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Synopsis

1.1 Research background

The preparation of composites has been in existence for decades as humans try to satisfy their
material needs. This is dependent on the fact that a single material may not provide the desired
properties. Combining several materials to prepare a composite could result in a material having
interesting properties distinct from each component. In the tire industry, a typical tire composite
comprises of polymers, fillers, curatives, metals etc. Polymers are mixed with fillers to give
reinforcement, and then other additives are added to actualize the preparation of the entire
product. Besides the polymer that acts as the continuous phase, the filler is another large
component, gulping close to 30% of the tire. This volume is large and has attracted a lot of attention
on different types of fillers, preparation techniques, and functionalization methods. The
conventional fillers in the tire industry are silica and carbon black. In fact, carbon black has been the
dominant filler for decades since it was discovered. Its excellent properties and reinforcements are
almost unmatched. As a product derived from petroleum, it is certainly not sustainable. Various
legislations are presently promoting the reduction of petroleum-based products because of toxicity
and environmental concerns. On silica, it is a product that is abundant in nature, but it has a high
density and can result to tires having higher weight. More so, the production process of the
reinforcing silica filler results to large chemical waste, which is also not desirable to the
environment. Presently, highly dispersible silica filler has been in the market and there is a gradual
shift from carbon black to silica as reinforcing filler. In most instances, there are combinations of
carbon black and silica fillers in the tire compound. These fillers are not biomaterials and the end
life of the product could be a rather deferred problem. This is part of the current drive to find
alternative fillers from biomaterials that would replace these conventional fillers. Although other
inorganic materials are explored, biomaterials such as cellulose nanocrystals, engineered
polysaccharides, fibres, etc are extensively researched as possible replacements. Biofillers have
drawn attention because of their numerous advantages. They are abundant in nature, sustainable,
lightweight, and biodegradable. When used in tires, they can give good reinforcements and help
reduce the weight of the tire. This in turn leads to low rolling resistance and high fuels savings,
among others. Besides the plausible advantages, they have their drawbacks that would need to be

overcome. They have abundant surface hydroxyl groups, which makes them aggregates and tends
1



to agglomerate into larger particles that are difficult to disperse in polymer matrixes. Their
hydrophilicity in a hydrophobic matrix results in poor filler-polymer interaction that affects the
composite. Overcoming these drawbacks is the focus of this work. The biofillers that are explored
in this research were lightweight polysaccharides: alpha-1,3-glucan and cellulose nanocrystals.
Cellulose is the most abundant polymer on earth and has been used for decades to satisfy human
material needs. Several industries have been tailoring cellulose to meet specific applications. More
recently, cellulose nanocrystals having dimensions in the nanometre range and high aspect ratio
have been found to possess interesting properties. Their reinforcing properties are fascinating with
good filler-filler networking in a matrix. Their drawback is the high agglomerations leading to poor
filler dispersion and poor filler-polymer interactions, which often requires surface modification for
compatibilization. Alpha-1,3-glucan is another new entrant as potential reinforcing filler. It is
produced by microorganisms and is found mainly in cell walls of fungi. Its abundance in nature is
not profound and several researches have been devoted to alternative synthesis in large scales. One
of its existence as a dental plague in humans has been a result of extracellular synthesis by
glucansucrase enzymes. Researchers are therefore using same enzymes and suitable substrate to
synthesize alpha-1,3-glucan in commercial quantity and to find possible use as a biofiller in tire
compounds. Besides the interesting properties of biofillers, the method of compound preparation
contributes immensely to the properties of the composites. Most often, dispersion of the filler in
the polymer matrix, good filler-filler network and filler-polymer interaction are task that need to be
achieved to have a good composite and the preparation method plays a crucial role. Preparation of
biofiller composites takes different forms depending on the physical state of the components. For
example, composites made with cellulose nanocrystals (CNCs) in suspension, may requires the co-
coagulation method of mixing the CNC suspension and latex rubber then applying an acid to
coagulate. In situ polymerization is another method or a physical blending and drying. However,
when components are in dry form, melt mixing and compounding are employed. Several
preparation techniques have been successful in the laboratory scale but are tedious and
complicated in commercial scale. In most instance, during scale up, the properties are poor and far
unmatched with properties obtained at the laboratory scale. To overcome some of the outlined
problems, this work employs the use of co-coagulation methods for nanofillers in suspension and
compounding using a brabender internal mixer for fillers in dried form. The CNC, alpha-1,3-glucan
and silica compounds were prepared with natural rubber and the resulting composites were

characterized to understand their unique properties. More so, different functionalization methods
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requiring the use of both aliphatic and cyclic silanes and enzymatic modifications have been
employed to overcome the compatibility drawback. Details of results are presented below in the

various chapters.
1.2 Thesis outline

This thesis is structured into six chapters with CNC related compounds drawing a much larger

attention.

e Chapter 1: In this chapter is described the research background and the concept
necessitating the research. An overview of the thesis outline has also been detailed
consequently.

e Chapter 2: An overview of the composites, processing techniques as well as the fillers used
in this study has been explained in detail. The characterization methods and conditions the
experiments were carried out as well as the various parameters that were studied have been
elucidated.

e Chapter 3: This chapter proceeded by the establishment of a compounding procedure using
different silanes. APS and TESPD silanes were used for this study and results were always
compared with silica compounds. Subsequently, reactive cyclic silanes were explored and
extended to understand the properties it will confer on CNC/silica hybrid compounds.

e Chapter 4: The CNC used in this study were prepared by sulphuric acid, which results into
CNC having sulphates half esters on the surface. The influences of these sulphate groups on
composite properties as well as the impact they have on the filler have been studied.

e Chapter 5: Processing methods for CNC fillers especially the acid treatment was also applied
for the treatment of alpha-1,3-glucan before preparing alpha-1,3-glucan composites. The
composites from this treatment were characterized and properties were compared with
silica as a reference.

e Chapter 6: The previous chapters employed the use of silanes for compatibilization. Here,
lipase enzymes were used to graft different functionalities on the CNC surface. The
functionalization was done before co-precipitation and the functionalized CNC in natural
rubber compounds were characterized to understand their properties without silanes.

e Chapter 7: The research project was concluded in this chapter with important highlights of

results and possible applications.



Chapter 2

Lightweight filler compounds for tire applications

2.1 Tire components and structure

The tire compounds are complex materials due to the many ingredients added to achieve their
desired properties. Generally, up to twenty components could be used to make a tire compound
and at least 12 compounds are used in a tyre, comprising of rubber (both natural and synthetic),
fillers, chemicals and oils, textiles, steels etc. A typical tire structure is shown in figure 2.1. The role
played by each component is unique and varies in composition according to the type of tire. For
example, a passenger tire may have more synthetic rubber part compared to off-road, agricultural,
and other industrial tires. The composition is tailored to meet either performance characteristic
such as good wear, low rolling resistance, improved skid resistance etc. or meeting high load bearing

and longer distance tires [1].

The tread part of the tire often contains reasonable amount of rubber and additives that are
patterned to have sufficient contact with the road. The formulations must have good wear
resistance properties, wet skid, provide traction and the depth of the tread varies with tires. During
the service life of the tire, the tread is expected to wear away and it is one of the means used to
determine tire replacement. At the base of the tread are steel or woven textiles overlaid to serve
as cushion and stiffening which tunes overall tyre mechanics and helps to reduce damage. The plies

also run from end to end, primarily serving as a support to the tire casing.

The amount of materials used for tire manufacturing is shown in table 2.1 [2-4]. This varies according
to the applications. Fillers comprising of carbon black and silica are added to primarily give
reinforcement and are some of the largest constituents, followed by synthetic or natural rubber.
The amount of these components consumed in the manufacturing process is a source of concern
both for the environment and sustainability. Most researches are therefore directed at improving
the properties of the materials, production process, reducing the consumption of environmentally

unfriendly materials or eventual replacement.
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Figure 2.1 Cross-section of a high-performance passenger tire [2]
Material Car Tyre (%)  Truck Tyre (%)

Natural rubber 14 27

Synthetic rubber 27 14
Fillers {carbon black, silica) 26-28 2628

Plasticizers (oil and resin) 56 56

Chemical additives (sulfur, etc.) 54 56

Metal for reinforcement 16.5 25

Textile for reinforcement 5.5 -

Table 2.1 Composition of passenger and truck tires.

The manufacturing process requires numerous steps. At the first stage, the polymers are
homogenised by mixing to form a uniform matrix. Thereafter the fillers and perhaps some oil are
added to aid dispersion and homogeneity. The temperature of the process is vital to reduce viscosity
while avoiding the decomposition of the rubber component. Internal mixers or roll mills are used to
form the rubber compounds. When it is formed, the compound is used to generate semifinished
components by extrusion or calendaring, and to coat processed textiles and steel cords. Other
components are added and assembled on the tire-building machine and cured under heat and

pressure. Inspections and testing to meet quality standards come at the last stage.



2.2 Polymer matrix system

Rubber compounds have unique elastomeric properties and are majorly used in the tire industry.
These polymers serve as the continuous phase where fillers and additives are dispersed to achieve
desired properties. The rubber chains are long, flexible and can undergo large deformations even
up to 1000% strains [5] with the ability to return to its original state after strain removal. This unique
property is essential, varies according to the type of rubbers, and is dependent on the nature of
polymeric backbone, the functionalities, degree of polymerization and the networking of the

polymeric chains.

Since the discovery of natural rubber and its unique properties, researchers have continued to
synthesize rubber compounds with wide range of properties for industrial applications. In the tire
industry, a blend of both synthetic and natural rubber is used, and formulations are made for specific

applications.
2.2.1 Natural rubber

Natural rubber is a cis 1,4-polyisoprene and exist as aqueous colloidal suspension of rubber
particles. There are several sources of natural rubber but of most commercial significant is the
rubber latex derived from Hevea Brasilienses tree with production reaching 14 million metric tons
in 2018 [6]. It contains high rubber content up to 40wt % dry rubber [7]. Other sources of latex
rubber have not gained commercial significant, as the amount of rubber content are relatively low
with the presence of large amount of water and non-rubber constituents. Although natural rubber
from Guayule has been extensively researched [8-10] as another potential source of latex rubber,
results that show effective use or replacement of rubber from Heavea Brasilienses are lacking.
Therefore, subsequent discussions on natural rubber are devoted to natural rubber derived from

Hevea brazilienses.

The rubber tree grows in the tropics having sizable amount of rainfalls, bright sunshine, moderate
wind, and humidity not extending to the extreme. These conditions are typical of few countries of
the world although researches have been devoted to modifying and adapting the tree to other parts
of the world. Typically, the latex is contained on the bark of the tree and it requires scraping
(tapping) the surface up to the necessary depth to make the tree exude the latex into cups or

containers sustained on the collection point. The latex rubber particle has a typical size of about



0.02 to 3 microns and is spherical in shape [5]. Studies on the stability of the suspension allude to
the encapsulation of rubber particles by proteins and phospholipids [11, 12]. The colloidal stability
could be removed either by use of coagulants or exposure to media where the proteins or lipids are

degraded. The range of constituents of freshly produced natural rubber latex is shown below [5].

Components Percentage
Rubber 30-40
Proteins 1-15
Resins 1.5-3.0
Minerals 0.7-0.9
Carbohydrates 0.8-1.0
Water 55-60

Table 2.2 Composition of fresh latex rubber.

Transportation and sales of rubber latex are uneconomical if it is not concentrated or coagulated.
The field latex is evaporated to reduced considerable amount of water, creamed, and centrifuged
to have concentrated latex up to 60wt % dry rubber content. Preservation of the concentrated latex
is done with ammonia. Subsequently, several preservation systems have reduced the amount of
ammonia alongside the incorporation of several additives to maintain stability of the suspension
and to avoid degradation. Besides the latex, there is the coagulated processed rubber with different
technical specifications and market grades. In this regard, attention is given to the processing

methods and the various additives used which influences the end use.

The demands for natural rubber increased when its unique properties were continuously explored.
It has been known with high tensile strength, low hysteresis, resistance to crack propagation etc.
[13-15]. Some of these properties are quite unique that synthesized polymers may be difficult to
replace. The superior qualities have been attributed to the stereoregularity or tacticity of natural
rubber, which makes it easier for the chains to align along the direction of an induced stress leading
to strain induced crystallization [16-19]. The crystallites from the alignment of the natural rubber
chains under strain act like fillers or crosslinks with a resulting increase in tensile strength. This
behaviour helps in promoting crack resistance [20, 21]. This singular feature has also impacted on
the rheological properties of natural rubber. Processability of natural rubber in the tire industry is a

7



huge advantage as it has good ability of holding its compounds together (tack) up to the stage of
moulding. Also, the green strength, which is needed to avoid distortions of the uncured compound

before moulding or expansions after moulding is well connected to the strain induced crystallization

[5].

Despite the many interesting properties of natural rubber, it is highly susceptible to oxygen and
ozone [22] because of the unsaturation of the polymeric chain. Radiation, heat, and chemicals also
initiate degradation. Ordinarily, there are few amounts of antioxidants that protect it from
degradation. This amount is mostly used up during processing and is not sufficient to protect the
processed natural rubber. Addition of antioxidants or blends with synthetic rubber having strong
resistance to degradation is employed. These drawbacks from natural rubber are the major drive
leading to the synthesis of rubber with introduced functionalities to overcome them. The increase
demand for natural rubber is not likely to be met, as the rubber tree grows better only in the tropics,
frequent spread of plant diseases and rise of other profitable crops [23-25]. It was also reported [6]
that a 57,000 metric tons of natural rubber demand was unmet in 2017 with other incessant loses
in production. Some of these reasons have continued to promote the use of synthetic rubber as

alternative.
2.2.2 Synthetic rubber

The synthetic rubber industry was developed as alternative to the several drawbacks of natural
rubber. They are prepared by polymerizations from petroleum-based derivatives and have been
grouped into general-purpose synthetic rubbers, special and specialty purpose rubbers [26]. The
general-purpose rubbers comprise mainly of styrene butadiene rubbers (SBR), polybutadiene
rubbers (PBR) and polyisoprene rubbers (IP) which are heavily consumed in the tire industry [7]. In
general, some of these rubbers are used to blend with natural rubber during tire manufacturing and

are discussed below.

Styrene-butadiene rubber (SBR): SBR is a copolymer of styrene and butadiene made by either
emulsion or solution polymerization. The structure is shown in figure 2.2. Due to the polymerization
route, there are variations in the properties of SBR resulting from the rearrangement of the
monomers, molecular weight distribution. The styrene content ranges from about 20% to about

40% [27] both for the emulsion and solution polymerization process.



CH; —CH;=—=CH— CH; [ 7CH,— CH—Ty,

Figure 2.2 Monomers of styrene-butadiene rubber.

SBR is relatively low cost compared to natural rubber. It is also unsaturated with attendant
susceptibility to degradation in the presence of ozone, oxygen, UV light and oils. Irrespective of the
inferior mechanical properties in its neat form, it has better resistance to abrasion, flex fatigue, and
high heat resistance [28]. The higher hysteresis loss is a major advantage for tire formulations
directed at achieving a better wet-grip [27]. This singular benefit has made SBR find better use in
tire treads. However, because of the low tensile strength, it requires large amount of reinforcing

fillers to prepare SBR compounds.

Polybutadiene rubber (PBR): PBR is a homopolymer containing only butadiene monomers with the
structural formula shown in figure 2.3. It is the second largest produced polymer and finds use in

tire and shoes because of the good abrasion resistance properties.

CH, —CH,— CH— CH, 4

Figure 2.3 Monomer unit of polybutadiene polymer.

Polybutadiene is produced by solution polymerization. Three possible microstructures can be
formed during the polymerization process. They are cis-1,4, trans-1,2 and 1,2 vinyl and the
properties of the PBR are governed by their amount. The ability of the polymer to crystalize is also
depended on the amount of cis or trans present [29]. A high cis-1,4 in the polymer decreases the
glass transition temperature to about -90 C leading to low temperature flexibility. Other notable
properties are high flex resistance, high abrasion resistance, low heat build-up, high resilience. It is
used in blend with NR or SBR in tread and other part of the tire compounds. The narrow molecular
weight distribution also makes some PBR grades difficult to process. Similarly, to natural rubber and

styrene butadiene, PBR is unsaturated and highly susceptible to degradation in the presence of oil,
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UV light, ozone, oxygen etc. and requires additives that would protect the compounds during

processing.

Polyisoprene (IP): Polyisoprene rubber is the synthesized form of natural rubber. It has the same
empirical formula and cis structure. The properties are also similar such as good tensile strength,
good uncured tack, better mastication, and less processing time. The monomer unit is shown in

figure 2.4.

CH,

I
—{-CHE—C=CH—CHH—H

Figure 2.4 Monomer unit of isoprene

Synthetic polyisoprene is produced by solution polymerization using different catalyst systems with
possible microstructures as cis-1,4, trans-1,4, 1,2-addition, and 3,4-addition. It has a narrow
molecular weight distribution, which reduces its tendency to crystallize under strain. The use of
polyisoprene in tire compounds has increased especially when blended with other rubbers to
promote some properties. Although similar with natural rubber, it could be considered as having
inferior mechanical properties, which is difficult to out rightly replace natural rubber in tire

compounds.
2.3 Conventional filler system

Rubber materials are known with interesting properties especially their ability at recovering their
original shape after some level of deformations. In their unfilled state, their use is limited.
Subsequently, upon the discovery that carbon black, when added to rubber materials can confer
considerable reinforcement, a new phase of elastomeric composites became actively researched.
Carbon black has continued to serve as reinforcing filler for the tire industry for decades and its
presence alongside the useful properties may not be phased out soon. Owing to the environmental
concerns as carbon black is fossil derived, nano silica alongside its useful properties is having a
considerable share of the filler market in the tire industry presently. Both the carbon black and silica
are the conventional fillers used in the tire industry. Not only these, other fillers such as carbon

nanotubes, clay, graphene etc. are being explored for use as reinforcing agents.
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When fillers are used in composites, their inherent properties such as surface area, crystallinity,
morphology, surface chemistry and aggregate sizes are major contributing factors to the final
properties of the composite. The preparation process dictates these properties. While carbon black
is majorly produced by the pyrolysis of oil at certain conditions [30] amorphous silica is produced
from vitreous silicates by dissolving in water and subjecting to acidification in a reactor. Under

constant agitation, the nano silica is precipitated out [30, 31].

When these fillers are produced, the inherent primary nanoparticles are in the range of few tens of
nano metres. Subsequently they fuse together to form aggregates in the range of hundreds of
nanometres. The aggregates can also fuse together to form agglomerates sizes extending to the
micrometre range. Eventually, the micron size agglomerates are weaker compared to the
aggregates structures that are formed by covalent bonding. The aggregates structures are the main
determinant of the reinforcement mechanism in the polymer matrix. During compounding, the
agglomerates are broken down and the fillers are dispersed in the polymer matrix in their aggregate
form. The size range and the necessary reinforcement it confers on the composite is shown in figure
2.5. Therefore, it is necessary to have fillers with smaller particle sizes so that the effective surface

area will increase with increasing filler-polymer interactions.
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Figure 2.5 Filler sizes and their reinforcements [32].

Within the matrix, the aggregates form structures that network among each other to confer

reinforcements. For effective network where the aggregates are connected to each other and
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extending to all regions of the polymer matrix, they must reach a threshold (percolation threshold).
This percolation amount is depending on the morphology. The idea of the percolation phenomenon
suggest in essence that the fillers are essentially the continuous phase with rubber chains winding
round the filler networks or trapped in some filler regions especially for three-dimensional fillers.
To determine the amount of filler required to reach the percolation threshold, stress strain studies
could be conducted to understand the viscous nature of the composite. This is predicated on the
fact that fillers are rigid, and the viscoelastic behaviour of the composite should tend more towards
the elastic character at some filler volume. In addition, for conductive fillers, various amounts of
fillers could be used, and the conductivity is measured to know the threshold where the composite

becomes conductive. An illustration of percolation threshold relative to filler is shown in figure 2.6.

Silica and carbon black are still being studied for tire formulations. The art of compounding these
fillers is so vital that when it is done wrongly, characterizations can infer that the fillers have poor
properties. For example, when fillers are poorly dispersed in polymer matrixes, some regions of the
polymer would not have contact with filler. During characterization, results may infer that filler
volume fraction was not sufficient and posit that the filler amount be increased to reach percolation

threshold.

Conductivity of the composite

! .

¢ (percolation threshold)

Y

Volume fraction

Figure 2.6 Percolation thresholds for conducting composites [33].

Most often, beyond the percolation threshold, it would be necessary to explore filler structures that
do not aggressively promote aggregations. Some filler with very high surface energy could end up

interacting among itself beyond the threshold and it could create difficulties in dispersion.
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Besides the networking of fillers in the composites also comes the importance of filler-polymer
interaction. This would be one of major property when the composite is subjected to periodic
deformations. The surface chemistry of carbon black and silica are different and they have different
mechanism to interact with polymer chains. Carbon black contains few amounts of functional
groups on the surface such as carboxyl, hydroxyls, phenols, quinone, etc. and their role in promoting
interaction with polymer chains is not overtly remarkable. In this case, physical adsorption and
chain-filler entanglements prevail for carbon black-polymer interactions. That of silica on the
contrary proceeds by the coupling of the silanol groups on the surface with silane coupling agents
to form bridges with polymer chains. This approach therefore achieves silica-based compounds with
improved properties such as lower rolling resistance, better wet-traction and ranking in the same

performance with carbon black in abrasion resistance [34].

2.4 Lightweight polysaccharides as potential fillers

The rewarding properties of the conventional fillers such as carbon black and silica have been
elucidated. Their dominance in the tire industry in terms of properties may not have rivals that
would immediately outstrip them. However, considering carbon black that is derived from fossil
fuels, environmental concerns are part of major drives to find alternative replacements. Regulations
have also made consumers to plan for tire manufacturing without carbon black in the future. That
of silica is from nature (sand or ore). The production process is intensive, both mechanically and
thermally and requiring considerable amount of acids that generates chemical waste [35, 36]. Silica
and carbon black have higher density, which does not favour fuel efficiency [37]. Going back to
nature to find abundant materials that are lighter in weight, inexpensive and renewable have led to
considering the two fillers: Cellulose derivatives and alpha-1,3-glucan for use as a replacement of

the conventional fillers for natural rubber compounds.

2.4.1 Cellulose nanocrystals

2.4.1.1 Sources and production

Cellulose is the most abundant renewable polymer and has been in use for decades with annual
production estimated at 7.5 x 10 tons [38]. There are several cellulosic sources such as higher

plants, algae, fungi, marine animals, invertebrates etc. The typical cellulose unit consist of a glucose
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molecule with a repeating unit comprising of anhydroglucose ring (AGU) (CsH120s5)n. A 1-4 linkage
requiring a flip of the glucose units links these units together. A pair of the linked glucose molecule
is known as cellobiose measuring about 1 nanometre and is shown in figure 2.7. Depending on the
source of the cellulose, the repeating units can reach tens of thousands, constituting themselves
into fibres. These fibres owing to the surface chemistry of the glucose molecules having abundant
hydroxyl groups promotes inter and intra hydrogen bonding that leads to subsequent alignment of
cellulosic chains. Several interesting reviews have been published on cellulose and the cellulose
nanocrystals [39-42]. The alignment of these fibrils leads to regions with high crystallinity and this
is the main source of reinforcement in plants. The structures it forms are of prime interest as it

confers on the cellulose unique properties spanning several applications.

Cellobiose

Figure 2.7 Scheme of cellulose chain.

The successive controlled delamination of the fibre bundles and reduction in the chain length leads
to obtaining cellulose in the nanometre range. Their morphology is three-dimensional rod-like
structure (figure 2.8) with an aspect ratio that is dependent on the cellulose source and production

process.

The production of cellulose nanocrystals has come with different terminologies. Notably the micro
fibrillated cellulose (MFC) or microcrystalline cellulose (MCC) have dimensions spanning into the
micron meter range. This type of cellulose majorly is produced by mechanical means where
cellulose fibre bundles are subjected to high shear forces leading to detachments of the cellulose

fibres.

14



Figure 2.8 SEM image of cellulose morphology.

That of cellulose nanocrystals (CNC), cellulose nano fibre (NF) or nano cellulose (NC) comes from

chemical or enzymatic degradations with high crystallinity.

Vegetable fibers
Milling
Pulping
Bleaching
Mechanical disintegration Chemical method
Cellulose nanofibers Cellulose nanocrystals
pr— =
P— s
—

Figure 2.9 Cellulose nanomaterials production process [43].
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The chemical means uses several acids. By far, the use of sulphuric acid to selectively hydrolyse the
amorphous regions to obtain the nanocrystals is the most widely used method [44]. The use of
sulphuric acid confers on the CNC surface a sulphate half-ester groups, which gives rise to colloidal
stability. This is vital as it gives the opportunity for further processing. The amount of sulphate half
esters is dependent on the preparation conditions and is a major contributor to specific properties
of CNC. The CNC used in this project were made from sulphuric acid hydrolysis and chapter 4 has

been dedicated to exploring the role of these sulphate esters.
2.4.1.2 Properties and applications

Cellulose has constituted several industries for decades. The unique properties majorly stem from
the resilient crystalline fibres, which contributes to good thermal stability and huge mechanical
properties. The cellulose nanocrystals when compared with other widely used fibres, shows that
the mechanical properties are leading in several aspects coupled with the fact that it is a fibre that
is derived from nature, renewable and biodegradable. In table 2.3 is shown comparative mechanical

properties of CNC.

Material Tensile strength Elasticity modulus Density
(MPa) (GPa) (g'ce)
Cellulose nanocrvstals 7500 120-143 1.50
Glass fiber 4800 g6 2.50
Steel wire 4100 207 7.85
Graphite whisker 21 410 1.80
Carbon nanotubes 11-63 270-970 1.33
Kevlar 35 124 1.40

Table 2.3 Properties of cellulose nanocrystals relative to other materials [45]

These properties coupled with the low density of CNC are a good replacement for so many materials
used in composite manufacturing. To improve the properties of cellulose nanocrystals, several
modifications are carried out, taking advantage of the abundant hydroxyl groups available on the
surface. For example, the hydrophilic nature of the CNC makes them good candidates for
applications requiring modifications in rheology of suspensions or use in health care products.
However, for composites, CNC is widely considered as reinforcing filler. In a hydrophobic matrix, it
would require the functionalization of CNC surface for compatibility. Due to this factor, the tailoring

of CNC by means of chemical or enzymatic functionalization is heavily researched. Contributions
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exploring the use of CNC in composites [46, 47], packaging [48, 49], and medicine [50] among others

are continuously published. The chart in figure 2.10 describes potential applications of cellulose
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Figure 2.10 Applications of cellulose nanocrystals in different industries [51].

The use of cellulose nanocrystals for composite preparation is the centrepiece of this work. Their
use as reinforcing filler could only be realized by surface functionalization for compatibility with
polymer matrixes. The tire industries use mostly hydrophobic polymers as matrixes such as natural
rubber, polyisoprene, polybutadiene etc. For filler-polymer compatibility in composites, silanes are
mostly used to functionalize the surface and there have been recorded success with nano silica as

reinforcing filler. Silica has similar surface chemistry with CNC with their abundant surface hydroxyl
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groups available as active sites for functionalization. The functionalization process employing the
use of silanes as a compatibilizing agent, could be carried out in situ during filler-polymer
compounding. Several silanes containing different functionalities are used for compatibility and
dispersion within the matrix. Silanes are bi-functional and for the fact that they are not a naturally
derived resource, it also cast doubts on the green life of CNC in some of the process. There are also
the possible considerations of the biodegradation of cellulose nanocrystals after it has been
modified. Without modifications, the properties of cellulose nanocrystals are few and its uses are
very limited. Apart from chemical modifications, enzymatic catalysed modifications are other

possibilities, which have been considered in a later part of this work in chapter 6.
2.4.2 Alpha-1,3-glucan

Alpha-1,3-glucans are water insoluble polysaccharides found in the cell wall of many fungi [52-54]
which have been explored for decades for medicinal use. In human occurrence, it is one of the main
components of dental plaque resulting from enzymatic activity of sucrose residue with little amount
of 1,6 linkages at the side chain. In the cell wall of fungi, they form structures with 1,3-beta glucan,
1,6-beta glucan, chitin, and glycoproteins [55] which serves as a rigid protective means while flexible

enough to support growth.

Beta-1,3-glucans are more studied and published owing to their prevalent occurrence in many
species. The specie that has been adjudged to have the highest amount of alpha-1,3-glucan is the
Laetiporus sulphureus specie with amount reaching 57% in dry fungal mass [56]. Many other species
have little or no presence of the alpha glucans. This is what has led to reduced studies compared to
the other components within the fungi cell wall. Being an insoluble polysaccharide, derivatization

such as carboxylation and sulfation renders it soluble to widen its applications [57, 58].

The exploitation of this material is shifting from the medicinal benefits to other aspects of industrial
applications. This stemmed from subsequent studies to understand the properties of alpha glucan
and its biosynthetic pathway. Most importantly is the understanding of the contributions of alpha
glucan to the structure and resilience of the cell wall. Also, the role it plays that makes dental
plagues rigid shows that alpha 1,3 glucan has good properties that can support rigidity or
reinforcement in several media. In this regard, it is expected that using alpha 1, 3 glucan as bio filler

could give considerable reinforcement in polymeric composites.
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The extra cellular synthesis of alpha-1,3-glucan resulting in dental plaque is a process that could be
replicated to reach huge amount for industrial applications. It has been known that alpha-1,3-glucan
is produced by Streptococcus spp. found in oral cavity which leads to the formation of dental plaque
and deposition of oral caries [59]. In the synthesis, glucosyltransferase (Gtfs) enzymes that are
secreted by lactic bacteria found in the mouth were reported to catalyse the reaction [60]. The
produced glucan could be insoluble if it contains dominantly the 1,3 glucan linear chains and soluble
if there is the presence of alpha 1,6 chains. Recently, Puanglek et al. (2016) [61] succeeded in
synthesizing the glucan that can selectively produce either alpha-1,3-glucan or 1,6-glucans. After
producing the Gtfs enzymes from Streptococcus salivarius, sucrose was used as a starting material.
The reaction is presumed to proceed from the Gtfs cleavage of the sucrose to glucose up to growing

chains of alpha-1,3-glucans [62] as shown in figure 2.11.
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Figure 2.11 Enzymatic polymerization of alpha-1,3-glucan [61].

The obtained alpha-1,3-glucans were also modified and there were remarkable improvements in
thermal properties especially alpha-1,3-glucan propionate, and acetate. This is advantageous
especially for composite processing requiring higher temperatures. More so, the ease of
functionalization by the authors [61] alludes to the possibility of using alpha-1,3-glucan as fillers

which could be compatibilized without constraints in polymeric matrixes.

The structures of the alpha glucan chains have abundant hydroxyl groups, which helps in
maintaining a high degree of crystallinity. This property which enhances the mechanical value of
many fillers used in the tire industry would present alpha-1,3-glucan as another entrant into the
filler market. Although these studies are ongoing, there are differences in crystalline form when
hydrated, anhydrous and when derivatized [63, 64] alongside their potential applications.
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The possible use of alpha-1,3-glucan as substitutes in many applications is evident in the success
recorded in the preparation of alpha-1,3-glucan esters, and films [65] and would be studied.
Subsequently, alpha 1,3 glucan has been used as a filler in chapter 5 to understand the reinforcing

properties.

2.5 Composite preparation

Since the advent of reinforcing rubber compounds with fillers, various techniques have been
developed to add fillers into rubber matrixes. The preparation methods are also dependent on the
nature of the filler and if the filler is in the wet or dry form. The aim is to create efficient dispersion
that can enhance good filler-polymer interactions. Some preparation methods are discussed below
which are mostly applicable to cellulose nanocrystals but by extension, it could be applied to alpha-

1,3-glucan.
2.5.1 Dry compounding

The various forms of CNC preparation leads to nanocrystals in suspension. When cellulose
nanocrystal is dried especially oven drying, it can result to irreversible aggregations. Other method
of drying such as spray drying, air drying, and lyophilisation are various means to avoid leaving CNC
in the form of suspension. To add these fillers into the matrix, it may require milling the dried CNC
to obtain smaller particle sizes resulting from the aggregations. Britinis et al. [66] pulverized
microcrystalline cellulose to obtain nanocellulose and thereafter extruded the lyophilized CNC with
natural rubber. For lyophilisation when the percentage of CNC in the suspension is low, the CNC

could be fluffy with reduced aggregation compared to oven drying.

Fillers and rubber materials are easily handled when dried. Therefore, processing from the dry form
would be less expensive. A generally employed method is melt mixing the filler and rubber materials
in internal mixers (such as the Brabender®) at higher temperature to reduce the viscosity of the mix
to promote dispersion. From observations, the obtained composites may not be compared with the
composites prepared from the wet form in terms of dispersion and good properties. Albeit the
procedures employing these dry forms are simple to scale up in commercial quantity. Unlike the
biofillers with processing difficulties in the dry form, carbon black is easily dispersible in polymer

matrix. Highly dispersible silica is also in the market. It is therefore needful to develop these biofillers

20



in a highly dispersible form in the dry state to bridge the gap between scientific challenges and

industrial stakes [67].
2.5.2 Wet preparation

Biofillers are processed and obtained in suspension, paste or slurry, likewise the matrix materials
obtained in the form of latex or suspension. It is easier to blend both materials in their wet form and
process from there. This could be achieved by blending the latex with the filler suspension and
drying, coagulating, or adding the filler and initiating polymerization therefrom etc. By far,
processing from the wet form has been the dominantly published techniques for cnc composites.
The blending can come in different form. Some researchers alternatively solubilize the elastomer in
a solvent before adding the filler [68]. After which, the solvent is evaporated under vacuum. The
filler can also be dispersed in a solvent. In the case of CNC, solvents that disperse the cellulose
nanocrystals are few and when used, it is difficult to remove from the system. More so, when some
biofillers are dispersed, the hydrogen bond networking is affected. This in turn can affect the
crystallinity of the material, which can result in lower composite properties. The method of mixing
the filler and latex before evaporation has been used to produce CNC films [69, 70]. In most cases,
if additives are not added, they could be added in later stage and further processed to achieve the
desired properties or shape. However, one of the challenges mostly encountered in this step is the
possibility of the filler sedimenting or self-aggregating during the evaporation stage. This can result
to a non-homogeneous composite where filler particles tend to form localized aggregates in some

regions of the composite.

The solution blending with coagulation is another method that has been used to make CNC
composites. Chen et al. [71] prepared CNC composites by mixing CNC with various blends of rubber.
This method often referred to as co-precipitation, or co-coagulation uses different acids. The
procedure adopted in this work requires the mixing of a water-based filler suspension with a latex
rubber suspension with a magnetic stirrer until homogeneity. The mixtures are thereafter
coagulated with glacial acetic acid in dropwise addition. After the coagulation, the samples are
pressed, soaked in water to remove unwanted materials, and dried till constant weight. This process
enhances good dispersion within the polymer matrix, support good filler-filler networking and filler-
polymer interaction. A major challenge in this process as observed with CNC is the concentration of
CNC suspension. Commercial CNC suspension is mostly produced in the concentration range of 5wt

% to 15wt %. Lower than 6wt %, the mixtures can be difficult to coagulate with substantial amount
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of the filler or elastomer leached out of the coagulated material. In this case, it is important to weigh
the material after drying to ascertain the actual amount that was lost during the coagulation
process. However, at high concentrations, the rheological properties of CNC changes and blending
become difficult which would require addition of water for easy homogeneity. At the subsequent
stages of the composite preparation, silanes, vulcanization agents and anti-degradants are added,
mixed by melt blending and vulcanized to obtain the composite. At the coagulation step, it is
necessary to reduce the use of large amount of acid and to control the addition especially if more
water was added to the mixtures for homogeneity. From practical point of view, as experienced
with CNC and alpha-1,3-glucan, their coagulation requires the dropwise addition of concentrated
acetic acid that is 10% of the entire volume of filler and latex suspension. Large amount of acid in

the material has the potential of interfering with the vulcanization step and must be washed away.
2.5.3 Compatibilization

The mechanism of carbon black reinforcement is different from other fillers such as silica. This is
because, carbon black is easily dispersible within elastomeric matrixes and interaction is achieved
by carbon black adsorption on the polymer chains. At the advent of silica having a different surface
chemistry, the need for a compatibilizing agent was necessary. Silica has numerous surface hydroxyl
groups, making it hydrophilic as against a majority hydrophobic polymer matrix. To create

compatibility, silanes are heavily consumed as a simple means of surface functionalization.

Silanes are organo-functional compounds and have been used in the tire industry since the
introduction of silica fillers. Cellulose nanocrystals and alpha-1,3-glucan have similar surface
chemistry with abundant surface hydroxyl groups and the use of silanes for coupling proceeds in
the same manner. In figure 2.12 [72] is shown the coupling mechanism that takes place on the

surface hydroxyl groups of fillers.
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Figure 2.12 Silane coupling bridges.

In this work, the bis(triethoxysilylpropyl)disulfide (TESPD) and (3-aminopropyl)triethoxysilane (APS)
were used as aliphatic silanes while cyclic silanes such as 2,2-dimethoxy-1-thia-2-silacyclopentane

(SID), and n-n-butyl-aza-2,2-dimethoxysilacyclopentane (SIB) were also used.

The reaction process of the aliphatic silanes proceeds by hydrolysis, condensation and coupling of
the silanes. Therefore, the silanes are capable of structural formation, which are typical of their
molecular nature and the prevailing condensation reaction. That of cyclic silanes proceeds by ring
opening due to loss of ring strain energy [73] and does not need hydrolysis. Therefore, they seem
more reactive and are susceptible to hydroxyl containing molecules. It is important to keep the
materials dry to avoid the cyclic silane reaction with the moisture content in the material instead of

the hydroxyl groups available on the surface.

It is simple to add these silanes in situ when compounding in brabender internal mixer instead of
pre functionalization. When pre-functionalized and dried, the biofillers still faces challenge of
dispersion despite the surface hydrophobization. Unlike CNC, in situ functionalization of silica
compound with APS silanes is feasible but the functionalization does not promote a direct matrix-
filler bonding. Albeit majority of silica functionalized with APS is conducted prior to addition into
the rubber matrix. The APS is one of interesting silanes that provide structures, which can facilitate
vulcanization. The amine functionality is touted to be a silanization booster [74]. This is predicated
on the ability of amine functionality to present basic conditions that would lead to the ease of

hydrolysis of the alkoxy groups enabling it to form reactive hydroxyl species before condensation.
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Majority of the functionalization intended to compatibilize biofillers such as CNC are targeted to
hydrophobize the surfaces and reduce the surface energy for easy dispersion. CNC have been
functionalized by other methods apart from the widely used silanization in composites such as
esterification, amidation, etherification, oxidation etc. [75]. Subsequently, in the later part of this
work, enzymes were used to transesterify cellulose nanocrystals using vinyl esters as ester donors.
While modifying the biofillers for compatibility within polymer matrixes, the green character of the
modified biofiller is another subject that requires detail studies. Most importantly if the advantage
of biofiller degradability could be maintained after functionalization. However, modifying cnc or
alpha 1,3 glucan fillers with other method other than silanes, may require pre-modification before
introduction into the polymer matrix and may be tedious compared to the silanization during in situ

compounding.
2.5.4 Additives

It is difficult to have a material that provides all the properties required for applications. When
composites are prepared, additives are added to compensate the vulnerability of the material in
certain operating conditions. For example, natural rubber mostly used as matrix is unsaturated. The
presence of the double bond makes it susceptible to degradations. Natural rubber has low
resistance to UV, ozone, oil, fuel, and high temperatures. To remedy these drawbacks, additives are
added during composite preparation to improve the materials resilience to these degradations.
When additives are added, it becomes critical to study the possible influence on other interesting

properties of the composite.

Antidegradants are classed as antioxidants or antiozonants, which are based on amines or phenolic
derived compounds [7]. The amine type impact colour on the compound and are generally
considered as staining antidegradants. The recipe adopted in this work uses 2,2,4-trimethyl-1,2-
dihydroquinoline (TMQ) and N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine (6PPD) as

antioxidant and antiozonants.
2.5.5 Vulcanization system

A rubber material is generally inferior in properties when uncured. The properties at this point
especially the mechanical worth could come from the nature of the polymeric backbone,

functionalities, or the chain entanglements. When rubber is cured, sulphur is added to create
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bridges to increase the elasticity of the material and improve the general properties. There are other
types of curing such as: peroxide curing, UV, phenolics etc. but the sulphur curing system constitutes

the most utilized in the tire industry.
The sulphur system form bridges as shown in figure 2.13.

When sulphur vulcanization was discovered by Goodyear, it achieved its aim of making rubber
compounds stiff through the crosslinking. However, it took a long period of time to achieve
vulcanization with only sulphur in the curing system. The emergence of accelerators in the sulphur
cure system reduced the vulcanization time to a large extent. In the vulcanization package, stearic
acid (or similar fatty acids) and zinc oxide acts as activators while widely used compound such as N-

cyclohexylbenzothiazole-2-sulfenamide (CBS) accelerates the vulcanization process.

Unvulcanized

NOAS
—[—; = 2,___ Rubber Molecules =
ST~
l Sulfur

—— Crosslinks -.--.-"""--...‘ S
x
Vulcanized
Network

Figure 2.13 Sulphur bridges in rubber chains.

The zinc oxide and fatty acids reacts to form complexes with accelerators. This complex further
reacts with sulphur to form sulfurating agents [76] and subsequently interacts with polymer chains

to form sulphur bridges.

The progress of the reaction is expected to be monitored to know when to end the vulcanization
reaction. The moving die rheometer is one of the reliable tools to study the progress of the

vulcanization reaction. Samples are placed in a moving die, which measures the torque required to
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rotate the die as the vulcanization proceeds. The torque therefore translates to the extent of

crosslinking achieved in the vulcanization.

Crosslink Density

Marching Cure

Merening S

Normal Cure

Reversion

Scorch Time
(Induction Period)

Vulcanization Time =

Figure 2.14 Vulcanization curve

A typical vulcanization curve is shown in figure 2.14. At the onset, of the vulcanization, the activators
and accelerators play a huge role in forming the material for the start of vulcanization. It is necessary
to know the optimum time of the vulcanization Tgp when about 90% of the crosslinks has been
achieved. For most samples when a reversion sets in, a part of the crosslinking is lost which affects
the properties of the material. The conventional approach to determining curing time is to make an
array of curing temperatures and time, which will serve as a guide to determine the actual
temperature and time to end the curing process. The evolution of the vulcanization process is

monitored by some parameters as outlined below.

e Ts2 (min): During the vulcanization process, the induction time spanning from the beginning
of the process to the time where there is an increase in torque is the scorch time. When
there is a rise of 2 unit, which is evidenced in the increase in torque, the vulcanization is
considered to have started. The Ts2 is when 2% of the crosslinking have been achieved and
is therefore seen as the time crosslinking starts and is vital to understand the required
induction time for each compound.

e Ty (min): The curing kinetics differ across compounds. Most often, it can result to reversion,
normal cure, or marching. For a normal cure, the curing continues to almost a constant after

the highest torque has been achieved. To avoid curing close to the point where the
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vulcanization properties would change, a 90% curing is sometimes considered optimum and

is deduced as

90/100 (My — M) + M, (2.1)
Where My and M are the maximum and minimum torque. At the Too, the crosslinking
achieved is sufficient to end the vulcanization at this stage. Sometimes, curing is also done
up to Tos to attain a 95% crosslinking. Curing to reach the highest torque before ending the
vulcanization may not be ideal.
M. (dNm): This is the minimum torque which indicates the base point at the start of
vulcanization. The viscosity of the compound at this point is lowest and starts to increase
when the crosslinking starts. It is used alongside the maximum torque to determine the
crosslinking density.
Mu (dNm): This is the maximum torque achieved during the vulcanization and is used to
understand the moment vulcanization properties may be compromised or no longer
becoming desirable. At this point when the maximum torque is achieved, curing beyond this
point becomes undesirable as it could result to reversion. The My is therefore used to
monitor and understand the time needed to end the vulcanization.
CRI (min!): The cure rate index is a measure of the efficiency of the curing process.

Considering the scorch time and the optimum curing, the CRI is deduced as below.
100/(ts2 — tyg) (2.2)

When the scorch time is short (without premature vulcanization), an optimum curing time
is achieved early which is an indication of higher curing rate. However, at delayed scorch

time, the curing rate is often impacted leading to lower curing rate index.

2.5.6 Characterizations

2.5.6.1 Dynamic light scattering (DLS)/ Zeta potential (ZP)

The dynamic light scattering method has been a useful tool for the analysis of nano particle sizes

alongside the zeta potential to understand the surface charge corresponding to its colloidal stability.

For composite preparation, particle sizes and surface area of the fillers are important as it gives an
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idea of the effective contact available for interaction in the composite. Particles scatter light when
illuminated and the DLS uses the scattering to determine the particle sizes. In a colloidal suspension,
particles undergo a Brownian motion and interaction among particles creates an absorbed layer on
the interfaces. The DLS and zeta potentials make use of the interactions within the colloidal

suspension to estimate the hydrodynamic radius of the particles [77].

CNC particle morphology is rod-like in shape while the dynamic light scattering method estimates
the hydrodynamic diameter from the translational diffusion coefficient of spherical particles
undergoing Brownian motion. The hydrodynamic diameter estimated from the Stokes-Einstein
equation does not effectively correlate to the length or width of CNC rod-like particles. This is due
to the geometry of CNC particle with unequal dimensions and undergoing uneven motion from both
axes. The size estimate for cellulose nanocrystals with different morphology is therefore considered
to serve for relative comparison [78]. Other methods such as AFM, SEM, and TEM are some of
dominant methods used to effectively estimate the sizes of CNC particles and substantial difference
exist when compared with DLS particle sizes. The average particle sizes estimated from DLS are in
most cases approximately half of the length obtained from electron microscopy [79]. CNC
suspension is polydisperse and the particle size distribution is essential in the estimation of the

average particle sizes.

Sample preparation method is a crucial step in achieving accurate estimation. Samples must not be
sedimenting or aggregating and must be prepared at defined concentrations to have a good

comparison among samples.
2.5.6.2 Elemental analysis

The presence of some chemical components could be measured using the elemental analyser. In
subsequent chapters, the use of the instrument was necessary to determine the elemental
composition of the various samples. For example, when CNC is produced, the sulphate half esters
on the surface of the CNC promotes stability of the colloidal suspension. The contributions of these
sulphate groups in the CNC composites are worthy of studies. The amount of these sulphate groups

could be assessed corresponding to the amount of sulphur content using the elemental analyser.

The amount of sulphur present in CNC estimated from elemental analyser often represents the total
amount compared to titrimetric method that may have limitations accessing some amount of

sulphur [80].
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In addition, for modification reactions involving the grafting of some functionality on the surface of
CNC, the increment in the values of the elemental content is an indication of the success of the
reaction if there are no contributions from impurities. Estimations of the elemental content such as
carbon, hydrogen, nitrogen, and sulphur (CHNS) alongside some calibrations have been made
possible and simple by some vendors. Elemental analyser was therefore one of the indispensable

means to access the success of some of the reaction.
2.5.6.3 X-Ray Diffraction

CNC and alpha-1,3-glucan have abundant hydroxyl groups on the surface which results in strong
hydrogen bond interactions. These interactions help in maintaining fibre alignments, which results
in well-organized crystalline regions. The crystallinity of the filler particle contributes immensely to
the behaviour, which can remarkably affect the properties of the composites. X-ray diffractometer

are used to study the crystallinity of materials.

A crystallite has minimal defects and can diffract rays when directed at it at a particular angle. The
diffractions are therefore analysed to understand the crystallinity and atomic structure of the
materials. Subsequently, the information is used to estimate the crystallinity index of materials.
Analysis to estimate the crystallinity index (Cl) especially for cellulose has been met with large
discrepancies among results depending on the process employed. The simplest method is finding
the ratio of the largest crystalline peaks to the total crystalline and amorphous regions [81, 82]. This
method is fast and convenient, but it does not consider contributions from other crystalline peaks.
Rather, the deconvolutional method using Gaussian distribution considers the ratio of all the
crystalline peaks to the crystalline and amorphous regions [83-85]. This approach comes with the
challenge of constructing a base line with good precision of selecting the peaks base when the peaks
are broad at the base as is obtainable for CNC and alpha-1,3-glucan. The deconvolutional method

was employed in estimating the various crystallinity indexes of the used fillers.
2.5.6.4 Thermogravimetric analysis (TGA)

The thermogravimetric analysis has been a useful means to study the thermal properties of
materials. During composite processing, especially for thermoplastics where high processing
temperatures are required, the fillers are expected to be thermally stable to withstand the

processing temperatures. The TGA method is suitable which heats the material at wide range of
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temperatures and at specific heating rates. The response of the material is indicative of its thermal

resilience.

Samples are added to crucibles and heated in inert atmospheres especially for materials that are
susceptible to oxidation or other reactions that can influence the results. In this work, alpha-1,3-
glucan and cellulose nanocrystals were analysed under nitrogen flow with heating temperatures

ranging from 30 to 600°C.
2.5.6.5 Scanning Electron Microscope (SEM)

The reinforcement of composites by fillers in part has contributions from the particle morphology.
Cellulose nanocrystals, alpha-1,3-glucan and silica have their specific morphologies. During
synthesis, the morphology could be impacted. The scanning electron microscope is a reliable
method of studying the morphological characteristics of filler particles. This method is easier to

study the filler before the addition into the composites.

The process uses electron beam to bombard a surface containing the sample. The signals from the
secondary electrons resulting from the bombardment are analysed to understand the surface
topology of the materials. In this case, it is required of the sample to be conductive. However,
polymeric materials such as the fillers under study are not conductive. To overcome this drawback,
a conductive coating such as gold or carbon is used. For practical purpose, a coating in the range of
5-10 nanometre was found adequate to aid image acquisition for cellulose nanocrystals and glucan
materials. More so, the conductive coating should be deposited in a manner that it does not form a

film layer on the sample and thereby preventing image acquisitions.
2.5.6.6 Dynamic mechanical analysis

When a polymer is filled by particulate material, the properties improve considerably. The behaviour
of the composites is majorly dependent on the filler-filler interaction resulting from the dispersion
and aggregate structures as well as the filler polymer interaction. Dynamic mechanical analysis of
the materials therefore gives an understanding of these properties by providing information of the

material response when subjected to deformations.

To study the reinforcement mechanism, the oscillating disk rheometer has been a useful tool in the
industry for this purpose. The measurement principle involves applying a certain stress or strain on

the material and measuring the response of the material. When a sinusoidal force is applied on the
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material, a phase lag results which is due to the deviation of the material from an ideal elastic
medium. In this case, considering a hydrodynamic model, the compound is typical of a viscous media
filled with particulate materials. These particulate materials cannot be deformed unlike the viscous
phase. Hence it acquires a hydrodynamic behaviour when subjected to deformation. A derivation
accounting for this hydrodynamic behaviour in a viscous phase alongside other considerations is
used to estimate the reinforcement of filler particles. An in-phase response corresponding to the
storage modulus and out of phase detected sinusoidal wave corresponding to the loss modulus are
important parameters to understand the reinforcement of the filler particles. The ratio of the loss
modulus to storage modulus is known as the tangent delta, which is the damping ability of the

material. Detailed derivations of these parameters have been presented elsewhere [86-87].

The test conditions are critical in the measurement. Mostly used in this work is taking measurements
at 70°C and at a frequency of 1 Hz. In these conditions, the oscillating disk makes an angular sweep

corresponding from 1 to 100% elongation.

The storage modulus at low strain is always higher and depicts the stiffness of the material.
However, when the strain increases from 1 to 100%, the material undergoes cyclic deformations
thereby loosing part of its networking structure. The difference from the highest to the lowest
storage modulus is considered the Payne effect. This is the filler network breakdown, which can lead
to hysteresis. In tire testing, these parameters are crucial to give an idea about the service life of the
tire compound. It is difficult sometimes to have a pegged value on the parameters because when
tires are designed, the applications may place a preference on a specific property. For example, tires
that are expected to provide a better grip might require a lower tangent delta. For each compound,

some of these parameters were determined as outlined below.

e Storage modulus (G’, kPa): When polymers are filled with particulate materials, they
contribute to the reinforcement of the compounds, thereby making them stiff. The storage
modulus G’ could therefore be loosely translated as the ability of the material to elastically
resist deformations. Although, there are several postulations to the exact contributions to
the storage modulus, the filler-filler networking contributes immensely to the storage
modulus. Fillers such as cellulose nanocrystals and micro fibrillated cellulose with higher
aspect ratio have a strong filler-filler networking and compounds prepared therefrom
possess high storage modulus at low strain. Besides the contributions of the filler, the

crosslinking created during vulcanization and possible contributions of crystallization
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properties of polymers add to increase in storage modulus. Comparatively, the green
uncured compounds have a lower storage modulus with possible contribution from the filler
networking alone. While the vulcanized compounds have crosslinks, which increases the
storage modulus. For each compound, this parameter was estimated.

Payne effect: During cyclic deformations, the filler network is broken down and the
successive deformations leads to non-recoverability of the filler networks. At 100%
deformations, the filler networking is totally broken down and the extent of breakdown from
deformations at low strain up to 100% strain is known as the Payne effect. At high Payne
effect, the compounds possibly demonstrate a poor dispersion and poor filler-polymer
interaction. When filler and polymer networks are broken down during the deformations
process, the energy loss creates heat which is related to hysteresis. For the service life of a
tire, the Payne effect is a vital parameter used to understand the ability of the compound to
cope at certain extreme conditions.

Tangent Delta: Polymeric materials have increased applications when filled with particulate
materials. The properties obtained from this combination is a mixture of viscous and elastic
portions and the tangent delta gives the ratio of both properties. At low tangent delta, the
elastic properties of the material tend to increase and at high tangent delta, the compounds
show a more viscous character. For most compounds, low tangent delta is desired at 70°C,

although specialised uses might require higher values.

2.5.6.7 Tensile measurements

It is important to study the static and dynamic conditions of the composite material. The tensile
measurement provides this opportunity to subject the material to different types of stresses and
measure its response to it. Most importantly is the response of the material at different percent
elongations, up to elongation at break. It shows the maximum strain and stress the material can
bear. This also gives an idea about the interaction between the filler and polymer chains. The Mullins

effect is a clear description.

When a filler-polymer material is subjected to stress, a debonding tends to occur between the filler
and the polymer chains. In fact, when a polymer is filled with particulate fillers, besides the
interactions that takes place, there are high restrictions to the mobility of the chains, and it will

depend at what level of strain a total detachment leading to easy mobility will occur. When the
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material is strained, its response will also indicate the ability of the material to strain crystalize to
resist the effect of the strain. It is therefore necessary not just to understand the dynamic
mechanical analysis, which gives a better understanding of the filler networking and energy

dissipations but also the strength it possesses and the maximum stress it can bear.
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Chapter 3

CNC as a biofiller: optimizations of compounding conditions.

3.1 Introduction

There is a rise in discovery of more interesting properties of cellulose and it have continued to
generate enormous research and reviews [1-3]. Some of these researches are targeted at tailoring
CNC to different applications. It is obvious that the use of CNC is limited because of their hydrophilic
nature. The presence of hydroxyl groups on the surface cast a hydrophilic character which makes it
incompatible with widely used hydrophobic polymer matrixes. A possible solution is to functionalize
the surface of the CNC (or the matrix) to promote compatibility. Besides the modification of cnc to
extend its use, the cnc synthesis as well as composite preparation techniques are vital areas that

contributes immensely to the applications of cellulose nanocrystals.

For the tire industry, silanes are heavily consumed as a simple and reliable means of functionalizing
fillers for compatibility with polymers matrixes [4-6]. Silica is one of the dominant fillers for tire
composite and has a similar surface chemistry with cellulose hence the attempt to use silanes to

prepare CNC-natural rubber composites.

Previous work has been done by Danish et al. [7] on the preparation of CNC-natural rubber
composites using silanes. A 30 phr of CNC co-precipitated with latex rubber was studied with
different silanes and properties were compared to silica as a reference. This plausible work and
others did not explore the optimization of the CNC-natural rubber preparation process such as the
effect of compounding temperature, silanization time, amount of loaded silanes and stages for the
addition of zinc oxide and other additives. The variation of these conditions could result in
remarkable changes in the properties of the prepared compound. This chapter is therefore devoted
to understanding the resulting properties from the variations in the processing conditions and to

establish a mixing procedure that would be used subsequently.

To achieve this target, aliphatic and cyclic silanes were used as shown in figure 3.1. The aliphatic

silanes are bifunctional, and their coupling reaction is different from the cyclic silanes. The cyclic aza
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silanes are rather reactive and proceed by ring opening reaction by the cleavage of Si-N and Si-S
bond within the silane structure. Subsequently, a hybrid material was prepared by varying the

amount of silica and CNC in the NR composite using cyclic silane as the compatibilizing agent.
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Figure 3.1 Aliphatic and cyclic silanes (a) bis(triethoxysilylpropyl)disulfide (TESPD), (b) (3-
aminopropyl) triethoxysilane (APS), (c) 2,2-dimethoxy-1-thia-2-silacyclopentane (SID), (d) n-n-butyl-

aza-2,2-dimethoxysilacyclopentane (SIB).
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3.2 Experimental method

3.2.1 Materials

Cellulose nanocrystals suspension was purchased from Celluforce, Canada. Acetic acid,
bis(triethoxysilylpropyl)tetrasulfide, (3-aminopropyl)triethoxysilane, were purchased from Sigma
Aldrich. 2,2-dimethoxy-1-thia-2-silacyclopentane, N-n-butyl-aza-2,2-dimethoxysilacyclopentane
were purchased from Geelest. Sulphur, stearic acid, zinc oxide, N-(1,3-dimethylbutyl)-N'-phenyl-p-
phenylenediamine (6PPD), N-cyclohexyl-2-benzothiazylsulfenamide (CBS), 2,2,4-trimethyl-1,2-
dihydroquinoline (TMQ) and natural rubber latex were provided by Pirelli. All materials were used

as received.
3.2.2 Composites preparation

A masterbatch containing 30 phr of cellulose nanocrystals was prepared by weighing an appropriate
amount of CNC suspension and mixed with latex rubber for 20 minutes until homogeneity. Acetic
acid amounting up to 10 % v/v of the mixtures was measured and used to co-precipitate the
mixtures by adding dropwise thereto with continuous stirring. The coagulated CNC-rubber was
pressed, washed, and chopped in smaller pieces. Thereafter, it was soaked overnight and dried at
40°C in a convection oven till constant weight (approximately 7 days). The dried CNC-NR compound
was mixed with other ingredients in a brabender mixer and later characterized to understand the

properties.
3.2.3 Characterization

The prepared composites were characterized by the following:

Dynamic mechanical properties: The dynamic mechanical properties of both cured and uncured
CNC-NR compounds were performed using a Rubber Process Analyzer (RPA 2000, Alpha
Technologies). Measurements of the strain sweep extending from 1 to 100% were conducted at

70°C, 1Hz.

Tensile measurement: Tensile measurements were performed using a Zwick/Roell tensile testing
machine. The test was performed according to ISO 37 and UNI 6065 standards. Green samples were
vulcanized and cut into a dumbbell shaped specimens and tensile strength, stress at elongation of

10, 50, 100, 300 % and elongation at break properties were measured.
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Vulcanization properties: The vulcanization kinetics of samples was studied using a moving die
rheometer (RPA 2000, Alpha Technologies). The vulcanization of the samples was carried out at
150°C, 30 minutes and rotor frequency of 1Hz. From the measurement, the minimum (Mu) and

maximum torque (M), scorch time (Ts2) and optimum cure time (T90) were determined.

3.3 Discussions and results

3.3.1 Aliphatic silanes

TESPD and APS were used as compatibilizing agents in CNC-NR composite, while silica reinforced
compounds were prepared with TESPD and used as a reference. Silica-NR compound could be
prepared with APS silanes but the functionalization does not promote filler-polymer compatibility
during in situ functionalization in brabender internal mixers. Modifications of silica nanoparticles
with APS are majorly successful when they are pre functionalized with APS before addition into
polymer matrixes [8-10]. The CNC-NR compound was prepared by co-precipitation while silica-NR
compound was prepared by melt mixing dry silica with coagulated rubber in brabender internal
mixer and the effect of silanization time, temperature and amount of silanes are discussed below.
The mixing recipe is shown in table 1.2 while the procedure was adopted [7] with addition of silanes

amounting to 8% of the filler content.

Mixing stage Time (min) Temperature (0C) Activity
Step 1 0 60 Load rubber and filler
3 Add silanes
Add stearic acid, zinc oxide
10 Unload
Step 2 0 60 Load masterbatch from Stepl
1 Add sulfur, CBS, TMQ, 6PPD
3 Unload

Table 3.1 Mixing procedure for silica and CNC compounds.
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Ingredients S-TESPD CNC-TESPD CNC-APS

Polymer/filler system

Natural rubber 100
Silica 30
100PHR NR + 30PHR CNC 130 130
Compatibilizer
TESPD 24 2.4
APS 2.4
Vulcanization system
Soluble sulfur 2 2 2
Zinc oxide 5 5 5
Stearic acid 2 2 2
CBS 2 2 2
Antioxidants/antiozonants
T™OQ 1 1 1
6PPD 1.5 1.5 1.5

Table 3.2 Mixing formulation for silica and CNC compounds
3.3.1.1 Silanization time

The various compounds were prepared and allowed to silanize from two to four minutes at 60°C
(Brabender temperature setting) and the effect on the vulcanization and dynamic mechanical
properties were studied. From table 3.3, it is evident about the changes from two minutes to four
minutes silanization time. There were moderate changes from the time increment, and it was more
remarkable for APS functionalized compounds. The cnc compounds prepared with TESPD and APS
showed better curing kinetics compared to the reference compounds (Silica-TESPD). The difference
in the torque AM which corresponds to the crosslinking density was higher in CNC-APS and CNC-
TESPD silanized compounds. For example, at 2 minutes silanization, cnc compounds prepared with
TESPD and APS had 13.1 dNm and 16.73 dNm respectively compared with silica compound having
a AM =11.01 dNm. When the silanization time was increased to 4 minutes, the crosslinking density
also increased as reflected in the increased values of AM. This is an indication that allowing more

time for silanization could increase the crosslinking density.

Silica compounds are known to absorb curatives [11] and part of the curatives may be excluded or
delayed from contributing to the curing process which is evident in the delayed curing and lower
torque compared to CNC-NR compounds. TESPD silanized compounds also showed a delayed curing

with optimum curing Tog both for silica and CNC having closely related values. The slow curing could
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also be attributed to the size of TESPD molecule being large with networks providing steric

hindrances. However, APS silanized compounds achieved an early optimum curing (T90). The

increase in silanization time from two to four also promoted the ability of amine functionality to

enhance the cure rate [12]. More so, the high crystallinity of CNC does not promote absorption of

curatives hence curing kinetic were dictated by the structure of the silanes and other interactions

within the polymer composites. The marginal improvement in the curing properties for four minutes

silanization supports the adoption of four minutes as the silanization time.

Parameters S-TESPD | CNC-TESPD| CMNC-APS | S-TESPD CNC-TESPD| CMC-APS
2 min 4 min
Dynamic mechanical properties
G'0 (kPa) 231.16 287.16 542.32 194,74 238.57 541.95
&

G'== [kPa} ‘;b{"-"q' 117.71 82.40 117.559 85.584 7748 105.45
!
&

Payne effect o 113.45 204.76 424.73 105.9 161.09 436.5
G'0 (kPa) 340.99 1111.33 1326.46 917.45 117517 1387.89
G'== [kPa} 657.98 T07.82 291.52 625.81 F17.70 910.75

o
Payne effect \‘:}{‘ 283.01 403.51 434.94 287.64 447 .47 477.14
4\'}
Tan &0 0.033 0.052 0.030 0.040 0.045 0.034
Tan == 0.0458 0.058 0.062 0.057 0.068 0.070
Vulcanization characterisics
Parameter S-TESPD CMC-TESPD CMNC-APS S-TESPD CNC-TESPD CMC-APS
2 min 4 min
T52 {min) 11.19 2.48 3.06 10.23 B.67 3.15
T90 [min) 17.51 14.33 5.58 15.584 14.35 5.93
CRI [min-1) 15.82 17.0%9 39.68 17.83 17.48 35.97
ML [dNm) 1.59 1.07 2.33 0.98 1.02 1.83
MH (dNm) 12.60 14.38 19.06 12.74 15.23 20,11
AM [dNm) 11.01 13.31 16.73 11.76 14.21 18.28

Table 3.3 Vulcanization and dynamic mechanical properties of silica and CNC compounds from 2 to

4 minutes silanization time at 60°C.
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The dynamic mechanical properties of both vulcanized and unvulcanized compounds showed a
mixed trend. Most importantly are the values of the storage modulus G’ which is a measure of the
stored energy in the form of reinforcement. Contributions from the crystallinity and morphology of
CNC coupled with the strain induced crystalline properties of natural rubber are considered vital in
promoting reinforcements under dynamic deformations. In the green compounds (unvulcanized),
there is a reduction in the storage modulus of all the compounds when the silanization time was
increased from two minutes to four minutes. The possible explanation to this occurrence especially
for cnc compounds is the fact that cnc particles are hydrophilic and have the tendency to aggregate
even during compounding in matrixes. Therefore, increasing the silanization time during
compounding could possibly allow some dispersed particle to form localised aggregates that will
affect the storage modulus. When the compounds were vulcanized, there was no remarkable
improvement in the storage modulus from two to four minutes. The APS compatibilized compounds
were shown to have higher storage modulus compared to TESPD compatibilized compounds. The
trends in APS compatibilized compounds showed that the silane structure promotes dispersion but
compatibility between the filler and polymer was poor. During higher deformations it was easy to
break down the filler networking alongside debonding the weak interaction of the filler and polymer
within the matrix hence the higher Payne effect. From the vulcanization kinetics, there were higher
crosslinking densities when silanization was increased to four, which resulted in a reduced chain
mobility contributing to higher reinforcement at low strain. Accordingly, the increase in Payne
effect shows that the dispersion and filler networking was good. However, the compatibility was
not sufficient to create a resilient filler-polymer interaction that can withstand high deformations.
The earlier postulation of localized aggregates when the silanization time is increased from two to
four minutes could be connected to the high Payne effect as seen in the four minutes silanized
compounds. The tangent delta as a measure of the damping properties of the compounds also
increased marginally for all samples when the silanization time was increased. This could also be
attributed to possible aggregates of fillers during longer processing that would create viscous
regions without the presence of strong polymer-filler interactions. Also, the reduction of polymer
molecular weight during mixing can be another factor. Although the concept of dispersion, filler-
filler network, filler-polymer networking relating to the filler structure and chemistry need to be

revisited for each filler type [13].

3.3.1.2 Compounding temperature/zinc oxide addition
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From the section above, it was evident that a four minutes silanization time and processing at 60°C
(as Brabender setting) had an aspect of improved properties and gave sufficient time for compound
preparation. However, it was observed that compounding at lower temperature could result in
unreproducible compounds. The friction from the compounding process increases the real
compound temperature with a temperature profile different from successive compounds, which
could affect compound properties. After comparisons of compounds made at 60°C and 130°C,
results (not presented) were relatively the same at both temperatures. The compounds made at
130°C maintained a relatively the same temperature profile up to the end of the mixing process
because of reduction and near constant viscosity. More so, the role of zinc oxide as a sulphur
vulcanization activator was considered. It was understood that the complex it forms alongside
stearic acid has the possibility of masking the surface of CNC when added with silanes. This led to
formulation of a different mixing procedure by adding the zinc oxide in the second mixing stage to

avoid interruption of the silanization process. Below is presented a new mixing procedure.

Mixing stage Time (min) Temperature (0C) Activity

Step 1 0 130 Load rubber and filler
2 Add silanes
6 Add stearic acid
7 Unload

Step 2 0 60 Load masterbatch from Step1l
1 Add sulfur, CBS, TMQ, 6PPD, zinc oxide
3 Unload

Table 3.4 Mixing procedure for compounds at 4 minutes silanization and at 130°C.

The vulcanizations as well as the dynamic mechanical properties were studied with compounds
made from this procedure and presented in Table 3.5. The vulcanization characteristics showed a
similar trend from the previously presented results (table 3.3). The cure rate index (CRI) and
optimum curing time (Tqo) increased remarkably for all compounds. The vulcanization also started
early. APS silanized compounds were outstanding as all the vulcanization parameters showed a very
fast curing, which could be critical for processability. It appears that the amine functionality in the
silane structure contributed actively to the vulcanization process. This could be an indication for
considering CNC compounds that would be functionalized with the incorporation of NH, groups to
aid fast vulcanization. In general, the CNC structure and morphology also, do not self-assemble in a
manner that would impede on the vulcanization process. Therefore, the vulcanization of CNC

compounds is faster than silica compounds. There are suggestions that sulphuric acid derived CNC
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(which are used in this work) with the available sulphate half esters could form a chemical network
with zinc oxide that would facilitate the vulcanization process [14]. It also shows that processing the
composites at higher temperature reduces the viscosity of the compound, which can facilitate an
easy dispersion of filler particles. This has the tendency to reduce localised aggregations of CNC

particles that could have negatively impacted on the crosslinking.

Parameters | |  sTesPD |  cNc-TESPD CNC-APS
Dynamic mechanical properties
G'0 (kPa) 201.72 357.67 629.3
g
G'oo (kPa) 'b('\s‘.\' 97.04 99.45 117.59
&

Paygne effect S 104.68 258.22 511.71
G'0 (kPa) 1075.58 1330.14 1230.46
G'oo (kPa) 704.47 815.84 869.69

.&6
Paygne effect & 371.11 514.3 360.77
3
\\0
Tan 860 0.033 0.052 0.03
Tan 8o 0.048 0.058 0.062
Vulcanization characterisics
Parameter S-TESPD CNC-TESPD CNC-APS
TS2 (min) 11.19 8.48 3.06
T90 (min) 17.51 14.33 5.58
CRI (min-1) 15.82 17.09 39.68
ML (dNm) 1.59 1.07 2.33
MH (dNm) 12.60 14.38 19.06
AM (dNm) 11.01 13.31 16.73

Table 3.5 Dynamic mechanical and vulcanization properties of rubber compounds at 130°C

compounding temperature.

The responses of the composites to dynamic deformations were compared among compounds using
silica-reinforced compounds as a reference. The reinforcement of the green compounds prepared
with APS was high compared with silica prepared TESPD. Both the vulcanized and unvulcanized
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compounds of APS showed higher reinforcement, indicating good dispersion and higher crosslink
density. The G’ values of APS prepared compounds at 100% deformations were reasonably high
also. Considering the fast vulcanization kinetics of the APS compounds, te is achieved at 3.32
minutes with reversion of the curing curve starting afterwards. Regardless of this occurrence, the
properties of APS functionalized compounds have been remarkable. The CNC-TESPD compounds
although similar with silica-TESPD is shown to have improved properties except for a higher
hysteresis, which could be attributed to the higher storage modulus, probably because of strong
filler-filler interactions and higher filler volume (equal weight of silica and Cellulose were employed).
The reinforcement of CNC-TESPD compound were higher than the reference silica, this also
correlated to the higher Payne effect and tangent delta, which are indications of filler network
breakdown and lower filler-polymer interactions. It was evident that compounding at 130°C partly
reduces the problems of reproducibility of compounds as compounding and dumping temperatures

remains relatively the same.
3.3.1.3 Percentages of silanes

Previously, compounds have been prepared by adding silanes amounting to 8% of filler content.
That means, for a 30 phr of filler, a 2.4 phr of silanes were added. Considering the performance of
some of the silanes, it was necessary to vary the amount of silanes from 12, 5 and 2% to understand

if reduction or increase would bring remarkable properties.

Samples were prepared by adopting the mixing protocol of table 3.4 and compared with silica as a
reference. The vulcanization properties of the various compounds are presented in table 3.6. The
results for APS vulcanized compounds showed a trend that is usual of APS compatibilized
composites. The increase of APS silane amount from 2% to 12% reduced immensely the scorch time
and the optimum vulcanization time (T90) and increased the curing rate index (CRI) drastically. This
shows that APS silanes acts as a secondary accelerator, with critical reduction of processability
window. Although at 12%, the difference between the minimum and maximum torque reduced
remarkably. This could be attributed to the beginning of curing already during mixing, as witnessed

by the increase in ML, together with attainment of tio0 earlier with an early reversion.
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Parameter S-TESPD CNC-TESPD CNC-APS | S-TESPD CNC-TESPD CNC-APS | S-TESPD CNC-TESPD CNC-APS
2% 5% 12%
TS2 (min) 9.00 7.22 4.63 9.72 7.58 2.62 9.26 7.42 1.29
T90 (min) 14.55 11.30 7.80 14.93 11.98 4.62 14.53 12.29 2.74
CRI (min-1) 18.02 24.51 31.55 19.19 22.73 50.00 18.98 20.53 68.97
ML (dNm) 2.10 1.75 2.32 2.03 1.73 3.18 1.59 1.92 4.13
MH (dNm) 12.96 18.56 22.64 13.17 18.88 22.45 14.14 17.99 18.17
AM (dNm) 10.86 16.81 20.32 11.14 17.15 19.27 12.55 16.07 14.04

Table 3.6 Vulcanization properties of silica and CNC compounds at different silane loading.

The TESPD compatibilized compounds of CNC and referenced silica shared similar trends with longer
scorch time and optimum vulcanization time. Silica is generally known to absorb curatives and
slowly releasing them, which makes the curing process slow. But in this scenario, the crystalline CNC
which has not been known to have this behaviour, also behaves similarly. This could partly be
attributed to the silane structures within the matrix. Perhaps there could be difficulty in hydrolysing
the ethoxy groups with the unhydrolyzed species of TESPD impeding on the vulcanization kinetics.
Ordinarily, only an effective hydrolysis could determine the effectiveness of the TESPD silanes,
which may be difficult to ascertain. In fact, an in-situ silane functionalization cannot control the
extent of silane hydrolysis. For CNC-TESPD compounds, beyond 5% silanes the vulcanization
properties slightly reduced especially the AM and the curing rate index. This could be an indication
that more TESPD silanes may not confer outstanding properties beyond 5%. Generally, it is evident

that silanes perform better with CNC as filler compared to silica in natural rubber composite.

The observed mechanical response to deformations shows a trend and is presented in figure 3.1.
The reinforcement of the filler particles showed a trend from lower silane amount to higher silane
loadings. For all the CNC compounds, the storage modulus was higher than the reference silica
compounds both at 1% and 100% deformations. Higher reinforcements as shown on the storage
modulus G’ were observed with APS silanized compounds, as expected from the higher crosslinking

density.
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Figure 3.1 Storage modulus of silica and CNC compounds at different silane loading.

Although the modulus reduced with increasing silane content, the Payne effect (shown in table 3.7)
also reduced showing an increase in filler-polymer interaction. This increase in filler-polymer
interactions is also related to the filler dispersions as the storage modulus of unvulcanized APS
silanized compounds were observed to have increased remarkably at low strain. The trends
obtained for APS shows that the properties of the compounds are directly correlated to the amount
of APS silane used. This gives the clue that APS is more reactive than TESPD with easier silane
structures that relates to the amount of APS present. These trends of APS silanized compounds were
also visible on the tangent delta. It was greatly reduced as the silane content was increased,. This is
an indication of the increase in the elastic portions of the compounds, as expected in relation to

higher crosslinking. However, this may not be obtainable for TESPD silanized compounds. There are
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similar trends as the storage modulus of TESPD modified CNC are always higher than silica-TESPD

compounds.

Payne effect S-TESPD CNC-TESPD CNC-APS S-TESPD CNC-TESPD CNC-APS  S-TESPD CNC-TESPD CNC-APS
2% 5% 12%

Unvulcanized 130.84 295.73 522.06 127.48 326.31 609.56 123.51 297.34 624.64

Vulcanized 442.75 552.15 690.57 389.93 562.6 595.18 379.46 518.83 362.07

Table 3.7 Payne effect of silica and CNC compounds at different silane loading

Tan delta S-TESPD CNC-TESPD CNC-APS  S-TESPD CNC-TESPD CNC-APS  S-TESPD CNC-TESPD CNC-APS

2% 5% 12%
1% 0.047 0.05 0.052 0.037 0.048 0.042 0.039 0.046 0.037
100% 0.063 0.065 0.082 0.060 0.072 0.075 0.061 0.070 0.072

Table 3.8 Tangent delta of silica and CNC compounds at different silane loading.

Above 5% silane loading, the behaviour of TESPD modified compounds changes and there is no
general trend. The two ethoxy groups on the TESPD molecules would require sufficient hydrolysis
and the properties it impacts on the compounds would largely be dictated by it and not necessarily

the amount of TESPD silane that was added.
3.3.1.4 Tensile properties

The tensile behaviour of APS and TESPD modified compounds were studied for compounds made
at 130°C, four minutes silanization and 8% silane loading. The results of these tensile mechanical
properties are shown in table 3.9 with behaviours typical of the silane types. APS modified
compound showed a different behaviour as the strain induced stress increased significantly.
However, the strain increase did not proceed up to 300% MPa. The elongation at break also was low
compared to the reference silica compound and subsequent CNC-TESPD compound. This is an
indication of a very stiff material resulting from restrictions of its polymer chains. From physical
observations, the material was overtly stiff compared to other compounds. The reductions in chain
mobility resulting from filler-polymer interactions and contributions from vulcanization crosslinking

may have made the APS silanized compounds relatively brittle.
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Property S-TESPD CNC-TESPD CNC-APS

Stress 10% [MPa] 0.38 0.68 0.71
Stress 50% [MPa] 1.08 2.57 3.30
Stress 100% [MPa] 1.91 5.54 7.76
Stress 300% [Mpa] 10.02 15.87 -
Elongation at break [%)] 386.82 352.08 156.93
Tensile strenght [MPa] 16.22 17.90 12.32

Table 3.9 Tensile properties of silica and CNC compounds.

Brostow et al. [15] had developed a correlation to estimate the brittleness of polymer filled

materials from the storage modulus and elongation at break as shown in equation 3.1.
B =1/¢y,G’ (3.1)

Where B is brittleness, ¢, is elongation at break and G’ is the storage modulus. Considering the
storage moduli at 100% deformation for vulcanized compounds, estimated values of brittleness for
APS compounds were significantly higher than silica and CNC-TESPD compounds. Although chemical
composition and chain structure could give indication on the possible behaviour, the significance of
elongation to brittleness has been explained [16]. The strain response of CNC-TESPD compounds
compared with silica compounds also showed improved mechanical properties. CNC particles are
crystalline and more reinforcing with higher restrictions on chain mobility. These tensile properties
are indications for designs to maintain a trade-off on the amount of CNC and silanes to be loaded
into the matrix to maintain good interactions while not tending towards brittleness. For the CNC-
APS compounds not being able to be stressed up to 300%, it is suggestive that lower amount of

silane may serve as an alternative means to reduce the brittleness.
3.3.2 Cyclic silanes

Cyclic silanes are new set of silanes that are explored to understand the compatibilization
mechanism in filler-polymer composites. The usual alkoxy silanes undergo hydrolytic reaction to
form bonding structures. Eventually, hydrolysis of the silanes is a critical step but for in situ

composite preparation, it is difficult to control. Therefore, there are possibilities of insufficient
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hydrolysis or self-polymerization of the compatibilizing silanes with bulk structures leading to low
surface coupling. Considering the low energy bond of Si-N (355 kJ/mol) and Si-S (293 kJ/mol)
compared with conventional silane bonds Si-O (452 kJ/mol) [17], there is a considerable driving
force for the formation of a Si-O bond which promotes the reactivity of these cyclic silanes. The
reaction also proceeds from ring opening because of loss of ring strain energy without requiring
water as catalyst [18]. With these possible benefits, the cyclic silanes could be effective alternatives

to conventional silanes.

Cyclic silanes have been studied with silica [19, 20] to functionalize the surface and it was used to

understand how its high reactive nature would be beneficial in the preparation of CNC composites.

Compounds were prepared as described in section 3.2.2 while the mixing procedure is described in
table 3.4. The various compounds were mixed in a brabender internal mixer with variation in the

silane content amounting up to 12, 5 and 2 % silane content. Formulation recipe is presented below

in table 3.10.
Ingredients SSIB CSiB
Polymer/filler system
Natural rubber 100
Silica 30
100PHR NR + 30PHR CNC 130
Compatibilizer
SIB 3.6, 1.5, 0.6 3.6, 1.5, 0.6
Vulcanization system
Soluble sulfur 2 2
Zinc oxide 5 5
Stearic acid 2 2
CBS 2 2
Antioxidants/antiozonants
TMQ 1 1
6PPD 1.5 1.5

Table 3.10 Formulation recipe for silica-cyclic silane compounds (SSIB) and CNC-cyclic silane

compounds (CSIB).

3.3.2.1 N-n-butyl-aza-2,2-dimethoxysilacyclopentane (SIB)

e Vulcanization
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The SIB silane has a Si-N bond in the ring and was used to prepare CNC and silica compounds at
various silane loadings. The vulcanization kinetics, dynamic mechanical and tensile measurements

were studied. In table 3.11 is shown the vulcanization behaviour of the various compounds.

The trends of the vulcanization for CNC are very similar with silica compounds. It was observed that
the vulcanization starts early and achieves early curing with increasing silane content. However, the
torque AM corresponding to the crosslinking density increased with reducing silane content. The
same was observed for silica compounds. This could imply a silane-silane interaction when added in
large amount that would impede a better networking. Although the matrix could be flooded with
silanes which leads to early optimum vulcanization and higher curing index probably because of
short distances within the silane molecules, the networking of the silanes could pose another
problem. It was observabed that increasing the amount of silane for all the compounds reduces the
scorch time at the start of the vulcanization and increases the cure rate index. However, a higher
crosslinking density is not necessarily achieved. The curing kinetics therefore revealed that it is
advantageous to use lower amount of silanes to achieve higher crosslinking density. Although there

may be a little delay at achieving optimum curing T90, a higher crosslinking is achieved.

Parameters CSIB12 CSIB5 CSIB2 SSIB12 SSIB5 SSIB2
TS2 (min) 1.26 2.26 3.66 1.52 3.48 4.95
T90 (min) 3.16 4.28 6.3 3.06 6.11 8.33

CRI (min-1) 52.63 49.51 37.88 64.94 38.02 29.59
ML (dNm) 2.39 1.89 1.86 1.29 1.43 1.85
MH (dNm) 15.43 18.42 18.69 12.46 13.94 14.23
AM (dNm) 13.04 16.53 16.83 11.17 12.51 12.38

Table 3.11 vulcanization kinetics of SIB compatibilized compounds. CSIB: CNC compounds; SSIB:

silica compound; 12, 5, 2 correspond to the percentage of silanes.

With the trend observed with the SIB silanes, optimum curing is achieved very early, and a longer
curing could compromise the integrity of the crosslinking network. Silica in general is known to
frequently absorbing curatives thereby leading to a delay curing. However, with this silane, the

optimum curing time Tgo was also achieved very early. Reversion also started afterwards for all
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compounds which would have affected the properties of the composite. For improve and fast curing

of silica filler particles, this silane has shown to be a promising agent.

e Dynamic mechanical analysis

The dynamic mechanical properties were studied to understand the reinforcing mechanism
provided by the SIB silane in both silica and CNC compounds. In figure 3.2 is shown the storage

modulus of the different compounds from 1% to 100% strain.
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Figure 3.2 Storage moduli as a function of strain for unvulcanized and vulcanized SIB silanize
compounds. CSIB and SSIB corresponds to CNC and silica compounds while 12, 5, 2 corresponds to

silane percentages.
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The viscoelastic properties of the various compounds show that the properties of CNC compounds
were improved better than silica compounds. This also alludes to the easy dispersion of rod-like
particles compared to spherical silica particles. At low strain, the storage modulus of CNC compound
in the green state prepared with 12% silanes was remarkably high and closely followed by CNC
compound prepared with 2% silane. This implies that irrespective of the amount of silanes added, a
good processing of the compounds can effectively promote dispersion and reinforcement. In fact,
it is visible that lower amount of silanes could play the same role as large amount of silanes. The
silica compounds attest to this. At low silane loading the dispersion and reinforcement improved as
shown in the green compounds. When the compounds were vulcanized, the trend also continued.
The storage modulus G’ of compound with the least amount of silanes was remarkably high at low
strain and it follows that order up to the highest amount of silane. There is the possibility that a
higher amount of SIB silane may end up providing structures that could lead to steric hindrance to
the coupling reaction because of possible dense networking created in the matrix. Although the
cyclic silanes are very promising, a full reaction mechanism has not been developed. However, it is
evident that this silane can effectively promote dispersion in CNC compound especially at lower

silane loading.

Payne effect CSIB12 CSIB5 CSIB2 SSIB12 SSIB5 SS1B2
Unvulcanized 380.12 289.22 361.29 86.07 145.67 206.92
Vulcanized 309.36 445.01 461.23 237.50 286.48 375.53

Table 3.12 Payne effects of cellulose compounds prepared with SIB silane (CSIB) and silica

compounds prepared with SIB silane (SSIB) at different silane loading.

At high strain, it is not uncommon to have a corresponding higher Payne effect and this was
observed as shown in table 3.12. With lower silane loading, the Payne effect increased accordingly
especially for the vulcanized compounds. This is evident when compared with the reference silica
compounds. As part of interpretations leading to this, it is plausible to consider the effect of the
silanes as playing more of a dispersive role than coupling role. That is why at lower silane loading,
the effectiveness of the silanes is lower leading to a higher Payne effect because of possible poor
dispersions. Although they are reactive, the interaction between the polymer and filler may not be
effective compared to the prevailing filler networking. It is important to note that comparing CNC

compounds with reference silica does not necessarily make the results of the CNC compounds very
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outstanding especially as they are of different morphology, and reinforcement mechanism is also
different. But in this case, a rather more holistic expectations of far-reaching interesting properties
are expected. Besides this, the behaviour of the tangent delta over a range of strain amplitude
alludes to the results of the Payne effect. At low silane loading the tangent delta values increased

for the CNC compounds and the silica compounds as shown in figure 3.3.
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Figure 3.3 Tangent delta of vulcanized cnc compounds prepared with SIB silane (CSIB) and silica

compounds prepared with SIB silane (SSIB) at different silane loading.

It is revealing that at high strain the progressive filler network breakdown resulting in the possible
debonding of polymer chains increased the viscous portions of the compounds leading to a higher
tangent delta. Irrespective of the variation in silane content, the difference in tangent delta values
were not remarkably different for CNC compounds. In this scenario, different silane loading merely

play negligible role in the tangent delta values.

e Tensile properties

The tensile properties of the various CNC compounds were conducted and compared with reference
silica compound and results presented in table 3.13. The stress strain behaviour of the material
under static applied strain is a combination of the filler type and the role played by the silanes. As
could be seen at high silane loading the tensile properties gradually deteriorated and eventually
improved at lower silane loading. For CNC compounds, addition of the silanes up to 12% resulted in
a near brittle material that could not be strain up to 300%. Physical observation confirmed the

stiffness of these materials when these silanes were added in large amount. In table 3.10, especially
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for CNC compounds, it could be seen that reducing the amount of silanes reduced the minimum
torque M. This is an indication that adding large amount of silanes could initiate pre mature
vulcanization during compounding. Also, it could be that the silanes are very reactive and primarily
increases crosslinking that results into a strong coupling between filler and polymer matrix [21].
Other factors such as possible self-condensation of the reactive silane which could form glassy
structures will interfere with filler-polymer interactions and form rigid interface on the polymer
chains. This would restrict mobility of the polymer chains and lead to deterioration in tensile

properties. A good trade-off is maintaining silane loading below 5% percent.

Property CSiB12 CSIBS CSiB2 SSIB12 SSIB5 SSIB2
Stress 10% [MPa] 0.54 0.53 0.56 0.33 0.37 0.36
Stress 50% [MPa] 2.06 232 2.05 1.00 0.97 0.88
Stress 100% [MPa] 4.63 4.84 428 1.93 1.61 1.35
Stress 300% [Mpa] - 13.89 12.56 9.60 6.65 5.19
Elongation at break [%] 386.82 369.21 387.89 364.03 513.67 57854
Tensile strenght [MPa] 6.32 17.76 17.47 13.90 19.67 21.36

Table 3.13 Tensile properties of CNC compounds made with SIB silanes (CSIB) and silica compounds

(SSIB) alongside different amount of silanes 12, 5, 2%.

In terms of the tensile strength, the silica compounds showed better properties compared to CNC
compounds. Also, more elongation is observed for silica compounds at lower silane loading.
However, the tensile properties at 300% strain makes CNC compounds more outstanding. In fact,
for tire compounds, a 300% strain is one of important parameter that gives an insight about real
application possibilities and the CNC compounds possessed better properties in this aspect. In
general, the tensile properties suggest that SIB silane loading beyond 5% for CNC compounds may

compromise the tensile properties of the compounds.
3.3.2.2 2,2-dimethoxy-1-thia-2-silacyclopentane (SID)

In the previous section, the role played by the SIB silanes was explored. Here, the SID silane was also
studied to understand the properties possessed by compounds made with it. The formulation recipe

is presented in table 3.14 while mixing procedure has been outlined in table 3.4.
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Ingredients SSID CSID
Polymer/filler system

Natural rubber 100
Silica 30
100PHR NR + 30PHR CNC 130
Compatibilizer
SIB 3.6, 1.5, 0.6 3.6, 1.5, 0.6
Vulcanization system
Soluble sulfur 2 2
Zinc oxide 5 5
Stearic acid 2 2
CBS 2 2
Antioxidants/antiozonants
™Q 1 1
6PPD 1.5 1.5

Table 3.14 Formulation recipe of silica-cyclic silane compounds (SSID) and CNC-cyclic silane

compounds at different silane loading

e Vulcanization properties

CNC compounds compatibilized with different amount of SID silane were cured at 150°C and at 30
minutes and compared with silica compounds as reference and results are reflected in table 3.15.
There is a relative trend in the vulcanization characteristics with silane loading of 5 and 2% always
having very close vulcanization properties. For the CNC compounds, the scorch time increased with
reduced silane content. This was also observed for silica compounds. The optimum curing time
which was considered as when 90% of the entire vulcanization was achieved also increased when
the silane content was reduced. This is an indication that low silane content was able to provide
networks that facilitates the sulphur crosslinking, probably due to the presence of S-H functionality

after reaction with filler surface.
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Parameters CSID12 CSID5 CSID2 SSID12 SSID5 SSID2
TS2 (min) 1.21 1.67 3.47 1.41 5.85 6.54
T90 (min) 2.75 3.45 6.23 5.18 9.67 10.49

CRI (min-1) 64.94 56.18 36.23 26.53 26.18 25.32
ML (dNm) 4.44 2.19 1.71 2.01 2.05 2.06
MH (dNm) 16.49 17.99 18.51 12.04 13.36 13.18
AM (dNm) 12.05 15.8 16.8 10.03 11.31 11.12

Table 3.15 Vulcanization properties of CNC compounds (CSID) compared with referenced silica

compounds (SSID) at different silane loadings 12, 5, 2%.

The vulcanization kinetics of the CNC compounds were relatively fast compared to the silica
compounds and the curative absorptive nature of silica could still be attributed to this. While the
silica would have absorbed some curatives even at different silane loading, the cure rate index,
minimum torque, and maximum torque were relatively the same for silica compounds. To an extent,
higher crosslinking that corresponds to higher torque was achieved at lower silane loading for silica
compounds. It is rational to assume that large amount of the reactive silanes can self-condense and
form dense structures that can restrict the already absorbed curatives from being released by silica
particles during the curing process. Therefore, lower silane loading could be a better bargain. On
the CNC compounds, reducing the silane content also increased the crosslinking density. In actual
sense, the stiffness of the material was overtly higher when low amount of silanes were added, and
it is therefore beneficial to process the various compounds with lower silane loading. In comparison,
the CNC compounds achieved higher crosslinking density compared to the silica compounds. The
reversion after the maximum torque was achieved very early. At about 10 minutes of the
vulcanization process, all the CNC compounds were cured and the possibility of compromising the

crosslinking network will dictate that the curing process be not extended far beyond the 10 minutes.

e Dynamic mechanical analysis

After the curing process, CNC and silica compounds were subjected to different strain amplitude
and the viscoelastic behaviour of the various compounds are presented in figure 3.4. The storage
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modulus G” of CNC compounds at low strain were reasonably high at high silane loading for
unvulcanized compounds. It followed that order even for silica compounds. At 12 percent silane
loading, the dispersion of the filler was remarkable. Although at high strain, the filler network is
broken down and storage modulus is remarkably decreased. For unvulcanized compound, it is usual,
and the storage modulus is only indicative of the dispersion and filler-filler interaction. Filler-

polymer interaction at the unvulcanized state is dictated by physical interaction.
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Figure 3.4 Storage moduli versus strain of CNC compounds (CSID) and silica compounds (SSID) at

different silane loadings 12, 5, 2%.

However, when the various compounds were vulcanized, a different trend dominated. In this time,
higher storage modulus was recorded at low strain for the CNC compounds with the lowest silane
content. As explained earlier, the possibility of large amount of silanes self-condensing to form

structures that interfere with the crosslinking process is observed with the SID silanes accordingly.
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This in essence can disrupt the filler-filler networking which in the vulcanizates reduced the storage

modulus when compared to lower silane loading.

Although, the Payne effect eventually increased when the silanes were reduced in the vulcanized

compounds, it is not uncommon especially when compounds have higher storage modulus.

Payne effect CSID12 CSID5 CSID2 SSID12 SSID5 SSID2
Unvulcanized 661.56 376.13 350.27 253.57 237.27 204.12
Vulcanized 278.41 342.45 385.46 192.78 304.82 323.67

Table 3.16 Payne effect of vulcanized and unvulcanized CNC compounds (CSID) and silica

compounds (SSID) at 12, 5, and 2% silane loading.

This is due to strain amplification and the effective networking of the filler in polymer matrix which
at higher deformations, leads to filler network breakdown. Alternatively, we can also attribute this
Payne effect to a lower filler-polymer interaction, but the concept of occluded rubber is a model
that reasonably offers a good insight. Here, we can visualize a filler networking at lower silane
loadings forming effective filler-filler networks that can exclude some rubber molecules (occluded
rubber) and in doing so, the filler volume fraction increases. At high strain, the strain amplification
is so remarkable because of the short inter aggregate distance and reduced matrix content. The
possible exclusion of a part of the polymer matrix in the composite (supposedly from occluded
rubber) would eventually lead to reduced filler-polymer interaction. This concept could be more
pronounced for cellulose nanocrystals. The rod-like morphology can form a loosely packed network
with possible internal cavities large enough to accommodate large polymer compounds in the
occluded region. As shown in figure 3.5, the tangent delta curves attest to this. At lower silane
loading, the tangent delta values were reasonably higher for CNC and silica compounds. The higher
storage modulus was interesting at low strain for CNC compounds which was indicative of good
filler-filler networking. However, the structural formation leading to occluded rubbers could have
created huge viscous portions of the polymer that are excluded from forming a continuous matrix
phase. In essence, it may not effectively participate as the continuous phase while also not rigid
enough to behave like a reinforcing filler. Higher tangent delta values are indicative of the poor

interactions with the clue that the viscous portions are higher for the lower silane loading.
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Figure 3.5 Tangent delta curves of vulcanized CNC compounds (CSID) and silica compounds (SSID)

at 12, 5, 2% silane loading.

Silica compounds by far were considered to have relatively lower tan D values at higher strains. In
essence better interactions took place for silica compounds. The explanation about the structural
formation excluding a large portion of the matrix from filler-polymer interactions could be
confirmed with the silica particle morphology forming a rather different structure that may not
remarkably promote occluded rubber. Silica is spherical and quite different from the rod-like
structure of CNC particles. The experience with the cyclic silanes shows that higher silane loading
does not necessarily results to remarkable improvement in properties. Even for the tan D of CNC
compounds, the 12 and 5% silane loading behave typically the same and increment in the silane

content beyond 5% does not result to much desired properties.

e Tensile properties

The variations in the silane content showed that the cyclic silanes were promising and at higher
silane loading, remarkable dynamic properties were not recorded. It was also important to
understand the resulting properties under static strain loadings. The tensile properties of both silica

and CNC compounds are shown in table 3.17.
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Property CsID12 CSID5 CsID2 SsiD12 SSID5 SSID2

Stress 10% [MPa] 0.40 0.61 0.55 0.45 0.36 0.37
Stress 50% [MPa] 1.20 2.53 2.04 1.68 0.95 0.92
Stress 100% [MPa] 2.64 5.84 4.40 3.77 1.54 1.50
Stress 300% [Mpa] - - 13.09 - 6.76 7.10
Elongation at break [%)] 225.19 235.47 348.47 114.98 5334 519.44
Tensile strenght [MPa] 8.43 13.98 15.14 4.29 21.73 20.41

Table 3.17 Tensile properties of CNC compounds (CSID) and silica compounds (SSID) made with SID

silanes at 12, 5, 2% silane loading.

The tensile properties for CNC compounds were observed to have improved at lower silane loadings.
At 5 and 12%, the material became stiff and was unable to be strained up to 300%. Comparable to
that of silica, the tensile properties were better than CNC compounds. However, at 12% silane
loading, the tensile properties of silica compounds deteriorated. Most times, the tensile properties
of a poorly processed compound could deteriorate. This drawback was given attention and
compounds properly processed. But for the consistency in deteriorated tensile properties of
compounds at higher silane loading alludes to the fact that poor properties was not due to a poorly
processed compound but from the large amount of cyclic silanes which may not provide good

benefits to the various compounds.
3.3.3 Cyclic silane in CNC/silica hybrid

Silica fillers have been known to confer good properties to tire compounds. The lower hysteresis as
well as lower rolling resistance is considered an appropriate edge over carbon black. Some of these
properties could be associated with the filler morphology, particle sizes and surface chemistry of
which silica is unique. Ordinarily, particle sizes at much lower nano meter range are good medium
to judge the reinforcement of a compound. But silica, despite meeting this criterion do not confer
reasonable reinforcement when compared to cellulose nanocrystals. For CNC, the rod-like
morphology with high aspect ratio is one of the major contributions to reinforcement in CNC
compounds. In all, both fillers share the same surface chemistry with abundant hydroxyl groups on
the surface. The combination of these fillers in a rather hybrid system could bring the different

properties of the filler to the new composite.
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To actualize this, CNC compounds were coagulated with natural rubber as described earlier in this
work. The dried coagulated CNC/natural rubber compounds were mixed in a brabender mixer with
the right amount of silica filler and SID silanes at 8% of filler content as shown in table 3.16. The
amount of fillers used were varied by starting with a 30 phr silica compound (S30C0) and
progressively reducing to 25 phr of silica with a 5 phr of cellulose (525C5), a 20 phr of silica and a 10
phr of cellulose (520C10). The compounds were varied until a CNC compound prepared without

silica (S0C30). Subsequently, the compounds were characterized to understand their properties.

The mixing procedure was adopted in table 3.4 and applied to all the hybrid compounds.

e Vulcanization properties

The various hybrid compounds were cured at 150°C and at 30 minutes and the resulting
vulcanization parameters are presented in table 3.19. In the start of the vulcanization, the scorch
time for all the hybrid compounds were relatively the same. At this point, the contributions of the
inherent filler morphologies were negligible. Recall that in table 3.15, the scorch time when the SID
silanes were used for silica and CNC compounds, similar values were recorded especially when the

amount of silane were beyond 5%.

ingredients S25C5 S20C10 $15C15 $10C20 S5C25 S0C30
polymer/filler system

NR 100.0
100PHR NR + 30PHR CNC 105.0 110.0 115.0 120 125 130.0
Silica (U. 7000) 30.0 25.0 20.0 15.0 10 5
compatibilizer
SID 24 24 24 24 24 2.4 24
vulcanization system
Zinc oxide 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Stearic acid 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Sulfur 2.0 2.0 2.0 2.0 2.0 2.0 2.0
CBS 2.0 2.0 2.0 2.0 2.0 2.0 2.0
antioxidant/antiozonants

™Q 1.0 1.0 1.0 1.0 1.0 1.0 1.0
6PPDS 2.0 15 15 15 15 15 15

Table 3.18 Mixing formulation for CNC/silica hybrid compounds. S corresponds to silica, C

corresponds to cellulose, with their various amounts in PHR.
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Parameters $30C0 §25C5  §20C10 S15C15 S10C20  S5C25 S$0C30
TS2 (min) 1.29 1.23 1.1 1.08 1.11 1.12 1.09
T90 (min) 3.34 3.3 3.08 3.02 2.89 3.03 2.87
CRI (min-1) 48.78 48.31 50.51 51.55 56.18 52.36 56.18
ML (dNm) 1.9 2.46 1.68 1.92 2.27 3.67 3.08
MH (dNm) 11.12 10.68 11.74 13.7 15.91 15.22 18.04
AM (dNm) 9.22 8.22 10.06 11.78 13.64 11.55 14.96

Table 3.19 Vulcanization properties of hybrid compounds.

Comparing the amount of silane used in the hybrid (8%), properties tends to be similar. The
optimum curing time T90 among all compounds showed no remarkable difference. Ordinarily, it
would be expected that when the amount of silica and CNC were varied in the compound, the curing
process would show a trend. However, there is no remarkable trend. Most importantly is the
observation that the optimum curing time was reached early even when silica was the only filler
used in the compound. The role played by the silane to promote an early vulcanization is evident
and could not be attributed to any other factor. Cyclic silanes are very reactive and the structures
they form within the matrix are associated with a higher curing index as shown in table 3.19.
Although a much higher curing index was observed when there was an increase in the added CNC,
there was also a corresponding increase in torque when the CNC filler was increased. At a CNC
content of 15 phr, up to a 30 phr, the vulcanization kinetics seemed closely related. At this point, it

is possible to allude that higher crosslinking was achieved when the CNC content was increased.

e Dynamic mechanical properties

The strain dependent viscoelastic properties of the various hybrid compounds are shown below in
figure 3.7. In the unvulcanized compounds, the compounds with an increasing CNC amount tend to
show a higher storage modulus at lower strain. Ordinarily, CNC rod-like particles are easily
dispersible more than the spherical shaped particles of silica. Usually at high strain, the filler network
is broken down and dispersion is useful at the green state. The reinforcement in form of storage
modulus is another vital factore and the compounds with lower storage modulus were those of filler
content having a 20/10 and 15/15 phr of silica and CNC fillers. At this hybrid composition, a specific
morphology distribution may find it difficult to dominate and dispersion could encounter some
drawbacks. Although the SID silanes are reactive and are effective is enhancing filler dispersion, it
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was not witness with these hybrid compounds. When the various compounds were vulcanized, the
resultant behaviour changed. At this point, a trend seemed to appear. The storage modulus seemed
to be higher with the CNC content and lower with silica content. It comes to reveal that the filler
networking was not homogeneous and perhaps it may not be proper to term the system a hybrid
as both filler morphologies prevail according to their content. It is important to note that the storage
modulus of the compound made with only silica (during the hybrid preparation) do not compare to
the properties of the silica compound prepared previously at various amount of silane loading. This
may be attributed to the degradation of the silane because of likely poor storage conditions. With
the compounds having higher CNC content, at 8% silane loading, the possible degradation of the
silanes because of storage conditions could make the effective silane content to be lower. This
would make the behaviour of the compound to be similar with compounds prepared at lower silane

loading.
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Figure 3.7 Storage modulus versus strain for unvulcanized and vulcanized hybrid compounds.
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At lower SID silane content, the storage modulus of CNC compounds at low strain was improved
which is witness in the hybrid. The nature of the various compounds prepared somewhat shows a
regime of properties dominated by silica and CNC content. The CNC were coagulated with natural
rubber, washed, and dried before compounding with silica. When the CNC network structure has
been formed in the rubber matrix, it may be difficult to incorporate other filler structures. At such,
the response of the compounds under shear deformations showed properties typical of the filler

with a higher content.

Payne effect | S30CO $25C5 $20C10 S15C15 S10C20  S5C25 S0C30

Unvulcanized | 218.44  266.18 157.4 191.28 308.87 585.71  457.79

Vulcanized 139.06 120.64 124.24 144.24 233.47 211.09  286.62

Table 3.20 Payne effect of CNC/silica hybrid compounds.

The Payne effect of the various compounds also displayed irregular trend. However, for compounds
with higher silica content, the Payne effect was relatively lower. This is not unusual as the storage
modulus was lower compared to the compound prepared with only CNC (SOC30) having the highest
Payne effect. In essence, at CNC content beyond 15 phr, the Payne effect becomes remarkable
because of the reinforcement. This is an indication that beyond 15phr of CNC a percolation network
is formed. Therefore, it is easy to visualize that despite the presence of two fillers with different
morphologies, the properties of the composite are dictated by the type of filler that is having a
higher content. To understand the filler-polymer interaction of the vulcanizates, the tangent delta

curves are shown below in figure 3.8.

The various compounds showed distinct behaviour. The compounds having 20, 25 and 30 phr of
CNC showed a higher tangent delta values at high and low strain and this is an indication that the
material have a larger viscous portion. This is typical of CNC fillers and as it dominates the matrix,
the formation of occluded rubber could possibly contribute to exclusion of large part of the rubber
chains which should have participated in the interaction. For highly dispersible silica used in the
compounds, filler-filler interactions may be lower than CNC filler, likewise the reinforcement. At 30,
25, 20 and 15 phr of silica, the effect is obvious as it showed that the compounds had more filler-

polymer interactions as depicted by the low tangent delta values.
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Figure 3.8 Tan D curves of vulcanized hybrid CNC/silica compounds.

Besides the trends observed in the properties, beyond 15 phr of filler content when CNC is expected

to form a percolation network, the tangent delta values seemed to be higher.

e Tensile properties

The tensile properties of the hybrid compounds are shown in table 3.21. From the table below, the

properties of the compounds showed properties that are similar with the amount of filler volume.

When observed at 10% strain, the stress values showed that compounds with higher silica content

were very similar in properties while those with higher CNC filler were with similar properties. In

fact, at equal filler loading, the properties of the hybrid served as mid-point to transit to properties

typical of the filler with higher content.

S$30C0 §25C5 S20C10 S15C15

Stress 10% [MPa] 0.42 0.48 0.44 0.53
Stress 50% [MPa] 0.44 1.77 1.66 2.13
Stress 100% [MPa] 311 3.99 3.81 4.88
Stress 300% [Mpa] - - - -
Elongation at break [%] 125.04 10756 123.99 2119
Tensile strenght [MPa] 432 4.25 5.11 11.96

$10C20

0.63

2.74

6.30

198.73

12.34

0.66

2.81

6.85

114.48

71.73

0.70

3.23

7.51

198.84

13.84

Table 3.21 Tensile properties of CNC/silica hybrid compounds
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This trend continued up to 100% strain. But at 300% strain the material were stiff and could not be
strain up to this point. Recall that for cyclic silanes, amount exceeding 5% especially for CNC
compounds often results to deterioration of the properties and the resulting tensile properties are
not so much desirable beyond this point even in the presence of silica fillers . At 300% strain, tensile
properties are very useful for tire applications and in this scenario, it is difficult for this compound
to serve for such purpose. The tendency to brittleness is also observe as the elongation at break is
lower. However, even at such properties, compounds containing a 15 phr of CNC and higher
possessed relatively better tensile properties as could be seen in the tensile strength. In all, it is
evident that the SID cyclic silanes are very reactive and addition of these silanes beyond 5% may

compromise the tensile properties.

3.4 Conclusions

The preparation of various CNC compounds with different silanes have been studied and compared
with silica compounds as reference. As explored in this chapter, it is evident that there are several
contributions to the properties of the composite. At the processing stage, allowing sufficient time
for silanization, processing temperature and addition of zinc oxide are very crucial. For example,
zinc oxide can form complexes with the vulcanization additives which can lead to masking the
surface of the filler and thereby preventing good silane coupling. Adding zinc oxide after silanization
was observed to be advantageous. More so, during compound preparation, processing at lower
temperatures often create a temperature profile that is different among compounds. At higher
temperatures, there is no remarkable difference in temperatures profile, and this can promote
properties that are reproducible. Therefore, for CNC compounds, allowing a 4 minutes silanization,
130°C processing temperature and addition of zinc oxide at the second stage of mixing could
enhance better properties and make the compounds reproducible. Evaluation of different types of
silanes also showed different contributions. For aliphatic silanes involving the use of APS and TESPD,
their reaction proceeds first by hydrolysis which was different with explored cyclic silanes. The
properties of APS silanized compounds were very interesting although the compounds often tend
to brittleness at higher silane loading, most likely because with early vulcanization also comes early
reversions which compromised the sulphur networks. For TESPD compounds, the properties are
also good. CNC compounds showed that it is advantageous to cure the various compounds made
with aliphatic silane less than 11 minutes at 150 °C. Similar behaviour was observed with cyclic
silanes. There was an early vulcanization. The dynamic mechanical properties and tensile properties
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were interesting. But at higher silane loading beyond 5%, the tensile properties deteriorate making
the material brittle. The materials could not be strain up to 300% and this shows that the reactive
nature of the silanes can achieve interesting properties only at very low silane loading. When the
cyclic silanes were applied to hybrid CNC/silica compounds, the properties obtained were dictated
by the filler that was having a higher content. It was observed that the processing method of first
coagulating the CNC and rubber before incorporating the dry silica does not promote a very
homogeneous hybrid system. While it is necessary to adopt a different processing method for the

hybrid, cyclic silanes may not be ideal silanes for this study.
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Chapter 4

CNC as a biofiller: role of sulphate esters on composite

properties

4.1 Introduction

Cellulose nanocrystals have interesting properties which makes them useful as good reinforcing
fillers. The production route of these nanocrystals also contributes to some of its unique properties.
As explained earlier, several mineral acids are used to selectively hydrolyse the amorphous regions
to obtain nanocrystals [1-4] and among them, sulphuric acid is the most employed method. When
sulphuric acid is used, the resulting nanocrystals are imparted with sulphate half esters leading to a
stable colloidal suspension. This change in surface properties has influenced potential use of CNC’s
in different applications. For instance, in composite preparations, the sulphates half ester which
maintains stable colloidal suspension helps in the preparation of the composite by coprecipitation
or solution blending. There are other processes such as electrospinning which the presence of the

sulphate half esters can create difficulties because of the repulsions between CNC particles.

Understanding the role of these sulphate half esters on the CNC is drawing attention. Several
research have affirmed the impact of sulphates half esters on the thermal stability of the CNC’s [5,6,]
and also the role it plays as a flame retardant in pyrolysis and combustion because of its ability to
promote dehydration reactions [7]. In general, it is believed that the presence of sulphates half
esters reduces the thermal stability of CNC. But on the contrary, there are results that also show a
moderate increase in thermal degradation temperatures at higher level of sulphate groups [8,9] and
this issue is almost inconclusive. It is difficult to make a direct comparison on the effects of sulphates
half esters on CNC because the structural characteristics, thermogravimetric protocols, hydrolysis
conditions and counter ions also influence the thermal properties of CNC [5]. It is therefore not
strange to expect different composite properties when CNC has various amounts of sulphate half

ester groups on the surface.
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The esterification of the surface hydroxyl groups of CNC during sulphuric acid hydrolysis makes the
sulphate half esters to also occupy substantial active sites meant for further functionalization.
Compatibilization of CNC with hydrophobic polymers in composites takes place on the hydroxyl
groups and the issue of sulphate half esters occupying the hydroxyl groups could be of concern. The
hydroxyl groups on the surface are relatively few compared to the bulk and several reactions are
targeted at the surface to reduce impact on the crystallinity. Reducing the amount of sulphate esters
could make more hydroxyl groups available for coupling reaction. Although, there are propositions
that the surface hydroxyl groups are sufficiently abundant irrespective of the presence of the

sulphate half esters, it was needful to study the role they play during composite preparation.

In this chapter, desulphation was conducted with the intent of having different amount of sulphate
esters on the surface and to prepare composites thereon. Subsequent characterizations of these
compounds were compared with silica made compounds and are expected to give a better
understanding on the properties it confers on the composite. In this regard, the pristine CNC is not
of so much important. This is because each synthesized CNC have their various amount of sulphate
esters grafted on the surface and the properties, they confer on composites are expected to corelate

to the amount of sulphates present.

4.2 Experimental method

4.2.1 Materials

CNC suspension was procured from Celluforce and freeze dried. Bis(triethoxysilylpropyl)disulfide
(TESPD), 3-aminopropyltriethoxysilane (APS) silanes, natural rubber latex, antioxidants and
vulcanizers were provided by Pirelli tires, while sodium hydroxide and acetic acid was bought from

Sigma Aldrich. All materials were used as received

4.2.2 Method

4.2.2.1 Desulphation

The desulphation procedure was adopted from the literature [10] with modifications. Briefly, about
20 g freeze dried CNC was transferred into a round bottom flask. A determined concentration of

sodium hydroxide (NaOH) solution was prepared taking into consideration the CNC. The solution
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was added to the CNC and made to reach the necessary concentration. From 0.3 to 1.2 molar
concentrations, the entire volume of the mixtures was kept at 300 ml. Thereafter, it was stirred to
near homogeneity and placed in an oil bath and stirred continuously at 65°C for 3 hours. The
reaction was ended by pouring cold water and dialyzed for days until the pH of the suspension was
relatively neutral. Earlier, hydrochloric acid was used to quench the reaction, but it was observed
that there was lower yield and likely contaminations of the CNC surface with the salts formed from
the possible acid-base reaction. Therefore, dialysis was opted to remove the sodium hydroxide from

the suspension.

The suspension was removed from the dialysis tubes and transferred to a beaker to be
concentrated. All samples were concentrated at 100°C for 2 days until the samples attained a 9.8 -

15wt % for easy coprecipitation.
4.2.2.2 Composite preparation

A 30 phr concentrated desulphated CNC suspension was weighted and mixed with natural rubber
latex. The mixture was homogenized for about 20 minutes and coagulated with concentrated acetic
acid. The coagulated sample was pressed and washed to remove undesired components and
chopped into smaller pieces. The sample was soaked to remove acetic acid and dried in an oven at
40°C till constant weight. Thereafter, silanes, vulcanizers and additives were added and
compounded in a brabender internal mixer with the procedure in table 4.1 while the formulations

recipe is shown in table 4.2.

Mixing stage Time (min) Temperature (0C) Activity
Step 1 0 130 Load rubber and filler
2 Add silanes
6 Add stearic acid
7 Unload
Step 2 0 60 Load masterbatch from Step1
1 Add sulfur, CBS, TMQ, 6PPD, zinc oxide
Unload

Table 4.1 Mixing procedure for desulphated compounds.
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Ingredients (PHR) S-TESPD CNC-TESPD CNC-APS
Polymer/filler system

Natural rubber 100

Silica 30

100PHR NR + 30PHR CNC 130 130
Compatibilizer

TESPD 2.4 2.4

APS 2.4

Vulcanization system

Soluble sulfur 2 2 2

Zinc oxide 5 5 5

Stearic acid 2 2 2

CBS 2 2 2
Antidegradants

™Q 1 1 1

6PPD 1.5 1.5 1.5

Table 4.2 Formulation recipes for silica compounds made with TESPD silanes (S-TESPD), desulphated
CNC compounds prepared with TESPD silanes (CNC-TESPD) and desulphated CNC compounds made
with APS silanes (CNC-APS).

4.2.2.3 Characterizations

e DLS/zP

The particle size and the zeta potential were estimated by dynamic light scattering and zeta
potential measurements. Both measurements were conducted on a Malvern Zetasizer, Malvern UK

at a scattering angle of 90°.

e Elemental analyses

Elemental analysis was conducted to understand the elemental composition of CNC before and after
desulphation. The elemental analyser used is a CHNS/O Series Il analyser from PerkinElmer using
cysteine as calibration standard with the composition: C - 29.99%, H - 5.03%, N - 11.67%, and S -
26.69%. The main intent is to know the percentage of sulphur that has been removed in the

desulphation process which correlates to the amount of sulphates groups that were removed.
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e X-Ray Diffraction (XRD)

The crystallinity of CNC is an important property as it has contributions to the reinforcement in the
composite. The crystallinity of the CNC particle was studied with an X’Pert PRO diffractometer from
Malvern Panalytical, UK. The X-ray source was from Cu Ka with data acquisition starting from 20 =

5to 50.

e TGA analyses

Thermogravimetric analysis was employed to study the thermal stability of CNC before and after
desulphation. The analysis was conducted with a Mettler Toledo TGA 1 instrument. Samples were
added to crucibles and were heated from 30 - 600°C in the presence of nitrogen. The nitrogen flow

rate was maintained at 50ml/min while the heating was at 20°C.

e SEM analyses

Scanning electron microscopy was used to ascertain the preservation of the particle morphology
before and after desulphation. The instrument used was a Zeiss UltraPlus Field Emission Scanning
Electron Microscope (FESEM) operating at 7.0 kV. Samples were prepared by dispersing 10 ml of the
various suspensions in a 30 ml of distilled water. The mixture was then sonicated for few minutes.
1 ml of the sonicated suspension was thereafter dispersed in ethanol and sonicated again for about
10 minutes. About 1 microliter of the sample was deposited on a stub for analysis. To overcome the
drawback of the non-conductive nature of CNC, a 5-7 nm gold or carbon was deposited on the

surface to aid image acquisition.

e Composite characterizations

The dynamic mechanical and tensile properties of the composite prepared from desulphated

cellulose nanocrystals were performed as described in chapter 3, section 3.2.3.

4.3 Results and discussions

4.3.1 Particle size

The estimations of particle sizes of CNC after desulphation were intended to serve for relative

comparison [12]. The average particle sizes estimated from DLS are in most cases approximately
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half of the size obtained from electron microscopy [13]. However, it is a fast means to understand

the particle size distribution.

As shown in figure 4.1, samples from the CNC suspension before desulphation were estimated to
be averagely 104.8 nm. The sizes gradually increased up to 259.7 nm at a 1.2 molar concentration
of sodium hydroxide. This trend of increase in particle sizes was an indication that the removal of
sulphate groups and impact of the soda concentration was promoting agglomerations of the
particles leading to larger particle sizes. Often, desulphated samples may not meet measurement
quality criteria when impact on the surface charges results in larger agglomerates leading to particle
sedimentation. Also, the sulphate esters affect the rheological properties of the particles at certain
concentrations [11] and it was necessary to dilute samples in large folds and to decant gel-like

flocculating particles that could influence results.
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Figure 4.1 Particle sizes of desulphated CNC samples.

o

In general, the trend of the particle sizes corresponds to the CNC treatments conditions as it

increases along with increase in soda concentration.

The size of the particles as measured by DLS could be double if measured by electron microscopy.
However, the sizes of the desulphated CNC samples are within nanometre range and still posses’

properties similar to the starting material.
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4.3.2 Zeta potential

Sulphate half esters contributes to the colloidal stability of CNC suspension due to electrostatic
repulsion and the zeta potential reflects this by measuring the potential difference between the
electric double layer of the particle and the layer of dispersant (water). Samples were prepared for
analysis by diluting in large fold to have a clear suspension without particle flocculation or
sedimentation particles. As obtainable in other works where few drops of electrolytes are added to
the suspension before a zeta potential analysis, electrolytes were avoided. Samples were analysed

after dialysis at neutral pH and the results are presented in Table 4.3.

Sample Zeta potential (mV)

CNC -50.9
0.3M -35.5
0.6M -27.7
0.9M -34.7
1.2M -32.1

Table 4.3 Zeta potential of CNC before and after desulphation.

The highest zeta potential was obtained for CNC sample before desulphation at -50.9 mV. Similarly,
high zeta potential of CNC suspension has been published from sulphuric acid catalysed hydrolysis
of filter paper with -52 to -58 mV [12] and -78.3 mV obtained from sulphuric acid hydrolysis of
microfibrilated cellulose [13]. The sample with the lowest zeta potential is from 0.6 M sodium
hydroxide desulphated CNC which correlate to the lowest amount of sulphur content from
elemental analysis as shown in Table 4.4 This implies that more sulphate half esters were removed
from the surface of the particles leading to a reduction in zeta potential. From visual observations,
the 0.6 M sample had several sediments indicating large reduction in the sulphate half esters and it
was almost unfit for zeta potential measurement. To make it fit for analysis, samples were dried,

and equal mass was measured from all samples and re-suspended in water after series of sonication.

For suspensions stabilized by electrostatic repulsions, a zeta potential of #30 mV is required
minimum [14] to maintain colloidal stability. Albeit large zeta potentials do not always guarantee
stability as van der Waal attractive forces may cause agglomeration [15, 16]. Samples showed a

relatively high zeta potential, and the differences can be attributed to the amount of sulphate half
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esters present on the surface of the CNC particles. Zeta potential is mostly influenced by
concentration, ionic strength, and pH and samples were prepared with keen attention to
maintaining the same conditions. Generally, depending on the process condition, CNC preparation

could be targeted at achieving high yield or increasing the amount of sulphate half esters.

Composites were made with the desulphated CNC after dialysis to a neutral pH immediately. This
took into consideration the unstable colloidal suspension of some of the desulphated samples which

could not be kept for a longer period because of aggregating sediment particles.
4.3.3 Elemental analysis

The sulphate content estimated by elemental analysis as percentage sulphur is presented in table
4.4. The percentage sulphur content of CNC before desulphation was 2.05% and reduced to a
minimum of 1.66% for 0.6 M solution. There was no further reduction irrespective of increase in
soda concentration. During the desulphation process, it was observed that as the molarity
increased, the samples became highly viscous and inter molecular diffusion would have reduced
leading to a reduction in the efficiency of the desulphation process. As shown, there are slight
variations in the sulphur content when the concentration was increased from 0.9 to 1.2 M. This
would imply that a further increase in the concentration of sodium hydroxide may not necessarily
lead to further sulphur removal. Further desulphation could be achieved if the weight percent of
CNC is reduced in the mixture to allow proper interdiffusion of reacting species. However, this may
affect good comparisons for the different samples. The amount of CNC in the suspension subjected
to desulphation, temperature and time are all major contributing factors to the extent of sulphur

removal.

Cellulose nanocrystals are mostly prepared by sulphuric acid hydrolysis which confers sulphate half
esters on the surface. Depending on the preparation conditions, different amount of sulphate group
is grafted onto the surface of CNC. This sulphate groups could be expressed in percentage sulphur
(% S) or mmol sulphate per kg of CNC (mmol kg*) which are mostly not reported [17] when CNC are
produced with sulphuric acid. Elemental analysis and conductometric titration are among the widely

used method employed to determine the amount of grafted sulphates group.
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Sample Sulfur (%)

cnc 2.05
0.3M 1.86
0.6M 1.66
0.9M 1.76
1.2M 1.71

Table 4.4 Sulphur content of CNC before and after desulphation.

The elemental analysis can determine the total sulphur contents which are always higher than
values reported from conductometric titration [18]. Sulphur is essential to living cells and for some
plant species, sulphur found in tissues could range from 0.1% to 6% [19]. This amount may not be
accessible by titrimetric method [20]. Also, when cellulose nanocrystals are produced, after the
centrifugation step, there are often residual amount of sulphuric acid. This amount could be
removed by neutralization and dialysis. For neutralization, sodium hydroxide is used leading to the
formation of sodium sulphates. If adequate centrifugation is not carried out, the sulphate ester
contents which are estimated by deducing the elemental content of sulphur may reach higher levels.
This contribution apart from inherent sulphur content of materials from living cells are major
contributors to large amount of sulphur content during elemental analysis of sulphate half esters of
CNC. As shown in table 4.4, the sulphur content of the starting CNC seemed relatively high and the

explanation above could be the reason.

The sulphate groups have also been a subject of controversies bringing inconclusiveness to the idea
that it affects the thermal stability. However, large amount of the sulphate groups during CNC
synthesis process for sulphuric acid content exceeding 62wt % impacts negatively on the yield
leading to a <20% yield [21]. The sulphate content during CNC preparation and after is therefore a

subject that would require more attention to explore even their role in composite.

4.3.4 XRD

An X-ray diffraction was conducted to understand the changes in the crystallinity of the CNC before
and after desulphation. The crystalline peaks of CNC treated with different concentrations of NaOH

are shown in figure 4.2. The crystalline peaks of pristine CNC showed higher intensity followed by
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0.3 molar NaOH solution. The lowest intensity was recorded with 0.6 molar NaOH solution. This
sample also had the lowest sulphur content which implies that the more efficient in the
desulphation process, the more the crystallinity of the sample was impacted. For decades,
mercerization by treating cellulose with sodium hydroxide has been used in the textile industry to
swell cellulose and it has been adopted to activate cellulose for further reaction [22-24]. This
treatment process also often results to large impact on the crystallinity of cellulose. During CNC
preparations by sulphuric acid hydrolysis, the functionalization by the sulphate half esters takes
place on the hydroxyl groups. The removal of the sulphate half esters by desulphation interrupts
the hydrogen bonding network within the cellulose structure. Depending on the degree of

desulphation, it will correspond to the crystallinity of the sample.

The crystalline peaks of the various samples were found along the 2theta planes of 12.39, 14.99,
22.3% and 34.5° corresponding to the planes of (170), (11 0) (2 00) and (0 0 4). These are typical of
cellulose | and cellulose 1l [25, 26]. Cellulose Il is more stable than native cellulose | and it is typical
of commercial CNC having portions of both | and Il. As seen in the various peaks, the impact of the

desulphation process did not lead to a total conversion of the material to cellulose II.
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Figure 4.2 crystalline peaks of pristine and desulphated CNC.
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The crystallinity index of the various samples was estimated by the deconvolutional method using
Gaussian distribution to deduce the ratio of the crystalline regions to the amorphous regions [27-
29]. The crystallinity index of the pristine CNC (86.35%) reduced to the minimum at 72.17% for 0.6
M concentration while samples at 0.9 M and 1.2 M had a close crystallinity. The results are in
accordance with the sulphur content and it is easy to conclude that more sulphur removal affected

the crystallinity of the CNC.

CNC 0.3M 0.6M 0.9M 1.2mM

Crystallinity index % 86.35 83.38 72.17 78.55 77.83
Table 4.5 Crystallinity indexes of pristine and desulphated CNC.
4.3.5TGA

The thermogravimetric analyses of cellulose nanocrystal before and after desulphation are
presented in figure 4.3. The onset loss in weight is attributed to possible adsorbed water and

organics. The main degradation of the various materials was close to each other at around 250°C.
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Figure 4.3 Thermogravimetric curves of CNC before and after desulphation.
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However, the sample desulphated at 0.6 M, having the lowest percentage of sulphur after
desulphation was shown to have a slightly higher degradation temperature around 270°C. In
essence, reducing the sulphate content on the CNC can slightly improve the thermal stability of the
CNC. This supports the assertion that sulphates groups catalyse early degradation [30, 31].
However, the differences in the degradation process are not remarkable as they are within the same
band. Probably, there could be remarkably differences in the thermal behaviour if the difference in
the sulphate content vary widely among the different samples. The pristine CNC showed a reduced
weight loss even at 600°C which could be attributed to the higher crystalline content. Besides the
reduction in the sulphate groups, the crystallinity of the samples made contributions that showed
all desulphated samples having higher loss in weight compared to the pristine CNC. The possible
explanation is the contributions of the crystallinity in slowing the impact of degradation especially

for pristine CNC.
4.3.6 SEM analysis

Scanning electron microscopy imaging was used to observe the preservation of the particle

morphology before and after desulphation and results shown in figure 4.4.

The morphology of cellulose nanocrystals is rod-like in shape and the fibres are mostly networked
to each other in a three-dimensional networking. The morphology of the pristine CNC and the
morphology of the material after desulphation was observed to be the same. However, there are
slight variations showing some degree of aggregations. While the sulphate groups are removed, the

particles tend to aggregate.

The images shown below are of different magnifications. This and the preparation methods are
major contributions to obtaining precise images. Samples were prepared within the same
concentration range, however, the highly desulphated sample at 0.6 molar concentration shows
more of CNC aggregations with particles fusing to each other. This sample is of more interest
because the large amount of sulphate groups that were removed were expected to impact heavily
on the morphology. The particles tend toward elongated spheres. Despite the large extent of the
desulphation at this molar concentration, it is obvious that the morphology is still similar to the
pristine CNC. The other desulphated samples still show strands of the CNC particles not as highly

fused as the highly desulphated material.
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Figure 4.4 SEM images of desulphated CNC.

With the images above, it could be inferred that the desulphated samples still maintain morphology

typical of cellulose nanocrystal.
4.3.7 Vulcanization properties

The desulphated rubber compounds were prepared using APS and TESPD silanes and materials
cured at 150°C. The curing kinetics is shown below in table 4.6 and 4.7 with S-TESPD indicating silica
compatibilized compounds, 0.3, 0.6, 0.9, 1.2 APS and TESPD showing the various molar
concentrations. All desulphated cnc compounds were compared with silica-TESPD prepared

compounds as reference.
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In both tables, the vulcanization trends were heavily influenced by the compatibilizing silanes. APS
silanes showed an early optimum curing time and higher cure rate index (CRl) compared with TESPD
compatibilized compounds. This is very similar to pristine CNC compounds that were earlier
prepared with APS silanes. In this regard, the different amount of sulphate groups on the CNC were
not observed to have made a remarkable influence on the vulcanization process when compounded
with APS silanes. The vulcanization properties of the highly desulphated samples were seen to be
similar with the 0.3M desulphated compounds. Albeit all desulphated compounds maintained a
relatively higher crosslinking density when compared with the reference silica as shown in the

difference between the lowest and highest torque.

Parameters S-TESPD 0.3APS 0.6APS 0.9APS 1.2APS
TS2 (min) 9.72 291 2.78 2.45 253
T90 (min) 15.73 5.36 5.28 4.57 473

CRI (min-1) 19.96 40.82 40.00 47.17 45.46
ML (dNm) 1.61 1.92 2.14 1.78 1.84
MH (dNm) 12.30 15.53 15.36 13.28 15.50

AM (dNm) 10.69 13.55 13.22 11.50 13.66

Table 4.6 Vulcanization kinetics of desulphated CNC prepared with APS silanes.

Parameters S-TESPD 0.3TESPD 0.6TESPD 0.9TESPD 1.2TESPD
TS2 (min) 9.72 5.32 5.14 5.79 5.41
T90 (min) 15.73 9.49 9.32 10.08 9.52

CRI (min-1) 19.96 23.98 23.92 23.31 24.33
ML (dNm) 1.61 1.61 1.87 1.32 1.65
MH (dNm) 12.30 15.13 15.67 12.71 14.25
AM (dNm) 10.69 13.52 13.80 11.39 12.60

Table 4.7 Vulcanization kinetics of desulphated CNC prepared with TESPD silanes.

In all the CNC-TESPD silanized compound, the 0.6 M desulphated compound showed a relatively
higher crosslinking density as shown in the AM torque. The optimum curing time was also slightly

lower than all the compounds. It is possible the aggregating particles can contribute to the stiffness
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of the composite thereby resulting to an increase in higher torque required to monitor the
vulcanization. While assessing the impact of desulphation on the various samples, the contributions
of the crystallinity index are worthy of consideration. In essence, samples that were not heavily
desulphated had a higher crystallinity which alongside the crosslinking, increases the vulcanization
torque. Comparing with silica prepared compounds, the vulcanization kinetics of the CNC
compounds were better. In general, the results have shown that desulphation or treatment of CNC
with soda concentration below 1.2 M would not interfere remarkably on the vulcanization kinetics.
The idea of acidic groups interfering with vulcanization mechanism [32, 33] was not observed as
results are within the same trend. It is possible to attribute this to the fact that the margins in the

amount of sulphate removed were not remarkable to affect the vulcanization process.
4.3.8 Dynamic mechanical analysis

The reinforcement mechanism of the desulphated cellulose nanocrystals was studied and compared
with silica filled compounds. The results of APS compatibilized compounds and TESPD

compatibilized compounds are shown in figure 4.5 and 4.6.
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Figure 4.5 Storage moduli of desulphated CNC compatibilized with APS silanes in NR compounds.

Among the desulphated compounds, the storage modulus of the highest desulphated CNC sample
(0.6 M) prepared with APS silanes was higher compared to all the compounds, even the reference
silica. At low strains, the storage moduli were up to 1093.93 kPa, with the lowest storage modulus
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at low strain from 0.9 M samples. This may be attributed in part to the possibility of more hydroxyl
groups being made available from the desulphation process thereby creating more sites for the
coupling reactions. At 100% strain, the values of the highest desulphated samples were still high
compared to other compounds. However, it was expected that the sample with the lowest
desulphation (0.3 M) should have the lowest modulus going by the postulations that when
desulphation is initiated, more active sites are provided for coupling which would contribute to the
reinforcements. But it is on the contrary. A possible explanation in this scenario is to understand the
contributions of the crystallinity of the least desulphated samples which was reasonable higher and
possibly contributing to compensate the reinforcement. The desulphations effect are obvious in the
various compounds. However, other contributing factors such as the crystallinity of the particles,
silane structures etc could have contributed in a way that its difficult to connect the improvement

of properties to the freed hydroxyl groups alone.
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Figure 4.6 Storage moduli of desulphated CNC compatibilized with TESPD silanes in NR compounds.

The storage modulus of the desulphated compounds compatibilized with TESPD silanes showed
similar trend. The compound with highest storage modulus was from 0.6M samples which were
highly desulphated. Even at 100% strain the values were higher compared to the rest of the
compounds. This also alludes to the possibility of more hydroxyl groups being made available for
the coupling reaction. The deformations imposed on the 0.6M sample of interest was remarkable
at about 12.5% strain when filler network breakdown was more obvious. The Payne effects of the

samples are also displayed below.
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Payne effect ~ S-TESPD  0.3APS  0.6APS 0.9APS 1.2APS 0.3TESPD  0.6TESPD  0.9TESPD  1.2TESPD

Unvulcanized 108.03 282.44  561.02  240.84 296.3 261.57 353.54 157.73 243.94

Vulcanized 343.18 33095 322.39 200.32 254.29 323.85 407.99 249.52 281.8

Table 4.8 Payne effects of desulphated compounds.

From table 4.8 showing the Payne effect for both silanes compatibilized compounds, the highly
desulphated compounds had a higher Payne effect both for the vulcanized and unvulcanized
compounds which may be attributed to aggregations and poor dispersions. In the vulcanized state,
the Payne effect for APS highly desulphated compound reduced and was relatively compared to
others. However, it increased for TESPD compounds. It is important to highlight that vulcanizations
for APS reach optimum at early time while that of TESPD silanized compound also achieved an
optimum curing at about 40% of the entire curing time. Reversions set in afterward with the
subsequent loss of part of the crosslinking bridges. The high values of the Payne effect and possibly
the storage modulus could improve if the curing process is ended early to avoid reversion that would

lead to loss of vulcanization networks.

Tan Delta S-TEPSD 0.3APS 0.6APS 0.9APS 1.2APS 0.3TESPD 0.6TESPD 0.9TESPD 1.2TESPD

1% 0.047 0.028 0.03 0.02 0.021 0.027 0.036 0.026 0.026

100% 0.053 0.061 0.059 0.048 0.055 0.06 0.065 0.058 0.055

Table 4.9 Tangent delta of APS and TESPD silanized desulphated compounds.

The tangent delta of the various desulphated compounds are shown in Table 4.9 for vulcanized
compounds. The response of the compounds is indicative of the synergistic effect of the elastic
portions of the compounds. When compared to the silica prepared compound, several samples
exhibited a slightly higher tangent delta at high strain. As said earlier, the difference in the margin
of the sulphate content as reflected in the amount of sulphur is relatively close and it is difficult to
observe sharp differences in the properties. However, the contributions of the highest desulphated
compound are reflected in the properties of the various composites. For the APS silanized
compound, the tangent delta of the highly desulphated compound is relatively the same with 0.3M
desulphated compound which were higher than all APS silanized compounds. With the TESPD

silanes, the highly desulphated compound (0.6M) showed a higher tangent delta. This could be
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attributed to aggregations and poor dispersions leading to poorer filler-polymer interactions. The
removed sulphates groups have shown to be vital to aid dispersion when present in reasonable

amount.
4.3.9 Tensile properties

The tensile measurements of the desulphated compounds made with APS and TESPD silanes and
compared with silica compounds are presented in table 4.10 and 4.11. The tensile properties of CNC
compounds were higher than the reference silica except 1.2 M desulphated CNC compound
prepared with APS silane at 300% strain. The material was unable to be stressed up to 300%. The
possible explanation may be due to brittleness of the materials which were reasonably stiff to the
point of not been able to stress up to 300%. More so, high reactivity of APS silanes and the high

impact of the soda treatment could have made contributions to this.

Property S-TESPD 0.3APS 0.6APS  0.9APS 1.2APS
Stress 10% [MPa] 0.38 0.48 0.51 0.40 0.48
Stress 50% [MPa] 1.08 1.63 1.71 1.39 1.84
Stress 100% [MPa] 1.91 3.60 3.71 3.11 4.34
Stress 300% [Mpa] 10.02 14.93 15.66 14.17 -
Elongation at break [%] 386.82 353.93 398.07 310.22 268.87
Tensile strenght [MPa] 16.22 19.53 22.46 15.24 13.85

Table 4.10 Tensile properties of desulphated compounds prepared with APS silanes.

Property S-TESPD 0.3TESPD 0.6TESPD 0.9TESPD  1.2TESPD
Stress 10% [MPa] 0.38 0.48 0.54 0.43 0.47
Stress 50% [MPa] 1.08 1.58 1.73 1.42 1.64
Stress 100% [MPa] 1.91 3.29 3.44 2.96 3.59
Stress 300% [Mpa] 10.02 13.07 12.98 11.78 13.87
Elongation at break [%] 386.82 395.25 412.85 445.33 348.90
Tensile strenght [MPa] 16.22 18.07 20.10 21.08 17.16

Table 4.11 Tensile properties of desulphated compounds prepared with TESPD silanes.
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There is the possible reaction taking place in APS silanized compounds where there is an
electrostatic interaction of sulphates groups with amine moieties. This type of interaction can cause
restrictions of polymer chains, thereby making them to tend towards the glassy behaviour. It is
important to highlight that not all the immobility of polymeric chains is caused by covalent bonds.
Therefore, when the restriction of chains is majorly not a result of covalent interactions, the material
resistance to deformations may be poor. Although, chain immobility due to other factors can
influence some properties of the composite to a large extent. An increase in tensile strength also
show increase in the elastic portions of the material. This is brought about by the increase of filler-
polymer interactions. For APS silanized compounds, the tensile strength of 0.6 M desulphated
compound showed the highest values. It is possible more coupling sites were made available for
interaction with the polymer matrix even though the material was known to have aggregations. The
values from 10 to 300% elongation were also noticed to be higher than the referenced silica. It
showed a combination of properties from being strong, stiff, and tough. While the desulphated
compounds showed properties relatively better than the referenced silica, the 1.2 M desulphated
compound for both APS and TESPD silanized compounds showed lower properties. This may be
possible as the impact of the highly concentrated soda used in the treatment process would have
influenced the material. It was expected that for samples with higher tensile strength,
demonstrating large elastic portions, there supposed to be a relative reduction in elongation at
break showing the possibility of reduction in polymer chain mobility. However, as observed in this
case the response of the materials to tensile stress showed combined improved properties with
chain flexibility. The filler networking structures, and crystallisation properties would have also

made contributions to this.

4.4 Conclusions

Cellulose nanocrystals are widely produced with sulphuric acid which grafts on the surface a
sulphate half ester group. Understanding the effect, they have on CNC composite have been
studied. The CNC material was subjected to desulphation using sodium hydroxide. The sulphate
ester content deduced from the amount of sulphur was 2.05% for pristine CNC and reduced to
1.66% for the highest desulphated sample at different sodium hydroxide concentrations.
Composites were prepared with the desulphated CNC and compatibilized with APS and TESPD
silanes. The properties of the composites were relatively indicative of the degree of desulphation.
The highly desulphated samples had a high reduction in crystallinity index. It was observed that the
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removal of the sulphate groups slightly improved the thermal properties of the filler material and
provided more reactive sites for the coupling reaction which led to improvement in the compounds
properties. This is an indication that cellulose nanocrystals produced with lower amount of
sulphates groups on the surface could lead to better cellulose nanocrystal composites. There was
also a corresponding improvement in the tensile properties of the desulphated compounds
especially the compound with the lowest values of sulphate content. In this regard, it would be

advantageous to produce CNC with lower amount of sulphate half esters.
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Chapter 5

Alpha-1,3-glucan as a biofiller

5.1 Introduction

Alpha-1,3-glucan is a water insoluble polysaccharide found mostly in different fungi species. It is
medicinally valuable and several research have been published about this [1-5]. Another occurrence
of this insoluble polymer is in dental plaques where the presence of 1,6 linkages can make them
soluble in water [6,7]. A viable means of making them soluble is by modifications where ester
derived alpha-1,3-glucans have been published [8-10]. At the present there is need to reduce the
heavy reliance on fossil derived polymeric material and alpha-1,3-glucan could serve as one of a

potential replacement in some industrial applications if properly researched.

The biosynthetic procedure of the alpha-1,3-glucan molecule is different according to different fungi
species because there is the presence of other competing polysaccharides such as the beta linkages.
The synthesis leading to the formation of dental plaques has been studied and replicated [8]. Here,
glucosyltransferase (Gtfs) enzymes catalyse the reaction from sucrose which can lead to the
formation of alpha-1,3-glucan chains with high degree of control of the synthetic process. The
resulting glucan material maintains interesting properties which could be explored for possible use

as reinforcing filler in the tire industry.

Because of the presence of hydroxyl groups on the surface of the glucan, aggregations and
agglomerations are unavoidable. Therefore, glucan materials are mainly obtained with particle sizes
in the range of 1-5 micrometre. At bigger particle sizes, fillers are unsuitable for use as reinforcing
agent in rubber matrix because of huge reduction in the effective particle surface area and problems
dispersing the filler in the polymer matrix. Plausible options available to avoid this challenge are to
break down the particle sizes or graft some functionality that can reduce the surface energy and

increase its hydrophobicity.

In chapter 4, the role of sulphates half ester on CNC surface was explored. CNCs are widely produced

with sulphuric acid which confers on the surface half sulphate ester functionalities leading to stable
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colloidal suspension. From this stable suspension, it is easier to prepare a composite without the
filler sedimenting out of the matrix. Also, when desulphation were carried out, the role of sulphate
half esters were obvious and it makes sense to see if sulphates groups could also be grafted on the

glucan surface to maintain a stable suspension.

The approach used in Chapter 4 was therefore replicated here by using sulphuric acid to reduce the
chain length and to understand the possibility of grafting sulphate half esters on the surface of
alpha-1,3-glucan. This is intended to create an alpha-1,3-glucan suspension that could be used to
co-precipitate with natural rubber for composite preparation. This approach was considered
necessary as the glucan is insoluble in water with huge particle aggregations. Subsequently, the
treated 1,3-glucans were used to reinforce natural rubber compounds using silanes as
compatibilizing agents. The procedures adopted and characterization results have been explained

below.

5.2 Experimental method

5.2.1 Materials

Alpha-1,3-glucan was obtained as described elsewhere [11]. Natural rubber Iatex,
bis(triethoxysilylpropyl)disulphide  (TESPD), = 3-aminopropyltriethoxysilane  (APS) silanes,
antioxidants and vulcanizers were provided by Pirelli tyres. Sulphuric and acetic acid were bought

from Sigma Aldrich. All materials and reagents were used as received.

5.2.2 Procedure

5.2.2.1 Alpha-1,3-glucan treatment

A 30, 40 and 50% wt./wt. solution of sulphuric acid was prepared and 10 ml each was transferred
into a beaker. About 1 g of alpha-1,3-glucan was also added into the beaker and homogenized by
stirring. Later, the mixtures were placed on a magnetic stirrer and stirred at 55°C for several minutes.
Reaction time was evaluated from 30 minutes to 120 minutes. At the end of the reaction, about
three-fold cold water was used to quench the reaction. Thereafter, it was centrifuged. For the
subsequent cycle of centrifugation, samples were refreshed with deionized water, sonicated before

repeated centrifugation. After repeated centrifugations, a relatively stable suspension appeared
101



and was decanted while the residue is discarded. The obtained suspension was transferred into
dialysis tubes and dialyzed for 3 days until neutral pH. Subsequently, the suspensions were

characterized by DLS, zeta potential and SEM analysis.

Alternatively, for large compounds that would meet the requirement for brabender compounding
of compounds up to 10-20 g, the sulphuric acid treatment process is conducted with few

centrifugation cycles and endless dialysis with the intent to recover all glucan materials.

Ingredients (PHR) S-TESPD G-TESPD G-APS
Polymer/filler system
Natural rubber 100
Silica 30
100PHR NR + 30PHR CNC 130 130
Compatibilizer
TESPD 2.4 2.4
APS 2.4
Vulcanization system
Soluble sulfur 2 2 2
Zinc oxide 5 5 5
Stearic acid 2 2 2
CBS 2 2 2
Antidegradants
™Q 1 1 1
6PPD 1.5 1.5 1.5

Table 5.1 Compounding formulation for silica compounds made with TESPD silanes (S-TESPD), alpha-
1,3-glucan compound made with TESPD silanes (G-TESPD) and alpha-1,3-glucan compounds made
with APS silanes (G-APS)

5.2.2.2 Composite preparation

The alpha-1,3-glucan suspension was concentrated at 100°C until percentage content of glucan
reached about 10%. A determined amount corresponding to 30 phr of glucan was weighed and
mixed with natural rubber latex. The mixtures were homogenized by magnetic stirring for 20
minutes. Thereafter, glacial acetic acid was added dropwise, and the mixtures were coagulated. The
coagulated samples were pressed, chopped in smaller pieces, and soaked overnight. After which,
they were dried in an oven until constant weight. The dried materials were compounded in a

brabender internal mixer with the recipe shown in table 5.1.

The compounding procedure has been outlined in table 4.1.
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5.3 Results and discussions

5.3.1 Particle sizes

The particle sizes of the glucan material were estimated with dynamic light scattering (DLS) and is
presented in figure 5.1. The hydrolytic reactions were evaluated from 30 minutes to 120 minutes
using sulphuric acid at 30, 40, and 50% wt./wt. The procedure followed the principle of obtaining

cellulose nanocrystals using sulphuric acid.
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Figure 5.1 Particle sizes of alpha-1,3-glucan hydrolysed with sulphuric acid.

It was intended that the amorphous regions would be hydrolysed to recover glucan nanocrystals in
suspension. The suspension obtained and subjected to DLS analysis showed a reduction in glucan
particle sizes as the hydrolytic time increased. The glucan particle size was reduced to about 400 nm
at 30 minutes and continued to a minimum of 180 nm for 30% wt./wt. acid. The reductions in
particle sizes were also enhanced by the particle agitations during hydrolysis. It was observed that
a vigorous agitation with mixing incorporating all regions of the beaker was one of the key-factor to
effective size reduction. Also, during the several cycles of centrifugation to produce glucan
suspension, the samples were sonicated for at least five minutes and this contributed immensely to

the particle size reduction.

To produce a nano suspension, the glucan residue needs to be continuously refreshed with water
and sonicated until components from the residue are unable to be resuspended. In this case, there

is the possibility of increasing the yield. The highest yield that was obtained was when the sample
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was hydrolysed with 40% wt./wt. and it was achieved at about 70min of hydrolytic time. The other

acid concentration did not produce a yield comparable to that of 40% wt./wt.
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Figure 5.2 Percentage yield of alpha-1,3-glucan hydrolysed with sulphuric acid.

While the intention was to create a stable glucan suspension by also grafting sulphate half esters on
the surface as obtainable with cellulose nanocrystals, a large portion of the material could be lost
due to the hydrolysis. This is because, all the materials could not be transformed into a suspension
as the yield showed that about 40% of the material could be lost. Alternatively, it was observed that
the process could be considered as sulphuric acid treatment to reduce particle size instead of
producing alpha-1,3-glucan nanocrystals. Therefore, all the materials were recovered after the acid
treatment without any losses. As it would be shown subsequently, the treatment was sufficient to
reduce the particle sizes by reducing particle size and recovering all the matter. With this treatment,
an unstable suspension is created with eventual precipitation after concentrating the suspension.
The size of particles in the treated suspension (when studied with DLS) were true estimates as the

morphology of the glucan was later resolved to be spherical in shape.
5.3.2 SEM

The particle morphology was studied with scanning electron microscopy and presented in figure
5.3. The morphology gives a clue on the aggregate structures that can be formed within the polymer
matrix. The suspension obtained after alpha-1,3-glucan treatment was sonicated. A few amounts of
the sample were dispersed in distilled water and sonicated again. Thereafter, a few drops of the
suspension were dispersed in ethanol, sonicated, and deposited on a stub for analysis. About 5 to 7

nm of carbon nanoparticles were sputtered on the surface to aid in image acquisition.
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The morphology of the glucan showed a spherical-like particles aggregating into irregular shapes. It
is indicative of a broad range of particle size distribution with more primary particles fusing into
aggregates. Glucan in several species was revealed to be fibrillar with a thickness of 10-14 nm [11-
13]. The same synthetic procedure using glucosyltransferase enzymes showed glucan with fibrillar
morphology [14]. There are possibilities that the glucan acid treatment resulted in chain dissolution
leading to small fragment of glucose units. In general, the morphology depicts spherical particles

with low structural disordered aggregates.

The images were acquired at 200 nm scale with different magnifications. At the lower part of the
image with higher resolutions, the particle sizes showed a broad range of sizes corresponding to the
DLS measurements which estimated the average particle sizes. On the large particle size estimated
with SEM, fused particles measured about 249 nm longitudinally were observed. It was also
observed that on the surface of the large particles, smaller sized particle not expected to measure
up to 30 nm were fused on the surface, indicated by the arrows. With this type of morphology, there
is the indication of very high aggregations and the aggregate structures are combination of wide
range of primary particle sizes than may find difficulty establishing a well-ordered aggregating
structure. In general, alpha-1,3-glucan morphology was irregular spherical structure tending to fuse
to each other. This type of morphology is different from the rod-like cellulose nanocrystals.
However, it is relatively similar to silica nanoparticles and the reinforcement behaviour is expected

to be similar to that of silica filled compounds.
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Figure 5.3 SEM image of alpha-1,3-glucan morphology.




5.3.3 XRD

An X-ray diffraction was used to study the crystallinity of the glucan polysaccharide before and after
treatment. In figure 5.4 is shown the crystalline peaks of the alpha-1,3-glucan and the treated glucan
(N-Glucan). The peaks showed a higher intensity of the untreated glucan. The higher intensities in
part may be attributed to contributions from water crystallites as the sample was relatively
hydrated. Although it was dried before data acquisition, the peaks are closely related to hydrated

glucan XRD data reported elsewhere [3, 14]
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Figure 5.4 Crystalline peaks of untreated (Glucan) and treated (N-Glucan) alpha 1,3 glucan.

About four glucan polymorphs have been established. Polymorph Il exists as hydrated glucan while
polymorph IV exists as anhydrous glucan [15]. The treated glucan has crystalline peaks that is very
similar to the hydrated glucan and in the same crystalline planes, but at different intensities. After
the treatment, there was a slight reduction in the crystallinity as shown on the crystallinity index.
This may infer that the treatment had not particularly hydrolysed the amorphous regions to produce
nanoparticles. Rather, it could be assumed that there was partly a chain dissolution or opening of

the glucan structure where part of the water formed crystallites was removed. Despite the
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treatment, the results still show that a considerable part of the glucan compound remains crystalline

and the hydrogen bond networking has not been destroyed.
5.3.4TGA

Thermogravimetric analysis was conducted on the glucan filler to understand the thermal
properties. This is very important as certain processing temperatures may require thermal stability
of fillers for composite preparation. Below is shown the evolutional response of glucan in a wide

range of heating temperatures.
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Figure 5.5 Thermogravimetric curve of treated (N-Glucan) and untreated (Glucan) alpha 1,3-glucan

From figure 5.5, there was a percent loss in weight of both glucan materials from 30 to 100°C. This
could be attributed to absorbed water. From 100°C, the loss in weight remained constant over a
wide range of temperatures with the untreated glucan having a higher loss in weight. At 270°C,
thermal degradations start for the treated glucan. However, the start of thermal degradation for
untreated glucan delayed until at 303°C. Similar thermal behaviour of glucan has been published
[16, 17] with many improvements recorded only when they were functionalized to ester derivatives
and subsequent substitution of the hydroxyl groups. The early degradation observe with the treated
glucan could partly be explain that the chain scissoring has exposed the material to higher thermal

impact. However, at this temperature, it is tenable for processing with some polymeric compounds.
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5.3.5 Vulcanization properties

The vulcanization properties of alpha-1,3-glucan compounds were conducted to understand the
extent of crosslinking that was achieved with glucan compounds. Compounds were prepared with
TESPD and APS silanes and compared with silica compounds. The curing conditions were at 150°C

and at 30 minutes and results shown in table 5.2.

Parameters S-TESPD G-TESPD  G-APS
TS2 (min) 9.72 4.73 2.33
T90 (min) 15.73 8.13 4.42

CRI (min-1) 19.96 29.41 47.85
ML (dNm) 1.61 1.38 1.7
MH (dNm) 12.3 13.4 13.22
AM (dNm) 10.69 12.02 11.52

Table 5.2 Vulcanization properties of alpha-1,3-glucan compounds.

The vulcanization kinetics of glucan in comparison to the reference silica compounds showed an
improved trend. Silica particles are spherical with the tendencies of adsorbing curatives. From the
SEM image analysis, glucan was considered spherical just as silica. However, the crystallinity index
which may not be applicable to silica because of the amorphous nature would have influenced the
curing kinetics by restricting the absorption of curatives. For both silanes, the scorch time of glucan
compounds was lower, and the optimum curing time T90 was higher compared to silica compounds.
The curing behaviour of glucan is considered similar to that of cellulose nanocrystals by being faster.
Although the types of silanes used, including an effective hydrolytic and condensation reactions,
influences the vulcanization kinetics, it seems, the curing behaviour of glucan and cellulose are
similar. Considering the high torque generated during the curing, glucan compounds had a higher
crosslinking density as shown on the difference in torque AM. The curing rate index of the glucan
compounds were higher compared to that of silica compounds and this also could be attributed to
the crystallinity of glucan not promoting curative absorption. With the early vulcanization, also
comes early reversion and it is expected that if the glucan compounds are cured before 14 minutes,
there would be improved properties. Curing up to 30 minutes as it was done leads to the loss of

sulphur bridges which can compromise the quality of the composite.
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5.3.6 Dynamic mechanical analysis

The dynamic mechanical analysis of alpha-1,3-glucan compounds were studied to understand the
strain dependence of the viscoelastic properties of glucan compounds. Glucan compounds were
prepared and compared with silica made compounds as reference and results both for green and

vulcanized compounds showed in figure 5.6 and 5.7.
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Figure 5.6 Storage moduli of unvulcanized alpha-1,3-glucan compounds made with APS silanes (G-
APS), TESPD silanes (G-TESPD) and compared with silica compounds made with TESPD silanes (S-
TESPD)

Green glucan compounds made with APS silanes had a higher storage modulus at lower oscillatory
strains. It was followed by glucan compounds made with TESPD silanes. This is an indication of
higher filler dispersion as well as good filler-filler interactions which APS silanes are most remarkable
at providing. At progressive strain sweep, the filler networking was broken down. For APS glucan
compound, the un-recoverability of filler network was mostly observed at about 20% strain. At this
point, there were huge breakdown of filler networking. The green state of the various compounds
is a clear indication of glucan interesting properties being more reinforcing than silica compounds.
In this case, for the silanes that were used, efficient dispersion was achieved with a better filler-filler
networking. Although at higher storage modulus, there is a relatively correlation to a higher Payne
effect when the material is subjected to higher oscillating deformations. As shown in table 5.3, in
the unvulcanized compounds, there is more hysteresis for APS prepared compounds which is

because of the filler-networking breakdown.
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Payne effect S-TESPD G-TESPD G-APS

Unvulcanized 108.03 187.44 295.56

Vulcanized 343.18 193.73 147.84

Table 5.3 Payne effects of vulcanize and unvulcanized glucan compounds compared with silica

compounds.

The green compounds were cured at 150°C and at 30 minutes and the contributions of sulphur
bridges to the various compounds were studied. Comparable to the green compounds, the storage
modulus increased remarkably with silica compound showing the highest storage modulus at low
deformations, although the differences were not overtly remarkable. When considering the
reinforcement pattern, it is easy to observe that the reinforcement mechanism was almost the same
as reflected in figure 5.7. From the SEM images, the alpha-1,3-glucan fillers showed spherical-like
particles closely related to the morphology of amorphous silica. These spherical-like particles are
not highly reinforcing compared to rod-like fillers with higher aspect ratio such as cellulose
derivatives. Itis therefore easier to infer that the reinforcement mechanism of both silica and glucan

compounds are relatively the same.

On the account of glucan compounds having lower storage modulus at lower strain in the vulcanized
state, it is possible to infer that the fused nature of the primary particles with a broad range of
particle size distribution were highly irregular with possibilities of not being able to form high
aggregate structures that can network and confer good reinforcement on the compounds. This is

not minding the fact that the green compound has already shown good dispersion.
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Figure 5.7 Storage moduli of vulcanized glucan compounds made with APS silanes (G-APS), TESPD

silanes (G-TESPD) and compared with silica compound (TESPD).

In the uncured state, the properties of APS silanized compounds showed better reinforcement
which is the opposite compared to the vulcanized. This occurrence could be attributed to the
realization of early reversion because of over curing. In essence, at about 8 minutes, a tigo was
achieved for APS silanized glucan. With the tightest torque achieved at this time, the remaining
vulcanization process (additional 22minutes) were seen as a period where the necessary features
that promotes reinforcements were compromised and it is not unusual to see the storage modulus
of APS compounds at the vulcanized state being reduced. In general, it is possible to conclude that
the reinforcement of glucan compounds is very similar to silica, and the storage modulus G’ could
have been higher than that of silica if not for the vulcanization conditions that were imposed on the

glucan compounds.

The tangent delta as estimated below is the ratio of the elastic portion to the viscous portions of a
viscoelastic material. It shows the damping properties of rubber compounds and results of the

tangent delta behaviour are shown in figure 5.8.

Recall that it was highlighted earlier about the good dispersion and possible polymer-filler
interaction promoted by APS silanes. This polymer-filler interactions and high degree of crosslinking
is a key-factor to increasing the elastic portions of the composite and thereby reducing the tangent
delta. At low strain, the tangent delta properties of glucan compounds were lower than silica

referenced compound. This shows that glucan compounds had a higher filler-polymer interaction
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thereby increasing the elastic portions of the material. However, at high strain, the tangent delta
values increased which could be attributed to the strain amplification effect destroying the filler

networks and releasing polymer chains not having contact with filler networks.
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Figure 5.8 Tangent delta of vulvanized alpha-1,3-glucan and silica compounds

The aggregate formations of glucan fillers are indicative of low structures and reinforcement. In the
polymer mix, there could be good polymer-filler interactions on the surface. But a large portion of
the glucan fillers are fused in a manner that may not be accessible to adjacent polymeric chains for
interactions, thereby increasing the viscous response of the polymer chains during dynamic
deformations. This assertion may be considered realistic when considering the Tan D curves of
glucan compounds and silica compound. For silica compound, the response evolved by an increment
in the values, and then forming a plateau before going upward again at high strains. The filler
structures could be related to this nature of response, whereas that of glucan showed a steady
increase to high strains. The values of tangent delta were low compared to the reference material,
and it would be expected that much lower Tan D values could be obtained if glucan compounds are
prepared in a way that polymer chains are processed to extend interactions to the severally fused
inaccessible filler particles. Or maintaining treatment conditions that can promote particle sizes of

similar distribution and able to form higher aggregate structures.

5.3.7 Tensile properties
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Alpha-1,3-glucan compounds prepared with APS silanes and TESPD silanes alongside reference silica
compounds were subjected to tensile measurements to understand the response of the material in

tensile shear mode. Results are shown in table 5.4.

Property S-TESPD G-TESPD G-APS
Stress 10% [MPa] 0.38 0.36 0.40
Stress 50% [MPa] 1.08 1.08 1.45
Stress 100% [MPa] 1.91 1.89 3.13
Stress 300% [Mpa] 10.02 6.48 -
Elongation at break [%] 386.82 389.30 178.84
Tensile strenght [MPa] 16.22 10.20 5.95

Table 5.4 Tensile properties of glucan compounds made with APS silanes (G-APS), TESPD silanes (G-
TESPD) and silica compounds made with TESPD silanes (TESPD).

The tensile properties of silica compounds serving as reference was relatively similar to glucan
compounds made with TESPD. Beginning at 10% strain, the stress values of G-APS were higher than
both silica and glucan TESPD compounds. The trend of G-APS increased remarkably and was also
higher than TESPD prepared compounds up to 100% strain. At 300% strain, the G-APS silanized
compound was seen to providing no values. It shows that the material could not be strain up to
300%. Subsequently, the elongation at break of this compound was remarkably lower compared
with the reference silica. This incidence could be attributed to high crosslinking and reversion and
the tendency of the material becoming brittle. Ordinarily, when polymeric materials are brittle, they
can fail at few strains. The contributions of voids could also remarkably contribute to such failure. It
is difficult to observe the impact of these voids in a composite during cyclic deformations because
they can realign themselves and may be unnoticed. They are most noticeable when materials are
subjected to tensile deformations. In the previous chapters on cellulose nanocrystals, this feature
was observed that it was difficult to strain some APS-cellulose material up to 300%. It seems the
role played by the amine groups in the amino silane structure does not only promote dispersion,
but it also creates rigid siloxane structures [18] within the polymeric composite and thereby
restricting the tendency to flexibility of polymeric chains. In this scenario, it may be preferable to

reduce the amount of the amino silanes that are used.

Strains at 300% are crucial for the tire industries and the reference silica compound was shown to

have better properties. Generally, good filler-polymer interaction is important to achieving high
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tensile properties. However, irrespective of any possible interactions, the intrinsic properties and
the structural formations of filler compound within the polymeric matrix are other major
contributions. In the case of alpha-1,3-glucan, it could be seen that the filler has low structures, and
the reinforcement is low. Tensile properties of alpha-1,3-glucan films at 70°C were published [19]
and results were much lower than the results obtained in this work. This is partly also, the
contributions of the composite processing method which if studied and improved, could improve

the tensile properties to be higher than the reference silica.

5.4 Conclusions

The use of alpha-1,3-glucan as a potential reinforcing filler has been explored in this chapter. There
are different synthetic route to synthesizing alpha-1,3-glucan, but the process gaining industrial
relevance is the enzymatic polymerization of sucrose using glucosyltransferase enzymes. Most
often, the resulting glucan polymer agglomerates to large particle sizes extending to the micrometre
range which is not suitable to be used as reinforcing filler. This work therefore employed similar
technique used in cellulose nanocrystal hydrolysis to hydrolyse the glucan compounds with intent
to obtain glucan nanocrystals. This procedure gave a glucan suspension with a relatively colloidal
stability and yield reaching 60% depending on the acid concentration. However, for the preparation
of compounds large enough for composite preparation and characterization, the treatment was
done, and all samples were recovered through dialysis. In this case the process of glucan was
considered as targeted at scissoring the length of the polymeric chains and not producing glucan
nanocrystals which was confirmed with relatively the same crystallinity before and after treatment.
The SEM images of the treated glucan showed spherical-like fused structures which were deemed
low reinforcing. Thereafter, they were prepared with TESPD and APS silanes in natural rubber
compounds. When compared with silica prepared compounds, the reinforcement of glucan was
seen to be lower for both silanes that were used. The tensile properties were slightly inferior also
to silica. However, the vulcanization kinetics were relatively better than silica. From observations,
the glucan filler would need higher filler loading compared with the 30 phr used in the studies.
Although it is promising filler, more studies targeting at exploring the use of different silanes or
modification methods, and processing techniques would be needful to establish the entrant of

glucan as potential reinforcing filler.
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Chapter 6

CNC as a biofiller: Enzymatic modifications

6.1 Introduction

Cellulose nanocrystals are actively explored with wide areas of prospective applications [1-6]. Their
use as fillers in polymeric composites is currently promoted due to its fascinating properties and the
green nature of CNC. Notwithstanding the enormous benefits, the hydrophilic nature of CNC
requires surface modification to be compatible with polymeric matrixes for composite preparation

and several methods of surface modifications have been reviewed [4, 7-13].

Among several successful methods of functionalizing fillers for compatibility with polymer matrixes
is the use of silanes. These bifunctional silanes are added to the composite during preparation or
pre-treated with the filler and are the major compatibilizer in the tire industry. Their inorganic
nature and search for sustainable and greener composite has made enzymatic modification one of
alternatives. The green character of different cellulose modification processes has been reviewed
[14-18] with comparisons on the different processes alongside overall score on a green character
scale. This is in line with the principles of green chemistry, considering the green origin of the
treatment, avoiding harmful solvents, avoiding toxic materials, minimizing energy use,
biodegradability, avoiding material waste, avoiding petrochemicals, recyclability, does not hurt

cellulose and scale-up friendly. These are part of reasons enzymatic modification is being explored.

Enzymatic processes which are currently explored takes place at mild reaction conditions,
environmentally friendly, and can target reactant molecules preferentially. The bottleneck that
comes with the use of enzymes is their non-solubility in organic media and the attendant lack of
activity in several polar organic solvents. The solubility of enzymes in aqueous system does not
favour synthetic reactions. Chemical modification of enzymes with the use of surfactants and
extraction from aqueous buffers to organic solvents [19] are well established procedures to
overcome the solubility drawbacks. In most cases, a combination of several organic solvents as
reaction media is used to adapt the enzymes. This eventually reduces the green character of the

process as more complex waste products may be generated with difficulties in recycling.
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Besides the preparation of cellulose nanocrystals enzymatically, there are reports of enzymatic
modifications in the literatures. Some reports that evaluated enzymes catalysed modification
showed lipases as good candidate for CNC modification [20-24]. But most of these are silent on
waste recoveries and efficient purifications. Most of the papers uses esters as donors, at
stoichiometric ratios that may defeat a possible scale-up. These drawbacks were studied, and

alternative means were explored to overcome the drawbacks.

In this chapter, vinyl acetate and vinyl methacrylate have been considered as ester donors to modify
the CNC surface for dispersion and compatibility on one side, and the exploitation of the carbon-
carbon double bond in vinyl methacrylate that would not only enhance the dispersion and
compatibility of the modified CNC but also promoting a cross-linking between the filler and polymer
matrix during vulcanization. The challenges in previous research works would be attempted to

address.

6.2 Experimental methods

6.2.1 Materials

CNC suspension was procured from Celluforce and freeze dried for use. Vinyl acetate, vinyl
methacrylate, Amano Lipase A from Aspergillus niger, dimethyl sulfoxide, sodium phosphate
monobasic, and sodium phosphate dibasic were procured from Sigma Aldrich. Natural rubber latex,
vulcanization system including soluble sulphur, stearic acid, zinc oxide, and antidegradants were

provided by Pirelli Tires and were used as received.

6.2.2 Procedures

6.2.2.1 Lipase catalysed transesterification

The transesterification reaction scheme using vinyl acetate and vinyl methacrylate as ester donor is

presented in figure 6.1 and briefly described below.

Vinyl esters that were used subsequently as donors are good leaving groups in nucleophilic

substitutions and are suitable for transesterification reactions [19]. In a stable reaction, vinyl
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alcohols are the by-products which quickly convert to acetaldehyde thereby favouring the formation

of desired cellulose esters.

’ (o]
CH, )LO/\C
~CH,
\g ™ H.C 2 ~0H
OHO H,C Vinyl alcohol
o *  Vinyl methacrylate Lipase, Buffer pH7  Callulose methacrylate +
OH — o
0 DMSO, 15 hrs, 40°C e
Celluloze )j\ e 0O~ “CH, CH,CHO
H.¢~ O~ T=CH, 0 o Acetaldehyde

Vinyl acetate OH OH

Cellulose acetate
Figure 6.1 Transesterification of CNC with vinyl methacrylate and vinyl acetate

Experimental procedure was adopted from previous work [20] with modifications. Briefly, about
10g of dried cellulose nanocrystals was dispersed in 150-200 ml DMSO by heating at 80°C for 10
minutes and allowed to cool. Thereafter, 650 mg of lipase from Aspergillus niger was added to 100
ml 0.1 M pH 7 phosphate buffer. The dissolved lipase was mixed with the dispersed CNC and allowed
to stay for few hours for equilibrations. Afterwards, 50 ml vinyl methacrylate or vinyl acetate was
added and reacted at 40°C for 15-24 hours. Intermittently, the mixture was stirred vigorously to
homogenize the biphasic system. At the end of the reaction, about 60 ml ethanol was used to
precipitate the mixtures and centrifuged to recover CNC pellets. The sample was dialyzed overnight,

and the success of the reaction was confirmed by subsequent characterizations.
6.2.2.2 Composites preparation

Functionalized CNC after dialysis was concentrated to 9wt % by heating at 100°C for few hours with
continuous stirring. At the necessary concentration, about 30 phr of the functionalized CNC filler
suspension (measuring up to about 10 g CNC) was weighed and added to latex rubber suspension.
The mixture was stirred for 20 minutes till homogeneity. Thereafter, about 20ml acetic acid was
used to coagulate the mixture by adding dropwise with continuous stirring. The coagulated sample
was washed, pressed to remove trapped acetic acid, and chopped into smaller pieces. The chopped
coagulated material was soaked in distilled water overnight and dried in an oven at 40°C till constant

weight. The compound formulation recipe is shown in table 6.1.
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Ingredients S-TESPD CNC-MET CNC-ACET
Polymer/filler system

Natural rubber 100
Silica 30
100PHR NR + 30PHR CNC 130 130
Compatibilizer
TESPD 2.4
Vulcanization system
Soluble sulfur 2 2 2
Zinc oxide 5 5 5
Stearic acid 2 2 2
CBS 2 2 2
Antioxidants/antiozonants
T™™Q 1 1 1
6PPD 1.5 1.5 1.5

Table 6.1 Formulations in PHR of silica and CNC compounds. S-TESPD: silica compatibilized with
TESPD silanes; CNC-MET: methacrylate CNC co-precipitated with natural rubber; CNC-ACET:

acetylated CNC co-precipitated with natural rubber.

The functionalized CNC composite was prepared and compared with silica compounds prepared by
dry mixing silica with natural rubber using TESPD as a silane compatibilizing agent. The compounding

procedure is shown in Table 6.2.

Mixing stage Time (min) Temperature (°C) Activity

Step 1 0 130 Load rubber and filler
1 Add silanes (for silica compound)
5 Add stearic acid
6 Unload

Step 2 0 60 Load masterbatch from Step1l
1 Add sulphur, zinc oxide, CBS, TMQ, 6PPD
3 Unload

Table 6.2 Mixing procedure for CNC and silica compounds
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The different samples were compounded by first setting the temperature of the brabender internal
mixer at 130 °C. When the mixing temperature was attained, samples were added as outlined in
table 6.2. Functionalized CNC composites were prepared without silanes and were mostly

homogenized few minutes before the addition of stearic acid.
6.2.2.3 Characterizations

Characterizations were carried out on the filler before and after modification and the properties it
conferred on the composite was studied. After the modification reactions, FTIR was used to confirm
the success of the reaction. The crystallinity index of CNC before and after modification was
measured with XRD while the thermal properties of the CNC were measured with TGA. After
composite preparation, the dynamic mechanical properties, tensile measurement, and
vulcanization kinetics were studied. Details of the characterization techniques have been explained

in chapter 3 (3.2.3) and 4 (4.2.2.3).

6.3 Results and discussion

6.3.1 CNC modification

The success of the transesterification reaction was confirmed by FTIR. The FTIR spectra of pristine
and modified CNC is shown in figure 6.2. Appearance of absorbance of the carbonyl stretching
vibrations of acetylated CNC was observe in the region of 1737 cm™ while that of methacrylate CNC
was observed at 1721 cm™ possibly because of the saturated nature of the methacrylate group
tending to a lower wavelength. Ester carbonyl peaks ranges from 1600 to 1750 cm™. However, for
cellulose, there is a broad peak in the region of 1660 cm™ depicting the presence of molecularly
bound water which is close to the carbonyl peak of methacrylate CNC. For most samples, the
broadness of these peaks did overlap the carbonyl peak and it was difficult to observe the presence

of a carbonyl peak.
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Figure 6.2 FTIR of unmodified and enzymatically modified CNC.

The appearance of the carbonyl peaks was used to estimate the amount of modifying agent that
was grafted by using the peak heights ratios (equation 5.1) of the C=0 and the C-O stretching

vibrations located around 1060 cm™ [25-28].
r = tlfb (5.1)

The C-0 assigned to the glucopyranose backbone of cellulose is not affected by the modification and
was used as a standard for normalizing the intensity of the carbonyl peaks. A baseline was therefore
constructed in the valleys of 1790-1700 cm for the carbonyl region and extended to the valleys of
1500 and 860 cm™ to estimate the ratio of Ic-o/lc.o which correlates to the percentage of ester that
was grafted. For acetylation reaction with grafting taking place on the surface, the intensity of
hydroxyl groups in the region of 3400 cm™ is relatively unchanged, as seen also with the
methacrylate reaction. It has been established that the esterification reaction follows a first order
equation up to 50 hours and this ratio is a valid and reliable means to estimate the amount of grafted

modifying agent [29, 30].
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From estimation, going by the peak height ratio, the acetylated CNC has a ratio of 0.37 while
methacrylate CNC has a ratio of 0.14. However, for esterification reaction, when the ratio (r)
deduced from FTIR is less than 0.4, a correlation to the degree of substitution (DS) has been
established [29] as shown in equation 5.2. considering that the reaction is taking place on the

surface.

The DS estimated from this procedure shows that acetylated CNC had a higher amount grafted on
the surface with a DS = 0.26 and the methacrylate CNC having a DS = 0.098.

When DMSO containing solubilized cellulose is mixed with lipase dispersed in buffer, the resulting
mixtures are considered exothermic and recorded temperatures had been observed as reaching up
to 48 °C which could affect the enzyme activity. An alternative protocol is to add the enzyme
dispersed in the buffer slowly in a bath having a slightly below room temperature with mild shaking
to avoid precipitation of CNC. The mixtures are then stayed to equilibrate and to allow the enzymes
adjust to the new environment. The addition of the various vinyl esters makes the mixtures
heterogeneous and it requires intermittent robust stirring to homogenize the mixtures and create

sufficient contact among reactant species.

Figure 6.3 Resultant products after CNC modification

The end of the reaction also comes with the ability of recovering the products of the reaction. After
reaction, the products are expected to be CNC, DMSO, unreacted vinyl esters, enzymes, buffer
solution and few amounts of acetaldehyde. As shown in figure 6.3, after the precipitation of the

mixtures, the entire CNC was recovered and the fluid part of figure 6.3 which possibly contains
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DMSO, dissolved enzymes, part of the buffer solution, and unreacted vinyl acetate on the top of the
mixtures are meant for recycling. The recovered CNC is expected to contain large amount of the
ethanol used for precipitation, part of the buffer solution and probably few amounts of DMSO. By
overnight dialysis, they are removed. However, the catalytic activity of the enzymes in the recovered
DMSO is expected to reduce although may be sufficient for another cycle of reaction, a buffer
solution may not be needed. Hence, it will require dispersing certain amount of CNC for another
cycle of reaction without adding additional enzymes and buffer into the system. The possibility of
reuse of the reacting solvent was not investigated and could be considered in subsequent research.
This reaction procedure shows prospects as reasonable amount of the reacting species could be

reused.

6.3.2 SEM

Scanning electron microscopy was used to study the morphology of the modified CNC. The
morphology of cellulose nanocrystal is rod or needle-like in nature and the SEM image was needful
to understand the impact after modification. SEM images for both cellulose acetate and cellulose
methacrylate are shown in figure 6.4a and b. After the modification reaction, the dialyzed
suspension of modified CNC was prepared for SEM analysis by dispersing few drops in water and
sonicated. Few amounts of the sonicated sample were dispersed again in ethanol and sonicated
again before depositing one microliter on a stub. In figure 6.4a is the cellulose acetate which was
considered to have a higher grafting. The image showed a preservation of the needle-like structures.
Alongside the image acquisition, the particle sizes were also estimated. The length of the longer rod
was estimated to be 280.4 nm and a width of 20.98 nm. It is evident that the length of the modified
cellulose acetate is still within the nano meter range with little or no aggregations. The image
acquisition for cellulose methacrylate was rather different. It showed huge aggregations. Although
the needle-like morphology of CNC is visible. This could be attributed to the sample preparation
method where it is considered that the sample was not properly diluted and sonicated for a
sufficient duration. Ordinarily, estimations from the grafted amount showed that the CNC
methacrylate had a lower grafting, and it is expected that there should be lower aggregations on
the acquired images. This is on the opposite. Therefore, the preparation method of poor dilution is
the only explanation for this occurrence. More so, the image was acquired at lower magnification

and the CNC morphology could be considered remarkably preserved.
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Figure 6.4b SEM image of cellulose methacrylate at different magnifications.
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6.3.3 XRD

The crystallinity of the cellulose nanocrystals was confirmed by X-ray diffractions before
modifications and after modifications. Generally, after modifications, part of cellulose fibres is
opened especially if the reactions proceed to the bulk. In this case, there would be a reduction in
the crystallinity index because of the distortion of the hydrogen bonding network and increase in
defects within the cellulose fibres. The crystallinity peaks of both cellulose acetate and cellulose

methacrylate compared with unmodified CNC are shown in figure 6.5.

From the diagram below, the crystallinity peaks of pristine cellulose, methacrylate, and acetylated
CNC at 20 is observed around 12.59, 159, 22.5°, and 34.8° which correspond to the planes of (170),
(110)(200)and (00 4). These peaks are typical of cellulose I and 11 [31, 32] and it is the main form
of several commercially available celluloses. Cellulose | is mainly found in native cellulose while
cellulose Il is obtained by regeneration of cellulose | using sodium hydroxide or other modifications
that would result to misalignment of cellulose fibres. The intensities of the crystalline peaks reduced
after grafting which showed that the cellulose crystalline structure has been slightly altered.
Cellulose has a strong inter hydrogen bonding network that contributes to the ordering of its fibres,
hence its high crystallinity. However, DMSO is one of the polar solvents that can solubilize cellulose
[33]. The presence of DMSO in the reaction media is expected to have contributed to disrupting part
of the hydrogen bonding network which could lead to reduction in the crystallinity, and this could
occur even without synthetic reaction. The crystalline peaks up to the 0 0 4 plane are obvious and
are considered to contribute mahorly to the crystallinity of cellulose. Therefore, the diffractions
from 2-theta range of 5°to 50° was used and effectively covered the range of these crystalline peaks.
There is a faint peak at 38° and by extension; Ju et al. [34] have identified possible contributions to
the crystallinity of cellulose beyond the 2-theta range of 5° to 50°. These subsequent peaks beyond
the 0 0 4 planes are extremely low with contributions that could be neglected for comparative

purposes.

To estimate the crystallinity of the pristine and modified cellulose, the crystallinity index (Crl) was
calculated from the crystalline peaks using Gaussian deconvolution of the crystalline and amorphous
regions [35-37] and deducing their ratios subsequently. The crystallinity index of both modified and

unmodified cellulose is shown in table 6.3.
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Figure 6.5 XRD diagrams of unmodified CNC and CNC modified with methacrylate and acetate.

CNC Acetylate Methacrylate

Crystallinity index (Crl) 86.35 77.35 79.07
Table 6.3 Crystallinity of pristine and modified CNC

The crystallinity index of pristine cellulose slightly reduced after the grafting reaction.
Corresponding to the intensities of the crystalline peaks, the acetylated CNC had the lowest
crystallinity index. This is in accordance with the higher grafting achieved during the modification
reaction. It is evident that when the grafting is increased, the crystallinity of the material would be

compromised.

6.3.4TGA

A thermogravimetric analysis was conducted for both pristine and modified cellulose to understand
the thermal stability of the samples. Usually, when fibres are modified, the macromolecular
structures are changed and their response to thermal decomposition can also change. In this regard,
it is needful to understand the thermal response of pristine and modified CNC which is shown in

figure 6.6.
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The behaviour of all the samples was relatively the same from the start of the degradation
temperatures. The weight loss followed the same pattern from 30-130°C which could be attributed
to adsorbed water. Afterwards, the acetylated CNC continued a gradual loss in weight while pristine
CNC and methacrylate CNC maintained a moderately constant weight over a range of temperatures.
However, at about 252°C a rather sharp degradation started for the pristine CNC while the
methacrylate and acetylated CNC maintained a weight loss without sharp degradation. For the
acetylated CNC, a gradual degradation started at 272°C while methacrylate CNC started at 270°C at
different weight loses. This showed that the modification of the CNC slightly improved the thermal

stability for both acetylates and methacrylate groups.
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Figure 6.6 Thermogravimetric curves of pristine and modified cellulose nanocrystals.

Similar results were shown when different amount of acetyl groups was grafted on CNC, showing
an increase in thermal stability as the amount of grafted groups increased [28, 39]. The early
degradation of pristine CNC could also be attributed to have been catalysed by sulphate esters [40]
which in the process of modification have been partly replaced by the modifying agents. Within the

degradation temperature range, the thermal properties are tenable for processing especially up to

200°C.
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6.3.5 Vulcanization properties

The vulcanization properties of the various modified CNC were studied with the moving die
rheometer. Samples were cured with sulphur curing package involving activators and accelerators
at 150°C for 30 minutes. Unlike the previous compounds, the modified compounds of cellulose
acetate and cellulose methacrylate were subjected to vulcanization without addition of silanes. The
scorch time (TS2), optimum curing time (T90), cure rate index (CRI), and the various torques were

deduced from the vulcanization curve in Figure 6.7 and presented in table 6.4.

As it could be seen from the curves, the vulcanization kinetics of the CNC compounds were very
similar. The scorch time for the acetate and methacrylate CNC was relatively the same and was short
compared to silica compounds. In fact, without activators and accelerators, the scorch time of silica
compounds could take longer. Silica is known to always absorb curatives and slowly releasing them,
thereby taking a longer time for the vulcanization to start. As shown in table 6.4, it took CNC
prepared compounds about half a scorch time of the silica compounds. When the crosslinking
started, it proceeded almost at the same rate similarly for CNC compounds. The cure rate index for
methacrylate was 28.57 min’! while that of acetate was 29.67 min’. Despite having very similar
kinetics, there was a remarkable difference in torque for both compounds. The methacrylate CNC
compounds reached the highest torque My of 16.01 dNm compared to acetylated CNC at My - 12.62
dNm and silica compounds My - 11.78 dNm. The difference between the lowest and highest torque
is an indication of the crosslinking density. In essence, the methacrylate CNC compounds achieved

a higher crosslinking.

Parameter S-TESPD CNC-MET CNC-ACET
TS2 (min) 9.30 4.35 4.53
T90 (min) 14.12 7.85 7.90
CRI (min-1) 20.75 28.57 29.67
ML (dNm) 1.30 1.93 1.57
MH (dNm) 13.08 16.01 12.62
AM {dNm) 11.78 14.08 11.05

Table 6.4 Vulcanization parameters of modified CNC (CNC-MET for methacrylate CNC and CNC-ACET
for acetylated CNC) and silica compound (S-TESPD).

130



Achieving a high crosslinking density is subject to contributions from different factors. The
macromolecular structures of methacrylate CNC have a double bond which is a desirable means to

promote sulphur vulcanization.
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Figure 6.7 Vulcanization curve of silica compound (S-TESPD), methacrylate CNC (CNC-MET) and
acetylated CNC (CNC-ACET).

In this scenario, the sulphur crosslinking does not only take place on the double bonds of the natural
rubber chains, but it also extends to the double bond present on the filler because of the surface
modification. Although it was expected that the crosslinking density should be higher; however, it
was also considered that the grafting was low and only happening on the surface. The contributions
to the crosslinking density were therefore few. This extent of functionalization is more of a trade-
off, maintaining the structural and morphological integrity of the filler as against grafting more
species which can compromise other useful properties. By comparison, the vulcanization properties
of methacrylate CNC were superior to the reference silica, and similarly to acetylate CNC. The role
acetyl groups played were more of enhancing dispersion within the matrix rather than contributing
to the crosslinking process. There were reversions close to midway into the vulcanization for the

CNC compounds. In fact, an optimum curing Tep where about 90% of the entire compounds were
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cured was achieved very early for the CNC and reversions started early. Steep reversion was not
experience for silica compounds because of their slow curing within the curing window. In essence,
a reasonable part of the crosslinking network within the CNC compounds were lost afterwards and
this goes a long way to compromise other properties of the compounds that would be determined
afterwards. Curing for the modified CNC should therefore not exceed 15 minutes to avoid reversion
and loss of part of the sulphur bridges. In general, the vulcanization kinetics of cellulose

methacrylate were better when compared to the reference silica and acetylated CNC.
6.3.6 Dynamic mechanical analysis

Modified CNC compounds were subjected to dynamic mechanical analysis and results compared
with silica compounds prepared with TESPD silanes as reference. Compounds were subjected to
oscillatory deformations both in the unvulcanized and after vulcanization and results are presented

in figure 6.8.

The viscoelastic properties of the green compounds showed cellulose methacrylate as rather having
a remarkably different result. The storage modulus of this compound was reasonably high at low
strain and this could be an indication of good dispersion as well as good filler-filler interaction. When
the material was subjected to dynamic deformation, the strain dependent response of the
methacrylate CNC compounds showed a steep drop in the storage modulus at about 35% strain. At
this point, the filler networking was making unrecoverable losses. The hydrophobization of CNC with
methacrylate group could give a clue to the ability of methacrylate enhancing easy dispersion within
polymer matrixes. Although the grafting was considered moderately low considering the intensity

of the FTIR peaks, it promoted efficient dispersion while maintaining good filler reinforcement.

In the unvulcanized compound, the storage modulus at low strains of methacrylate CNC was the
highest followed by silica and that of acetylated CNC. The methacrylate modified CNC also came
with high Payne effect which is attributed to lower filler-polymer interaction. Hydrophobization of
the CNC with acetylated groups only promoted dispersion and filler-polymer interaction without
good filler-filler networking. When the crude materials were vulcanized and subjected to dynamic

deformation, the viscoelastic properties improved remarkably.
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Figure 6.8 Storage modulus against strain of methacrylate CNC (CNC-MET), acetylated CNC (CNC-

ACET) and silica compounds

In the vulcanized compound, the storage modulus of CNC compounds modified with methacrylate
group were higher than the reference silica and acetylated CNC. In fact, even at 100% strain sweep,
the storage modulus of the compound is nearly comparable to storage modulus of acetyl modified
CNC at low strains. It is obvious that the viscoelastic properties improved owing to the increased

crosslinking as provided by the double bond from the methacrylate group. The good dispersion,
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filler-filler networking and filler-polymer interaction provides clue that the amount grafted may

have been reasonably sufficient.

Payne effect S-TESPD CNC-MET  CNC-ACET

Unvulcanize 113.51 294.67 165.27

Vulcanize 383.14 374.57 280.8

Table 6.5 Payne effects of modified CNC and silica compounds.

The cellulose acetate CNC compound was also of interest. The reinforcement was low compared to
the reference silica; however, the Payne effect was lower than all the other compounds. The
behaviour of the cellulose acetate compound showed a rather high filler-polymer interaction which
is later revealed in its tensile properties. In essence, grafting acetyl groups on CNC particles would
greatly promote dispersion and this may come at the expense of filler-filler interaction that would
maintain stronger reinforcement. In the SEM analysis, the structural integrity of the acetylated
cellulose was maintained, and it is unclear why the reinforcement was lower than the reference

silica.

The tangent delta of the various compounds also agrees with the results obtained from the storage

modulus as presented in figure 6.9.
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Figure 6.9. Tangent delta of cured silica compound (S-TESPD), methacrylate CNC (CNC-MET) and
acetylated CNC (CNC-ACET).
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At low strain, the tangent delta of silica compound was high and formed a plateau around 10%
strain. That of cellulose acetate was lower than all the compounds. A lower tangent delta is
desirable, and it is indicative of higher filler-polymer interactions which increases the elasticity of
the material. However, at higher strain, the tangent delta increased for the CNC compounds while
that of silica maintained a decreased before another increase. The difference in the behaviour of
the tangent delta curves could be attributed to the particle morphology of CNC being different from
spherical-like morphology of silica. In essence, during high deformations, there is debonding taking
place at polymer-filler interphase. The filler network is expected to break, and reform and the
behaviour of tangent delta curves is indicative that the silica network reformed better than CNC
networks. The silica compound did not show a damping behaviour that reduced from lower strain
up to the highest strain as seen with CNC. In this scenario, besides the good polymer-filler
interactions, the filler morphology plays a crucial role to enhance the damping properties during

cyclic deformations.
6.3.7 Tensile properties

The tensile properties of modified CNC were studied and compared with reference silica compound
prepared with TESPD silanes. The elongation at break, tensile strength as well as 10 to 300% stress

was deduced from the measurement and presented in table 6.6.

Property S-TESPD CNC-MET CNC-ACET
Stress 10% [MPa] 0.58 047 043
Stress 50% [MPa] 2.00 1.79 1.25
Stress 100% [MPa] 4.32 3.67 2.33
Stress 300% [Mpal] 13.87 12.59 9.56
Elongation at break [%] 424 .71 417 .11 495.96
Tensile strenght [MPa] 19.21 19.35 22.85

Table 6.6 Tensile properties of modified CNC compounds compared with reference silica.

From the table above, the tensile properties of the reference silica and methacrylate CNC were very
similar. From 10% strain to 300% strain, their results were very close up to the elongation at break.
However, on the tensile strength, there were slight improvements over the reference silica
compound. These comparable improvements in tensile properties were evident of good filler
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dispersion and good filler-polymer interaction. For CNC compounds, the coprecipitation method is
one of reliable means to disperse CNC effectively within a polymer matrix. This is necessary to have
effective load transfer from matrix to filler during load bearing conditions. The synthesized cellulose
acetate also came with interesting tensile properties. As explained earlier, it was evident that there
was good dispersion and good filler-polymer interaction occasioned by the acetylated groups on the
CNC surface. This eventually resulted to an increased elastic portion as against viscous portions
within the polymeric composite. As seen on the table, the tensile strength of the acetylated CNC
compound was higher than the reference silica, and subsequently the methacrylate CNC. The
elongation at break of this compound was also reasonably higher and it is an indication of improved
property requiring toughness. When compared to the reference material at 300% strain, the lower
value may be attributed to the reduced filler-filler interaction. Even at this, the obtained tensile

properties were seen to be good and interesting.

6.4 Conclusions

Silanes have been the most adopted means of modifying filler particles during composite
preparation in the tire industry. Silica and cellulose nanocrystals have similar surface chemistry and
studies on the modification of CNC have also incorporated the use of silanes for surface
functionalization. Alternatively, green approaches by using enzymes as catalyst to graft moieties
that can aid dispersion were employed in this chapter. Vinyl esters such as vinyl methacrylate and
vinyl acetate were used as ester donors while lipase from Aspergillus niger was used as the catalyst.
The reaction was conducted in dimethylsulphoxide (DMSO) for 24 hours and precipitated with
ethanol at the end of the reaction. This procedure enabled the recovery of all the CNC that was used
for the reaction. The reacting media such as the DMSO and other reagents were also recovered in a
heterogeneous mixture having the unreacted vinyl esters on the surface which could be decanted
and reuse. The success of the reaction was confirmed by FTIR and further characterization showed
the preservation of the CNC morphology. Compounds with the functionalised CNC were prepared
by coprecipitation and results were compared with a reference silica compound prepared with
TESPD silanes. Results especially the vulcanization and the dynamic mechanical properties showed
that the methacrylate CNC had a rather superior properties to the reference silica especially the
storage modulus and vulcanization properties. The acetylated CNC showed better filler-polymer
interactions which moderately affected the filler-filler interactions. However, the tensile properties
of the methacrylate CNC were very similar to the reference silica with acetylate CNC having good
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tensile properties especially the tensile strength which was higher than all. In this regard, it is
evident that the concept of grafting moieties with double bond (methacrylate) on the surface of
CNC with the intent to create a crosslinking on the CNC filler alongside the natural rubber yielded
interesting results. More so, this means of modification could be a potential replacement of the

sililation method of filler functionalization in the tire industry.
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Chapter 7

General conclusions

This research project has been devoted to exploring the possible use of lightweight polysaccharides
as fillers in elastomeric compounds. The intention is to see if they could be used to possibly replace
convention fillers that are used in the tire industries. In the tire industry, carbon black and silica are
the conventional fillers. In fact, carbon black which is derived from petroleum sources has its
attendant environmental concerns and this is making industrialist to find alternative fillers. Silica
was subsequently researched as one of the alternatives and is presently used to partially replace
carbon black. Silica is known to have some good properties over carbon black. However, the
production process of the highly dispersible silica used in the tire industry comes with reasonably
large chemical waste. Despite the good properties that could be derived from these fillers, the end
life of the tire compound is another challenge that awaits in the future as they are not bio derived.
Going back to nature to see how bio derived materials can be used to replace the conventional fillers

has been the current drive for this work.

The fillers that were used in this project were cellulose nanocrystals and alpha 1,3 glucan. Their
surface chemistry is like that of silica fillers having abundant surface hydroxyl groups. These bio
fillers are hydrophilic and not compactible with hydrophobic polymer matrix such as natural rubber.
In this regard, the fillers were modified to be compatible with the polymeric matrix. To achieve this
modification, two silanes were employed: Bis(triethoxysilylpropyl)disulfide (TESPD) and 3-
aminopropyltriethoxysilane (APS) silanes being aliphatic silanes and 2,2-dimethoxy-1-thia-2-
silacyclopentane (SID) and n-n-butyl-aza-2,2-dimethoxysilacyclopentane (SIB) being cyclic silanes.
All the compounds were compared with silica compounds as reference. The results obtained with
these fillers showed that the APS silanes promote very fast vulcanization and increases the
crosslinking density. With this silane, a higher storage modulus was achieved, and properties were
better than the reference silica compounds. The drawback that was experience with APS is the fact
that large amount of the silane affects the tensile properties. The reaction mechanism observed for

TESPD silanized compounds reveals that the storage modulus of the compounds with this silane may
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not be comparable to that of APS but the tensile properties were remarkably higher. Deciding on

which silanes to be used would therefore connect with the expected properties that is of interest.

When the cyclic silanes were explored, their reactive nature made the vulcanization to be fast. The
reinforcement of the various compounds was very interesting. However, it was observed that at low
silane loading between 2-5%, the properties remain fairly the same even when the silane amounts
were increased up to 12%. In fact, the cyclic silanes amount exceeding 5% made the material brittle
and resulted in very inferior tensile properties. It is therefore advisable to prepare the

polysaccharides filler with very low amount of cyclic silanes.

The modifications with silanes were explored as it is heavily used in the tire industry. Alternatively,
a green enzymatic modification using lipases as catalyst was also investigated. The procedure
developed in this work was simplified with the possibility of recovering all the filler used in the
reaction and the reuse of other reacting species. The concept in this modification was to graft
moieties that can serve to hydrophobized the surface and subsequently promote a direct
crosslinking between the filler and rubber. The cellulose nanocrystal was the filler for this
modification and acetyl and methacrylate groups were grafted on the surface. When compounds
were prepared with the modified CNC, the properties they conferred on the composites were very
interesting. In fact, they were better than the reference silica. The results obtained in this process

are very promising especially when the future of the tire industry is considered.

Much attention was given to cellulose nanocrystals compared to alpha 1,3 glucan. Although glucan
is a new entrant into the biofiller world for the tire industry, it is still being studied to ascertain their
suitability. The compounds made with glucan using silanes showed that some aspects of the
properties are lower that the reference silica. In terms of the green compounds and vulcanization
properties, it was relatively better than silica compound. But when the glucan compounds were
vulcanized, the reinforcements and tensile properties were observed to be lower than silica
compounds. It is obvious that more treatment, processing methods and the use of vast alternative
modification strategy is needed to prepare glucan for improved properties and possible use in tire

compounds.

It is evident that the fillers that were considered are promising and the results from the
characterizations have shown their suitability. However, the decade long tire industry has been

using fillers that have different morphology and also different from newly explored fillers, especially
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the cellulose nanocrystals. For example, CNC morphology is rod-like, and the reinforcing pattern is
expected to be different from that of the conventional fillers. Some of the concept developed and
embedded in the characterization models to describe the interactions of fillers in composite may
not necessarily apply to fillers such as CNC. It is observed that CNC may form larger structural cavities
that can exclude large polymeric matrixes in the form of occluded rubber, and this can lead to higher
strain amplification and higher Payne effect. Here the Payne effect may not necessarily be a result
of poor dispersion but the structural formations and some of these considerations should be
considered when developing future models. In essence, some characterizations to ascertain the
mechanical properties of CNC reinforced compounds may not give the actual or detail mechanical
response of the compounds during deformations. While the results obtained with these bio fillers
are promising and continued research is important, the characterization models needed to
understand the interactions and reinforcement pattern need to be revisited specifically for these

bio fillers.
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