problems caused by waste materials are in a constant growth
and as a consequence different methods have been developed, some of them are consuming
money and time. One novel alternative is to use ionizing radiation, such as gamma rays.

Gamma radiation has many advantages over other conventional methods such as chemical
attack or thermal process. For example, initiation process is different; gamma particles only
are necessary if that material is in contact with radioactive source, while in a chemical reaction,
catalysts or additives are required; another important aspect is referred to the production of
free radicals, when using chemicals these are produced through decomposition of the initiator
in fragments, while in the case of irradiation process free radicals are produced by the
absorption of energy of the polymer; moreover, with irradiation process the reaction can be
controlled and be free from contamination. With respect to the temperature, gamma irradiation
shows better behavior, because in the case of a chemical reaction often local overheating of the
initiator is produced, while for irradiation no activation energy is found [11-13].

Applying gamma radiation for recycling polymers has increased its acceptation as a current
technology due to the ecologic and economical features and mainly its capacity to modify
physicochemical properties of the wastes without introducing any chemical initiators or the
need to dissolve them [14]. In principle the molecular structure of materials can be modified
by using gamma irradiation; this creates free radicals which will often chemically react in
various ways, sometimes at slow reaction rates. The free radicals can recombine, forming the
cross-links.

A competing process, called scissioning, occurs when polymers are irradiated. In this case, the
polymer chains are broken and molecular mass decreases. The other process is called cross-
linking, which depends on kind of polymer, and the number of cross-links can be controlled
by the amount of irradiation dose. Scissioning and cross-linking occur at the same time where
one may predominate over the other, depending upon the polymer and the dose. Both
phenomena change the physical, chemical, and mechanical properties of polymer materials.
In fact, more benefits can be obtained from recovered scrap polymer cross-linking by using
gamma radiation [15, 16].

In the case of polyethylene terephthalate (PET), different opinions about radiation stability
have been reported. Some authors report fair stability in the mechanical and physicochemical
properties at high doses (900 kGy), with changes from cross-linking processes up to 35% from
the starting values. Some authors have reported changes due to the chain scission process at
low dose (from 0 to 10 kGy) while others have reported such events at a high dose (from 120
kGy to 5 MGy). The degradation mechanism for PET fibers or PET bulk is the same. No
chemical degradation for PET fibers is found up to 200 kGy [17-20].

The recycling and reutilization of cross-linked elastomers are difficult due to their 3D formed
network; nevertheless, it is necessary to find wise-strategies for reuse and to avoid ground
contamination. The natural and synthetic rubbers such as styrene-butadiene-styrene (SBS) and
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styrene-butadiene-rubber (SBR) are the raw materials in the production of tires; the natural
rubbers provide elastic properties while the synthetics provide thermal stability.

In the case of elastomers (such as tire rubber), gamma radiation causes morphological
deterioration and chemical changes, including accelerated oxidation [21]. Physicochemical
properties of blends of rubber stocks and virgin or recycled elastomers are improved after
irradiating with gamma particles. For example, rubber stocks blended with recycled and
irradiated butyl crumb show shortened vulcanization period and antitearing properties.
Moreover, improvement on the plasticity of crumb rubber, as well as great moldability of virgin
rubber and recycled crumb blends, when they are irradiated at 70 kGy.

Vulcanization of chlorine butyl rubbers by using gamma radiation decreases the tensile
strength and elongation-at-break up to 25 kGy, but after this dose, stability of such properties
is observed, up to 200 kGy. Moreover, thermal stability is reduced through the degradation
and scission of molecular chains [22]. Other study is based on the effects of gamma irradiation
in polydimethylsiloxane rubber foams and their relationship with mechanical properties and
chemical structure, which are measured by compression strength, infrared attenuated total
reflectance (ATR) spectroscopy and X-ray-induced photoelectron spectroscopy (XPS). The
results show a higher cross-linking of polymer chains when increasing the irradiation dose,
thus foams became harder [22].

By using gamma radiation, ground tire rubber (GTR) and recycled high-density polyethylene
(HDPE) blends can be functionalized through higher interaction between elastomer and
acrylamide functional groups, allowing improvement of their mechanical properties for doses
from 25 to 50 kGy. Elongation-at-break and Charpy impact strength of the blends are signifi-
cantly increased due to the presence of GTR; moreover, blends” Young’s modulus values are
only slightly decreased due to the radiation-induced cross-linking of the HDPE matrix [22, 23].

The use of gamma radiation as a mechanism for reaction initiation and accelerator of the
polymerization of a monomer in a ceramic matrix can bring considerable advantages. One of
the most important objectives is to obtain higher adhesion between fibers and the matrix. In
the case of the Tetra Pak components, the first investigations focused on the influence of gamma
radiation on lignocellulose materials, in terms of increasing the solubility of insoluble high-
polymerized sugars such as cellulose. Application of gamma irradiation on cellulose results
in decrease in molecular weight and crystallinity, as well as formation of oxidation products,
because cellulose is a predominantly chain-scissioning polymer. After irradiation, changes in
the main chain of the cellulose are observed, where radicals provoke random cleavage of
glycoside bonds, as well as splitting of carbon-bonded hydrogen and dehydrogenation
reactions. Another studied parameters are the degree of polymerization (DP) and specific
gravity. Such changes are beneficial for manufacturing products such as medical grade
cellulose.

Asitis known, the cross-linking reaction is affected by the initial degree of crystallinity, crystal
size distribution, and molecular weight. In general terms, crystallinity increases and reaches
amaximum at certain irradiation dose, but it decreases on further increase of irradiation dose.
Microfibrils are composed of cellulose crystals and amorphous zones, in which more pene-
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tration of chemicals is observed. Such zones have different appearances such as cracks and
irregular morphological shapes.

Tetra Pak panel boards (TPPBs) show decrease in the mass up to 200°C which is related to the
evaporation of physical water. In general, thermal degradation of paper is located between
200°C and 400°C, particularly two decomposition peaks are observed. The first one at 300°C
due to hemicellulose and the second at 360°C due to thermal degradation of a-cellulose. For
higher temperature from 400°C to 461°C, degradation of remaining paper and LDPE is
considered. After thermal process can be found two kinds of residues, char and aluminum foil
[24].

In the case of irradiated polyester resin some physicochemical properties are affected, for
example, when increasing the dose a better thermal stability is obtained at low temperatures,
becauseits glass transition temperature increases. But at high temperatures, the decomposition
temperature is unaffected. After analyzing both thermal and mechanical properties a rela-
tionship is observed. Moreover, a typical behavior is observed: improvement of the compres-
sive strength depends on the increment of the irradiation dose [23].

4. Modified waste and recycled materials and their uses in construction
materials

In this section different studies concerning the structural modification of waste and recycling
materials by using ionizing irradiation and their possibilities as reinforced materials of
hydraulic and polymer concrete are shown.

For recycled PET, nonirradiated concrete follows a typical behavior for compressive strain: it
increases progressively as PET particle concentration increases, but it does not happen for
compressive strength or elasticity modulus. In the case of irradiated concrete, different
behaviors are observed regarding nonirradiated ones. When increasing PET concentration, the
compressive strength values diminish; it is more notable: the diminution of compressive strain.
In general, irradiated concrete containing PET particles had similar modulus of elasticity,
higher compressive strength, and lower compressive strain values compared to nonirradiated
concrete.

Compressive strength and Young’s modulus of concrete specimens containing waste PET
particles of beverage bottles were evaluated before and after irradiation. Three different sizes
of waste PET particles (0.5, 1.5, and 3.0 mm) were considered, and for each size, three different
concentrations of waste PET particles were used (1.0, 2.5, and 5.0% by volume). Concrete
specimens after 28 days of moist curing were irradiated at 100 kGy with gamma rays at 3 kGy/
h ratio.

In the case of irradiated concrete, different behaviors are observed regarding nonirradiated
ones. When increasing PET concentration, the compressive strength values diminish; it is more
notable: the diminution of compressive strain. Nevertheless, elasticity modulus has an
opposite behavior to that shown for nonirradiated concrete. In terms of the particle sizes,
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different behaviors are observed; at the lowest sizes, compressive strength has minimal values;
whereas for highest sizes, both compressive strength and modulus of elasticity have the
maximal values. Such situations are similar for irradiated specimens because modulus of
elasticity, higher compressive strength, and lower strain values are maximal.

Irradiation effects are caused over PET particles, as it is well known that irradiation causes
chain scission and generation of free radicals, which can produce a hard material instead of a
ductile. In the case of irradiated PET particles (at 150 kGy), a smooth and homogeneous surface
is observed (Figure 2); when increasing the irradiation dose, morphological changes are
produced; small particles and cracks are observed (at 400 kGy). For the highest irradiation
dose, more defined cracks and particles of different sizes are observed (at 800 kGy); in general,
a roughness surface is obtained (Figure 2).

Figure 2. SEM images of irradiated PET at different application doses.

Generally speaking, as waste PET concentration increases in the concrete specimens, a
decreasing tendency on the mechanical properties is observed. Moreover, irradiated concrete
specimens show higher compressive strength values, similar elasticity modulus values, but
lower deformations when compared to nonirradiated specimens.

Some studies covered the effects of gamma radiation on composite materials, for example, on
the mechanical properties and durability of cement concretes. Some applications include
concrete as material for nuclear power reactors; for this purpose, the specimens were submitted
to dosages from 227 and 470 MGy with a dose rate of 5.0 kGy/h. The results show a diminution
of about 10% on the elastic and tensile properties, as well as loss of weight, caused by one or
more of the following mechanisms: (a) “natural” drying (including gamma heating); (b)
radiolysis-induced accelerated drying (where large gas is released); (c) radiolysis-induced
carbonation; and (d) degradation of the calcium-bearing cement hydrates.

In hydraulic concrete where silica sand is partially replaced by recycled automotive tire fibers.
Both tire fibers and modified concrete are irradiated at different gamma doses. Main mechan-
ical properties are studied before and after irradiation process. These include compression and
flexural strength. The mechanical properties of concrete depend on the waste tire particle sizes
and their concentration. Compressive and tensile strength values decrease due to waste tire
particles, because they promote stress concentration zones, as well as, generation of tensile
stresses into concrete, resulting in a fast cracking and soon failure. Nevertheless, when
applying gamma radiation to waste tire particles, in some cases, improvements on mechanical
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properties are found. Concrete with irradiated particles can be support up to 30% of tire
particles, making possible to reduce the final cost of the concrete.

In the case of polymer concrete with recycled tire fibers, strength and strain results show
improvements of mechanical properties according to the tire fiber concentration as well as
gamma irradiation dose. In general terms, addition of recycled tire fibers as well as higher
radiation doses generate greater ductility on the polymer concrete; features no common for
ordinary polymer concrete.

In Figure 3, surface characteristics of the recycled tire particles are shown. Nonirradiated
particles have different sizes; some of them show roughness on their surface and others smooth
surfaces. Average size of recycled particles varies from 30 to 600 pm. In general, when recycled
particles are added to concrete, a poor elastomer-matrix adherence is found, but when
increasing the volume fraction of particles, mechanical interactions are augmented, therefore
improvements on the mechanical properties are obtained. For irradiated tire particles, at 200
kGy, rough surfaces are created, with some small and disperse particles. According to the
literature, sometimes smooth surfaces are generated after irradiation as a consequence of the
cross-linking of polymer chains, while for higher dose, scissions of the polymer chains are
done, which is manifested by appearances of cracks on the surfaces; as it is shown for irradiated
particles at 250 kGy (Figure 3).

Figure 3. SEM images of nonirradiated and irradiated tire rubber.

In polymer concrete elaborated with polyester resin and silica sand; partial replacement of the
silica sand by recycled tire fibers at concentration from 0.3 to 1.2% in volume, was done. Such
concrete was submitted to gamma rays at doses from 50 to 100 kGy, and studied its mechanical
properties, including compression and flexural strengths, as well as elasticity modulus. The
results show noticeable improvements on the mechanical deformation, which are related with
morphological and structural changes of the recycled tire fibers.

The effects of gamma irradiation on the compressive properties of polymer concretes show
that the compressive strain and the elasticity modulus depend on the particle sizes used and
the applied radiation dose; in particular, more resistance to crack propagation is obtained. In
studies based on two parameters, use of recycled polymers and gamma radiation shows that:
(a) polymer concrete with recycled high-density polyethylene (HDPE) and tire rubber
particles, irradiated from 25 to 50 kGy, has significant increase on the impact strength as well
as in the elongation-at-break; such improvements are attributed to the good adhesion between
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tire rubber particles and the polymer matrix [21]; (b) polymer concrete with waste tire rubber
and styrene-butadiene-rubber (SBR) improves its tensile strength, elongation, and heat
resistance up to 75 kGy [25].

In some experiments, waste Tetra Pak particles obtained from trash beverage bottles are used
as reinforcements in polymer concrete; they partially substitute the mineral aggregates. The
effects of the concentration and size of them on the compressive and flexural strength of
polymer concrete are evaluated. The results show that the compressive and flexural strength
as well as modulus of elasticity values decreases gradually when increasing the addition of
waste particle concentration. A slight increment on the flexural strength values is observed for
polymer concrete with smallest particle size. It is convenient to mention that to improve the
mechanical properties of polymer concrete, gamma irradiation has been an adequate tool,
because this improves the interfacial interaction between polymer concrete and Tetra Pak
particles. However, improvements in compressive and flexural strength, as well as modulus
of elasticity, when irradiating the concrete specimens, are observed.

Through SEM images the influence of gamma radiation on waste cellulose obtained from Tetra
Pak packaging and its effect on the mechanical properties of concrete can be observed. As it is
appreciated, a smooth and homogeneous surface, as well as agglomerations of particles is
appreciated for polymer concrete. There are no chemical interactions between polyester resin
and waste cellulose particles, and as a consequence, decrements of mechanical properties can
be observed (Figure 4). For irradiated polymer concrete, deformation decreases which can be
attributed to the stress transfer between polymer matrix and waste cellulose particles. The
greater contact area between the particles and the concrete matrix, thus the greater stress
transfer; moreover, rough surface and irregular distribution of the particles are observed
(Figure 4).

Figure 4. SEM images of nonirradiated and irradiated polymer concrete.

The effects of the concentration of Tetra Pak™ particles as mechanical reinforcements and
gamma irradiation as a tool for improvement of interfacial coupling in polyester-based
composite are evaluated. The main proposal is to finda material with improved ductility, that
is, with more elasticity instead of a rigid property. After irradiation, the deformation increased

171



172 Composites from Renewable and Sustainable Materials

substantially, having a maximum value at 400 kGy when compressive evaluation is done; while
for flexural test, maximal deformation is obtained at 500 kGy. Such improvements are due to
the cross-linking and degradation processes in both cellulose and polyester resin.

In the case of polymer concrete for improvement of the interfacial surface, gamma irradia-
tion is a novel proposal. As it is known that in a composite material only physical interac-
tions are present between matrix and aggregates, nevertheless, by using gamma irradiation,
chemical bonds can be obtained [26]. In Figure 5, the irradiation process in the polyester
resin causes chain scission and it also produces some cross-linking, chain relaxation, and
cage breaking. As a consequence, the formation of bonds into polymer chains increases the
degree of polymerization of the resin matrix. Homogenous surface is affected by gamma
radiation because a higher number of chemical bonds are established and a rougher surface
is observed (Figure 5), and for higher radiation dose, voids and small particles created from
the cross-linking of the resin are observed. One can achieve good control of the dimensions
and the elimination of internal stress, which cause reduction in mechanical strength [27, 28].

Figure 5. SEM images of irradiated polyester resin.

Other studies show different behaviors, for example: (a) molecular defects on mineral aggre-
gates such as calcium bentonite have been observed [29]; (b) compressive strength values
increased while total porosity and water absorption values decreased with increasing irradi-
ation dose, in polymer-modified cement mortar specimens, with styrene-acrylic ester as
adding polymer [30]; and (c) improvement on mechanical properties such as compressive
strength and Young’s modulus was observed for concrete reinforced with polypropylene fibers
[31].

5. Conclusions

The main aim of this chapter is to show how both waste and recycled materials as well as
gamma irradiation are adequate tools for improvement of mechanical properties of construc-
tion composites. Such materials are reused to replace partially those component concrete
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materials, such as mineral aggregates. Gamma irradiation is an adequate tool for modification
of the physicochemical properties of waste and recycling materials. Moreover, such modified
materials act as reinforcements of concrete and as a consequence improve their mechanical
properties, through the improvement of interfacial interaction between the matrix and waste
or recycled materials. Mechanical properties include compressive and flexural strength, and
Young’s modulus among others. In general, the results are depending on the particle sizes and
concentrations of waste or recycled materials, as well as on irradiation and ratio doses. We
believe that this kind of work opens several possibilities in research area of construction with
great benefits, in order to ensure economic earnings in the context of sustainable development,
by solving environmental pollution problems. Moreover, a simple and inexpensive process
based on gamma irradiation is expected.
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Abstract

Recently, with increasing environmental awareness and expanding global waste prob-
lems, eco-friendly biofillers have been recognized as a promising alternative to inorganic
fillers in the reinforcement of thermoplastic and biodegradable plastics. Therefore, many
industries are seeking more eco-friendly materials that will decrease the level of environ-
mental contamination and economic cost. Bacteria cellulose, rice straw, rice husk, natural
fiber, lignocellulose, cellulose, and paper sludge are renewable resources owing many
beneficial properties; these materials were used to manufacture composite products such
as sound absorbing wooden construction materials, interior of bathrooms, wood decks,
window frames, decorative trim, automotive panels, and industrial and consumer appli-
cations. This chapter elucidates the different renewable biocomposite properties and
their applications.

Keywords: renewable materials, composites, properties, applications

1. Introduction

Over several years, fiber-reinforced composites have been attracting great interest because
of their many superior properties and applications. The well-known fact is that the rein-
forcement of fibers in different polymers significantly increases the mechanical properties of
the composites. Generally, aircraft and automobile industries prefer to use synthetic fibers
such as glass and carbon fibers for reinforcement in polymers. In addition, the increasing
performance of composites has been identified by advanced research with two or three poly-
mers/reinforcements or fillers. However, the recycling of these composites is difficult due
to difficulty for separation of their components. On the other side, these composites cause
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severe environment issues during the landfills or burning. Most of these composites are made
from petroleum-based nonrenewable resources [1]. In order to replace the petroleum-based
nonrenewable resource-based composites, the eco-friendly biocomposites need to reduce
environmental impact. Generally, biocomposites are formed with one or more phases of rein-
forcement of natural fibers with organic matrix or biopolymers. These reinforcements (cotton,
hemp, flax, sisal, jute, and kenaf or recycled wood and paper) and biopolymers (natural bio-
polymers such as gelatin, corn zein and soy protein; synthetic biopolymers such as poly(lactic
acid) (PLA), poly(vinyl alcohol) (PVA); and other microbial fermentation such as microbial
polyesters) are renewable and degradable [2, 3]. Meanwhile, in another approach, these
biocomposites are formed from the renewable, recyclable, and sustainable agricultural and
forestry feedstocks but nor food or feed, this can make better change in an environment day-
to-day. Systematically, the utilization of bio-based polymers as a reinforced matrix to form
biocomposites increases more and more. The spectacular effect on developments of biopoly-
mer-based composites, which lead the rapid growth of biocomposites in the market place,
can be seen. In the duration of 2003-2007, globally the average annual growth rate was 38%.
During the same period, the annual growth rate was as high as 48% in Europe. On the other
hand, from 2007 to 2013, the capacity of utilization of these biocomposites was projected from
0.36 to 2.33 million metric ton by 2013 and 3.45 million metric ton in 2020. Indeed, PLA, PHA,
and starch-based plastics were large volumes of production in biocomposites [4]. The U.S.
Department of Energy (DOE) had sponsored to the Technology Road Map for Plant/Crop-
based Renewable Resources 2020. The main intension of this program is to use plant-derived
renewable resources for making 10% of basic chemical building blocks by 2020, and further
this concept should be extended to achieve 50% by 2050. The U.S. agricultural, forestry, life
sciences, and chemical communities have developed a strategic vision for using crops, trees,
and agricultural residues to manufacture industrial products, and have identified major bar-
riers to its implementation [5].

The reinforcement of many agricultural and forestry feedstocks with biopolymers comprises
change in mechanical, thermal, and biodegradable properties of the composites. This chapter
elucidates the properties of renewable biocomposites and their applications.

2. Properties of biocomposites

The most important characteristic feature of selection materials for various applications is
depending on its properties. The properties of materials are often dependent on the isotro-
pic and anisotropic nature of the materials. The properties of materials that relate to differ-
ent physical phenomena often behave linearly (or approximately so) in a given operating
range. Modeling them as linear can significantly simplify the differential constitutive equa-
tions that the property describes. On the other hand, the relevant equations are also used to
determine the material properties. If we know the original length of a material, then we can
determine the gain or loss of its original length by calculating change of the length. Material
properties are most reliably measured by standardized test methods. Many such test methods
have been documented by their respective user communities and published through ASTM
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International [6]. We noted the most important properties of the renewable biocomposites
from several researchers’ investigations that are listed below.

(1) Mechanical properties, (2) thermal properties, (3) optical properties, (4) degradable prop-
erties, and (5) electrical properties.

2.1. Mechanical properties

Most of the plastic materials are used because they have desirable mechanical properties
at an economical cost. For this reason, several polymers were used in numerous applica-
tions. Indeed, several research studies have focused on such materials to gain knowledge on
mechanical behavior of numerous structural factors depending on polymers. Moreover, these
mechanical properties of the materials depend on the applied load. For this reason, most of
the materials can be predictable their service life for future needs. In addition, mechanical
properties were also useful in identification and classification of materials for different appli-
cations. The considerable properties of mechanical tests are tensile strength, modulus, impact
resistance, compression, hardness, and toughness. These properties also depend on the orien-
tation of the reinforcements and atmospheric conditions.

Generally, the properties of biocomposites depend on a matrix, natural filler, and inter-
facing between them. For this reason, the stress transfers between the two components.
The presence of hydroxyl groups in natural fillers exhibits poor interfacial bonding with
the matrix. This result concludes that biocomposites exhibit poor mechanical properties.
This effect could be reduced by introducing a suitable compatibilizing agent. The effect of
different compatibilizing agents on mechanical properties of natural flour filled [bamboo
flour (BF) and wood flour (WF)] with biodegradable polymers [poly(lactic acid) (PLA) and
poly(butylene succinate) (PBS)]. The maleic anhydride (MA) grafted biopolymers signifi-
cantly improved the tensile strength of PBS-BF, PBS-WF, and PLA-BF and PLA-WF com-
posites compared to the untreated biopolymers. This tensile strength can be improved by
25-35 MPa [7].

A novel biodegradable hybrid biocomposite system developed with the reinforcement of
kenaf fiber (KF) and corn husk flour and investigated the role of the aspect ratio of natural
fibers against their tensile properties. Figure 1 shows the influence of the aspect ratio rein-
forcement on mechanical properties before and after passing through the extrusion process.
The difference between theoretical and experimental values of the tensile modulus was not
significant and the aspect ratio determined after extrusion did not influence the predicted
values [8].

The use of petroleum-based polymers in composites creates serious environmental problems;
it is necessary to replace it with green composites. Baek et al. [9] developed the green compos-
ites using coffee ground (CG) and bamboo flour (BF) as a reinforcement to poly(lactic acid)
(PLA) and investigated mechanical, thermal, optical properties. Because of the tensile and
flexural properties, BE/PLA and CG/PLA composites decrease with addition of CG and BF
fillers, but pure PLA showed a tensile strength of 60.1 MPa and the tensile strength of BF/PLA
and CG/PLA composites is decreased from 48 to 27 MPa. The addition of a coupling agent
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Figure 1. Comparisons of the predicted tensile modulus before and after extrusion.

improved the interfacial adhesion between the filler and PLA, and the tensile strength of the
composites increases with increasing 4, 40-methylene diphenyl diisocyanate (MDI), as shown
in Figure 2.

The similar results obtained in flexural strength of these composites. Without the coupling
agent in composites, the flexural strength varies from 98 to 28 MPa, and it is low when com-
pared with pure PLA. With the addition of the coupling agent, the flexural strength might be
increased with the increase of MDI, which is shown in Figure 3 [9].

A similar result was obtained by Kim et al. [10] for cassava and pineapple flour-filled PLA
biocomposites. The tensile and flexural strength of the PLA biocomposites decreased with the
increasing amount of flour. However, a 3% loading of the compatibilizer in the PLA biocom-
posite increased the strength up to that observed with the 10% loading flour [10]. To generate
the sustainable biocomposites, Sukyai et al. [11] developed the biocomposites with the rein-
forcement of kenaf fiber (KF) and bacterial cellulose (BC) using the PLA matrix. In particular,
BC is nanocellulose, which was anticipated to increase the interfacial area and therefore low
volume fractions of additives. That was consequently to attain mechanical property improve-
ment. The elastic modulus of the composites increased concurrently with the increasing KF
content. Remarkably, the incorporation of 1 wt% of BC to 60/39 wt% of PLA/KF significantly
improved the tensile and flexural strength, which indicates that the BC makes good compati-
bility between PLA and KF [11]. The tropical crop residues such as particular starch containing
bioflours were used for producing biocomposites and the feasibility and industrial potential
of using biocomposites were investigated. Polypropylene (PP) and poly(butylene succinate)
(PBS) were compounded with bioflours from pineapple skin (P) and from nondestarched (CS)
and destarched (C) cassava root by twin-screw extrusion. The impact on mechanical prop-
erties observed when the proportion of bioflour was increased to 40% w/w, it reduced the
tensile strength by 26-48% and impact strength by 14-40%. However, the different flexural
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Figure 2. Tensile strength of the green composites with (a) natural fillers (bamboo flour and coffee grounds) and (b) MDI.

strength appeared upon the addition of bioflours; it increased initially but then decreased at
higher loads. This effect was also studied by using a compatibilizer of maleic anhydride poly-
propylene (MAPP), it enhances the flexural strength compared to pure PP, and this resultant
material becomes stronger and less flexible [12]. A similar effect was observed while adding
3-glycidoxypropyltrimethoxysilane (GPS) as a coupling agent in the PLA/kenaf fiber biocom-
posites. The flexural strength and flexural modulus of the composites increased with increas-
ing the content of GPS, while compared with pure PLA. This coupling agent significantly
increases the interfacial strength between resin and fibers [13]. There are many value-added
composite products obtained from the raw materials of biomass and it consist most promising
beneficial resources, for example rice straw, rice husk, and paper sludge are the by-products
and industrial waste and are beneficial resources as raw biomass. Kim et al. [14] investigated
mechanical properties by adding rice straw, rice husk, and paper sludge to wood compos-
ites to replace wood particles for manufacturing green pallets using urea-formaldehyde (UF)
resin. The obtained mechanical properties of the composites showed the decrement, upon
increasing the contents of rice straw and rice husk flours. The presence of wax and silicate
creates less interfacial bonding with UF resin. Moreover, the mechanical properties of wood-
paper sludge composites are similar to wood particles so it was replaced with paper sludge
[14]. Yang et al. [15] studied the effect of compatibilizing agents on rice-husk flour-reinforced
polypropylene (PP) composites. The mechanical properties of these composites were studied
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Figure 3. Flexural strength of the green composites with (a) natural fillers (bamboo flour and coffee grounds) and (b)
MDL

at different filler loadings, temperatures, and crosshead speeds. The obtained results indi-
cated that tensile strength of the composites decreased with increasing filler contents in the
absence of compatibilizing agent, whereas in the presence of compatibilizing agents, these
mechanical properties were significantly increased [15]. Another report showed that the bio-
flour-filled [rice husk flour (RHF), wood flour (WF)] maleic anhydride grafted polypropylene
(MAPP) composites have good mechanical properties compared with pure polypropylene
(PP) composites. The enhancement of mechanical properties was strongly dependent on the
amount of MA graft (%) and the MAPP molecular weight, which is shown in Figure 4 [16].

The most interesting study proved the manufacturing effect on mechanical properties of
lignocellulosic material-filled polypropylene biocomposites. The obtained results of tensile
strength and modulus of the biocomposites significantly improved with a fabricated twin-
screw extruding system compared with a single-screw extruding system [17]. The mechanical
properties of the biodegradable polymers and PBS-WF, PBS-BF biocomposites were analyzed
with increasing hydrolysis time at 50°C and 90% relative humidity (RH). The resultant prop-
erties of these polymers and biocomposites show decrement with the increasing hydrolysis
time, due to the easy hydrolytic degradation of the ester linkage of the biodegradable poly-
mers. However, when the antihydrolysis agent trimethylolpropane triacrylate (TMPTA) was
treated with PBS, tensile strength was significantly increased with the increasing hydrolysis
time as compared to the nontreated PBS. The same results were observed for the PBS-based
biocomposites [18]. The addition of paper sludge to thermoplastic polymer composites sig-
nificantly improved the tensile properties with increasing mixing ratios, and tensile strength
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Figure 4. Tensile strength of RHF- and WF-filled PP composites as a function of different MAPP types. A, Polybond 3150;
B, Polybond 3200; C, G-3003; D, E-43; E, Bondyram 1004.

vary from 230 to 280 MPa. Moreover, tensile modulus improved with the increasing paper
sludge content. On the other hand, flexural properties showed a similar trend as tensile prop-
erties [19]. A similar effect was observed in the tensile strength properties of lignocellulosic
filler-reinforced polyethylene biocomposites [20].

2.2. Thermal properties

Fiber-reinforced polymer composites are often used as structural components that are exposed
to extremely high or low heats. These applications include the following;:

a. Automotive engine components
b. Aerospace and military products
c. Electronic and circuit board components

d. Oil and gas equipment, etc.

In this section, we explore the thermal properties of different natural fiber-reinforced
biocomposites.

Lee et al. [21] studied the polymerization of aniline on bacterial cellulose and characteriza-
tion of bacterial cellulose/polyaniline nanocomposite films. In this study, the thermal stability
of the composites is described by thermogravimetric analysis (TGA). The spectacular effect
indicated that the pure bacterial cellulose has good thermal stability compared with combina-
tion of bacterial cellulose and polyaniline composites. The weight loss occurred in two stages
for composites. First stage was obtained at 200°C, due to the combination result of bacterial
cellulose and the side chain or impurities of polyaniline. The obtained result at this stage indi-
cates the change in macromolecule of cellulose in smaller one. For these reasons, the weight

183



184  Composites from Renewable and Sustainable Materials

reduction pertains at low temperatures. On the other hand, due to thermaloxidative degra-
dation of the main polyaniline chain, it establishes the second stage of weight loss at around
300°C [21]. In most of the automotive, military, aerospace applications, thermal expansion
and coefficient of thermal expansion (CTE) are determined by thermomechanical analysis
(TMA). Kim et al. observed this effect on natural flour-filled biodegradable polymer com-
posites. The TMA method for determining CTE is useful for understanding the dimensional
changes of biocomposite materials as well as the thermal stresses caused by increasing tem-
perature. The effect of porous, inorganic filler treated and nontreated PBS-WF biocomposites
as a function of inorganic filler type reveals that the slight decrement of thermal expansion
and CTE value of PBS-WF hybrid composites was observed with the addition of 3 wt% porous
inorganic filler in the biocomposites. This indicates the prevention of thermal expansion at
high temperature due to the addition of lower thermal expansion porous inorganic fillers in
the biocomposites. A similar effect was also observed in CTE by Kim et al. [22]. Pineapple
skin (P) bioflour, nondestarched, and destarched (C) cassava root bioflours were used for the
preparation of polypropylene (PP) and poly(butylene succinate) (PBS) biocomposites. TGA
analysis reveals that the thermal stability of the composites decreased, as compared with pure
PP and PBS materials, due to the lower degradation temperature of the bioflours (261-351°C).
Differential scanning calorimetry (DSC) analysis indicated that bioflours improved nucle-
ation and crystallinity [12]. The compatibilizing effect was also considered for improving
the interface between the matrix and filler. This can also affect the thermal properties of the
final product. Yang et al. [15] observed the thermal analysis of lignocellulosic material-filled
PP biocomposites. With the increasing filler content, there was no change in glass transition
temperature (T) and melting temperature (T, ) of the biocomposites. This indicates that there
is no interface between the matrix and natural filler. However, there was significant change
found when the compatibilizing agent was introduced between the matrix and natural filler.
The storage modulus of the biocomposite increases with the increasing filler (RHF, WF) con-
tent and it is higher than neat PP [23]. The similar effect was also observed with addition of
the compatibilizing agent, which is shown in Figure 5.

For the fabrication of thermosetting polycardanol biocomposite, the surface was treated with
jute fibers using GPS and 3-aminopropyltriethoxy silane (APS). The fiber treatment with GPS
and APS were improved the interfacial adhesion between jute fibers and polycardanol resin,
compared with untreated jute fiber. This result indicates that the thermal stability and ther-
momechanical stability also improved [24]. The influence of a zeolite type on thermal prop-
erties of natural flour-filled PP composites revealed that the addition of the zeolite content
to the PP-RHF and PP-WF composites had peculiar behavior on thermal stability. With the
increasing content of natural and synthetic zeolite contents, the thermal stability and deg-
radation temperature also increase. In the presence of 3 and 5% of natural and synthetic
zeolite at PP-RHF and PP-WF composites, the thermal stability for 5% mass loss was in the
range of 303-329°C and 322-331°C, respectively. However, the thermal stability and degrada-
tion temperature was not significantly changed with the increasing natural zeolite content.
Interestingly, this property significantly improved in the presence of quartz and the formation
of metal oxides in the pozzolan content on the PP and natural flour surface. These results sug-
gest that the addition of inorganic porous materials to reinforcing fillers enhanced the thermal
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Figure 5. Storage modulus of biocomposites from -80 to 100°C as a function of temperature. (a) RHF filled biocomposite;
(b) WF filled biocomposite.

stability of the hybrid composites [25]. In the same manner, the thermal stability and thermal
expansion study was performed for bioflour-filled PP biocomposites with different pozzolan
contents. With the increasing pozzolan content, at 5% mass loss the thermal stability of the
biocomposite increased. On the other hand, the CTE and thermal expansion of the biocom-
posites decreased with the increasing pozzolan content. There is no significant change in glass
transition temperature (T, ), melting temperature (T, ), and percentage of crystallinity (X) of
the biocomposites. However, the enhancement of interfacial adhesion was observed in maleic
anhydride-grafted PP (MAPP)-treated biocomposites, which showed higher thermal stabil-
ity, thermal expansion, and X_compared with nontreated biocomposites even at 1% pozzolan
content [26]. Another study revealed the effect of the addition of two different compatibil-
izing agents on thermal properties, maleic anhydride (MA)-grafted polypropylene (MAPP)
and MA-grafted polyethylene (MAPE) to bioflour-filled polypropylene (PP) and low-density
polyethylene (LDPE) composites. With the increasing MAPP and MAPE content, the ther-
mal stability, storage modulus (E'), tan 6__ peak temperature (glass transition temperature:
T), crystallinity (X)), and loss modulus (E”, ) peak temperature (3 relaxation) were slightly
increased except melting temperature (T ). The improvement in these properties encountered
due to good interfacial adhesion between the bioflour and PP matrix in the presence of com-
patibilizing agent treatment [27]. It is well-known fact that the composite systems must have
good thermal stability and thermal expansion properties, which affect the quality of the final
products. For example, during the summer, dashboard is affected by the high temperature
inside vehicle. On the other hand, the thermal stability of these composite systems is very
important because these materials must withstand against heat during the fire. To study this
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effect, Yang et al. [15] studied the effect of lignocellulosic filler on thermoplastic polyester
polymer biocomposites. In TGA study, the thermal stability slightly decreased and the ash
content increased with increasing the filler loading. This result revealed that there is no inter-
facing between the filler and matrix. To improve the interface adhesion, a suitable compatibil-
izer was used for improving the thermal properties. In TMA analysis, the thermal analysis,
the thermal expansion of the composites was found to decrease with increasing the filler and
incorporating compatibilizing agent. This result elucidates that the thermal expansion of the
composite materials was prevented by using the lignocellulosic filler under different atmo-
spheric conditions. These results are shown in Figures 6 and 7 [28].

Another study on thermal properties of rice husk flour (RHF)-filled polypropylene (PP) and
high-density polyethylene (HDPE) composites revealed that the thermal stability of PP and
HDPE was higher than RHF. Moreover, with the increasing RHF content, the thermal stability
decreases and the ash content increases. On the other hand, the activation energy of the RHF-
filled PP composites increased slowly in the initial stage and thereafter remained almost con-
stant, whereas that of the RHF-filled HDPE composites decreased between 30 and 40 mass%
of RHF contents. This is due to the interfacial adhesion and dispersion of RHF in the PP and
HDPE matrix [29].

2.3. Biodegradation properties

In this modern society, petroleum-based synthetic polymers are widely used for many appli-
cations, such as polyolefin in packaging, bottle, and molding products. Globally, the annual
disposal of petrochemical plastics reached nearly 150 million tons, which creates serious envi-
ronment problems, especially with the continuously increasing production and consumption

§0a1 1
H'“'-
;ﬂ HI - -
8
ﬂ | f
= w0 |
| Peee LIIPE
m_f RHF 107 ' ]
. RHF 2% e ——
- q
LR RIEF 4P .
b 200 4 600 S0

Tempernture™C

Figure 6. TG curves of RHF-filled LDPE composites at a heating rate of 40°C min™ in an N, atmosphere.
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Figure 7. Thermal expansion of the RHF-PP and WF-PP composites: (a) RHF-PP composites, (b) WE-PP composites.

of these materials. Moreover, these plastic wastes capable of resistance of microbial attack,
this caused undesired pollutant in soil, rivers and marine. Nowadays eco-friendly biodegrad-
able polymers receive great attention in order to replace the consumption of petroleum-based
plastic materials. These biodegradable polymer materials have potential to complete degra-
dation into natural ecosystems such as active sludge, natural soil, lake, and marine. On the
other hand, these eco-friendly polymers are capable chemical transformation by the action of
biological enzymes or microorganisms. Several researchers are reported that the biodegrad-
ability of the biocomposites was most important factor for many composites.

Kim et al. [30] investigated the biodegradability of PBS and bioflour, which is a poly(butylene
succinate) (PBS) biocomposite filled with rice-husk flour (RHF) reinforcing in natural and
aerobic compost soil. This result indicated the percentage of weight loss of HDPE, PBS, and
biocomposites, which is shown in Figure 8. The percentage weight loss of biocomposites
decreased rapidly with increasing the RHF content. This indicates that the cellulosic materials
were easily attacked by microorganisms and enhanced by the degradation capability of the
composites compared with PBS and HDPE matrix. On the other hand, the significant com-
parison identified the percentage weight loss of the biocomposites in a natural and compost
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Figure 9. Comparison of the percentage weight loss of PBS and biocomposites at 40 wt% filler loading in natural and
compost soil.

soil environment with 40 wt% filler loading. Herein, the faster degradation rate was identified
in a compost soil burial test compared with a natural soil burial test over 80 days. Due to the
composting environment in the chamber, the enhanced biodegradation rate of biocomposites
is shown in Figure 9 [30].

A similar study investigated the biodegradability of agro-filled PBS biocomposites and
their weight loss percentage. Biodegradation generally caused by microorganisms involves
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hydrolytic depolymerization of cellulose materials to lower molecular weight compounds,
yielding monomeric glucose units. In addition, major deterioration of cellulose and wood-
based lignocellulosic materials is caused by microorganisms. Figure 10 shows the effect of
filler particle size on weight loss of the agro-flour-filled PBS biocomposites at 40 wt% filler
loading. The significant effect of size variation of filler particle size on weight loss can be
seen. Generally, the smaller particle size possesses a higher surface area that makes better
contact with the PBS matrix, this indeed the weight loss of the larger particle size (80-100
mesh) filled-PBS biocomposites was slightly greater than that of the smaller particle size (200
mesh) filled PBS biocomposites.

Iovino et al. [31] investigated the biodegradation of poly(lactic acid)/starch/coir biocomposites
under controlled composting conditions. The composite formed by reinforced thermoplastic
starch (TPS) and short natural fiber (coir) with poly(lactic acid) (PLA), with and without the
incorporation of maleic anhydride (MA) as a coupling agent. The biodegradation test was
carried on materials of TPS and matrix (containing 75% of PLA and 25% of TPS). The result
of the incubation period reveals that the TPS matrix showed a higher level of biodegradation
(higher amounts of evolved CO,) than PLA, this might be arise due to attack of microorgan-
isms on TPS. The fibers seemed to play a secondary role in the process as confirmed by the
slight differences in carbon dioxide produced. The compatibilized composite revealed a lower
percentage of evolved CO, than the uncompatibilized one [31]. Similarly, the degradation of
sago-starch-filled linear low-density polyethylene (LLDPE) composites under a soil burial
test was observed the presence of holes on samples due to microbial activity. Moreover, the
loss in properties (tensile strength, elongation at break and weight loss) of the composites
was identified. After 12 months of soil burial, the tensile strength and elongation at break
of the composites decreased. Weight loss of the composites changed from 0.6% during the
first month to 2% in the 12 month [32]. Pradhan et al. [33] studied the compostability and
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Figure 10. Comparison of the percentage weight loss of agro-flour-filled PBS biocomposites in natural soil at 40 wt%
filler loading.
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biodegradability of PLA-wheat straw and PLA-soy straw-based green composites. The result
of this study elucidates that under aerobic composting the soy and wheat straw degraded
rapidly over 70% within 45 days. The similar result obtained in the process of composites
degradation irrespective of the biomass used, this rate of degradation was higher than that
of pure PLA. Indeed, the faster rate degradation in composites may be due to the presence
of degradable natural biomass in composites and due to reduced average molecular weight
of PLA [33]. Lu et al. observed the biodegradation behavior of PLA/distiller’s dried grains
with soluble (DDGS) composites. These materials consist of bio-based and strong potential
for industrial applications. The composites were made by adding 20% DDGS to the 80% of
PLA and biodegradation experiments were conducted in soil under landscape conditions.
The result of this experiment shows that during 24 weeks of degradation time the weight loss
of the composites was 10.5%, while the weight loss of pure PLA was only 0.1% during the
same time interval. With increasing the degradation time, the surface cracks and voids caused
by erosion and loss of polymer chain length were clearly observed as shown in Figure 11 [34].

The untreated and treated with acetic anhydride-treated (AA-) abaca fibers were reinforced
with aliphatic polyesters (poly (e-caprolactone) (PCL), poly (3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHBV), PBS, and PLA). The biodegradability of obtained composites was
studied by the soil-burial test. The result of the test reveals that the presence of abaca fiber or
AA-abaca did not show any effect of weight loss on PCL composites, because PCL itself has a
relatively high biodegradability. However, the addition of abaca fibers was shown to acceler-
ate the weight loss of PBS and PHBV composites. Moreover, no weight loss was observed in
pure PLA and PLA/AA-abaca composites, but PLA/untreated abaca composites showed 10%
weight loss after 60 days due to degradation of fiber by microbial activity [35]. Yussuf et al.
[36] investigated the biodegradability difference between PLA/kenaf fibers (KF) and PLA/rice
husk flour (RHF) composites by natural soil burial test. The result of this test elucidates that the
biodegradability of these composites slightly increased and reached 1.2 and 0.8% for PLA-KF
and PLA-RHF, respectively, for a period of 90 days. Moreover, this percentage change in
biodegradability of composites is higher as compared to pure PLA, because microorganisms
are easily attacked in the presence of natural fibers [36]. Another study emphasized the effect
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Figure 11. SEM micrographs of PLA/DDGS 80/20 composites after 0, 8, 16, and 24 weeks. Biodegradation time
dependence of weight loss of pure PLA and PLA/DDGS (80/20) composites in soil medium [34].
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of starch on biodegradability of PLA and poly (hydroxyester-ether) (PHEE) composite bars
in soil for 1 year. Due to the fast attack of microorganisms on starch, the rates of weight loss
increased in the order pure PLA (~0%/year) < starch/PLA (0-15%/year) < starch/PHEE/ PLA
(4-50%/year) and increased with increasing starch and PHEE contents [37]. Alimuzzaman et
al. [38] studied the biodegradability of nonwoven flax fiber-reinforced PLA biocomposites
under soil burial test during 120 days. The obtained result of the test emphasized that the
percentage of weight loss of the PLA, flax fibers, and biocomposites increases with increasing
the soil burial time for all samples. The weight loss of PLA and flax fibers after 120 days is
found to be 3.08 and 91.41%, respectively. This indicates that the flax fibers show more biode-
gradability than PLA. The similar result obtained in composites due to presence of flax fibers.
Moreover, the weight loss also increases with increasing the content of flax fibers to the pure
PLA. During the soil burial test, the presence of various microorganisms and water in the soil
can attack flax composites easily. This induces the fiber degradation and resulted degradation
of composites [38].

3. Applications of renewable biocomposites

Biocomposites materials, which were formed by a matrix (resin) with the reinforcement of nat-
ural fibers such as wood fibers (soft wood, hard wood, newspaper, and magazine fibers) and
nonwood fibers (kenaf, flax, jute, hemp, coir, cotton, sisal, and pineapple). These composite
materials exhibit ultimate mechanical, thermal, and biodegradable properties. Because of the
presence of these superior properties, the composite materials have significant applications
in various fields such as automobile, military, aerospace, naval, construction, and packaging.

3.1. Automobile applications

The usage of the biocomposite makes the car lighter, renders greater resistance to heat,
external impact, and improves fuel capacity. This leads further to manufacture mid-end and
low-end cars as well. The pioneering research on composites and large mass production tech-
niques forced to decline the prices and increase demand for various applications including
the automotive sector [39].

Akampumuza et al. [2] reviewed the application of biocomposites in the automotive industry.
In this review, they identified future significance of biocomposites in the automotive industry
through bioconcept cars. Though these seldom make it to the market, they are useful to give
an idea to the industry on the possibilities of particular materials and designs. In 2001, Toyota
Motor Corporation brought eco-friendly model an ES3 concept car made with polyester rein-
forced with hemp fibers composite parts such as carpets, lightweight seats, body panels, and
other interior parts exhibited to give awareness of this cleaner manufacturing process. With
this inspiration and response in 2003, they bring another model Toyota Raum, which had
its interior parts made by using hemp fibers and its springboard was made from potato-
derived PLA reinforced with sugarcane bagasse. In 2008, at British Motor Show in London,
U.K.-based Lotus car displayed lotus Eco Elise green technology with aimed at making the
use of eco-friendly materials and a cleaner manufacturing process in accordance to achieve
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weight and carbon miles reduction with the features of components made from bioplastic
and biofibers such as sweet potatoes and sugarcane. Renault has been developing a series of
bioconcept cars for the racetrack with the first generation introduced in 2006. Volkswagen
Scirocco a bioconcept car was configured as a racing car. Several parts of the car body such
as the rear hatch, the driver’s door, and the front lid have been produced by eco-friendly
materials by compression molding. In March 2014, at 84th Geneva International Motor Show,
UPM Company displayed biofore concept car with the collaborated Helsinki University of
Applied Sciences. The improved manufacturing methods and brilliant technology drive the
car’s weight reduction by more than 15%. The researchers believed that the biofore car would
be the role model for the advance development in manufacturing and technology of actual car
making [2]. Four Motors GmbH of Reutlingen, Germany, was presented with the composites
in the third generation of bioconcept cars in 2015, which has an extremely efficient TDI engine
and travels with a novel, low-pollutant biodiesel based on rapeseed oil. The lightweight body
is made from a reinforced natural fiber thermoset, and other components in the interior and
the engine compartments are made from bio-based plastics [40].

3.2. Marine applications

Several researchers discovered that the biocomposites have potential marine applications
due to their good mechanical properties and biodegradability. Due to these properties, the
biocomposites become an alternative to the synthetic fiber-reinforced composites. Le et al.
[41] conducted the experiment on seawater aging of flax/PLA biocomposites. The obtained
result of this experiment describes that under seawater aging mechanism the absorption of
water determined the degradation of hydrolysis of the matrix, structural change, degrada-
tion of the fiber/matrix interface, different swelling at composite interfaces and the degrada-
tion of fibers reduced the mechanical properties of the composites. However, the matrix and
fiber cracks also appear at longer periods. This accomplishes that a special care is needed to
integrate marine structures due to biodegradable nature of biocomposites. Indeed, with the
eco-friendly impact of usage recyclable materials, now the extensive research is continuing
in this area for optimizing lifetime, degradation control, and inherent losses of properties
[41]. In the similar study, for the innovation in sailing yacht design must include the current
environmental concerns such as depletion and waste management. This leads to incorporate
natural fibers into the matrix to form eco-friendly composite materials for possible usage in
marine applications. Moreover, they offer high specific stiffness and low environment foot-
print. The aging mechanism of flax/PLA biocomposites was observed under natural seawater
for the period of 2 years. This study elucidates that biocomposites suffer from relatively high
moisture absorption, which is controlled by the vegetal fibers [42]. There is necessity to con-
trol aging of biocomposites in a seawater environment of both natural fiber and matrix. The
extra coating layer of the similar biopolymer on biocomposite may enhance the reduction of
weight gain by the interface of the fiber and matrix. The mechanical and thermal properties
of the biocomposites after immersion show that the protective layers reduce hydrolysis of the
matrix, retain the composite properties, and enhance their durability [43]. DuPont™ specially
made marine composite with Kevlar, which is useful to provide an ideal balance of strength,
stiffness, and lightweight properties for many marine applications. This enhances the higher
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speeds in patrol and service boats that can be achieved by increasing engine power. These
composites made with Kevlar be lighter yet tougher, damage tolerant and perform better
under hydrodynamic fatigue loading [44]. Davies [45] studied the environmental degrada-
tion of composites for marine structures and reported that the use of composites in highly
loaded marine components, such as tidal turbine blades or composite propellers, is increasing
and requires a detailed understanding of coupling between stress and seawater. A very few
experimental data available rather than the theoretical framework, and the time being pro-
cess for conducting couple of experiments and require specific test equipment. This is an area
where further work is urgently required [45].

4. Conclusions

We conclude that renewable biocomposites play a vital role in manufacturing many of the
interior and exterior part of automobile, marine, sound absorbing wooden construction mate-
rials, and consumer applications. Indeed, several researchers reported that the reinforcement
of natural fibers with biopolymers shows good mechanical, thermal, and biodegradable prop-
erties. Moreover, the enhancement of these properties was found with the incorporation of a
compatibilizing agent. Nevertheless, the renewable biocomposites made from bacteria cellu-
lose, rice straw, rice husk, natural fiber, lignocellulose, cellulose, and paper sludge renewable
resources possess many beneficial properties compared to other inorganic fillers. The biocom-
posites are best alternatives and eco-friendly compared with petroleum-based composites.

Author details

Thimmapuram Ranjeth Kumar Reddy, Hyun-Joong Kim* and Ji-Won Park
*Address all correspondence to: hjokim@snu.ac.kr

Laboratory of Adhesion & Bio-Composites, Program in Environmental Materials Science,
College of Agriculture and Life Sciences, Seoul National University, Seoul, Republic of Korea

References

[1] Ramamoorthy SK, Skrifvars M, Persson A. A review of natural fibers used in biocom-
posites: plant, animal and regenerated cellulose fibers. Polymer Reviews. 2015 Jan
2;55(1):107-62. DOLI: 10.1080/15583724.2014.971124

[2] Akampumuza O, Wambua P, Ahmed A, Li W, Qin X. Review of the applications of bio-
composites in the automotive industry. Polymer Composites. 2016 Feb 1. DOI 10.1002/
pc.23847

[3] Misra M, Nagarajan V, Reddy ], Mohanty AK. Bioplastics and green composites
from renewable resources: where we are and future directions. 18" International

193



194  Composites from Renewable and Sustainable Materials

6]
[7]

8]

[10]

[11]

(12]

[13]

(14]

[15]

[16]

Conference on Composite Materials, The Korean Society of Composite Materials,
Korea. 21-26 Aug 2011.

Faruk O, Bledzki AK, Fink HP, Sain M. Biocomposites reinforced with natural fibers:
2000-2010. Progress in Polymer Science. 2012 Nov 30;37(11):1552-96.

Mohanty AK, Misra M, Drzal LT. Sustainable bio-composites from renewable resources:
opportunities and challenges in the green materials world. Journal of Polymers and the
Environment. 2002 Apr 1;10(1-2):19-26.

https://en.wikipedia.org/wiki/List_of_materials_properties

Kim HS, Lee BH, Lee S, Kim HJ, Dorgan JR. Enhanced interfacial adhesion, mechanical,
and thermal properties of natural flour-filled biodegradable polymer bio-composites.
Journal of Thermal Analysis and Calorimetry. 2010 Nov 11;104(1):331-8.

Kwon HJ, Sunthornvarabhas J, Park JW, Lee JH, Kim HJ, Piyachomkwan K, Sriroth
K, Cho D. Tensile properties of kenaf fiber and corn husk flour reinforced poly(lactic
acid) hybrid bio-composites: role of aspect ratio of natural fibers. Composites Part B:
Engineering. 2014 Jan 31;56:232-7.

Baek BS, Park JW, Lee BH, Kim HJ. Development and application of green composites:
using coffee ground and bamboo flour. Journal of Polymers and the Environment. 2013
Sep 1;21(3):702-9.

Kim KW, Lee BH, Kim HJ, Sriroth K, Dorgan JR. Thermal and mechanical properties of
cassava and pineapple flours-filled PLA bio-composites. Journal of thermal analysis and
calorimetry. 2011 Feb 13;108(3):1131-9.

P. Sukyai, K. R. Sriroth, B. H. Lee, J. K. Hyun, “The Effect of Bacterial Cellulose on the
Mechanical and Thermal Expansion Properties of Kenaf/Polylactic Acid Composites”,
Applied Mechanics and Materials, Vols. 117-119, pp. 1343-1351, 2012.

Tran T, Lee BH, Yang HS, Chotineeranat S, Sriroth K, Kim HJ. Use of starch granules
melting to control the properties of bio-flour filled polypropylene and poly(butylene
succinate) composites: mechanical properties. Starch-Starke. 2011 Oct 1;63(10):637—48.

Lee BH, Kim HS, Lee S, Kim HJ, Dorgan JR. Bio-composites of kenaf fibers in polylactide:
role of improved interfacial adhesion in the carding process. Composites Science and
Technology. 2009 Dec 31;69(15):2573-9.

Kim S, Kim HJ, Park JC. Application of recycled paper sludge and biomass materials in
manufacture of green composite pallet. Resources, Conservation and Recycling. 2009
Oct 31;53(12):674-9.

Yang HS, Kim HJ, Park HJ, Lee B], Hwang TS. Effect of compatibilizing agents on
rice-husk flour reinforced polypropylene composites. Composite Structures. 2007 Jan
31;77(1):45-55.

Kim HS, Lee BH, Choi SW, Kim S, Kim H]J. The effect of types of maleic anhydride-
grafted polypropylene (MAPP) on the interfacial adhesion properties of bio-flour-filled



[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Renewable Biocomposite Properties and their Applications
http://dx.doi.org/10.5772/108445

polypropylene composites. Composites Part A: Applied Science and Manufacturing.
2007 Jun 30;38(6):1473-82.

Yang HS, Wolcott MP, Kim HS, Kim S, Kim H]J. Properties of lignocellulosic material
filled polypropylene bio-composites made with different manufacturing processes.
Polymer Testing. 2006 Aug 31;25(5):668-76.

Yang HS, Wolcott MP, Kim HS, Kim S, Kim H]J. Effect of different compatibilizing agents
on the mechanical properties of lignocellulosic material filled polyethylene bio-compos-
ites. Composite Structures. 2007 Jul 31;79(3):369-75.

Son], Yang HS, Kim HJ. Physico-mechanical properties of paper sludge-thermoplastic poly-
mer composites. Journal of Thermoplastic Composite Materials. 2004 Nov 1;17(6):509-22.

Kim HS, Kim HJ. Enhanced hydrolysis resistance of biodegradable polymers and bio-
composites. Polymer Degradation and Stability. 2008 Aug 31;93(8):1544-53.

Lee BH, Kim HJ, Yang HS. Polymerization of aniline on bacterial cellulose and character-
ization of bacterial cellulose/polyaniline nanocomposite films. Current Applied Physics.
2012 Jan 31;12(1):75-80.

Kim HS, Lee BH, Kim H]J, Yang HS. Mechanical-thermal properties and VOC emis-
sions of natural-flour-filled biodegradable polymer hybrid bio-composites. Journal of
Polymers and the Environment. 2011 Sep 1;19(3):628-36.

Yang HS, Gardner DJ, Kim HJ. Viscoelastic and thermal analysis of lignocellulosic mate-
rial filled polypropylene bio-composites. Journal of thermal analysis and calorimetry.
2009 Nov 1;98(2):553-8.

Zhou Q, Cho D, Song BK, Kim H]J. Novel jute/polycardanol biocomposites: effect of fiber
surface treatment on their properties. Composite Interfaces. 2009 Jan 1;16(7-9):781-95.

Kim HS, Kim H]J. Influence of the zeolite type on the mechanical-thermal properties and
volatile organic compound emissions of natural-flour-filled polypropylene hybrid com-
posites. Journal of Applied Polymer Science. 2008 Dec 5;110(5):3247-55.

Kim HS, Choi SW, Lee BH, Kim S, Kim HJ, Cho CW, Cho D. Thermal properties of bio
flour-filled polypropylene bio-composites with different pozzolan contents. Journal of
Thermal Analysis and Calorimetry. 2007 Sep 1,89(3):821-7.

Kim HS, Kim S, Kim H]J, Yang HS. Thermal properties of bio-flour-filled polyolefin com-
posites with different compatibilizing agent type and content. Thermochimica Acta.
2006 Dec 1;451(1):181-8.

Yang HS, Wolcott MP, Kim HS, Kim HJ. Thermal properties of lignocellulosic filler-
thermoplastic polymer bio-composites. Journal of Thermal Analysis and Calorimetry.
2005 Sep 1;82(1):157-60.

Kim HS, Yang HS, Kim HJ, Park HJ. Thermogravimetric analysis of rice husk flour filled
thermoplastic polymer composites. Journal of Thermal Analysis and Calorimetry. 2004
May 1,76(2):395-404.

195



196 Composites from Renewable and Sustainable Materials

[30]

[31]

[32]

[33]

[34]

[35]

(36]

[37]

[38]

[39]

[40]
[41]

[42]

Kim HS, Kim HJ, Lee JW, Choi IG. Biodegradability of bio-flour filled biodegrad-
able poly(butylene succinate) bio-composites in natural and compost soil. Polymer
Degradation and Stability. 2006 May 31;91(5):1117-27.

Iovino R, Zullo R, Rao MA, Cassar L, Gianfreda L. Biodegradation of poly (lactic
acid)/starch/coir biocomposites under controlled composting conditions. Polymer
Degradation and Stability. 2008 Jan 31;93(1):147-57.

Danjaji ID, Nawang R, Ishiaku US, Ismail H, Ishak ZM. Degradation studies and mois-
ture uptake of sago-starch-filled linear low-density polyethylene composites. Polymer
Testing. 2002 Dec 31;21(1):75-81.

Pradhan R, Misra M, Erickson L, Mohanty A. Compostability and biodegradation study
of PLA-wheat straw and PLA-soy straw based green composites in simulated compost-
ing bioreactor. Bioresource Technology. 2010 Nov 30;101(21):8489-91.

Lu H, Madbouly SA, Schrader JA, Srinivasan G, McCabe KG, Grewell D, Kessler MR,
Graves WR. Biodegradation behavior of poly(lactic acid)(PLA)/distiller's dried grains
with solubles (DDGS) composites. ACS Sustainable Chemistry & Engineering. 2014 Oct
23;2(12):2699-706.

Teramoto N, Urata K, Ozawa K, Shibata M. Biodegradation of aliphatic polyester
composites reinforced by abaca fiber. Polymer Degradation and Stability. 2004 Dec
31;86(3):401-9.

Yussuf AA, Massoumi I, Hassan A. Comparison of polylactic acid/kenaf and polylactic
acid/rise husk composites: the influence of the natural fibers on the mechanical, thermal
and biodegradability properties. Journal of Polymers and the Environment. 2010 Sep
1,18(3):422-9.

Shogren RL, Doane WM, Garlotta D, Lawton JW, Willett JL. Biodegradation of starch/
polylactic acid/poly (hydroxyester-ether) composite bars in soil. Polymer Degradation
and Stability. 2003 Mar 31,79(3):405-11.

Alimuzzaman S, Gong RH, Akonda M. Biodegradability of nonwoven flax fiber rein-
forced polylactic acid biocomposites. Polymer Composites. 2014 Nov 1;35(11):2094-102.

http://www.marketsandmarkets.com/Market-Reports/automotive-composite-mar-
ket-10869121.html

http://www.fourmotors.com/2_bioconcept-cars/0_scirocco/

Le Duigou A, Davies P, Baley C. Seawater ageing of flax/poly(lactic acid) biocomposites.
Polymer Degradation and Stability. 2009 Jul 31;94(7):1151-62.

Le Duigou A, Bourmaud A, Davies P, Baley C. Long term immersion in natural seawater
of Flax/PLA biocomposite. Ocean Engineering. 2014 Nov 1;90:140-8.



[43]

[44]

[45]

Renewable Biocomposite Properties and their Applications
http://dx.doi.org/10.5772/108445

Le Duigou A, Deux JM, Davies P, Baley C. Protection of flax/PLLA biocomposites from
seawater ageing by external layers of PLLA. International Journal of Polymer Science.
2011 Sep 21;2011:140-148.

http://www.dupont.com/products-and-services/fabrics-fibers-nonwovens/fibers/uses-
and-applications/composites.html

Davies P. Environmental degradation of composites for marine structures: new materi-
als and new applications. Philosophical Transactions of the Royal Society A. 2016 Jul
13;374(2071):20150272.

197






Chapter 11

Epoxy Composites Using Wood Pulp Components as

Fillers

Douglas M. Fox, Noy Kaufman, Jeremiah Woodcock,
Chelsea S. Davis, Jeffrey W. Gilman, John R. Shields,
Rick D. Davis, Szabolcs Matko and

Mauro Zammarano

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65261

Abstract

The components of wood, especially lignin and cellulose, have great potential for
improving the properties of polymer composites. In this chapter, we discuss some of
the latest developments from our lab on incorporating wood-based materials into epoxy
composites. Lignosulfonate was used as a flame retardant and cellulose nanocrystals
were used as reinforcing materials. Lignosulfonate will disperse well in epoxy, but phase
separates during curing. An epoxidation reaction was developed to immobilize the
lignosulfonate during curing. The lignosulfonate—epoxy composites were characterized
using microcombustion and cone calorimetry tests. Cellulose also has poor interfacial
adhesion to hydrophobic polymer matrices. Cellulose fibers and nanocrystals aggregate
when placed in epoxy resin, resulting in very poor dispersion. The cellulose nanocrystal
surface was modified with phenyl containing materials to disrupt cellulose interchain
hydrogen bonding and improve dispersion in the epoxy resin. The cellulose nanocrystal
—epoxy composites were characterized for mechanical strength using tensile tests, water
barrier properties using standardized water absorption, glass transition temperatures
using differential calorimetry, and aggregation and dispersion using microscopic
techniques.
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1. Introduction

Wood is comprised of three of the most abundant natural polymers on earth: cellulose, lignin,
and hemicellulose. Wood fibers and extracted cellulose fibers have good structural character-
istics, and their use in polymers as an inexpensive filler for strength and stiffness improvements
is well documented [1-5]. Lignin can also be used as a reinforcing filler, though its irregular
structure and natural composition variability canlead to reduced toughness, while the phenolic
moieties can promote heat instability [6-9]. Nevertheless, there are benefits, such as sustaina-
bility, costreduction, and improved stiffness, to incorporating wood-based fibers into polymers.

Fiber composites can be prepared using either thermoplastics or thermosets. Thermoplastics
have higher impact strength, are recyclable, and can be molded into a variety of shapes, while
thermosets are typically stronger, easier to process, and less expensive. Most fiber-reinforced
plastics in use today are thermosets. One of the most versatile and widely used thermosets is
bisphenol-A-based epoxy systems [10, 11]. These polymers suffer from poor impact strength
and are typically reinforced with glass, polymer, or carbon fibers.

Lignin has been used to increase stiffness and toughness in thermoset composites [7, 9, 12].
The addition of lignin was found to toughen neat epoxy [12] and hemp-reinforced epoxy
composites [13]. And, lignin was found to increase the flexural strength in flax-epoxy compo-
sites [14]. Lignin has also been used as a condensed phase flame retardant. Initially, it was used
as an additive to other flame retardants to reduce the flammability of polypropylene [15-17]
and polylactic acid [18, 19]. More recently, lignin has been modified with phosphorous to
enhance its flame retardancy, then blended with epoxy [20, 21], polybutylene succinate [22],
poly(acrylonitrile-butadiene-styrene) [23], and wood plastic composites [24]. And, lignosul-
fonate has been used unmodified to reduce the flammability of epoxy composites [25]. More
often, however, lignin is used as a raw material for the preparation of polymers. Due to the
phenolic structure of lignin, it is most often used as a prepolymer for epoxy composites.
Typically, the lignin is depolymerized, then epoxidated with epichlorohydrin to produce
polyglycidyl phenolic monomers and oligomers [11, 26, 27]. In some cases, it has been aminated
to act as a hardener in epoxy composites [28-30]. Recently, lignin has been fractionated using
ethanol, then epoxidated using epichlorohydrin in the presence of a phase transfer salt, such
as tetramethylammonium hydroxide [31, 32]. This isolates the lower molecular weight lignin
to produce a liquid epoxy and minimize segregation between the lignin and the epoxy
composite. The use of the phase transfer salt does add toxicity to the process and requires an
additional liquid-liquid extraction step to remove it.

The main component of plant fiber that adds strength and stiffness is cellulose, making it a
good reinforcement agent for polymer nanocomposites. Recently, cellulose nanocrystals,
which are the short, highly crystalline regions in a cellulose fiber, have been identified as good
candidates to add reinforcement while simultaneously reducing the weight and increasing the
sustainability of the reinforced composite [5, 33-35]. Unfortunately, cellulose is hydrophilic
while most polymers are hydrophobic, leading to poor adhesion and water absorption
problems when blending the two. In addition, when the cellulose nanocrystals are dried they
aggregate, and it is extremely difficult to reseparate these aggregates [36, 37].
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There have been a variety of approaches to overcome this obstacle. In most studies, a covalently
bonded coupling agent is used to improve the adhesion between the crystal and the polymer.
Another approach for is to use solvent exchange and solvent casting or thermosetting with the
aid of a solvent. In a two-component thermoset, each component can have significantly
different chemistries and surface energies, creating opportunities to use processing techniques
to improve dispersion of less compatible fillers. One of the most commonly studied epoxy
composites are based on diglycidyl ether of bisphenol A epoxy resin and aliphatic diamines.
Polyether diamines are typically used to improve flexibility, toughness, and color fastness of
the composite. These diamines are significantly more hydrophilic than the epoxy resin or the
final epoxy composite, and will have better adhesion with cellulose. Tang and Weder [38]
prepared cellulose nanocrystal-epoxy composites by solvent exchange into dimethylforma-
mide and Peng et al. [39] used acetone to create a nanocrystal gel network prior to adding a
hydrophilic curing agent, followed by an epoxy resin. These approaches all suffer from
laborious and high-energy processing steps. Further, the solvent is difficult to remove, can lead
to the loss of desirable composite properties, and add an environmental burden to the process.
And, Emami et al. [40] used a polypropylene oxide-polyethylene oxide block copolymer as a
surfactant. Although dispersion was improved, there was a loss in tensile strength and
elongation by adding the surfactant. We have recently developed a simple, scalable, ion-
exchange method to alter the surface energy of cellulose nanocrystals while retaining much of
the cellulose surface intact [41].

In this study, we modified wood components using simple procedures to improve their
dispersioninepoxy matrices. Lignosulfonate was used asa flame retardantin epoxy composites.
The lignosulfonate was epoxidized using epichlorohydrin and sodium hydroxide, then
fractionated by extraction in ethanol to minimize migration in the epoxy during curing. The
flammability was examined using microcombustion and cone calorimeters and the glass
transition temperature was measured using differential scanning calorimetry (DSC). We also
prepared cellulose nanocrystal-epoxy composites. A novel ion exchange method was used to
eliminate the need for a reaction solvent, reduce the aggregation of the nanocrystals, and
improve dispersion throughout the epoxy matrix. The glass transition temperatures were
measured using DSC and the dispersion was visualized using confocal fluorescent microscopy.

2. Materials and methods'

All the chemicals were used as-received unless otherwise indicated. A sulfonated ethoxylated
kraft lignin (REAX825E) was provided by MeadWestvaco Corporation (Richmond, VA). Two
forms of cellulose nanocrystals were obtained from the University of Maine: (a) an aqueous
solution prepared using sulfuric acid, neutralized to the sodium form, and containing 0.95 %
mass fraction sulfur on a dry basis and (b) freeze-dried powder, freeze-dried from an aqueous

! The policy of NIST is to use metric units of measurement in all its publications, and to provide statements of uncertainty
for all original measurements. In this document however, data from organizations outside NIST are shown, which may
include measurements in non-metric units or measurements without uncertainty statements.
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solution containing a 9 % mass fraction t-butanol. Ammonium polyphosphate (APP, Clariant
EXOLIT AP422, (NH,PO;)(.) was used as control filler. Ammonium tartrate (AT, Aldrich) and
melamine (ML, Melamine 003 fine, DSM) were used as blowing agents. An epoxy monomer
(DER331, Dow Plastics) was cross-linked with a diamine-terminated polypropylene glycol
(JA230, Jeffamine D230, Huntsman Corp.). Alkali lignin, Dowex 50 W-X2 (50-100 mesh, H* form)
cation exchange resin and Rhodamine 6G (Rh, 95 %) were obtained from Sigma Aldrich.
Methyltriphenylphosphonium bromide (MePh;PBr, 98 + %) was supplied by Alfa Aesar.

Lignin sulfonate (Reax 825E, 20.6 g) was dispersed in 400 mL of 15 % mass fraction sodium
hydroxide solution and stirred for 3 h. After stirring, the solution was filtered using vacuum
filtration and a glass fiber filter to remove any undissolved lignin, yielding a dark red solution.
The lignin solution was then heated to 50 °C and epichlorohydrin was added (60 g, 0.63 mol).
The reaction was stirred for 4 h and then brought to room temperature. The reaction solution
was again filtered to remove any precipitates. The majority of water and unreacted epichlor-
ohydrin was removed under high vacuum. The glycidyl lignin sulfonate was extracted from
the resulting opaque solid using ethanol (200 proof). The excess sodium hydroxide was
removed through repetitive washings of the lignin sulfonate with 50/50 ethanol/isopropanol
(volume fraction). Excess ethanol was removed under vacuum at 50 °C. The product was
isolated as a viscous red oil (30.8 g). Epoxide content (275 g/equiv) was determined by titration
with 0.1 N HBr in acetic acid using a crystal violet endpoint. Cellulose nanocrystals were
exchanged using the process described previously [41]. The epoxy composites were prepared
by in the following manner. For most composites, fillers were added to either the epoxy resin
or amine curing agent using a high shear mixer (FlackTek Inc. SpeedMixer) for 10 min at 260
rad/s (2500 rpm). The other epoxy composite component was added in stoichiometric amounts
and mixed again in a high shear mixer for 10 min at 2500 rpm. For some of the composites,
fillers were added using a mechanical stirrer and final mixtures were placed in a sonication
bath for 30 min. For all composites, the mixture was degassed for 5 min under vacuum and
immediately transferred to silicone molds for cone calorimetry (25 g, 75 cm diameter disk),
optical properties (22 mm diameter, 1 mm thick), tensile properties (type V, ASTM D 638-02a),
and water absorption analysis (51 mm diameter x 3.2 mm thick). Samples were also extracted
using a 1 mL Teflon syringe before and after transferring to the silicone molds for thermal
property measurements. These syringes were kept upright during the curing process. All
epoxy samples were cured at room temperature for 24 h and 80°C for 2 h. For lignosulfonate
containing composites, the total filler content was kept constant at 10 % mass fraction, and for
cellulose containing composites, the filler content varied between 0.5 % and 5 % mass fraction.

Combustion properties were examined using microcombustion calorimetry (MCC) and cone
calorimetry. The microcombustion calorimetry (MCC) samples (5 + 0.1 mg) were tested with
a Govmark MCC-2 microcombustion calorimeter at 1°C/sec heating rate under nitrogen from
200 to 600°C using method A of ASTM D7309 (pyrolysis under nitrogen). Each sample was
run in triplicate to evaluate reproducibility of the flammability measurements. Cone calorim-
etry was conducted according to a standard testing procedure (ASTM E-1354-07) on a National
Institute of Standards and Technology (NIST) prototype calorimeter. The cone was operated
with an incident target flux of 35 kW/m? and an exhaust flow of 24 L/s. The sample was placed
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in a pan constructed from heavy-gauge aluminum foil (Reynolds Heavy Gauge Aluminum
Foil). The sides and bottom of the sample were covered by aluminum foil so that only the top
surface of the sample was exposed to the Cone heater. The aluminum foil height was 5 mm
higher than the sample to allow for expansion of intumescing samples. Exposure to the
35 kW/m? external heater caused pyrolysis of the sample. Once sufficient fuel (pyrolysis
products) was released, ignition occurred, which was activated by a spark igniter. The test was
over when there were no visible flames. The standard measurement uncertainty was +10 % of
the reported reduction values and +2 s in time.

Optical images were obtained using a Zeiss ID03 inverted microscope, equipped with LD10,
LD20, and LD32 phase contrast objectives and an AmScope 5.0MP Microscope USB Camera.
A confocal laser scanning microscope (LSM 510 META Carl Zeiss, Germany) was used to
examine the aggregation and dispersion of cellulose in epoxy. The excitation source was a
405 nm diode laser (30 mW) and an emission band pass filter (420480 nm) was used. Images
were collected at 5%, 50x, and 100x magnification. A TA Instruments Q-2000 differential
scanning calorimetry (DSC) was used to determine extent of curing and glass transition
temperatures. For each epoxy, 5.0 mg + 0.4 mg samples were placed in aluminum pans with
unsealed lids and the cell was purged with nitrogen at a flow rate of 50 mL/min. The samples
were equilibrated at -30 °C, heated to 200 °C at a scan rate of 10 °C/min, and cooled to =30 °C.
The cycle was repeated five times, with the final four showing no changes between cycles. The
uncertainties are o = +0.4° C for the reported temperatures and o = +0.3 J/g for the heat flow.
Tensile tests were performed on an MST Criterion Model 45 hydraulically driven test frame
with a 5 kN load cell in accordance to the ASTM D 638-02a norm at a speed rate of 0.05 mm/s
with a gauge length of 14 mm. All tests were averaged over a minimum of five measurements
for each sample with a standard deviation of 0 =+10 %. Water absorption was measured after
submersion in water for 1 day at 23°C, according to the ASTM D570 standard.

3. Lignosulfonate—epoxy composites

3.1. Migration of lignosulfonate

In a previous study, the flammability of epoxy composites containing lignosulfonate was
initially measured using a radiative gasification apparatus [25]. This is a nonflaming technique
used to study condensed phase flammability reductions in composites. The measured mass
loss rate and time to peak mass loss rate are related to the heat release rate and time to peak
heat release rate (PHRR) of materials in a standard cone calorimetry experiment. The results
indicated that ethoxylated lignosulfonate can reduce the flammability of epoxy composites
through the formation of char. Further, the addition of naturally derived gas-forming agents,
such as melamine or ammonium tartrate, initially reduced mass loss rates by enhancing the
quality of char rather than by inducing intumescence behavior. The addition of these gas-
forming agents also induces cracks and debonding later in the burning process, leading to a
loss of protection partway through the experiment.
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The flammability of these materials was re-examined using cone calorimetry. The shape and
relative heat release values mirrored the mass loss rate curves obtained using the gasification
apparatus for all samples. The strong correlation observed indicates the reduced flammability
when adding lignosulfonate is almost entirely through a condensed phase mechanism. The
cone calorimetry data are summarized in Figure 1. The peak heat release rate (PHRR), which
estimates how intense a fire will be and can help predict the time to flashover, is reduced by
24 % by adding 10 % lignin, 34 % by adding 10 % REAX825E, and 36 % by adding 7 % REAX825E
+3 % AT. The addition of ML instead of AT leads to an increase in PHRR compared to pure
epoxy. Melamine produces more gases, leading to more cracks to the char layer, reducing its
protective ability. The total heat release is reduced by as much as 14 % when using REAX825E.
Since MCC suggests that 30 % to 40 % of lignosulfonate will volatize during pyrolysis, this
indicates an ability to prevent some of the epoxy from burning. One disadvantage to using
lignin is that the time to ignition is significantly reduced. A number of factors contribute to the
ignition time, including heat capacity, thermal conductivity, surface emissivity, oligomeric
decomposition products, melt viscosity, and permeability of the solid. Pure epoxy is transpar-
ent with low surface emissivity, whereas lignin is brown or black in color with high surface
emissivity. Accordingly, t;,, is reduced going from pure epoxy to epoxy + 10 % lignin to epoxy
+10 % REAX825E. The addition of gas-forming compounds, which degrade at temperatures
lower than the pure epoxy, leads to a more porous solid as the sample heats up. So, it is not
surprising that t,,, is further reduced going from epoxy + 10 % REAX825E to epoxy + 7 %

ign

REAX825E + 3 % AT to epoxy + 7 % REAX825E + 3 % ML.
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Figure 1. Cone calorimetry data for epoxy + lignosulfonate composites. Error bars represent 2c.
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The observed peeling of the char layer during combustion in the cone calorimeter suggested
the lignin migrated and separated from the epoxy matrix during curing. The migration was
verified using microcombustion calorimetry. Microcombustion calorimetry is a small scale (3
mg to 10 mg samples) test, where a sample is heated in nitrogen, similar to thermogravimetric
analysis, and the pyrolyzed gases are mixed with oxygen and combusted in a separate
chamber. The amount of oxygen consumed can be correlated to heat released. The heat
release capacity (HRC) and heat of combustion (H.) measured by the MCC are correlated to
several flammability parameters obtained from other measurements, including peak heat
release rate (PHRR) and total heat released (THR) from cone calorimetry experiments. As
shown in Table 1, ethoxylated lignosulfonate has a lower flammability and higher char yield
than alkali lignin, which is why it was chosen as the primary flame retardant in this study.
Lignin and ethoxylated lignosulfonate have much lower flammabilities than epoxy. The use
of these materials in epoxy significantly reduces the HRC by up to 45 % and the H_ by up to
20 %. A 5 mg sample was taken from the top and the bottom of an 8§ mm thick epoxy + 10 %
REAX825E sample. The results show that the lignosulfonate migrates to the top surface of
the epoxy during the curing process. The higher char yield and lower apparent heat capacity
are likely due almost entirely to the lignin, rather than uncombusted epoxy. The low H, and
char yield for AT verifies that it has potential as a gas-forming agent in intumescent
formulations.

Sample HRC (J/g-K) H (k]/g) T, (°C)  Char (mass-%)
Epoxy 703 24.4 391 0

Lignin 29 35 252 56
Ethoxylated lignosulfonate (REAX825E) 19 1.7 251 64
Ammonium tartrate (AT) 233 43 250 6

Epoxy +10% REAX825E (top) 385 19.7 393 24

Epoxy +10% REAX825E (bottom) 489 24.8 398 14

Table 1. Microcombustion analysis of epoxy + lignosulfonate samples.

3.2. Variability of lignosulfonate

Additional ethoxylated lignosulfonate was obtained from the same source. Composites were
prepared and tested in a cone calorimeter. Even though the exact same product was used, the
two lots had significantly different properties. As shown in Figure 2, lot #RI27 had a later
ignition time, but a 10 % higher PHRR and THR than lot #NK22. The addition of ammonium
tartrate lowered the PHRR and reduced the time to PHRR to the same extent, so its interaction
with the salt did not change. Most of the difference is due to the natural variability of the lignin
composition. The color of lot #RI127 was darker than that of #NK22. In addition, the number of
phenolic groups, sulfate groups, or average molecular weight may be different, depending on
the source of the lignin and sulfonation process. Although there are variations, the general
properties and potential use of lignosulfonate as a flame retardant remain promising.
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3.3. Immobilization of lignosulfonate

To prevent the migration of the lignosulfonate, it was epoxidated using epichlorohydrin. It
was then used to prepare epoxy + 10 % eLS composites, which were still opaque, but lighter
in color than the REAX825E composites. The addition of glycidyl moieties did add to the fuel
content of the lignin. Using MCC, eLS was found to have H. = 5.1 kJ/g, HRC = 72 J/g-K,
Toear = 340 °C, and 44 % mass fraction residue. This is only a modest increase in flammability
and the immobilization was expected to have a greater effect. As shown in Figure 3, by
incorporating the lignosulfonate within the epoxy matrix, the char layer was more effective at
reducing the heat released. The PHRR was reduced by 63 % and the THR was reduced by 27 %
over neat epoxy. The one disadvantage is that the composite ignited the earliest of all compo-
sites tested. To improve the efficiency of the epoxidation process, the starting material was
dissolved in ethanol and filtered to remove any insoluble material. The solubility of lignin in
ethanol decreases as the molecular weight of lignin increases, so this likely removes the highest
molecular weight lignin. This may account for the earlier time to ignition, though residual
ethanol will also lower this characteristic. The char formed during the decomposition was
thicker and did not peel away from the composite, which helps explain how it could effectively
reduce the heat released during combustion.
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Figure 2. Heat release rate as measured in a cone calorimeter of epoxy flame retarded with lignosulfonate, using two
different batches of ethoxylated lignosulfonate.

The addition of lignosulfonate significantly changed the glass transition temperatures (T,). The
measured T, were 81.2 °C for neat epoxy, 88.7 °C for epoxy + 10 % REAX825E, and 75.7 °C for
epoxy + 10 % eLS. Increases in Tg are typically associated with enthalpic interactions between
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the filler and epoxy matrix. This may be ri—m interactions between lignosulfonate and DGEBA
or hydrogen bond interactions with the poly(propylether)diamine curing agent.
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Figure 3. Heat release rate as measured in a cone calorimeter of epoxy + epoxidated lignosulfonate.

4. Cellulose—-epoxy composites

4.1. Effects of processing methods of dispersion

The order of addition and the use of high speed centrifugal mixing were investigated to
improve dispersion of unmodified sulfated cellulose nanocrystals (Na-CNC) in epoxy
composites. The Na-CNC nanocrystals that were obtained as a dried powder were freeze dried
in the presence of 9 % mass fraction t-butyl alcohol. This reduces the water crystal size during
the freezing process and adds a small amount of an organic solvent to the crystal structure of
the cellulose, which improves the microscopic dispersion of the crystals. Since these represent
the “best case scenario” for dispersing unmodified sulfated cellulose nanocrystals in hydro-
phobic matrices, these were used to assess the effects of processing methods on dispersion. All
the composites exhibited cellulose aggregation that was visible without magnification.
Mechanical stirring and sonication resulted in the largest aggregates and high shear mixing
with addition of cellulose to the diamine followed by addition of the epoxy resin resulted in
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the smallest aggregates. In previous studies, both a polar, nonaqueous solvent and ultrasoni-
cation were required to form transparent composites free from visible aggregates.

4.2. Ion exchange of cellulose nanocrystals

A method has recently been developed to modify the surface of sulfated cellulose nanocrystals
using a simply, scalable ion exchange process [41]. In this approach, rather than adding a
surfactant, the sodium cation is exchanged with a surfactant cation. The exchange reduces the
surface energy, reduces the water uptake, increases the thermal stability, and improves the
polymer adhesion of the nanocrystals. This method also allows co-exchange of cations. In this
study, the column was loaded with 1 % mass fraction rhodamine 6G and 99 % mass fraction
methyl(triphenyl)phosphonium, (MePh;P/Rh)-CNC. A Na-CNC control was prepared by
using a column that was loaded with 1 % mass fraction rhodamine 6G and 99 % mass frac-

tion Na'. The fluorescence of 2 % mass fraction cellulose nanocrystals in water is shown in
Figure 4.
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Figure 4. UV and fluorescence spectra of aqueous solutions of cellulose nanocrystals.

4.3. Improved dispersion with exchanged cellulose nanocrystals

The exchanged cellulose nanocrystals disperse readily in the epoxy resin, even without
significant shear. Composites were initially prepared using a high shear, speed mixer. Optical
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images (Figure 5) show large microscopic agglomeration for the Na-CNC composites, which
disappear when using MePh,P-CNC. There is still some agglomeration, but the lengths of the
aggregates are smaller than 50 um and the width of the aggregates is on the submicron scale.

i = -

a | -

Figure 5. Optical images (20x magnification) of (a) 0.5 % Na-CNC in epoxy and (b) 0.5 % MePh3P-CNC in epoxy.

When using an optical microscope, it is often difficult to differentiate cellulose crystals from
matrix defects, such as cracks, bubbles, or impurities. To obtain a better representation of
cellulose distribution, laser scanning fluorescent confocal microscopy was used to image
epoxies containing rhodamine co-exchanged crystals (cf Figure 6). These images show larger
Na-CNC agglomerates, since the (Na/Rh)-CNCs were freeze dried without t-butyl alcohol.
They also show fewer microscopic (MePh,;P/Rh)-CNC than the optical images of MePh,P-CNC
containing epoxies (Figure 5b). The visible crystal sizes are similar to those observed for
MePh,P-CNC. This suggests that some of the features observed in the light microscope images
are defects rather than cellulose crystals. It also indicates that there are crystals that are smaller
than the limit of detection of optical microscopes, likely nanoscale in size. This mixed micro-
scale/nanoscale size distribution of nanocellulose in polymer matrices has been observed
previously [42].

Figure 6. Fluorescent confocal images (100x magnification) of (a) 0.5 % Na-CNC in epoxy and (b) 0.5 % MePh3P-CNC
in epoxy.
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Composites were also prepared by gently heating the epoxy resin to reduce viscosity, blending
the cellulose using a stir plate, and use of a sonication bath to help separate some of the slower
dispersing particles. Epoxies containing 2 % MePh,P-CNC were visibly transparent, and the
microscopic images (not shown) suggest similar levels of crystal separation and dispersion
throughout the epoxy.

The differences in particle size and surface energy of the crystals resulted in differences in the
glass transition temperatures (cf Figure 7). The cellulose nanocrystals interacts strongly with
the epoxy matrix, leading to a 5 °C increase in the glass transition temperature at 2 % NaCNC
loading. This behavior is consistent with other studies incorporating cellulose nanofibers [43]
or nanocrystals [44]. The addition of MePh;PCNC does not change the glass transition
temperature relative to neat epoxy. The MePh3P* functionality lowers the surface energy of
the cellulose, reducing both crystal-crystal interactions (less aggregation), and cellulose-
polymer interactions (lower T,). The differences in T, between the epoxies prepared using high
shear mixing and those using mechanical mixing were not statistically significant.
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Figure 7. Glass transition temperatures of epoxy-cellulose nanocrystal composites using DSC. Error bars represent 20.
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The tensile properties of the epoxy composites are provided in Table 2. As expected, the
incorporation of stiff crystals increased the modulus (E) of the epoxy composites. The addition
of MePh;P-CNC had a greater effect than the addition of Na-CNC, likely due to the smaller
size of aggregates and better dispersion in these composites. The peak tensile strength (o,) of
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the composites decreased, which may be due to heterogeneity in the cross-linking due to the
presence of the crystals. The use of MePh;P-CNC also reduced the tensile strength, but only
half as much in the Na-CNC composites. A key advantage to using the modification is the
reduction in hydrophobicity due to the presence of large, hydrophobic cations. The water
absorption in Na-CNC epoxy after 1 day of water immersion (W,) was significantly higher
than in neat epoxy, but the MePh,;P-CNC filled epoxies had nearly the same water absorption
as neat epoxy.

Sample E (GPa) g, (MPa) W4 (% mass fraction)
Epoxy 2.03+0.09 61.2+21 0.24 +0.04
Epoxy + 1% NaCNC 2.10+0.04 437+2.6 0.33+0.01
Epoxy + 1% MePh;PCNC 215+0.17 48.5+3.7 0.25+0.02
Epoxy + 5% NaCNC 2.23+0.05 39.9+23 0.53 +n.d.
Epoxy + 5% MePh;PCNC 2.33+0.06 495+3.9 0.30 +n.d.

n.d. - not determined due to insufficient number of samples.

Table 2. Tensile properties and water absorption of cellulose nanocrystal-epoxy composites.

5. Conclusions

Epoxy composites were filled with lignocellulosic materials to improve their flammability and
mechanical properties. Lignosulfonate was used as a condensed phase flame retardant. The
lignosulfonate migrated during the curing process and resulted in delamination, reducing its
effectiveness at maintaining a protective char layer during combustion. The lignosulfonate was
successfully epoxidated and incorporated within the epoxy matrix. This reduced the migration
and improved the fire performance of the composite. Cellulose nanocrystals were successfully
incorporated in an epoxy composite without the aid of a solvent by modifying the crystals with
a simple ion exchange process. This process minimized aggregation of cellulose without the
use of nonaqueous solvents. The resulting composites were transparent, were stiffer, had a
smaller loss in tensile strength, and absorbed less water than the composites with unmodified
Na-CNC.
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Abstract

The acoustic thermoplastic composites and a method for their production with the
participation of the bio-components were presented. To form composite matrix
polylactide fibres (PLA) were used. Natural fibres (flax (LI) and cotton (CO)), straw
and cellulose ultra-short/ultra-fine fibres obtained from biomass were used as a
reinforcement. Cellulose ultra-short/ultra-fine fibres were obtained from the flax fibres
or straw by enzymatic treatment and optionally modified by silane. The tensile stress
at maximum load of composites with the sub-microfibres obtained from waste flax
fibres after silane modification is twice higher than that of the composite with the sub-
microfibres without the silane modification.

The effect of different kinds of natural materials on the acoustic composites was
studied. The addition of the straw increases the values of the sound absorption
coefficient are higher because of the additional voids caused by the particles of straw.
If as a reinforcement the CO fibres and cellulose sub-microfibres are used, the sound
absorption of the composite is higher than for composite with only CO fibres. In the
case of sub-microfibres obtained from the waste flax fibres the highest sound
absorption and tensile stress of the composites gives the modification by solution of
silane in ethanol and water.

Keywords: biomass, composite, sound absorption, fibre
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1. Introduction

Composites are more and more popular products present in our lives. An extensive use of
composites results from the diversity of their functional properties, what is connected with
the combination of different components, diversed in terms of materials and forms, and with
diversity of the final structures. Recently, the composites have been produced from
renewable and sustainable materials. Renewable materials are natural, environmentally
friendly and usually cheap. The composites produced from such materials are called ‘green
composites’, but this concept is much broader and should concern their production and
usage. Now the filling components in composites should be waste and the matrix material
should be recyclable such as, for example, thermoplastics. Sustainability concerns three
aspects: environmental, economic and social. The use of biomass, paper, fibres, wood as a
waste filling material and bio-based thermoplastic polymers as a matrix can be the optimal
material’s solution [1].

The production of environmentally friendly composites on the basis of materials obtained from
renewable resources is important for the economy and the environment. Recently, new
materials on the basis of different plants are more and more popular and used in many
industrial and life fields. Materials on the basis of straw, reeds, cattails and bent grass stalks
are used in the ecological building sector [2]. The natural fibres can be used as a reinforcement
or as a filling in composites, but also can give some new functions to them. Moreover, there is
observed a growing trend towards replacing high-modulus reinforcing fibres with natural
fibres [3-5]. Many technologies of composites based on different plants, natural fibres and even
fibres isolated from plants are developed. The cellulose micro- or nanofibres, or micro-fibrils
can be obtained through the chemical, mechanical, ultrasonic and enzymatic treatment of
plants, such as jute [6, 7], soya bean source [8], wheat straw [9], soy hulls [10], rice straw [11],
regenerated wood fibres [12] and canola straw [13].

Due to the great variety of plants, the properties of composites made of natural components
are much diversified what favors different applications. Natural fibre-reinforced composites
are used not only for construction but also for new uses, e.g., attenuation of sounds. Sound-
absorbing composites can show a high degree of sound absorption, especially at high fre-
quencies [14-19].

The commercially available porous sound-absorbing materials are usually fibrous. The fibres
used are mostly synthetic, but recently, natural fibres are more and more popular as a raw
material of the sound-absorbing products. Natural fibres are biodegradable and safer for
human health than most mineral or polymer synthetic fibres. Introduction of the cellulose
ultra-short/ultra-fine fibres prepared from different kinds of biomasses into functional
composite structures causes increase in their sound absorption. Conversion of biomass to ultra-
short/ultra-fine fibres perfectly fits into the current trends of cellulose nanostructures receiving
by a top-down method. Depending on the size of the structures the obtained cellulose is
suitably named, for example: microcrystalline cellulose, nanocrystalline cellulose or nano-
whiskers.
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Ultra-short/ultra-fine fibres, i.e., fibres not only extremely thin, but also extremely short, can
be obtained by the enzymatic treatment of flax fibres and different kinds of straw. This form
of fibres provides a greater surface area but causes application problems different from the
case of electrospun filament fibres. A dust form requires direct screening of fibres onto the
substrate. The use of ultra-short/ultra-fine fibres means larger area than in the case of longer
fibres, in particular standard fibres. This form of fibres is advantageous from sound absorption
point of view. The energy of the sound wave propagating in the material is reduced, and the
internal energy of the material increases. Sound waves cause vibration of the fibres in the
material and as a result of friction the created energy is converted into heat. A larger fibre
surface promotes greater energy loss of the sound wave [16].

The virgin straw can also be used in sound-absorbing composites as an absorption en-
hancer. Independent of straw type, the values of the sound absorption coefficient increase
because of the additional voids caused by the particles of straw and internal channels
[20].

The aim of this work is to develop acoustic thermoplastic composites and the method for
their production with the participation of the above-mentioned bio-based components.
The effect of different kinds of natural materials on the acoustic composites was studied.
Both waste natural fibres, straw and cellulose ultra-short/ultra-fine fibres, obtained from
biomass can be used as an acoustic component increasing sound absorption of the compo-
sites.

In this work, the thermoplastic composites were obtained on the basis of textiles, i.e., nonwo-
vens and above-mentioned natural materials in a thermal pressing process.

2. Materials

In order to thermally connect the composite constituents, one of them, forming the composite
matrix, should be thermoplastic. The other ones are reinforcing/filling constituents.

To have a broader view of the acoustic properties of the composites the different raw materials
and different combinations of reinforcing materials were used.

As a matrix material, the polylactide (PLA) fibres (6.7 dtex/64 mm) with a melting point in the
range of 165-170°C have been selected. These fibres, Ingeo Fiber type SLN2660D, finished with
polylactide resin without any hazardous substances, were delivered by Far Eastern Textile
Ltd., Taipei, Taiwan.

As a reinforcement the following materials were used:
(a) waste natural fibres, Figure 1:
- flax fibres delivered by Safilin Ltd., Mitakowo, Poland,

- Tadzhikistan cotton fibres 1.7 dtex/11 mm in the form of noils, delivered by Alto Ltd. (Gorzéw
Slaski, Poland), quality/degree of maturity is I11/1.66 in a scale from 0 to 5.
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(b) straws:

Three kinds of straw: grinded sunflower straw (SS), grinded corn straw (CS) and random cut
wheat straw (WS) were cultivated and prepared by University of Agriculture in Cracow,
Poland. The reinforcing materials are presented in Figure 2.

= "
waste cotton fibres (CO)

waste flax fibres (LI}

Figure 1. Photographs of the waste natural fibres reinforcement.

R i Lo
wheat straw (WS)

Figure 2. Photographs of the straw reinforcement.

Each kind of reinforcing material is characterized by diversified length and width. The length
results from the random cutting process. The width is dependent on the native fibre or straw
stem. Moreover, in the case of sunflower straw, two kinds of the particles can be distinguished,
oblong particles coming from a hard envelope and more rounded particles coming from the
soft inner parts. The corn straw particles are similar to sunflower ones but with smaller part
of soft almost round particles. The wheat straw particles have the hollow channels.

(c) cellulose ultra-short/ultra-fine fibres obtained from:



Bio-Based Composites for Sound Absorption
http://dx.doi.org/10.5772/65360

- flax fibres 5.2 dtex/102 mm in the form of bleached roving, delivered by Safilin Ltd., Mitakowo,
Poland,

- straw of retted fibre flax (SRFF), straw of oil flax (SOF) and hemp straw (HS) delivered by
University of Agriculture in Cracow, Poland,

as a result of different processes depending on raw materials.

In order to obtain cellulose ultra-short/ultra-fine fibres, the flax fibres or straw were cut to the
pieces of several centimetres and treated by enzyme preparation. The enzymatic treatment
causes the decrease in length and fineness of starting materials. The fibres obtained, called as
sub-microfibres, were dried at an ambient temperature and ground in a disk mill and then
treated or not by 3-aminopropyltriethoxysilane STRUKTOL® SCA 1100 (Struktol Company of
America, USA). That modification usually is used to increase adhesion of fibres to a hydro-
phobic matrix. In this case, silane modification was used also to prevent fibres connection in
the polymer matrix. In the case of sub-microfibres obtained from waste flax fibres, two kinds
of silane modifications were used, i.e., by 10 wt% solution of 3-aminopropyltriethoxysilane in
ethanol or by 10 wt% solution of 3-aminopropyltriethoxysilane in mixture of ethanol and water
to obtain additional activation. The surface of sub-microfibres obtained from straw was
modified by 10 wt% solution of 3-aminopropyltriethoxysilane in acetone. That modification
causes an agglomeration of sub-microfibres.

After silane modification, the cellulose sub-microfibres were ground in a disk mill. The sub-
microfibres obtained from waste flax fibres and straw are presented in Figures 3 and 4,
respectively.

without silane silane in ethanol silane in ethanol and water

Figure 3. SEM images of cellulose sub-microfibres from waste flax fibres.

Characteristics of all cellulose sub-microfibres, with and without silane modification, are
presented in Table 1.

The silane modification of the cellulose sub-microfibres obtained from waste flax fibres has not
influence their morphological properties. The fineness of the sub-microfibres without
modification is 11.36 um and the length is 146.55 um. The fineness of the sub-microfibres after
the silane modification in solution of silane in ethanol is 12.28 pm and the fineness of the sub-
microfibres after modification in solution of silane in mixture of ethanol and water is 13.46
um. The length of the sub-microfibres after modification is 117.21 pm and 138.83 um, corre-
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spondingly. Because of high values of variation coefficients of these parameters, the above
differences are non-essential. The silane modification results in increase in the value of degree
of crystallinity of cellulose sub-microfibres by about 6% apart from the conditions of silane
modification. The degree of crystallinity of sub-microfibres without the silane modification is

79% and after the silane modification takes the value above 85%.

Figure 4. SEM images of cellulose sub-microfibres from straw (straw of retted fibre flax, SRFF, straw of oil flax, SOF,

hemp straw, HS).

without silane

SRFF-1

SOF-1

silane in acetone

HS-1

Symbol of sub- Silane modification of Fineness Length Degree of
microfibres sub-microfibres crystallinity
Mean value CV (%) Meanvalue CV (%) %
(um) (um)
Cellulose sub-microfibres from waste flax fibres
LI-1 Without 11.36 81.0 146.55 73.7 79.0
LI-2 Silane in ethanol 12.28 375 117.21 54.3 85.1
LI-3 Silane in ethanol+water 13.46 35.7 138.83 61.4 85.3
Cellulose sub-microfibres from straw
SRFF-1 Without 5.62 48.40 70.00 53.16 68.3
SRFE-2 Silane in acetone 1.64 56.7 16.1 55.1 59.4
SOF-1 Without 11.09 46.80 89.07 61.65 63.2
SOF-2 Silane in acetone 8.94 55.06 46.35 35.77 61.3
HS-1 Without 6.33 40.13 55.24 64.30 65.8
HS-2 Silane in acetone 2.43 36.67 19.64 33.11 65.3

Table 1. Characteristics of cellulose sub-microfibres [21].
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The silane modification of the cellulose sub-microfibres obtained from different kinds of straw
causes the reduction of fibre dimensions. The fineness of the sub-microfibres from the SRFF
straw without silane modification is 5.62 um, from the SOF straw it is 11.09 pm and from HS
it is 6.33um. The fineness of the sub-microfibres from SRFF straw after silane modification is
1.64 um, from SOF straw it is 8.94 um and from HS it is 2.43 um. The length of the sub-
microfibres after the enzymatic treatment is 70.00 um for SRFF, 89.07 um for SOF, and 55.24
um for SOF straw. The length of the sub-microfibres from straw after silane modification is
16.1 pm for SRFF straw, 46.35 pm for SOF straw and 19.64 pm for HS straw. The values of
variation coefficients of these parameters are very high. The silane modification has not
significant influence on the degree of crystallinity of the cellulose sub-microfibres obtained
from SOF and HS straws. For these sub-microfibres, the values of the degree of crystallinity
change from 63.2 to 61.3% for SOF straw and from 65.8 to 65.3% for HS straw. In the case of
sub-microfibres obtained from SRFF straw, the values of the degree of crystallinity are lower
by 9% after silane modification.

The dimensions of the cellulose sub-microfibres obtained from flax fibres can be further
reduced during the mechanical treatment in an aqueous suspension by means of a homoge-
nizer. The length decreases to about 6 um and diameter to about 300 nm. These fibres,
Figure 5, referred to as sub-micro/nanofibres, were not dried to prevent their agglomeration.

Figure 5. SEM image of the sub-micro/nanofibres from flax fibres [16].

3. Manufacturing of composites

Thermoplastic composites were obtained from the multilayer structures in a hydraulic press
machine using a water-cooling system from Hydromega (Poland). The press conditions for all
multilayer structures were the same, i.e., temperature 170-175°C, time 5 min and pressure 0.275
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MPa. The multilayer structure was wrapped with Teflon foil to prevent molten polymer
propagation during the pressing process.

It was assumed to obtain composite samples with similar thicknesses to allow for assessment
of the effect of the reinforcement type. Each multilayer structure was composed of several
layers of nonwovens either separated alternately or not by layers of grinded straw or cellulose
ultra-short/ultra-fine fibres. The appropriate mass of straw/cellulose ultra-short/ultra-fine
fibres was divided in portions, which were put uniformly onto consecutive layers of nonwoven
and the top of multilayer structure was covered by nonwoven.

The needle-punched nonwovens were manufactured from matrix fibres ‘PLA (100%) or from
a blend consisting of matrix fibres ‘PLA’ and reinforcing waste flax fibres ‘LI’ or waste cotton
fibres ‘CO’.

In order to manufacture needle-punched nonwovens the fleeces with a cross-system of fibre
arrangement were obtained on the roller card. Needle punching of the fleece layers was carried
out on an Asselin needle punching machine (France), with the following technological
parameters: type of needles — 15 x 18 x 40 x 3!/, RB (Groz-Beckert®), number of needle punches
—40/cm?, depth of needle punching—12 mm [16].

4. Methods

The thickness of composites was determined according to the standard procedure ISO
9073-2:1995 and their apparent density was determined as the ratio of mass to volume of
samples. The mechanical properties of composites were estimated in unidirectional tensile test
by means of testing machine type 3119-410 (Instron, UK) according to the standard ISO
527-4:1997. The sound absorption coefficient was determined according to the standard
procedure ISO 10534-2:1998 within the frequency range of 500-6400 Hz. A small size impe-
dance tube (Kundt tube) type 4206 (Briiel&Kjaer, Denmark) was used (Figure 6). The diameter
of the investigated samples was equal to 29 mm.

Figure 6. The Kund device for acoustic measurements.
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5. Results

The values of mass per square meter were similar for all nonwovens, i.e., in the range of 115-
120 g/m® The composites obtained were rigid with a small thickness of a few millimetres,
‘green’, and designed among others from cheap components coming from renewable resour-
ces. Each composite was manufactured from the system consisting of 80 wt% of nonwoven
(PLA (100%) or PLA/LI (80/20%) or PLA/CO (90/10%)) and 20 wt% of straw or cellulose ultra-
short/ultra-fine fibres.

5.1. Composite structure: organoleptic assessment

The most uniform and homogeneous structure is observed for matrix materials. In the case of
the composites, the structure depends on the reinforcement type. The photographs in Figure 7
present the structure of the selected composites.

PLALI PLANCO
100 of “PLAVLE (BO0C20M%)" 100% of “PLASCO (W 107"
o T 7

13

80% of “PLA (100%)"+10% of SS | $0% of “PLA (100%]"+20% of CS

etw

PLAYWS
B0 of “PLA [100%)"+20% of W5 | B0% of “PLA {100%)"+20% of W5

Figure 7. Photographs of the composites.

If the fibres are used as a reinforcement, the composite structure is more uniform. It results
from the uniform structure of nonwoven composed of reinforcing and matrix fibres and from
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their high mixing level. The external and internal layers of nonwoven are pressed giving
uniform, homogeneous porous structure. On the composite surface, the reinforcing fibres,
matrixes and voids are visible. If the fibres and straw are used as a reinforcement, the composite
structure is more diversified. The addition of straw particles leads to the formation of larger
voids inside the composite structure. If only the straw is used as a reinforcement, the layers of
matrix and straw can be visible. Inside the composite structure, the straw particles are partially
bound with the matrix, and the voids exist. The composite surfaces are formed from the matrix
without visible voids. Generally, the straw gives larger voids than the fibres and the larger
straw particles give larger voids. In the case of composite, on the basis of the wheat straw, the
additional voids are inside the straw particles. In the case of composites with cellulose ultra-
short/ultra-fine fibres, the variants with standard fibres give more uniform structures than
without, because standard fibres prevent their agglomeration.

5.2. Physical and mechanical properties

The physical properties as a thickness and apparent density and mechanical properties as a
tensile stress at the maximum load are presented in Table 2. The thickness and density of the
material are the most important factors determining its acoustic properties [21]. In this work,
it was assumed to obtain composites of very low thickness and low density. A small thickness
of millimetres is important when the composite material is combined with other materials. The
low density is important to produce light materials.

5.2.1. Composites on the basis of flax fibres and straw

The thickness of the composites is in the range from 3.52 to 4.71 mm. The thickness of the PLA/
straw composites is higher on average by 26.90% than thickness of the PLA/LI/straw compo-
sites, and because of that the density is correspondingly lower. The tensile stress at maximum
load of the composites depends on a reinforcement type. The highest value of tensile stress,
ie., 2.69 MPa, is determined for the PLA/LI composite characterized by the medium value of
apparent density. If the matrix material is used in the form of fibres, their mixing with
reinforcing fibres can be excellent, especially in the needle-punched nonwoven. It results in
the higher tensile stress of the composite. The lower mixing level of the thermoplastic fibres
with straw particles, or with straw particles and reinforcing fibres, gives lower tensile stress
of the composite. It means that flax fibres are better reinforcing materials than straw and the
level of mixing of reinforcing and matrix materials in nonwoven is high what leads to suitable
consolidation. This is confirmed by the PLA/LI/straw composites, for which the values of
tensile stress at maximum load are higher than for the PLA/straw composites and lower than
PLA/LI composites. The differences in apparent density of the composites have no significant
effect on the tensile stress [20].

5.2.2. Composites on the basis of cotton fibres and cellulose ultra-short/ultra-fine fibres

The composites obtained (Table 2) were characterized by similar, very low thickness on the
level of about 4.7-5.5 mm. These differences in the thickness of composites are insignificant
for their acoustical properties [16].
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Variant of the composite Thickness (mm)  Apparent density (kg/m?) Tensile stress at

maximum load (MPa)

PLA 3.80 1321.00 -
PLA/LI (80/20%) 3.92 313.43 2.69
PLA/CO (90/10%) 4.5 264.32 0.79
PLA + straw

PLA/SS 4.65 271.76 1.12
PLA/CS 4.65 276.20 1.22
PLA/WS 4.71 258.63 1.54
PLA+LI+straw

PLA/LI/SS 3.77 393.60 1.98
PLA/LI/CS 3.52 341.22 1.75
PLA/LI/WS 3.75 337.75 1.60

PLA+CO+sub-microfibres from LI

LI-1 53 260.61 1.20
LI-2 silane in ethanol 49 287.57 227
LI-3 silane in ethanol and water 4.8 299.87 2.27

PLA+CO+sub-microfibres from straw

SRFF-1 5.4 267.30 1.29
SRFEF-2 silane in acetone 4.8 299.87 1.79
SOF-1 49 242.42 1.04
SOF-2 silane in acetone 4.7 273.39 1.13
HS-1 5.5 236.01 1.19
HS-2 silane in acetone 4.8 287.17 1.54

SS, grinded sunflower straw; CS, grinded corn straw; WS, random cut wheat straw.

Table 2. Characteristics of the composites [20, 21].

For studied composites, the 20% addition of cellulose sub-microfibres results in increase in
their mechanical properties. The composite manufactured under the same technological
conditions but without the addition of sub-microfibres (PLA/CO) has the lowest tensile stress
at maximum load equals to 0.79 MPa. The results show the relationship between the mechan-
ical properties of the composites with cellulose sub-microfibres and the method of the sub-
microfibres preparation.

For the composites with sub-microfibres obtained from waste flax fibres, the tensile stress at
maximum load is diversified depending on the sub-microfibres preparation. The tensile stress
at maximum load for the composite manufactured with sub-microfibres obtained from waste
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flax fibres gains the value of 1.20 MPa and for the composites with sub-microfibres additionally
modified by silane (LI-2, LI-3), the value of 2.27 MPa is twice higher apart from the conditions
of silane modification. These results correspond to the degree of crystallinity of the cellulose
sub-microfibres. The same relationship is observed for the composites manufactured with sub-
microfibres from straws, after silane modification the cellulose sub-microfibres give better
reinforcement than without silane modification. The values of tensile stress at maximum load
of the composites with sub-microfibres obtained from each kind of straw after silane treatment
are from 9.05 to 38.76% higher than the values of tensile stress of composites with correspond-
ing sub-microfibres obtained without silane modification. The best results of tensile stress are
observed for composites with sub-microfibres obtained from SRFF straw.

The tensile stress at maximum load for the composites manufactured with sub-microfibres
obtained from the straw of retted fibre flax is 1.29 MPa and for the composites with sub-
microfibres additionally modified by silane (SRFF-2) reaches the value of 1.79 MPa. It means
that silane modification gives favorable conditions for adhesion between the cellulose sub-
microfibres and the PLA matrix. It results advantageously in tensile strength of composites.
This effect is more distinct for the composites with sub-microfibres from flax fibres than with
sub-microfibres from straws. The tensile strength is the highest for composites with sub-
microfibres obtained from waste flax fibres and modified by silane (LI-2, LI-3). Both the silane
modification favoring good adhesion to polymer and a high degree of crystallinity of sub-
microfibres resulted in the highest values of tensile stress at maximum load for these compo-
sites.

In the case of apparent density, which is a very important factor deciding about sound
absorption, the differences are more considerable. Density of the composites with cellulose
sub-microfibres obtained from waste flax fibres and modified by silane with additional water
activation (LI-3) is higher by 4% than the density of the composites with the same cellulose
sub-microfibres but modified by silane without water activation (LI-2), and by 15% higher than
the density of the composites with the sub-microfibres not modified by silane (LI-1).

Density of the composites with cellulose sub-microfibres obtained from straws and modified
by solution of silane in acetone is higher by 12.1% for SRFF straw, 12.8% for SOF straw, and
21.6% for HS straw than the density of the corresponding composites with sub-microfibres not
modified by silane [22]. For the studied composites, these differences in material density are
not significant from their sound absorption point of view [16].

5.3. Acoustic properties

Acoustic properties were characterized by sound absorption coefficient, which values can be
in the range from 0 (total reflection) to 1.00 (total absorption). According to EN ISO 11654, low
absorption is from 0.15, absorption from 0.30, high absorption from 0.60 and very high
absorption from 0.80.

For studied materials not only the value of sound absorption coefficient is important, but also
the sound frequency range of high absorption.
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5.3.1. Composites on the basis of flax fibres and straw

The biomass is very diversified and gives a very diversified effect from the acoustical point of
view. Figures 8-10 present the most characteristic dependences of the sound absorption
coefficient-sound frequency for PLA materials, PLA/LI fibres, PLA/straw and PLA/LI fibres/
straw composites. Among studied composites, the highest values of the sound absorption
coefficient, even in the range of 0.8-0.9, are determined for the PLA/straw composites [20].
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Figure 8. Sound absorption coefficient of the composite-waste flax fibres and sunflower straw as a reinforcement.
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Figure 9. Sound absorption coefficient of the composites-waste flax fibres and corn straw as a reinforcement.
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Figure 10. Sound absorption coefficient of the composites-waste flax fibres and wheat straw as a reinforcement.

The sound absorption coefficient of the PLA matrix material is the lowest and has the value of
about 0.1 at the low and mid-frequencies, at high frequencies it increases to 0.38 at 6400 Hz.
This material cannot be used as a sound absorber of frequencies lower than 6000 Hz.

If nonwoven from blend of PLA matrix fibres and diversified waste flax fibres is used, the
sound absorption of the composite is growing with frequency. The sound absorption coefficient
of the composite from the ‘PLA/LI (80/20%)" nonwoven is higher and depends linearly on a
sound frequency arriving maximum value of 0.40 at a maximum studied frequency of 6400
Hz. This almost linear dependence is typical for fibre-based composites [19]. Even addition of
particles thicker than fibres gives similar dependence, but with higher sound absorption. If the
20% of ‘PLA/LI (80/20%)" nonwoven is replaced by straw, the sound absorption is more higher
in the range from 3000 to 6400 Hz. It probably results from the fact that beside of small voids
in composite, the bigger voids are formed. The sound waves of such frequencies can be
reverberated repeatedly inside the diversified voids until soundproofing. The upward trend
is evident and similar for all three kinds of composites with straw, as shown in Table 3. For
the composite from a multilayer structure consisting of 80% of PLA/LI nonwoven and 20% of
corn straw, the sound absorption coefficient increases linearly with sound frequency, and at
6400 Hz itis equal to 0.76. For the composites with sunflower or wheat straw as a reinforcement,
the maximum value is 0.71 and 0.68 at 6400 Hz, respectively.

If PLA nonwoven and straw are used, the acoustic characteristic of the composite is totally
different. The curve of the sound absorption coefficient-sound frequency dependence has
another course. For each PLA/straw composite this course is slight different, because the kind
of particle of each straw is slight different. Generally, the maximum values of sound absorption
coefficient occur at medium (for PLA/SS and PLA/CS composites) and high (for PLA/WS
composite) values of the studied frequency range. It means that the PLA/straw composites can
be used as a material absorbing the sound of medium and high frequencies. The maximum
values of the sound absorption coefficient of the PLA/straw composites are higher than those
of PLA/LI or PLA/LI/straw composites. The sound absorption coefficient reaches the values of
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0.8-0.9. For the PLA/straw composites, the frequency range of the maximum values of the
sound absorption coefficient is wider than for PLA/LI or PLA/LI/straw composites.

Variant of the composite Sound absorption coefficient

Frequency (Hz)

1000 2000 3000 4000 5000 6000 6400
PLA/LI 0.061 0.122 0.138 0.196 0.310 0.434 0.496
PLA/LI/SS 0.067 0105 0202 0315 0459  0.628  0.706
PLA/LI/CS 0.071 0133 0221 0360 0515 0702  0.757
PLA/LI/WS 0.059 0.095 0.168 0.281 0.422 0.617 0.684

Table 3. The sound absorption coefficients of the PLA/LI/straw composites.

All of the obtained composites of such small thickness and apparel density show the sound
absorption, wherein the values of the sound absorption coefficient depend on the reinforce-
ment type and sound frequency.

5.3.2. Composites on the basis of cotton fibres and cellulose ultra-short/ultra-fine fibres

The CO fibres used as a reinforcement give better effect on sound absorption of the PLA
composites than cellulose sub-microfibres. If as a reinforcement the CO fibres and cellulose
sub-microfibres are used the sound absorption is more better. Increase in sound absorption
over the whole range of investigated frequency is observed for 10% and optimal for 20% by
ieswt. sub-microfibre content. The addition of sub-microfibres changes the character of the
curve of the sound absorption coefficient in a function of sound frequency (Figure 11).
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Figure 11. Sound absorption coefficient of the composites with/without sub-microfibres.
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Among composites with sub-microfibres obtained from flax fibres, the composites with fibres
without silane (LI-3) are characterized by the highest sound absorption, Figure 12, and the
highest tensile stress at maximum load, Table 2 [21]. Among studied composites with cellulose
sub-microfibres obtained from straws, the best results, similar to composites LI-1, are observed
for composites with sub-microfibres from SOF straw (SOF-1), Figure 13.
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Figure 12. The sound absorption coefficient in the function of sound frequency for the composites: 1, LI-1 (without si-
lane); 2, LI-2 (silane in ethanol); and 3, LI-3 (silane in ethanol and water).

1
0.9
0.8
0.7 ~, P
2 s S22
20, 2
0.3
—H
0.1 -——-3
0 !
0 1000 2000 3000 4000 5000 6000 7000
f, Hz

Figure 13. The sound absorption coefficient in the function of sound frequency for the composites: 1, SRFF-1; 2, SOF-1;
3, HS-1.

For the composites with sub-microfibres obtained from straws and then modified by solution
of silane in acetone, the best results of the sound absorption are observed for the composites
with sub-microfibres obtained from SRFF straw (SRFF-2), Figure 14. The silane modification
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of sub-microfibres obtained from SOF and HS straws does not change the sound absorption
coefficient of the composites with them. In the case of SRFF, the difference between the sound
absorption of composites with sub-microfibres modified by silane and without modified by
silane is the highest, Figures 15-17. The composites with sub-microfibres obtained from SRFF
straw modified with silane (SRFF-2) are characterized by the best results in sound absorption
and tensile stress among the composites with sub-microfibres obtained from straws.
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Figure 14. The sound absorption coefficient in the function of sound frequency for the composites: 1, SRFF-2; 2, SOF-2;
3, HS-2.
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Figure 15. The sound absorption coefficient in the function of sound frequency for the composites with SRFF sub-mi-
crofibres: 1, SRFF-1; 2, SRFF-2.
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Figure 16. The sound absorption coefficient in the function of sound frequency for the composites with SOF sub-micro-
fibres: 1, SOF-1; 2; SOF-2.
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Figure 17. The sound absorption coefficient in the function of sound frequency for the composites with HS sub-microfi-
bres: 1, HS-1; 2, HS-2.

The silane modification of sub-microfibres obtained from straws gives the best effect for SRFF
straw because of the highest increase in tensile stress and in sound absorption coefficient. The
sound absorption coefficient of the SRFF-1 composite was the lowest among all composites
with sub-microfibres without silane modification but absorption coefficient of SRFF-2 com-
posite is the highest in the whole range of investigated frequencies. The increase in stress at
maximum load of the SRFF-2 composite is the highest among other composites with sub-
microfibres from straws and is 38.8% higher than that of SRFF-1 composite.
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For composites with sub-microfibres obtained both from waste flax fibres and from straws, the
silane modification of sub-microfibres gives probably higher arrangement of fibres and their
better adhesion to the polymer matrix, what is observed in high sound absorption and high
tensile stress. In the case of sub-microfibres obtained from waste flax fibres, the highest sound
absorption and the highest tensile stress of the composites give the modification by solution
of silane in ethanol and water.

In the case of the composites with cotton fibres and sub-micro/nanofibres, Figure 18, the sound
absorption increases rapidly to a value of 0.8 in the range of 500-4000 Hz and in the range of
4000-6400 Hz slightly increases. The absorption coefficient at a frequency of 6400 Hz is equal
to 0.95. If the content of CO fibres was increased to 50%, the sound absorption coefficient
increases in the range of 500-2500 Hz to approximately 0.8, and in the range of 4000-6000 Hz
it is almost constant.
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Figure 18. Sound absorption coefficient of the composites: 1, 80%PLA/CO (90/10) + 20% cel. Sub-micro/nano; 2,
80%PLA/CO (50/50) +20% cel. Sub-micro/nano [16].

Results show that sound absorption of the composite depends on the content of reinforcing
fibres. For higher percentage of these fibres, the higher sound absorption is observed. The
sound wave causes the fibres vibration and as a result of friction the created energy of sound
wave is converted to heat conversion. Larger total fibre surface leads to greater interaction of
sound wave with the fibres. This effect of interaction between sound wave and fibre surface is
stronger if the standard fibres are replaced by ultra-short/ultra-fine fibres [16].

6. Conclusions

The study included not only development of a method for manufacturing sound-absorbing
composites, but also determination of the requirements for the characteristics of reinforcing
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materials, optimal from the point of view of sound absorption. A comparison was made to the
raw material used, and its treatment, with respect to the sound absorption of the composite as
well as its strength. Silane modification does not significantly affect change fibre dimensions,
and the manner of its implementation and the origin of the fibres show no effect on the sound
absorption of the composite. The use of fibres coated by silane preparation is preferred from
the viewpoint of mechanical properties. Tensile strength of composites containing fibres coated
with the silane preparation is about twice higher than that of the composites with the
unmodified fibres.

Composites could be prepared from the layers of needled nonwoven formed from the matrix
fibres or a mixture of matrix fibres and reinforcing standard fibres and layers of straw or ultra-
short/ultra-fine fibres alternately arranged. In the case of composite reinforced by straw, the
presence of the standard fibres is inadvisible. The addition of the straw, independent of straw
type, increases the values of the sound absorption coefficient because of the additional voids
caused by the particles of straw. Both grinded sunflower straw, grinded corn straw and random
cut wheat straw reduce the tensile stress at maximum load of the composites, but increase the
sound absorption even to 0.8-0.9 in some frequency ranges.

Studies have shown that the composite structure produced by compressing the fibrous layer
system is most advantageous from the point of view of its sound absorption when the standard
fibres are as a reinforcement with ultra-short/ultra-fine fibres. The addition of sub-microfibres
in an amount of 10-20% by weight of this system gives the significant effect on the composite
sound absorption in the entire tested range of sound frequencies, i.e., up to 6400 Hz. The rapid
increase of the absorption coefficient to the value of approx. 0.8 is in the range of 500-4000 Hz,
followed by a further but slower increase is observed. If, however, as ultra-short/ultra-fine
fibres will be used sub-micro/nanofibres, obtained by additional mechanical treatment of sub-
microfibres, giving further fragmentation, then this relationship may adopt a different
character. For a composite containing approx. 50% of the standard fibres and 20% of sub-micro/
nanofibres sound absorption coefficient reaches a high value of 0.75-0.80 even at lower
frequencies, i.e., from 2500 Hz and maintains at such a high level at higher frequencies.

Studies have shown that the best effect on the sound absorption of the composite, i.e., high
sound absorption coefficient over a wide frequency range, may be obtained using next the
standard reinforcing fibres the ultra-short/ultra-thin fibres with a minimum dimensions,
because the larger the surface of the fibres, the greater the impact of the sound wave with
fibres, and therefore greater its attenuation.

The developed composites are thin (several mm thick), lightweight, rigid, washable, high
sound-absorbing of middle and high frequencies, which can be produced from waste fibres
and straw, and may be designed to eliminate sound from various sources, for example in
devices, vehicles and other means of transport, and for sound absorption in the rooms.

These ecological composites have characteristics in line with European trends and can be used
as a stand-alone screen or to fill sound-absorbing panels, as a sound-absorbing contribution
under the plaster in the construction of walls and ceilings suspended or in silenced car door,
hatch, wheel arches, headliner and trunk.
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Abstract

This research was undertaken to determine the nano-rheological behaviours of cassava
starch-zinc-nanocomposite films under dynamic loading for assessing their suitability
as food packaging materials in high speed transportation. The films, with thickness
ranging between 15 + 0.22-17 + 0.13 um, were prepared by casting mixtures of 24 g
cassava starch, 45-55% (w/w) glycerol and 0-2% (w/w) zinc nanoparticles in plastic
moulds of 8-12 mm depths. The effects of the nanoparticles, thickness and glycerol on
the rheological properties of the films, including the Young’s modulus, creep, hardness
and plasticity index were determined using nanoindentation technique. The results
show that the Young’s modulus and hardness of the films varied inconsistently with
glycerol concentration and nanoparticles due probably to their isotropic nature and
sensitivity to slight change in load. The plasticity index was lower for 15 pum film, which
absorbed 40 pNm and dissipated 0.5 pNm during loading and unloading stages,
respectively. The response of the 15 um film to creep was higher than 16 um and 17 um
films, and this may be consequence of lower wear at higher loads. This implies that the
nanocomposite film might be suitable for high speed transportation of packaged food.

Keywords: rheological behaviour, hysteresis loop, zinc nanocomposite film, food
packaging

1. Introduction

Flexible films (<100 um), such as low-density polyethylene and polyvinyl chloride, are widely
applied in the food industry [1]. The handling of the flexible films in the packaging and

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) g
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transportationoffoodand food productsoverlongdistancesisanissuebordering theagricultural
products processing engineers, due to the dynamicloading experienced by the materials in the
process [2]. The viscoelastic behaviour often exhibited by this material has great influence on
its degree of wear and tear, especially during high speed transportation of packaged foods. The
low mechanical impendence of the flexible films has rendered measurement of the rheological
behaviour difficult to achieve using the universal tensile testing equipment but can be measured
using nanoindentation analysis [3, 4]. The indirect measurement of the area of contact between
the indenter and flexible film under investigation is called nanoindentation. The method
provides an avenue of touching the flexible film, whose rheological properties are unknown,
with another material of known property. The penetration depth of the indenter, which allowed
for proper measurement of the penetration rate in the flexible film, is usually measured in
nanometres, thus considering the process as non-destructive because of its relatively smaller
area of contact. The accurate measurement of the rheological properties has been made possible
using the nanoindentation technique. Itis easier to measure the rheological properties of flexible
films by this process due probably to the high response of the material to the depth sensing
device. The knowledge of the response of flexible films to this device can be used to study their
behaviour with respect to deformation or wear [5].

The rheological behaviour of flexible films, under static and dynamic loading, has been
reported by some researchers [6-8]. Jian et al. [6] studied the load-displacement behaviour
of Cu,0 thin films by nanoindentation. The authors observed that the regions of loading and
unloading appeared distinct on the hysteresis loop of the films. Also, Syed et al. [7] studied
the nanoindentation behaviour of ultra-thin polymeric films and use the finite element
modelling to characterise their mechanical properties. The authors observed that the Young's
modulus and hardness of the flexible film increased with the indentation depth and the
projected area of the deformed region. The nano-rheological properties of flexible films
including the hardness and elastic modulus have been studied by Chateauminoisa and
Briscoeb [8]. The authors observed a progressive wearing of the flexible film due to compaction
brought about by increasing load at the contact area. The intensity of the wearing process was
interpreted by considering the evolving load carrying capacity of the contact, which was
characterised by progressive redistribution of the contact pressure within the flexible film.
However, the behaviour of the flexible films, as reported, does not account for the viscoelas-
ticity, elastic and plastic works of the materials. It was also difficult to determine the plasticity
index and creep of the materials because of their inconsistent strain rate sensitivity under
dynamic loading. The hardness and Young’s modulus of the materials were practically
inadequate to withstand the dynamic vibrational loading usually experienced on rough roads.
Many of the flexible films therefore are limited in their application for high speed transporta-
tion, where higher hardness, Young’s modulus and elastic behaviours of the materials are
required for food packaging. Hence, there is the need for a suitable food packaging material
with the required characteristics for potential application in high speed transportation of
packaged foods.

The addition of zinc nanoparticles to renewable resource like starch provides an alternative
flexible film with improved rheological properties. The new material offers opportunity to
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package food under dynamic loading at high speed due to their improved rheological
behaviour. The improvement of these properties may be explained by the fundamental length
scales of the nanoparticles, whose uniform dispersion with the starch results in ultra-large
interfacial area between the constituents. The interface between the organic and inorganic
materials alters the mobility of the molecules and thus the rheological behaviour of the
nanocomposite material. Thus, the objective of this research was to determine the nano-
rheological behaviour of cassava starch-zinc nanocomposite film, such as hardness, Young’s
modulus, creep, elastic and plastic works, under dynamic loading for high speed transporta-
tion of packaged food.

2. Materials and methods

2.1. Source of materials

The cassava used in this investigation was bought from Kasuwan Gwari Market in Minna,
Niger State. The method described by Fadeyibi et al. [9] was used to prepare the starch slurry,
which was dried under the Sun for 1 week until a moisture content of 2 % (wb) was achieved.

2.2. Preparation and size analysis of zinc nanoparticles

The method described by Fadeyibi et al. [10] was used to prepare the zinc nanoparticles. The
method involves mixing two homogeneous solutions prepared separately. The first solution
was prepared by adding 30 mL of distilled water to 20 mL of triethanolamine with constant
stirring while adding 2 mL (100 drops) of ethanol in drop wise. The second solution was
prepared by adding 5.39 g of zinc acetate di-hydrate to 50 mL distilled water with continuous
stirring, to form a 0.5 M solution. The two solutions were mixed together in 500 mL beaker and
a solution of ammonium hydroxide and 10 mL distilled water were added (in drop wise). The
mixture was left undisturbed for 30 minutes to form a white bulky solution, which was washed
8-10 times with distilled water and filtered in a filter paper. The resulting residue was dried
in the oven at 95°C for 8 hours. Also, the zetasizer equipment (version 7.01) was used to carry
out size analysis of the synthesised zinc particles to establish their size range in nanometre.
The tests were carried out at the Centre of Genetic Engineering and Biotechnology of the
Federal University of Technology Minna, Nigeria.

2.3. Preparation of cassava starch-zinc nanocomposite film and thickness determination

The starch composite was prepared by adding analytical grade glycerol (45-55%, w/w) and
zinc nanoparticles (0-2%, w/w) to 24 g of the prepared cassava starch. The mixtures were
homogenised using a locally fabricated screw extruder to form the nanocomposites. The
resulting nanocomposites were dispersed into 600 mL of distilled water to form suspensions
and heated for 30 minutes until viscous thermoplastic liquid were formed. The thickness of
the film was determined by casting the thermoplastic solution in plastic mould of 8, 10 and 12
mm depths. In the design of the plastic mould, the surface area was first determined by
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wrapping 50 g of biomaterials (50 mm major and 10 mm minor axial dimensions) using
aluminium foil and the layout was traced on the graph paper. The size of the plastic mould
was computed from the empirical relationship expressed in Eq. (1).

ITSA=Na+e (1)

where N is the number of equivalent biomaterials (50 g), a = is the surface area of the mould
mm?, ¢ is the allowance (assumed 600 mm?) and TSA is the total surface area of the mould
(mm?).

Based on the expression in Eq. (1), the total surface area of the mould measured was 350 x 180
mm and this was used to cast the thermoplastic solutions into films. The thickness of the dried
film, whose moisture content was 4% (db), was determined at the four edges of the films and
the average taken. The plastic mould with 8 mm depth gave an average dried thickness of 15.14
+0.22 pm, whereas those with 10 and 12 mm depths were 16.21 + 0.36 and 17.38 + 0.13 pum,
respectively. Twenty-seven samples of the cassava starch-zinc nanocomposite film, obtained
from the 3° full factorial experiments (three levels from each of the zinc nanoparticles, glycerol
and thickness), were prepared and stored in separate polyethylene bags to avoid subsequent
hydration.

2.4. Determination of rheological properties of the film

The nanoindenter was used to determine the rheological properties of the nanocomposite
films. A typical profile of the load-displacement curve of the film, obtained from the nano-
indenter, is shown in Figure 1. The profile shows loading, unloading and holding stages from
which other rheological behaviours such as the hardness, Young’s modulus and creep were
computed (Egs. 2 and 3). Also, the strain rate sensitivity, which corresponds to creep response
of the films, was determined at the holding stage of the profile (stage 2). The elastic and plastic
works correspond to the areas under the loading and the unloading stages of the hysteresis
loop [7, 11]:

H — __max ( 2)

where P, ., is the maximum load, A. is the contact area (nm?), & is the contact depth (nm) and
H is the hardness of the nanocomposite film.

-t ©

where E, is the reduced modulus (MPa), vis the Poison’s ratio of the nanocomposite film, which
was obtained by assuming that the material is isotropic in nature with the elastic modulus
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evenly distributed in all crystallographic directions = 0.5, 9iis the Poison’s ratio of the diamond

indenter = 0.25, Ei is the elastic modulus of the diamond indenter = 1140 GPa and E is the elastic
modulus of the nanocomposite film [6, 7].
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Figure 1. Load-displacement profile of a typical nanocomposite film (1, loading stage; 2, holding stage; 3, unloading
stage).

3. Results and discussion

3.1. Response of cassava starch-zinc nanocomposite film to dynamic loading

The responses of the thickness and the various concentrations of glycerol and zinc nanoparti-
cles on the rheological behaviour of the cassava starch-zinc nanocomposite films to dynamic
loading are shown in Figures 2-10. It can be seen that the nanocomposite films behave
differently under the various glycerol concentration and zinc nanoparticles at 15, 16 and 17
um. The holding rate sensitivity of the nanocomposite film, which corresponds to the creep
behaviour, was more pronounced in the 16 and 17 um of the 45% glycerol film than the 15
um counterpart, as shown in Figure 2. This may suggests that the strain rate sensitivity of the
15 um nanocomposite film, which is a quantitative representation of a film’s ability to stretch
and the amount of energy absorbed when stretched [12], was lower than the other two
nanocomposite films with 45% glycerol and 0% zinc nanoparticles formulation. The addition
of 1% zinc nanoparticles in the formulation abruptly increased the strain rate sensitivity of the
15 um film, as can be seen in Figure 3. The presence of the nanoparticles in the 15 um film
formulation might have caused an improvement in the ability of the material to withstand
dead load, as exhibited by its high holding rate sensitivity in comparison to the other two
thicknesses. The responses of the nanocomposite films to dynamic loading were somewhat
conspicuous with a further increase in the concentration of the zinc nanoparticles to the matrix
of the 45% glycerol films (Figure 4). It can be seen that the 15 pum film responded to dynamic
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loading and strain rate sensitivity than both the 16 and 17 um films due probably to its lower
brittle nature. Sanyang et al. [13] observed similar decrease in the strain energy of biodegrad-
able films based on sugar palm at 45% glycerol concentration. It is possible that the high
amount of the dry matter in the matrix of the films, which may be associated with the increased
thickness [9], might have been responsible for the higher brittle nature and hence the poor
responses to dynamic loading of the 16 and 17 um films. Interestingly, the responses of the
nanocomposite films containing 50% glycerol at the various concentrations of the zinc
nanoparticles and thicknesses were slightly different from those containing 45% glycerol with
respect to the strain rate sensitivity (Figures 5-7). For instance, the nanocomposite films
responded to dynamic loading almost in the same manner irrespective of their distinct
thickness, as shown in Figure 5. It is likely that the 10% increment in the glycerol concentration
might have led to the improvement in the strain rate sensitivities of the nanocomposite films.

50 o

Theknaai
15 pm
16 um
17 um

o s00 1000 1500 2000 2S00 3000 3s0a
Displaces ent (nm )

Figure 2. Response of the 45% glycerol-0% zinc nanocomposite films of different thickness to dynamic loading causing
wear.

[ 500 1000 1500 2000 2500
Displacesment {nm

Figure 3. Response of the 45% glycerol-1% zinc nanocomposite films of different thickness to dynamic loading causing
wear.
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Figure 4. Response of the 45% glycerol-2% zinc nanocomposite films of different thickness to dynamic loading causing
wear.
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Figure 5. Response of the 50% glycerol-0% zinc nanocomposite films of different thickness to dynamic loading causing
wear.
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Figure 6. Response of the 50% glycerol-1% zinc nanocomposite films of different thickness to dynamic loading causing
wear.
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Figure 7. Response of the 50% glycerol-2% zinc nanocomposite films of different thickness to dynamic loading causing
wear.
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Figure 8. Response of the 55% glycerol-0% zinc nanocomposite films of different thickness to dynamic loading causing
wear.
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Figure 9. Response of the 55% glycerol-1% zinc nanocomposite films of different thickness to dynamic loading causing
wear.
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Figure 10. Response of the 55% glycerol-2% zinc nanocomposite films of different thickness to dynamic loading caus-
ing wear.

The addition of 1% zinc nanoparticles might have caused the nanocomposite films to behave
differently (Figure 6), with the 16 um film responding inconsistently to dynamic loading with
a further increase in the concentration of the nanoparticles (Figure 7). The addition of 1% zinc
nanoparticles to the nanocomposite films containing 55% glycerol does not show any im-
provement from those with 0% of the nanoparticles, as shown in Figures 8 and 9. An im-
provement was noticed when 2% zinc nanoparticle was used in the film formulation; where
the strain rate sensitivity was considerably lower (Figure 10). As pointed out previously, here
again the 15 um film responded considerably to dynamic loading than the other two counter-
part films. Tall et al. [11], in a similar research noted the response of Ni-Ti thin films to dynamic
loading and unloading with distinct strain rate sensitivity. Additionally, the strain energy
released during the loading part of the hysteresis loop is in the range of 40-190 pNm, and this
varies with thickness and glycerol concentration (Figures 2-10). In all cases, the energy
dissipated was recovered into the system during the unloading part of the loop. Also, the
energy dissipated by the nanocomposite films was lower than those with 0% zinc nanoparti-
cles, irrespective of the concentration of the glycerol but decreases with the thickness of the
films. This corroborates the works of Tall et al. [11] who observed regions of loading and
unloading of the hysteresis loop of the Ni-Ti thin films. Also, regions of loading and unloading
were observed in Cu,O thin films [7]. This behaviour might be associated with the increased
displacement of the film with a slight change in the applied load as the concentration of the
glycerol and zincnanoparticles increased. The rheological properties are important parameters
for the formation, application and quality of the films. The measure of wear and tear of the
films, and its knowledge informs the engineer on the choice of appropriate films to withstand
high mechanical load at nanoscale, especially during transportation on rough roads.

3.2. Effects of the processing parameters on rheological properties of the films

The effects of the processing parameters (thickness, zinc nanoparticles and glycerol concen-
tration) on the rheological properties of the cassava starch nanocomposite films are shown in
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Figures 11 and 12. It can be seen that the hardness and Young’s modulus varied inconsistently
with the concentrations of glycerol and zinc nanoparticles at 15, 16 and 17 um thickness
(Figure 11). This implies that an increase in the applied load does not necessarily reduce the
area of cross-section due to the influence exerted by the zinc nanoparticles and the glycerol on
the crystalline lattice of the films. The elastic and plastic works, which determines the plasticity
indices of the nanocomposite films, decreased generally with the thickness, zinc nanoparticles
and glycerol concentration (Figure 12). Higher plasticity index was obtained for 15 pm film
than 16 and 17 pm films irrespective of the concentrations of glycerol and zinc nanoparticles.
It is likely that the high amount of the dry matter in the matrix of the films, which is associated
with the increased thickness [9], might have been responsible for the decreased elastic and
plastic works of the 16 and 17 pm films. Jorge et al. [14], who studied the mechanical properties
of gelatine nanocomposite films and investigated the effect of montmorillonite concentration
on the properties, corroborated our findings. The authors revealed that the hardness and
Young’s modulus of the films were inconsistent with montmorillonite concentration, thus
indicating the reinforcement of the film matrix by the nanoparticle. The lower values of
plasticity indices of the films might also be associated with the plasticising effect of the
absorbed glycerol during formulation. Thus, the zinc nanoparticles can be said to enhance the
rheological properties, particularly stress and Young’s modulus for high speed packaging
application [15].
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Figure 11. Effect of experimental variables on creep and Young’s modulus of the films.
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Figure 12. Effect of experimental variables on the elastic and plastic works of the films.

There is a correlation between the elastic work done during dynamic loading and the viscoe-
lasticity of the nanocomposite films [16-18]. Thus, since the elastic work is affected by the
concentration of glycerol and thickness of the film formulation, the viscoelastic behaviour of
the nanocomposite film might as well be influenced. It is possible that the increased thickness
of the nanocomposite films, which can affect their flexibility, might be associated with their
poor viscoelasticity. Therefore, in order to adapt to the possible deformation or wear, occurring
especially on rough roads [19, 20], the viscoelasticity of the nanocomposite films must be high
enough so that the elastic work done during the dynamic loading is subsequently recovered
in the unloading part of the cycle.

4. Conclusions

The dynamic behaviour of nanocomposite film, which is associated with viscoelastic behav-
iour, has not being well understood and characterised. This has often caused wears and
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consequent damages of the packaging materials, particularly during the handling and
transportation of food. Nanoindentation provides a convenient tool for probing the basic
rheological properties and the extent of stress-induced phase transition in small volumes of
nanocomposite materials. Thus, this research was carried out to determine the nano-rheolog-
ical behaviour of cassava starch-zinc nanocomposite films under dynamic loading for high
speed transportation of packaged food. The films, whose dried thicknesses were in the range
of 15-16 pm, were prepared by casting mixtures of 24 g of cassava starch, 45-55% w/w of
glycerol and 0-2% w/w of zinc nanoparticles. The responses of cassava starch-zinc nanocom-
posite films to dynamicloading were determined, thus assessing their suitability for high speed
packaging application. The increase in the concentrations of glycerol (>45%) and zinc nano-
particles (>1%) in the formulation might be responsible for the increased strain rate sensitivity
of the 15 um film. The hardness and Young’s modulus of the films varied inconsistently with
the concentrations of glycerol and zinc nanoparticles at 15, 16 and 17 um thickness, because
of the increased displacement with a slight change in the applied load. The strain energy
absorbed was lower for the 15 um film, which absorbed 40 pNm during the loading part of
the hysteresis loop, than for the 16 and 17 pum films. Also, only 0.5 pNm of the strain energy
was finally dissipated during the unloading part of the loop. The creep response of the 15 um
film makes it viscoelastic enough to withstand death loads or wear at higher loads. Conse-
quently, the film can be used for the high speed packaging of food and food products.
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Abstract

Wound dressings are materials generally made of gauze, synthetic, and natural
polymers that are able to protect wound from microorganism, absorb exudates, and
provide compression to minimize edema as well as a temporary substrate for tissue cells
to grow. The multifunction of wound dressing exhibiting antibacterial and anti-
inflammatory properties and conducive to skin-tissue regeneration is highly desired. In
this study, we developed such a multifunctional wound-dressing composite consisting
of polyvinyl alcohol, aloe extracts, and quaternary ammonium chitosan salt (PVA/AE/
QCS, PAQ). The mass ratio of PAQ composites was controlled at three different levels
of 6:3:1, 7:2:1, and 8:1:1. The as-prepared PAQ composites exhibited a porous profile on
both surface and cross-section areas with 3-60-pum pore size and a three-dimensional
(3D) porous network inside. Such a porous structure could effectively prevent the
invasion of microorganism, as well as readily absorb extrudes from wound. The PAQ
composites exhibited a good competency of moisture maintenance, excellent antibac-
terial characteristics, and a good biocompatibility of fibroblasts, and they would become
a competitive multifunctional wound dressing.

Keywords: wound dressing, aloe extracts, chitosan, antibacterial, moisture mainte-
nance

1. Introduction

The occurrence of wound is a cause of break in the skin that generally results from physical,
mechanical, and thermal damage, or medical surgery and physiological disorder [1]. It
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accompanies cell death, destruction of extracellular connective tissue components, and loss of
blood vessel integrity [2]. Wound healing is a dynamic process including inflammatory,
proliferative, and remodeling phases. Each phase involves numerous biochemical activities and
is overlapped with other phases until the completion of wounded-tissue regeneration [3]. When
serious tissue injuries can hardly heal themselves, human interventions are required [4]. The
use of wound dressings is such a first step of human interventions to first contribute the
hemostasis and prevent wound from deteriorating. Wound dressings are materials generally
made of gauze, synthetic, and natural polymers thatare able to control moisture content, provide
gaseous permeability, protect wound from microorganism, absorb exudates, exhibit low
adherence, and provide compression to minimize edema as well as a temporary substrate for
tissue cells to grow [1, 5]. Different types of wound need separate wound dressings exhibiting
different functions according to various healing objectives. In order to obtain optimal healing
result, wound dressings containing integrated functions such as antibacterial and anti-inflam-
matory properties, and contribution to skin-tissue regeneration are highly desired.

Inorganic materials generally used in wound healing can be selected from a wide range of
materials, such as silicone-based bioglasses. Most of them exhibit either high-elastic module
satisfying the mechanical requirement of skin tissue or certain biodegradability to release
beneficial elements for wound care, such as borate or siloxane bioglasses [6, 7]. Polymeric
materials are contributed to most of wound-dressing materials because of their processibility,
moldability, low toxicity, biocompatibility, and low cost [8]. Both synthetic and natural
polymers can be used to prepare appropriate wound dressings. Some typical synthetic
polymers, such as polypropene (PP) and polylactic acid (PLA), although showing excellent
molding ability and certain biodegradability, present inadequate biocompatibility and
unpleasant side effects [9-13]. Naturally generated polymers are derived from biomacromo-
lecules such as alginate, chitin/chitosan, gelatin, heparin, collagen, chondroitin, fibrin, keratin,
silk fibroin, and bacterial cellulose (BC), and most of them show desirable properties of
biocompatibility, biodegradability, nontoxicity, fluid exchange, and moldable prototypes
during the synthetic process [14-20], although some unavoidable defects, such as high cost,
inappropriate mechanical properties, and untunable biodegradability, are still present [14,
21]. Therefore, blending or compositing synthetic polymers with natural polymers using facile
but advanced technologies [22] is highly recommended to integrate advantages of both
synthetic and natural polymers and minimize their disadvantages for wound care and other
medical uses.

Chitosan is the deacetylated derivative of chitin that is a linear polysaccharide composed of
[-1,4-D glucosamine and -1,4-D-N-acetylglucosamine [23]. Due to numerous amino groups,
chitosan becomes a significant polysaccharide carrying positive charges. Such a character
offers chitosan an impressive antibacterial property because negatively charged cytoplasmic
membrane is neutralized by positive charge which leads to the destruction of the function of
bacterial cell membrane [24]. Meanwhile, many studies have also demonstrated the effective-
ness of chitosan in wound care that specifically exhibits merits in providing the hemostasis,
accelerating the fibroblastic synthesis of collagen, and promoting the tissue regeneration [25].
Due to relatively high cost and difficulties in fiber/film forming as compared to the traditional
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gauze-type wound dressing, incorporating chitosan as one of active components of wound
care into cheap and easily processible material substrates has become an alternative to prepare
wound dressing. The typical examples are electrospinning chitosan with polyethylene oxide
(PEO) [26], polyvinyl alcohol (PVA) [27], and (PLA) [28], respectively, for antibacterial
application and scaffold construction to promote tissue regeneration. Additionally, blending
chitosan with other biomacromolecules, such as collagen [29], pullulan [30], and BC [31], can
synergetically contribute to the enhancement of biocompatibility and reduce the toxicity of
chitosan to normal tissue cells.

Aloe (Aloe vera) is a succulent plant and its extracts mainly consisting of carbohydrates and
glycoproteins have been found to contribute to the anti-inflammatory and wound-healing
activity [32]. The most beneficial effect of Aloe extracts (AEs) is its function in healing burned
wound in which the instant reduction of painful feeling may be easily attained [33, 34]. In
addition, AE can be added as a bioactive agent to other material substrates and combine other
bioactive agents such as curcumin to exert a synergistic function of moisture maintenance,
antibacterial, and anti-inflammation, and thereby promote the wound healing [35]. Nowadays,
AE has been successfully commercialized and found in many consumer products for either
cosmetic or medicinal purposes.

Although the combination of CS and AE has shown the advantage in wound healing, the
effectiveness of modified chitosan combining AE as bioactive agents of wound healing
incorporated into PVA matrix has not been investigated yet. Therefore, we aimed to develop
such a multifunctional wound-dressing composite consisting of PVA, AE, and quaternary
ammonium chitosan salt (QCS, 3-chloro-2-hydroxypropyl trimethylammonium chloride-
functionalized chitosan) which was expected to exhibit antibacterial property, ability of
moisture maintenance, and good biocompatibility for the growth of skin tissue. Three different
mass ratios of QCS, AE, and PVA were selected to investigate the effectiveness of wound-
dressing composites prepared. Material characterization of as-prepared wound-healing
composites was performed to investigate the porous profile, functional groups of materials,
thermal stability, and water absorbability. Cell culture study and antibacterial essay were
conducted to investigate the antibacterial activity and biocompatibility in an in vitro wound-
healing environment.

2. Materials and methods

2.1. Materials

Quaternary ammonium chitosan salt (QCS, 3-chloro-2-hydroxypropyl trimethylammonium
chloride-functionalized chitosan, HACC-101) was purchased from Tianhua Bioagents (Don-
gying, Shangdong, China). Aloe extracts (AE, lyophilized powder, FBE013) were purchased
from Five Brothers Bioproducts (Haikou, Hainan, China). Poly(vinyl alcohol) (PVA, 341584
Aldrich) was purchased from Sigma-Aldrich (Saint Louis, MO, USA). All the chemicals were
received as it is and used without further purification. L929 mouse fibroblast cells (ATCC CCL-
1), human fibroblast cells (HFCs, ATCC CCL110), and Staphylococcus aureus (S. aureus, ATCC
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9213) were purchased from the American-Type Culture Collection (Manassas, VA, USA).
Escherichia coli (E. coli, Trans5a) was purchased from Transgen Biotech (Beijing, China).

2.2. Preparation of QCS/AE/PVA composites

An amount of PVA, AE, and QCS was dissolved in deionized (DI) water with a final concen-
tration of 5% (m:v). The mass ratios of PVA, AE, and QCS in the PVA/AE/QCS (PAQ) mixture
were selected at three levels which were 6:3:1 (PAQ1), 7:2:1 (PAQ2), and 8:1:1 (PAQ3). The
mixture was poured into a mold with a depth of 0.5 mm and kept at 4°C for 4 h. The cold
mixture was then frozen at -20°C for 4 h following a defrozen operation at room temperature
for 4 h. This freezing-defreezing operation was repeated three times until a homogeneous gel
was achieved. Next, the gel was lyophilized and cut into an identical size for next studies.

2.3. Material characterization by SEM, FTIR, TGA

PAQ composite samples prepared in the last section were coated with gold and then were
imaged by the scanning electron microscopy (SEM, FEI Nova NanoSEM450, USA) operating
at 5 kV. Both surface and cross section of samples were examined by SEM. Examination of
Fourier transform infrared spectroscopy (FTIR, Bruker Vertex 70, USA) spectra for all compo-
site samples was performed under conditions that FTIR data were taken from 500 to 4000
cm'. OMNIC software (Thermo Electron Corporation) was used to correct and normalize the
baseline of FTIR spectra. Thermogravimetric analyses (TGA) of all composite samples were
performed by the TGA Q600 (TA Instrument, USA). Thermograms of samples were recorded
between 36 and 600°C at a heating rate of 10°C/min and a nitrogen flow of 100 mL/min. TA
Universal Analysis 2000 (TA Instrument, USA) was used to calculate the percentage of weight
loss, the first derivatives of the thermograms (DTG), and the decomposition temperatures.

2.4. Water absorbability

The lyophilized PAQ composite samples were soaked in phosphate-buffered saline (PBS, pH
7.4) and acetic acid/sodium acetate buffer (HAc-NaAc, pH 5.0). At different assigned times,
the sample was taken out and the excessive solution on the surface of the sample was removed
by Kimwipes. The water absorbability was the ratio of weight difference of lyophilized sample
before and after the soaking versus the weight of lyophilized sample (the amount of adsorbed
water vs. dry weight of lyophilized sample).

2.5. Antibacterial assays

E. coli and S. aureus were activated and diluted to the desired concentration of 108 CFU/mL
(CFU is an abbreviation of colony-forming unit). The inoculum of 10 pL E. coli and 10 uL
S. aureus was separately added to the 1-L growth broth consisting of 30-g tryptic soy broth
(BD 211825) and 1-L DI water. Two broth media were shaken at 37°C overnight. The bottom-
layer media were taken and rinsed by sterile PBS via the centrifugation at 4000 revolutions
per minute (rpm) for 3 min, and the rinsing process was repeated three times. The bacterial
pellets obtained for two bacteria were re-dispersed, respectively, in the fresh growth broth
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and then adjusted to achieve 0.1 of optical density (OD) value for bacterial media (equal to
108 CFU/mL). The composite materials prepared were cut into identical round size with a
diameter (D) of 10.5 mm. One piece of sample was placed into 12-well culture plate and UV
sterilized for 1 h. Each bacterial medium of 16 uL was dripped onto the sample and another
piece of sample was immediately covered on the bacterial medium. The culture plate with
samples and bacterial media was cultivated at 37°C for 2 h. Next, the samples and the culture
plate were rinsed by sterile PBS at least three times. The collected bacterial solution was
centrifuged at 4000 rpm for 3 min and the bacterial pellet was re-dispersed in 250-pL fresh
broth. The as-prepared bacterial medium of 100 puL was taken and spread out on the agar
medium consisting of 40 g of tryptic soy agar (BD 236950) in 1-L DI water. The bacteria with
the agar medium were cultivated at 37°C for 15 h. The number of bacteria growing on the
agar was counted. The antibacterial ability was calculated according to Eq. (1).

CFU,,, - CFU

antibacterial ability (%) = CFD
blank

composite x 100 (1)

where CFUy, .\ is the number of bacterial colonies growing on the agar medium without the

presence of composite samples and CFU is the number of bacterial colonies growing

composite
on the agar medium in the presence of composite samples.

2.6. Biocompatibility

The effect of the composite samples on the proliferation of L929 mouse fibroblast was first
examined. The composite samples of 10.5-mm D round size were sterilized under UV light for
1 h and then activated in the a-minimum essential media (a-MEM, ThermoFisher 11095072)
at 37°C and 5% CO, for 24 h. The activated samples were placed in a 12-well culture plate and
100 uL of activated L.929 cells (20,000 cells/mL/well) was then added to the culture plate. The
growth media were exchanged to a-MEM plus 10% of fetal bovine serum (FBS, ATCC 30-2021,
USA) and added to the culture plate. The cultivation was conducted at 37°C and 5% CO, for
5 days. At days 1, 3, and 5, the culture medium in the culture plate was taken out and rinsed
by sterile PBS via centrifugation at 120x g relative centrifugal force (RCF), respectively. The
collected cell pellet was added to the cell-counting kit-8 (CCK-8, Sigma 96992, USA) consisting
of 10% CCK-8 plus 90% a-MEM. The cell mixture was cultivated at 37°C and 5% CO, for 2 h
and then OD value of cell mixture was examined by ultraviolet-visible (UV-VIS) spectrometry
(Shimadzu UV-3600, Japan).

For the cell attachment and morphology of HFCs on the composite samples, HFCs were first
activated according to the protocol described in our previous study [18]. The complete growth
medium of HFCs was composed by Eagle's minimum essential medium (EMEM) (ATCC 30-
2003, USA) plus 10% of FBS. The composite samples were sterilized under UV light for 1 h and
then activated by growth medium of HFCs in a 16-well culture plate. Next, the initial cell
suspension (2000 cells/mL/well) was added directly onto the samples following the addition
of adequate growth medium to each well, and the cultivation was conducted at 37°C and 5%
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CO,. At the assigned day, the culture medium was removed and the attached cells on the
samples were rinsed by PBS. The samples were subsequently fixed with 2.5% glutaraldehyde
PBS solution at room temperature for 2 h and stained by a small drop of fluorescent isothio-
cyanate dye (FITC) at 4°C for 1 h. Laser scanning confocal microscope (LSCM, Leica SD AF)
with an excitation wavelength of 488 nm was used to examine the cell attachment and
morphology.

3. Results and discussion

3.1. Material characterization and water absorbability of wound-dressing composites

SEM images in Figures 1 and 2 show distinct surface and cross-section morphologies of PAQ
composites prepared at different mass ratios of components. Overall, the PAQ composites
display a porous morphology and the cross-section images reveal a three-dimensional (3D)
porous network inside PAQ composites. It is noticed that the difference lies in the pore size in
each composite. Due to the addition of different amounts of AE and QCS, the PVA fibers inside
the 3D structural network are covered by AE and QCS. The pore size of 20-30 um in PAQ2
appears to be more homogeneous on the surface and cross-section areas than PAQ1 and PAQ2.
The PAQ1 exhibits smaller pore size of 5-20 um and the PAQ3 exhibits larger pore size of 20—
60 um. Too smaller pore may inhibit the air exchange and too larger pores may not effectively
prevent the adverse microorganism from infection to wound [36]. In order to prepare a
satisfactory wound-dressing material, the porous profile of PAQ2 with a mass ratio of
PVA:AE:QCS (7:2:1) seems more qualified.

a-PAQ 1 Surface B-PAQ1surface. |
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Figure 1. SEM images of surface of PAQ composites with different mass ratios of components: (a, b) PVA:AE:QCS =
6:3:1; (¢, d) PVA:AE:QCS = 7:2:1; (e, f) PVA:AE:QCS = 8:1:1. Images b, d, and f indicate higher magnifications of images
a, ¢, and e, respectively.
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Figure 2. SEM images of cross-section of PAQ composites with different mass ratios of components: (a, b) PVA:AE:QCS
=6:3:1; (c, d) PVA:AE:QCS = 7:2:1; (e, f) PVA:AE:QCS = 8:1:1. Images b, d, and f indicate higher magnifications of im-
ages a, ¢, and e, respectively.

The FTIR spectra of pure PVA, AE, QCS, and PAQ composite samples are illustrated in
Figure 3. Vertically numerical peaks at 3433 and 2908 cm™ on the pure PVA spectrum may be
typical characters of hydroxyl groups and alkyl long chain of PVA, respectively [37]. The strong
peak at 3433 cm™ indicates the proof of numerous existing interchain and intrachain hydrogen
bonds in the samples of AE and QCS [38]. This peak in three PAQ composite samples shows
a limited enhancement as compared to PVA and a remarkable reduction as compared to AE
and QCS, suggesting that AE and QCS have been physically bound to PVA and possible
hydrogen bonding may have been formed among them. PAQ1 shows a stronger peak at
3433 cm™ than PAQ2 and PAQ3 because of the highest AE component in its composition. The
peaks at 1485 and 1230 cm™ are associated with amino groups and they slightly shift to 1400
and 1200 cm™ with the reduction of peak intensity in PAQ composite samples, which is the
proof of the presence of QCS in the composites [39, 40]. The strong peaks at 1722 and 1624
cm! are associated with carbonyl groups existing in AE and they are both present in PAQ
composites with the reduction of peak intensity, which is another proof of the incorporation
of AE into PVA [40]. The peak at 1120 cm is associated with ether groups representing the
presence of sugar rings in the PAQ composites, suggesting the successful binding of AE and
QCS onto the PVA substrate [40]. The above FTIR analysis chemically demonstrates that AE
and QCS have been bound to PVA matrix, although the ratio of AE and QCS in the composites
is far below PVA, and as-prepared PAQ composites exhibit all characteristic peaks regarding
specific functions that AE and QCS possess.
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Figure 3. FTIR spectra of pure PVA, pure Aloe, pure QCS, and PAQ composites with different mass ratios of compo-
nents: PAQ1, PVA:AE:QCS = 6:3:1; PAQ2, PVA:AE:QCS = 7:2:1; PAQ3, PVA:AE:QCS = 8:1:1.

The TGA thermograms of pure PVA and PAQ composites are shown in Figure 4a and DTG
curves regarding the maximum decomposition temperature and decomposition rate of
material components are shown in Figure 4b. All the samples show four stages of weight loss
in Figure 4a. The first stage between 36 and 100°C is associated with the weight loss of absorbed
water of samples [19]. Pure PVA exhibits around 8% weight loss in this stage as compared to
9.82% for PAQ3, 15.42% for PAQ?2, and 18.51% for PAQ1, suggesting that the competency of
moisture maintenance of PAQ composites increases according to the increasing content of AE
and QCS in the composition. The second stage between 150 and 300°C is associated with the
disintegration of intermolecular breaking of molecular structure which is believed to be the
disassociation of physical binding among material components [41]. In this stage, the weight
losses of composites are around 25% for pure PVA, 27.25% for PAQ3, 30.36% for PAQ2, and
29.91% for PAQ1, which suggests that AE and QCS bound to PVA start the disassociation from
PVA matrix. Although the weight loss does not have a big difference among PAQ composites,
due to the addition of AE and QCS, the maximum decomposition temperature of PAQ
composites as shown in Figure 4b increases as compared with pure PVA, which results in the
increase of thermal stability of PAQ composites. The third stage between 300 and 380°C shows
the highest weight loss of materials which are associated with the decomposition of molecular
structure of PVA, AE, and QCS [38]. As shown in Figure 4b, in this stage, the maximum
decomposition temperature is increased from 328.7°C for pure PVA to 335.5°C for PAQ3,
341.7°C for PAQ2, and 342.4°C for PAQ1. This means that the addition of AE and QCS increases
the thermal stability of PAQ composites. Meanwhile, the decomposition rate of PAQ3 com-
posites is greatly reduced as the increasing content of AE in the composite. The fourth stage
between 380 and 450°C is associated with the decomposition of material proportion with
higher crystalline structure in AE or QCS [42]. PAQ2 and PAQ3 containing higher amount of
AE and QCS exhibit higher weight losses than pure PVA and PAQ. The above TGA analysis
indicates that the addition of AE and QCS in PAQ composites is conducive to the enhancement
of thermal stability of materials and beneficial to the moisture maintenance of PAQ composites.
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Figure 4. TGA (a) and DTG (b) curves of pure PVA and PAQ composites with different mass ratios of components:
PAQI1, PVA:AE:QCS = 6:3:1; PAQ2, PVA:AE:QCS =7:2:1; PAQ3, PVA:AE:QCS = 8:1:1.

The water absorbability of PAQ composites was investigated using two physiological solu-
tions, PBS (pH 7.4) and HAc-NaAc (pH 5.0), at 37°C, to evaluate their potential to be used for
fluid exchange and moisture maintenance because a real wound-healing process generally
involves a variation of pH values from pH 5.0 for wound occurrence to pH 7.4 for wound
closure [15, 16]. As shown in Figure 5, all the PAQ composites exhibit strong water absorba-
bility over 10 times higher than their dry weight, as well as higher than pure PVA. This suggests
that the incorporation of AE and QCS could significantly enhance the water absorbability of
pure PVA. Owing to the maximum content of AE in PAQI composite, the maximum water
absorption is 23.85 + 0.76 for PAQ1 soaked in PBS, which means that this composite material
could absorb 23.85 times its dry weight. As compared to PBS (pH 7.4), the PAQ composites
exhibited a slight decline of water absorbability in HAc-NaAc (pH 5.0), partly because of the
presence of QCS with a competency of proton donor neutralizing the acidic effect in HAc-
NaAc buffer. Overall, the water absorption tends to be stable after soaking the composites for
over 240 min and can be maintained until 720 min, which suggests that the optimal time to
exchange new PAQ composites is somewhere between 240 and 720 min because old composites
may lose persistent competency to absorb exudates from wound, whereas it can maintain the
high moisture for wound. In consideration of both high water absorbability and relatively low
cost resulted from less addition of AE and QCS, the composition of PAQ2 (PVA:AE:QCS, 7:2:1)
may be the best choice.
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Figure 5. Water absorbability of pure PVA and PAQ composites with different mass ratios of components: PAQ]I,
PVA:AE:QCS = 6:3:1; PAQ2, PVA:AE:QCS = 7:2:1; PAQ3, PVA:AE:QCS = 8:1:1.

3.2. Antibacterial property and biocompatibility of wound-dressing composites

As shown in Figure 6, PAQ composites exhibit significant antibacterial property as compared
to pure PVA because of the presence of QCS which is generally documented as a strong and
bio-safe antibacterial agent. PAQ1 in Figures 6e and f exhibits a slightly better antibacterial
property against both E. coli and S. aureus than PAQ2 and PAQ3, although their antibacterial
effects are quite similar. This may be a reason of a higher amount of AE present in PAQ1
composite. All the PAQ composites show the excellent antibacterial outcomes over 99% after
cell counting and calculation, which are 99.85% for PAQ1, 99.58% for both PAQ2 and PAQ3
against E. coli, and 99.80% for PAQ1, 99.69 for PAQ2, and 99.52% for PAQ3 against S. aureus.
The proliferation of L.929 mouse fibroblasts in the presence of pure PVA and PAQ composites
over time is shown in Figure 7. No significant difference is present in the proliferation of L929
fibroblasts for PAQ composites, which suggests that the addition of QCS and AE to PVA matrix
did not significantly influence the proliferation of L929 cells.



Multifunctional Wound-Dressing Composites Consisting of Polyvinyl Alcohol, Aloe Extracts and Quaternary...
http://dx.doi.org/10.5772/65476

Figure 6. Antibacterial assays using E. coli (a, ¢, e, g, h) and S. aureus (b, d, f, h, j) for (c, d) pure PVA and PAQ compo-
sites with different mass ratios of components: (e, f) PAQ1, PVA:AE:QCS = 6:3:1; (g, h) PAQ2, PVA:AE:QCS = 7:2:1; (i, j)
PAQ3, PVA:AE:QCS = 8:1:1. Images a and b are blank samples.
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Figure 7. The effect of pure PVA and PAQ composites with different mass ratios of components on the proliferation of
1929 mouse fibroblasts: PAQ1, PVA:AE:QCS = 6:3:1; PAQ2, PVA:AE:QCS = 7:2:1; PAQ3, PVA:AE:QCS = 8:1:1.
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The attachment and morphology observation in the 3-day cultivation of HFCs on pure PVA
and PAQ composites were analyzed as shown in Figure 8. All the samples show good
attachment of HFCs on their substrates. A slightly preferable viability of HFCs is found in PAQ
composites as compared to pure PVA, although no significant viability is present, suggesting
that the impact of QCS against cell growth has been offset by AE which shows a potential of
facilitating the growth of fibroblasts. L929 fibroblasts show a good morphology of extended
shape on all the substrates, which suggests that either pure PVA or PAQ composites are
satisfied substrates for the attachment and growth of L929 fibroblasts. In the light of the results
from antibacterial assays and biocompatibility plus the analyses from SEM, FTIR, TGA, and
water absorbability, considering the cost, the PAQ2 with a mass ratio of PVA:AE:QCS (7:2:1)
exhibits relatively satisfactory properties and thereby it should become the optimal material
composition.

Figure 8. The attachment and morphology of HFCs on (a) pure PVA and PAQ composites with different mass ratios of
components on the proliferation of L929 mouse fibroblasts on day 3: (b) PAQ1, PVA:AE:QCS = 6:3:1; (c) PAQ2,
PVA:AE:QCS =7:2:1; (d) PAQ3, PVA:AE:QCS = 8:1:1.

4, Conclusion

This work used a facile approach to prepare PVA/AE/QCS composites used as a multifunc-
tional wound-dressing materials exhibiting strong antibacterial property, good moisture
maintenance, and excellent biocompatibility for wound healing. The mass ratio of PAQ
composites was controlled at three different levels of 6:3:1, 7:2:1, and 8:1:1 (PVA/AE/QCS).
Material characterization of PAQ composites shows that PAQ composites possess a porous
profile on both surface and cross-section areas with 3-60-um pore size and a 3D porous
network inside, in which PAQ composite with a mass ratio of 7:2:1 exhibits more homogeneous
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porous structure. Such a homogeneous porous structure could effectively prevent the invasion
of microorganism, as well as readily absorb extrudes from wound. FTIR and TGA results
indicate that AE and QCS have been successfully bound to PVA matrix, and the addition of
AE and QCS to PVA is conducive to the enhancement of thermal stability of composites. All
the PAQ composites exhibit excellent water absorbability over 10 times higher than their dry
weight in both PBS (pH 7.4) and HAc-NaAc buffer (pH 5.0). The PAQ composites exhibited
an excellent antibacterial characteristic and a good biocompatibility of fibroblasts. In consid-
eration of cost and results from material characterization plus antibacterial property and
biocompatibility, the PAQ2 composite with a mass ratio of 7:2:1 exhibits relatively satisfactory
thermal stability and antibacterial property plus fewer amounts of AE and QCS, and thereby
it would become a competitive multifunctional wound dressing.
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Abstract

In this chapter, a review is made on the processing and properties of hybrid composites
based on a polymer matrix and a blend of different natural (lignocellulosic) fibers. In
particular, the processing methods are described and comparisons are made between
the general properties with a focus on physical, mechanical and thermal properties. A
discussion is presented on the effect of the polymer and fiber types, as well as
reinforcement content. Properties improvement is also discussed using fiber surface
treatment or the addition of coupling agents. Finally, auto-hybrid composites are
presented with conditions leading to a positive deviation from the rule of hybrid
mixture (RoHM) model.

Keywords: hybrid composites, polymer matrices, natural fibers, fiber concentration,
mechanical properties

1. Introduction

Composites are materials containing at least two constituents, each one with different chemical
composition. Their combination provides anew material with better functional properties than
each of the components separately [1].

The main component in the composite is the matrix, which can be a metal, ceramic or polymer,
while the other part is a reinforcement which can be in particulate, laminate, short fiber or long
fiber form [2]. Composite materials are widely used in construction, aerospace, aircraft,
medicine, electrical and automotive industries [2-5]. Here, a focus is made on fiber reinforced
composites made from a polymer matrix reinforced with fibers having a natural origin [6].

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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2. Natural fibers

Natural fibers are biosourced materials extracted from plants (lignocellulosic) or animals [7].
Lignocellulosic fibers are produced by plants for which, on a dry basis, the cell walls are mainly
composed of cellulose, with hemicelluloses, lignins, pectins and extractives in lower amounts.
Chemical composition and distribution mostly depend on fiber source and varies within
different parts even of the same type or family [7, 8]. According to their source, lignocellulosic
fibers can be classified as bast fibers, leaf fibers, fruits-seeds fibers, grass-reed fibers and wood
fibers [7, 9-12]. Table 1 presents some examples of each category [13].

Fiber type  Characteristics Examples

Bast High cellulose content, flexible, obtained from plants phloem Kenaf, hemp, flax

Seed Fibers that have grown around seeds Cotton, kapok

Fruit Obtained from fruit shells Coir, oil palm

Stalk Cereal stalks byproducts Wheat and corn straw

Grass Obtained from grass plants Bamboo, wild cane, esparto grass
Leaf Obtained by decortication of plants leaves Banana, sisal, pineapple, agave
Wood Extracted from flowering and conifers trees Maple, pine

Table 1. Lignocellulosic fibers classification [13].

Due to natural fibers’ strength, stiffness, availability, low cost, biodegradability and lower
density (1.2-1.5 g/cm®) compared to synthetic fillers such as talc (2.5 g/cm?) and glass fiber
(2.5 g/cm?®) [14-16], they can be effectively used in lightweight composites production [8, 9, 17].

3. Natural fiber composites

Natural fiber composites are materials based on a polymer matrix reinforced with natural
fibers [9]. The polymer matrix can be a thermoplastic or a thermoset, the main difference being
that once thermoplastics are molded they can be remelted and reprocessed by applying heat
and shear, while this is not the case for thermosets [14, 15]. But thermoset matrices generally
provide higher rigidity and are more chemically stable. This is why they are more difficult to
recycle. The main thermoset matrices used for natural fiber composite production are poly-
ester, vinyl ester, phenolic, amino, derived ester and epoxy resins. Thermoset composites are
commonly processed via resin transfer molding (RTM), sheet molding compound (SMC),
pultrusion, vacuum-assisted resin transfer molding (VARTM) and hand lay-up. All these
manufacturing processes do not need high pressure requirements. Another advantage of
thermoset matrices is that fiber loading can be higher than for thermoplastics since the resin
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isinitially in a liquid form. So, lower viscosity improves fibers introduction and dispersion via
different mixing equipment [18-22]. Fiber orientation as well as fiber content might improve
mechanical properties in thermoset composites. Grass, leaf and bast fibers are more effective
to increase the matrix mechanical properties, while surface treatment improves interfacial
interactions. Table 2 summarizes some work on natural fiber thermoset composites with their
manufacturing process, fiber content, fiber treatments and fiber source, as well as the main
results obtained from each work.

Matrix Natural Manufacturing Fiber  Fiber Mechanical properties References
fiber source process content treatment
(%)
E TS FM FS IS
(GPa)  (MPa) (GPa) (MPa) (J/m)
Epoxy Banana Hand lay-up 10 NaOH solution 0.6-1.4 12.1- 15- 26— 2-12  [23]
33.6 34 69
Recycled RTM 19,28, - - - 0.5- 60- 522 [21]
cellulose 40, 46 5.5 140
Flax RTM 40-50 - 173- - - - - [19]
33.6
Hand lay-up 50 - 8.6 - - - - [24]
Compression 40 NaOH solution 2.7-32  50-283 8-27 04- - [25]
molding and 4.1
pultrusion
Oil palm Compression 5,10, 15, NaOH solution - 11-17 - - - [26]
molding 20
Hemp Hand lay-up 30 H,PO; solution 3-4.8  49.1- 3- 69- - [27]
NH,OH Geniosil 66.5 52 92.8
GF-9 Toluene
solution
aminosilane
Date palm  Hand lay-up 10 NaOH solution 1.5-2.5 10-40 - - - [28]
Sansevieria Molding 1,5,7, NaOH solution - 98.3— - 17- - [29]
cylindrical 9 114.9 26
leaf
Polyester Jute Hand lay-up  NA - - - - - 3.8-  [30]
4.1
Macadamia Hand lay-up 10,20, - - - 41- 26— - [31]
nut shell 30, 40 4.6 38
Flax VARTM 20 - 153-  188.6- 21- 163- - [32]
20.3 230.7 2.3 17.5
Curaua RTM 040 - - - 01 - 20- [33]
190
Wild cane  Hand lay-up 040  NaOH solution - - 18- - - [34]
grass KMnO, 7
solution
Sisal Mixing and 10,20, NaOH solution - - 1.49- - - [35]
compression 30, 40 2.68
molding

Typhaleaf Compression  7.3,10.3, NaOH solution 35- 25— - [36]
molding 12.6 Sea water 6 70
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Matrix Natural Manufacturing Fiber  Fiber Mechanical properties References
fiber source process content treatment
(%)
E TS FM FS IS
(GPa) (MPa) (GPa) (MPa) (J/m)
Rice husk ~ Mixing and 57 GMAMAHSAH 04-1.6 2.5-19 01- 342 95- [22]
compression solutions 19 40
molding
Elephant Hand lay-up 304, NaOH 0.6-22 31.5- - - - [37]
grass 31.3, KMnO, 118.1
315 solutions
Bamboo Mixing and NA H,0, +DTPA - 39-65 - 75— - [38]
compression +Na,0;Si +NaOH 105
molding solution, IEM
+DBTDL
Coir Hand lay-up ~ NA NaOH - 17.9- - 18.7- - [39]
solutions 23.6 48
10,20, - - 10.6- - 259- 25.6- [40]
30 15.6 385 1619
Polyurethane Kraft Compression 5,10, 15, - 0-0.2 - - - - [41]
cellulose molding 20
Phenolic Bagasse Compression  17.6 HCIO, solution - - - - 17-28  [42]
molding Furfuryl
alcohol
Curaua Compression  17.6 HCIO, solution - - - - 39-88 [42]
molding Furfuryl
alcohol
Cellulose Molding 1,3,5, NaOHsolution, 0.7-09 9.5-165 5.1- 185- - [43]
from 7 propyl- 1.0 280
eucalyptus trimethoxy-
silane
Ramie Compression  40.4 - 3.3,1.2 723,158 - 920- - [44]
molding 145
Jute Pultrusion N/A - - 25-38 - 28- - [45]
63
Bamboo Compression 15 - 21.2- - - 210- - [46]
molding 30.1 320
Vinyl ester Silk Hand lay-up  0-15 - 09-13 40-71 - - - [47]
Cellulose VARTM 20,30, - 3-7 - - 40- - [20]
40, 50 160
Sisal RTM 10,15, NaOH solution 1.7-2.9 38-75 21- 75- - [48]
20, 25, 4.5 180
30
Kenaf Pultrusion 40 - 9-125 135-145 1.6- 150- - [49]
1.9 190
Pineapple ~ Molding 20 NaOCl1 1.9- 68— 19— [50]
leaf solution 3.9 119 105

E: Tensile modulus; TS: tensile strength; FM: flexural modulus; FS: flexural strength; IS: impact strength; GMA:
glycidyl methacrylate; MAH: maleic anhydride; SAH: succinic anhydride; DTPA: diethylenetriaminepenta-acetic acid;
IEM: isocyanatoethyl methacrylate; DBTDL: dibutyltin dilaurate.

Table 2. Mechanical and thermal properties of natural fiber composites based on thermoset matrices.
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The most common thermoplastic matrices used for natural fiber composites production are
the different grades of polypropylene (PP) and polyethylene (PE), as well as polycarbonate
(PC), nylon (PA), polysulfones (PSU), polyethylene terephthalate (PET) and polystyrene (PS).
More recently, biopolymers such as polylactic acid (PLA) have gained interest to produce 100%
biosourced materials [51-55]. Typical manufacturing processes for these composites are
extrusion, injection, calendering, compression molding and thermoforming. Some advantages
of using thermoplastic matrices are their recyclability and the production can be continuous
[56-61]. Depending on the matrix, fiber and additives content, fiber treatment and manufac-
turing process, the mechanical and thermal properties of these composites can be adjusted as
presented in Table 3, with the main results obtained.

The main objective of adding natural fibers in polymer matrices is to increase mechanical
properties regardless of polymer and fiber type [21, 26, 31, 40, 52, 54, 55, 61-68]. Since natural
fibers have lower density (1.2-1.5 g/cm®) compared to synthetic/inorganic reinforcement such
as glass fibers (2.5 g/cm?), lightweight composites can be produced [28, 69, 70]. Nevertheless,
lignocellulosic fibers are hydrophilic and polar which causes some incompatibility with the
most common polymer matrices which are hydrophobic and nonpolar. This effectleads to poor
mechanical properties due to a lack of interfacial adhesion between the fibers and the matrix.
Furthermore, the high amount of hydroxyl groups available on the fiber surface is increasing
water absorption, even when inside a composite [65, 71, 72]. These problems can be resolved
by modification of the fibers surface such as mercerization (treatment in sodium hydroxide
solution to remove lignins and hemicellulose) with subsequent addition of coupling agents
[22, 73-75]. There is also the possibility to combine thermomechanical refining with coupling
agent addition [71, 72]. More recently, fiber treatment with a coupling agent in solution has
been proposed [76].

Matrix ~ Fiber Processing Fiber Fiber Additive Mechanical TD References
source content surface properties °C)
(%)  treatment CA BA E TS FM FS IS
(MPa) (MPa) (MPa) (MPa) (J/m)

HDPE Flax  Injection 0, 15, 30— - ACA 220- 14-24 500- 15-26 60- - [66]
molding 470 1600 230
Wood Compression 0-40  Thermo- MAPEACA - - 09- - - - [72]
molding mechanical 3.9
refining
Wood Extrusion 20,30, - MAPE- 2300- - 1900~ - - - [56]
40 2900 3400
Wood Extrusion 50, 60, — MAPE- 3130- 11.1- 2470- 25.0- - - [77]
70, 80 4600 30.2 3370 58.8
Wood Injection 40 Ethanol and MAPE- 3570- 23.8- - - - - [78]
molding toluene 4940 48
extraction
NaClO,
treatment
NaOH

solution
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Matrix ~ Fiber Processing Fiber Fiber Additive Mechanical TD References
source contentsurface propetties (W©)
(%) treatment CA BA E TS FM FS IS
(MPa) (MPa) (MPa) (MPa) (J/m)

Wood Injection 25,35, - - - 1200~ 18.5- 1200- 27.5- - - [59]
molding 45 2000 27.5 2700 43
Oil Compression 30,40 - MAPP- 650- 10-15 [65]
palm molding 1050
Hemp Compression 0-40 - - ACA - - 1093- 188- - - [55]
molding 1634 23
Agave Injection 020 - - ACA  225- 15-241-2.7 - - - [79]
molding 550
Hemp Compression 40 Thermo- ~ MAPE- - - 2-2.6 - - - [71]
molding mechanical MAH
refining
Argan Injection 5,10, NaOH - - 1136- 27.2- - - - - [80]
nut molding 15,20, solution 1795 29.3
shell 25
UHMWPEWood Compression 0-30 - - - 195- - 650- - - - [67]
powdermolding 280 1260
LMDPE Agave Rotomolding 5,10, 15— - - 255- 13- 495- 12.5- 0.9- - [81]
440 188 590 165 7.5
Agave Rotomolding 15 Solutions of: - 167- 13-18 420- 13- 83.8— [76]
MAPE 217 520 17.8 1485
NaOH
Aldehyde
Acrylic acid
Methyl
methacrylate
Silane
Hemp Injection 30 Solutions of: MAPE— 241- 13.1- - - - - [73]
molding NaOH 668 17.9
MAPE
LLDPE  Maple Rotomolding 0-20 - - ACA 26— 3-164119- - - - [52]
wood 184 680
Wood Injection 47 - MAPP- - 302 - - - - [82]
molding
Agave Compression 0-40  Solutions of: — - 224- 10-22 389- 14-31 123- - [75]
molding NaOH 381 1027 260
MAPE
PS Agave Compression 10,20, — - ACA 3345- 30-62 — - - 400 [83]
molding 30 4929
Wood Extrusion 10,20, MAPS - - - 3149 - 54— - - [84]
fiber 30, 40 94.5
Wood Extrusion 10,20, MAPS - - - 31- - 55-68 — -
flour 30, 40 41.5
PP Argan Injection 0-30 - SEBS- - 1034- 26.5- — - - 339.4-[85]
nut  molding g-MA 1593 30 350
shell
Flax ~ Compression 10,20, - MAPP- 1000- - - - - - [86]

molding 26, 30 PPAA 3200
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Matrix ~ Fiber Processing Fiber Fiber Additive Mechanical TD References
source contentsurface properties (W®)
(%) treatment CA BA E TS FM FS IS
(MPa) (MPa) (MPa) (MPa) (J/m)

Abaca Injection 10, 15, Benzene - - 800- 24.5- 800- 43-5522.5-— [87]
molding 20,25 diazonium 2700 31 3100 50
treatment,
NaOH
solution
Coir  Injection 5,10, NaOH - - 1100~ 27.5- 1400- 35-53 - - [88]
bagasse molding 15, 20, solution 1700 34.7 2000
25,30
Wood Compression 10,20, — MAPP- 600- — 2100- 44-52 10- - [89]
molding 30, 40 1600 2400 17
NNC Compression 1 - MAPP- 450- 32.3- 1809- - - - [90]
molding 663 39.1 2238
Sisal  Injection 10,20, NaOH MAPP- 500- 23-28 - - - 363.2-[91]
molding 30 solution 1100 434.5
Pine  Injection 5,10, NaOH SEBS- - 1020- 21- - - - 321- [92]
cone  molding 15,20, solution g-MA 1550 27.5 355
25, SBS
30
Wood Compression 10,20, - MAPP- - 28-50 — 37- - - [93]
cotton molding 30 152
PLA Flax  Injection 15,25, — - - - - 2500- — - 282- [54]
molding 40 6000 340
Maple Injection 15,25, - - - - - 2400- — - 282.3-[62]
wood molding 40 5900 342.7
Maple Injection 510, - - - 1250- 59.8—- 3650- 96.6— 21.7-250- [94]
wood molding 15, 20, 1890 61.5 5260 107 34.3 360
25
Wood Injection 20,30, - - - 5270- 56.8— 5400- 77— - - [58]
molding 40, 50, 10300 64.6 1088 91.8
55, 60,
65
Cotton Injection 10,20, — - - 1260 58.1- 3690- 97.9- 17.5-250- [94]
molding 30, 40, 2500 62.6 8220 106.2 24.3 360
50
Agave Injection 10,20, - - - 1242- 43-60 2300~ 55-96 30— - [95]
Coir  molding 30 1865 3110 49
Pine
Post Wood Compression 0-40 - MAPP- 247- 12.7- 950- - 38- - [61]
consumer flour molding MAPE 394 153 1889 65.6
PPHHDPE wood  Compression 040 - POE - - -  1073-166- - -  [%]
flour molding MAPP 1958 224
MAPE
Flax  Injection 30 - MAPP- 608 - 3090 - - - [97]
molding EO-g- _ 579 - 2921 — - - [98]
MAH
i 3B2- - 114-- - - [99]
608 3090
Post Pine  Compression 30 - MAPE- - 214- - - - 341.3-[60]
consumer wood molding CAPE 30.6 3424

HDPE
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Matrix ~ Fiber Processing Fiber Fiber Additive Mechanical TD References
source contentsurface propetties (W©)
(%) treatment CA BA E TS FM FS IS
(MPa) (MPa) (MPa) (MPa) (J/m)

TDM
BagasseCompression 30 - MAPE- - 22.3- - . - 348.5-[60]
molding CAPE 36.1 353.3
TDM
Wood Compression 50,60 - MAPE- - 9-18 - - 20- - [100]
molding 35
Post Wood Extrusion - - MAPP- 450- 27.3- 2230-43-51 -  285- [101]
consumer 490 29.8 2940 499
rp Oil Extrusion - - MAPP- 340- 18.7- 1870-30.1- —  268- [101]
palm 380 19 2150 33.8 495

CA: coupling agent; BA: blowing agent; TD: thermal degradation; ACA: Azodicarbonamide; MAPE: Maleic
anhydride-grafted polyethylene; MAPP: maleic anhydride-grafted polypropylene; MAH: maleic anhydride, SEBS-g-
MA: styrene-(ethylene-octene)-styrene triblock copolymer grafted with maleic anhydride; PPAA: acrylic acid grafted
polypropylene; POE: ethylene-octene copolymer; EO-g-MAH: maleic anhydride grafted ethylene-octene metallocene
copolymer; CAPE: carboxylated polyethylene; TDM: titanium-derived mixture.

Table 3. Mechanical and thermal properties of natural fiber composites based on thermoplastic matrices.

Coupling agents are usually copolymers containing functional groups compatible with the
fibers (hydroxyl groups) and the polymer matrix [74]. These reactions (chemical or physical)
are increasing interfacial adhesion leading to improved mechanical properties and water
absorption reduction [22, 65, 71-73, 75, 76, 99, 102, 103]. Coupling agents can be mixed with
the polymer matrix by extrusion previously to fibers addition [65, 74, 92] but can also be added
during composite compounding, i.e. mixing the matrix, fiber and coupling agent all together
[55, 72, 83, 90, 97-99, 102-104]. Likewise, natural fibers can be functionalized by treating them
with a coupling agent in solution, to increase compatibility with the polymer matrix [22, 71,
73-76].

Since natural fibers start to degrade at lower temperature (150-275°C) than most polymer
matrices (350-460°C) [60, 63, 74, 83, 105], fiber mercerization and coupling agent addition were
shown to improve the thermal stability of the fibers and therefore of the final composites [24,
29,73, 75, 85,91, 92].

4. Hybrid composites

To improve on the properties of natural fiber composites and/or overcome some of their
limitations such as moisture absorption, thermal stability, brittleness and surface quality, the
concept of hybrid composite was developed. The idea is to combine natural fibers with other
fibers or particulate reinforcements, which can be of natural or synthetic origin such as glass
fibers or rubber particles [15, 51, 63, 106-109]. The main purpose of blending different rein-
forcements is to obtain a material with better properties than using a single reinforcement.
Assuming there is no chemical/physical interaction between each type of fibers, the resulting
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properties of hybrid composites (Py) should follow the rule of hybrid mixtures (RoHM) given
as [106, 110, 111]:

Py =R Ve + Ve, 1)

where P, and P, are the properties of composite C1 and C2, respectively, while V; and V,
are their respective volume fractions such that:

Var + Ve, =1 @)

Naturally, the model can be generalized for more than two types of reinforcement.

Natural and synthetic reinforcements combination has showed to improve several composite
characteristics such as thermal stability [106, 112-114], impact strength [63, 115-117] and water
uptake [70, 112-114, 118, 119]. But the combination of two different types of lignocellulosic
fibers was shown to control water absorption [53, 103, 110] and increased impact strength [103,
120], especially when using coupling agents.

The final properties of hybrid composites depend are function of different factors [53, 74, 104,
120], and Table 4 summarizes some of the most important mechanical and thermal properties
of hybrid composites based on thermoset matrices. The effect of fiber and matrix type, as well
as fiber surface treatment is reported with their mechanical properties and thermal degrada-
tion temperature. Similarly, Table 5 reports the corresponding information for hybrid com-
posites based on thermoplastic matrices. In general, it is observed that combining natural fibers
with inorganic reinforcements leads to improved thermal stability and impact strength, as well
as higher flexural and tensile moduli. Moreover, Table 6 shows that water uptake decreases
by combining two natural fibers from different sources, or using natural fibers with inorganic
reinforcements in hybrid composites based on thermoplastics matrices.

Matrix Fibers = Manufacturing Fiber Mechanical properties TD  References
process treatment E TS FS M 1S °C)
(GPa) (MPa) (MPa) (GPa) (kJ/
m?)
Polyester Hemp/  Pultrusion - 16.84 12212 180 11 - [18]
wool
Palmyra Compression NaOH 2.3~ 15.3-  247- - [121]
palm molding solution 5.1 19.3 36.4
leaf/jute
Banana/ Hand lay-up + - 1.1- 2.7- ~16- - [122]
sisal compression 15 42 37
molding
Coir/ NaOH 11.4- 37.4- - [123]

silk solution 174 42
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Matrix Fibers = Manufacturing Fiber Mechanical properties TD  References
process treatment E TS FS FM 1S (°Q)
(GPa) (MPa) (MPa) (GPa) (kJ/
m?)
Oil palm/ Compression - ~25- ~20- ~30- ~15- ~7- - [124]
glass molding 5.5 75 138 8 16
Banana/ Hand lay-up  Solutions of: - 45— 75— - ~15- - [125]
kenaf NaOH 139 172.2 28
SLS
Ramie/ Compression — - 242- - 6.3— - [126]
cotton  molding 118 274
Sisal/ RTM - - 30.1- 484- - 1.39- - [127]
roselle 58.7 63.5 1.41
Sisal/ Hand lay-up - - ~78-  ~70-  ~21- ~66- - [128]
glass 95 265 11 88
Sisal/jute/ Hand lay-up - - 111.2- 2141- - - - [118]
glass 2321  308.6
Hemp/ Hand lay-out+ NaOH - - - - - 345  [107]
glass compression  solution
fibers molding
Epoxy Banana/ Hand lay-up+ - 0.6~ 16.6- 57.2-  89- 13.44- 376.5- [108]
jute compression 0.7 19 59.8 9.1 18.23 380
molding
Banana/ Hand lay-up - 0.6- 16.1-  57.3- 8.9- 13.2- - [129]
sisal 0.7 18.6 62 9.3 17.9
Jute/ Hand lay-up NaOH 0.3- 0.6- 6.9— 0.6- 6.9-  438.2- [109]
bagasse HCl 0.7 1.7 15.9 1.7 159 4759
solution
Jute/ Hand lay-up NaOH ~03- ~85- ~39- ~05- - - [130]
coir Cyclohexane/ 0.7 35 37 1.5
ethanol
Furfuryl
alcohol
Banana/ Hand lay-up - 65- - - - - - [111]
silica 9.1
Sisal/ Hand lay-up - 47- - - - - - [111]
silica 6.1
Polyurethane Hemp/  Pultrusion - 1891 12266 ~142 ~12 - - [18]
wool
Vinyl ester Hemp/  Pultrusion - 1527 11254 ~143 ~13 - - [18]
wool
Jute/ VARTM - 6.7- 62— - — 18-19 - [131]
ramie 6.8 6.7-
Coconut/ Molding - - - - - 1993- - [117]
sisal/ 16373

glass



Production and Characterization of Hybrid Polymer Composites Based on Natural Fibers
http://dx.doi.org/10.5772/64995

Matrix Fibers = Manufacturing Fiber Mechanical properties TD  References
process treatment E TS FS FM 1S (°C)
(GPa) (MPa) (MPa) (GPa) (KkJ/
m?)

Vetiver/ Hand lay-up NaOH 1-24 532- 97.3- 2-36 - - [116]
glass solution 69.8 131.9
Jute/ Hand lay-up  NaOH 17-  633- 1148 29- - - [116]
vetiver solution 1.9 71.7 133.1 3.6

E: tensile modulus, TS: tensile strength, FS: flexural strength, FM: flexural modulus, IS: impact strength, TD: thermal

degradation.

Table 4. Mechanical and thermal properties of natural fiber hybrid composites based on thermoset matrices.

Manufacturing Composite Coupling Filler  Filler Mechanical TD References
process agent content surface properties 0
(%) treatment E TS FS M IS
(MPa) (MPa) (MPa) (GPa) (J/m)
PP-glass  MAPP (5%)40 (vol) - 522-629219- - - 37.9- - [106]
/flax fibers 255 49.6
MAPE-GTR - 10, 30 - 120-243 9.8-14.3 - 363-781139.6-294— [63]
rubber 50, 60 239.8 465
/hemp fiber
PP-Kenaf/ MAPP 30 - 300-360 11-12 - - - - [132]
coir/MMT  (5%)
PP-NNC/  MAPP 21 - 4449 254 - 17352 - - [104]
Maple fibers (2%)
PP- MAPP 50 - - 32-45 48-65 2400- - 348 [133]
wo0d/SiO,  (4.5%) 3540
PP-wood/
CaCO;,
PP-wood/
milled glass
fibers
PP-sisal/ MAPP 30 - 41.75- 970-  474- 1900- 59.3- 346 [70]
glass fibers (1%, 2%, 55.1 1686  67.5 2800 81.6 384
3%)
PP-jute/flax MAPP 25.96% PP/juteand 29.7- 2437.3- 50.1-  1399.7- — - [134]
fibers (19.12%) MAPP/flax  42.6 28524 68.8 2331.8

woven fabrics
were treated
with NaOH

solution
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Manufacturing Composite Coupling Filler  Filler Mechanical TD References
process agent content surface properties (W®)
(%) treatment E TS FS FM IS
(MPa) (MPa) (MPa) (GPa) (J/m)
LDPE- MAPP 15 Solutions of:  36.2-50 29.5- 9.3- 473 [135]
banana/coir (5%) NaOH 52.4 13.6
fibers Acetylation
bleaching with
H,SO,
HDPE- MAPE 40 Hot water 8-13.5 550-63017-27 1570- - - [120]
coir/Oil (2%, 4%) and soap 2380
palm fibers
HDPE-kenaf/- 40 - 27-30  550-680 23-28 1700- - - [110]
pineapple 2100
leaf fibers
(PALF)
PS-banana/ - 20 Solutions of:  29-38.8 1462.2— 7.9-11.3489.7- - - [136]
glass fibers NaOH 1558.3 698.8
Benzoyl
chloride
PSMA
Injection + PP-SBR MAPP 0-40 - 10.5-25 520- - - - - [51]
compression rubber/ (3%, 5%) 1560
birch wood
Injection molding PP-sisal/ N/A 10,20, Boiled in - - - - 100 190- [112]
glass fiber  (3.5%) 30 methanol and 230
benzene
mixture and
with NaOH
solution
PP-sisal/ MAPP 30 - 29.2- 2330- 66.7- 4.03- 16.7- 331.3-[113]
glass fibers  (3%) 31.6 2430  68.8 4.14 20 4647
RPP-date - 30 - 19.5-21 1100- - - - 361.8-[114]
palm wood/ 1300 479.4
glass fiber
PP-hemp/ MAPP 40 - 52.5-59 3800- 97-101 5000- 49- 360- [57]
glass fibers  (5%) 4300 5400 554 474
PP-wood MAPP 40 - 28-45.4 - 39.7-  2680- - 345- [137]
flour/glass  PP-g-MA 62.8 3497 363
fiber POE-g-MA
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Manufacturing Composite Coupling Filler  Filler Mechanical TD References
process agent content surface properties (W®)
(%) treatment E TS FS FM IS
(MPa) (MPa) (MPa) (GPa) (J/m)
SBS-g-MA
(3%, 6%)
PP-wood/ MAPP 40 - 3944 2771- - - - - [138]
kenaf fibers (1%) 3008
PLA-kenaf/ - 30 NaOH - 1547 - - - - [139]
corn husk solution
Sodium lauryl
sulfate
solution
Silane and
potassium
permanganate
PLA-banana — 33 - 67 4965- 105-108 7715—- 119- 295- [140]
/nano—clay 5577 7725 120 397
HDPE-Pine MAPE 20,30 - 20.5- 415-65024-32 670- 37-47 - [53]
/agave (3%) 26.5 1180
fibers
HDPE-coir/ MAPE 20,30 NaOH 19.5- 355-50023.3— 890-  42-68 - [103]
agave fibers (3%) solution 259 31.9 1190
HDPE-sisal/ MA 25,30  NaOH 15.7- - - - - - [141]
hemp solution solution 19.2
(10%)
PP-coir SEBS-g- 20 NaOH 26.5- 1050- - - - 344- [74]
shell/coir ~ MA (8%) solution 29.5 1300 349
fibers Benzoyl
peroxide
solution
PLA-banana/— 30 - 57-79 1700- 91-125 4200- - - [142]
sisal fibers 4100 5600
PLA-hemp/ - 40 - 414-  4643- - - - - [143]
lyocell 71.5 7035
PLA-hemp/ - 40 - 34.4-61 4920-
kenaf fibers 7039
HDPE- - 50 - 26.2-31 3300- - - - - [119]
wood/hollow 3600
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Manufacturing Composite Coupling Filler  Filler Mechanical TD References
process agent content surface properties (W®)
(%) treatment E TS FS FM
(MPa) (MPa) (MPa) (GPa)

glass

microspheres
Extrusion HDPE- - 60 Vinyl 42-44  650-700 73-77  4900- - [144]

wood/bast triethoxysilane 5250

fibers

HDPE- - 60 Allyland 3- 13.8- 3050- 24.5- 2200- - [145]

wood/Kevlar trimethoxy ~ 19.8 4100 3600 3400

silyl-propyl

Extrusion PP-jute/glass — 20, 30, 40 - 42-63  4660- 72.8-  3550- - [69]
calendering 7170 102.5 5950

MAPP: maleic anhydride-grafted PP; MAPE: maleic anhydride-grafted PE; GTR: ground tire rubber; LDPE: low
density polyethylene; HDPE: high density polyethylene; PS: polystyrene; SBR: styrene butadiene rubber; RPP: recycled
polypropylene; PP-g-GMA: glycidyl methacrylate-grafted PP; POE-g-MA: maleic anhydride-grafted ethylene-octene
copolymer; SEBS-g-MA: maleic anhydride-grafted hydrogenated styrene-butadiene-styrene; PLA: polylactic acid.

Table 5. Mechanical and thermal properties of hybrid composites based on thermoplastic matrices.

Matrix Reinforcements Observations References

MAPE  GTR rubber/hemp fiber =~ GTR decreases water uptake [63]

PP Kenaf/coir/MMT Water uptake is reduced by hybridization [132]
Wood/SiO, Si0,, CaCO, and milled grass decreased water uptake [133]
Wood/CaCO,

Milled glass fibers
Hemp/glass fibers Glass fiber reduced water uptake [57]
Wood/glass fibers Increasing fiber glass weight ratio, water uptake was reduced. [146]

HDPE  Pine/agave fibers Pine fiber decreased water uptake in hybrid composites [53]

Coir/agave fibers Coir reduced water uptake in hybrid composites [103]

PP: polypropylene; HDPE: high density polyethylene; MAPE: maleic anhydride-grafted polyethylene; GTR: ground

tire rubber; MMT: montmorillonite.

Table 6. Water uptake in hybrid composites using thermoplastic matrices.

5. Auto-hybrid composites

Composites reinforced with two sizes of the same type of reinforcement are referred to as auto-
hybrid composites. As these composites only have a single type of reinforcement, they are
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easier to recycle. But most importantly, these materials were shown to exhibit a positive
deviation from the RoHM depending on fiber concentration, weight ratio, size and type [64,
102, 147]. Nevertheless, the auto-hybridization effect seems to be more influenced by the total
fiber content than coupling agent addition [64, 147]. However, coupling agent addition is
always important to improve tensile strength [102]. As total fiber content, fiber type and
coupling agent content, all affect the level of deviation from the RoHM, and optimization of
these parameters is a new challenging field of research to develop better composite perform-
ances. Table 7 summarizes the limited amount of work on auto-hybrid composites using
natural fibers as reinforcement.

Processing Composite Coupling Fiber Fiber Crystallinity Main results References
agent diameter content index (%)
(um) (%)
Injection PP-hemp MAPP Fiber: 20, 30 - Hybridization more [147]
fibers (3%, 5%)"  300-710 effective at 20 wt.%
Powder: reinforcement
45-180 Optimum weight ratio of
20/80 (powder/fibers)

3% of coupling agent was
more efficient

Ductility and impact
strength decreased with
fiber content

Tensile and flexural
modulus increased with
fiber content

HDPE- MAPE Short 10, 20, 56.2-61.1 Coupling agent increased [102]
pine fibers  (3%) fiber: 30 tensile strength, and
HDPE- 40-105 53.3-57.4 decreased tensile modulus,
agave Long flexural strength and
fibers fiber: impact strength of auto-
300425 hybrids
Total fiber concentration
affected hybridization
being more effective at 20
and 30 wt.%

Higher values of
mechanical properties
were obtained at 30/70
(short/long) weight ratio
(without coupling agent)
in auto-hybrids
Crystallinity index
decreased with coupling
agent addition

PP-pine fiber — Short 10, 20,30 - Hybridization did not [64]
PP-agave fiber: affect flexural and tensile
fibers 50-212 strength

Hybridization was more
effective at 30/70 (short/
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Processing Composite Coupling Fiber Fiber Crystallinity Main results References
agent diameter content index (%)
(pm) (%)
Long long) and 50/50 (short/
fiber: long) weight ratio
300-425 Positive hybridization
effect was higher at 20 and
30 wt.% fiber content
Impact strength was
higher at 20 wt.% with a
30/70 (short/long) weight
ratio
Water absorption was not
affected by fiber size
Compression LLDPE- MAPE Short 5,10,15, 13-32 Positive deviation of [148]
molding mabple fibers (3%) fibers: 20 RoHM at 30/70 (smaller/
0-45 longer) weight ratio,
Medium regardless of fiber size
fibers: 20 wt.% showed higher
125-250 RoHM positive deviation
Long and auto-hybridization
fibers: was more effective
355-450 Positive deviation of

RoHM is affected by fiber
size and total fiber content
Tensile and flexural
modulus increased with
fiber content, but not with
fiber size

Impact strength and
torsion modulus of hybrid
composites are affected by
fiber weight ratio

"MAPP was not used in auto-hybrid composites.

Table 7. Overview of the different investigations on auto-hybrid composites based on natural fibers.

6. Conclusion

Natural fibers are now interesting alternative to replace synthetic fibers due their good specific
properties (per unit weight). They have been used to develop different composites based on
thermoset and thermoplastic matrices. As for any composite, their mechanical, thermal and
physical properties are function of the properties of the matrix and the reinforcement, as well
as fiber loading, fiber source and manufacturing process. Nevertheless, interfacial conditions
are always important to optimize the general properties.

The main disadvantages of using natural fibers are water uptake, low thermal stability, as well
as low mechanical properties due to fiber agglomeration and poor interfacial adhesion,
especially at high concentration. The problem is usually more important in thermoplastics than
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thermosets due to their difference in initial resin viscosity. But most of the limitations associated
to natural fiber composites can be controlled or overcome by the addition of coupling agents
and/or fiber surface modifications.

Finally, another possibility to improve the properties of natural fiber composites is to add a
second reinforcement to produce hybrid composites. These materials were shown to have
improved mechanical and thermal properties over neat natural fiber composites as they follow
the rule of hybrid mixture (RoHM) regardless of the matrix, manufacturing processing and
fiber combination. Based on this concept, different class of materials was also developed such
as all natural fiber hybrid composites (combination of two different natural fibers) and auto-
hybrid composites (combination of two different sizes of the same fiber). The latter is highly
interesting as positive deviations from the RoHM were reported. This is usually the case
around 20 wt.% of total fiber content with around 30/70 short/long fiber ratio regardless of
coupling agent addition, fiber type and processing method. This opens the door to a new field
of investigation as several parameters can be controlled to optimize the final properties of the
materials and to design new applications for these multi-functional composites.
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Abstract

The viscoelastic behavior and performance to creep of biocomposites made from fique
natural fiber and low-density polyethylene-aluminum (LDPE-Al) obtained from
recycled long-life packages were studied. A relationship was observed between the
creep mechanical responses of biocomposites with respect to natural fibers. Addition-
ally, the four and six parameters of the mathematical model were calculated from the
creep curves. A very good agreement between the experimental data and the theoretical
curves was obtained in the fluency region. The relationship between interfacial fiber or
filler and the polymer matrix is an indicator of mechanical performance of biocomposite,
regardless of the application that you want to give. It is known that the mechanical and
viscoelastic properties depend on the application time of loading, the type of load,
temperature, micromechanics relationship between the natural fiber and the matrix, the
type of anchor prevailing for the transfer effort to micro- and nano-levels and cannot be
treated mathematically only by the laws of solids or fluids, viscoelastic behavior of
biocomposites. It is possible to obtain mathematical models that fit different rheological
phenomena; for example, creep and stress relaxation can be modeled and correlated
with biocomposite experiment using dynamic mechanical analysis (DMA).

Keywords: biocomposites, DMA, natural fiber, fique fiber, viscoelastic behavior,
mathematical models

1. Introduction

One biocomposite is a material formed by a polymer matrix and a filler or reinforcement, with
the characteristic that both the matrix and the filler or reinforcement, one should at least be of
biological origin. Now, it is known that the concept of sustainability has managed to motivate
industries to seek alternative and sustainable materials using natural fibers that can reinforce
or fill materials for different applications. Similarly, efforts are made to the development of
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compound parts that could become an option to supply the irregular use of wood, and 100%
the use of synthetic polymers and origin of oil. Biocomposites are already accepted, viable,
and sustainable alternative, are characterized by one of its phases, and are of biological origin
may be fibers or natural fillers or polymer that can obtained from renewable resources such
as sugar cane, corn, and among others. Various natural fibers have been used for strengthening
plastic matrices due to their low cost compared to synthetic fibers. In this context, we have
already conducted several investigations that have developed new composite materials using
natural fibers from different sources [1-7], the composites of thermoplastic matrix reinforced
with natural fibers or fillers, they can mainly improve the mechanical performance of the
original polymers, besides obtaining benefit in lowering the density; so it may be possible to
obtain lighter, economical, and resistant products, as it is already known applications to the
automobile industry where natural fibers are replacing the synthetic fibers in different parts
of automobiles due to their light weight and low cost [8-13]. Cellulosic fibers such as sisal,
fique, coir, jute, palm, bamboo, wood, and among others, in their natural condition, and several
of cellulosic wastes such as shells, wood flour, and pulp are used as reinforcing agents or filled
thermoplastic and thermosetting resins in different years.

In Colombia, researcher are working on the development of different biocomposites with
natural resources that have already been prepared and cultivated for different uses, one of
these resources is the fique. This natural fiber grows on the leaves of the plants and furcraea
in Andes; it is native monocotiledén xerofitico of the Andean regions of Colombia, Ecuador,
and Peru. These plants are grown from Venezuela to the east coast of Brazil. The common
names of these plants are fique, cabuya, pita, penca, penco, maguey, cabui, chuchao, or cokes.
Mainly in Colombia the fique has been used as an alternative to develop compounds with
ceramic and polymeric matrices. Investigations have been carried out with the aim of finding
alternatives to the use of short fiber waste fique [14]. They have evaluated the flexural prop-
erties and voltage matrix composite with high-density polyethylene (HDPE), and fique fiber
reinforced percentages are found between 7and 55% (v/v). Similarly, we have investigated the
effect of composition on the mechanical properties by incorporating 20% of calcium carbonate,
in order to stiffen the material for use in construction, especially for the manufacture of plates
or rectangular profiles for manufacturing pallets. Because of the interest to include sisal in
other manufacturing processes, we have studied the influence of different surface fibers of sisal
treatments, in the case of alkalinization, chemical modification with maleic anhydride, acrylic
acid, and silane was carried out in order to improve the mechanical behavior of a compound
of unsaturated polyester resin matrix. It was possible to analyze the mechanical behavior of
the composite material through bending tests, where it was observed that the best properties
are presented in both compounds with fibers subjected to alkalization, as those in which the
alkali treatment was a preprocessing of other modification surface [15]. We also studied the
behavior of the hydrolysis of compounds of epoxy matrix, in which two types of surface
treatments were analyzed in which fique fibers used as reinforcement (alkalinization and
silanization). The authors tested specimens by immersing in tap and distilled water for
obtaining decreased flexural mechanical performance, and also reduction in weight due to the
presence of water in the material [16, 17].
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Now, it is possible to develop new alternatives for fique, especially to develop new composite
materials, particularly fique arranged as blanket, which uses short fibers in two-dimensional
random arrangement. This material is susceptible to be used in manufacturing of various
products and various thermoplastic matrices, especially for structural applications or products
such as pallets or similar products, which are typically subjected to withstand loads varying
time intervals and temperature changes. This chapter presents, as an example, a study of the
mechanical and viscoelastic performance biocomposite low-density polyethylene, filled with
aluminum and reinforced with natural fibers sisal which is called LDPE-Al-Fique. It was
possible to obtain a formulation of biocomposite, especially based on analysis of microme-
chanical interactions between the continuous phase and the dispersed phase, including study
parameters such as surface treatments and the arrangement of the fibers in the composite. Also,
a study of the effect of fibers on sisal treatments alkalization, silanization, and impregnation
regarding the effect on the strain rate, and viscoelastic properties, such as the module TOR-
AGE, loss modulus, and tangent delta was performed. The behavior of the compliance function
of time, compared to other biocomposites reinforced or filled bagasse and wood, was ana-
lyzed [6, 7].

2. Fillers or natural fibers reinforced biocomposites

The biocomposites are composite materials consisting of one or more phases of biological
origin. They could be made from natural fibers, or natural fillers such as wood flour, and
combined with various common polymers such as polyolefins. Biopolymers can also be used
for its formation, which identify different types of polymeric materials, in the case of common
polymers such as polyethylene, but based on renewable raw materials, for example, from
cultures of sugarcane, or biodegradable polymers such as the PLA or PHB. The design of a
biocomposite material arises from the intention to optimize the mechanical performance and/
or physical materials, or fill, to achieve the improvement of different properties, among which
are: thermal, water absorption, tribological, viscoelastic behavior, stress relaxation, slowing
flame, energy absorption, and among others, in summary seeks to improve physical and
mechanical properties and/or thermochemical, studying various effects of mechanical,
chemical and/or physical treatments specially made of fibers to improve the properties of
biocomposites of these fibers or work as fillers. The formation of the phases of the biocompo-
sites determines their properties, usually, the formed fibers or fillers, phase aims at strength-
ening properties such as increased stiffness, or increasing the breaking load and achieving a
low density [7, 18-26]. In general, polymeric materials, especially thermoplastics, are trans-
formed by injection molding, extrusion, and thermoforming; these materials allow a dispersion
of fibers that can be used for obtaining new materials and products, which can be fiber
reinforced or fillers. The function of the fibers in the compounds is directly related to the
applied stress resistance, while the matrix is responsible for the transmission of efforts to the
reinforcement; conjugation of the two functions results in a better response of the reinforce-
ment, which in turn can lead to an increase in the rigidity and strength of the material. The
fiber-reinforced thermoplastic materials should be considered important factors in the
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theoretical study of the properties of the matrix, fiber characteristics, matrix content, fibers or
fillers, relationship, and response of the interface between the matrix fibers and fillers, and
reinforcing fiber content is presented in terms of volume or weight [18, 27-29]. Applications
of biocomposites reinforced with natural fibers or fillers are being investigated as a result of
the increasing demand for sustainable and environmentally friendly products, the most
common applications are: construction, automotive industry, and of packaging. Applications
for the production of housing roofs, structural panels, beams, and door frames have been
investigated. There are other applications in the construction in which the NFCS could be an
economic and ecological choice. Now, we can find several applications for the development of
new packaging and interior automotive parts, which are mainly developed by extrusion,
injection molding, and thermoforming [30-33]. The use of renewable for designing biocom-
posite materials obtained from sources such as palm, flax, sisal, sisal, jute, and among others,
these cellulose fibers can be classified into bast fibers and seed fibers such as cotton, coir fibers
cane, rice bran, and wheat, as well as all other types such as wood and roots [34]. A global
approach of the annual production of these fibers can be seen in Table 1.

Fiber source World production (10° Ton)
Bamboo 30,000
Sugarcane bagasse 75,000
Jute 2300
Kenaf 970
Flax 830
Grass 700
Sisal 375
Hemp 214
Coir 100
Ramie 100
Abaca 70
Fique* 22

Table 1. A global approach of the annual production of natural fibers [35].

It is known today for automotive applications, such as the German automotive industry
companies such as Volkswagen, BMW, Ford, Audi, Daimler Chrysler, Mercedes, and among
others. The applications of biocomposites are also in the construction industry, packaging,
sports, and others, applied to the design of various products [36], some physical and mechan-
ical properties of these natural fibers currently used for production biocomposites as shown
in Table 2 [37, 38].

Logistics problems for the collection of agro-industrial waste, emissions of greenhouse gases
generated by incineration and subsequent problematic waste volumes continue to motivate
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the use of natural fibers from various sources for the development of biocomposites for various
applications. These new composite materials using wastes of agricultural and industrial
processes are a sustainable alternative, provided that the production volume of these residues
is not greater than the volume of use in the development of biocomposites for various
applications [39]. Currently, applications in the development of structural products are also
sought, which require a more precise understanding as to their physical and mechanical
behavior, especially when trying to develop products that claim to have a long shelf life of
months or years, which required to have a comprehensive understanding of the behavior or
performance biocomposite in time, under different stress conditions and temperature mainly.
By the technique of dynamic mechanical analysis (DMA) plus a good mathematical approxi-
mation behavior viscoeldsto-plastic of biocomposites, it is possible to predict the behavior,
physical, and mechanical modified biocomposite or reinforced with natural fibers based on
experiments using this technique assays laboratory short-term (hours, days, or weeks) and
align them with mathematical models that can predict behavior for longer periods, months or
years [7, 40]. For structural applications, where biocomposites are subjected to cyclic or
constant long periods of time loads, natural fibers such as bamboo, jute, sisal, sisal, hemp, and
among others, by its constitution at the macro-level, have better mechanical performance and
viscoelasticity when supporting loads over time [6, 10]. In the case of south American sisal,
especially in the Andean region (Colombia, Ecuador, and Peru), it promises be a fiber with an
acceptable reinforcing materials for various applications and manufacturing processes, also
nowadays cultivation is sustainable, and widely used in South America for the production of
textiles blankets, bags for packing coffee mattresses, and among others.

Fiber Density (g/cm®) Tensile strength (MPa) Young's modulus (GPa) Elongation (%)
Fique 1.47 132.4 8.2-9.1 9.8
Flax 1.4 88-1500 60-80 1.2-1.6
Hemp 1.48 550-900 70 1.6
Jute 1.46 400-800 10-30 1.8
Ramie 1.5 500 44 2

Coir 1.25 220 6 15-25
Sisal 1.33 600-700 38 2-3
Abaca 15 980 — —
Cotton 1.51 400 12 3-10
Kenaf (bast) 1.2 295 295 —

Kenaf (core)  0.21 — — —

Bagasse 1.2 20-290 19.7-27.1 1.1
Henequen 14 430-580 — 3-4.7
pineapple 1.5 170-1672 82 1-3
Banana 1.35 355 33.8 53

Table 2. Physical and mechanical properties of natural fibers.
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2.1. Biocomposites fillers or reinforced with fique fibers

Fique, commonly called Cabuya, Fique, Motua in the countries of the Andean region and its
scientific name is Furcraea bedinghausii, is a large plant stem erect; its height varies from 2 to
7 m, with green leaves, long (1-3 m), narrow (10-20 cm), pointed, ribbed, and thorny; in some
varieties, it has faint lines or stripes of about 3 mm long. Young plants consist of a rosette of
thick fleshy leaves bluish-green; as the plant grows, it develops at the base of a short stem
carrying 75-100 sheets whose length and width ranges from 150 to 200 cm and 15 to 20 cm,
respectively, in the widest part near the middle, tapering to 10 cm near the base, having a
thickness of 6-8 cm and can be seen in Figure 1 [41].

Figure 1. Plant of fique in the Andean region.

Some characteristics and properties of fique fiber are shown in Table 3, the great variability of
diameters can be obtained from fibers of the same batch, and even along the same fiber is
highlighted, as is usual in the natural fibers [42].

Characteristic Fique Average
Equivalent diameter (mm) 0.16-0.42 0.24
Bulk density (g/cm®) 0.72 -
Specific density (g/cm?) 1.47 -

Water absorption (%) 60.00

Water (%) 12.00 -

Effort last tension (MPa) 43.00-71.00 132.40
Last elongation (%) 9.80

Modulus of elasticity (GPa) 8.20-9.10 -

Table 3. Characteristics of fique fiber [42].
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Table 4 shows the chemical characterization of fique leaf, and composition of the fiber and

bagasse juice leaf. They have been reported thermal analysis of fiber properties by thermog-
ravimetry, which shows that the fiber supports fique at 220°C without degradation. The

authors reported a bulk density of 0.87 g/cm? density important in terms of specific properties

[43].

Fiber Juice chaff

Ashes 0.70% Chlorophyll Cenizas 12.20%

Cellulose 73.80% Carotenoids E.E. 3.64%

Resins, ceras and fats 1.90% Saponins Proteina 9.84%

Lignin 11.30% Resins Calcium 21.65%

Pentosan 10.50% Flavonoids Phosphorus 0.09%
Organic acids Magnesium 0.2%

Total 98.20% Tras Phosphorus 1.81%
Water Sodium 0.04%
Lignin Copper 14 ppm
Calcium Iron 647.00 ppm
Lipoides Manganese 33.00 ppm
Phosphorus Zinc 17.00 ppm

Table 4. Chemical composition of leaf sisal [41].

Position Fiber Country Tons/year Participation

1 Jute India 1,900,000 57%

2 Jute Bangladesh 800,000 24%

3 Fique Brazil 191,103 6%

4 Abaca Filipinas 70,356 2%

5 Jute China 68,000 2%

6 Fique México 41,856 1%

7 Abaca Ecuador 27,194 1%

8 Jute Myanmar 26,169 1%

9 Fique Kenya 25,000 1%

10 Fique Colombia 22,000 1%

Table 5. World production of natural fibers [45].

Table 5 shows some data are presented worldwide in the production of fibers, which leaves

observe the position of women Colombia. It should be noted that in many countries have

industrialized the use of compounds based on natural fibers that are available in their regions,



310 Composites from Renewable and Sustainable Materials

showing a very positive outlook for the industrial production of compounds based on fique
fiber [14]. At present, there are very positive reports on an international level studies fique,
where it has been used as reinforcement for polymer matrix composites with PE, PP, and
among others [14, 17, 44].

The fibers of fique, regarding mechanical properties, have an approximate tensile strength of
237 MPa, a modulus of elasticity of 8.01 GPa resistance, and a strain of 6.02% at break [37, 42].

Fiber Density (g/cm3) Strain (%) Tensile strength(MPa) Young’s modulus(GPa)
Cotton 1.50-1.60 7.00-8.00  287.00-597.00 5.50-12.60
Jute 1.30 1.50-1.80 393.00-773.00 26.50

Linen 1.50 2.70-3.20 345.00-1035.00 27.60

Fique 1.47 9.80 43.00-571.00 8.20-9.10
Hemp - 1.60 690.00 -

Ramie - 3.60-3.80 400.00-938.00 61.40-128.00
Fique 1.50 2.00-2.50 511.00-635.00 9.40-22.0
Coconut 1.20 30.00 175.00 4.00-6.00
Soft wood 1.50 - 1000.00 40.00

E Glass 2.50 2.50 2000.00-3500.00 70.00

S Glass 2.50 2.80 4570.00 86.00

Aramid (normal) 1.40 3.30-3.70 3000.00-3150.00 63.00-67.00
Carbon (standard) 1.40 1.40-1.80 4000.00 230.00-240.00

Table 6. Comparison of natural and synthetic fiber properties [11, 37, 42, 47, 48].

This has facilitated fique understand that is a good alternative to reinforce a thermoplastic
materials to develop different products and different manufacturing processes. Fique is a
natural plant that is used in ancient as fiber in the manufacture of packaging and others,
which led to its establishment as permanent cultivation in the Andean region countries.
However, currently, it is recognized as a vegetable product with different craft and agro-in-
dustrial applications and with immense potential in generating environmental benefits, em-
ployment, and income. The cultivated area fique in Colombia is distributed along 13
national departments: 98% of the 21,445 tons of fique produced are concentrated in 4 Co-
lombian departments (Cauca, Narifio, Santander, and Antioquia); about 60% of the total
production is in Narifio and Cauca. Fique fiber is used in products like ropes and sacks of
seeds, grains, and coffee [37, 45]. The presence of synthetic fibers such as polypropylene has
gradually made inroads in these markets. To develop products based on natural fibers de-
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manding structural rigor required mainly improving mechanical properties and viscoelastic
biocomposites who wish to develop. Previous studies in the field show that the viscoelastic
performance of biocomposites varies with the type of filler, fiber, coupling treatment, and
types of polymer matrices [6, 7, 10, 46]. Several modeling techniques have also been applied
to analyze the flow behavior (CREEP) [6, 10-13]. Table 6 shows a comparison of the most
important properties of some natural and synthetic fibers, including fique.

In Table 6 it can be seen that the novel compounds manufactured from natural fibers have
advantages over the weight of the end products compared to glass fibers with an average of
2.7 g/cm?® against 1.2-1.6 g/cm® of natural fibers. Natural fibers like fique other natural fibers
can be processed in different ways to produce reinforcing elements with different mechanical
properties. Depending on the type of reinforcement produced and its method of production,
the modulus of elasticity and resistance may vary. Among others, cellulose fibers are obtained
from wood by a chemical pulping process, they could have a modulus of elasticity of 40 GPa.
These fibers can be subdivided to obtain microfibers by the hydrolysis process, reaching
moduli of 70 GPa. Finally, by theoretical calculations of modulus of elasticity they were
obtained up to 250 GPa predictions for cellulose chains (crystallites). The properties and
structure of fibers also are affected by conditions and growth parameters, such as growth area,
climate, and plant age [34].

Fique shows that it is susceptible to develop new materials used for different magnifications,
buthave similar disadvantages of any natural fibers in the world. For example, the fiber quality
is variable, depending on unpredictable influences such as weather, moisture absorption,
which causes swelling of the fibers, the maximum processing temperature is restricted, there
is uncertainty in the viscoelastic performance over time but treatments fiber can greatly
improve the price of the fiber that may vary from the results of the crop or agricultural policy
and natural fibers are less durable and less resistance than glass fibers. In the research context,
the above disadvantages are considered as opportunities to deepen their study and facilitate
disinhibit its applicability, as well as motivating their uses. At the same time, they have
advantages employ: thermal recycling, where the glass causes problems in combustion
furnaces, low specific weight, which results in greater strength and specific stiffness than glass,
a renewable resource is possible; production requires little energy, carbon dioxide is used as
oxygen is returned to the environment, can be used with virgin polymer matrix, recycled, as
fillers, producible at low cost, processing and handling are friendly; low tool wear, no skin
irritation occurs, and having good thermal and acoustic insulation. The hydrophilic nature of
fique for its high cellulose content is one of the most important problems when trying to
reinforce polymer matrices, because the vast majority of polymer matrices in the market are
hydrophobic thermoplastic; this difference in physicochemical properties occurs as a result of
an incompatibility between the natural fiber and the thermoplastic matrix, and this is reflected
in poor stress transfer and mechanical behavior depends on the micromechanical interfacial
relationship matrix fiber, also it affected the viscoelastic performance and general structural
products to be manufactured with materials using natural fibers Fique without any surface
treatment that improves the performance micromechanical compound and therefore the
product is designed.
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3. Behavior of viscoelastic biocomposites

The biocomposites inherit the behavior of the matrix with which they were manufactured,
making their mechanical properties strongly dependent on the ratio of applied strain; therefore
the mechanical behavior and viscoelastic structural products that are designed as sustainable
products, which can be applied to the construction industry and automotive, mainly be
affected by the dependence of applied stress and temperature conditions at the time. When
biocomposites are processed and take the desired shape, e.g., extruded beams, molded
housings, or any product which may be subjected to a constant load, will be generated on these
products efforts, bending or tension or combinations thereof, constants, the effect of a constant
effort on a product manufactured in biocomposites can be seen reflected in unwanted time
warps, inclusive could produce the product failure. In this context, the durability of biocom-
posites can limit their applications, and implement risk of all the efforts of previous research,
in order to develop sustainable materials for sustainable products. Studying the behavior of
NFPCs under constant load conditions, where the deformation increases in time, that is, the
material flows under the load (effect of creep), can understand that in a system biocomposite
load between redistributes the matrix and natural fibers during deformation, when these
materials are subjected to constant loads, can be affected by various effects of creep, the matrix,
fiber, and the interface. There are several applications that have achieved biocomposites for
extrusion with an addition 40-60%, mixed with thermoplastics, such as HDPE, PP, PVC, and
materials [6, 49]. Compounds where manufacturers use natural fibers from different sources,
as one of the fillers or reinforcements. These thermoplastic biocomposites can be used as tables
for decks, fences, railway sleepers, etc. When used under these requirements, the CREEP or
viscoelastic deformation becomes a problem, because the application of the effort takes the
material to work under load long periods of time (months and years). This has been studied
extensively in the case of advanced thermoset composites, and nowadays the investigations
on biocomposites observed that the viscoelastoplastic behavior can lead to failure sustainable
product, when subjected to large deformations and long periods of time, under conditions of
dynamic or static load and temperature variations. These materials progressively accumulate
deformation, causing internal damage occurs due to creep and/or fatigue, both cause cumu-
lative damage [7, 50, 51]. There have also been efforts to correlate effects at smaller scales,
relating effort plastic flow [52-54], according to the nonlinear response which it is due to
permanent deformation. Investigations of some thermoplastic compounds have focused on
deformation patterns, and have shown the strain-fluence compounds with particulate wood
plastic, with alteration of the compositions and components of compound [49, 55, 56]. It has
also been observed that with increased fiber content, the effect of creep decreases. Agro
compounds used to develop products for structural construction, often requiring improved
mechanical properties, particularly creep performance. It has been shown that the fluence of
biocomposites varies with the type of filler and content, coupling treatment, and types of
polymer matrices [6, 10]. Several molding techniques have also been applied to analyze the
behavior CREEP [7, 10-12, 57].

At present, it is of interest to develop new thermoplastic biocomposites for sustainable
products, and it is about the future course of implementation and sustainability over time of
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biocomposites. There are estimates based on theoretical predictions, especially validated
parameters obtained from accelerated tests, using the technique of dynamic mechanical
analysis, DMA; this is the case study of creep behavior of composite materials based on
different fibers such as bagasse, bamboo, and wood flour as matrix polyvinyl virgin and
recycled vinyl and high density polyethylene. They tried to develop and adjust different
theoretical models during all stages of CREEP to help predict long-term behavior. And
observing different treatments and source matrices, they observed that models fit well in the
linear zone CREEP, difficulties in predicting the primary and tertiary CREEPF, referring
difficulties in predicting the adjustment parameters, on lacking. Experimental long-term break
in the tertiary CREEP, for the limited number of experiments that can be done using only
accelerated techniques with DMA, especially those of CREEP long term [6, 10]. At constant
load level a biocomposite has better creep resistance than ordinary polymer systems at low
temperatures. However, biocomposites usually show higher temperature dependence.
Various models of creep (Burgers model, model Findley power law, and a model of simple
power law two parameters) have been used to adjust the data flow. The principle of time-
temperature superposition (TTS) is typically used for predicting long-term creep, where it is
important to understand that this method is valid mainly in the linear viscoelastic region of
the biocomposites, however this method suffers from a prediction of the aging of natural fibers,
including an error in time, which has now become complex including models for developing
sustainable biocomposites. It has been shown that the four elements of the model Burgers and
the power law with two parameters, adjust flow curves of biocomposite [6, 7]. Other authors
have shown that PP-agglomerate compounds show different behaviors yield according to the
processing conditions, i.e., with increasing fiber content, fluence compounds for example with
wood fibers decreases [11, 56], studies are not derived from expressions that clearly include
the flow properties of the matrix and fiber in their models, nor aging, or other factors associated
with the nature of natural fibers. Therefore, the constant creep of these mathematical models
is fully specified biocomposites, and are only valid for those compounds in particular and the
conditions imposed nowadays. There is no complete method that can predict with high
accuracy the viscoelastic performance of biocomposites, however, estimates that they are
possible to perform with the use of the DMA, achieving reasonably guide the industry to seek
applications for the development of new sustainable products, using biocomposite.

3.1. Linear viscoelasticity

Biocomposites have a typical response to mechanical loads, and can be studied as materials in
some cases behave as elastic solids, and other, as viscous fluids. It is known that the mechanical
and viscoelastic properties depend on the application time of loading, the type of load,
temperature, micromechanics relationship between the natural fiber and the matrix, the type
of anchor prevailing for the transfer effort to micro- and nanolevels, and cannot be treated
mathematically only by the laws of solids or fluids, as viscoelastic behavior of biocomposites
has high temperature dependence, especially if the work environment exceeds the glass
transition temperature of the biocomposite, from the foregoing, the biocomposites in working
conditions at constant load can be considered as super cold fluids. The above findings were
mooted at the time of Boltzmann and others, but it is now clear that the vision of Boltzmann
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was the right approach. As the understanding of the physical nature of the biocomposites and
matured techniques has increased they have been developed many biocomposites. Since these
materials are motivating the development of sustainable products, it is essential to analyze
and understand from an engineering perspective, the response of biocomposites when load is
applied and other environmental variables such as temperature and humidity. The difference
between an elastic solid biocomposite and a viscous liquid is not an absolute difference, the
ability to detect the elastic or viscous responses biocomposite object of study often depends
on the time scale of the experiment and the conditions required recreate. Thus, from a strict
point of view, all biocomposites have a viscoelastic behavior, i.e., depends not only on the state
of stress to which the material is subjected, but also the history of preloading the material and
all condition biocomposite that may affect the macrolevel, micro and nanolevel. The biocom-
posites are complex viscoelastic systems for manufacturing and high dependence on renew-
able raw materials, such as natural fibers. Viscoelastic behavior can be investigated using
various methods; the use of dynamic mechanical analysis (DMA) is the most common
nowadays. For example, in an experiment fluence (CREEP) a constant o 0 effort applied to a
sample and the deformation ¢ is observed as a response function of time ¢. Normally effort
increases with time and the flow curves (as a function of time) may exhibit three regions (Figure
2): primary creep in which the curve is concave downward; the secondary creep deformation
in which it is proportional to time; and tertiary creep where the deformation is accelerated
until the creep rupture occurs. Strain rate, which would be represented by the derivative of
the deformation curve, also exhibits three regions.

Increasing -~
load L
—

Figure 2. Schematic yield curve (CREEP).

In the yield curve (CREEP) high, the material has a linear viscoelastic behavior, so it is possible
to apply the principle of superposition time TTSP temperature. However, nonlinearity presents
high deformation speeds. In other words, the stress curves as a function of strain rate could
show the transition from linear to nonlinear behavior in flow experiments (Figure 2).



Viscoelastic Performance of Biocomposites
http://dx.doi.org/10.5772/66148

A composite thermoplastic polymer matrix subjected to constant loads for periods of time and
prolonged temperatures above the glass transition of the matrix work, regardless of the
direction of load application, the material works to tension, bending, compression, or some
combination of these efforts; its response to deformation over time is a combination of
deformation, micromechanics, elastic, and viscous, which can be expressed in terms of
compliance creep D, as:

&, =0,D(t.T,0,) (1)

The creep compliance Dy is the ratio of stress and strain generally as a function of time, as seen
in Eq. (1). When considering the case of the response to creep as linear material, creep defor-
mation is independent of the level of effort, which makes it look as a property of the material
between different systems of composite materials, taken under similar environmental condi-
tions. The total deformation at any instant of time ¢, in a creep test of a biocomposite can be
represented as the sum of the instantaneous elastic deformation ¢, (i.e., the initial deformation
when the constant voltage is applied) and ¢, viscoelastic deformation. Similarly, compliance
can be divided with elastic and viscous component. By submitting the biocomposites constant
loads, regardless of your work address, the response of the material is creep or creeps. Where
compliance depends on the deformation function in the time and effort that is subjected in Eq.
(2) shows an expression for compliance:

D, =—"*- 2)

For the design and manufacture of products based on biocomposites require to define the
CREEP as the change in function of time in the dimensions of a product polymer or composite
when subjected to constant stress in different working conditions, which may include,
temperature, environmental, cyclic loading, and among others. The biocomposites usually
have CREEP behavior at room temperature; which is due mainly to its micromechanical
relationship fiber-filler with the matrix, and the combined efforts to which the material may
be subjected to some cases also the flow behavior may be generally negligible. Therefore,
design procedures are simpler because the module can be considered constant (except at high
temperatures). However, the modulus of a polymer or composite material is not constant (as
shown in Eq.(2)), because the deformation is a function of time, and compliance is directly
related to the stiffness of the material. Whenever variation is known, the behavior CREEP of
biocomposites can be compensated by the precise use and well-established design procedures,
or by modifying the composition of the biocomposite, using reinforcements and/or fillers to
correct their mechanical performance and viscoelastic. For biocomposites, the aim of the design
methods to determine the stress values does not cause permanent deformation intolerable
products or fractures. Excessive deformation becomes a limiting factor in the selection of work
effort, leading to the conclusion that it is essential to qualify and specifically quantify the
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deformation behavior of the biocomposites, depending on time and temperature. A schematic
diagram of flow behavior (creep) can be seen in Figure 3; given load shows a configuration of
four point bending biocomposite. The weight or load, along with gravity, provides a constant
effort in biocomposite. After 5 days in this condition no significant unfavorable deformation
occurs. However, after 7 months deformation caused by the effort has increased, and deforms
further after 2 years.

i:f.IJT

Figure 3. CREEP response of a biocomposite beam subjected to bending at four points, an illustrative estimate given by
the author.

The biocomposites polymer matrix has significant sensitivity to use a function of time and
temperature, resulting in a limited use of structural applications demanding applications or
in dimensional stability value. When the biocomposite is subjected to high stresses, it can result
in the material, and excessive deformations that may cause the product to lose its functionality,
one could get the material to the tertiary region where creep occur until fracture. This is called
the upper region and is also known as the acceleration phase of CREEP. The importance of the
tertiary region for normal operation and design to CREEP is also important, since parts of
polymer or compound should be designed to avoid this area; safety factors must ensure away
from this region over the lifetime of the products developed with biocomposites.

3.2. Mathematical models

The experimental response of a dynamic test to tension, bending, or compression creep
compliance of a biocomposite can be modeled with provisions of springs and dampers, where
the springs represent the elastic solid behavior and cushion the behavior of a viscous liquid.
It represents the Hooke spring deformation force that is proportional to the applied stress and
the damper flow proportional to the strain rate Newtonian. To model mathematically one
biocomposite, the stress, strain and time, you can relate to the constant characteristics of the
mechanical elements [57]. The mechanical model mimics the actual behavior of biocomposites,
although the elements themselves may not have direct analogies with real material. However,
these models represent a mathematical understanding of the problems of viscoelastic per-
formance of biocomposites, studied by accelerated tests in the laboratory, which can easily be
articulate studies of continuum mechanics means to solve even more complex models with the
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help of numerical methods and approach to more realistic models that include visco-elastic-
plastic. It is emphasized that mathematical models presented in this chapter are classical
performances already studied by several authors, that when applied to biocomposites,
approximate their behavior and allow you to compare and study relationship deformation at
short times and long-term predictions that might suggest designers, which are the most
desirable when applying for the development of sustainable products made from biocompo-
site materials.

3.3. Maxwell, Kelvin, and four parameter models

Figure 4(a) shows the Maxwell model, which is represented by a spring connected in series
with a damper and Figure 4(b) shows Kelvin model (or Voigt), which is represented by a spring
connected in parallel with a damper; in both cases an approximation of a system characterized
by time dependent and the ratio of 1 viscosity (damper) with the modulus of elasticity E
represented by the spring is obtained, which they can be approximated to describe the
viscoelastic behavior of a biocomposite. The parameter 1 leads to model a related response
delay time for the Kelvin model, and the relaxation time for the Maxwell model.

E3 E 7,
m ? |

o o
a) b)

Figure 4. Models: (a) Maxwell, (b) Kelvin.

To analyze the flow behavior (CREEP) of biocomposites, it is possible to apply the model of
four parameters successfully, which is derived from a series combination of the Maxwell model
and Kelvin model, as shown in Figure 5.

The four-facing model fits the response obtained experimentally for the controlled creep test,
based on the technique of dynamic mechanical analysis (DMA). Figure 6 depicts a curve of
biocomposite creep subjected to a three-point bending at a constant effort in the linear
viscoelastic region. The fraction of O to A shows the rapid response of the initial deformation
on the flow curve, i.e., it occurs an instantaneous elastic response. This behavior is followed
by a region of creep from A to B, where the shear rate decreases at a constant rate introduced
in Section B to C. Once the stress is removed, the instantaneous elastic O to A response is fully
retrieved from C to D, i.e, the distance a’ = a. Then the curve drops from D to E in a slower
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recovery. However, this recovery is not complete due to the initial state by increasing ¢’ = c.
This response is completely unrecoverable, and is a measure of plastic flow [58].

Figure 5. Four-parameter model.

O stress v
Applicd t

Figure 6. Four-parameter model and yield curve (CREEP).

Figure 5 represents the elastic response changes in A and A’. A convenient to model this
response element is the Hooke law. The Kelvin-Voigt model corresponds to changes in b’
(change symbol) in the region of creep; it represents a damping plastic flow c'. Figure 6 shows
the mechanical models for the purpose of better illustrating the appearance of the flow curve.
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The four-parameter model is an assembly of a Maxwell element and Kelvin-Voigt element,
where the latter component is time dependent. Figure 7 shows that (zone 1) the system is idle
effortless. When it exposed to constant stress to three-point bending, in Figure 7 (zone 2), the
spring system with a constant amount of E, extends instantaneously to “a” ¢/E,= a. Then, in
Figure 7 (zone 3), the fluence rate decreases with a gradual increase in load bearing spring E,,
until fully extended and the damping 1, no longer carry any load. As the spring is now E, fully
extended, the creep ratio to a solid phase, corresponding to the plastic flow of the linear
viscoelastic region represented by the constant ), damper. The damper deforms until the load
isremoved, as illustrated in Figure 7 (zone 4), leaving permanent deformation. Now, the spring
retracts quickly E, to a” and the recovery period is b'. During this time, the damper 7, is forced
to retreat to its initial position by spring E, representing a delayed or anelasticity elastic
response. The damper position 7; remains in the extended state, since the spring cannot
influence its final position; this can be seen in Figure 7 (zone 5). Thus, the nonrecoverable plastic
flow isequal to ¢’ =0 t/n;. The model fully represents the elastic, inelastic, and viscous behaviors
of biocomposites, indicating that if possible with fillers or natural fibers affecting the interfacial
relationship, fiber matrix polymer or cross-linked polymer, the variable 1, increase, which it is
reflected in a decrease in permanent deformation c.

(zone 1) (zone 2) (2one 3) (zone 4) (zone 5)

S T I S S DS i e EYEEySS

Figure 7. Response of four-parameter model adjusted to fit a creep curve.

Given the balance of forces occurring in the four-parameter model, we can write the following
expression, with respect to the effort and deformation:

0=0,=0,=0,+0, (3)

E=& +E+E, TEFE FEpn &=, (4)

where ¢, is the strain response of the Kelvin-Voigt model, the equations representing different
relationship stress-strain are:
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o, =E¢s,0,=n,(ds,/dt),o, = E,&,,0,=1n,(ds,/ dt) (5)

And the equation that relates and models the behavior of biocomposite visco-elastic-plastic
holistically can be arranged as follows:

i, {dza}{ﬁﬂl+772}d0'+6:771772d_28+ de
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Equation (7) can be solved for flow conditions and/or relaxation; response to deformation is:

Est
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S(t):%t+%|:e " —l}e " t>t (8)
1 2

where ¢, is the yield strength, o is the initial applied stress, ¢ is time, E, and E, are the elastic
modulus of the springs of Maxwell and Kelvin, respectively, and 1, and 7, are the viscosities
of the Maxwell and Kelvin dampers. 1,/E, is usually denoted as 7, the delay time required to
generate 63.2% strain on the Kelvin unit [59].

In Equation (7), the first term is the instantaneous elastic strain. The second term is the early
stage of creep deformation, and is due to mechanisms such as relaxation, extension of the
molecular chain, and biocomposites closely related to the performance of the fiber matrix
micromechanic relationship. The last term represents the long-term creep deformation, and is
due to the overall performance of the biocomposite. The parameters E,, E,, 1;, and 1, can be
obtained by adjusting the equation to the experimental data and can be used to describe the
creep behavior. The strain rate of the linear viscoelastic region of the biocomposite is possible
to calculate, if we derive Eq. (7), and obtain the strain rate:

Eyy
* (o o,
g=2014 %0 9)
U m

For all models of linear viscoelasticity, it is important to note that the response of deformation
creep is independent of the level of effort, giving the opportunity to study and compare with



Viscoelastic Performance of Biocomposites
http://dx.doi.org/10.5772/66148

other systems evaluated under the same environmental conditions, must obtain curves and
models of creep. The equation for calculating the compliance D, is defined by:

D, = +i+i{1 —} (10)

The viscoelastic behavior of a system biocomposite presents different delay times; therefore,
it is possible to model more precisely repeating n Kelvin-Voigt models, which are particularly
adjusted in the delayed elastic region or annalistic, which has default a typical nonlinear
region. In Figure 8, you can see a diagram showing this behavior.

Figure 8. Multiple models for adjusting creep curves.

Fundamental viscoelastic properties such as creep compliance module or relaxation can be
found by solving the differential equation that represents including for the appropriate load
if necessary. For example, the compliance fluence can be determined using the conditions for
a creep test and would be represented by:

1
7].
D, = —+ l—e © T, ==—+¢g,=D,0 11
0= F 771 22: { } g, S0~ o (11)

The determination of initial conditions is achieved by inspection of the physical model. Since
the input force is constant for the creep test, the change in stress is zero. The solutions of
differential equations for relaxation conditions, constant deformation, or changes in stress and
other conditions can be obtained similarly.

3.4. Time-dependent deformation behavior of biocomposite

A way to study the effect of a reinforcement or filler natural fibers to manufacture biocompo-
sites is to show the interdependence of the stress, strain, and time through curve creep and
recovery creep performed in short tests using the DMA technique dynamic mechanical
analysis. To perform the creep tests and recovery (creep and creep recovery), it is necessary to
set a DMA with the force of flow required to maintain the constant effort during testing of
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creep at a given time, and rezero when it reaches the estimated time then deformation is
recorded by another equal time. For example, for a biocomposite made of polyethylene
aluminum fiber fique, we can observe the response to creep and creep recovery in Figure 9, a
maximum stress of 1.2 MPa was applied in a bending test at three points at 25°C, 1.2 MPa effort
is an attempt that was obtained after identifying the linear viscoelastic region, a biocomposite
test strain sweeps at 25°C in a DMA (RSAIII).

0,0024 T T T T T T T T T

0,0022 &—10F 1.2MPa |
0,0020
0,0018 4 1
0,0016
0,0014 4
000124/
0,0010 -

Strain (mm/mm)

0,0008 - 4
0,0006 -
0,0004 - B

e i,

0,0002 -

0,0000

T T T T T T T T T
o 400 800 1200 1600 2000 2400 2800 3200 3600 4000
Time (8}

Figure 9. Creep curves and creep recovery for biocomposite LDPE-Al-Fique 10% reinforcement of natural fibers.
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Figure 10. Creep curves for biocomposite LDPE-Al-Fique 30%.

As presented schematically in Figure 6. For an adjustment with a four-parameter interpretation
is the same, it is important to note that the effect of reinforcement on a biocomposite can be
studied by this method, especially when amending fiber volume, nanoreinforcements, fillers,
filler, or some surface modification is made to the fibers or fillers in order to improve perform-
ance micromechanical, and default creep performance is used. In Figure 10, one can see a
behavior of an LDPE manufactured biocomposite-Al-Fique 30% fiber volume. Being possible
to observe the effect of increased volume is positive with respect to creep, decreasing the speed
of decoration and to increase enforcement effort in the linear viscoelastic region by nearly 60%.
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4. Strain rate of biocomposites

To calculate the strain rate of the biocomposites subjected to creep tests, one can be approxi-
mated using the four-parameter model represented by Eq. (6), or model parameters n
represented by Eq. (11). By making adjustments mathematical models, is provided mainly for
comparing quantitatively the effect of strain rate, and further study of the performance of the
incorporation of fibers, surface treatment agents couplings for fibers or polymers, fillers,
nanoreinforcements, and fillers to manufacture biocomposites, controlled conditions of
temperature and constant effort. In Figure 11, one can observe an experimental curve creep,
and the respective model adjustment four parameters and the model of n parameters, it is
emphasized that in the two curves creep models over four parameters. It is better than the four-
parameter fit, which facilitates the study of the incorporation of fillers, reinforcements,
nanoreinforcements for biocomposites.
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Figure 11. Adjustment of an experimental curve of a biocomposite creep, using the four-parameter model and model
parameters 7.
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In Figure 12, we can see the response of viscous parameter 1;, which allows the calculation of
the strain rate for creep tests; this exercise was carried out, varying the volume of natural fibers
fique biocomposite, corroborating the possibility of deepening the study of the effect of
reinforcements or fillers to biocomposites.

Figure 13 shows the setting of the four-parameter model, two biocomposites, with different
volumes of natural fiber reinforcement sisal. It is possible to corroborate and validate the
model.
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Figure 13. Setting the four -parameter model to LDPE-Al-Fique 10 and 30% incorporation biocomposites of fibers.

Table 7 shows the adjustment of the different parameters for a model of six parameters,
including error, which is the estimate of least squares adjustment parameters can be obtained
using the weighted sum of squares (weighted sum of squares, WSS), using Eq. (12):

Parameter 10% 30%

E1 (Pa) 1.10E + 09 1.50E + 09
E2 (Pa) 4.79E + 09 1.53E+10
E3 (Pa) 7.91E + 09 8.39E + 07
N1 (Pa.s) 1.49E + 13 3.12E+13
N2 (Pa.s) 6.48E + 11 9.32E + 11
N3 (Pa.s) 7.83E+13 3.33E+15
WSS 9.23E-08 6.43E-08

Table 7. Parameters of creep tests obtained by adjustment to a model of six parameter biocomposites LDPE-Al-Fique
10 and 30% incorporation biocomposites of fibers.

S =3 ett) 0| 1)
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where ¢t represents the observed at time ¢; experimental deformation (t,), ¢ is estimated by
the model, and w; the difference between two samples of time deformation. A smaller value
indicates a better fit WSS model to experimental data.

In Figure 14, we can see micrographs obtained by electronic scanning microscopy of an
LDPE-Al-Fique biocomposite, where you can see that the fiber has a hydrophobic property,
not adhere completely to the polymer, while aluminum has some adhesion but the manu-
facturing process of compression molding favors the adhesion between the faces, which
can be reflected in a decrease of mechanical and viscoelastic performance of the biocompo-
sites.

UNIVALLE |

Figure 14. SEM micrographs of LDPE-Al-Fique biocomposite.

Currently, it is known that these defects can be corrected by surface treatments in the fibers,
primarily using coupling agents or modifications to the polymers to achieve a greater adhesion
and micromechanical relationship to reduce the strain rate.

5. Conclusions

Natural fibers as reinforcement of nonbiodegradable and biodegradable polymers have
been used for decades for the development of various products, especially in the automo-
tive, construction, and packaging industry. The importance of studying the viscoelastic be-
havior of biocomposites lies in understanding the impact of natural fibers or fillers on any
scale, in the matrices that you want to use for different applications. Now, it is known that
the structural rigor for automotive, construction, and/or packaging parts lies mainly in the
relationship of the shape of the products with the stresses to which these materials are sub-
jected, temperature changes, environmental and even other physicochemical factors that
could alter the performance of the biocomposite in time. The articulation of theoretical mod-
els and experimental results using the technique of dynamic mechanical analysis (DMA) to
predict the behavior over time, and the effect of filler or reinforcement, nanoreinforcements,
micromechanics, surface treatments to the fibers, or modifications to polymer matrices facil-
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itate a better understanding of its operation and its use at an industrial level for various ap-
plications. In South America, the natural fibers have recently become an attractive
reinforcement or filler for researchers, engineers, and scientists as an alternative to develop
biocomposites. Because of its low cost, sometimes good mechanical properties and good
specific resistance generate a high environmental impact and additionally, it is biodegrada-
ble. It has been found that the use of natural fibers such as fique of South American Andean
region can be used as reinforcement in composite materials and generate a lot of possibili-
ties for industrial applications. It was found that the addition of fibers in different polymer
matrices leads to produce new natural compounds with good physical properties for use in
different sectors. The study revealed that biocomposites inherited effects relaxations attrib-
uted to transitions suffered by the polymer matrices used, whereby the relationship of fiber-
matrix-filled showed evidence that the biocomposites always have a positive effect creep
(creep), however, and while being exposed to constant loads over time and while working
above the glass transition temperature, the biocomposite will behave predominantly as a
super-cold fluid, and not likely as an elastic solid.
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