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Natural rubber (NR) is one of the most important polymers produced by plants
and is widely utilized as raw material for many products due to its excellent flexibility.
Rice husk ash (RHA) is one of the major agricultural residues generated from the rice
milling plant. In order to add value to NR and RHA, this study aims to use different types
of RHA (black rice husk ash (BRHA), white rice husk ash (WRHA) and BRHA treated by
acid washing (BRHAT)) as filler in NR composites. By the addition of alginate as a
thickening and dispersing agent, a maximum of 100 per hundred rubbers (phr) of RHA
could be integrated in NR matrix without phase separation. In addition, this study
investigated the effects of crosslinking NR composite by CaCl, compared to the common
crosslinking process by sulfur vulcanization on mechanical and electrical properties of NR
composites. Mechanical properties of the composite films with RHASs in terms of tensile
strength, Young’s modulus and elongation at break were considerably enhanced, compared
to the neat NR film. The composite films reinforced with WRHA demonstrated relatively
better mechanical properties than those reinforced with BRHA and BRHAT, respectively.
The crosslinking by CaCl. was achieved on NR-WRHA, in which tensile strength and
chemical resistance of the composite films were improved close to properties of sulfur
vulcanized NR films. The NR composites were biodegradable in soil, with weight loss of
7.6-18.3% of the initial dry weight after 3 months. Dielectric constant, dielectric loss
factors and electrical conductivity of the composites were enhanced with RHAs loading.
However, dielectric constant, dielectric loss factor and electrical conductivity of NR
composites with RHAs had dropped significantly after crosslinking the composites by
CaCl, or by sulfur vulcanization. Moreover, bacterial cellulose (BC) reinforced with
skim/fresh natural rubber latex (SNRL/FNRL) were future developed by combining the
prominent mechanical properties of multilayer BC nanofibrous structural networks and the
high elasticity of NR. As compared to FNRL, SNRL could easily diffuse through the pores
of a BC network. Many good benefits were obtained for the reinforcement with SNRL,
including good mechanical properties, chemical resistance and noticeably improved
dielectric properties. The SNRL-BC films are biodegradable and could be mostly or totally
decomposed in soil within 6 weeks. The composite films developed in this study display
potential for further application as semiconducting polymer films and flexible electronic
devices for electronic applications.
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CHAPTER |
INTRODUCTION

1.1 Motivations

Thailand is the world’s largest producer and exporter of natural rubber
because the environment of Thailand is highly conducive to rubber tree cultivation. In
2017, over 4.5 million tons of natural rubbers were produced in the country (about
37% of global production) [1]. Rubber is exported in several basic forms including
ribbed smoked sheets, concentrated latex and compound rubber. Thailand natural
rubber prices have been falling for several years because of oversupply from major
rubber producing countries and weak global economy. Therefore, the Thailand
government has the policy to increase the value of natural rubber by using a variety of
technologies for improving natural rubber properties or transforming natural rubber
latex to high value products.

Natural rubber is one of the important elastomers and it is widely utilized to
prepare many rubber products such as vehicle tires to belts, condoms, gloves, health
equipment and accessories, coatings and floor covering [2]. Natural rubber is non-
saturated rubber because its structural unit contains double bond. Natural rubber has
very low aging resistance because ozone and oxygen can react with double bond very
easily. Therefore, the chemical structure of natural rubber is often modified by
vulcanization process and/or it has been reinforced by adding filler for improved
properties [3]. Carbon black and silica are synthetic fillers, commonly used as
reinforcing fillers in rubber industries. Currently, natural fillers become a good choice
of reinforcing agent in natural rubber because they are biodegradable, environment
friendly, inexpensive and reducing domestic waste [4].

In agricultural countries, rice husk is one of the major agricultural residues
generated from the rice milling process. Rice husk is mostly used as a biomass fuel in
the milling plants and power plant. A by-product from burnt rice husk is called rice
husk ash [5]. Rice husk ash is mainly composed of silica (SiO.) (over 80-90%) and
carbon black. Rice husk ash has been studied to be used as reinforcing filler in natural

rubber composites. Previously, natural rubber composites were produced from natural
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rubber mixed with rice husk ash in solid form by two-roll mill (conventional process).
The limitations of this method are the low filler loading (not over 60 phr) and inferior
dispersion of filler in natural rubber composite [6-9]. The latex compounding method
was then developed to solve the problem of incompatibility between rubber and filler
and to improve the dispersion of fillers in the natural rubber matrices. Moreover, the
latex compounding method had lower energy consumption during mixing when
compared to the conventional process [10].

Alginate is a polysaccharide and has widespread applications in the food and
drinks, cosmetic, pharmaceutical and bioengineering industries because it has unique
structure, biocompatibility and biodegrade-ability [11]. Alginate has been commonly
used as thickening agent and gelling agent. It is soluble in water and becomes
hydrogel at various temperatures. Each amount of its usage for applications is lower
in comparison to other substances. Modification by crosslinking is expected to widen
its application [12].

Silica as dielectric metal oxide semiconductor has dielectric constant about 3-9
and is used in micro and nano electronic industries [13]. Recently, the electric and
dielectric properties have attracted much interest because they are important in
predicting the behavior of the product as material for the application in
microelectronics, batteries, sensors, fuel cells and super capacitors [14].

The aims of this study are to improve mechanical and chemical properties of
natural rubber composite films reinforced with different types of rice husk ash via a
latex aqueous micro-dispersion process. In order to obtain good dispersion of polar
fillers in a nonpolar NR matrix, sodium alginate, one of the most commonly used
natural polysaccharides, was employed as a thickening and dispersing agent in the
mixture. Through the use of this technique, high concentrations of fillers can be added
into the NR matrix without phase separation. The effects of reinforcing NR
composites with RHAs and different crosslinking agent on the chemical, mechanical,
biodegradation and dielectric properties were investigated for further development of

the composite films.
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1.2 Objectives
To prepare and investigate chemical and mechanical properties of natural
rubber composites filled with different types of rice husk ash prepared via a
latex aqueous micro-dispersion process
To compare electrical properties of the fabricated natural rubber composites
treated with different cross-linking agents
1.3 Scopes of this research
Rice husk ashes in this research are
1) BRHA is original black rice husk ash from rice milling plant.
2) BRHAT is BRHA that is treated by acid washing, using hydrochloric
acid for removing impurities.
3) WRHA is obtained from the controlled combustion of rice husk under
the burning temperature at 500°C for a period of = 2 hours.
Preparation of natural rubber composites via a latex agqueous micro-dispersion
process.
Utilization of alginate for filler dispersion.
Investigation for effects of types of fillers (BRHA, BRHT and WRHA) and
the amount of filler loading at 0, 20, 60 and 100 phr.
Investigation for effects of crosslink agents in natural rubber crosslinking
processes (sulfur vulcanized and alginate crosslinked with CaCl,).
Characterization of chemical and mechanical properties of natural rubber
composites:
1) Chemical properties
= Morphology
= Overall components
= Particle size distribution
= Structural information
= Functional groups and possible interaction between fillers and
natural rubber
= The solvent uptake
= Water absorption
= Biodegradation in soil
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2) Mechanical properties
= Tensile strength
= Young modulus
= Elongation at the break
3) Electrical conductivity, dielectric constant and dielectric loss of

natural rubber composite were studied.
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CHAPTER Il
BACKGROUND AND LITERATURE REVIEWS

2.1 Natural rubber

The major commercial source of natural rubber latex (NRL) is Hevea
brasiliensis which originated from Amazon Forest in South America. Generally, fresh
natural rubber latex (FNRL) is composed of about 30-40 wt% dry rubber content
(DRC) and non-rubber components of small amounts of proteins, carbohydrate and
lipids as shown in Table 2.1. Non-rubber components in NRL causes latex
destabilization due to promotes the growth of bacteria. To ensure long term storage,
ammonia is often added to the latex in very small amounts to maintain physical
properties and prevent coagulation during transportation and storage [15, 16].
The fresh NR latex is often modified to concentrated natural rubber latex (CNRL)
with about 60 wt% DRC by centrifugation as Figure 2.1. After the centrifugation
process, the leftover suspension, or skim natural rubber latex (SNRL), is composed of
about 4-6 wt% DRC, and typically used to produce lower grade products such as car
mats and bicycle wheels. Besides the DRC contents, the latex particle sizes also affect
the mechanical properties of NRL [17-19].

Table 2. 1 Composition of fresh natural rubber latex [18]

Compositions Content (%)
Rubber hydrocarbon 30-40
Protein 1.5
Carbohydrate 1.5
Lipids 1.3
Organic solutes 0.5
Inorganic substances 0.5
Water 55-60
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NR latex is colloidal suspension of rubber particles dispersed in water. Latex
colloids from Hevea tree commonly shows a bimodal particle size distribution, which
can be classified into small rubber particles (SRP: particle size between 10 and 250
nm) and large rubber particles (LRP: particle size between 250 nm and 3 pm).
Specific weight of fresh NR latex is 0.96 — 0.98 g/cm3 and its pH is varying within
6.5-7.0.

Commercial latex production

FNRL __, CNRL
(30% DRC) (60% DRC)

DRC: dry rubber content SNRL
+ammonia

+diammonium phosphaste
+ammonium laurate
+water

FNRL Centrifugation Total Proteins
27%
at 7000 rpm 48%

N 4 25%

Concentrated

natural rubber

latex (CNRL) !/

Skim natural rubber latex
(SNRL) 5% DRC

Gap space

Bottom
Fraction

Fresh natural rubber latex
(FNRL)

Figure 2. 1 Production of concentrated natural rubber latex

From the centrifugal process, the supernatant SNRL contains mostly small
particles (81 wt% SRP + 19 wt% of LRP), whereas FNRL is most composed of large
particles (24 wt% SRP + 76 wt% LRP) [17]. The difference in particle size
distribution also results in branch point structures after drying, leading to the different
characteristics and properties [17, 20].

FNR latex
Skim latex LRP = 76 %wt
LRP = 19 %wt SRP =24 %wt
SRP =81 %wt \

IR100
LRP = 100 %wt

CNR latex
LRP = 82 %wt
SRP = 17 %wt

Particle size (um)

Figure 2. 2 Particle size distributions of FNRL, CNRL, and SNRL compared with
synthetic polyisoprene (IR100).
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NR has many advantageous properties, such as high elasticity, flexibility at
low temperatures, resistance to abrasion, to impact and corrosion, facile adhesion to
textiles, insulating properties and ability to disperse heat. The properties of NR are
suitable for requirements of multiple products. Therefore, NR is used extensively in
many applications and products such as glove, adhesives, health equipment and
accessories, coatings, condoms, and floor [21].

NR is a biopolymer of cis-1,4-polyisoprene. The chemical structure of NR is
shown in figure 2.3. NR rubber is a highly non-saturated rubber because each its
structural unit contains an unsaturated bond or double bond. Thus, it is easy to react
with ozone, oxygen and ultraviolet light, which cause its very low aging resistance
[3]. For this reason, the properties of NR need to be improved by a process, such as

vulcanization and/or another reinforcement process.

CH, H
N\ /
C=C
/ N\
—— CH, CH,—T—
- —In

Figure 2. 3 Chemical structure of cis-1,4-polyisoprene

Vulcanization is a reaction that leads to the formation of crosslinks between
polymer chains. This process can improve NR mechanical properties such as tensile
strength. The vulcanizing agent is originally referred to elemental sulfur. It now also
includes non-sulfur systems such as peroxides and metal oxide. A crosslink may be a
group of sulfur atoms in a short chain, a single sulfur atom, a carbon-to-carbon bond,
a polyvalent organic radical, an ionic cluster, or a polyvalent metal ion [22]. Network

formation in vulcanization process is shown in Figure 2.4
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Figure 2. 4 Network formation in vulcanization process
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Types of Crosslinking system are described below:
1) Sulfur system
The crosslinks depend on sulfur level, accelerator type, accelerator /sulfur
ratio and cure time. High accelerator, sulfur ratio and longer cure time increase the
mono-and di-sulfidic linkages. Mono and di-sulfidic crosslinks have better solvent
and heat resistance, set resistance, reversion resistance but are generally stiffer, hence
lower tensile strength, crack resistance. Polysulfidic crosslinks have a better tensile
strength, softer, crack resistance but lower set resistance, heat and solvent resistance
[22, 23].
2) Peroxide system
Unlike sulfur vulcanization, peroxide curing does not require carbon-
carbon double bonds to form crosslinks. This system is suitable for both rubbers with
or without double bonds. Carbon-carbon crosslinks formed by peroxide give the
rubber a stiffer structure (high modulus) [23].
3) Metal oxide system
Polychloroprene and carboxylate acrylonitrile rubbers can be crosslinked
with metal oxides such as zinc oxide and magnesium oxide. The crosslinks in
chloroprene rubber by zinc oxide is covalent bonding while the nitrile rubber is ionic
bonding.
The mechanism of high strength in polysulfidic crosslinks is thought to be the
ability to interchange with one another and redistribute local stress. Sulfur, peroxide
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and radiation curing systems could produce more intra-molecular C-C links which do

not contribute to the mechanical properties [24].

2.2 Rice husk and rice husk ash

Asia is the world’s important rice-growing region with approximately 90% of
total world output. Thailand has rice plantation area around 60 million rai, which
yields output of around 20 million tons of milled rice. Domestic rice consumption in
Thailand is around 10 million tons of milled rice (50% of all rice). Export markets
include China, the United States, ASEAN countries, and Africa. Export rice are
generally of white rice, parboiled rice, and Thai jasmine rice [25].

Rice husk is the outer layer of rice grain, which is an agriculture by-product of
the rice milling industry. It is reported that chemical content of rice husk consists of
50% cellulose, 25-30% lignin, and 15-20% silica [26]. The rice husk is also used as a
biomass fuel in steam boiler to generate hot steam in the power plant and rice milling
plant. Burning rice husk as fuel results in the production of rice husk ash as a waste
material.

Rice husk ash produced from burning rice husks at a temperature of
400°C - 500°C is in form of amorphous silica. But, by burning at temperatures greater
than 1,000°C, rice husks will turn into crystalline silica. The resulting amorphous
silica from rice husk ash is suspected as an important source to produce pure silicon,
silicon carbide, and silicon nitride flour [27]. Rice husk ash is rich in silica (SiO>)
over
80-90%. Silica is used in many applications such as in pharmaceutical products,
vegetable oil refining, detergents, chromatograph column packing, ceramics etc.[28].
Many research have been developed to produce high purity silica with large surface
area using rice husk or rice husk ash such as:

Sankar et al.(in 2016) produced nanosilica powder from three kinds of rice
husks. Their methods were: 1) combustion of rice husk in the open, 2) acid leaching
and 3) incineration at 700°C under atmospheric conditions. The results showed that
spherical and completely amorphous silica particles with large specific surface area

and composed only by Si and O were obtained from all kinds of rice husks [29].
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Bakar (in 2016) investigated the conditions to obtain high purity silica from
rice husk by acid leaching and incineration at different temperatures under
atmospheric conditions. The result indicated that rice husk leached with HCI produced
the highest content of amorphous silica (99.6%) at 600 °C [30] .

Yalcin and Seving(in 2001) reported that the highest purity silica from rice
husk was obtained with prior acid treatment and incineration in oxygen atmosphere.
Silica from this study was amorphous silica particles with maximum specific surface
area of 321 m?/g and 99.7% purity [31].

Fernandes et al. (in 2017) showed that it is possible to produce silica from rice
husk ash with purity above 98%, by using simple methods. The treatments that
afforded the best results were acid leaching followed by thermal treatment at 800°C,
and alkaline extraction at low temperature, in which products with silica purity of
99.3% and 99.6%, respectively could be obtained [32].

Several studies might use different chemical and thermal treatment
approaches, but they all reported that by acid leaching pretreatment followed by
oxygen-rich incineration, the combustion of rice husk produced the highest silica
content. The atmosphere with the highest partial pressure of oxygen induced the
chemical reduction of carbon and was more efficient than the other atmosphere
settings [33].

Rice husk ash has high silica contents, and it is available in abundant with low
cost. In recent years, rice husk ash has been widely used as construction material such
as pozzolana in concrete, or as adsorbent to adsorb organic dye, inorganic metal ions
and insulation boards [34]. In addition, rice husk ash is wildly used as natural filler in
rubber industry. It can be used as an additive agent for improved tensile strength of
natural rubber. Moreover, it is also used to reduce the cost of rubber compounding

and reduce wastes from landfills.

2.3 Alginate
Alginates are present in nature as one of the constituents of brown algae
(Phaeophyceae) and as capsular polysaccharides in soil bacteria. The commercial

alginates are currently obtained from algal sources. Alginate is the most abundant
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marine biopolymer and occurs in the intercellular mucilage and algal cells of brown
seaweeds in the form of calcium, sodium and magnesium salts of alginic acid [11].
The structure of sodium alginate is represented in Figure 2.5. Alginate is a
binary linear heteropolysaccharides containing 1,4-linked o-l-guluronic acid and
B-d-mannuronic acid. Alginate has been widely used in the field of controlled release,
ion exchange, and in the vapor-permeation membrane-separation technique [35, 36].
To make stable water-insoluble alginate products, alginic acid is transformed by
incorporating different salts. This produces Na-, K-, NHs-, Mg-, and Ca- alginate.

CcoO- H I
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Figure 2. 5 Chemical structure of sodium alginate

Alginate has widespread applications in the food and drinks, pharmaceutical
and bioengineering industries [37]. In addition, the crosslinked sodium alginate was
highly stable, flexible and easy to use. When sodium alginate is put into a solution of
calcium ions, the calcium ions replace the sodium ions in the polymer. Each calcium
ion can attach to two of the polymer strands that is called cross-linking alginate. The
crosslinking is achieved by the ionic interaction between calcium ions and the
carboxyl groups of the blocks of guluronic acid residues of two neighboring alginate
chains, resulting in formation of stable three-dimensional network [38, 39]. Ca?* is
preferred to crosslink alginate for biomedical applications due to the mild reaction
conditions. Calcium salts suitable for crosslinking alginate include CaCl,, CaSOs,
CaCOg, calcium acetate, calcium ascorbate etc. [40]. There are a few research studies
about blending alginate with natural rubber such as below:

Riyajan and Tangboriboonrat (in 2014) studied about blending NR with

sodium alginate solution and coconut waste used as a cofiber for absorption of lead
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ions (Pb?"). After being cross-linked by calcium chloride, the beads were highly
stable, flexible and easily used in the environment. The cofiber increased the porosity
and contact. The adsorption efficiency of the composite beads was up to 99.6% of the
Pb?* [41].

Riyajan (in 2017) investigated novel bead of modified starch for encapsulating
2,4-dichlorophenoxy acetate (2,4 DA) was made from NR-graft-cassava starch and
sodium alginate in a water-based system. The results suggested that NR with sodium
alginate matrix was a good polymer membrane for encapsulating 2,4 DA in a water
medium and the beads were also easily decomposed in the natural environment after
use [42].

However, no studies so far have investigated the use of alginate as a dispersing
agent and binder for the fabrication of rice husk ash filled-NR composite films and the

effect of crosslinking by CaCl. on the NR composite films.

2.4 Improvement properties of natural rubber composites with fillers
2.4.1 Reinforcing agents for NR
Fillers are solid substances that are added to rubbers for many reasons, such as
modification physical properties, modification processing performance, reinforcement
and reducing production costs. The two types of common fillers are reinforcing and
diluent (or non-reinforcing) fillers [43]. Silica and carbon black are widely used for
reinforcement in NR because it can improve the mechanical and other related rubber
product properties. Carbon black has been used as reinforcing material in tire
industries for long times, whereas silica is only limited to colored rubber products.
1) Silica
Silica is a strongly polar and hydrophilic reinforcing filler. The
conventional silica is white in color. Many researchers reported that adding silica into
rubber compounds can improve mechanical properties such as hardness, tensile
strength and tearing energy. Silica contains high silanol groups on its surface and
these polar groups promote strong particle—particle interaction leading to high degree
of aggregation and agglomeration of silica particles and low compatibility with non-

polar rubbers, which result in poor dispersion. The structure of silica aggregates in
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rubbers can be adjusted by modifying the filler surface to increase the compatibility of
silica with hydrocarbon rubbers in order to improve the filler dispersion [44].

For unvulcanized NR with silica, the lipid and protein in natural rubber may
induce hydrogen bonding between rubber and silanol group on surface of silica as
shown in Figure 2.6. The proteins in natural rubber have a similar effect as silane on

the silica surfaces, although not as strong [45, 46].
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Figure 2. 6 The interactions between silanol groups of silica and proteins in NR via
hydrogen bonding with functional groups: (a) amino group and (b) carboxyl group.

Successful use of silica for rubber reinforcement therefore requires commonly
silane coupling agents to enhance silica—rubber interaction and silica dispersion as
well as to prevent accelerator adsorption on the silica surface. Silane coupling agents
in rubber systems are TESPT28 and bis(triethoxysilylpropyl) disulphide (TESPD)
[47].

2) Carbon black

Carbon black is the most traditional and commonly used reinforcing filler
because of the hydrophobic surface of carbon black filler matched to hydrophobic
surface of NR. The size of carbon black aggregate of 0.1-0.2 um is also important in
determining the carbon black reinforcement in natural rubber. The agglomeration of
carbon black can form aggregate of 10-1000 um in size. The fillerfiller interaction of
carbon black is due mainly to weak Van der Waals forces that degrade easily during
mixing [48, 49].

M Kardan (in 2004) indicated that the active carbon black was more

effective when the rubber was originally in cis-conformation as opposed to trans-
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conformation. In addition, reinforcing carbon black did not participate in any
crosslinks within the elastomer network. The carbon black reinforced the rubber
structure by means of the formation of a network of entanglements or mechanical
interlocking forces [50].

However, the production and use of carbon black may cause
environmental problems because carbon dioxide is released into the atmosphere
during the production of carbon black. Many researchers involved replacing the
carbon black with other eco -friendly fillers such as fly ash and wastes from
agricultural biomass.

3) Flyash

Fly ash is a byproduct of the power generation industries. The main
component of fly ash is silica. For many years, fly ash can be used as a potential
reinforcing filler to improve the mechanical properties of rubber compound.

Panitchakarn et al. (in 2019) developed composite films composed of
uncured NR combined with coal fly ash that obtained from pulping facility in
Prachinburi province, Thailand. The results indicated that mechanical properties and
structural stability of NR composite film were improved at coal fly ash content of 20
phr. The tensile strength, elongation at break and Young’s modulus of composite film
increased to 10.5 MPa, 222% and 126 MPa, respectively, which were 8.7, 2.2, and
52.5 folds when compared to the original NR [51].

Arti Maan et al. (in 2014) found that the particle size of fly ash had
significant effect on mechanical properties of NR composite. The composite had
higher tensile strength,
density, hardness, abrasion resistance, skid resistance and water absorption at small
particle size (25 um) of fly ash. This is due to lower surface area of higher particle
size fly ash available for interaction with rubber matrix than lower particle size fly ash
at same loading [52].

Yangthong et al. (in 2019) studied novel epoxidized natural rubber (ENR)
composites with geopolymers (GP) from fly ash waste. The result indicated that the
ENR/GP composites with 15 phr GP were the highest tensile strength because of the
maximal chemical linkages of hydroxyl groups and metal oxides on GP surfaces and
epoxide groups in ENR. The possible reaction mechanism of the polar functional
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groups on GP surfaces is shown in Figure 2.7. The silanol groups on the GP surfaces
interacted with the polar functional groups in epoxide rings and with the opened ring
products of ENR during vulcanization [53]. Their results showed that fly ash can be

used as reinforcing filler to improve mechanical properties of NR composites.
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Figure 2. 7 The chemical reactions between ENR and GP

2.4.2 NR composites with rice husk ash

Natural fillers are biodegradable, environment friendly and easy to get
because they are in abundant quantity. In addition, natural fillers are cheap and can
reduce domestic wastes. Rice husk ash is a renewable resource of silica that obtained
from burning agricultural waste rice husk. The major component of rice husk ash is
silicon dioxide (SiO) and structure is similar to the conventional silica filler that used
in the rubber industry [54]. Many studies of rice husk ash in NR compounds are
shown below.

Ishak and Bakar (in 1995) studied two types of rice husk ash, namely white
rice husk ash (WRHA) and black rice husk ash (BRHA) in epoxidized natural rubber
(ENR). WRHA has about 96% silica content, while the BRHA has about 54% silica
content and substantial carbon content about 44%. These ashes were mixed into ENR

by two roll mixing mills. Two ashes were compared with two commercial fillers
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(precipitated silica and carbon black). The results showed that overall vulcanized
properties of WRHA were better than BRHA but it was inferior when compared with
precipitated silica and carbon black. In addition, WRHA has high silica content but
has vulcanized properties close to carbon black because of filler parameters such as
surface area, surface reactivity, particle size, and metal oxide content. The addition of
coupling agent of A-189 silane can improve the performance of WRHA and BRHA in
ENR. Tensile and tear strengths of ENR vulcanizates increased with the addition of
silane coupling agent because it helps to disperse and make chemical bonding of RHA
fillers in the rubber matrix [6].

Ismail et al. (in 1999) studied white rice husk ash (WRHA) as filler in NR
compounds by two roll mixing mills. Filler loading was 0, 10, 20, 30, 40 and 50 phr.
The effect of multifunctional additive (MFA) was investigated. The results showed
that the tensile and tear strengths increased with increasing WRHA loading until 10
phr after that there was the decrease in those properties because of agglomeration of
filler particles. However, the tensile modulus and hardness increased with increasing
filler loading. MFA loading at 3 phr was the optimal concentration for the maximum
physical properties. At more than 3 phr, MFA produced weak boundary layer at
interface between rubber and filler, so reducing physical properties [7].

Sae-Oui et al. (in 2002) studied two grades of rice husk ash (low- and high-
carbon contents) as filler in NR and compared with other commercial fillers such as
talcum, china clay, calcium carbonate, silica, and carbon black. Filler loading was 0,
15, 30, 45 and 60 phr. The results showed no significant difference in filler loading of
both grades of rice husk ash and inert fillers (e.g., talcum, china clay and calcium
carbonate). In addition, the mechanical properties (tensile strength, modulus,
hardness, abrasion resistance, and tear strength) of two grades of rice husk ash were
lower than those with silica and carbon black but were comparable to those with inert
fillers. Surface area and surface activity of both rice husk were very low, which was
the reasons for poor mechanical properties filled vulcanizates and their porous
structure caused of failure at high loading. Silane-coupling agent slightly affected the
properties of the ash-filled vulcanizates because of the lack of silanol groups on the

ash surface [8].
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Siti Salina Sarkawi and Yusof Aziz (in 2003) studied ground rice husk without
burning as filler in rubber vulcanizates by two roll mixing mills. Rice husks were
sieved to 300 um and 180 um. Filler loading was varied from 0 to 50 phr and was
compared with carbon black and silica. The results showed that the tensile strength
and elongation at break of both size rice husk increased up to 10 phr and then it
tended to decrease as the concentration of rice husk increased. Rice husk had less
significant effects on hardness property because the non-reinforcing nature of rice
husk. However, the physical properties of rice husk-filled vulcanizates were lower
than those of carbon black but were comparable to silica. The effect of particle size of
fillers is shown in tensile strength, elongation at break and abrasion of NR
composites. Under the study of effect of particle size of rice husk ash, it was indicated
that rice husk ash with the particle size of 180 um was better than that of 300 um
because the fillers with finer and smaller particle size were better dispersed in rubber
compound [34].

Arayapranee et al. (in 2005) compared rice husk ash filled in NR with two
commercial reinforcing fillers (silica and carbon black). Filler loading were varied
from 0 to 40 phr. The results are showed that lower Mooney viscosity and shorter cure
time could improve hardness but decreased tensile strength and tear strength.
However, the NR composites reinforced with silica and carbon black were better
mechanical properties than those with rice husk ash because silica and carbon black
had highly surface area (small particle size) and surface activity. The dispersion of
rice husk ash in the rubber matrix was investigated by scanning electron micrographs
(SEM) and the result indicated that the dispersion of rice husk ash filler in the rubber
matrix is discontinuous. Therefore, rice husk ash filled NR composites had a weak
structure when compared to those with carbon black and silica [9].

Pongdong et al. (in 2015) used rice husk ash as reinforcing filler in epoxidized
natural rubber (ENR) with various loading levels (0, 10, 20, and 30 phr) and
compared with silica filler. The results indicated that rice husk ash caused faster
curing reactions and increased Young’s modulus and tensile strength of the
composites relative to the unfilled composites. This might be attributed to the metal
oxide impurities in rice husk ash that could enhance the crosslinking reactions, thus

increasing the crosslink density. In addition, the mechanical properties and curing
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behavior were improved by silanization with bis(triethoxysilylpropyl) tetrasulfide
(Si69). The rubber-filler interactions reinforced the composites is suggested as shown
in Figure 2.8 [54].
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Figure 2. 8 The reaction models for rice husk ash or silica dispersed in ENR matrix
(a) without silanization, (b) with silane coupling agent (Si69).

All the above studies focus on studying mechanical properties of NR
composite with rice husk ash that preparing from solid NR. The limitations of their
research are filler loading (not over 60 phr) and inferior dispersion of filler in NR
composites.

2.5 Dielectric properties of composites with silica or rice husk ash

Dielectric materials can be used to store electrical energy in the form of charge
separation when the electron distributions around constituent atoms or molecules are
polarized by an external electric field. Dielectric analysis is important in case of
batteries, sensors, fuel cells, super capacitors and in the development of
microelectronic packaging materials for performance optimization of high frequency
devices [14].

Measurement of dielectric properties involves measurements of the complex

relative permittivity (), which consists of a real part and an imaginary part. The real
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part of the complex permittivity, also known as the dielectric constant (¢') is a
measure of the amount of energy from an external electrical field stored in the
material. The imaginary part is zero for lossless materials and is also known as loss
factor or dielectric loss (g'"). It is a measure of the amount of energy loss from the
material due to an external electric field. The loss tangent (tan §) (dissipation factor
or loss factor) represents the ratio of the imaginary part to the real part of the complex

permittivity

tand = —

!

Dielectric loss (loss tangent or tan §) quantifies a dielectric material’s inherent
dissipation of electromagnetic energy (for example, as heat due to the charging and
discharging of capacitor). Dielectric losses depend on frequency and the dielectric
material. Heating through dielectric loss is widely employed industrially for heating
thermosetting glues, for preheating plastics before molding, and for fast jelling and
drying of foam rubber.

In communication systems, higher the dielectric loss means higher the
attenuation and hence it is a limitation for long range transmission. At low
frequencies, the overall conductivity can be made up of many different conduction
mechanisms, but ionic conductivity is the most prevalent in moist materials. The ionic
conductivity of materials will contribute to the dielectric loss [55, 56].

Previous studies about dielectric properties of composites with silica or rice
husk ash are summarized as below:

Louis and Sudha (in 2014) investigated dielectric properties of LDPE
composites with rice husk ash and hydrated silica at different filler concentrations.
The results showed that dielectric constant depended both on amount of filler as well
as the frequency. The composites showed higher dielectric constant at lower
frequencies. In addition, the optimum hydrated silica filled composite (30 parts/100
parts of LDPE) exhibited good dielectric constant and increased dielectric loss, which
leaded to the application as a good insulator. LDPE filled with rice husk ash can be
used as high frequency dielectrics due to low dielectric loss because of the non-polar

nature of rice husk ash [57].



34

Ahmed A. Al-Ghamdi et al. (in 2016) studied the electric, dielectric and
microwave properties of NR-based composites comprising dual phase fillers prepared
from furnace carbon black or conductive carbon black with a different amount of
silica. The measurements were carried out at room temperature and incident power at
the inlet of the coaxial measuring line varying from 800 pW up to 1300 pW within
the frequency range of 1 GHz to 12 GHz. The results indicated that the carbon phase
had a marked strong effect on properties mentioned above. The interpenetration of the
two filler phases and the grade of isolation of the conductive carbon phase by the
dielectric one depended on the ratio between them. With an increasing amount of the
dielectric phase in the hybrid fillers, the electric conductivity and dielectric constant
of the composites was lower, while their ability to absorb electromagnetic waves
enhanced. The properties of composites make them suitable for several applications
such as electromagnetic interference shielding materials, antennas for mobile devices,
automobiles, sensors and military-related applications [58].

Khor et al. (in 2016) determined the dielectric properties of mixture of rice
husk (RH), rice husk ash (RHA) with rice bran (RB) on different ratios in low
frequency range (from 4 Hz to 1 MHz). The results indicated that the mixture of RHA
and RB was a dipolar relaxation occurring between 10° — 10° Hz and the peak was
depressed and shifted to lower frequency as the RB content increased in the mixture.
Moreover, AC conductivity decreased as the RB content increased. This might
attribute to the production of natural oil content from RB. The conductivity was found
to increase with the increase of RHA content. Silica is a major component in RHA
that may react with the element calcium from RB, forming a compound with greater
insulation properties. The result also indicated that amount of mobile carries was
subjected to the RHA content [14].

The electrical properties (dielectric constant, dielectric loss and electrical
conductivity) of NR composites filled with different types of filler are shown in Table
2.2.
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Table 2. 2 Dielectric properties and electrical conductivity of NR composites with
various fillers

Matrix Filler Frequency | Dielectric | Dielectric | Electrical Ref.
(H2) constant loss conductivity
(1/Q+m)
NR furnace carbon 3x10° 3.8 0.010 4.5x10* [58]
black
NR conductive 3x10° 112 20 2.8x102
carbon black
NR graphite 10° 4.500 35 2.2x10? [59]
NR carbon black 10° 5 35 1.4
NR barium titanate 10* 3.250 0.004 - [60]
NR oil palm fibers 104 9 0.2 4.0x 107 [61]
NR carbon black 10* - - 2.2x10° [62]
NR titanium 2.56 x 10° 3.405 0.016 1.1x1072 [63]
dioxide
NR silicon dioxide | 2.56 x 10° 2.393 0.05 7.2x103
LDPE RHA 102 3.6 0.36 - [57]
LDPE hydrated silica 10? 17 238 -
NR short sisal/coir 10* 45 0.035 7.1x 107 [64]
hybrid fiber
NR Keratin fibre 104 2.9 0.009 1.0x 10 [65]
from chicken
feather
NR barium 10° 3.7 0.018 1.0 x 1010 [66]
titanate/tannic
acid-ferric
ion/silver
NR Graphene 104 33 12 - [67]
Nanoplatelets
/Carbon Black
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CHAPTER Il
EXPERIMENTS

3.1 Summary of scope and methodology
Experiments in this work can be described using the following diagram. Detail

of each section was explained in this chapter.

NR composites with RHAS
I
v ¥ ¥
Residual from Natural rubber c
rice milling plant latex (NR) sl
A 4 A 4
BRHA : Rice husk

Acid
| washing Thermal

freatment w treatment

BRHA BRHAT WRHA

v v v A4 v

Microdispersion process
Filler loading 20, 60, 100 phr

s 4

Effect of crosslinking
Y [ 2 i
Uncrosslinking Crosslinking by CaCl, Sulfur vulcanization
v v v
NR-B,NR-T, NR-W NR-BC,NR-TC, NR-WC NR-WS, NR-TS, NR-WS
v v
Characterizations
Y + A
Mechanllcal Chemical properties Electrical properties
properties
v v v
» Tensile strength « Structure and * Dielectric constant
* Young’s modulus crystallinity * Dielectric loss factor
* Elongation at break * Functional group and * Electrical conductivity

chemical reaction

* Surface area, pore size,
pore volume
Solvent resistance

* Biodegradation in soil

Figure 3. 1 Diagram of fabrication and characterizations of NR composites with
RHAs
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3.2 Materials

Rice husk and rice husk ash were obtained from a rice milling plant in Phra
Nakhon si Ayutthaya province, Thailand that show in Figure 3.2. NR latex with a
60% dry rubber content was purchased from the Rubber Research Institute of
Thailand, Bangkok, Thailand. Hydrochloric acid, sodium alginate and calcium
chloride were purchased from Sigma-Aldrich (Thailand) Co Ltd., Bangkok, Thailand.
Zinc oxide (ZnO), Potassium laurate (K-laurate), Potassium hydroxide (K), Zinc
diethyldithiocarbamate (ZDEC), Wingstay-L (WSL) and Sulfur were purchased from
the Rubber Research Institute of Thailand.

Figure 3. 2 Rice husk (a) and black rice husk ash (b) from rice milling plant

3.3 Methods

3.3.1 Preparation of rice husk ash

1) Black rice husk ash (BRHA) used in this study was provided by Nakhon
Luang Rice Mill (Phra Nakhon Si Ayutthaya, Thailand), in which the combustion
process was under oxygen depleted atmosphere due to the limited air supply. BRHA
from a rice milling plant was dried in an electric oven at 105°C for 12 h to remove
water and stored in a glass bottle container at room temperature (~30°C).

2) BRHA was further treated by acid-washing pretreatment in order to obtain
purified BRHA ash, namely BRHAT.

The dried BRHA was pretreated by 20%w/w hydrochloric acid under L/S ratio
of 20 ml Acid /g BRHA. The mixture was stirred at 80°C for 2 hours to remove

impurities. After that, the solid sample was filtered from the acid solution and rinsed
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repeatedly with deionized (DI) water until the solution was neutral pH and then dried
overnight at 105°C. The product from the pretreatment of BRHA is referred as
“BRHAT”.

3) White rice husk ash (WRHA) was prepared in our laboratory
(Chulalongkorn University, Bangkok, Thailand). Initially, rice husks were washed
with distilled water to remove dirt and impurities and then were dried in an oven at
105°C for 24 h. The dried rice husks were submitted to the heat treatment in ceramic
crucibles, which was carried out in an atmosphere of air in an electric furnace at the
temperature of 500°C for 2 h [68].

The particle sizes of three types of rice husk ashes were reduced using ball
milling (PM 100, Haan, Germany) at revolution speed 400 rpm for 15 min and sieved
(Test sieve ASTM, 203x50 mm, 106 pum, 140 meshes) in order to obtain the powder

with a size of less than 106 pum.

3.3.2 Preparation of natural rubber composite films

The NR composite films were reinforced by using BRHA, BRHAT and
WRHA as filler. The filler loading used in this work was varied at 0, 20, 60 and 100
per hundred rubbers (phr). The microdispersion process [51] was applied for the
preparation of composite films.

1) Initially, the filler was added into the aqueous solution of 1% w/v alginate
(10 phr that the minimum amount of alginate for good dispersion of filler loading
20-100 phr, observation from smooth surface of composites after fabrication). Then,
the slurry was thoroughly mixed under mechanical stirring at room temperature for 30
min.

2) Then, 5 g of 60 phr NR latex was slowly added into 30 mL of the slurry
under continuous mixing by high-frequency mechanical stirring until the mixture was
homogenous.

3) After that, the mixture was poured into a plastic tray and dried overnight
(~12 h) in an oven at 40°C to obtain NR composite films.

The composite films of NR combined with BRHA, BRHAT and WRHA are
referred to as NR-B, NR-T and NR-W, respectively.
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3.3.3 Crosslinking with CaCl:

The aqueous solution of CaCl, at 1% w/v was used as crosslinking agent. The
solution was prepared by dispersing CaCl> in distilled water and stirring at room
temperature for 30 min. The NR composite films were soaked in 1% w/v CaCl;
solution for crosslinking of alginate for ~1 h, and then the films were rinsed with
distilled water to remove excess chloride. After that, the composite films were dried
in an oven overnight at 40°C [69]. After crosslinking with Ca?*, the crosslinked
composite films of NR combined with BRHA and WRHA are referred to as NR-BC,
NR-TC and NR-WC, respectively.

3.3.4 Sulfur vulcanization

Sulfur vulcanized NR composites prepared according to the following steps
(the step #1 to the step #3) of micro-dispersion process. After step #1, the additives
and crosslink agents were added to the slurry in proper amounts as shown in Table 3.1
and stirred at room temperature for 15 min. The NR composite films from the step #3
were cured in the oven at 110°C for 1 h. The filler loading used in this crosslinking
process was at 100 phr that was RHA loading of the highest mechanical properties of
uncrosslinking NR composites with RHA. The sulfur vulcanized composite films of
NR combined with BRHA, BRHAT and WRHA are referred to as NR-BS, NR-TS
and NR-WS, respectively.

Table 3. 1 Formula of composite materials of sulfur vulcanization

Ingredients Function Sulphur vulcanization (phr)
NR latex Matrix 100
BRHA, BRHAT, WRHA filler 100
Alginate Dispersant 10
KOH Stabilizer 0.2
K-laurate Stabilizer 0.1
Zinc oxide Activator 0.5
ZDEC(zinc diethyldithiocarbamate) Accelerator 1.0
WSL (Wingstay-L) Antioxidant 1.0
Sulphur Crosslinker 1.5




40

3.4 Characterization

3.4.1 Morphology
Morphologies of rice husk ashes and composite films were observed by
scanning electron microscope and energy dispersive X-ray spectrometer (SEM—EDS)
(IT-500HR) using a JEOL, JSM-IT-500HR and JEOL, JED-2300 (JEOL, Tokyo,
Japan). The specimens were frozen in liquid nitrogen and vacuum dried. After that,
the specimens were sputtered with gold. The SEM-EDS performed at an accelerating

voltage of 10 kV.3.5.2 Fourier Transform Infrared (FTIR) Spectroscopy

3.4.2 Particle size distribution

The overall components and particle size distribution of each dried sample were
determined by X-ray fluorescence spectrometer analysis (Bruker model S8 Tiger,
Karlsruhe, Germany) and laser particle size distribution analyzer (Mastersizer 3000,

Malvern Panalytical, Malvern, UK), respectively.

3.4.3 Surface, pore size and pore volume analysis
The surface area, pore volume and average pore diameter of samples were
determined by nitrogen (N2) physisorption-desorption using a surface area and pore
size analyzer (Autosorb-iQ-MP, Quantachrome, Boynton Beach, FL, USA).

3.4.4 Structural information crystallinity
The structural information and crystallinity of fillers and NR composite films
were characterized using X-ray diffractometer (XRD, Bruker AXS Model D8
Discover, Karlsruhe, Germany) with Cu-K radiation in the 260 range of 5-40. The
operation conditions were at the accelerating voltage of 40 kV and electric current of
30 mA.

3.4.5 Functional groups and possible interaction

The functional groups and possible interaction between fillers were
determined by Fourier transform infrared (FTIR) spectroscopy (PerkinElmer,
Waltham, MA, USA) in the ranges of 4000-650 cm™ with a resolution of 4 cm™.
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3.4.6 Mechanical properties
For mechanical properties tests of dry film of NR, NR composites (Young’s
modulus, tensile strength and elongation at break) were performed using Universal
Testing Machine (Instron, Norwood, MA, USA). The test conditions were according
to ASTM D882. At least five specimens for each different blend composition were
tested.

3.4.7 Water absorption capacity

The measurement of water absorption capacity (WAC) was performed by
usingthe specimen films of 2 x 2 cm?, with a thickness of 0.5-0.6 mm. The specimens
were immersed in distilled water at room temperature for 0—18 days. The specimens
were removed from water every 2 days, and excess water at the surface of the samples
was blotted by Kimwipes® paper. The weight of wet sample was measured. All
testing was carried out in triplicate. Water absorption capacity was calculated by
using the formula:
)

Wh —Wa 100
Wy

WAC (%) =
Where, Wh and Wq are the weights of the specimen hydrated and dried, respectively.

3.4.8 Toluene uptake
For the test of toluene uptake, dried sample films (2 x 2 cm?), with a thickness
of 0.5-0.6 mm, were immersed in toluene at room temperature. The weight change
was monitored at 1 h intervals for 8 h. All testing was carried out in triplicate.

Toluene uptake was calculated by using the formula:

W, — W
TU (%) = tdeloo
d

Where, Wq and W, are the weights of the specimen before swelling and after a time (t)

of immersion, respectively.
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3.4.9 Preliminary test of biodegradation in soil

For the preliminary test of biodegradation in soil, each test specimen, having
55 c¢cm? and a thickness of 0.5-0.6 mm, was used for the measurement of
biodegradation in soil. Potting soil purchased from a garden center (Bangkok,
Thailand) was used for the experiment. The main composition of potting soil was
loam soil, compost manure and coconut coir. The soil temperature was around
28-30°C. The moisture content of the soil was around 50-60%. The specimens were
weighed and buried in soil at a depth of 10 cm for 3 months under ambient conditions,
where the temperature range was 24 to 35°C as Figure 3.3. After 1, 2 and 3 months,
the samples were removed from soil, washed with deionized water (DI) water, dried
at 40°C for 12 h and recorded for their weights. The degradation was evaluated by

measuring the weight loss by using the formula:

. ; Wy —W;
Biodegradation (%) = W X 100

L

Where, W, and W; are the weights of the specimens before and after being

buried in soil, respectively.

Figure 3. 3 Biodegradation in soil testing
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3.4.10 Electrical properties analysis of natural rubber composite films

1) Dielectric properties [64]

The capacitance, resistance and dissipation factors were measured directly by
using impedance analyzer with a precision impedance analyzer (4294A, Agilent,
Santa Clara, California, USA) as Figure 3.4 at room temperature. The measurements
were done at varying frequencies ranging from 10%-10° Hz as per ASTM standard
D-150-74. The samples were coated by silver paint as electrode on both sides before

measurement.

Dielectric constant ( &")

The dielectric constant of a material is defined as the ratio of the capacitance
of a condenser containing the material to that of the same condenser under vacuum.
The capacitance of a condenser measures the extent to which it can store charges.
Dielectric constant can determine by using the following equation:

e
- e

Where ¢ is dielectric constant, C is capacitance, A is surface area of sample, d is

thickness of sample, and E, is dielectric permittivity (8.85x107*? Farad.m™).

Dielectric loss (&)

The electrical loss or the amount of energy dissipated by the insulating
material when the voltage is applied to the circuit can be represented by means of a
dissipation factor. Most of the elastomers have lower dissipation factor at room
temperature. The loss factor (dielectric loss, €’), the dielectric constant (&) and the

dissipation factor (tan &) are related by the following equation:

8//
tand = —
£
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2) Electrical conductivity [70]

The electrical properties were measured and obtained using an impedance
analyzer with an LCR meter. The measured electrical resistivity of the composite
materials was converted into electrical conductivity by using the following equation:

_ RA _ 1
p= L o
Where p is the volume resistivity (m), R is the resistance (Q), A is the cross-section

discs (m?), L is the thickness (m), and ¢ is the electrical conductivity ((m)™.

Figure 3. 4 Precision impedance analyzer
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Characterization of BRHA, BRHAT and WRHA Particles

Rice husk ash is a major by-product of the combustion of rice husk to generate
heat for boilers in rice milling plants, in which the burning temperature is usually
above 800 °C. BRHA results from the pyrolysis of rice husk in poor oxygen
atmosphere, whereas BRAHT treated by acid washing for elimination metal oxide
impurities. WRHA is a byproduct from the combustion of rice husk in atmospheric
air. The color of BRHA, BRHAT and WRHA are shown in Figure 4.1. The results of
XRF analysis for chemical compositions of BRHA, BRHAT and WRHA are shown
in Table 4.1. The main components of BRHA BRHAT and WRHA were found to be
silica as silicon dioxide (SiO), at 87.0%, 90.90% and 95.3%, respectively. The minor
components were alumina oxide (Al.Os) and potassium oxide (K20) and small
amounts of CaO, P.Os, MgO, Fe203, SOz, MnO, ZnO and Rb20. Moreover, the XRF
data also demonstrate that small amount of the impurities in the BRHA were removed
by acid washing. The BRHAT consisted only of SiO, as the primary component
(90%) along with Al,Os at lower levels and small amounts of K20, CaO P,0s, MgO,
Fe>03, SOz and MnO. These results agree with those of Chen et al.[71], who reported
that metal impurities were eliminated from RHA under acidic conditions. In addition,
the unburned carbon or loss of ignition value of BRHA, BRHAT and WRHA were
found to be about 7.8%, 7.6% and 0.1%, respectively. The color of the rice husk
depends on amount of unburned carbon in the ash [72]; the reported unburned carbon
contents of gray-RHA and WRHA were 2.4% and 1.4%, respectively. The product of
WRHA from combustion treatment contains higher silica content than BRHA and
BRHAT, but the unburned carbon content of WRHA was lower than that of BRHA
and BRHAT.
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BRHAT WRHA

Figure 4. 1 BRHA, BRHAT and WRHA powder after grinding.

Table 4. 1 Chemical compositions of BRHA, BRHAT and WRHA

Chemical Compositions BRHA (%owt) BRHAT (%wt) WRHA (%owt)

SiO2 87.00 90.90 95.30
AlzO3 2.51 0.36 1.76
K20 1.07 0.54 0.89
CaO 0.52 0.15 0.71
P20s 0.63 0.13 0.57
MgO 0.32 0.19 0.36
Fe203 0.16 0.10 0.13
SOs - 589 PPM 0.17
MnO 719 PPM 415 PPM 743 PPM
ZnO 64.1 PPM - 113 PPM
Rb.O 44.4 PPM - -
Loss on ignition 7.78 7.63 0.11

The SEM images of BRHA BRHAT and WRHA particles are shown in Figure
4.1a, b and c, respectively. BRHA and BRHAT formed black platelets of partially
crystalline oxides of silicon and others, whereas WRHA was in roughly spherical
form of aggregated white powders. Three types of RHA particles were produced in a
wide range of sizes, from 1 to 10 um. However, the average size of BRHA and

BRHAT was relatively smaller, compared to WRHA.
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Figure 4. 2 Scanning electron microscope (SEM) images of BRHA (a), BRHAT (b)

and WRHA (c) particles.
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The XRD analysis was conducted on BRHA, BRHAT and WRHA particles,
as shown in Figure 4.3a-c. According to the XRD pattern, BRHA and BRHAT were
in the form of partially crystalline oxides of cristobalite, corundum and quartz alpha.
The observation of cristobalite and quartz alpha in BRHA and BRHAT indicates that
BRHA should be treated at temperatures greater than 900 °C during the combustion
process [73]. On the other hand, the XRD pattern of WRHA exhibited a very small
peak of quartz alpha and broadening of the cristobalite peak (at 20 = 22.5°), which
indicates the nature of amorphous silica [74]. The degrees of crystallinity of BRHA
BRHAT and WRHA were 16.9%, 18.72% and 2.6%, respectively.

The SEM micrographs and XRD results confirm that BRHA and BRHAT are
a partially crystalline silica oxide, whereas WRHA is an amorphous silica oxide.
These results agree with those reported by Xu et al. and Osman et al. [75, 76], where
WRHA with silica in a mainly amorphous form was produced at a con-trolled
temperature below 800 °C, and BRHA with silica in partial crystalline phases was

generated at temperatures above 800 °C.
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Figure 4. 3 X-ray diffraction of the composite films of crosslinked composite films of
natural rubber (NR) combined with BRHA (NR-BC) (a), with BRHAT (NR-TC) (b)
and with WRHA (NR-WC) (c) and degree of crystallinity (d) with loaded content of
BRHA, BRHAT and WRHA at 0, 20, 60 and 100 per hundred rubbers (phr).

The particle size distributions of the BRHA, BRHAT and WRHA are shown
in Figure 4.4. The BRHA particles ranged in size from 0.4 to ~100 pum, with an
average size ~ 6 um. The d10, d50 and d90 values based on the volume distribution
were 1.5, 6.2 and 28.5 um, respectively. The BRHAT particles ranged in size from 0.4
to ~111 um, with an average size = 6 um. The d10, d50 and d90 values based on the
volume distribution were 1.5, 6.1 and 25.9 um, respectively. The WRHA particles
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ranged in size from 0.4 to 144 um, with an average size = 40 um. The d10, d50 and
d90 of WRHA were higher than those of BRHA and BRHAT (1.9, 17.8 and 70.4 um,
respectively). The results from the SEM observation (Figure 4.2) and the particle size
distribution (Figure 4.4) indicated that an average particle size of WRHA was larger
than that of BRHA and BRHAT. This result can be attributed to hydroxyl groups of
silanol (Si-OH) on the surface of rice husk ash particles. The hydroxyl group had very
strong intermolecular hydrogen bonds with another hydroxyl of adjacent silica
particle. These hydrogen bonds could easily cause the formation of agglomeration of
particles. WRHA particles have larger particle sizes, as compared to BRHA particles,
due to the higher degree of agglomeration of the WRHA powders, because of their
higher silica content.

5

Volume density (%)

0.01 0.1 1 10 100 1000
Size classes (um)

Figure 4. 4 Particle size distributions of BRHA, BRHAT and WRHA particles.

Pore size distributions of BRHA, BRHAT and WRHA are shown in Figure
4.5. Because WRHA formed agglomerated particles, WRHA presents bimodal pore
structure of two groups of pores that are considerably different in size. The small
pores inside of fine particle are less than 2.5 nm, and the pores between particles are
4-30 nm. On the other hand, BRHA and BRHAT shows a monodispersed
mesoporous structure. Table 2 shows surface area, pore volume and pore size of
BRHA, BRHAT and WRHA particles. Owing to the smaller particle size of BRHA,
the specific surface area of BRHA (51.57 m?/g) was greater than that of BRAHT
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(44.36 m?/g) and WRHA (40.06 m?/g), as the decrease of particle size resulted in an
increase in surface area. The average pore volume and average pore diameter of
BRHAT were lower than those of BRHA and WRHA. The pore volumes of BRHA,
BRHAT and WRHA were 0.24, 0.05 and 0.48 cm®/g, respectively, with average pore
diameter of 9.22, 4.89 and 23.92 nm, respectively. These results can be attributed to

larger pore size in WRHA agglomerated particles.

0.04

0.10
i —&— BRHA
0.09 4
A -+@::+ BRHAT
I
0.08 4 - -2 - WRHA
i
0.07 | A
E
£ 006 | 4
on
=
£ oos |
=
4
-
a

0.03

0.02

0.01

0.00

pore size diameter (nm)

Figure 4. 5 Pore size distributions of BRHA (o), BRAHT (0J0) and WRHA (2).

Table 4. 2 The surface area, pore volume and average pore diameter of BRHA,
BRHAT and WRHA.

_ BET Surface Area Pore Volume Average Pore
Rice Husk Ash ]
(m?/g) (cm3/g) Diameter (nm)
BRHA 51.57 0.24 9.22
BRHAT 44.36 0.05 4.89

WRHA 40.06 0.48 23.92
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4.2 Morphology of NR and NR Composite Films

The morphologies of the NR, NR-BC, NR-TC and NR-WC specimens are
illustrated in Figure 4.6. From the outlook (Figure 4.6a), NR-BC, NR-TC and NR-
WC composite films had a rather smooth surface. NR-BC and NR-TC films were
black in color, whereas NR-WC films were light brown. The surface and cross-
section areas of the neat NR film were smooth, whereas NR-BC and NR-WC had
relatively rough surfaces. The degree of surface roughness increased with increases in
BRHA, BRHAT and WRHA loading content. In addition, the cross-section area
images show that BRHA, BRHAT and WRHA demonstrated homogenous dispersion
in NR matrix without phase separation. SEM micrographs of surface and cross-
section area of NR-W100 film without alginate are illustrated in Figure 4.7. Surface
cracking presented on surface area of NR-W100 without alginate, whereas cross-
section area presented the phase separation between NR and WRHA. The results
reveal that alginate is a good dispersing agent for the dispersion of rice husk ashes in
NR matrix up to 100 phr.

a)

b) Surface Cross-section
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20 phr

60 phr

100 phr

NR-BC
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d)

NR-BC NR-TC NR-WC

20 phr
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Figure 4. 6 The outlook (a) and SEM micrographs of surface morphologies and
cross-section of pure NR (b), SEM micrographs of surface morphologies of NR-BC,
NR-TC and NR-WC composite films (c) and micrographs of cross-section of NR-BC,
NR-TC and NR-WC films (d) at different RHA loading.

Figure 4. 7 SEM micrographs of surface morphologies (a) and cross-section (b) of

NR-W100 without alginate
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The distribution of RHA in NR composites was also investigated using
energy-dispersive X-ray (EDX) spectroscopy, as shown in Figure 4.8. Silicon (Si)
atom, the main component in three types of RHAs was used to indicate the
distribution of RHAs in the composite films. From Si-mapping, the well-distributed

RHA particles were found in the EDX mapping of NR-WC composites.
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Figure 4. 8 SEM-EDX micrograph of NR-WC100 composite film

4.3 X-ray Diffraction (XRD) of NR and NR Composite Films

As shown in Figure 4.3, the XRD pattern of pure NR film demonstrates a
broad peak with very low degree of crystallinity (0.8%), which indicates an
amorphous structure for the polymer phase. NR-BC, NR-TC and NR-WC composite
films revealed diffraction peaks corresponding to BRHA, BRHAT and WRHA
structures, respectively. In addition, the diffraction peaks of three types of ash
composites increased linearly with increasing filler loading content. The degree of
crystallinity of composite films also linearly increased along with the filler loading

content (Figure 4.3d).
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4.4 Fourier Transform Infrared (FTIR) Spectroscopy

Figure 4.9 demonstrates the FTIR spectrum of NR, BRHA, BRHAT, WRHA,
NR-B, NR-BC, NR-BS, NR-T, NT-TC, NR-TS, NR-W, NR-WC and NR-WS
composites. Pure NR consists mainly of cis-polyisoprene. The functional groups for
identifying cis-polyisoprene were the asymmetric stretching vibration of methyl
groups (—CHs) at 2960 cm—1 and C-H deformation at 1446 cm™ [26]. The peaks
observed at 2917 and 1663 cm™! are assigned to symmetric stretching vibration of
methylene (—-CH) and C=C stretching [77]. The BRHA, BRHAT and WRHA have
similar FTIR spectrum. The strong sharp peaks at 1080 and 1083 cm™ are attributed
to Si—O-Si asymmetric stretching, along with peaks at 796 and 800 cm™?, which are
due to symmetric Si-O-Si stretching and Si—O quartz [28, 78]. The main broad peak
between 1000 and 1200 cm ! of WRHA indicates characteristics of amorphous silica
[72]. The FTIR spectrum clearly indicates that functional groups found on NR-B,
NR-T, NR-W, NR-BC, NR-TC, NR-WC, NR-BS, NR-TS and NR-WS are the same
as those found on NR, BRHA and WRHA. The spectra of the composites contain
peaks at 2961, 2915, 1661 and 1067 cm !, which are assigned to (—CH3s), (-CHy),
C=C stretching and Si-O-Si asymmetric stretching, respectively. The composite films
reveal a broad absorption band between 3400 and 3100 cm™, referring to the
stretching of the O—H group. The hydroxyl regions of NR-BC, NR-TC and NR-WC
are more dominant than those of the composite films without CaCl> crosslinking,
which might indicate that the CaCl> crosslinking had an effect on the O-H interaction
of sodium alginate (absorption band between 3500 and 3100 cm™t) [79]. Daemi and
Barikani had previously reported that the absorption regions of O-H group in calcium
alginate were narrower than the normal peak of sodium alginate, because the calcium
ion decreased in hydrogen bonding between hydroxyl functional groups, resulting in
narrower bands of calcium alginate [80]. The position peaks of functional groups of
NR-B, NR-T, NR-W, NR-BC, NR-TC and NR-WC composite films are slightly
shifted, as compared to the original spectra of NR, BRHA, BRHAT and WRHA,
which indicates the formation of interactions of BRHA, BRHAT and WRHA in the
NR matrix without a chemical reaction [51, 69, 77]. In case of NR-BS, NR-TS and

NR-WS that were crosslinked by sulfur vulcanization but not found position peak of
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functional group of C- S linkages because these peak will present in fully vulcanized

compound containing more than 12% sulfur [81].
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Figure 4. 9 Fourier transform infrared (FTIR) of the BRHA; NR; NR-B100;
NR-BC100 and NR-BS100 composites (a), BRHAT; NR; NR-T100; NR-TC100 and
NR-TS100 composites (b), WRHA; NR; NR-W100; NR-WC100 and NR-WS100
composites (c).

4.5 Mechanical Properties

The thickness NR composites with BRHA and WRHA at different filler
loading are presented in Figure 4.10. The thickness of BRAH, BRHAT and WRHA
composites increased with increasing filler content. Moreover, the thickness of
composites after crosslinking slightly decreased in case of WRHA which may be due
to some interaction between WRHA and NR matrix. The mechanical properties of
BRHA, BRHAT and WRHA composites were examined in terms of tensile strength,
Young’s modulus and elongation at break, as shown in Figure 4.11. Uncured NR film
was high elastic elongation, but it demonstrated low tensile strength. The tensile
strength, Young’s modulus and elongation at break of the uncured NR film were 1
MPa, 2 MPa and 113.3%, respectively. Figure 4.11a clearly shows that the addition of
BRHA, BRHAT and WRHA to the NR matrix resulted in improvement among all
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observed mechanical properties of the composite films. The tensile strength was
relatively enhanced through the increase of BRHA and WRHA loading content in all
cases. The maximum tensile strength values of the NR-B, NR-W, NR-BC and
NR-WC were obtained by the filler loading at 100 phr, at 6.5, 10.4, 3.2 and 13.1
MPa, respectively. In NR-T and NR-TC composites, tensile strength increased with
increasing filler content until a maximum level was reached (60 phr). The maximum
tensile strength of NR-T and NR-TC were 6.7 and 5.5 MPa, respectively at 60 phr of
BRHAT loading. The reduction of tensile strength may be attributed to agglomeration
of BRHAT particles to form a domain that performed as a foreign particle, or result of
physical contact between aggregates [82]. The results indicate that WRHA-filled NR
films exhibit significantly higher tensile strength than those reinforced by BRHA and
BRHAT, especially at filler loading content of 60 and 100 phr. The treatment of
CaCl, crosslinking tended to improve tensile strength of the composite films
reinforced with WRHA but reduced the strength of the films reinforced with BRHA
and BRHAT.
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Figure 4. 10 The thickness of the pure NR film and the NR composite films
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The reinforcement effects on Young’s modulus of composites filled with
BRHA, BRHAT and WRHA were quite similar to those on tensile strength. The
values of Young’s modulus were improved significantly, as compared to that of pure
NR film, and the values increased with increasing filler content, as shown in Figure
4.11b. The large modulus of NR composites with RHA could attribute to rubber
molecule in rubber can return to their original position after being stretched. The
maximum values of young’s modulus of NR-B, NR-W, NR-BC and NR-WC films
were obtained by BRHA and WRHA loadings at 100 phr, which were 61.1, 115.6,
58.4 and 108.6 MPa, respectively. Moreover, the maximum Young’s modulus of
NR-T and NR-TC films were 14.1 and 13.9 MPa that were obtained by BRHAT
loadings at 60 phr. Young’ s modulus of BRHAT composites were lower than BRHA
composites could be attributed to metal impurities in BRAH and BRHAT particles.
After acid treatment, silica content in BRHA increased but Al>O3, K20, CaO, P20s,
MgO and Fe>Os contents decreased. These metal impurities might be important role to
improve fillerfiller and filler—rubber interactions, resulting in more improved
mechanical properties of NR composites. These results agree with those of
Panitchakarn et al.[51], who reported that the tensile strength and modulus of NR
composite with coal fly ash that was treated by acid washing were lower than NR-
composite with untreated coal fly ash.

As compared to the result of the NR film shown in Figure 4.11c, it is
demonstrated that reinforcement with BRHA, BRHAT and WRHA can also improve
elongation at break of the composite films. The maximum values of elongation at
break of NR-B at 392.0% NR-T at 364% and NR-W at 302.7% were obtained at
filler loading of 20 phr and 60 phr, which were 3.5-fold, 3.2-fold and 2.7-fold
increases of that of the NR film, respectively. However, the values relatively
decreased with further increases in filler loading beyond the optimal point, because
the elasticity of the rubber chains was reduced when filler particles exceeded a certain
amount in the rubber matrix [83, 84].

In the case of a small amount of filler in NR composite (20 phr), the tensile
strength, Young’s modulus and elongations at break of composites filled with BRHA
and BRHAT were better than those filled with WRHA. These results might be
attributable to the smaller particle size of BRHA and BRHAT, since the smaller
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particle with higher specific surface area should facilitate a better filler—NR
interaction [85]. However, when increasing filler loading in the NR composites to 60
and 100 phr, the tensile strength and Young’s modulus of NR-WRHA were greater
than those of NR-BRHA and NR-BRAHT. Thus, factors, such as surface activity,
chemical composition of fillers, concentration, shape and interactions between fillers
and NR matrix play important roles in the reinforcement of NR composites.
As compared to BRHA and BRAHT, WRHA contains a higher concentration of silica
but lower concentration of carbon. Higher concentration of silica and metal oxides in
fillers could promote reinforcement in NR composites. Additionally, in this study, the
solid dispersion of SiO2 in NR matrix was successfully improved by the addition of
alginate as dispersion agent, resulting in no phase separation at high filler loading in
NR matrix. The results agree with those of previous works on vulcanized rubber
composites [84, 86]; it was reported that the mechanical properties of rubber
vulcanizates filled with WRHA were better than composites filled with BRHA.
Further crosslinking of the composites by CaClz significantly improved the
tensile strength of NR-WRHA, especially at high WRHA loading content. After the
immersion of NR composites in CaCl, solution, calcium ion created gelation and
ionic crosslinking with specific and strong interactions between Ca?* with G blocks of
alginate, forming the net structure [87]. This ionic crosslinking can improve the
structural stability of the composite films and reinforce filler—filler and filler—rubber
interactions, resulting in enhancement of the tensile strength of the composite film.
After crosslinking sodium alginate/natural rubber/coconut composite by CaCl,, the
composites were highly stable [41]. However, it was found that the mechanical
properties of NR-BC and NR-TC films were reduced by crosslinking the composites
by CaCl,. The different effects of CaCl> crosslinking on NR-BRHA, NR-BRHAT
and NR-WRHA might be attributable to differences in the porous structure of those
fillers. WRHA presents bimodal porous structure with higher porosity and higher pore
sizes, resulting in better dispersion of CaCl. into the mixtures and more interactions of
fillers—alginate—NR of NR-W films. Consequently, alginate crosslinking with Ca?*
could enhance the tensile strength of NR-WC. A similar observation was also noted
by Costa et al. [86]. The efficiency and rate constant of vulcanization of NR-BRHA
was found to be lower than that of NR-WRHA vulcanization, because the pores of
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BRHA were too small for polymer chains to enter. Moreover, large internal surface
areas might be a disadvantage, because a certain proportion of accelerator might
become immobilized and inactivated. The adsorbed Ca®* on surface might result in
weakened filler—rubber interactions. Thus, mechanical properties of the NR—BC and
NR-TC composite films were reduced by CaCl; crosslinking.

Table 4.3 shows the results of mechanical properties of BRHA, BRHAT and
WRHA composites crosslinked with sulfur vulcanization with RHA loading at 100
phr in comparison to those of the films of neat NR and NR reinforced with RHA
loading at 100 phr with/without CaCl, crosslinking. The results revealed that the
mechanical properties of vulcanized NR composites were larger than neat NR film.
Sulfur vulcanization generally changes the physical properties of natural rubbers. The
hardness, modulus and tensile strength of vulcanized rubber increased, whereas
elongation at break and solubility in solvents decreased when comparing to neat NR.
All those changes could attribute to the degree of cross-linking in the rubber network
[88]. In addition, tensile strength and elongation at break of sulfur vulcanized
composites were relatively higher than tensile strength and elongation of NR-RHA
composites with/without CaCl. crosslinking. However, Young’s modulus of sulfur
vulcanized composites was lower than that of the NR composite films with/without
CaCl; crosslinking. In part of chemical mechanism of crosslinking by vulcanization
process, the flexible NR molecular chains joined together by covalent bonding giving
rise a three-dimensional network that resulted in enhance of tensile strength of
vulcanized NR composites [89]. These results agree with those reported by Wahab et
al. [90], who identified increment in tensile strength of thermoplastic elastomers from
high-density polyethylene/NR/thermoplastic tapioca starch, indicating the increase in
blend stiffness. In addition, the vulcanized NR process can prevent or reduce ability
of polymer chains in NR to slip over each other result in a more rigid polymer blend.
Interestingly, at the same RHA loading, tensile strength of NR-WC100 was only
slightly less than that of NR-WS100. This result indicated ionic crosslinking alginate
with CaCl> could effectively improve mechanical properties without using toxic

chemical in crosslinking process.



Table 4. 3 Mechanical properties of NR, NR composites cross-linked with CaCl, and

NR composites cross-linked with sulfur vulcanization.

NR composites Young’s modulus

Tensile strength

Elongation at break

(MPa) (MPa) (%)
NR 2.07 % 0.55 1.02 % 0.05 11330  12.56
NR-B100 61.07 + 3.66 6.58 = 0.32 180.00 + 23.25
NR-T100 12.41 +2.03 4.90  0.49 175.50 + 23.51
NR-W100 15.57 + 4.25 10.44 + 0.56 149.00 + 16.31
NR-BC100 58.43 + 4.45 3.24+0.22 17353 + 10.28
NR-TC100 12.57 £ 0.39 4.46 + 0.26 156.01 + 18.29
NR-WC100 108.57 + 3.48 13.07 £ 0.35 199.10 + 9.20
NR-BS100 6.11 % 0.96 11.67 £ 0.89 336.00 £ 15.75
NR-TS100 5.80  0.64 11.37£0.51 320.67 + 17.91
NR-WS100 12.89 + 0.95 13.19+0.25 321.30 + 29.45

The previous studies demonstrated the limitations of polar filler loading in NR
composites. They found the tensile strength of the NR composite increased with
increasing the filler content up to a maximum value (20-60 phr) and then decreased
[6, 8, 83, 84, 91]. Higher filler loading in NR composite could lead to formation of
filler agglomeration and undispersed filler in NR matrix, resulting in a weak filler—
rubber interaction. RHA has high surface polarity and strong filler-filler interaction,
which leads to filler agglomerates and poor RHA dispersion in NR matrix, resulting in
low mechanical properties of NR composite. The present study demonstrates that the
tensile strength of uncured NR composites increases with increasing BRHA and
WRHA loading, and that the maximum tensile strength was obtained at
BRHA/WRHA loading of 100 phr. The results indicate that the latex aqueous
microdispersion process with dispersing agent is suitable for composite preparation to
achieve homogeneous dispersion of RHA fillers in NR matrix. Sodium alginate is
suitable for the use as a dispersing agent in this system, because it can improve RHA
dispersion and reduce filler-filler interactions. Previously, sodium alginate as a

dispersing agent was proven to improve the stability, filler dispersion and viscosity of
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composites of NR—coal fly ash [51], NR-sago starch [92] and NR-microfibrillated
cellulose [93].

4.6 Water Absorption Capacity

In the water sorption and toluene sorption tests, the length and width of the
film specimen were 2 cm and 2 cm. The thickness was 0.5-0.6 mm. The film
thickness slightly increased with increasing filler content but was not significantly
changed by CaCl; cross-linking. The results of the water absorption capacity (WAC)
tests of NR and NR composites filled with BRHA, BRHAT and WRHA are presented
in Figure 4.12. The WAC of NR film was lower than NR-B, NR-T and NR-W films,
due to the hydrophobic nature of NR. The water absorption of NR film was
nonlinearly increased during a period of 0—6 days for water uptake of 0-31% and then
was slightly increased during the immersion in water for 6-18 days. The water
absorption behavior of filled polymer composites depended on the properties and
nature of fillers such as functionality, polarity, specific surface area, filler loading and
time in water [94]. The results demonstrate that the water absorption of NR-B,
NR-BC, NR-T, NR-TC and NR-W increase with increasing filler loading content,
due to the hydrophilic nature of silica and other metal oxides, which are the main
components in three types of ashes. The water uptake rates of the composite NR films
filled with BRHA, BRAHT and WRHA were higher, as compared to NR film, and the
saturation point was reached after the immersion in water for 2 days. The fillers,
BRHA, BRHAT and WRHA, are polar compounds and contain hydroxyl groups from
silica and other metal oxides. The surface hydroxyl groups on metal oxides are sites
for the absorption of water molecules by hydrogen bonding. Thus, the increased RHA
loading content promoted WAC of the composite films. Metal content in BRHAT was
lower than BRAH and WRHA resulted in higher WAC than NR-BRHA and NR-
WRHA composites. NR composite filled with RHA was previously reported [95, 96].
Without the CaCl, crosslinking process, the composite film filled with WRHA
demonstrated higher WAC than that filled with BRHA, which is likely due to the
higher amount of SiO; in WRHA, as compared to BRHA. The maximum WAC at
around 78% was obtained from NR-W films at WRHA loading content of 100 phr.
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Figure 4. 12 Water absorption capacity of NR, NR-B, NR-BC (a), NR-T, NR-TC,
NR-TS (b) and NR-W, NR-WC, NR-WS (c).

The treatment by CaCl, had different effects on the WAC of the NR composites
filled with BRHA, BRHAT and WRHA. The CaCl, crosslinked NR-WC showed
considerably enhanced resistance for water uptake, especially at high WRHA loading
content of 60 and 100 phr (Figure 4.12c). The water uptake of NR-WC at WRHA
loading 100 phr was reduced to 11%, which was only ~1/7 that of NR-W100 and was
only =1/4 that of NR film. Previously, a significant reduction in water solubility of
crosslinked alginate-based films by 1% CaCl. was reported [87]. It was suggested that
the crosslinking alginate by CaCl> generated an “egg box” network. The COO™ in the
alginate binds to the Ca?" resulting in reduced available alginate chains to bind with
H20 molecules. The crosslinking NR-W composites by CaCl, could also increase
filler—rubber interactions and limited water diffusion into the NR-W composites.
Accordingly, NR-WC presented lower WAC after crosslinking by CaCl,. On the
other hand, the WAC of NR composite films filled with BRHA and BRHAT were
increased after crosslinking by CaCl» (Figure 4.12a, b). As previously discussed in the
noneffective alginate crosslinking by Ca?* of NR-BC and NR-TC composite films, in
this case, the addition of CaCl> was found to reduce filler—rubber interaction in

NR-BC and NR-TC composites. The available COO™ in alginate molecule and OH~

20
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in silica oxides could interact with water molecules, leading to higher water
absorption of NR-BC and NR-TC. The addition of CaCl> might also increase
hydrophilicity of the films and, therefore, increase the water diffusion into NR-BC
and NR-TC films. The effect of different crosslinking agents, WAC of NR composites
with sulfur vulcanized was the lowest comparing with WAC of NR composite
with/without crosslinking by CaCl, at same filler loading. These results indicated
sulfur vulcanized can reduce WAC of NR composites due to stiffer and stable
structure of vulcanized NR films resulting in less penetrable by water molecules [97].

4.7 Toluene Uptake

The results of the toluene uptake of NR and NR composite films soaked in
toluene for 8 h are shown in Figure 4.13. The maximum toluene uptake of NR film
was 1746% at the immersion in toluene for 4 h; after that, the film was decomposed in
toluene. Toluene and NR are nonpolar; thus, this solvent can be highly absorbed in
NR film. The high uptake rate and poor chemical resistance to nonpolar solvents of
uncured NR were previously reported [51, 77, 96]. Uncrosslinked NR chains can
dissolve in toluene, and the decrease in the solvent uptake of NR composites may
reveal good filler-rubber interaction [96]. The toluene uptake rate of NR-B, NR-T
and NR-W composites at RHA loading of 20 phr was much less than that of NR film;
however, after the immersion in toluene for 4 h, both NR-B, NR-T and NR-W were,
to some extent, decomposed in toluene. Uncured NR composites might be dissolved
in nonpolar solvents, such as toluene [98]. More resistance to toluene uptake was
observed in the NR composites with higher BRHA, BRHAT and WRHA content. The
toluene uptake of the composite films decreased with increased filler loading and was
considerably lower, as compared to that of pure NR film [51, 93]. The low toluene
uptake of NR-B, NR-T and NR-W films was exhibited at RHA loading of 60-100
phr, which represented about 260-300% (or 0.15-0.17 of that of the NR film), due to
polar nature of silica oxides, the major constituent in three types of RHAs. The
integration of polar fillers into NR matrix can reduce the toluene uptake rate and
absorption capacity. In addition, the NR composites filled with BRHA/WRHA at 60—
100 phr maintained their structural stability during immersion in toluene for 8 h. This
observation indicates that the composite films had good dispersion of RHA in the NR
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matrix. After crosslinking by CaCly, the NR composites filled with WRHA, BRHAT,
BRHA demonstrated slightly improved resistance to toluene. The toluene uptakes of
NR-BC, NR-TC and NR-WC were reduced to 170-180%. The crosslinked films had
better stability in toluene, as no decomposition of the films was observed during
immersion in toluene for 8 h. Thus, the CaCl» treatment seems to improve the solvent
resistance of composite films. The addition of calcium ions into NR matrix possibly
makes the surface more hydrophilic, resulting in lower diffusion of nonpolar solvent
into NR matrix. The lowering of toluene uptake might also be attributable to the good
interaction between filler and NR matrix [99]. Sulfur vulcanized NR composites
present low toluene uptake that close to toluene uptake of NR composite with/without
crosslinking by CaCl, at filler loading 100 phr. These results indicated sulfur
vulcanized can improve resistance of nonpolar solvent uptake of NR composites. The
structural stability of NR composites was improved because the rubber chain motions

were restricted by sulfur vulcanized and addition of RHA.
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Figure 4. 13 Toluene uptake of NR, NR-B, NR-BC, NR-BS (a), NR-T, NR-TC, NR-

TS (b) and NR-W, NR-WC, NR-WS (c).
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4.8 Biodegradation in Soil

The preliminary study of biodegradation in soil of pure NR film and NR
composite films filled with RHAs was determined in uncontrolled conditions (with an
average temperature of =30 °C). The percentage weight loss and the visual analysis of
the biodegraded samples after 1, 2 and 3 months are shown in Figures 4.14 and 4.15,
respectively. The weight loss of the pure NR film was lower than all NR composite
films at any degradation time, due to the slow degradation of NR in natural
environments by microorganisms [100].

After 3 months, the weight loss of NR, NR-BRHA, NR-BRHAT and
NR-WRHA were 5.3%, 7.6-13.0%, 5.3-14.5% and 7.6-18.4%, respectively. Overall,
the NR-BRHA and NR-BRHAT composite presented comparable weight loss to
NR-WRHA composites at similar RHA loading contents, except for the NR
composites with 100 phr RHA loadings, of which, NR-W100 demonstrated relatively
higher biodegradability in soil. The weight loss of composites increased with
increased filler loading in all conditions. These results agree with those of Ramasamy
et al. [101], who reported that the weight loss percentage of NRL foam increased with
increased rice husk powder, because, at lower rice husk powder loading in foam

composite, microbial activity was not high due to lack of microbial growth supports.
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Figure 4. 14 Preliminary test for biodegradation in soil of NR, NR-B, NR-BC, NR-
BS (a), NR-T, NR-TC, NR-TS (b) and NR-W, NR-WC (c).
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Figure 4. 15 The visual analysis of biodegradation in soil of pure NR, NR-BC,
NR-WC, NR-TC, NR-BS100, NR-TS100 and NR-WS100 for 3 months.

The effect of the CaCl, treatment of the NR composites was observed from the
composites at filler loading of 100 phr in both cases but in opposite directions.
The weight loss of NR-BC100 and NR-TC100 were higher than that of NR-B100
and NR-TC100, respectively, whereas the weight loss of NR-WC100 was lower than
NR-W100. These results are in accord with those on the water absorption capacity,
which can be explained by the high number of fillers in NR matrix generating
hydrophilic surfaces, resulting in enhanced water absorption of the composites.
The higher water content in NR matrix could promote microbial activities that
increase the rate of degradation [83, 102]. The weight loss of NR-WC100 was lower
than NR-W100, because the CaCl, crosslinked film displayed a higher tensile
strength with lower WAC, as compared to NR-W100. On the other hand, the weight
loss of NR-BC 100 was higher than NR-B100 and the weight loss of NR-TC100 was
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higher than NR-T100, due to the higher WAC of the composite after CaCl;
crosslinking, as discussed earlier. It was also suggested that the use of sodium alginate
as a dispersing agent in NR composites could increase the rate of biodegradation of
the composites [92]. In addition, the weight loss of sulfur vulcanized NR composites
was the lowest when comparing to composites with/without crosslinking by CaCl,
that could attribute to high tensile strength, stable structure and low WAC properties
of vulcanized NR composites with RHA.

Figure 4.15 presents visual analysis of the biodegradation of NR and NR
composite films during a period of 1-3 months. The enhanced degradation of NR
composite films filled with higher RHA loading was clearly observed, especially at 3
months of biodegradation in soil. Black spots were found in the composite films
reinforced with WRHA, while white spots, as well as fogging on film surfaces, were
observed after 1 month in soil, indicating soil microflora activities in the composites,
which is a good indicator of biodegradation [103]. Moreover, after 3 months in soil,
some parts of the composite films disappeared. The results revealed that NR-BRHA,
NR-BRHAT and NR-WRHA could be biodegradable in soil.

4.9 Electrical Properties
4.9.1 Dielectric properties

Dielectric properties of materials are important characteristics for predicting
behavior with respect to application in electronic materials, such as print circuit
boards, power transformers, microelectronics, radio propagation, remote sensing and
actuator applications [9]. The dielectric properties of polymers depend on cations,
dipole moment and space charge polarizations [104]. On the other hand, dielectric
behavior of composite materials depends on dielectric properties of the matrix and
filler, chemical composition, structure, shape and morphology of particles and filler
dispersion in the composite [105]. The dielectric constant is the amount of energy
from an external electrical field stored in materials. The dielectric constant of
NR-BRHA, NR-BRHAT and NR-WRHA composites at different filler loadings are
presented in Figure 4.16. The frequency dependence of the dielectric constant at
ambient temperature was analyzed. The NR film had a low dielectric constant, in the
range of 1.8-2, attributable to the nonpolar nature of NR, which has only
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instantaneous electronic and atomic polarization [70]. It was demonstrated that the
dielectric constant of the NR composite films filled with RHAs increased with
increased BRHA, BRHAT and WRHA loading at all frequencies. BRHA, BRHAT
and WRHA contained 87, 90 and 95% silica oxides with polar hydroxyl groups of
silanol (Si—OH) on surface. Silica as a dielectric metal oxide semiconductor has a
dielectric constant of about 3-9, and it has been used in micro- and nano-electronic
industries [13]. Thus, the increase of RHA in NR composites resulted in higher dipole
or orientation polarization; thus, the dielectric constant was enhanced [70].
In addition, the increase in RHA loading resulted in an increased space charge,
leading to polarization in the composite matrix [57]. It was shown that the NR
composite films presented a higher dielectric constant at lower frequencies. At high
frequency, molecular movements arrested or decreased orientation polarization that
leads to the decreased value of the dielectric constant [57, 106]. The dielectric
constants of NR-BRHA were relatively higher than those of NR-BRHAT and
NR-WRHA, which should be due to the higher degree of crystallinity of BHRA, as
compared to that of WRHA. Correlations between crystal structure and dielectric
properties of metal oxides were reported [107]. Dielectric constant of NR-BRHAT
composites was lower than NR-BRHA and NR-WRHA could attribute to lower metal
impurities content in BRHAT after treatment by acid washing. Metal and carbon-
based filler could be acting as charge centers and increasing segmental mobility in the
polymer matrix, which would enhance the dielectric constant of composites [108,
109]. Oxides are suggested as promising materials in high dielectric materials, as they

possess both high dielectric constants and large band gaps [107].
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The crosslinking of the composite films by CaCl, caused a considerable drop
in dielectric properties in all cases. The addition of CaCl, might reduce the amount of
electron charges, including COO" (from alginate) and OH™ (from silica), in the
composite films. The higher number of free protons suggests more localization of
charge carriers along with mobile ions, resulting in higher dipole polarization and a
higher dielectric constant [106]. For this reason, the value of the dielectric constant of
composite film after crosslinking alginate was much lower than that of films without
CaCl; treatment. The obtained values for the dielectric constants of the films from the
lowest value to the highest value were NR < NR-TC < NR-WC < NR-BC < NR-T
< NR-W < NR-B. These results could also imply that low metal impurities content in
BRHAT resulted in reducing segmental mobility in the polymer matrix. Moreover,
the stronger interactions between WRHA filler and NR matrix could lower the
hydrophilicity and polarity of the composite films. In case of sulfur vulcanized
crosslinking, dielectric constant of NR-WS, NR-BS and NR-TS was lower than
dielectric constant of uncrosslinking NR composites with RHA. These results
indicated that high tensile strength of vulcanized NR film resulted in low dielectric
constant of NR composites with RHAs. A similar effect from the reinforcement that
caused the reduction of orientation polarization and the dielectric constant was

previously reported [70].
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Figure 4. 17 Dielectric loss of of NR, NR-B, NR-BC, NR-BS (a), NR, NR-T, NR-
TC, NR-TS (b) and NR, NR-W, NR-WC, NR-WS (c)

The dielectric loss factor presents the amount of energy loss from a material
due to an external electric field [14]. The frequency dependence of dielectric loss of
composites is shown in Figure 4.17. The values of dielectric loss demonstrate similar
trends as those of the dielectric constant, which increased with increased filler loading
and declined with increases in frequency. The increase of RHA loading enhanced the
polar groups in the composite films, which led to enlargement of orientation
polarization and relaxation in composite, resulting in relatively high energy loss [57].
In addition, increasing amorphous phase to the composite enhanced the flow of
current through the amorphous region and generated amorphous phase relaxation,
resulting in higher dielectric loss [70, 110]. At low frequency, dielectric loss was

high, because of interfacial polarization enhanced by the difference between the
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conductivity of various phases [57]. This result agrees with the previous work by
Jamal et al. [109], in which the dielectric loss of nickel-rubber nanocomposites was
high at frequency lower than 10° Hz, due to relaxation time of pure rubber enhanced
when nickel nanoparticles were incorporated into the matrix. Moreover, the results
indicate dielectric loss factor of NR-WC composites was lower than that of other
composites at all WRHA loadings (~0.7-2.1 at frequency 10° Hz). The effect of
crosslinking composite by CaCl> and sulfur vulcanized on the reduction of the
dielectric loss factor was the same as that on the dielectric constant for similar

reasons. Less free space in the matrix resulted in a low dielectric loss factor [106].

4.9.2 Electrical conductivity

The improved electrical conductivity by adding fillers in nonconductive
biopolymeric matrixes is a simple and efficient method to produce electrically
conductive multifunctional biopolymer composites, while maintaining the low cost,
biocompatibility, biodegradation and processability of the initial material. Figure
4.18 illustrates electrical conductivity of NR, NR-BRHA, NR-BRHAT and NR-
WRHA composites with different crosslinking agent and filler loading. Neat NR film
exhibited low electrical conductivity about 2.1x10™*°* 1/Q.cm. Generally, electrical
conductivity of elastomers was less than 10 *? 1/Q.cm [111]. The results from Figure
4.18 indicated that electrical conductivity of NR-composites with three types of RHAS
loading had a similar trend as observed from that of dielectric constant and dielectric
loss. Electrical conductivity of NR-W was larger than NR-B and NR-T at RHA
loading at 20 and 60 phr, whereas at filler loading at 100 phr, the electrical
conductivity of NR-B was higher than NR-W and NR-T composites, respectively.
These results could attribute to different compositions in three types of RHAs. BRHA
composed of larger amount of metal and carbon than BRHAT and WRHA. Metal and
carbon-based filler could create conductive path in NR matrix for electron transport
[62]. It was demonstrated that the electrical conductivity of the NR composite filled
with BRHA increased with increased BRHA loading. Electrical conductivity of NR-
WRHA increased with increasing WRHA loading until the filler loading at 60 phr.
However, it was found that the further loading of WRHA up to 100 phr caused the
decrease in electrical conductivity of NR-W and NR-WC composite films. The main
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composition of WRHA is silica, which is a poor conductor of electrons (electrical
conductivity of silica was of about 5 x 10~ ** 1/Q.cm at 300 °C [112]); thus, at WRHA
loading of 100 phr, large amount loading of silica was integrated in NR matrix. The
high silica content in the film did not increase conductive path for electrons, but
resulted in the reduction of electrical conductivity. The maximum electrical
conductivity of NR-B was 4.9 x 10° 1/Q.cm at BRHA loading 100 phr and maximum
electrical conductivity of NR-W and NR-T were 4.0 x 10° and 7.8 x 10° 1/Q.cm,
respectively.

Effect of crosslinking of the composites indicted similar trend as that observed
from the dielectric properties. The crosslinking of the composite films by CaCl, and
sulfur vulcanize caused a reduction in electrical conductivity in all cases. The addition
of CaCl> might reduce the amount of electron charges, including COO" (from alginate)
and OH" (from silica), in the composite films. lonic groups such as COO" that could
help in the movement of the electrons throughout the polymer chain resulted in higher
electrical conductivity of uncrosslinking NR composites with RHAs [113]. The
electrical conductivity of sulfur vulcanized NR-BS was almost the same as that of
NR-WS, which were 6.0 x 10" and 6.9 x 10 1/Q.cm, respectively; whereas the
electrical conductivity of vulcanized NR-TS was about 2.7 x 10! 1/Q.cm. Reduction
of electrical conductivity of vulcanized NR-composites reinforced with RHAs could
be owing to sulfur crosslinking in NR matrix. The double bonds in carbon-based
polymers allow electric flow or transport that could increase electrically conductive in
polymer matrix [114, 115]. Sulphur atoms in vulcanization process catch rubber
molecules chain at the carbon-carbon double bonds and form C-S-S-C crosslink
between the rubber molecules. After vulcanization, double bond in rubber molecules
was replaced by sulfur atom that might be caused of decreasing of electrical

conductivity in vulcanized NR composites with RHAs.
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CHAPTER V
Bacterial cellulose reinforced with skim/fresh natural rubber latex

for improved mechanical, chemical and dielectric properties

5.1 Introduction

Globally, the level of plastic waste pollution from fossil resources and non-
biodegradable polymers has been increasing in recent years; as a result, biopolymers
have attracted considerable attention in reducing plastic pollution. Natural
biopolymers, produced by plants and several microorganisms, tend to be
biodegradable, meaning that they can degrade from exposure to bacteria in soil,
compost, or marine sediment [116]. The most widely used biomaterials from natural
biopolymers include natural rubber, starch-based materials, cellulose-derived
polymers and bacterial cellulose composites. However, biopolymers generally present
poor mechanical properties, low chemical resistance, short fatigue life and limited
processing capability in comparison to synthetic polymers [117]. Multiple studies
interested in improving biopolymers have tested their reinforcement with filler,
blending with other polymers and improvements in their production method.
Biodegradable polymers can be used in many electronic applications such as flexible
displays, sensors, actuators, optics, fuel cells, dielectrics, electromagnetic shielding,
piezoelectrics, insulators, (semi) conductors and microwave absorbers [118].

Bacterial cellulose (BC) is an organic compound produced by several bacterial
strains in the form of a gelatinous and translucent membrane [119]. BC possesses an
interesting 3D nanofiber network structure and displays outstanding physical and
chemical properties, including high crystallinities and hydrophilicity, high tensile
strength, high water holding capacity, non-toxicity, high purity (absence of lignin and
hemicellulose), biodegradability and liquid and gas permeability [120]. BC can be
used for applications in the pharmaceutical industry, food packaging, battery
separators, adsorbents, cosmetics, biomaterials, electrical conductors or magnetic
materials, biomedical materials and scaffolding for tissue engineering [121, 122].

Natural rubber (NR) is one of the most important polymers produced by plants
and is widely utilized as raw material for many products due to its excellent

flexibility. NR has been used for applications such as vehicle tires, condoms, gloves,
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health equipment and accessories, coatings, shoe soles and medical products. Natural
rubber latex (NRL) is extracted from a tree called Hevea brasiliensis in the form of a
colloidal latex of cis-1,4-polyisoprene. Generally, fresh natural rubber latex (FNRL)
is composed of about 30-40 wt% dry rubber content (DRC), 1.5-2 wt% protein,
1.5 wt% carbohydrate and 1.3 wt% lipid. FNRL is commonly preserved by adding
ammonia and then being centrifuged to obtain concentrated natural rubber latex
(CNRL) with about 60 wt% DRC. Skim natural rubber latex (SNRL) is the leftover
suspension obtained from the centrifugation process as a low-cost by-product or as
waste in some small factories. SNRL is composed of a small amount of rubber
particles of about 4-6 wt% DRC with a large amount of non-rubber components. The
non-rubber components in SNRL contain mostly water and approximately 3.2 wt%
proteins, 0.4 wt% lipid and 3.1 wt% carbohydrates/sugars [123-125]. Typically,
SNRL is used to produce skim blocks, skim crepe and lower grade products such as
car mats, bicycle wheels, push cars and castors.

Hevea latex shows a bimodal particle size distribution, which can be classified
into small rubber particles (SRP: particle size between 10 and 250 nm) and large
rubber particles (LRP: particle size between 250 nm and 3 pm) [17, 18, 126]. SNRL
contains 81 wt% of SRP and 19 wt% of LRP, whereas FNRL is composed of 24 wt%
of SRP and 76 wt% of LRP. SRP and LRP have different particle sizes and branch
point structures, leading to the different characteristics and properties of SNR and
FNR films [17, 20].

Recent research has focused on the dielectric properties of biopolymer
composites, which are a key parameter in predicting the behavior of electronic
materials. Natural fibers have also been of growing interest in electrically conductive
polymer composites due to their inherent polar and hydrophilic nature [127, 128].
Previous research has studied the dielectric properties of natural fibers with polymers.
The dielectric constant of polycarbonate-coated natural fabric Grewia tilifolia was
7.3x10° at 100 Hz and 30°C [128]. For polyaniline-coated nano-cellulose
fiber/polyvinyl alcohol composites, the dielectric constant was 1.3x108 at 40 Hz and
room temperature [129]. From the previous data, BC appears to exhibit potential for
usage in multiple applications, but one disadvantage is its low breaking elongation.
NR possesses excellent elastic properties. However, to date, there have been very few
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reports of a composite film of NR incorporated into BC matrices. In addition, no
reports on composite films of cellulose filled with SNR and FNR have been
documented so far. In our previous work, suitable conditions for the incorporation of
concentrated natural rubber (CNR) to BC matrices was at 2.5% DRC of CNR
concentration at an immersion temperature of 50°C. CNR-BC film from this condition
exhibited high structural and thermal stability and favorable mechanical properties
[130].

In Chapter 1V, rice husk ash (RHA), which was a byproduct from burning rice
husk (a cellulose-based fibrous material), was successfully used as filler in NR
composite films. The NR-RHA composite films offer many advantageous properties,
such as high mechanical properties, high chemical stability, significantly improved
dielectric properties and biodegradability. According to the obtained properties, the
composites offer potential for further development as stretchable conductive substrate
or semiconducting polymer films for electronic applications. On the other hand, the
study in Chapter V aims to use different types of NRL (SNRL and FNRL) as a filler
to improve the mechanical, chemical and dielectric properties of cellulose matrix in
form of BC. The effects of SNR and FNR concentrations and immersion temperature
on the chemical, mechanical, biodegradation and dielectric properties of the
composite films were investigated. The obtained results could be useful for the
development of BC composite films filled with NR as a potential substitute for the
existing substrate materials used in electrical insulators, electronic packaging and

flexible electronic devices
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5.2 Experimental
5.2.1 Materials

The stock culture of Acetobacter xylinum bacterial strain AGR 60 was
supplied by Pramote Tammarat, the Institute of Food Research and Product
Development, Kasetsart University, Bangkok, Thailand. Skim natural rubber latex
(SNRL) and fresh natural rubber latex (FNRL) were supplied by Rubber Technology
Research Centre (RTEC), Faculty of Science, Mahidol University, Nakhon Pathom,
Thailand. SNRL and FNRL contained about 5% and 30% dry rubber content (DRC),
respectively. Sucrose and ammonium sulfate were purchased from Ajax Finechem Pty
Ltd (New South Wales, Australia). Acetic acid was purchased from Mallinckrodt
Chemicals (Paris, KY, USA).

5.2.2 Film preparation

Bacterial cellulose (BC) pellicle was prepared by biosynthesis using coconut
water as a based substance. The coconut water medium was mixed with 0.5% (w/v)
ammonium sulfate, 5.0% (w/v) sucrose, and 1.0% acetic acid solution (30%, v/v) and
sterilized at 110°C for 5 min. Precultures were prepared by a transfer of 15 mL stock
culture to 300 mL in 500 mL Erlenmeyer flask and incubated statically at 30°C for 7
days. The sterile medium (60 mL) was added by A. xylinum stock culture (3 mL) in a
sterile petri dish and statically incubated at 30°C for 7 days. The BC pellicles were
purified by washing with deionized water (DI) for 30 min and, then treated with 1%
(w/v) sodium hydroxide solution at room temperature for 24 h remove bacterial cells,
washed with running water for 30 min and then rinsed with deionized (DI) water until
the pH reached 7.

The procedure for the preparation of BC reinforced with SNR-BC and FNR-
BC films were developed from Potivara and Phisalaphong (2019) [130] as follows.
SNRL and FNRL were diluted with DI water to form 50 ml SNRL and FNRL
suspensions of 1%, 2.5% and 5% w/v. BC pellicle was then immersed in SNRL and
FNRL suspension for 48 h as the immersion temperature varied between 50 and 60°C.
Then, they were washed with DI water, air-dried at 30°C for 48 h, and stored in
plastic film at room temperature. BC was defined as the unmodified BC and SNR-BC
and FNR-BC were defined as the modified BC by immersing in SNRL and FNRL
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suspension, respectively. The XSNR-BCy or XFNR-BCy films were defined as the
modified BC by immersing in SNRL and FNRL suspension at x% DRC and at an
immersion temperature of y °C. For example, 1SNR-BC50 was the BC film modified

by immersing in an SNR suspension at 1% DRC and at a temperature of 50 °C.

5.2.3 Characterizations

Morphologies of composites

Morphologies of neat BC, SNR, FNR, SNR-BC and FNR-BC composite films
were observed by Scanning Electron Microscope and Energy Dispersive X-ray
Spectrometer SEM-EDS (IT-500HR) using a JEOL, JSM-1T-500HR and JEOL, JED-
2300 (Tokyo, Japan). The specimens were frozen in liquid nitrogen and vacuum
dried. After that, the specimens were sputtered with gold. The SEM-EDS instrument
was performed at an accelerating voltage of 10 kV. The average thickness of the dried
BC, SNR, FNR films and BC composite films was measured using the Image J

program.

Rubber and protein contents in NRL

The protein content of rubbers was determined by the analysis of nitrogen
content using a LECO FP-258 nitrogen analyzer where the dried rubber sample (ca.
0.25 g) was accurately weighed and then subjected to combustion in an oxygen
atmosphere. The measurement was repeated three times to obtain the average nitrogen
content of each rubber sample. The nitrogen content estimate was multiplied by a

factor of 6.25 to the equivalent amount of protein.

The functional groups and chemical structure

The functional groups and chemical structure of films were determined by
Fourier Transform Infrared (FTIR) Spectroscopy (PerkinElmer, Waltham, MA, USA)

in the ranges of 4000-650 cm™ with a resolution of 4 cm™.
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Mechanical properties

For mechanical properties tests of dry films of BC, SNR, FNR, SNR-BC and
FNR-BC composites (Young's modulus, tensile strength, and elongation at break)
were performed using Universal Testing Machine (Instron, Norwood, MA, USA). The
tests were determined according to ASTM D882. At least five specimens for each
different blend composition were tested and the average of the results has been taken.

Water absorption capacity

The measurement of water absorption capacity (WAC) was performed by
using the specimen films with dimensions of 2x2 cm?, with the thickness of 0.04-0.12
mm. The specimens were immersed in distilled water at room temperature for 0-16
days. The specimens were removed from water every 2 days and excess water at the
surface of the samples was blotted by Kimwipes® paper. The weight of wet sample
was measured. All testing was carried out in triplicate. Water absorption capacity was

calculated by using the formula:
Water absorption (%) = W x 100
d

where, Wh and Wy are the weights of the hydrated and dried specimens, respectively.

Toluene uptake

For the test of toluene uptake, dried sample films of 2 x 2 cm?, with the
thickness of 0.04-0.12 mm were immersed in toluene at room temperature. The
weight change was monitored at 1 h intervals for 8 h. All testing was carried out in

triplicate. Toluene uptake was calculated by using the formula:

Toluene uptake (%) = % x 100
d

where, Wq and W: are the weights of the specimens before and after immersion at a

time (t), respectively.
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Biodegradation in soil test

For the test of biodegradation in soil, each test specimen having 5x5 cm?, with
the thickness of 0.04-0.12 mm was used for the measurement of biodegradation in
soil. Potting soil purchased from a garden center (Bangkok, Thailand) was used for
the experiment, the main compositions of potting soil were loam soil, compost
manure and coconut coir. The moisture content of the soil was around 50-60 wt%.
The specimens were weighed and buried in soil for 6 weeks the depth of 10 cm for 6
weeks under ambient condition, where the temperature range was 24 to 35°C. After 2,
4 and 6 weeks, the samples were removed from soil, washed with DI water, dried at
40°C for 12 hours and recorded for their weights. The degradation was evaluated by

measuring the weight loss by using the formula:

Biodegradation (%) = % x 100

0

where, Wo and W: are the initial dry weight of the films (time = 0) and the residue dry

weight of films after biodegradation in soil (time = t), respectively.

Dielectric properties

The dielectric constant and dielectric loss factors were measured directly by
using impedance analyzer with a precision impedance analyzer (Agilent 4294A,
USA) at room temperature. The measurements were done at varying frequencies
ranging from 102-10° Hz. The samples were coated by silver paint as electrode on

both sides before measurement.

Dielectric constant

The dielectric constant of a material is defined as the ratio of the capacitance
of a condenser containing the material to that of the same condenser under vacuum.
The capacitance of a condenser measures the extent to which it can store charges.
Dielectric constant can determine by using the following equation:
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,cd
¢ T4

Where ¢’ is dielectric constant, C is capacitance, A is surface area of sample, d is

thickness of sample, and E,, is dielectric permittivity (8.85x10*2 Farad.m™).

Dielectric loss ( €'")

The electrical loss or the amount of energy dissipated by the insulating
material when the voltage is applied to the circuit can be represented by means of a
dissipation factor. Most of the elastomers have lower dissipation factor at room
temperature. The loss factor (dielectric loss, €'’), the dielectric constant (¢') and the

dissipation factor (tan &) are related by the following equation:

14
tand = —
£

Electrical conductivity

The electrical properties were measured and obtained using an impedance
analyzer with an LCR meter. The measured electrical resistivity of the composite

materials was converted into electrical conductivity by using the following equation:

RA

_ _1
p= Dlnm

Where p is the volume resistivity (dm), R is the resistance (), A is the cross-section

discs (m?), L is the thickness (m), and ¢ is the electrical conductivity (m)™.



91

5.3 RESULTS AND DISCUSSION
5.3.1 Composition of SNRL and FNRL and morphology of BC, SNR, FNR and
composite films

The SNRL was light brown in color, whereas FNRL appears as a milky white
suspension (Figure 5.1a). NRL presents a bimodal particle size distribution of small
rubber particles (SRP) (10 - 250 nm) and large rubber particles (LRP) (250 nm - 3
um) [17, 130]. SNRL contains SRP: LRP in a ratio of ~ 4:1, while FNRL contains
SRP: LRP in a ratio of ~ 1:3 [17]. The main components of natural rubber latex
(NRL) are rubber hydrocarbon, water and proteins and other non-rubber components.
Proteins associated with the rubber molecules and/or particles usually present in term
of nitrogen content in a rubber sample. Nitrogen contents of LRP and SRP were about
0.127 and 0.661%wt, respectively [17]. The dry rubber and protein contents of SNRL
and FNRL are shown in Table 5.1.

Table 5. 1 Dry rubber and nitrogen contents* of SNRL and FNRL.

Sample Dry rubber content (DRC) Protein content
(% wiw) (% wiw)
Skim natural rubber latex (SNRL) 8.01 18.50
Fresh natural rubber latex (FNRL) 36.68 4.75

*measured in the dry form of SNRL and FNRL

b
|
BC FNR
SNRL FNRL
— N
1FNR-BC50 2.5FNR-BC50 SFNR-BC50

1SNR-BC50 2.5SNR-BC50

Figure 5. 1 Photographs of skim (SNRL) and fresh (FNRL) natural rubber latex (a)
and dried BC, SNR and FNR films (b) and SNR-BC and FNR-BC composite films at

different NRL concentrations (c)
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The dried SNR film was dark brown in color with wrinkles on the film
surface; on the other hand, the dried FNR film was white and transparent with a
smooth surface. The dried film of BC was white with a smooth surface (Figure 5.1Db).
The photographs of the SNR-BC and FNR-BC composite films are shown in Figure
5.1c; the two different types of NR-BC composite film had a rather smooth surface,
and the color of the films changed according to the concentration of SNRL/ FNRL.
The SNR-BC and FNR-BC composites had a color and structure similar to BC at a
low NR content. At a high concentration of SNRL and FNRL loading, the color of the
composite films became more similar to the color of the dried SNR and FNR films,
respectively.

The morphologies of the dried BC, SNR and FNR films are illustrated in
Figure 5.2. The surface area of the never-dried BC film shows a coherent three-
dimensional network of cellulose nanofibers of a highly porous system (Figure 5.2a).
The diameter of BC nanofibers was about 40-100 nm and their pore size ranged
between 0.2-2 pm. A similar diameter and pore structure of an unmodified BC
hydrogel were reported in previous studies [130, 131]. The surface area of dried BC
shows a dense nanocellulose fiber layer. The nanofibers also appeared as crossed and
randomly oriented, as shown in Figure 5.2b. A cross section of the dried BC film
presents multilayers of thin sheets (Figure 5.2c). The shrinkage and compact of the
BC structure was attributed to evaporation of water in BC during the drying process.

10 pm

Figure 5. 2 Scanning electron microscopy (SEM) images of surface morphologies of
never dried films of bacterial cellulose (BC) (a) dried BC films: surface (b) and cross-
section (c)
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The morphologies of SNR-BC and FNR-BC composite films are illustrated in
Figure 5.3. The surface area of the SNR-BC and FNR-BC composites indicated that
BC films were integrated with SNRL and FNRL, as can be seen clearly in 5SNR-
BC50 and 5FNR-BC50. The incorporation of SNR and FNR into BC nanofibers led
to the reduction of BC film porosity. The cross section of dried 5SNR-BC50 and
5FNR-BC50 films presented densely packed nanocellulose fibers combined with SNR
and FNR, respectively. The thickness of the composite films increased with increased
concentrations of SNR and FNR. Overall, the thicknesses of the SNR-BC films were
greater than the FNR-BC films.

1SNR-BC50 5SNR-BC50 1FNR-BC50 5FNR-BC50

~ Surface )

10 pm

Figure 5. 3 SEM micrographs of surface morphologies (on the top) and cross-section
(on the bottom) of dried films: 1SNR-BC50, 5SNR-BC50, 1FNR-BC50 and
5FNR-BC50.

The thickness and dry weight of BC composite films before and after the
immersion in SNRL and FNRL suspensions are shown in Figure 5.4 and Figure 5.5,
respectively. The thicknesses of both SNR-BC and FNR-BC composite films show a
similar trend with a dry weight of composite films that relatively increase with an
increased concentration of SNRL and FNRL loading, in the same way according to
previous work [132] of BC films modified by loading of alginate gel. The highest
thicknesses of SNR-BC and FNR-BC composites were obtained by the immersion in
SNRL and FNRL suspension at 5% DRC (at 60 °C), which were a ~5.8-fold and
~3.1-fold increase over the unmodified BC film, respectively. The amount of



94

integration of SNR and FNR into BC was estimated from the change of the film’s
dried weight before and after immersion in SNRL and FNRL suspensions. The
highest amount of SNR and FNR diffused and adsorbed into BC was observed at
loadings of SNR and FNR at 5% DRC and 60 °C, where the amounts of SNR and
FNR in the composite films were 86.7%, and 72.7%, respectively (the estimated ratios
of SNR/BC and FNR/BC in the composite films were 6.5, and 2.7, respectively).
Overall, the thickness and dry weight of SNR-BC films were higher than FNR-BC
films in all conditions. The effect of immersion temperature on film thickness and dry
weight showed a similar trend for both SNR-BC and FNR-BC composites. Increasing
immersion temperature from 50°C to 60°C resulted in larger thickness and dry weight
for SNR-BC and FNR-BC composites, which implied a larger amount of integration
of SNR and FNR into BC. These results can be attributed to the fact that the increased
immersion temperature increases SNR and FNR molecular motion and creates higher
Kinetic energy, resulting in a higher diffusion rate of SNR and FNR into the nanofiber
network. Moreover, polymer chains become more flexible and free space between
polymers increases at higher temperatures, which leads to enhanced diffusion [133].
Previously, modification of BC by immersion in concentrated natural rubber latex
(CNRL) was studied, and the optimal conditions were reported at a concentration of
2.5%-5.0 % DRC and a temperature of 50°C to 60°C [130]. However, because CNRL
contains mostly large NR particles, BC pellicles had to be immersed in a diluted
CNRL suspension in the presence of a dilute agueous solution of ethanol for enhanced
diffusion [130].
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All results from SEM images and the thickness and dry weight of SNR-BC
and FNR-BC composite films indicate that the diffusion and adsorption of SNRL into
BC were greater than those of FNRL. These results can be attributed to the average
particle size of SNRL and FNRL molecules. Previous studies reported that NRL from
Hevea brasiliensis is typically comprised of a bimodal particle size distribution, with
both small rubber particles (SRP, @ ~10 to 250 nm) and large rubber particles (LRP,
@ ~250 nm to 3 um) [126, 134]. SNRL consists of 81% wt. of SRP and 19% wt. of
LRP, whereas FNRL consists of 76% wt. of LRP and 24% wt. of SRP [17]. Smaller
rubber particles move more rapidly and easily diffuse through the pores of a BC
network than larger rubber particles; therefore, the amount of SNR integrated into BC

composites was larger than the amount of FNR integrated into BC composites.
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Figure 5. 5 Dry weight of BC composite films modified by immersing in SNRL and
FNRL suspension at various concentrations (0%—-5% DRC) at temperatures of 50 °C
and 60 °C: the dry weight of BC (»); the estimated dry weights of SNR and FNR (m).

5.3.2 Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of BC, SNR, FNR, SNR-BC and FNR-BC composites are
shown in Figure 5.6. The FTIR spectrum of pure BC shows a broad peak of O-H
stretching of the hydroxyl group at 3340 cm™! and at 2919 cm™, corresponding to C—
H stretching. The absorption band located at 1107 cm™' is attributed to C-O
symmetric stretching [69, 77]. The SNR and FNR films show the principal peaks
corresponding to cis-polyisoprene functional groups of NR. The asymmetric
stretching vibration of methyl groups (—CHs) occurs at 2960 cm® and C-H
deformation occurs at 1447 cm™, while the peaks observed at 2927 cm™ are assigned
to the symmetric stretching vibration of methylene (-CH.), and C=C stretching is
observed at 1662 cm™' [51, 130, 135]. The largest difference between the spectrum of
the two NR types is that the principal peaks of proteins appear only within the
spectrum of SNR. The broader peaks of around wavenumber 3280 cm™! are assigned

to the N—H stretching (amino acids or dipeptides) of protein molecules in SNR, while
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the peaks are observed at 1567 and 1630 cm™!, corresponding to N-H bending (amide
I) and C=0 stretching (amide 1), respectively [125, 136, 137]. The FTIR results
confirmed that the protein content in SNR was higher than FNR (18.50 wt% protein
in SNRL and 4.75 wt% protein in FNRL as shown in Table 5.1). The intense broad
band between 3200 and 3500 cm™! could also correspond to hydroxyl groups. The
broad band of the hydroxyl group is more apparent in SNR than FNR, which indicates
a higher hydroxyl content in SNR. It was suggested that the hydroxyl groups in SNR
are raised from the hydration of proteins and phospholipids, which were chemically
bound and could not be removed after drying [20]. The FT-IR spectra of the SNR-BC
and FNR-BC films indicate characteristic peaks of both BC and NR without new
peaks. Moreover, SNR-BC and FNR-BC composites show a similar spectra trend at
different SNR and FNR concentrations. At low SNR and FNR concentrations (1%
and 2.5% DRC), SNR-BC and FNR-BC composites exhibit spectra more similar to
BC. Whereas, at a high NR loading (5% DRC), SNR-BC and FNR-BC composites
display spectra more similar to SNR and FNR.
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Figure 5. 6 FTIR spectra of BC, SNR, FNR, SNR-BC and FNR-BC composite films.
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5.3.3 Mechanical properties

Mechanical properties of dried films of BC, SNR-BC and FNR-BC were
presented in terms of elongation at break, tensile strength and Young’ s modulus, as
shown in Figure 5.7. SNR and FNR films used for mechanical testing were prepared
from 50 mL of 5% DRC of SNRL and FNRL. The mechanical properties of pure SNR
and FNR are shown in Table 5.2. It was revealed that the elongation at break and
tensile strength of FNR were higher than those of SNR because the major component
in the solid content of FNRL was polyisoprene (~30% DRC), with only a small
amount of non-rubber components such as lipids, proteins and carbohydrates
(~ 4.8 wt%). The solid content of SNR, on the other hand, was composed of a rubber
content of about 3% DRC and 6.8 wt% of non-rubber components [124, 125, 137].
The large amount of LRP content in FNR resulted in high elongation at break and
tensile strength. In addition, the Young’s modulus of FNR was ~2.95 MPa, whereas
the Young’s modulus of SNR could not be determined due to the very low rubber
content and the high concentration of non-rubber components in SNR films. BC has
been reported as having a high tensile strength and Young’s modulus, but low
elongation at break. BC mechanical properties can vary depending on several factors
such as culture processing conditions, bacterial strain used and drying processing
conditions [130, 138-140]. As compared to SNR and FNR films, BC had lower
elongation at break but revealed a considerably higher tensile strength and Young’s

modulus.

Table 5. 2 Mechanical properties of SNR, FNR and BC films.

NRL Elongation at break Tensile strength Young's modulus
(%) (MPa) (MPa)
SNR 28.32 +1.37 0.35+0.02 n.d*
FNR 136.43 £ 3.12 0.75+£0.03 2.95+0.46
BC 148 £0.15 107.03 £ 7.38 11201.33 £521.37

*n.d = cannot determine
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Figure 5.7a clearly shows that the incorporation of SNR and FNR into BC
resulted in improved elongation at break for both SNR-BC and FNR-BC composite
films. The maximum elongation at break values of the SNR-BC and FNR-BC were
28.03% and 3.76%, respectively, from the immersion in 5% DRC of SNRL and
FNRL at 60 °C. Compared with the unmodified BC film, the elongation at break was
~18.9-fold increase for SNR-BC and ~2.5-fold increase for FNR-BC. SNR-BC films
exhibit significantly higher elongation at break than those of FNR-BC films. From the
results of total dry weight (Figure 5.5), a higher amount of filler loading was obtained
at the higher immersion temperature of 60 °C, especially at a high loading
concentration at 5% DRC. Because NR possesses excellent elastic properties, this
higher rubber content in composite films resulted in higher elongation at break for
both SNR-BC and FNR-BC composite films. In addition, SNR and FNR coating on
BC fibers could help fibers better absorb energy, prevent the fabric from breaking and
help the fabric elongate longer before failure due to breaking [141]. It should be noted
that the elongation at break of pure SNR film was lower than that of pure FNR film,
but the elongation at break of SNR-BC was larger than FNR-BC films. This could be
attributed to the larger amount of rubber loading into SNR-BC composite films
(which could relate to the thickness or dry weight of composite films). In addition, the
high protein content in SNRL might also have a positive effect on elongation at break.
From the previous report, deproteinization of SNRL resulted in a decrease of
elongation at break from 498.79% to 400.48% [125].

The tensile strength of SNR-BC and FNR-BC films are shown in Figure 5.7b.
The composite SNR-BC film of 2.5SNR-BC50 presented the maximum tensile
strength at 123.12 MPa, whereas the composite of 5FNR-BC50 presented the
maximum tensile strength at 177.47 MPa. The tensile strength of FNR-BC increased
with increasing FNR concentration; however, in the case of SNR-BC, tensile strength
decreased with increased loading from 2.5 to 5%, which should be due to a high ratio
of SRP particles in the composite film. The reinforcement effects on Young’s
modulus of BC composite integration with SNR and FNR were quite similar to those
on tensile strength. The Young’s modulus values of the composite films were

significantly higher, as compared to those of pure SNR and FNR films, as shown in



100

Figure 5.7c. The maximum values of Young’s modulus for SNR-BC and FNR-BC
were obtained from 5SNR-BC50 (6.93 GPa) and 5FNR-BC50 (13.32 GPa). The neat
BC film possessed excellent tensile strength and a high Young’s modulus, whereas
the SNR and FNR films have a low tensile strength and Young’s modulus. By loading
with SNR, the SNR diffused and combined with the BC network, resulting in a
significantly higher elongation at break; however, the tensile strength changed slightly
at a low SNR loading, but relatively decreased at a high SNR loading. Therefore, the
Young’s modulus of the SNR-BC composite films tended to decrease with the amount
of SNR loading. These results agree with those reported by Urbina et al. [119], who
presented the mechanical properties of BC/polyurethane nanocomposites prepared by
immersing wet BC into waterborne polyurethane (WBPU) at different time intervals.
It was reported that the amount of WBPU in the BC/WBPU nanocomposite increased
with immersion time, and it was shown that while the Young’ s modulus and the
tensile strength of BC/WBPU decreased, elongation of the composite increased with
increased immersion time. In the present study, only the composite film of 5SFNR-
BC50 presented a significantly improved tensile strength and Young’s modulus
compared to the unmodified BC film. This result could indicate that the loading of
FNRL (which contains a high content of LRP) promotes a higher mechanical strength
of the composite BC films, whereas the loading of SNRL (which contains a high
content of SRP and protein particles) could promote greater flexibility in the
composite BC films. Rubber coated on BC fiber could prevent the fiber from resisting
external work load force [141]. In addition, NR has a high structural regularity and
tends to crystallize spontaneously when it is stretched [142].

The particle size of the rubber molecules had a strong effect on the mechanical
properties of SNR and FNR films. From previous work on the strength of LRP and
SRP [17], it was reported that the strength of LRP (8.2 MPa) was much greater than
that of SRP (3.2 MPa). This is due to strain-induced crystallization caused by
phospholipids in NR during stretching. Moreover, the higher strength of LRP might
be attributed to the branch-point network formed by the coordination of phospholipids
in the LRP [143]. SRP are composed of a high protein content but a low rubber
content. The mechanical strength of SRP films was very low, which could relate to
the proteins in SRPL that had no direct effect on the strength [127]. The majority of
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FNR particles are LRP, whereas the majority of SNR particles are SRP; therefore, the
tensile strength and Young’s modulus of FNR-BC composites tends to be higher than
SNR-BC composites.

The tensile strength and Young’s modulus of both SNR-BC and FNR-BC
films tended to decrease with the increase of the immersion temperature from 50 °C to
60 °C. At a higher immersion temperature, a larger amount of SNR and FNR was
integrated into BC matrices and a higher collision rate and particle agglomeration
could occur. The agglomeration of NR particles might cause the poor distribution of
NR in BC matrices [130]. Moreover, it was previously reported that a temperature
range between 58 °C to 60 °C produced the decomposition of branch points generated
by the interaction of proteins and phospholipids of NR molecules [144]. It was
revealed in the present study that the tensile strength and Young’s modulus of SNR-
BC and FNR-BC composite films, especially at high SNRL or FNRL loadings,
decreased with the increase of the immersion temperature from 50 °C to 60 °C.

The reinforcement of BC with SNR and FNR prepared via immersion of BC in
SNRL and FNRL considerably enhanced the elongation at break of the SNR-BC
composites; these are considered very high compared to the BC composite reinforced
by concentrated natural rubber (CNR: 60 % DRC), which presented a maximum
elongation at break of the CNR-BC film of only 3.0%-3.5% at 2.5%-5% CNRL
loading [130]. Previous studies have also reported the maximum tensile strength of
NR composites at 100 MPa when reinforced with BC fibers at a BC loading of
80 wt.% [77], 6 MPa at a BC loading of 7 phr [145] and 24 MPa at a BC loading of 10
phr [146]. It was revealed that the tensile strength of NR composites reinforced with
BC were lower than the composite films of BC reinforced with NR (SNR, FNR and
CNR).

The comparison of mechanical properties of BC composites filled with
different types of NR is shown in Table 5.3. The reinforcement of BC with SNR and
FNR prepared via immersion of BC in SNRL and FNRL considerably enhanced the
elongation at break of the SNR-BC composites. These are considered to be very high
compared with BC composites reinforced by CNR, which presented a maximum
elongation at break of 3.2%-3.5% at a concentration of 5% DRC. On the other hand,
the Young’s modulus and tensile strength of CNR-BC were higher than those of
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SNR-BC and FNR-BC. These results could be attributed to the amount of LRP in BC
composites, as the major NR particles in CNR were LRP (82 wt%) [17]. The film
fabricated from CNRL has higher mechanical strength, in terms of tensile strength,
than the films fabricated from FNRL and SNRL. In addition, LRP particles were more
difficult to transfer and diffuse into the BC network than SRP particles; therefore, the
amount of CNR in CNR-BC composites was lower compared to the amount of SNR
and FNR in SNR-BC and FNR-BC composites.
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Figure 5. 7 Elongation at break (a), Tensile strength (b), and Young's modulus (c) of
dried BC and NR-BC films modified by immersing in SNRL and FNRL suspension at

various concentrations (0%-5% DRC) at temperatures of 50 °C and 60 °C.

Table 5. 3 Comparison of the mechanical properties of BC composites loading with
different types of NR particles.

Types Composites Mechanical properties Amount of Ref.
of NR Young's Tensile  Elongation NRinBC
modulus  strength at break  composites
(Mpa) (Mpa) (%) (%)
CNR CNR 2.4 1.2 111.0 100.0 [130]
5CNR-BC50 12000 250 3.2 30.0
5CNR-BC60 10000 240 3.5 41.3
FNR FNR 2.9 0.7 136.4 100.0 Our work
5FNR-BC50 13323 177.5 3.3 44.9
5FNR-BC60  6129.5 83.7 3.8 72.7
SNR  SNR - 0.4 28.3 100.0 Our work
5SNR-BC50 721.3 52.2 17.6 85.3

S5SNR-BC60  1067.3 86.6 28.0 86.7
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5.3.4 Water Absorption Capacity

The results of the water absorption capacity (WAC) tests of BC, SNR, FNR,
SNR-BC and FNR-BC composite films are presented in Figure 5.8. The WAC of BC
was higher than the SNR, FNR and SNR-BC and FNR-BC composite films due to the
hydrophilic nature of BC, which is composed of a high density of hydroxyl groups on
its surface [147]. In addition, the hydrophilic nature of BC is attributed to the
arrangement of BC fiber and the high surface area per unit of mass [138]. The water
adsorption of BC film increased nonlinearly during a period of 0-4 days for a water
uptake of 0-700%; afterwards, the water absorption slightly increased during
immersion in water for 4-16 days. The maximum WAC of BC was about 809% at day
18. The WAC of SNR and FNR films was much lower than that of the BC, SNR-BC
and FNR-BC composites due to the hydrophobic nature of NR. The WAC of SNR-BC
and FNR-BC films decreased with increasing SNR and FNR concentrations due to the
hydrophobic nature of rubber particles, which are the main components in NRL.
The water uptake of 5SNR-BC50 and 5FNR-BC50 were reduced to ~187%, which
was ~ 1/4 that of neat BC film. At a low amount of SNR and FNR diffused into BC
fiber, hydroxyl groups of cellulose were sites for the adsorption of water molecules
via hydrogen bonding. At a larger amount of SNR and FNR integrated into BC fibers,
small amounts of water could be adsorbed into SNR-BC and FNR-BC films. Thus,
the water resistance of SNR-BC and FNR-BC films increased with SNR and FNR
loading content in the films. Overall, the results demonstrated that the structural
stability in water of the BC composite films was improved upon integrating SNR and
FNR into BC matrices.

In addition, the WAC of the neat SNR film was slightly larger than the neat
FNR film (the maximum WAC of SNR and FNR were 40% and 38%, respectively),
and the WAC of SNR-BC films was slightly higher than FNR-BC composite films.
Previous studies indicated that the core-shell of NR latex particles are made up of a
hydrophobic core of polyisoprene surrounded by complex hydrophilic proteins and
phospholipids [15, 148], and non-rubbers components in NRL can absorb water [149].
The major component of FNRL is rubber particles (polyisoprene), which have
intrinsic hydrophobic properties, whereas proteins are one of the major components of
SNRL. Therefore, the WAC of SNR and SNR-BC were relatively higher than that of
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FNR and FNR-BC films. This agrees with a previous report by Danwanichakul and
Than-ardna [150], which stated that SNR films were more hydrophilic than CNR

films.
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5.3.5 Toluene uptake

The toluene uptake of BC, SNR, FNR and BC composite films determined by
soaking films in toluene for 8 hours are shown in Figure 5.9. Toluene uptake of BC
was lowest when compared to SNR, FNR, SNR-BC and FNR-BC films due to
hydrophilic nature of BC. The maximum toluene uptake of BC was 17% at an
immersion time of 8 hours. The toluene uptake for both the SNR and FNR films is
shown in the insert Figures of Figures 5.9a and 5.9b, respectively. At the initial
absorption, the toluene uptake of the SNR and FNR films rapidly increased and
reached a maximum value at 4934% and 5449%, respectively, within 2 hours. After
that, the SNR and FNR films were gradually decomposed in toluene. The toluene
uptake of SNR and FNR films was much higher than BC and BC composite films due
to the nonpolar nature of NR, which can highly absorb nonpolar solvents. The high
uptake rate of nonpolar solvents of uncured NR was previously reported in several
studies [51, 151]. The toluene uptake of both SNR-BC and FNR-BC were higher than
that of the neat BC film, but much less than those of the SNR and FNR films. The
toluene uptake of BC composites increased with an increasing SNR and FNR content
in BC composite films. A larger amount of rubber content in BC matrices resulted in a
higher absorption of nonpolar solvent by the films. The lowest toluene uptake of
SNR-BC and FNR-BC films was detected from the composite films of 1SNR-BC50
and 1FNR-BC50, respectively, which were about 0.0053 and 0.0070 that of the SNR
and FNR film, respectively. In addition, the toluene uptake of the SNR film was lower
than that of the FNR film, and the toluene uptake of the SNR-BC films was lower
than those of the FNR-BC films due to the greater hydrophilic protein content in
SNRL compared to FNRL. The SNR-BC and FNR-BC composite films demonstrated
significant improvements in resistance to toluene when compared with SNR and FNR

films.
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5.3.6 Biodegradation in Soil

Biodegradation behavior is an important property for biocomposites. The
study of biodegradation in soil of BC, SNR, FNR, SNR-BC and FNR-BC films was
determined in uncontrolled conditions (with an average temperature of = 30 °C). The
percentage weight loss and the visual analysis of the biodegraded samples after 6
weeks are shown in Table 5.4 and Figure 5.10, respectively. Cellulose can be
decomposed in soil by multiple microorganisms. The weight loss of neat BC film was
larger than SNR, FNR film and BC composite films. The degradation of BC was
44.3% after 2 weeks, and it took about 4 weeks for BC to completely decompose in
soil. BC structures are mainly composed of crystalline cellulose with a minor amount
of amorphous cellulose chains. The amorphous regions were more easily degradable
by cellulolytic microorganisms than the crystalline regions [152, 153]. Many previous
studies have indicated that multiple microorganisms in the soil could completely
degrade BC via enzymatic degradation [130, 154, 155]. The weight loss of the SNR
and FNR films was relatively lower than BC and the BC composite films at any
degradation time. The degradation of NR in natural environments by microorganisms
was rather slow because the specific bacteria that can use rubber as carbon source
grows slowly [100, 156]. After 6 weeks, the weight loss of SNR, FNR, SNR-BC and
FNR-BC were 58.5%, 33.4%, 68.9-93.7% and 51.6-68.3% respectively. SNR-BC and
FNR-BC films modified with 1% DRC of SNRL and FNRL were completely
degraded in 6 weeks. BC in the composite films was degraded by soil microorganisms
much more rapidly than SNR and FNR, and the decomposition of BC induced void
formation in the composite films. Then the films were cracked and broken down into
small pieces. The percentage weight loss of the SNR-BC and FNR-BC films
decreased with increased NR concentration. The weight loss of SNR-BC films was
higher than FNR-BC films, which should be attributed to the larger amount of
non-rubber content (protein, lipids and carbohydrates) in SNR. Biodegradability could
also relate to the water absorbability of BC composite films. The higher water content
in films could promote the growth and activity of soil microorganisms that led to the
hydrolysis of cellulose and NR, resulting in the increased degradation [83, 157].
Figure 6.10 presents a visual analysis of the biodegradation of BC, SNR, FNR,
SNR-BC and FNR-BC films during a period of 2-6 weeks. The decreasing
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degradation of BC composite films with higher SNR and FNR concentration was

clearly observed, especially at 6 weeks of biodegradation in soil. Black spots were

found in SNR, FNR and composite films after 2 weeks in soil, indicating blooms of

soil microorganism activity in NR and SNR-BC films, which was a good indicator of

biodegradation [83]. Moreover, after 4 weeks in soil, some parts of the composite

films disappeared, and in some conditions, the films were degraded completely.
Therefore, SNR-BC and FNR-BC films could be biodegradable in soil.

Table 5. 4 Weight losses of BC, SNR, FNR, SNR-BC and FNR-BC films in soil

Samples Weight loss (%0) Samples Weight loss (%0)

2 weeks 4 weeks 6 weeks 2 weeks 4 weeks 6 weeks
BC 44.03 +++ +++ BC 44.03 +++ +++
SNR 11.15 22.10 58.45 FNR 13.82 21.52 33.44
1SNR-BC50 31.97 75.09 +++ 1FNR-BC50 27.45 64.69 +++
2.5S5NR-BC50 25.02 54.49 93.68 2.5FNR-BC50 6.89 51.3 68.32
5SNR-BC50 16.23 55.40 68.93 5FNR-BC50 9.86 38.42 51.61

+++ = complete degradation

FNR

ISNR-BC50 5SNR-BC50

IFNR-BC50  5FNR-BC50

2 weeks

4 weeks
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Figure 5. 10 The visual analysis of biodegradation in soil of BC, SNR, FNR, SNR-

BC and FNR-BC films for 6 weeks.
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5.3.7 Dielectric properties

The dielectric properties of materials are an important parameter for designing
and predicting the behavior of electronic materials such as capacitors, semiconductor
devices, radio propagation, remote sensors and insulating material. The dielectric
properties of any polymer depend on its chemical composition, structure cations,
dipole moment and space charge polarizations [104]. The dielectric constant is
defined as the ability of a material to store energy from an external electrical field,
and the dielectric constant of a material depends on the polarizability of the
molecules. The polarizability of nonpolar molecules arises from electronic and atomic
polarization, whereas the polarizability of polar molecules arises from orientation
polarization [128]. The dielectric constant and dielectric loss of BC, SNR, FNR, SNR-
BC and FNR-BC films are presented in Figure 5.11. The frequency dependence of the
dielectric properties at ambient temperature was observed. In all cases, the dielectric
constant and dielectric loss of neat BC, SNR, FNR and BC composites decreased with
increasing frequency due to the attribution of relaxation behavior. The dielectric
constant of the BC film was very low in the range of 0.48-3.12. The BC chain
composed of a H-bond from the hydroxyl group resulted in greater polarity, which
lead to polarization in the BC matrix [158]. The dielectric constants of SNR and FNR
were in the ranges of 51.92 - 274.20 and 25.15 - 90.74, respectively, at 100 - 1,000
Hz, as shown in Figure 5.11c. The dielectric constants of SNR and FNR were very
large when compared to that of CNR (the dielectric constant of CNR is in the range of
1.8-2 [151]), which could be attributed to the different amount of rubber and
non-rubber content in SNR, FNR and CNR. The dielectric constants of the SNR-BC
and FNR-BC films are shown in Figure 5.11a, b, respectively. The dielectric constant
of neat SNR was larger than that of FNR, and the dielectric constant of the SNR-BC
films was higher than the FNR-BC films at all filler content. The rubber content
(polyisoprene) in SNR and FNR is a nonpolar component, but proteins and
phospholipids in NR are polar components [159]. It was suggested that proteins in NR
should have a strong effect on the dielectric constant of NRL and NR films. Previous
research found that deproteinizing NRL resulted in a significant decrease in the
dielectric constant and a dielectric loss of NRL [159, 160]. The protein content in
SNRL (18.50 wt%) was higher than FNRL (4.75 wt%); therefore, SNR and SNR-BC



111

films were more polar than FNR and FNR-BC films. Moreover, the increase of SNR
in BC matrices resulted in higher dipoles or orientation polarization; thus, the
dielectric constant was enhanced. Previous work by Kosumphan et al. [161] reported
the dielectric constant and dielectric loss of SNRL, which were both higher than those
of CNRL. In addition, they found that the proportion of pure SNRL in a contaminated
serum (cassava and calcium carbonate) decreased, resulting in a decreased dielectric
constant. The dielectric constant of SNR-BC and FNR-BC films was found to
increase with increasing SNR and FNR concentration. The high amount of SNR and
FNR in BC matrices could result in high polar components with a large dielectric
constant.

The dielectric loss factor presents the amount of energy loss from a material
due to the movement or rotation of the atoms or molecules in an alternating electric
field [128]. The frequency dependence of dielectric loss of BC composites is shown in
Figure 5.11d-f. The values of dielectric loss exhibited a similar trend as those of the
dielectric constant, which increased with increased filler content but declined with
increases in frequency. The increase of SNR and FNR proportions in BC matrices
enhanced the polar groups in the BC composite films, which led to the enlargement of
orientation polarization, resulting in relatively high energy loss. Especially at low
frequencies, natural proteins and phospholipids in NR could increase dielectric
dissipation due to ionic conductivity, which facilitated the increase in dielectric loss
[160].
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Figure 5. 11 Dielectric constant of SNR-BC (a) and FNR-BC (b) and pure SNR and
FNR (c) and dielectric loss of pure SNR and FNR (d) and SNR-BC (e) and FNR-BC

(f).

5.3.8 Electrical conductivity

The electrical conductivity of BC, SNR, FNR, SNR-BC and FNR-BC
composites is shown in Figure 5.12. The neat BC film exhibited low electrical
conductivity at ~ 6.1x10™® 1/Q.cm. The electrical conductivity of SNR and FNR were
1.9x102° and 4.4x10° 1/Q.cm, respectively. Therefore, the electrical conductivity of
FNR was slightly larger than that of SNR. The electrical conductivities of SNR and
FNR were higher when compared to that of CNR (the electrical conductivity of CNR
was 2.1x10"° 1/Q.cm), which could be attributed to the different amount of rubber
and non-rubber content in SNR, FNR and CNR. Moreover, the electrical conductivity
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of SNR-BC films was higher than that of FNR-BC films due to larger amount of SNR
content in BC matrices. The electrical conductivities of SNR-BC and FNR-BC films
increased with increasing NRL concentration and immersion temperature. The
maximum values of electrical conductivity of SNR-BC and FNR-BC at 1.3x1071° and

2.1x10"M 1/Q.cm, respectively were obtained at the immersion temperature of 60°C.
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Figure 5. 12 Electrical conductivity of pure BC, SNR, FNR, SNR-BC and FNR-BC
composites
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

6.1.1 NR composites filled with BRHA, BRHAT and WRHA were
successfully prepared via a latex aqueous microdispersion process with the use of
sodium alginate as a dispersing agent. SEM images presented good dispersion of
RHAs in composite matrices and no phase separation with RHA loading in the range
of 20-100 phr. The filler—rubber interactions of composites were observed via FTIR
analysis. Types of RHAs and filler loading had strong effect on chemical and
mechanical properties of NR-composites. NR-T composites exhibited lower chemical
and mechanical properties than NR-B and NR-W due to the loss of some metal ions
after acid washing pretreatment. The effective crosslinking of alginate in the
composites by CaCl, was achieved on NR-WC films. The mechanical properties of
NR composite films were improved by BRHA, BRHAT and WRHA reinforcement.
NR-WC at filler loading of 100 phr presented the highest tensile strength and the
lowest water and toluene uptake. The tensile strength of NR-WC was almost as large
as that of NR-WS at same filler loading (100 phr). The results indicated that
crosslinking NR-W composites by CaCl> could promote good filler-alginate—NR
interaction, enhanced mechanical properties and structural stability of NR-WC films.
The preliminary biodegradation in soil for 3 months revealed relatively improved
biodegradability with RHA loading. The weight losses of NR—Bs, NR-Ts and NR-Ws
after 3 months in soil were about 7.6-13.0%, 5.3-14.5% and 7.6-18.4%, respectively.

Moreover, the reinforcement considerably improved electrical properties of
the composite films. Dielectric constant, dielectric loss factors and electrical
conductivity of the composite films were enhanced with RHA loading. Dielectric
properties had a trend similar to that of electrical conductivity of NR composites
reinforced with RHA. NR-B composites showed higher dielectric properties and
electrical conductivity than NR-W and NR-T composites due to the larger amount of
metal oxides and carbon residues in BRHA. However, after crosslinking the

composites by CaCl; or by sulfur vulcanization, the dielectric constant, dielectric loss
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and electrical conductivity of composites significantly dropped due to the decrease in
space polarization. Since the NR composites filled with RHAs exhibited improved
properties in terms of mechanical properties, chemical resistance, biodegradability
and electrical properties, they have potential for further development as stretchable

conductive substrate or semiconducting polymer films for electronic applications.

6.1.2 BC reinforced with SRN and FRN were successfully prepared by
immersing BC into diluted SNRL and FNRL suspensions at different immersion
temperatures (50-60 °C). It was found that SNR could more rapidly diffuse and
be absorbed into BC matrices than FNR. At the higher immersion temperature of
60 °C, a larger amount of SNR and FNR could be integrated into BC matrices
compared to that at 50 °C. FTIR analysis indicated no chemical interaction between
SNR, FNR and BC. The tensile strength and elongation at break of BC composite
films were improved by SNR and FNR reinforcement. The composite film of
5SNR-BC60 exhibited the highest elongation at break at 28 %, whereas the film of 5
FNR-BC50 exhibited the highest tensile strength at 177 MPa. The SNR-BC and
FNR-BC films demonstrated good structural stability and high resistance to both
water and toluene. From biodegradation tests in soil over 6 weeks, the
biodegradability of SNR-BC and FNR-BC was 69-100% and 52-100%, respectively,
at the end of 6 weeks in soil, depending on the NR content in the composite films.
Moreover, the integration of SNR and FNR into BC demonstrated significantly
enhanced dielectric properties of the BC composite films. The composite film of
5SNR-BC60 presented excellent dielectric properties in terms of dielectric constant
(170 at 100 Hz) and dielectric loss (76 at 100 Hz). Therefore, the significant
improvement of BC composite films in terms of mechanical strength, flexibility,
structural stability, chemical resistance and electrical properties was achieved by
using cheap natural products from NRL (SNR and FNR) as reinforcement agents.
From these improved properties, the composite films display potential for further
development as semiconducting polymer films and flexible electronic devices for

electronic applications.
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6.2 Recommendations

6.2.1 The study in Chapter IV demonstrated that the composites of NR-W100
and NR-WC100 exhibited good mechanical properties (excellent elongation at break),
good chemical resistance and the films can be biodegraded in soil. The crosslinking
NR-W composites by CaCl, under mild condition without toxic chemicals could
effectively improve chemical and mechanical properties of the films. For future

medical applications, the evaluation of film cytotoxicity should be carried out.

6.2.2 The dielectric properties of NR-RHA composites should be improved.
For further developing NR-RHA composites as conductive or semiconductor
materials, the NR-RHA composite should be added with some conductive filler, such
as carbon black, graphite or metallic powders for reducing dielectric loss and

increasing electrical conductivity.

6.2.3 The study in Chapter V demonstrated that BC reinforced with skim/fresh
natural rubber latex (5SNR-BC60 and 5FNR-BC50) exhibited good chemical and
mechanical properties (excellent tensile strength). The composite films can be
biodegraded in soil with no toxic components. For the potential uses in medical

applications, the evaluation of film cytotoxicity should be carried out.

6.2.4 Thermal stability and thermal degradation properties are importance for
both biomedical material and electrical application. Therefore, in the further study, the
NR composites and BC composites should be characterized in thermal stability and

thermal degradation properties.
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APPENDIX

Table A 1 Data for Figure 4.10, thickness of NR composites

Sample Thickness (mm)
Average S.D.
NR 0.21 0.02
NR-B20 0.48 0.00
NR-B60 0.55 0.03
NR-B100 0.58 0.02
NR-T20 0.46 0.03
NR-T60 0.51 0.02
NR-T100 0.63 0.03
NR-W20 0.42 0.02
NR-W60 0.54 0.02
NR-W100 0.66 0.01
NR-BC20 0.46 0.02
NR-BC60 0.55 0.03
NR-BC100 0.63 0.04
NR-TC20 0.46 0.01
NR-TC60 0.58 0.04
NR-TC100 0.65 0.04
NR-WC20 0.40 0.02
NR-WC60 0.52 0.02
NR-WC100 0.64 0.01
NR-BS100 0.65 0.08
NR-TS100 0.65 0.07
NR-WS100 0.64 0.07




Table A 2 Data for Figure 4.11, mechanical properties of NR composites
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Sample Young's modulus Tensile strength Elongation at break
(MPA) (Mpa) (%)
Average S.D. Average S.D. Average S.D.
NR 2.07 0.55 1.02 0.05 113.30 12.56
NR-B20 10.82 1.11 491 0.11 392.00 22.63
NR-B60 34.70 11.04 5.50 0.22 333.20 23.31
NR-B100 61.07 3.66 6.58 0.32 180.00 23.25
NR-T20 7.34 1.37 4.88 0.15 348.67 29.23
NR-T60 14.13 2.66 6.71 0.44 364.67 24.73
NR-T100 12.41 2.03 4.90 0.49 175.50 23.51
NR-W20 7.44 0.46 4.18 0.19 267.00 7.76
NR-W60 11.54 1.14 10.02 0.81 302.70 29.19
NR-W100 115.57 4.25 10.44 0.56 149.00 16.31
NR-BC20 4.29 0.19 2.44 0.28 348.00 14.24
NR-BC60 11.04 0.64 2.84 0.13 277.90 10.20
NR-BC100 58.43 4.45 3.24 0.22 173.53 10.28
NR-TC20 6.86 0.50 2.35 0.11 280.07 14.93
NR-TC60 13.90 1.72 5.47 0.36 338.00 36.11
NR-TC100 12.57 0.39 4.46 0.26 156.00 18.29
NR-WC20 14.03 0.61 4.44 0.08 221.13 8.17
NR-WC60 13.41 1.77 11.51 0.43 264.07 27.02
NR-WC100 108.57 3.48 13.07 0.35 199.10 9.20
NR-BS100 66.11 0.96 11.67 0.90 216.80 24.81
NR-TS100 57.90 4.38 11.37 0.51 192.80 23.82
NR-WS100 108.62 0.25 13.20 0.25 175.98 25.32




Table A 3 Data for Figure 4.12, water absorption capacity of NR composites

Day NR 20 phr 60 phr

NR S.D. |NR-B20 | S.D. | NR-BC20 | S.D. | NR-B60 | S.D.
0 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
2 16.6031 | 1.6354 | 36.7196 | 1.8394 | 42.2484 | 0.4694 | 40.9679 | 3.8641
4 | 26.9349 | 1.5133 | 38.2922 | 1.9429 | 38.3761 | 1.1120 | 43.4319 | 2.4182
6 | 31.0902 | 2.2986 | 40.1543 | 2.2039 | 37.6979 | 0.0379 | 43.8380 | 2.2272
8 | 325459 | 1.6538 | 41.3860 | 2.5132 | 37.5090 | 1.3724 | 45.6843 | 2.5967
10 | 34.2682 | 1.1858 | 42.5701 | 2.4711 | 38.4520 | 1.0358 | 46.3231 | 2.3373
12 | 35.7389 | 1.0769 | 40.8325 | 1.1473 | 38.3624 | 1.7993 | 47.4715 | 1.3703
14 | 36.8337 | 1.1363 | 41.9172 | 1.1886 | 37.9068 | 1.6484 | 47.5385 | 1.3324
16 | 37.8005 | 1.0492 | 42.5698 | 1.4641 | 39.0617 | 1.7065 | 49.1882 | 0.4671
18 | 38.7776 | 1.2329 | 43.4716 | 2.1669 | 36.2867 | 1.2470 | 52.6822 | 2.3645
Day 60 phr 100 phr

NR-BC60 | S.D. | NR-B100 | S.D. | NR-BC100 | S.D. | NR-BS100 | S.D.
0 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 | 0.0000
2 58.7158 | 0.5552 | 42.1199 | 2.0426 71.7267 1.9251 | 32.7536 1.9536
4 58.9781 | 0.4118 | 43.6926 | 2.4539 72.1974 1.8781 | 32.9028 1.8911
6 59.5819 | 0.2041 | 45.6794 | 1.4444 72.7243 2.2757 35.9327 1.7680
8 60.8354 | 1.3674 | 46.7864 | 1.7188 72.1681 1.6763 | 37.6430 1.6195
10 62.1299 | 1.8955 | 47.9705 | 1.7547 73.0949 2.5600 | 39.0756 | 2.0958
12 62.3478 | 2.1134 | 48.3110 | 1.7681 73.5177 0.5979 | 40.9607 1.0783
14 62.8697 | 1.8688 | 49.5221 | 1.1942 74.4391 1.0570 | 41.6500 | 0.7795
16 63.2721 | 1.1891 | 50.8240 | 1.1707 74.9053 2.2133 | 42.6861 | 0.0037
18 63.2236 | 0.9603 | 51.8350 | 0.2635 72.3137 1.2610 | 43.0504 | 0.2034
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Day 20 phr 60 phr
NR-T20 S.D. NR-TC20 S.D. NR-T60 S.D. NR-TC60 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 40.7122 | 1.8597 43.0496 1.5492 | 55.7311 | 0.0795 65.3249 1.7964
4 51.0294 | 1.8032 42.5318 0.3019 | 57.8246 | 0.2206 61.5422 2.1875
6 52.5407 | 2.1719 43.7874 0.8932 | 59.8621 | 0.1778 68.3526 1.6428
8 54.8181 | 2.1816 46.1289 1.6426 | 62.6957 | 0.0702 74.5031 0.5393
10 57.4378 | 1.1377 47.2665 3.5972 | 63.7228 | 0.6244 80.2763 2.6151
12 58.4007 | 1.1747 50.3651 2.2052 | 67.4785 | 1.3881 81.0911 2.7222
14 60.6461 | 2.7144 50.0704 0.9161 | 69.8808 | 0.1335 88.3232 2.3887
16 61.0474 | 2.6078 50.3829 1.2151 | 72.4266 | 1.7484 91.2488 2.9287
18 62.2471 | 3.5122 | 53.5526 1.9503 | 74.9313 | 0.4632 | 93.8094 3.3774
Day 100 phr
NR-T100 | S.D. | NR-TC100 | S.D. | NR-TS100 | S.D.
0 0.0000 | 0.0000 0.0000 0.0000 0.0000 0.0000
2 54.1772 | 0.3740 | 98.5725 | 0.4250 | 27.3280 | 0.6337
4 55.3809 | 0.3836 | 109.9637 | 1.4711 | 25.1139 | 3.5672
6 57.1214 | 0.8156 | 110.1518 | 1.3771 | 25.6941 | 3.4665
8 58.1197 | 0.4981 | 111.0605 | 0.8756 | 27.5025 | 3.8644
10 | 60.5545 | 1.9724 | 112.0946 | 0.0959 | 28.7087 | 4.0491
12 | 62.9328 | 1.0652 | 115.0553 | 2.1440 | 40.5772 | 5.8496
14 | 66.3116 | 1.2264 | 116.8726 | 2.2063 | 40.7461 | 5.8726
16 | 68.1134 | 0.3874 | 120.2256 | 0.0752 | 41.2551 | 5.6034
18 | 70.7951 | 1.6509 | 139.2137 | 1.3378 | 41.4000 | 5.6024
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Day 20 phr 60 phr
NR-W20 S.D. NR-WC20 S.D. NR-W60 S.D. NR-WC60 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 29.6724 | 1.2001 38.0591 0.9427 | 40.5907 | 2.4966 7.3421 3.5685
4 31.6107 | 1.6107 39.4158 1.3729 | 44.2228 | 1.8877 6.0217 3.3712
6 33.0458 | 1.5180 39.5156 1.7044 | 45.0634 | 1.6046 6.4133 2.7745
8 37.2754 | 3.6642 41.0606 0.9911 | 48.6518 | 2.0000 6.9192 2.9659
10 38.3361 | 4.1695 41.1833 15770 | 50.5343 | 0.5974 7.1702 2.6329
12 39.4491 | 3.6158 41.0853 1.3053 | 51.9933 | 0.9341 7.5315 2.2306
14 40.2689 | 2.9078 41.9706 0.9746 | 53.4530 | 2.3464 8.6790 1.9854
16 41.8088 | 2.7321 44.2733 0.1506 | 53.8426 | 2.7482 7.5970 2.2061
18 44.3871 | 0.9149 42.0210 0.6777 | 54.2804 | 2.6432 8.8675 2.0841
Day 100 phr
NR-W100 | S.D. NR-WC100 | S.D. | NR-WS100 | S.D.
0 0.0000 | 0.0000 0.0000 0.0000 0.0000 0.0000
2 71.8670 | 1.6081 7.0179 0.3756 | 19.0516 | 0.5217
4 71.8950 | 1.6360 7.5841 0.4569 | 20.1595 | 0.3592
6 72.3127 | 1.2183 8.0044 0.4470 | 20.8976 | 0.2989
8 73.2341 | 1.3043 8.6115 0.1224 | 222772 | 0.2824
10 73.8902 | 1.3756 8.8928 0.3079 | 24.3848 | 0.9424
12 75.1887 | 1.5880 9.6712 0.3036 | 28.3495 | 0.3766
14 76.0107 | 0.9898 9.8291 1.0295 | 30.7895 | 0.7895
16 78.2416 | 0.0461 9.9456 0.7288 | 32.6863 | 1.2886
18 78.5072 | 0.2281 10.8193 1.0375 | 34.0371 | 0.7385




Table A 4 Data for Figure 4.13, Toluene uptake

Time (h) NR 20 phr
NR S.D. NR-B20 S.D. NR-BC20 | S.D.
0 0.0000 0.0000 | 0.0000 | 0.0000 0.0000 0.0000
1 772.9218 | 58.4149 | 251.2075 | 16.2423 | 189.1916 | 14.4140
2 910.0965 | 48.2139 | 323.3476 | 15.0820 | 271.6824 | 30.1741
3 1207.5405 | 52.5124 | 480.9549 | 34.9043 | 399.2860 | 33.4269
4 1746.4370 | 32.5941 | 534.3663 | 51.0056 | 458.7393 | 64.4692
8 - - - - 495.3936 | 80.0472
Time (h) 60 phr
NR-B60 S.D. NR-BC60 S.D.
0 0.0000 | 0.0000 0.0000 0.0000
1 90.1199 | 8.9400 | 204.8128 | 31.7858
2 147.9511 | 17.5694 | 277.9815 | 25.9354
3 207.3744 | 40.9902 | 320.7285 | 20.1688
4 250.0026 | 35.1159 | 352.7449 | 16.2272
8 294.0361 | 37.0334 | 344.1946 | 15.6450
Time (h) 100 phr
NR-B100 S.D. NR-BC100 S.D. NR-BS100 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 82.4485 | 4.2541 56.1408 | 13.0208 | 133.3828 | 13.3617
2 101.6862 | 11.1015 | 92.2788 | 28.5624 | 142.0260 | 18.0827
3 131.3138 | 59.2049 | 99.7991 4.8942 | 166.6563 | 21.7931
4 208.6028 | 19.7130 | 133.2478 | 25.7856 | 176.7340 | 17.7176
8 257.7231 | 13.4396 | 180.2885 | 33.1006 | 181.4120 | 21.8872
Time (h) 20 phr 60 phr
NR-T20 S.D. NR-TC20 S.D. NR-T60 S.D. NR-TC60 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 253.9924 | 13.9997 | 318.1039 | 4.9662 | 142.1502 | 18.8577 | 246.7489 | 3.6820
2 339.7323 | 8.3341 | 324.4066 | 32.4615 | 207.6059 | 5.3330 | 256.0314 | 8.9384
3 467.5145 | 40.4601 | 355.5246 | 5.3532 | 245.4336 | 8.7916 | 265.0169 | 5.3971
4 547.5176 | 28.2326 | 391.7236 | 7.4157 | 294.1065 | 10.3686 | 274.5239 | 4.7759
8 - - 403.5177 | 4.7482 | 305.1011 | 11.2274 | 290.0994 | 6.1814
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Time (h) 100 phr
NR-T100 | S.D. |[NR-TC100| S.D. | NR-TS100 | S.D.
0 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
1 108.4812 | 10.0285 | 57.4813 | 17.7238 | 137.0057 | 4.7052
2 162.8344 | 19.8377 | 62.6734 | 22.3322 | 1585227 | 5.3789
3 195.3348 | 7.2309 | 100.5892 | 25.1865 | 170.2141 | 3.8018
4 230.4826 | 19.4247 | 138.0385 | 22.8685 | 197.0433 | 8.6546
8 271.4991 | 4.1597 | 1735976 | 15.7141 | 205.4659 | 4.8698
Time (h) 20 phr 60 phr
NR-W20 S.D. NR-WC20 S.D. NR-W60 S.D. NR-WC60 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 468.4671 | 33.8337 | 276.0483 | 70.1322 | 180.1761 | 34.6185 98.9730 24.4927
2 544.8595 | 34.8751 | 376.5668 | 41.8118 | 211.0376 | 17.9965 | 121.6531 | 17.9955
3 566.7988 | 42.2278 | 391.1162 | 39.5194 | 234.5213 | 15.3465 | 146.3868 | 21.8698
4 646.2335 | 50.7577 | 421.1785 | 45.0188 | 247.2943 | 9.2487 177.0394 | 16.8366
8 - - 665.6520 | 28.1944 | 253.6398 | 13.2576 | 215.1795 7.7853
Time (h) 100 phr
NR-W100 S.D. NR-WC100 S.D. NR-WS100 S.D.
0 0.0000 | 0.0000 0.0000 0.0000 0.0000 0.0000
1 955010 | 2.3140 | 67.8792 | 16.0885| 86.8400 | 37.9792
2 162.3772 | 13.2823 | 133.3241 | 12.0742 | 98.4164 | 39.0785
3 191.9265 | 17.4032 | 150.7026 | 10.5882 | 111.8697 | 44.5034
4 220.3242 | 13.9926 | 163.0388 | 9.2858 | 172.1540 | 29.6922
8 297.7411 | 6.8104 | 169.7255 | 8.8168 | 181.9419 | 19.4205
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Table A 5 Data for Figure 4.14, weight loss of biodegradation in soil test
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Sample % Weight loss
1 month 2 months 3 months
Average S.D. Average S.D. Average S.D.
NR 2.0814 0.4811 3.8891 0.5369 5.3162 0.2471
NR-B20 3.2708 0.5337 6.4982 0.6728 7.5727 0.4598
NR-B60 4.9364 0.7686 7.9902 1.1086 10.0472 0.7192
NR-B100 5.8158 0.4362 8.3184 0.4181 11.0320 0.1411
NR-BC20 2.6826 0.0423 6.0901 0.4947 8.2254 0.9143
NR-BC60 3.9628 0.3983 6.0901 0.7091 11.6707 0.1411
NR-BC100 4.9501 0.5887 11.1457 0.8566 13.0131 0.3267
NR-BS100 2.6826 0.1791 6.4495 0.4715 9.0252 0.7075
NR-T20 3.9998 0.5458 5.0918 0.2381 8.0888 0.7531
NR-T60 5.9769 0.3627 8.4132 0.6745 10.4910 0.1028
NR-T100 6.6614 | 0.7977 9.0598 0.3086 | 13.4341 | 0.2970
NR-TC20 2.9424 0.7419 7.5029 0.3048 9.9729 0.6273
NR-TC60 5.6095 0.1571 7.5029 0.7941 12.8143 0.2970
NR-TC100 6.3819 0.6514 10.2811 0.6785 14.5567 0.2913
NR-TS100 3.8636 0.1571 5.5107 0.5903 9.8436 0.2872
NR-W20 4.5299 1.2827 6.3603 0.2544 7.5570 0.4297
NR-W60 5.4603 1.1061 8.1506 0.2247 9.4170 0.2334
NR-W100 11.2526 | 0.4540 15.8581 0.2478 18.3704 0.3533
NR-WC20 6.5934 0.2627 7.2748 1.3421 11.5609 0.1893
NR-WC60 5.2253 0.7579 7.2748 1.1340 15.8173 0.3533
NR-WC100 3.1494 0.2164 6.1310 0.5781 13.2289 0.9541
NR-WS100 1.4834 0.4366 4.4818 0.5313 7.5533 0.9648
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Table A 6 Data for Figure 5.4, thickness of BC, SNR-BC and FNR-BC composites

Samples Thickness (mm) Samples Thickness (mm)
Average S.D. Average S.D.
BC 0.0217 0.0024 | BC 0.0217 0.0024
1SNR-BC50 0.0400 0.0032 | 1SNR-BC60 0.0500 0.0021
2.5SNR-BC50 0.0620 0.0027 | 2.5SNR-BC60 0.0670 0.0045
5SNR-BC50 0.1117 0.0029 | 5SNR-BC60 0.1250 0.0051
1FNR-BC50 0.0338 0.0022 | 1IFNR-BC60 0.0400 0.0019
2.5FNR-BC50 0.0390 0.0025 | 2.5FNR-BC60 0.0583 0.0029
5FNR-BC50 0.0563 0.0041 | 5FNR-BC60 0.0675 0.0023
Table A 7 Data for Figure 5.5, dry weight of BC composite films
Samples Dry weight (g) Samples Dry weight (g)
BC S.D. NR S.D. NR S.D.
BC 0.2488 | 0.00985 | 0.0000 | 0.0000 | BC 0.0000 | 0.0000
1SNR-BC50 0.2488 | 0.00985 | 0.1673 | 0.0087 | 1SNR-BC60 0.2910 | 0.0248
2.5S5NR-BC50 | 0.2488 | 0.00985 | 0.7500 | 0.0392 | 2.5SNR-BC60 | 0.6500 | 0.0144
5SNR-BC50 0.2488 | 0.00985 | 1.4413 | 0.0976 | 5SNR-BC60 1.6201 | 0.0605
1FNR-BC50 0.2488 | 0.00985 | 0.0885 | 0.0307 | 1IFNR-BC60 0.2375 | 0.0000
2.5FNR-BC50 | 0.2488 | 0.00985 | 0.1168 | 0.0336 | 2.5FNR-BC60 | 0.3575 | 0.0204
5FNR-BC50 0.2488 | 0.00985 | 0.2028 | 0.0090 | 5FNR-BC60 0.6636 | 0.0077

Table A 8 Data for Figure 5.5, elongation at break of BC composite films

Samples Elongation at break (%) Samples Elongation at break (%0)

Average S.D. Average S.D.
BC 1.482 0.152 BC 1.482 0.152
1SNR-BC50 1.872 0.336 1SNR-BC60 1.820 0.093
2.5SNR-BC50 15.063 1.288 2.5S5NR-BC60 14.550 1.853
5SNR-BC50 17.620 0.965 5SNR-BC60 28.033 2.120
1FNR-BC50 1.613 0.052 1FNR-BC60 1.635 0.057
2.5FNR-BC50 2417 0.224 2.5FNR-BC60 2.847 0.056
SFNR-BC50 3.340 0.279 SFNR-BC60 3.763 0.427




Table A 9 Data for Figure 5.5, tensile strength of BC composite films
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Samples Tensile strength (Mpa) Samples Tensile strength (Mpa)
Average S.D. Average S.D.
BC 107.033 7.380 BC 107.033 7.380
1SNR-BC50 119.267 4.833 1SNR-BC60 79.725 5.101
2.5SNR-BC50 123.120 8.839 2.55NR-BC60 66.133 12.209
5SNR-BC50 52.150 7.234 5SNR-BC60 86.633 1.159
1FNR-BC50 100.638 6.652 1FNR-BC60 67.667 6.527
2.5FNR-BC50 127.533 11.029 2.5FNR-BC60 120.150 7.850
SFNR-BC50 177.467 5.682 SFNR-BC60 83.650 1.450

Table A 10 data for Figure 5.5, young’ s modulus of BC composite films

Samples Young's modulus (MPa) Samples Young's modulus (MPa)
Average S.D. Average S.D.
BC 11201.333 521.376 | BC 11201.33 521.376
1SNR-BC50 6935.667 664.166 | 1SNR-BC60 5722.000 220.697
2.5SNR-BC50 1871.667 44.432 2.5SNR-BC60 2347.250 326.273
5SNR-BC50 721.333 140.479 | 5SNR-BC60 1067.333 3.300
1FNR-BC50 5595.667 411.270 | 1IFNR-BC60 4823.333 723.653
2.5FNR-BC50 7921.667 724540 | 2.5FNR-BC60 8777.667 529.002
5FNR-BC50 13323.000 238.130 | 5FNR-BC60 6129.500 428.303

Table A 11 Data for Figure 5.8, water absorption capacity of BC composite films

Day Water absorption capacity (%)
BC S.D. SNR S.D. 1SNR-BC50 S.D. 2.55NR-BC50 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 442.6282 32.3718 | 29.6034 | 0.7698 247.0429 2.2429 132.3939 20.0651
4 680.1113 18.5729 | 36.1795 | 2.7829 261.1857 7.6143 141.9829 10.4761
6 695.6646 | 16.1775 | 39.6711 | 4.4223 269.3000 4.3000 179.2144 3.8045
8 706.0897 18.9103 | 40.2202 | 4.5942 309.2665 7.2941 181.1011 5.6913
10 742.1559 3.9980 40.4987 | 4.8184 326.3815 17.0252 190.8599 7.2533
12 771.4238 0.3711 40.5618 | 4.8425 388.1717 4.6855 190.0103 6.2017
14 | 801.5013 | 15.6039 | 40.6131 | 4.8501 413.1000 21.9000 218.8637 10.6445
16 809.8853 11.1673 | 40.6327 | 4.8335 427.5286 20.3286 228.1608 14.4622
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Day Water absorption capacity (%)
5SNR-BC50 S.D. 1SNR-BC60 S.D. 2.55NR-BC60 S.D. 5SNR-BC60 S.D.

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

2 116.3373 5.9364 180.2451 8.4170 179.9237 29.3355 158.7178 7.0229

4 128.5079 0.7851 2374774 1.7631 204.8529 20.1471 169.9780 11.5035

6 141.5992 9.9160 255.3345 16.0940 247.1122 3.5937 176.3026 14.4382

8 143.5894 20.4179 273.0741 9.7830 258.6656 3.3715 183.1607 9.4319
10 152.0452 4.5205 280.9132 6.2297 275.0599 3.7636 214.6657 21.4454
12 169.0869 8.6909 328.4177 18.4177 295.0327 6.1438 229.4335 25.1962
14 177.0777 7.7708 350.7685 15.0542 304.1558 8.7854 240.7721 31.4501
16 187.0887 8.8709 373.6528 25.0814 308.8824 8.8824 247.1751 36.1582
Day Water absorption capacity (%)

FNR S.D. 1FNR-BC50 S.D. 2.5FNR-BC50 S.D. 5FNR-BC50 S.D.

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

2 25.7655 3.6659 292.0500 17.4738 160.0098 8.0908 152.9836 7.0299

4 35.8634 4.2091 419.5735 2.1132 179.1894 26.8118 163.6999 17.5628

6 41.2708 7.7622 498.5099 9.9557 183.5865 31.3542 168.9509 16.2109

8 37.7356 6.5307 545.6381 17.3249 192.4364 36.1343 174.1298 17.3876
10 37.7521 6.0417 557.8568 15.6881 202.9908 33.7043 178.0543 16.1381
12 37.8321 5.9953 599.7275 4.4894 210.4546 37.6569 185.8385 12.9709
14 37.9089 6.0130 612.0707 1.4887 211.0662 37.5856 186.7491 12.8813
16 37.9866 6.0132 618.9535 3.0804 211.7903 37.3683 187.6742 12.7102
Day Water absorption capacity (%)

1FNR-BC60 S.D. 2.5FNR-BC60 S.D. 5FNR-BC60 S.D.

0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

2 210.9725 27.7702 158.9060 30.9490 90.0255 12.4974

4 215.9735 25.3106 170.6483 25.4870 147.3003 14.2728

6 230.9457 12.7228 179.0595 20.4574 150.9422 13.3275

8 247.8828 6.0014 190.0421 24.4507 167.3469 7.4845

10 255.4133 13.0277 212.2682 8.5048 178.5875 18.2664

12 261.5144 17.0615 218.4744 6.6464 180.3969 18.9290

14 273.9115 30.3487 226.6363 11.0449 193.7342 24.4681

16 281.2306 37.0237 228.4089 11.2046 195.1010 24.0001




Table A 12 Data for Figure 5.9, toluene uptake of BC composite films
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Time Toluene uptake (%)
(h) SNR S.D. BC S.D. 1SNR-BC50 S.D. 2.55NR-BC50 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 4167.4771 54.5565 3.1979 0.9165 14.0580 0.7246 18.9795 0.6010
2 49244350 | 134.7692 6.4996 | 0.5434 20.0828 1.8219 24.3981 1.5858
3 - - 9.9469 | 2.1804 22.7743 1.0352 30.7919 1.6104
4 - - 14.6051 | 1.3618 23.7694 1.4480 31.1919 0.7704
8 - - 17.5954 | 1.0152 25.9783 0.9783 37.9819 1.6829
Time Toluene uptake (%)
(h) 5SNR-BC50 S.D. 1SNR-BC60 S.D. 2.55NR-BC60 S.D. 5SNR-BC60 | S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 28.9930 1.4313 10.5596 1.0953 241501 0.7643 31.9574 1.8841
2 37.1595 1.4769 17.8493 0.1775 33.1986 0.7675 44.0937 1.9077
3 48.0157 0.1751 21.8523 0.9984 37.8296 1.0965 54.5248 0.3823
4 58.3228 1.2342 25.1090 0.9346 40.5965 0.8449 66.3034 1.7964
8 68.3959 1.2337 29.4166 0.7335 50.1819 1.5374 72.8449 0.6923
Time Toluene uptake (%)
(h) FNR S.D. 1FNR-BC50 S.D. 2.5FNR-BC50 S.D. 5FNR-BC50 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 4621.4452 | 109.9219 6.4517 0.0297 16.4966 0.1701 21.5552 1.3020
2 5445.6099 | 152.6730 15.6685 0.0722 21.4097 1.0393 45.3874 1.4480
3 - - 19.3552 0.0892 30.6784 1.9747 64.8542 0.2973
4 - - 23.2902 0.5630 40.4214 0.3193 75.8535 0.0959
8 - - 37.8367 0.7997 45.5499 1.6723 86.8527 0.4891
Time Toluene uptake (%)
(h) 1FNR-BC60 | S.D. 2.5FNR-BC60 S.D. 5FNR-BC60 S.D.
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1 15.0093 1.4291 16.3463 1.6929 29.5304 0.5838
2 25.2917 0.6342 25.1890 14777 50.1557 0.6508
3 31.8705 1.0063 40.3669 0.7442 75.5688 0.0747
4 34.4749 1.1416 46.0538 1.7239 82.7330 1.9706
8 40.9860 1.4798 54.5819 0.9737 94.2130 0.1418
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