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Polyisoprene-montmorillonite nanocomposites were successfully synthesized
via differential microemulsion polymerization by using 2,2-azoisobutylronitile. PIP-
CS15A nanocomposites with particle size of 30 nm and narrow size distribution were
obtained. PIP was intercalated in the layer of CS15A, as confirmed by X-ray
diffractometer that d-spacing of CS15A layer was expanded from 3.11 nm to 3.82 nm.
Morphology of PIP-CS15A nanocomposites was determined by transmission electron
microscope (TEM). Surfactant concentration, monomer to water ratio and CS15A
loading were found to affect monomer conversion, solid content and particle size of
PIP-CS15A nanocomposites. The monomer conversion of 81% was achieved at
10 %wt CS15A loading, monomer to water ratio of 0.24:1, initiator concentration of
0.25 %wt and surfactant concentration of 12 %wt based on isoprene monomer.

PIP-MMT nanocomposites could be used as an effective nano-filler in natural
rubber (NR) latex for the preparation of NR/PIP-MMT composites by pre-
vulcanization. For NR/PIP-MMT composites, the mechanical properties in tensile
strength and modulus of elasticity were dramatically improved as compared to
unfilled NR. The tensile strength of NR/PIP-CS15A composites of 17.7 MPa was
obtained at 2 %wt of CS15A content. The stability of NR/PIP-CS15A composites
after thermal ageing increased as compared to unfilled NR by maintaining 87.6% of

its tensile strength and 84% of its modulus of elasticity at 2 %wt of CS15A content.
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CHAPTER1

INTRODUCTION

1.1 The Purpose of the Investigation

Recently, polymer-clay nanocomposites (PCN) and rubber-clay nanocomposites
(RCN) have good potential for industrial applications. Synthetic polyisoprene (PIP)
has a green strength lower than that natural rubber (NR), however, PIP has the narrow
molecular weight distribution and regular structure [1]. Therefore, the addition of
montmorillonite clay into PIP matrix could improve the mechanical properties,
thermal stability, flame retardant and gas barrier properties [2-3]. Modification of
montmorillonite clay layer with organic compounds is necessary in order to render the
clay layers more compatible with polymer chain. The PCN can be classified into three
patterns by their structure, i.e. nanocomposites with intercalated, exfoliated or both
intercalated and exfoliated. The greatest reinforcement of nanocomposites was
completely exfoliated structure [4].

PCN can be prepared by many methods, such as in situ intercalative
polymerization, solution or melts or emulsion intercalation. Emulsion intercalation is
a suitable method for industries due to simple method, low cost and superior
performance of PCN [5]. For the synthesis of polymer nanoparticles, nanosized
polymer can be prepared by miniemulsion polymerization and microemulsion
polymerization. However, both techniques require high amount of surfactant.
Therefore, the differential microemulsion polymerization was proposed [6].
Poly(methyl methacrylate) nanoparticles were synthesized by differential
microemulsion polymerization at low surfactant concentration. The system consists of
non-aggregated surfactant, water-insoluble monomer and water or oil soluble initiator.
The monomer was continuously and slowly added as small droplet to the
polymerization system under mild agitation [7]. In the present work, the synthesis of
polyisoprene-montmorillonite ~ (PIP-MMT) nanocomposites via  differential

microemulsion polymerization was firstly reported, nanosized PIP particles are well



dispersed and intercalated in MMT layer resulting composites with good mechanical

properties from polymer latex.

1.2 The Objective

1.3

The objectives of thesis can be summarized as follows:

1.

To prepare the PIP-MMT nanocomposites via differential microemulsion
polymerization.
To investigate the effects of MMT loading and monomer to water ratio on

the monomer conversion, particle size and solid content.

. To characterize the structural of PIP-MMT nanocomposites and study the

mechanical properties, thermal properties and morphology of PIP-MMT

nanocomposites filled natural rubber.

Scope of the Investigation

The experimental procedure for this research was presented as follows:

1.
2.

Literature survey and in-depth study research work.

Prepare the PIP-MMT latex via differential microemulsion polymerization
and study the effects of variables:

e Surfactant concentration: 6-14 %wt based on monomer

e Monomer to water ratio: 0.24:1, 0.27:1, 0.30:1 and 0.40:1

e Montmorillonite loading: 0-20 %wt based on monomer

. Investigate of the monomer conversion, particle size and solid content of

PIP-MMT nanocomposites.

. Characterize the PIP-MMT latex by X-ray diffractometer and transmission

electron microscope.

. Prepare NR/PIP-MMT vulcanizates at various blend ratio of NR/PIP-MMT:

100/0, 70/30 and 60/40

. Investigate the mechanical properties, thermal properties and thermal ageing

properties (ASTM D573) of NR/PIP-MMT composites.



7. Characterize the NR/PIP-MMT composites morphology by scanning
electron microscope.

8. Analyze data and summarize the results.



CHAPTER 11

THEORY AND LITERATURE REVIEW

2.1 Synthesis of Polymer Nanoparticles [8-10]

Polymer nanomaterials have obtained much attention because of the improved
properties of nanosized polymers and many attractive applications such as in textiles,
coatings, paints, packaging and pharmaceuticals. Miniemulsion and microemulsion

polymerization are the common methods used to synthesize polymer nanoparticles

[11].

2.1.1 Miniemulsion Polymerization [12, 13]

Miniemulsion is an emulsion polymerization which has some similar to
conventional emulsion polymerization containing two immiscible liquid phases. The
reaction approximates an emulsion and miniemulsion polymerization depending on
the monomer droplet size [12]. Miniemulsion polymerization has droplet sizes of less
than 500 nm, large surface area and most of the surfactant is adsorbed at the droplet
surface. Miniemulsion polymerization is a technique that uses highly water-insoluble
monomers to provide very small particles. This method is useful for producing high
solid content latexes and both of water-soluble and oil-soluble initiators have been
used in miniemulsion polymerization. Miniemulsion polymerization uses an equal or
even a lower amount of surfactant than that employed in conventional emulsion
polymerization. The particle sizes from miniemulsion are smaller than those obtained
by emulsion polymerization but larger than those obtained by microemulsion
polymerization.

The miniemulsion polymerization is introduced for nanoparticle synthesis [13].
The particle sizes of miniemulsion are usually within a range of 50-500 nm related to
the monomer droplet size. Then, the monomer droplet can be prepared by shearing a

system containing oil, water, a surfactant, and an osmotic pressure agent. The process



of miniemulsion polymerization is illustrated in Figure 2.1. In the first stage, the
stirrer employed in conventional emulsion polymerization is used to make the
monomer emulsion with larger droplets. After that, high shear equipment is used to
make the smaller droplets. Subsequently, initiator is added and polymerization starts

to produce fine polymer particles.

T, T polydispersity decreases
Hydrophohic monomer ] . g

Zurfactant stirning us,

W ater

" fission and fusion

macroemulsion o g
miniemulsion: ﬁ]CﬂL‘I_‘\- state

Figure 2.1 Illustration for the formation of a miniemulsion polymerization induced

by ultrasound [13].

2.1.2 Microemulsion Polymerization [13]

The microemulsion polymerization method is different from the conventional
emulsion polymerization method. The microemulsion polymerization is
thermodynamically stable and small particle size in the range of 10 to 100 nm can be
achieved. Microemulsion polymerization, which first came into being in the early
1980s, can produce transparent or translucent polymer microlatexes [14, 15]. The
particle size from microemulsion polymerization is considerably smaller (10-50 nm)
while the particle size that obtained by conventional emulsion polymerization is in the
range of 100 to 1000 nm. It was due to the initial surface area of micelles is larger by
several orders of magnitude than the total surface area of the final polymer particle.
The small fraction of micelles is nucleated to stabilize the polymer particles. A
comparison of micelle size in heterophase polymerization processes is presented in
Figure 2.2.

The locus of initiation in the microemulsion polymerization of hydrophobic
monomer (styrene, butyl acrylate, etc.) initiated by a water or oil soluble initiator is
the microemulsion droplet. The initiation is a two-step process. In the first step, the

initiating radicals are formed by the decomposition of initiator in the aqueous phase.



In the second step, the formed oligomers radicals enter the micelles and start the
growth events (the nucleation of monomer-swollen micelles, re-initiation, etc.) or

terminate the particle growth [16].
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Figure 2.2 Schematic representation of micelles size in heterophase polymerization

processes. [11]

In the oil-soluble case, two main approaches are suggested for the production of
radicals: (1) in the monomer swollen polymer particles, formed radicals desorbed to
the aqueous phase; and (2) in the aqueous phase, formed radicals are generated from
the fraction of the oil-soluble initiator dissolved in water and initiate the growth of the
polymer chains in both the aqueous phase (the formation of oligomers radicals) and
the monomer-swollen micelles or polymer particles (by radical entry) [16]. The
principle behind the formation of microemulsion (with a droplet diameter 10-50 nm)
is penetration of co-emulsifier into the water/oil interface, thereby decreasing surface
tension and increasing interface area. Coemulsifier also decreases the rigidity of
interface film due to increasing the molecular disorder. Coemulsifier promotes the
formation of a more curved interfacial area and this is reflected in smaller size of oil

droplets [17].



2.1.3 Differential Microemulsion Polymerization [18]

In the previous section, a few microemulsion polymerization methods have been
described for the preparation of nanosized polymers. Conventional or the modified
microemulsion polymerization has many advantages such as small particle size and
no need for solvent in the system, however, the major disadvantage of these
polymerization methods is the requirement of a high amount of surfactant. Surfactants
are not only expensive but they also have a significantly negative impact on the
properties of the synthesized polymer. Thus, the differential microemulsion
polymerization method has been developed. This method is expected to be a practical
route that the amount of surfactant required can be decreased while still providing the
nanoparticle size. Differential microemulsion polymerization, similar to emulsion
polymerization, is performed with water, surfactant, water-insoluble monomer and
water or oil soluble initiator. In addition, it still requires a certain temperature to
initiate polymerization and agitation to form an emulsion. For the differential method,
the monomer is continuously and slowly added to the polymerization system with
mild agitation [18]. Smaller monomer-swollen micelles were formed by this monomer
addition method. In addition, the continuous feeding of monomer will cause the
monomer amount in the reaction system to be much lower and hence there are no
monomer droplets during polymerization. In this case, there usually exist monomer
droplets which act as a monomer reservoir. The free radical in the micelles can
propagate with enough monomer transferred quickly from the monomer reservoir.

The process of differential microemulsion polymerization is shown in Figure 2.3
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Figure 2.3 Schematic of differential microemulsion polymerization of hydrophobic

monomer. [19]

2.2 Polymer-Clay Nanocomposites [20, 21]

Polymer-clay nanocomposites (PCN) materials are a class of organic-inorganic
hybrids consisting of organic polymers as the matrix and inorganic clay as the
reinforcing filler. The unique characteristics of PCN materials had the nanometer-
scale mixing of the two components and the molecular-level interactions between
them. It has a wide variety improved mechanical, thermal and barrier properties as

compared to pure polymers.

2.2.1 Types of Polymer-Clay Nanocomposites [20]

Polymer-clay nanocomposites or rubber-clay nanocomposites (RCN) have
potential for many industries and academic researchers. PCN exhibit the remarkable
properties at low filler loading compared with unfilled rubber compounds or
conventional filled composites. The rubber-clay nanocomposites have been studied
mainly on four well-known rubbery materials, natural rubber (NR), ethylene

propylene diene rubber (EPDM), styrene-butadiene rubber (SBR), and nitrile rubber



(NBR). However, some other types of elastomers such as silicon rubber, polybudiene

rubber, and ethylene propylene rubber also exist.

2.2.2 Polymer-Clay Nanocomposites Preparation Methods [20]

In general, the method for the preparation of PCN and RCN can be divided into
four major groups according to the processing techniques:

- in-situ polymerization

- intercalation of rubber via solution blending

- direct melt intercalation method

- intercalation of rubber via latex compounding

In-situ polymerization

In this method, layered silicate is swollen within the monomer solution (or
liquid monomer), thus the formation of rubber can be occurred between and around
the intercalated layers. The polymerization can be initiated either by heat or radiation,
by the diffusion of suitable initiator or by an organic initiator, by the incorporating of

curing or initiator and by the increasing temperature.

Intercalation via solution

This method uses a solvent system in which the rubber is soluble and the
layered silicate is swellable. The organo modified layered silicate is first swollen and
comes apart in the solvent. The rubber is dissolved in solvent and added to the
solution. Upon solvent removal, the clay layers reassemble around the polymer,

resulting in polymer-clay nanocomposites.

Direct melt intercalation method

This is the simple method that has many advantages for the industrial process
and mild environmental effect, due to the absence of solvents. In this method, rubber
and modified layered silicate mixture are blended in the molten state under high shear.
The rubber chains was melt into the silicate galleries to form intercalated or

delaminated nanocomposites
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Intercalation of rubber via latex compounding

Latex compounding is also a promising method for preparing polymer-clay
nanocomposites. The latex compounding technique starts with dispersing layered
silicates in water that acts as a swelling agent owing to hydration of the intergallery
cations. Then, the rubber latex is added and mixed for a period of time, with the

dispersion of layered silicate in water followed by coagulation.

2.2.3 Types of Polymer-Clay Nanocomposites Structure [20]

The incorporation of a few weight percent of modified layered silicates which
are properly dispersed in the polymer matrix results in very high surface areas for
polymer-clay interactions, as compared to the conventional polymer-filler composites.
According to the strength of the interfacial interactions between polymer matrix and
layered silicate three types of polymer-clay composites can be produced (Figure 2.4):

- Phase separated microcomposites or conventional composites: the polymer is
unable to intercalate between the silicate sheets and the clay agglomerate is formed.

- Intercalated nanocomposites: intercalated nanocomposites are formed by the
insertion of a rubber chains between the unaltered silicate layers, maintaining their
regular alternation of galleries and laminas.

- Exfoliated nanocomposites: the individual layers of the nanoclay are totally
delaminated and dispersed in the rubber matrix. The ordered structure of layered
silicate is lost and the average distances between the exfoliated layers depend on clay

loading.
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Figure 2.4 Probable polymer/layered silicate structure. [22]

2.2.4 Characterization of Polymer-Clay Nanocomposites [20]

There are mainly two methods to characterize the structure of PCN. The most is
X-ray diffraction (XRD) to determine the spacing between the clay layers. The
sample preparation is relatively easy and the X-ray analysis can be performed within a
few hours. However, one needs to be very careful with the interpretation of the
results. Lack of sensitivity of the analysis and limits of the equipment can lead to
wrong conclusions about the nanocomposites structure. Therefore, transmission
electron microscopy (TEM) is a necessary complement to XRD. TEM gives a direct
measurement of the special distribution of the layers but requires significant skills in

specimen preparation and analysis.

X-Ray Diffraction

XRD is used to identify intercalated structures. In such nanocomposites, the
repetitive multilayer structure is well preserved, allowing the interlayer spacing to be
determined. The intercalation of the polymer chains usually increased the interlayer

spacing, as compared with the spacing of the organoclay used, leading to a shift of the
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diffraction peak towards lower angle values. Angle and layer spacing values are being

related to the Bragg’s relation:

A =2d sinf (2.1)

where A corresponds to the wave length of the X-ray radiation used in the diffraction
experiment, d is the spacing between diffraction lattice planes and @ is the measured
diffraction angle or glancing angle.

When exfoliated structure is concerned, no more diffraction peaks are visible in
the XRD diffractograms due to large spacing between the layers (i.e. exceeding 8 nm

in the case of ordered exfoliated structure) and loss of structure.

Transmission Electron Spectroscopy

Transmission Electron Spectroscopy (TEM) is used to characterize the
nanocomposites morphology. Besides these two well-defined structures, other
intermediate organizations can exist presenting both intercalation and exfoliation was

observed by TEM.

2.2.5 Properties of Polymer-Clay Nanocomposites [20]

Layered silicate nanofillers can improve the polymers properties such as
modulus (tensile or Young’s modulus and flexural modulus) of nanocomposites at a
low loading of filler. Additionally, thermal stability and fire retardancy were obtained
by nanocomposites. Those new materials have also been studied and applied for their

superior barrier properties of gas and vapor transmission.

1) Mechanical Properties
-Tensile Properties
The dramatic improvements of the tensile strength and tensile modulus given
by the delaminated nanocomposites structure on polyamide 6-clay hybrids were first
reported by the Toyota researchers [23]. The tensile strength of polyamide 6-clay was
increased of 55% and the modulus of 90% from pure polyamide 6 with the addition of
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only 4 %wt of delaminated clay. Later, Lan et al. [24] reported that tensile strength
and modulus in rubbery epoxy matrix increased more than a ten-fold with only 15
%wt of delaminated organoclay. Furthermore, the modulus of intercalated PMMA-
clay nanocomposites with 20 %wt of clay was reported to be greater by 60% to the
pristine polymer [25]. The improvement of tensile properties of polymer-clay
nanocomposites is related to the degree of delamination of the clay in the polymer

matrix that increases the interaction between the clay layers and the polymer.

-Impact Properties

Impact properties have been measured for nylon-6 nanocomposites prepared
either by in sifu intercalative polymerization of e-caprolactam using protonated
aminododecanoic acid-exchanged montmorillonite [26]. Both methods lead to
exfoliated nanocomposites especially at the filler content less than 10 %wt. At higher
filler loading, melt-intercalation provides partially-exfoliated-partially-intercalated
materials. Although using the exfoliation process, impact properties of nylon-6-based
nanocomposites does not decrease too much. In the case of in situ intercalative
polymerization, the Izod impact strength is decreased from 20.6 to 18.1 J/m* when 4.7
%wt of nanoclay is incorporated. Charpy impact testing shows similar reduction in
the impact strength with a drop from 6.21 kJ/m® of unfilled rubber matrix to 6.06

kJ/m? of the 4.7 %wt nanocomposites.

i1) Barrier Properties

-Permeability

The substantial decrease of permeability brought is also a major advantage of
polymer-clay nanocomposites. It was first reported by the Toyota researchers [23] that
their polyamide 6-clay hybrid had a rate of water absorption reduced by 40% as
compared with the pristine polymer. Later, Messersmith et al. [27] observed a
dramatically decreasing of water permeability with their poly(e-caprolactone) layered
silicate nanocomposites, up to 80% with 4.8 %vol clay loading. The gas permeability
in rubber-clay hybrid was reduced by 30% with 4 %vol of delaminated clay loading
[28].
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-Solvent Resistance
The better barrier properties of polymer-clay nanocomposites also increased
the solvent resistance. A recently study reported that epoxy-clay nanocomposites

showed a high resistance to organic solvents such as alcohol, toluene and chloroform.

ii1) Thermal Properties

-Thermal Stability

The thermal stability of a material is usually determined by thermogravimetric
analysis (TGA). When the heating is operated under an inert gas flow (nitrogen,
helium, etc.), a non-oxidative degradation occurs while the use of air or oxygen
allows following the oxidative degradation of the sample. The improvement of
thermal stability in nanocomposites appears in the work by Blumstein et al. [29] who
studied the thermal stability of PMMA intercalated within montmorillonite. It found
that the thermal stability of the PMMA extracted from the montmorillonite was higher
than that of PMMA conventionally produced in solution. The higher stability of
PMMA synthesized by in situ intercalative polymerization is more likely due to a
decrease in the relative amount of PMMA encapped by carbon-carbon double bond,

as a result of reduced propensity to disproportionate reactions.

-Flame Ratardancy

The flame retardant properties of nanocomposites have been recently reviewed
in detail by Gilman et al. [30] The main bench-scale method used to measure
important parameters in the flame retardant behavior of a material (heat release rate,
peak of heat release rate, heat of combustion, etc.) is Cone calorimetry. In a typical
experiment, the sample is exposed to a given heat flux (often taken as 35 kW/m?) and
the heat release rate (HRR) as well as the mass loss rate are recorded as a function of
time. It is worth noting that the reduction of the peak HRR is the most clear-cut
evidence for the efficiency of a flame retardant. Moreover, gas and smoke production
are also measured. Cone calorimetry experiments have been carried out on other
nanocomposites such as exfoliated nylon-12, exfoliated poly(methylmethacrylate-co-

dodecylmethacrylate), [31] intercalated PS (3 %wt) or intercalated PP (2 %wt). HRR
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i1s decreased while the heat of combustion as smoke and the carbon monoxide are

usually not increased.

iv) Optical Properties

Traditional composites tend to be largely opaque due to light scattering by
the particles or fibres embedded within the continuous phase. In nanocomposites, the
domain sizes are reduced to a level such that true “molecular composites” are formed.
Wang et al. [32] demonstrated that magadiite-nanocomposites filled in an epoxy
matrix were much more transparent than smectite-nanocomposites at the same
loading. It is indicated that the refractive index of magadiite is more nearly that of the
organic matrix or the magadiite was more fully delaminated than smectite. Moreover,
it has been reported the high transparency of smectite-nanocomposites based on a

polyurethane matrix [33].

2.3 Clay and Clay Mineral [34-35]

Natural clay contains pure clay, clay mineral and non-clay minerals. Impurities
such as calcite, quartz, feldspars, iron oxides and humic acids are the most common
components in addition to the pure clay mineral. Calcite, iron oxides and humic acids
can be removed by chemical treatments. Quartz and feldspars can be removed by
sedimentation. However, traces of quartz are often found in the purified samples [34].

Type of clay can be identified by mainly chemical composition of clay mineral.
Clay minerals are hydrous silicates which contain tetrahedral silicate sheet and
octahedral alumina or magnesium sheet. There are four important clay mineral
groups, including kaolinites, illites, smectites and vermiculites which have different
structure and composition.

The clay mineral usually classifies by layer type and position of cations which

replace in octahedral sheet [35] as shown in Table 2.1.



Table 2.1 Type of clay minerals [35].

16

Characters Kaolinites lites Smectites Vermiculites
Structure 1:1 2:1 2:1 2:1
Type
Octahedral di-octahedral Mostly di- di- or tri- Mostly tri-
component octahedral octahedral octahedral
Principal Nil K Ca, Na Mg
interlayer
cations
Interlayer Only in Some in Ca two layers; Two layer
water halloysite hydromuscovite Na one layer
(one layer)
Basal 7.1A 10A Variable, moat Variable, 14.4A
Spacing (10A in ~15A(for Ca) when fully
halloysite) hydrated
Glycol Taken up by No effect Takes two layers ~ Takes one layers
halloysite glycol, 17A glycol, 14A
only
Chemical Al,Si,04 KNS MY Y e M7 066(Y2 Y )s
formula (OH)s Al(Si,Al)3O5  (S1,Al)3020(OH)s  (Si,Al)30,0(OH)4
(OH), nH,0 8H,0
Paragenesis Alterlation of  Alterlation of Alterlation of Alterlation of
acid rocks, micas, basic rocks, or biotite flakes or

feldspars, etc.
Acidic

condition

feldspars, etc.
Akaline

condition

volcanic material.

Akaline condition

volcanic material,
chlorites,

hornblende, etc.

- Kaolinites group is 1:1 type of layer silicate and clay minerals in this group are

kaolinite, dickite, nacrite and halloysite

- [llites group is 2:1 type of layer silicate which has potassium ion compensate

charge in interlayer, including illite, hydrous mica, phengite, brammalite,

glauconite and celadonite

- Smectites group is 2:1 type of layer silicate, including montmorillonite,

beidellite, nontronite, hectrorite, saponite and sauconite
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- Vermiculites group is 2:1 type of layer silicate which has magnesium ion

compensate charge in interlayer

Smectite Clay [35]

Smectite clay is the group of clay mineral that can be expanded and attracted
crystal structure when immerse in water or some organic solvent. The clay minerals in
this group are montmorillonite, beidellite, nontronite, hectrorite, saponite and
sauconite with different in chemical composition.

The clay mineral type 2:1 structural units include one octahedral sheet of
aluminium oxide, called alumina sheet, sandwiched between two tetrahedral sheets of
silicon oxide, called silica sheet, one unit layer is close to another tetrahedral sheet of
another layer as shown in Figure 2.5. The unit layers are stacked together face-to-face
to form the crystal lattice. The distance between the plane in one layer and the
corresponding plane in the next layer is called the basal spacing or d-spacing. The
sheets in the unit layer are tied together by covalent bonds; therefore, the unit layer is
stable.

The layers in the lattice layer are held together by Van der Waals forces and
secondary valences between adjacent atoms. Therefore, the lattice splits along the
basal surfaces. The repulsive potential on the surface of the layers depends on an
isomorphous substitution and these two factors contribute to the increase of the
d-spacing between the layers due to the penetration of water.

The smectites have an expanding lattice that the layer surfaces are available for
hydration and cation exchange. Interlayer surface and cation hydration between
smectite structure units is a unique property of smectite clays. The crystal structure of
smectite clay can be detected by X-ray diffraction. The layer thickness is
approximately 1 nm and the lateral dimensions may vary from 300A to several

microns, giving an aspect ratio (length/thickness) greater than 1000 [36-39].
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Figure 2.5 Illustration of T:O:T structure of montmorillonite clay. [40]

Montmorillonite (MMT)

Montmorillonite (MMT) is normally applied for polymer nanocomposites
because it has a potentially high-aspect ratio and high surface area. MMT has a low
thermal expansion coefficient and high gas barrier property. Stacking of this structure
leads to a regular weak dipolar or Van der Waals interaction between the layers.
Isomorphic substitution in each layer generates negative charges that are
counterbalanced by hydrated sodium or potassium ions residing in the interlayer
spacing [41]. In aqueous suspension, cations in interlayer may exchange with ions in
the bulk solution. They are known as exchangeable cations. The total amount of
cations adsorbed in the clay interlayer, expressed in miliequivalents per hundred
grams of dry clay, is called the cation exchange capacity (CEC). It is an important
characteristic of clay mineral. The high cation exchange capacity was obtained by

using sodium montmorillonite, as compared to the other clay minerals.
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There are many methods to investigate the CEC values. The principle method
suggested by Rhoades et al. in 1982 is displacement of saturating index cation and
displacement of saturating index cation after washing free from saturating salt. The
last step, the detection of the saturating index cation by many techniques such as
titration, atomic emission spectroscopy depends on the type of index. Methylene blue
index is the simple method to detect the CEC values according to the ASTM C 337-
99 for the characterization of clays [42].

Organoclay

The use of clays greatly limits the class of miscible polymers only to
hydrophilic ones, mainly poly(ethylene oxide) and poly(vinyl alcohol). There are
many methods using to modification natural clay to be organoclay such as by (a) an
adsorption of the organic molecule into an interlayer, (b) a covalently bonding of the
surfactant to a free hydroxyl group on the clay surface and (c¢) an exchanging of an
interlayer cation with a cation surfactant. Sodium cations on montmorillonite can ion
exchange with alkyl ammonium, phosphonium, imidazolium, or any other +1 cation
to yield an organoclay as shown in Figure 2.6. It should be noted that ion exchange
with sodium montmorillonite is facile with many different cations. Clay was
exchanged the inorganic cations in the interlayer with organic cations to convert the
clay into organophillic compound as shown in Figure 2.7 which suitable for use in

organic system [35].
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Benzyl dimethyl alkyl ammonium 12-aminododecanoic acid ammonium salt

Figure 2.6 Typical alkylammonium organic treatments [43]
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Figure 2.7 Schematic demonstration of clay organic modification. [38]

The replacement of inorganic exchange cations by surfactant on the clay surface
was neutralized the clay surface and expanded the interlayer spacing. Three types of
surfactant arrangement in interlayer; a monolayer, a lateral bilayer and a pseudo-
trimolecular layer, or an inclined paraffin structure as illustrated in Figure 2.8. At very
high charge densities, large surfactant can adopt lipid bilayer orientations in the clay
interlayer. The orientations of surfactant chains in organoclay were deduced based on
infrared and XRD measurements [44]. More recent molecular dynamics (MD)
simulations were used to study molecular properties such as density profiles, normal
forces, chain configurations and trans-gauche conformer ratios. For mono-, bi- and
pseudo-trilayers with respective d-spacings of 13.2, 18.0 and 22.7 A, a disordered
liquid-like arrangement of chains do not remain flat, but instead, overlap and co-
single with onium ions in opposing layers within the galleries. However, for the
trilayer arrangement, the methylene groups are primarily found within a span of two
layers and only occasionally they continue into the layer opposite to the positive head

group. The onium head group is also noted to reside near the silicate surface relative
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to the aliphatic portion of the surfactant. The highest preference conformation is trans
over gauche for the maximum surfactant chain length just before the system
progresses to the next highest layering pattern. This is expected since the alkyl chains
must be optimally packed under such dense surfactant concentrations. The MD
simulation experiments have agreed well with experimental XRD data and FTIR
spectroscopy for the stacked interlayer alkyl chains. However, the inclined paraffin
association is not addressed for < C15 surfactants with clays of CEC less than 1.2

meq/g.

Monolayer Bilayer Pseudo-trilayer

Figure 2.8 Orientation of alkylammonium ions in the interlayer silicate with

different layer charge densities. [45]
2.4 Literature Review

Microemulsion and differential microemulsion polymerization

Zhang et al. [46] studied the preparation of nanosized polystyrene by ultrasonic
technique induced microemulsion polymerization, processing many merits such as
high polymerization rate, the formation of small latex particles with a narrow size
distribution, the absence of the initiator and relatively low surfactant concentration.
The monomer conversion reached 70% in 1h, and the average diameter of polystyrene
(PS) latex was about 30 nm which could be prepared with 3% SDS concentration. The
molecular weight of PS was around 10° g/mol and the poly-distribution index was
1.06, indicating a very narrow distribution.

Xu et al. [47] studied the synthesis of nanosized poly(methyl
methacrylate)(PMMA) initiated with benzoyl peroxide (BPO) in oil/water

microemulsion system using sodium 12-butinoyloxy-9-octadecenoic acid as
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stabilized. The growth of monomer-swollen PMMA particles was investigated by
photon correlation spectroscopy. It found that nucleation process continues to very
high conversion and the polymerization in large polymer particles formed at the early
state could not be ignored. Hydrodynamic diameter of polymer latex was about 50 nm
at high conversion and high rate of polymerization.

He et al. [6] studied the synthesis of PMMA nanoparticles via differential
microemulsion polymerization. Sodium dodecyl sulfate (SDS) and ammonium
persulfate (APS) were used as a surfactant and initiator, respectively. A particle size
of less than 20 nm in diameter was achieved at surfactant/monomer and
surfactant/water weight ratios of 1:18 and 1:120, respectively. These result showed
that the amount of the surfactant required was certainly lower when compared with
other methods. This technique is a novel method for preparing nanosized polymer
particle.

He et al. [18] studied the preparation of acrylonitrile-butadiene copolymer latex
(NBR) and styrene-butadiene copolymer latex (SBR) nanoparticle via differential
microemulsion polymerization initiated by APS. For NBR latex, the particle size
could be reduced to less than 20 nm at surfactant/monomer and surfactant/water
weight ratios of 1:9 and 1:80, respectively. The nanoparticle size of SBR (30 nm) was
larger than that of NBR. However, the nanoparticle size of PMMA/SBR with core-
shell morphology was decreased as compared to PMMA-NBR core-shell particle.

Norakankorn et al. [48, 49] investigated the synthesis of PMMA nanoparticles
initiated by 2,2’-Azoisobutyronitrile (AIBN) via differential microemulsion
polymerization. Nanosized poly(methyl methacrylate)(PMMA) particles was about 20
nm with a high molecular weight of 106 g/mol and a polydispersity index of about 1-
2 were synthesized was obtained. The kinetics of the polymerization, the glass
transition temperature, tacticity, the particle size distribution, and the morphology of
the nanosized PMMA synthesized were investigated. The dependence of the number
of the polymer particles (Np) and the number of the micelles (Nm) on the
concentration of the surfactant was discussed. The molecular weight distribution was
found to be nearly constant over the polymerization time, which was attributed to the
significance of micellar polymerization. The resultant nanosized PMMA has a rich

syndiotactic configuration (53—-57% rr triads) with a glass transition temperature of
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about 125°C. A beneficial operation condition was discovered where the conversion
reached a maximum at a high monomer-to-water ratio.

Suppaibulsuk et al. [7, 50] studied the synthesis of nanosized polyisoprene via
differential mocroemulsion polymerization using 2,2’ -azoisobutyronitrile (AIBN) as
initiator. The optimum conditions gave highest monomer conversion of 90% and
average particle of PIP of 27 nm. Moreover, the graft copolymerization of styrene
(ST) onto nanosized polyisoprene (PIP) was synthesized by using cumene
hydroperoxide (CHPO) and tetraethylene pentamine (TEPA) as redox initiators. The
high conversion and high degree of grafting could be achieved when a small particle
was used as the core polymer. The grafting efficiency and monomer conversion
increased with increasing reaction temperature and monomer concentration.
Transmission electron microscopy indicated that the small PIP nanoparticles were
completely coated with polystyrene (PS) by grafting resulting in a core shell
morphology of nanosized graft PIP. The particle size of graft copolymers was larger
than PIP. Moreover, nanosized PIP and ST-g-PIP could be used as colloid stabilizer
for pre-vulcanized natural rubber latex (NRL). Mechanical properties of rubber blends
were reduced by addition of nanosized PIP and ST-g-PIP. For thermal ageing
properties, the retention of tensile strength and elongation at break of compounds was

higher than that of unfilled NR.

Polymer-montmorillonite nanocomposites

Jankovic et al. [51] studied the characterization of systematically selected
organo-montmorillonites for polymer nanocomposites. Eight carefully selected
organoclays from monoalkyl- to tetraalkylammonium type were prepared from
Na+-MMT. Four samples contained 1-4 octylammonium chains, from mono-
octylammonium (1C8) to tetraoctylammonium (4C8). Two cations had chains with 16
carbons each, hexadecylammonium(1C16) and dihexadecyldimethylammonium
(2C16). Two cations contained a benzene ring, either without reactive bonds
benzyltrimethylammonium, C10) or with a double bond in 4-vinylbenzyl-
trimethylammonium (C12). The dyy; values depended on the size and structure of the
organocation. The most interlayer expanded of 3.16 nm when using

dihexadecyldimethylammonium as a modifier. The suitability of the prepared
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materials to be used as fillers for polymer nanocomposites was estimated according to
rheological measurements of dispersions in solvents taking solubility parameters as
primary factors for comparison of particular solvent and polymer.

Valadares et al. [52] studied the preparation of NRL/MMT nanocomposites by
using dispersion shear blending method. Nanocomposites of natural rubber latex and
layered silicates were prepared by a mild dispersion shear blending process. The
results of X-ray diffraction (XRD) and transmission electron microscopy (TEM) show
that clay particles were well dispersed in the dry latex and the platelets have a
preferential orientation, forming translucent nanocomposites. These showed tensile
mechanical properties analogous to those obtained with vulcanized rubber as well as
an increased solvent resistance, which was expected considering that there was
significant adhesion between clay lamellae and rubber. Nanocomposite swelling was
strongly anisotropic. Natural rubber properties may thus be strongly modified by
nanocomposite formation producing unprecedented combinations of properties.

Gu et al. [53] studied the preparation of SBR/NR/organo-bentonite
nanocomposites from latex dispersion. SBR/NR/organo-bentonite nanocomposites
were prepared from emulsions. The structure of the nanocomposites was characterized
by TEM and XRD. The effect of organobentonite on the mechanical properties,
thermal stability and swelling behavior was investigated. TEM and XRD confirmed
that rubber chains were intercalated into the organo-montmorillonite particles. When
the organo-bentonite content was lower than 12 %wt, the nanocomposites showed
excellent mechanical properties. The addition of a small amount of OMMT greatly
improved thermal stability and swelling behavior, which was attributed to the good
barrier properties of the dispersed and partially exfoliated organo-montmorillonite
particles. Organo-bentonite addition had little effect on the score and cure times of the
nanocomposites, while increased the maximum and minimum torque.

Pojanavaraphan et al. [54] studied the preparation of sodium-montmorillonite
(Na"MMT) areogels/pre-vulcanized natural rubber latex by using freeze-drying
technique. The composites exhibited densities in the range of 0.36-0.51 g/cm’, which
was in good agreement with the content of polymer in the aqueous solutions. The
dispersion of the Na+-MMT particles and the microstructure of the composites were

investigated by X-ray diffraction and scanning electron microcopy. The influence of
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the Na+-MMT particles on the mechanical, rheological and swelling properties of the
composites was investigated. A composite made from 7 phr of Na+-MMT showed the
greatest improvement in material properties. Such Na+-MMT aerogel/polymer

composites would be candidate for structural and insulation applications.



CHAPTER III

EXPERIMENTAL

3.1 Chemicals

O o0 3 N W

1.

12.
13.
14.
15.
16.
17.
18.

. Isoprene monomer (IP, 99%)

. Montmorillonite clay (Cloisite15A,

: Sigma-Aldrich
: Southern Clay Products

Cloisite30A, Nanofill15 and Nanofil116), Appendix A
3. Vinyl trimethoxysilane (VTS)

. High ammonium natural rubber latex

(60 %wt dry rubber content)

. 2,2°-Azoisobutyronitrile, AR grade
. Sodium dodecyl sulphate, 99%

. Sodium bicarbonate, 99.7%

. Normal-dodecyl mercaptan, 97%

. Sulfur (50 %wt)

. Zinc oxide (ZnO, 50 %wt)

Zinc diethyl dithiocarbamate
(ZDEC, 50 Y%wt)

Methyl ethyl ketone, AR grade
Toluene, AR grade

Petroleum Ether, AR grade
Acetone, AR grade
Chloroform D

Nitrogen gas, 99.9%

De-1onized water

: Sigma

: Rubber Research Institute of

Thailand

: Polyscience

: Aldrich

: Sigma-Aldrich

: Sigma-Aldrich

: Rubber Research Institute of

Thailand

: Rubber Research Institute of

Thailand

: Rubber Research Institute of

Thailand

: Fisher Scientific
: Fisher Scientific
: Fisher Scientific
: Fisher Scientific
: Sigma-Aldrich

: Prax Air
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1.
2.
3.

500 mL four-necked round bottom reactor

Soxhlet extractor apparatus

Glass mold

4. Other general laboratory glassware

Equipments

7.
8.
9.

. Parr Reactor
. Dynamic Light Scattering Analyzer

. Fourier Transform Infrared Spectrophotometer

. "H Nuclear Magnetic Resonance Spectrometer
. X-ray Diffractometer

. Thermal Gravimetric Analyzer

Differential Scanning Calorimeter
Transmission Electron Microscope

Scanning Electron Microscope

10. Universal tensile machine

11. Hardness testing machine

27

: Parr 4843
: Nanotrac NPA252
: Thermo 470 FT-IR

Spectroscope

: Bruker 300 MHz
: Bruker AXS Model DS

: Perkin-Elmer

Pyris Diamond

: METTLER DSC822e¢

: JEOL JEM-2100

: JEOL JSM-6400

: LLOYD Instrument LR

5K Plus

: Durometer Hardness

Tester REX2000
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3.4 Synthesis of Nanosized Polyisoprene-Montmorillonite via Differential

Microemulsion Polymerization

PIP-MMT nanocomposites was prepared via differential microemulsion
polymerization in a 300 mL Parr reactor. AIBN, SDS, SHC, MMT and n-DM were
dissolved in de-ionized water and charged into the reactor. However, SDS was used to
disperse MMT into water before the initiation of polymerization. Then the mixture
was heated to the reaction temperature of 70°C, isoprene monomer was continuously
and slowly added to the reactor using a peristaltic pump at flow rate of 0.6 mL/min
for designated time. After the addition of monomer was completed, the reaction
system was kept at the reaction temperature with constant agitation for 20 h.
Afterwards, PIP-MMT nanocomposites latex was precipitated using an excess of
methyl ethyl ketone and then dried in a vacuum oven. The effects of process variable
were studied.

- Organoclay loading: 0, 5, 10, 15 and 20 %wt based on monomer

- Monomer to water ratio: 0.24:1, 0.27:1, 0.30:1 and 0.40:1

A schematic diagram for the synthesis of polyisoprene-clay nanocomposites is

showed in Figure 3.1.

Coolant Reservoir

@ Solenoid Valve
=

|
| -
| Peristaltic Pump
1

Isoprene Reservoir

PID Temp

Controller 500 mL Autoclave

Feed line
— — —  FElectical
_______________ Coolant

Ns Gas Cylinder

Figure 3.1 The schematic diagram for synthesis of nanocomposites. [51]
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The monomer conversion and solid content were determined by gravimetric

method and calculated using following equations:

Monomer conversion (%) = (Mo-M; / M) x 100 3.1

Solid content (%) = (M3 / My4) x 100 3.2)
where; My = Mass of the resulting composite particles

M, = Mass of the charged MMT particles

M, = Mass of the charged isoprene monomer

M; = Mass of dried PIP-MMT
My = Mass of PIP-MMT latex

The experimental procedure for nanosized PIP-MMT synthesis was summarized

and shown in Figure 3.2.

3.5 Blending and Vulcanization

3.5.1 Latex Compound Preparation

Natural rubber latex (NRL) was filled with nanosized PIP-MMT latex at various
blend ratios (100:0, 90:10, 80:20, 70:30 and 60:40 by weight ratio). The latex was
mixed with the compounding ingredients according to the formulation given in Table
3.1. The latex compounds were pre-vulcanized in a water bath at 40°C and stirred well
for 1 h providing a homogeneous mixture. After that the compound latex was cooled
to room temperature and then casted on raised glass plates with a dimension of 13 cm
x 13 cm x 2 mm. The cast film was then allowed to dry in an air until transparent and
then vulcanized at 70°C for 4 h in the air circulated oven [7]. The vulcanized samples

obtained were kept in the desiccators prior mechanical testing.

Table 3.1 Formulation of the NR latex compound.
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Ingredients

Dry (parts by weight, phr)

60% DRC Natural Rubber Latex
20% Solid content of

PIP-MMT nanocomposites latex
50 %wt Sulfur dispersion

50 %wt ZDEC dispersion

50 %wt ZnO dispersion

Variable 100, 90,80, 70, 60
Variable 0, 10, 20, 30, 40

1.5
1.0
2.0

*phr = part per hundred

AIBN, Water, —»
SHC, SDS, n-DM

Synthesis of PIP-MMT nanocomposites latex |«—N, Gas

Isoprene Monomer—»{  (Differential Microemulsion Polymerization) — [«—Rxn. 20h

OMMT

PCN Latex

Size, %Conversion, %Solid Content

A 4

Characterization

— FTIR, '"H NMR
—— DSC/TGA
— XRD

— TEM

L Soxhlet Extraction

Pre-vulcanization

.«—NR Latex

«—S, ZDEC, ZnO

Film Vulcanization

A4

Characterization

— Physical analysis

—— Mechanical analysis

Figure 3.2 The experimental procedure for PIP-MMT nanocomposites synthesis and

vulcanization.

3.5.2 Accelerated Thermal Ageing of Vulcanized Products
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Vulcanized rubber-clay nanocomposites sheets were aged at 100°C for 24 h in
the air-circulating ageing oven. The tensile properties of the aged samples were
determined according to ASTM D 573 (1994). Tensile test (ASTM D 412-99) was
carried out on a dumbbell test specimen before and after ageing to estimate ageing

resistance.

3.6 Characterization Methods

3.6.1 Fourier Transform Infrared Spectroscopy

The structure of PIP-MMT nanocomposites was characterized using Fourier
Transform Infrared Spectroscopy. The samples were prepared by dissolving the
composites in toluene (2 %w/v) and then cast as a film on a sodium chloride (NaCl)
disk. The solvent was evaporated at ambient temperature before recording the infrared

spectra.

3.6.2 Number-average Diameter Measurement

The number-average particle diameter (D,) and particle size distribution (PSD)
of polyisoprene (PIP) and nanocomposites latex were examined using Dynamic light
scattering (DLS, the Nanotrac NPA252) in latex form of nanocomposites.

3.6.3 Thermogavimatric Analysis (TGA)

Thermogravimetric analysis (TGA) of the sample was performed using a
Perkin-Elmer Pyris Diamond TG/DTA under nitrogen atmosphere with heating rate of

10°C/min. The initial decomposition temperature (Tiq) and the temperature at the

maximum mass loss rate (Tma.x) were recorded.

3.6.4 Differential Scaning Calorimetry (DSC)



32

Differential scanning calorimeter (DSC) was carried out on DSC Mettler
DSC822e. The instrument signal was derived from the temparature difference
between the sample and reference. The sample was cooled to -100°C with liquid
nitrogen and then heated at a constant rate of 10°C/min under a nitrogen atmosphere
to 30°C. The glass transition temperature (T,) was calculated from the midpoint of the

baseline shift of the DSC thermogram.

3.6.5 X-ray Diffraction (XRD)

X-ray diffraction (XRD) measurements were performed in Bruker AXS Model
D8 Discover at a scan rate of 0.5°/min, 20 =1.5-35° with CuKa X-ray radiation

(1.5406 A). The measurements were operated by EVA program.

3.6.6 Morphological Study

The morphology of PIP-MMT nanocomposites was stained by OsO, and
investigated by transmission electron microscope (TEM, a JEOL JEM-2100) at
acceleration voltage of 80 kV. Scanning electron microscope (SEM) was used to
observe the morphology of the vulcanized film. The fracture surfaces after tensile
testing were cut and stitched on a SEM stub using double-sided tape. Then, the
sample was sputter-coated with gold and examined using SEM, JEOL model JSM-
6480LV operated at 15 kV.

3.7 Measurement of Mechanical Properties

3.7.1 Tensile Properties

The pre-vulcanized samples were cut into tensile specimens using a die C. The
cutting die punched the specimen into dumbbell test piece as shown in Figure 3.3. The

dumbbell samples used were 25 mm in gauge length, 25 mm in width and 2.0 mm in

thickness. Testing was carried out on LLOYD Universal Testing Machine model
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LR5K according to ASTM D412. The crosshead speed of 500 mm/min was used with
a full scale force at 5 kN. Five specimens were used for each tensile measurement.

The elongations at break were also measured.

i 115 mm i

_"-\\‘\\hr"' 25 mm “'j...—-—"——'-',!'

25 mm

i N SN

Figure 3.3 Tensile test specimens.

3.7.2 Hardness

The hardness testing was measured using Durometer Hardness Tester REX2000
(Shore A) according to ASTM D2240 at room temperature. The measurements taken
from five different points distributed over the sample and the reported values were

averaged of five measurements.

CHAPTER V
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RESULTS AND DISCUSSION

Polyisoprene-montmorillonite (PIP-MMT) nanocomposites were successfully
synthesized by differential microemulsion polymerization using AIBN as an initiator
at reaction temperature of 70°C for 20 h. The particle size of PIP-MMT
nanocomposites latex was investigated by dynamic light scattering method. The
monomer conversion and solid content of PIP-MMT nanocomposites latex were
determined. The PIP-MMT nanocomposites were also characterized by FTIR and
XRD.

4.1 Synthesis of Polyisoprene-Montmorillonite Nanocomposites via Differential

Microemulsion Polymerization

4.1.1 Effect of Surfactant Concentration

In this work, SDS was used as an anionic surfactant for preparation of PIP-
CS15A nanocomposites. The effects of surfactant concentration (6 to 14 %wt) on
monomer conversion, particle size and solid content of PIP-CS15A nanocomposites
latex are shown in Table 4.1 and Figure 4.1. The particle size of PIP-CS15A
nanocomposites decreased with increasing surfactant concentration. The number of
monomer-swollen micelles was increased and size of monomer-swollen micelles was
decreased with increasing the surfactant concentration. Therefore, the particles size
was decreased implying that the particle size could be controlled by surfactant
concentration. The similar results were earlier reported for preparation of poly(methyl
methacrylate)(PMMT) [6] and styrene-g-polyisoprene nanoparticles initiated by using
AIBN via differential microemulsion polymerization [7, 50].

The monomer conversion and solid content increased with increasing surfactant
concentration. An increase in the SDS concentration increased the number of
monomer-swollen micelles and therefore the number of particles led to an increase in
the polymerization rate and the final conversion. This phenomenon suggests that the
conversion and solid content in the differential microemulsion polymerization were

determined by micelle numbers. For the synthesis of PIP-CS15A nanocomposites
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initiated by oil-soluble initiator, the polymerization is believed to occur in micelles.
Micelle numbers increased with increasing SDS concentration, resulting in the high
polymerization rate. Hence, a higher SDS concentration resulted in higher monomer
conversion and solid content. The similar results were observed for the synthesis of
PMMA [6]. For the synthesis of PIP-CS15A nanocomposites, high monomer
conversion of 81.4%, high solid content of 21.5%, and small PIP-CS15A
nanocomposites size of around 26.3 nm with narrow particle size distribution (PSD)
were obtained at SDS concentration of 12 %wt based on monomer weight. The

particle size distribution of PIP/MMT nanocomposites are shown in Figure 4.2.

Table 4.1 Effect of SDS concentration on monomer conversion, average particle size

and solid content of PIP-CS15A nanocomposites

Sample % %Solid  %Monomer D, PSD

P Surfactant Content Conversion  (nm) (nm)

PIP-CS15A_5-S6 6 14.7 56.0 45.8 15.5
(0.65) (0.99)

PIP-CS15A 5-S8 8 16.7 62.6 38.2 13.5
(0.38) (0.81)

PIP-CS15A_5-S10 10 20.3 80.4 31.7 10.7
(0.35) (1.21)

PIP-CS15A_5-S12 12 21.5 81.4 26.3 10.8
(0.17) (0.62)

PIP-CS15A_5-S14 14 22.6 80.5 25.5 11.6
(0.83) (1.15)

Condition: [CS15A] =5 %wt; [AIBN] = 0.25 %wt; IP:H,0=0.27:1; [SHC] = 0.60 %wt;
[n-DM] = 0.20 %wt; temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
D, = Mean Number Diameter (average particle size); PSD = Particle Size Distribution

%Monomer conversion: calculated from nano-latex (was not included PIP and MMT agglomeration)
(-): Standard diviation, SD
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Figure 4.1 Effect of SDS content on monomer conversion, particle size and
solid content of PIP-CS15A nanocomposites.

Condition: [CS15A] =5 %wt; [AIBN] = 0.25 %wt; IP:H,0= 0.27:1; [SHC] = 0.60 %wt;
[n-DM] = 0.20 %wt; temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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Figure 4.2 Histograms of particle size distribution of PIP-CS15A nanocomposites:

a) 8 %wt of SDS, b) 10 %wt of SDS and c) 12 %wt of SDS.

Condition: [CS15A] =5 %wt; [AIBN] = 0.25 %wt; IP:H,0= 0.27:1; [SHC] = 0.60 %wt;
[n-DM] = 0.20 %wt; temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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4.1.2 Effect of Montmorillonite Loading

The concentration of CS15A loading had a significant effect on monomer
conversion, particle size and solid content as shown in Table 4.2 and Figure 4.3. The
effect of CS15A loading was studied over the range of 5-20 %wt based on monomer
weight. The average particle size increased from 26.3 nm to 44.5 nm and monomer
conversion and solid content linearly decreased with increasing clay loading (5-20
%wt). This indicates that at high CS15A loading, more aggregation of CS15A
particles was observed and large particle size of PIP-CSI5A nanocomposites was
produced. It is also probable that, the aggregation of CS15A particles tended to
decrease the number of monomer-swollen micelles and particle stability, and
therefore the final conversion was decreased. The similar results were earlier reported
for synthesis of monodispersed PIP-silica nanoparticles via differential microemulsion
polymerization [55]. The particle size distribution of PIP-CS15A nanocomposites at
various CS15A loading are shown in Figure 4.4.

Thus, the PIP-CS15A nanocomposites with high monomer conversion of 81.4%
and 67.8%, small particle size of around 26.3 and 29.8 nm and high solid content of
23.3% and 21.5% were obtained at an appropriate CS15A loading of 5 and 10 %wt,

respectively.

Table 4.2 Effect of CS15A loading on monomer conversion, average particle size

and solid content of PIP-CS15A nanocomposites

Sample CS15A  %Solid %Monomer Dn PSD

(Yowt) Content Conversion (nm) (nm)

PIP-CS15A 5 5 21.5 81.4 26.3 10.8
(0.17) (0.62)

PIP-CS15A 10 10 21.9 67.8 29.8 11.9
(0.61) (1.22)

PIP-CS15A 15 15 16.9 53.5 30.1 12.5
(0.56) (0.65)

PIP-CS15A 20 20 12.6 30.8 44.5 15.0
(0.45) (0.33)

Condition: [AIBN] = 0.25 %wt; [P:H,0=0.27:1; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
D, = Mean Number Diameter (average particle size); PSD = Particle Size Distribution
(-): Standard diviation, SD
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Figure 4.3 Effect of CS15A content on monomer conversion, particle size and

solid content of PIP-CS15A nanocomposites.

Condition: [AIBN] = 0.25 %wt; IP:H,0= 0.27:1; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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Figure 4.4 Histograms of particle size distribution of PIP-CS15A nanocomposites:
a) PIP-CS15A 5, b) PIP-CS15A 10, ¢) PIP-CS15A 15 and

d) PIP-CS15A 20

Condition: [AIBN] = 0.25 %wt; [P:H,0=0.27:1; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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For appearance of PIP-CS15A latex, the agglomeration of PIP-CSI5A latex
were observed at 15 and 20 %wt CS15A loading (Figure 4.5). The low volume of
PIP-CS15A latex with high viscosity and more bubbles was obtained (Figure 4.6).
This is due to the fact that, the active sites of isoprene monomer were hindered by
CS15A particles resulting the decrease in monomer conversion and solid content.
Furthermore, the white flake of CS15A was observed in PIP-CS15A latex at 20 %wt
CS15A loading due to the over loading of CS15A (Figure 4.6d).

Figure 4.5 The agglomeration of PIP24-CS15A latex in the Parr reactor at
high CS15A loading

a) ' b) ) c) d)

Figure 4.6 PIP24-CS15A latex at a) 5, b) 10, c¢) 15 and d) 20 %wt
CS15A loading.



41

Figures 4.7a and 4.7b show the decomposition of CS15A, PIP, PIP with 5, 10,
15 and 20 %wt of CS15A loading. The thermogram of CS15A shows three-step
decomposition. The first and second steps correspond to decomposition of the organic
matters present in the organo-modifier (desurfactant), the onset occurs near 200°C
with two maxima at 247°C and 310°C, respectively. The last-step is dehydroxylation
of the CS15A layer at 387°C. The similar results were earlier reported for
characterization of systematically selected organo-montmorillonites [51].

The thermograms of PIP and PIP-CS15A nanocomposites of 5, 10 and 15 %wt
CS15A show one-step polymer degradation and provide smooth weight loss curves.
PIP-CS15A nanocomposite of 20 %wt CS15A shows two steps decomposition. The
first step corresponds to the decomposition of the organic matter of long chain carbon
with amine group (desurfactant), the onset occurs near 200°C with maxima at 234°C
and the second step is dehydroxylation of the CS15A layer at 384°C.

Furthermore, the CS15A loading affected the decomposition temperature of
PIP-CS15A nanocomposites as presented in Table 4.3. In comparison of TGA and
DTG of all samples, the decomposition temperatures (Tiq) of PIP-CS15A
nanocomposites (325°C) was slightly decreased with increasing CS15A loading and
was lower than that of PIP (358°C). This implies that organic compound in the layer
of CS15A did not affect the thermal properties of PIP-CS15A nanocomposites.
However, maximum temperatures (Tp.x) of PIP-CS15A nanocomposites were the
same as that of PIP. The residue of PIP-CS15A nanocomposites increased with
increasing CS15A loading and PIP-CSI5A nanocomposites at high CS15A loading
had the highest residue. The similar results were earlier reported for characterization

of natural rubber nanocomposites filled with organoclay [59].
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Figure 4.7 a) TGA and b) DTG curves of the PIP-CS15A nanocomposites with

various CS15A loading

Condition: [AIBN] = 0.25 %wt; IP:H,0= 0.27:1; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;

temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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Table 4.3 Decomposition temperature of PIP-CS15A nanocomposites with various

CS15A loading
Sample %wt Loss Tia (°C) Tmax (°C)
CS15A 35 268 408
PIP 99 358 429
PIP-CS15A 5 92 358 426
PIP-CS15A_10 87 354 429
PIP-CS15A 15 81 351 428
PIP-CS15A 20 62 325 433

Condition: [AIBN] = 0.25 %wt; [P:H,0=0.27:1; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.

4.1.3 Effect of Monomer to Water Ratio

The effect of monomer to water ratio (0.24-0.40) on monomer to water ratio on
monomer conversion, particle size and solid content of PIP-CS15A nanocomposites
are shown in Table 4.4 and Figure 4.8. The average particle size and solid content of
PIP-CS15A nanocomposites (5 and 10 %wt of CS15A loading) were decreased with
decreasing monomer to water ratio. At monomer to water ratio of 0.24:1, the
maximum conversion of 85% and 81% were obtained for adding 5 %wt and 10 %wt
of CS15A, respectively. This indicated that the particle size was increased
proportional to the increasing monomer to water ratio. The monomer to water ratio
above 0.3 caused the decreasing monomer conversion that was obviously observed at
10 %wt of CSISA loading. The particle size distribution of PIP-CS15A
nanocomposites at various monomer to water ratios is shown in Figure 4.9. In this
work, a hydrophobic initiator was an oil-soluble type for isoprene monomer.
Therefore, the nucleations were most likely occurred within the micelles, the size of
the micelle increased with increasing isoprene monomer concentration. Thus, the ratio
of monomer to water significantly affected the particle size. The similar results were
earlier reported for styrene-g-polyisoprene nanoparticles initiated by using AIBN via
differential microemulsion polymerization [7] and synthesis of monodispersed PIP-

silica nanoparticles via differential microemulsion polymerization [55].
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However, the appropriate monomer to water ratio for synthesis of PIP-CS15A
nanocomposites was 0.24:1. A small particle size around 24.5 nm and 29.1 nm,
monomer conversion of 85% and 81.3% and solid content of 24.2% and 19.9% were
obtained at optimum condition for 5 %wt and 10 %wt of CS15A loading,
respectively. Furthermore, increasing the monomer to water ratio above 0.24 caused
an increase in the micelles size and diffusion resistance resulting in a slow

polymerization rate and a decrease in the stabilization of nanoemulsion.

Table 4.4 Effect of monomer to water ratio on monomer conversion, average
particle size and solid content of PIP-CS15A nanocomposites

%Solid %Monomer Dn PSD

Sample IP/w a0 Content Conversion (nm) (nm)
5 %wt of CS15A loading
PIP24-CS15A 5 0.24:1 242 85.0 245  10.8
(0.23) (0.05)
PIP27-CS15A 5 0.27:1 21.5 81.4 263  10.8
(0.17) (0.62)
PIP30-CS15A 5 0.30:1 21.6 76.6 242  10.2
(0.51) (1.28)
PIP40-CS15A 5 0.40:1 28.0 72.8 37.0  14.0
(0.43) (1.41)
10 %wt of MMT loading
PIP24-CS15A_10 0.24:1 RS 81.3 29.1  11.2
(0.87) 0.91)
PIP27-CS15A 10 0.27:1 21.9 80.2 29.8 119
(0.61) (0.53)
PIP30-CS15A_10 0.30:1 21.4 43.8 298 115
(0.62) (0.76)
PIP40-CS15A 10 0.40:1 23.7 31.5 326 128
(0.58) (0.13)

Condition: [AIBN] = 0.25 %wt; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;

Temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.

D, = Mean Number Diameter (average particle size); PSD = Particle Size Distribution
(-): Standard diviation, SD
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Figure 4.8 Effect of monomer to water ratio on monomer conversion, particle size
and solid content of PIP-CS15A nanocomposites:

a) 5 %wt of CS15A loading and b) 10 %wt of CS15A loading

Condition: [AIBN] = 0.25 %wt; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
Temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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with various monomer to water ratios: a) PIP24-CS15A 5,

b) PIP24-CS15A 10, ¢) PIP27-CS15A 5, d) PIP27-CS15A 10,

e) PIP30-CS15A_5, ) PIP30-CS15A 10, g) PIP40-CS15A 5 and

h) PIP40-CS15A 10

Condition: [CS15A] =5, 10 %wt [AIBN] = 0.25 %wt; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;

Temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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Figure 4.9 Histograms of particle size distribution of PIP-CS15A nanocomposites
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For direct mixing of CS15A and PIP latex, the phase separation and CS15A
agglomeration were observed due to the precipitation of CSI5A particles at the
bottom phase with top phase of PIP latex (Figure 4.10a). Moreover, PIP-CS15A at 10
%wt of CS15A loading was kept for period of 1-4 months to investigate the colloidal
stability. The homogeneous and stable colloidal latex were observed (Figure 4.10b).
This can be explained that the synthesis of PIP-CS15A nanoparticles via differential
microemulsion polymerization had a high colloidal stability and reduction of CS15A

aggregation.

Figure 4.10 Appearance of a) PIP-CS15A directed load and b) PIP-CS15A

nanocomposites
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In addition, the thermograms of PIP and PIP-CSI5A nanocomposites (Figure
4.11a and 4.11b) are shown one step polymer degradation and provided smooth
weight loss curves. The decomposition temperatures of PIP-CS15A nanocomposites
of 10 %wt CS15A loading (354°C) was slightly lower than that of PIP (358°C).
However, Tpax of PIP-CS15A nanocomposites was the same that of PIP.

Furthermore, the thermal properties of PIP-CS15A nanocomposites (Tia
= 354-358°C and Tpax = 428-432°C) were the same which was not affected by
monomer to water ratio. The similar results were earlier reported for synthesis of
monodispersed PIP-silica nanoparticles via differential microemulsion polymerization
[55] and characterization of natural rubber nanocomposites filled with organoclay

[59].

Table 4.5 Decomposition temperature of PIP-CS15A nanocomposites with virous

monomer to water ratios

Sample %wt Loss Tia (°C) Tmax (°C)

CSI5A 35 268 408
PIP e 358 429
10 %wt of CS15A loading

PIP24-CS15A_10 83 358 432
PIP27-CS15A_10 87 354 429
PIP30-CS15A_10 82 356 430
PIP40-CS15A 10 84 356 428

Condition: [CS15A] = 10 %wt [AIBN] = 0.25 %wt; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
Temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
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Condition: [CS15A] = 10 %wt [AIBN] = 0.25 %wt; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
Temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.



50

4.1.4 Effect of Clay Types

Four types of montmorillonite clay, CS15A, CS30B, NF15 and NF116-VTS
were used in this work. The composition and properties of all MMT types are shown
in Table A-2 (Appendix A). CS15A and NF15 were modified by the same quaternary
ammonium salt (hydrophobic modifier), resulting well dispersion of PIP in CS15A
and NF. CS30B was modified by quaternary ammonium salt with —OH group. It was
found that CS30B was well dispersed in water phase than other MMT (CS15A and
NF15). Therefore, CS30B could be loaded up to 20 %wt for preparation PIP-CS30B
nanocomposites. The MMT, NF116-VTS and NF116 were modified with vinyl
trimethoxysilane (VTS) in similar method to modified silica nanoparticles [55].

At the same MMT loading and condition, the maximum monomer conversion of
80.2% and 20.9% solid content with small particle size of 26.3 nm of PIP-CS15A
nanocomposites was obtained (Table 4.6). This indicates that organo-modifier
affected the polymerization of PIP-MMT nanocomposites. However, the condition at
SDS concentration of 12 %wt, monomer to water ratio of 0.24 and MMT loading of
10 %wt was studied for PIP-CS15A nanocomposites. Therefore, this appropriate
condition for preparation of PIP-NF15, PIP-CS30B and PIP-NF116-VTS was not
studied in this work. In addition, for low monomer conversion of PIP-NF15 (67.8%),
PIP-CS30B (67.4%) and PIP-NF116-VTS (30%) was obtained due to the
agglomeration of PIP-MMT in the reactor).

Furthermore, for PIP-CS30B nanocomposites of 10-20 %wt loading (Table
4.7), monomer conversion was decreased with increasing CS30B loading. This
indicated that CS30B was not well-dispersed into monomer droplet resulting low
polymerization rate due to the agglomeration of PIP-CS30B in the reactor at high
loading of CS30B.

Table 4.6 Effect of clay types on monomer conversion, average particle size
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and solid content of PIP-MMT nanocomposites

Sample MMT %Solid %Monomer Dn PSD

(Y%owt) Content Conversion (nm) (nm)

PIP-CS15A 10 19.9 81.3 29.1 11.2
(0.87) 0.91)

PIP-NF15 10 20.3 67.8 26.1 12.8
(0.28) (0.52)

PIP-NF116-VTS 10 214 30.0 30.1 12.5
(0.38) (0.09)

PIP-CS30B 10 22.5 67.4 25.6 12.8
(0.53) (0.52)

Condition: [MMT] = 10 %wt; [AIBN] = 0.25 %wt; IP/H,O = 0.24; [SHC] = 0.60 %wt;
[n-DM] = 0.20 %wt; temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
D, = Mean Number Diameter (average particle size); PSD = Particle Size Distribution

%Monomer conversion: calculated from nano-latex (was not included PIP and MMT agglomeration)

(-): Standard diviation, SD

Table 4.7 Effect of CS30B loading on monomer conversion, average particle size

and solid content of PIP-CS30B nanocomposites

Sample CS30B %Solid %Monomer Dn PSD

(%owt) Content Conversion (nm) (nm)

PIP-CS30B 10 10 22.5 67.4 25.6 12.8
(0.53) (0.52)

PIP-CS30B_15 15 21.9 63.0 30.8 13.3
(0.74) (1.03)

PIP-CS30B 20 20 21.7 59.4 30.7 12.7
(0.81) (0.19)

Condition: [AIBN] = 0.25 %wt; [P/H,0 = 0.24; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
Temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.
D, = Mean Number Diameter (average particle size); PSD = Particle Size Distribution
(-): Standard diviation, SD

4.2 Characterization of PIP-CS15A Nanocomposites Latex

4.2.1 FTIR Analysis Results

FTIR spectra of CS15A, PIP and PIP-CS15A nanocomposites are shown in
Figure 4.12. For the FTIR spectrum of nanosized polyisoprene (Figure 4.12a) the
methylene stretching at 2,925 and 2,854 cm™, the methyl stretching at 2,962 cm™, the
methyl deformations at 1,450 and 1,377 cm™ and the prominent =C-H out-of-plane

wag at 837 cm™ were observed. The distinctive peaks at 3,035 cm™ corresponded to
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the =C-H stretching, 2,727 cm’' related to the overtone of the methyl deformation and
1,664 cm’ for C=C stretching. The similar results were earlier reported for
preparation nanosized polyisoprene via differential microemulsion polymerization [7].

For FTIR spectra of CS15A (Figure 4.12b), the peaks at 3632, 3442, 2929,
2854, 1640, 1479, 1041 and 523 cm’! can be assigned as the O-H stretching, O-OH
stretching, C-H stretching of methyl and methylene group, RCONHR of ammonium
salts, CH3 deformation, Si-O stretching and Al-O stretching, respectively. These
results indicate that the sample have organo-modifier in the layer of CS15A [57].
FTIR spectras were confirmed that PIP-CS15A nanocomposites consisted of PIP and
MMT as shown in Figure 4.12c.

4.2.2 XRD Analysis Results

The dyo1 values were obtained from XRD patterns as shown in Figure 4.14. The
CS15A shows a diffraction peak at 26 of 2.83° corresponding to the dyo; of 3.11 nm.
The similar result was reported in production bulletin of CSI5A from Southern Clay
Products that shows dyo; of 3.15 nm [58]. The do; diffraction shifted to 26 of 2.30° to
2.34°, which is assigned to dgo; of 3.76 to 3.82 nm for PIP-CS15A nanocomposites
(Table 4.8) and diffraction peak intensity of 10 %wt CS15A loading was higher than
that of 5 %wt CS15A loading due to high loading of CS15A. These result indicated
that clay layer was intercalated by polyisoprene due to the expanding basal space of
clay. The similar results were earlier reported for characterization of natural rubber
nanocomposites filled with organoclay [59].

Moreover, XRD patterns of all clay types and PIP-MMT nanocomposites are
shown in Figure 4.15. From Table 4.9, the dyy; of PIP-MMT nanocomposites are
expanded from the original MMT. This indicated that PIP dispersed into the interlayer
of all clays (NF15, CS30B and NF116-VTS). The similar results were earlier reported
for SBR/NR/organo-bentonite nanocomposites prepared from latex dispersion [53,

59].
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Table 4.8 26 and d-spacing of XRD spectra of CS15A and PIP-CS15A

nanocomposites
Sample %CS1SA (De%geree) (fl‘;‘;ll)
CS15A 2.84 3.11
PIP24-CS15A_5 5 2.30 3.82
PIP24-CS15A_10 10 2.31 3.81
PIP27-CS15A 5 5 2.32 3.80
PIP27-CS15A 10 10 2.34 3.76

Condition: [CS15A] =5, 10 %wt; [AIBN] = 0.25 %wt; IP/H,O = 0.24, 0.27; [SHC] = 0.60 %wt;
[n-DM] = 0.20 %wt; Temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.

Table 4.9 26 and d-spacing of XRD spectra of clay type effect

20 doo1

Sample (Degree) (nm)

CS15A 2.84 3.11
NF15 2.73 3.23
NF116 6.92 1.27
NF116-VTS 6.92 1.27
CS30B 4.77 1.85
PIP-CS15A 10 2.31 3.81
PIP-NF15 10 - 3.99
PIP-NF116-VTS 10 4.57 1.93
PIP-CS30B 10 2.25 3.91

Condition: [AIBN] = 0.25 %wt; [P/H,O = 0.27; [SHC] = 0.60 %wt; [n-DM] = 0.20 %wt;
temperature = 70°C; stirring speed = 300 rpm; reaction time = 20 h.

In addition, d-spacing of NF116 and NF116-VTS was not expanded (dopo1= 1.27
nm) due to modifying the —OH group by silane group of VTS occurring only at the
edge of NF116 (Figure 4.12).
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(ﬁ (P [@ (ﬁ(ﬁ (P llane group

Figure 4.13 Model of clay modification with ammonium salt and silane group
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b) CSI15A, PIP27-CS15A 5 and PIP27-CS15A 10
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4.2.3 Morphology of PIP-MMT Nanocomposites

The morphologies of nanosized PIP and PIP-MMT nanocomposites examined
by TEM micrographs are shown in Figure 4.16. OsO4 can stain only the carbon-
carbon double bonds of PIP. This result was similar to nanosized PIP in the earlier
reported for preparation nanosized polyisoprene via differential microemulsion
polymerization [7].

From Figure 4.16a, the nanosized PIP had spherical shape around 30 nm. For
the PIP filled with 5 %wt of CS15A (Figure 4.16b) and 4.16¢) and 10 %wt of CS15A
(Figure 4.16d) and 4.16¢), it can be seen that the spherical PIP and dark flake shape of
CS15A are well-dispersed due to some dark line of CS15A (thickness of CS15A at
20-30nm) was observed and some of PIP intercalated in the layer of CS15A that
confirmed the expanding of basal space in XRD result. However, PIP with 10 %wt of
CS15A was darker than that of 5 %wt of CS15A due to the stack of CS15A. The
thickness of CSI5A was 20-30 nm and the length was about 100-200 nm.
Furthermore, CSI5A morphology had been observed similar to morphology NR-
MMT nanocomposites prepared in aqueous medium [52] and SBR/NR/OMMT
nanocomposites [53].

Moreover, the morphology of PIP nanocomposites with other clay types is
shown in Figure 4.17. Morphology of PIP-NF15 and PIP-CS30B nanocomposites
(Figure 4.17a and c) had darker flake of NFI15A and CS30B than that of PIP-CS15A
according to more PIP-NF15A and PIP-CS30B agglomeration in the reactor and low
monomer conversion (67.8% and 67.4%, respectively) was observed. Furthermore,
for low monomer conversion (30%) due to the agglomeration of NF116-VTS, this can
be explained by PIP-NF116-VTS morphology as shown in Figure 4.17b that the stack
of NF116-VTS with the thickness larger than 100 nm was observed.



d) PIP24-CS15A 10 e) PIP27-CS15A 10
Figure 4.16 Transmission electron micrographs of PIP-CS15A nanocomposites:
a) PIP (x80,000 and x300,000), b) PIP24-CS15A 5 (x40,000),
c¢) PIP27-CS15A_5 (x40,000), d) PIP24-CS15A 10 (x40,000) and
e) PIP27-CS15A 10 (x40,000)
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Figure 4.17 Transmission electron micrographs of PIP-MMT nanocomposites with

various clay types: a) PIP-NF15 10, b) PIP-116-VTS 10 and
c¢) PIP-CS30B_10
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4.3 Properties of NR/PIP-MMT Blend

4.3.1 Mechanical Properties of NR/PIP-MMT Blends

Mechanical properties in terms of tensile strength, modulus and elongation at
break of PIP-MMT filled NR with different clay types before and after ageing are
shown in Table 4.10 and Figure 4.18. For the influence of clay types, NR/ PIP-
CS15A 10 composites had highest tensile strength (TS)(13.4 MPa) and elongation at
break (EB). Moreover, the TS and EB retention of all rubber composites was higher
than 80%, except NR/PIP-NF116-VTS 10 that had the retention of 72% in tensile
strength and 70% in modulus of elasticity at 300% strain (ME).

Table 4.10 Mechanical properties of NR/PIP-MMT compounds before and after

ageing with various clay types

Tensile Strength Modulus Elongation at
(MPa) at 300% Strain break
Rubber composite (MPa) (%)

Before  After RT? Before  After RT Before RT
ageing ~ ageing (%) ageing ageing (%) ageing (%)

NR/PIP-CS15A 10 134 131 978 1.8 1.6 881 920 849
0.1) (1.0) ©)  (0) (45)
NR/PIP-NF15 10 119 102 8.7 1.8 15 819 819 949
(0.1)  (0.3) 0.1)  (0) 3.5)
NR/PIP-NF116-VTS 10 10.1 73 723 17 12 706 759 90.6
0.4)  (1.5) 0.1)  (0) (37)
NR/PIP-CS30B_10 89 73 8.0 14 13 929 868 946
(1.8)  (0.7) 0.1)  (0) (33)

PIP-CS15A_10: PIP with 10 %wt CS15A loading

PIP-NF15_10: PIP with 10 %wt NF15 loading

PIP-NF116-VTS_10: PIP with 10 %wt NF116-VTS loading

PIP-CS30B_10: PIP with 10 %wt CS30B loading

NR ratio: NR/PIP-MMT =70/30. %MMT content based on total rubber = 3%.
*%Retention (RT) = (properties after ageing/properties before ageing) x 100.
(-): Standard diviation, SD

For direct mixing of NR filled with 3 and 5 %wt untreated CSISA
(NR/untreated CS15A), the tensile strength (13.6 and 13.1 MPa) were closed to
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From the results in Table 4.11 and Figure 4.19, PIP-CS15A and PIP-CS30B
latex were selected to blend with NRL at various blend ratios (equivalent to 1-6 %wt
MMT based on total rubber). The tensile strength of rubber nanocomposites was
significantly affected by the addition of PIP-CS15A. From Table 4.11, tensile strength
was increased from 11.1 MPa (unfilled NR) to 17.3 and 17.7 MPa for NR/PIP-
CSI5A 10 at blend ratio of 90/10 and 80/20 (equivalent to 1 and 2 %wt CS15A,
respectively). The tensile strength of NR/PIP-CSI5A 10 at blend ratio of 70/30
(equivalent to 3 %wt CS15A) was 11.1 MPa. This implied that for the low content of
CSI15A (equivalent to 1 and 2 %wt CS15A) in NR, the PIP-CS15A was effectively
dispersed and compatible to rubber matrix.

For NR/PIP-CS30B composites, the tensile strength gradually increased with
increasing PIP-CS30B loading from 10 to 15 %wt (equivalent to 3 and 4.5 %wt
CS30B) and then decreased at high PIP-CS30B loading of 20 %wt (equivalentto 6
%wt CS30B). In addition, modulus at 300% strain of NR/PIP-CS30B increased with
increasing CS30B loading. This implied that loading of PIP-CS30B was required at
more than 1.5 times to achieve the similar properties with PIP-CS15A loading in NR.
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However, the TS, EB and ME retention of all NR/PIP-CS30B was high above 80% as
shown in Figure 4.20.

Generally, the tensile strength of NR prevulcanizated at 60°C was 21.8 MPa
[55]. However, in this work, low tensile strength of NR/PIP-MMT composites was
obtained due to low prevulcanization temperature at 40°C. Moreover, increasing
prevulcanizing temperature of NR/PIP-MMT composites higher than that 40°C
caused more bubbles presented in latex during vulcanization process and the latex was
coagulated.

Hardness of all rubber nanocomposites was increased with increasing the MMT
content and the hardness retention after the accelerated aging process were high
(95%). This indicated that clay content significant affected the hardness of rubber

nanocomposites due to the clay strength.
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Figure 4.18 Mechanical properties of PIP-MMT filled NR with various clay types
before and after ageing: a) Tensile strength b) Elongation at break
¢) Modulus at 300% strain and d) Hardness Shore A
(- ) = %Retention

Table 4.11 Mechanical properties of NR/PIP-MMT composites before and after

ageing
Tensile Strength Modulus Elongation at
NR/ 0 (MPa) at 300% Strain Break
Rubbe}rt PIP- %0 , (MPa) (%)
composite MMT? MMT Before After RT¢  Before After RT  Before RT
ageing  ageing (%) ageing  ageing (%) ageing (%)
Unfilled NR 0 11.1 58 525 1.6 0.9 5838 877 88.9
(0.3) (0.1 (0) (0) (14)
Direct Mixing
NR/untreated 3.0 13.6 8.6 632 1.6 09 38.1 875 95.1
CS15A (1.5)  (0.2) 0.9) (0.1) 2.5)

5.0 13.1 8.8 672 1.0 0.8 85.7 893 94.7




0.5 (0.) ©0) (0.1 (18)

NR/PIP- 7030 1.5 61 51 836 20 18 900 658 950
CSI5A 5 02) (0.7 ©0.1) (0.1 (49)
60/40 20 115 94 817 23 22 957 80 856
03) d9) 0 O (32)
NR/PIP- 90/10 1.0 173 119 688 18 16 848 788 978
CS15A_10 (0.1)  (0.4) ©)  (0) )
8020 20 177 155 876 18 15 840 853 962
(0.1)  (0.1) ©) (0 (14)
70/30 3.0 134 131 978 18 16 881 920 849
0.1 Q)) © 0 (45)
NR/PIP- 7030 3.0 89 73 820 14 13 929 868 946
CS30B_10 (1.8)  (0.7) ©0.1)  (0) (33)
NR/PIP- 70/30 45 113 96 850 1.7 16 941 823 896
CS30B_15 (0.4)  (0.4) ©0)  (0) (14)
NR/PIP- 7030 6.0 64 59 922 22 22 1000 593 1005
CS30B 20 0.4)  (0.2) (0.1) (0.1 (32)

PIP-CS15A_5: PIP with 5 %wt CS15A loading, PIP-CS15A 10: PIP with 10 %wt CS15A loading,
PIP-CS30B_10: PIP with 10 %wt CS30B loading, PIP-CS30B_15: PIP with 15 %wt CS30B loading
and PIP-CS30B_20: PIP with 20 %wt CS30B loading.

*NR/PIP-MMT: ratio of NR to PIP-MMT.

"04,MMT: content based on total rubber.

“%Retention (RT) = (properties after ageing/properties before ageing) x 100.

(-): Standard diviation, SD
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4.4.2 Thermal Properties of NR/PIP-MMT Blend

In general, the thermal stability of NR/PIP-MMT nanocomposites was higher
than that of unfilled NR due to the good gas barrier action of organo-montmorillonite
layers which hinder the evaporation of small molecules generated during the thermal
decomposition and restrict the continuous decomposition of the rubber matrix [54].
For CS15A, the decomposition initially occurred at about 268°C and ended at 650°C
as shown in Figure 4.21. The total weight loss was about 35.1%. The decomposition
of PIP-CS15A was early described in the section of 4.1.2 and the effect of
montmorillonite loading on decomposition of PIP-CS15A was already discussed.

The NR showed one step degradation at Tijg 357°C to Tpax of 412°C and
provided smooth weight loss curves of 98.4%. However, the thermal decomposition
of NR/PIP-MMT was similar to NR when MMT content increased due to a low
CS15A loading (1-3%). However, Tpax of NR/PIP-MMT composites were slightly
increased from 413 to 420°C). Furthermore, the weight loss of NR/PIP-MMT
composites (89.7 - 94.8%) decreased with increasing MMT loading. Thus, NR/PIP-
MMT composites at high MMT loading had the high trace of MMT as residue. It can
be noted that the thermal stability of the NR/PIP-MMT could be improved. The
similar results were earlier reported for NR/PIP-SiO, nanocomposites that Tpax
increased with increasing Si0, (455-475°C of 10-15 %wt Si0, loading) [55].

DSC curves of NR/PIP-CS15A composites are shown in Figure 4.22. T, onset
of NR/PIP-CS15A composites (-64.71°C) was the same as unfilled NR (-65.45°C).
This implied that PIP-CS15A loading did not significantly affect T, onset of NR.
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Figure 4.22 DSC curves of NR/PIP-CS15A nanocomposites.

Table 4.12 Glass transition temperature and decomposition temperature of

NR/PIP-MMT composites before and after ageing

Sample NM)H,)_ % : %wt  Taq Tonax T,

MMT* MMT® Loss (°C)  (°C) (°C)

NR 98.4 357.6 4125  -64.7
CS15A 351 2685 4079  -NA-
NR/untreated CS15A 30 973 3589 4113  -654
50 954 3537 4127 -655

NR/PIP-CS15A 5 70/30 1.5 938 3571 4185  -65.6
60/40 20 939 3542 4190  -64.9

NR/PIP-CS15A 10 90/10 1.0 934 3565 4131  -66.2
80/20 20 945 3551 4176  -65.6

70/30 3.0 928 357.1 4185  -64.5

NR/PIP-CS30B_10 70/30 30 933 3550 4200  -64.9
NR/PIP-CS30B 15 70/30 45 929 3528 4188  -65.6
NR/PIP-CS30B 20 70/30 60 909 3541 420.1  -66.1
NR/PIP-NF15_10 70/30 3.0 897 3557 4170  -65.5

NR/PIP-NF116-VTS_10 70/30 3.0 94.8 3549 417.1 -65.7




71

4.4.3 Morphology of NR/PIP-MMT Blends

The surface morphologies of CSI5A, unfilled NR and NR/PIP-CS15A
composites (2 and 3 %wt CS15A based on total rubber) before and after ageing were
characterized by scanning electron microscopy at high magnification are shown in
Figure 4.23 and 4.24.

Figure 4.23 shows the surface morphology of CS15A powder. The CSISA
particles seem to be stack together due to moisture. Figure 4.24a — 4.24f show the
morphology of NR/PIP-CS15A composites after tensile fracture. Surface morphology
of unfilled NR before and after ageing is shown in Figure 4.24a and b, respectively. It
can be seen that the fracture surface of unfilled NR is quite smooth. In addition, the
unfilled NR was showed roughness surface (brittle) implying the deformation failure
in NR after high thermal ageing.

Surface morphologies of NR/PIP-CS15A composites before and after ageing (2
and 3 %wt CS15A based on total rubber) are shown in Figure 4.24c, d and Figure
4.24e, 1, respectively. For NR/PIP-CS15A composites before ageing, smooth surface
with some aggregates flake layer of CSI15A and the cavitations between CS15A layers
in NR matrix were observed. The aggregates flake layer of CS15A on NR matrix
increased with increasing CS15A amount was observed. After thermal ageing, the
surface roughness of NR/PIP-CS15A was observed more than that of before ageing
implying the deformation failure of tensile sample. This result was quite similar to the
morphology of polyacrylamide/OMMT nanocomposites [60] and NR/PIP-SiO,

composites [61].

Figure 4.23 Scanning electron micrograph of CS15A (x20,000).
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Figure 4.24 Scanning electron micrographs of NR and NR/PIP-CS15A
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CHAPTER V

CONCLUSION AND SUGGESTION

5.1 Conclusions

Polyisoprene-montmorillonite nanocomposite was successfully synthesized by
differential microemulsion polymerization and the nanosized polyisoprene well-
dispersed with montmorillonite was obtained. The influences of surfactant
concentration, monomer to water ratio and CS15A loading were investigated. The
high monomer conversion of 81% was achieved at 10 %wt CS15A loading, monomer
to water ratio of 0.24:1, initiator concentration of 0.25 %wt and surfactant
concentration of 12 %wt based on isoprene monomer. PIP-MMT latex with particle
size of 30 nm and narrow size distribution was obtained. PIP was well-dispersed and
intercalated between the layers of CS15A, as confirmed by X-ray diffractometer that
d-spacing of CS15A layer expanded from 3.11 nm to 3.82 nm. Furthermore, TEM
micrograph of PIP-CS15A nanocomposites showed spherical shape with particle size
of PIP in the range of 30 to 50 nm and montmorillonites with 20-30 nm thick and
100-200 nm long.

PIP-MMT nanoparticles could be used as nanofiller in natural rubber. The
addition of PIP-CS15A nanocomposites into NR latex (equivalent to 0-3 %wt
CS15A) affected the mechanical properties of NR filled with PIP-CS15A. Tensile
strength of NR/PIP-CS15A blends at the ratio of 90/10 (1 %wt), 80/20 (2 %wt) and
70/30 (3 %wt) was higher than that of unfilled NR and high elongation at break was
maintained. Hardness of NR filled with PIP-MMT nanocomposites increased with
increasing of MMT content, due to the clay strength. Interestingly, the stability of
NR/PIP-CS15A composites after thermal ageing increased, maintaining 87.6% of its
tensile strength and 84.0% of its modulus of elasticity at 2 %wt of CS15A content.

Thermal stability of NR/PIP-CS15A composites was improved (decrease in
%wt loss) with increasing of PIP-CS15A amount. In addition, PIP-CS15A was well
dispersed and had good adhesive interaction in NR matrix as confirmed by SEM

micrograph.
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5.2 Suggestions of the Future Work

The modification of nanosized PIP with montmorillonite should be further

studied with the following aspects:

1. Synthesis of polyisoprene-montmorillonite nanocomposites

The synthesis of montmorillonite encapsulation with PIP should be further
studied by using ammonium salts and coupling agent (silane group) for providing the
strong interaction and good compatibility between montmorillonite within PIP matrix.
In addition, the effect of surfactant concentration and monomer to water ratio on
preparation of PIP-NF16, PIP-CS30B and PIP-NF116-VTS should be further studied.

2. Synthesis of styrene-butadiene rubber-montmorillonite nanocomposites

The synthesis of montmorillonite encapsulation with SBR should be further
studied by using ammonium salts and coupling agent for providing the strong
interaction and good compatibility between montmorillonite within SBR matrix.

3. Application of PIP-MMT nanocomposites

The preparation of NR/PIP-MMT nanocomposites at high pre-vulcanization
temperature (60-70°C) and high vulcanization temperature (more than 70°C) should
be further studied for improving the mechanical properties in tensile strength. In

addition, gas barrier properties (permeability of film) should be explored.
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The Overall Compositions of Rubbers and Montmorillonite

Table A-1 Properties of natural rubber latex

Properties

Test Results

Total Solid Content, %

Dry Rubber Content, %

Non Rubber Solid, %

Ammonia Content (on Total Weight), %
Ammonia Content (on Water Phase), %
pH Value

KOH Number

Volatile Fatty Acid Number (VFA)
Mechanical Stability Time at 55% TS., Sec
Specific Gravity at 25C

Magnesium Content (ppm)

Viscosity (60%. TS.spindle no 1.60 rpm) cps.
Coagulum Centent (80 mesh),ppm

61.79
60.12
1.67
0.69
1.81
10.32
0.6020
0.0288
900
0.9461
33.75
76
28

All tests are perform according to relevant ISO 2004-1997(E) specification

Table A-2 Properties of montmorillonite

Treatment Organic Modifier_ YoWeight doo1
[Properties Modifier Sencaniialion .IOS?’ on Color (nm)
(meg/100g Clay) ignition
Cloisitel5A 2M2HT 125 43 Off white 3.15
(CS15A)
Cloisite30B MT2EtOH 90 30 Off white 1.85
(CS30B)
Nanofil15 2M2HT 93 38 Off white 2.80
(NF15)
Nanofil116 none none 8 Off white 1.25
(NF16)

All results from product bulletin of Southern Clay Product



CH;
|
CH; —N—HT

|
HT

Where HT is Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14)
Anion: Chloride
2M2HT: dimethyl, dihydrogenatedtallow, quaternary ammonium

CH,CH,OH
I
CH;—N'—T

I
CH,CH,OH

Where T is Tallow (~65% C18; ~30% C16; ~5% C14)
Anion: Chloride
(1) MT2EtOH: methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium

CH;
e
N
H,C S I\o CH,

H3C/

Vinyl trimethoxysilane
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Calculation of Monomer Conversion and Solid Content

Monomer conversion (%) = (Mo-M1 / M) x 100 (B.1)
Solid content (%) = (M3 / M) x 100 (B.2)
where; Mo = Mass of the resulting composite particles
M; = Mass of the charged MMT particles
M, = Mass of the charged isoprene monomer
M3 = Mass of dried PIP-MMT
My = Mass of PIP-MMT latex
Table B.2 Solid content and monomer conversion calculation
Experiment Iclxa”c\j/ilrrg Mo M, M, M3 M, %Solid %Monomer
%) (9) (9) (9) (9) () Content Conversion
SDS 6%wt based on monomer weight
PIP27-CS15A-01 5 152 1235 247 114 781 14.6 56.5
PIP27-CS15A-02 5 148 1235 247 120 778 15.4 54.9
PIP27-CS15A-03 5 153 1235 247 111 785 14.1 56.8
Mean 14.7 56.0
SD 0.65 0.99
SDS 8%wt based on monomer weight
PIP27-CS15A-01 5 169 1235 247 075 443 16.9 63.4
PIP27-CS15A-02 5 16,5 1235 247 072 442 16.3 61.8
PIP27-CS15A-03 5 16,7 1235 247 076 4.48 17.0 62.6
Mean 16.7 62.6
SD 0.38 0.81
SDS 10%wt based on monomer weight
PIP27-CS15A-01 5 208 1235 247 052 254 2047 79.2
PIP27-CS15A-02 5 211 1235 247 030 151  19.87 80.4
PIP27-CS15A-03 5 214 1235 247 069 337 2047 81.6
Mean 20.3 80.4
SD 0.35 1.21
SDS 12%wt based on monomer weight
PIP27-CS15A-01 5 213 1235 247 068 3.8 21.4 81.2
PIP27-CS15A-02 5 215 1235 247 087 4.06 21.4 82.0
PIP27-CS15A-03 5 21.2 1235 247 124 571 21.7 80.8
Mean 21.5 81.4
SD 0.17 0.62
SDS 14%wt based on monomer weight
PIP27-CS15A-01 5 208 1235 247 050 2.8 22.9 79.2
PIP27-CS15A-02 5 212 1235 247 162 6.94 23.3 80.8
PIP27-CS15A-03 5 214 1235 247 124 571 21.7 81.4
Mean 22.6 80.5
SD 0.83 1.15




Table B.2 Solid content and monomer conversion calculation (continued)

85

MMT

Experiment loading My M, M, Ms M, %Solid %Monor_ner
(%) (9) (9) (9) (9) () Content Conversion
PIP27-CS15A-01 10 22.2 2.47 24.7 1.07 4,74 22.6 79.7
PIP27-CS15A-02 10 22.3 2.47 24.7 0.96 4.45 21.6 80.2
PIP27-CS15A-03 10 22.4 2.47 24.7 1.19 5.53 21.5 80.8
Mean 21.9 80.2
SD 0.61 0.53
PIP27-CS15A-01 15 16.3 3.29 24.7 0.75 4.43 16.9 52.8
PIP27-CS15A-02 15 16.6 3.29 24.7 0.72 4.42 16.3 53.7
PIP27-CS15A-03 15 16.7 3.29 24.7 0.78 4.48 17.4 54.1
Mean 16.9 53.5
SD 0.56 0.65
PIP27-CS15A-01 20 12.1 4.39 24.7 0.98 7.81 125 31.3
PIP27-CS15A-02 20 11.9 4.39 24.7 0.96 7.78 12.3 30.4
PIP27-CS15A-03 20 12.0 4.39 24.7 1.02 7.85 13.0 30.7
Mean 12.6 30.8
SD 0.33 0.45
PIP24-CS15A-01 5 19.8  1.097 2195 111 4,54 24.4 85.0
PIP24-CS15A-02 5 19.7  1.097 2195 1.09 4,52 24.1 84.9
PIP24-CS15A-03 5 19.8  1.097 2195 1.10 4,58 24.0 85.0
Mean 24.2 85.0
SD 0.23 0.05
PIP24-CS15A-01 10 20.2 2194 2195 042 217 19.4 81.9
PIP24-CS15A-02 10 201 2194 2195 021 1.08 19.4 81.7
PIP24-CS15A-03 10 198 2194 2195 0.23 1.10 20.9 80.2
Mean 19.9 81.3
SD 0.87 0.91
PIP30-CS15A-01 5 220 1372 274 0.78 3.52 22.2 75.3
PIP30-CS15A-02 5 227 1372 274 0.76  3.55 21.4 77.8
PIP30-CS15A-03 5 224 1372 274 0.75 3.54 21.2 76.7
Mean 21.6 76.6
SD 0.51 1.28
PIP30-CS15A-01 10 149 2744 274 0.12 0.55 21.8 44.4
PIP30-CS15A-02 10 145 2744 274 0.51 2.36 21.6 42.9
PIP30-CS15A-03 10 148 2744 27.4 0.44 2.13 20.7 44,0
Mean 214 43.8
SD 0.62 0.76
PIP40-CS15A-01 5 278 1.783 3567 1.40 4,92 28.5 72.9
PIP40-CS15A-02 5 272 1783 3567 135 4.88 27.7 71.3
PIP40-CS15A-03 5 282 1.783 3567 1.36 4.90 27.8 74.1
Mean 28.0 72.8
SD 0.43 1.41
PIP40-CS15A-01 10 148 3566 35.67 1.08 4.46 24.2 314
PIP40-CS15A-02 10 148 3566 35.67 1.02 4.42 23.1 314
PIP40-CS15A-03 10 149 3566 35.67 1.06 4.45 23.8 31.6
Mean 23.7 315
SD 0.58 0.13




Table B.2 Solid content and monomer conversion calculation (continued)

86

MMT

Experiment loading My M, M, Ms M, %Solid %Monor_ner
(%) (9) (9) (9) (9) () Content Conversion
PIP24-NF15-01 10 172 2194 2195 016 0.78 20.5 68.3
PIP24-NF15-02 10 171 2194 2195 0.27 1.35 20.0 68.0
PIP24-NF15-03 10 17.0 2194 2195 0.27 1.32 20.5 67.3
Mean 20.3 67.8
SD 0.28 0.52
PIP24-CS30B-01 10 171 2194 2195 021 0091 23.1 67.9
PIP24-CS30B-02 10 170 2194 2195 019 0.86 22.1 67.4
PIP24-CS30B-03 10 169 2194 2195 018 0.81 22.2 66.9
Mean 22.5 67.4
SD 0.53 0.52
PIP24-NF116-VTS-01 10 8.8 2194 2195 0.12 055 21.8 30.1
PIP24-NF116-VTS-02 10 8.8 2194 2195 0.50 2.36 21.2 29.9
PIP24-NF116-VTS-03 10 8.8 2194 2195 0.45 2.13 21.1 30.0
Mean 21.4 30.0
SD 0.38 0.09
PIP24-CS30B-01 15 169 3291 2195 018 0.79 22.8 61.9
PIP24-CS30B-02 15 173 3291 2195 0.71 3.30 215 63.8
PIP24-CS30B-03 15 172 3291 2195 0.46 2.14 21.5 63.4
Mean 21.9 63.0
SD 0.74 1.03
PIP24-CS30B-01 20 174 4388 2195 0.24 1.14 21.1 59.2
PIP24-CS30B-02 20 174 4388 2195 0.26 1.15 22.6 59.5
PIP24-CS30B-03 20 175 4388 2195 0.24 1.12 21.4 59.6
Mean 21.7 59.4
SD 0.81 0.19
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Appendix C

Appearance of NR/PIP-MMT nanocomposites

a) b) c) d) €) f) 9)

Figure C.1 Appearance of a) NR, b) nanosized PIP24, c) PIP24-CS15A 5,
d) PIP24-CS15A 10, e) nanosized PIP27, f) PIP27_CS15A 5 and
g) PIP27-CS15A 10 latex.

Figure C.2 Appearance of dipping pre-vulcanized rubber film samples:
a) unfilled NR, b) NR/PIP, c) NR/PIP-CS15A_10 (1 %wt CS15A),
c) NR/PIP-CS15A 10 (2 %wt CS15A) and
d) NR/PIP-CS15A_10 (3 %wt CS15A)
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a) ' b) c)

Figure C.3 Dumbbells specimen before and after ageing of a) unfilled NR,
b) NR filled with PIP-CS15A 10=80/20 (2%), and
¢) NR filled with PIP-CS15A 10=70/30 (3%).
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Appendix D

I. NR/PIP-CS15A/PIP-SiO, composites

Table D.1 Mechanical properties of NR/PIP-MMT/PIP-SiO, composites before and

after ageing

NR/ . Modulus Elongation at
ciober PP o Tens'(',f/lig)ength at 300% Strain Break
UDbT - MM/ b (MPa) (%)
composite PIP- MMT" “Before  After _RTC  Before  After RT  Before  RT

SiOza ageing  ageing (%) ageing  ageing (%) ageing (%)

NR/PIP- 80/10/10 1.0 10.6 76 717 13 1.0 76.9 809 98.4
CS15A/PIP- (1.3) (0.2) (0.1) (0.1) (67)

VTS-SiO, 70/15/15 15 11.0 6.7 60.9 14 1.2 857 856 88.1
(1.4) (0.4) (0.1) (0) (35)

Prevulcanization conditions: 40°C under vigorous stirred for 1h.
Ageing conditions: 100°C under air atmosphere for 24h.
®NR/PIP-MMT/PIP-SiO,: ratio of NR to PIP-MMT and PIP-SiO,.
P%MMT: content based on total rubber.

“9%Retention (RT) = (properties after ageing/properties before ageing) x 100.

Table D.2 Glass transition temperature and decomposition temperature of
NR/PIP-MMT compounds before and after ageing

NR/ PIP-

) % %%wt Tid Tmax Tg
Sample M'\giTéP'P MMT® Loss (°C) (°C)  (°C)
2
NR/PIP-CS15A/ 80/10/10 10 _ 940 3564 4162  -656

PIP-VTS-SiO, 70/15/15 1.5 94.0 3564 416.8 -64.7




11.Solid blending of NR/PIP-CS15A composites
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Table D.3 Cure characteristics of the rubber compounds

91

Minimum  Maximum ] Optimum
Rubber %CS15A Scorch time )
] torque torque cure time
composite Total i i i i
Mg (Ibf.in) My (Ibf.in) ts> (Min) tgo (Min)
Unfilled NR 0 0.16 4.64 1:49 2:56
NR/PIP-CS15A_10 5 0.52 5.74 1:18 3:09
=50/50
NR/PIP-CS15A_10 8 0.46 6.32 1:25 3:29
=50/50
NR/PIP-CS15A_10 10 0.61 6.53 1:30 3:55
=50/50
NR/PIP = 50/50 5 0.57 5.73 1.21 2:45
NR/PIP = 50/50 8 0.58 5.74 1:23 3:02
NR/PIP =50/50 10 0.51 5.15 1:28 2:58

Die temperature: 155 °C

015.0

010.0+

Torque (lbfin)

| | | | | A | | |

000.0 4 —t |

L

| 1 l i K i ]
— t B T T T T T T T T T T | ! |
00:00 1 02,000,004 0005: 006 07 -0D8-0MS:0010:001 1:0012:001 3:0014:0015:0016:001 7:001 8:001 8:0020:0(R1:0(22:0(23:0(24:00

Time (Mins:Secs)

Figure D.2 Rheometric curve of rubber compounds
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Table D.4 Mechanical properties of NR/PIP-MMT composites (solid blending)
before and after ageing

. Modulus .
NR/ Tensile Strength at 100% Strain Elongation at Break
Rubber % (MPa) (%)
composite 10T MMT (MPa)
P MMT? Before  After RT®  Before  After RT  Before  After RT
ageing  ageing (%) ageing  ageing (%) ageing  ageing (%)
Unfilled 100/0 0 19.5 6.5 33.6 0.9 0.8 96.3 763 561 73.7
NR (2.2) (0.8) (0.2) (0.2) (51) (52)
NR/PIP- 50/50 5 2.6 2.3 89.6 19 21 113 228 132 58.0
CSI5A_10 0.7)  (0.4) 0.4) (0.2) 41)  (98)
8 3.0 1.7 56.6 25 2.1 85 164 136 83.3
0.3) (0.5) 0.2) (0.9 (18)  (66)
10 3.6 3.0 844 16 2.7 164 309 126 40.9
(0.8) (0.3) (0.2) (0.2) 47 (75)
NR/PIP 50/50 5 8.0 46 57.2 1.8 3.6 196 494 182 36.9
+CSISA 1.1 (0.7 03) (0.7) 49)  (41)
direct mixing
8 3.6 3.1 875 15 23 154 338 178 52.6
(0.6) (1.4) (0.2) (0.2) (72) (24)
10 9.1 3.9 425 1.2 2.8 236 608 174 28.6
(5.6) (L3) 0.1) (0.9) (112)  (97)

Ageing conditions: 100°C under air atmosphere for 24h.
®NR/PIP-MMT/: ratio of NR to PIP-MMT mixing.
®%MMT: content based on total rubber.

“9%oRetention (RT) = (properties after ageing/properties before ageing) x 100.



Appendix E

Data of Mechanical Properties

Table E.1 Tensile strength of NR/PIP-MMT compounds before ageing.

- NRIPIP- NRIPIP- NRIPIP- NRIPIP- NR/PIP-CSISA
Rubber \R NR’CUS”ltgfftEd NR/PIP-MMT_10=70/30 CSI15A 5 CS15A 10 CS30B 15  CS30B 20 JPIP-VTS-SiO,
Composites Directedload ~ CSISA  NF15 '\ T CS30B =70130 =60/40 =90/10 =80/20  =70/30 =70/30  =80/10/10  =70/15/15
%Clay 0 3.0 5.0 3.0 3.0 3.0 3.0 15 2.0 1.0 2.0 45 6.0 1.0 2.0
s 1086 1534 1291 1334 1193 992 778 591 1176 1734 1770 _ 1108 6.45 1155 12.00
(MPa) 1135 1296 1266 1326 1175 10.60 792 630 1118 1729 17.82 1172 5.99 11.11 11.50
1094 1256 1358 1345 1195 979 1093 605 1165 1740 1758 1111 6.83 9.14 9.40
Mean 11.05 1362 1305 1335 1183 1010 888 _ 609 1153 1734 1770  11.30 6.42 10.60 10.97
SD 0.3 15 05 0.1 0.1 0.4 18 0.2 0.3 0.1 0.1 0.4 0.4 13 14
Table E.2 Elongation at break of NR/PIP-MMT compounds before ageing.
- NRIPIP- NRIPIP- NRIPIP- NRIPIP- NR/PIP-CSISA
Rubber \R NR/gSr‘lthated NR/PIP-MMT_10=70/30 CSI5A 5 CS15A 10 CS30B 15  CS30B 20 JPIP-VTS-SiO,
Composites Directed load  CS15A  NF15 N\'j#lss CS30B  =70/30 =60/40 =90/10 =80/20  =70/30 =70/30 =80/10/10  =70/15/15
%Clay 0 3.0 5.0 3.0 3.0 3.0 3.0 1.5 2.0 1.0 2.0 45 6.0 1.0 2.0
- 876 791 656 922 816 796 854 656 805 788 853 818 604 778 889
o) 892 786 674 874 819 761 845 674 857 790 868 840 556 870 820
° 864 789 645 963 823 719 906 645 799 786 840 813 618 740 859
Mean 877 789 658 920 819 759 868 658 820 788 853 824 593 796 856
SD 14 25 18 45 35 39 33 15 32 2.0 14 14 33 67 35

€6



Table E.3 Modulus at 300%Elongation of NR/PIP-MMT compounds before ageing.

} NRIPIP- NRIPIP- NR/PIP- NR/PIP- NRIPIP-CSI5A
Rubber R Rnireated NR/PIP-MMT_10=70/30 CSI5A 5 CSI5A 10 CS30B_15  CS30B_20 JPIP-VTS-SiO,
Composites Directed load ~ CSI5A  NF15 '\ 1O (CS30B =70/30 =60/40 =90/10 =80/20  =T0/30 =70/30  =80/10/10  =TO/15/15
%Clay 0 3.0 50 3.0 3.0 30 3.0 15 20 10 20 15 6.0 10 20
300% 097 259 209 154 177 159 156 209 234 184 181 1.73 2.17 1.39 1.38
Modulus 0.91 1.03 191 1.52 1.88 1.86 1.34 191 231 1.88 1.80 1.70 2.28 1.18 1.50
(MPa) 094 105 203 152 165 163 143 203 234 181 182 171 2.17 1.35 1.40
Mean 0.04 156 201 153 177 169 144 201 _ 233 184 _ 181 1.71 2.21 1.31 1.43
SD 0 09 01 0 0101 01 04 0 0 0 0 0.1 0.1 0.1
Table E.4 Hardness shore A of NR/PIP-MMT compounds before ageing.
} NRIPIP- NR/PIP- NRIPIP-  NR/PIP- NRIPIP-CSI5A
Rubber R Rnireated NR/PIP-MMT_10=70/30 CSI5A 5 CSI5A 10 CS30B_15  CS30B_20 JPIP-VTS-SiO,
Composites Directed load ~ CSI5A  NF15 '\ T (CS30B  =70/30 =60/40 =90/10 =80/20  =T0/30 =70/30  =80/10/10  =70/15/15
%Clay 0 3.0 50 3.0 3.0 30 3.0 15 20 10 20 15 6.0 10 20
Hardness a1 22 2 54 50 a4 51 47 51 48 52 52 51 28 50
oA 41 42 42 54 50 44 51 50 49 48 52 51 50 48 51
shore 42 42 42 54 50 44 51 48 49 48 52 51 50 48 51
Mean 413 42 42 54 50 44 51 43 50 48 52 51 50 28 51
SD 0.6 0 0 0 0 0 0 15 12 0 0 06 0.6 0 06

6



Table E.5 Tensile strength of NR/PIP-MMT compounds after ageing.

_ NR/PIP- NR/PIP- NR/PIP-  NRIPIP- NR/PIP-CS15A
Rubber R Rnireated NR/PIP-MMT_10=70/30 CSI5A 5 CSI5A 10 CS30B_15 _ CS30B_20 JPIP-VTS-SiO,
Composites Directed load ~ CSI5A  NF15 '\ 1O (CS30B =70/30 =60/40 =90/10 =80/20  =T0/30 =70/30  =80/10/10  =TO/15/15
%Clay 0 3.0 5.0 3.0 3.0 3.0 3.0 1.5 2.0 1.0 2.0 4.5 6.0 1.0 2.0
s 572 786 884 1292 1030 841 712 437 859 1480 1550 9.71 5.81 7.75 7.06
(MPa) 591 823 865 1295 1040 801 662 523 815 1441 1545 9.93 5.81 7.39 6.88
501 788 878 1333 980 560 805 58 1140 1520 1556 9.14 6.08 7.66 6.30
Mean 5.85 7.99 8.76 13.08 10.17 7.34 7.26 5.14 9.38 14.80 15.50 9.59 5.90 7.60 6.75
SD 0.1 0.2 0.1 0.3 0.3 L5 0.7 0.7 18 04 0.1 04 0.2 0.2 0.4
Table E.6 Elongation at break of NR/PIP-MMT compounds after ageing.
_ NR/PIP- NR/PIP- NR/PIP-  NRIPIP- NR/PIP-CS15A
Rubber NR NR/CUS”f;eAatEd NR/PIP-MMT_10=70/30 CS15A 5 CS15A_10 CS30B_15  CS30B_20 /PIP-VTS-SiO,
Composites Directedload ~ CSISA  NF15 '\ ' CS30B  =70/30 =6040 =90/10 =80120  =70/30 =70/30  =80/10/10  =70/15/15
%Clay 0 3.0 5.0 3.0 3.0 3.0 3.0 15 2.0 1.0 2.0 45 6.0 10 2.0
B 775 791 959 856 772 650 821 569 687 771 821 751 613 848 741
%) 770 89 854 87 747 700 819 655 669 767 814 732 749 745 778
0 796 818 893 891 791 714 83 651 750 774 828 729 625 834 743
Mean 780 826 902 861 770 688 821 625 702 771 821 737 596 809 754
SD 14 40 53 27 22 34 5 49 43 35 7 12 41 56 21

G6



Table E.7 Modulus at 300%Elongation of NR/PIP-MMT compounds after ageing.

_ NR/PIP- NRIPIP- NR/PIP-  NRIPIP- NR/PIP-CSI5A
Rubber R Rnireated NR/PIP-MMT_10=70/30 CS15A 5 CSI5A 10 CS30B_15 _ CS30B_20 JPIP-VTS-SiO,
Composites Directed load ~ CSI5A  NF15 '\ 1O (CS30B =70/30 =60/40 =90/10 =80/20  =T0/30 =70/30  =80/10/10  =TO/15/15
%Clay 0 3.0 5.0 3.0 3.0 3.0 3.0 1.5 2.0 1.0 2.0 4.5 6.0 1.0 2.0
300% 095 097 078 154 142 125 124 176 227 156 152 1.62 219 1.01 119
Modulus 092 08 090 152 147 119 128 169 222 154 153 1.55 2.39 111 118
(MPa) 095 090 08 153 147 127 125 191 222 157 151 1.59 2.16 1.01 113
Mean 094 089 08 153 145 124 126 179 224 156 152 1.59 2.25 1.04 117
SD 0 0.1 0.1 0 0 0 0 0.1 0 0 0 0 0.1 0.1 0

Table E.8 Hardness shore A of NR/PIP-MMT compounds after ageing.

_ NR/PIP- NR/PIP- NR/PIP- NR/PIP- NR/PIP-CS15A

Rubber NR NR/CUS”geAatEd NR/PIP-MMT_10=70/30 CS15A 5 CS15A 10 CS30B 15 CS30B 20 IPIP-VTS-SIO,
Composites Directedload ~ CSISA  NF15 '\ ' CS30B  =70/30 =60/40 =90/10 =80/20  =70/30 =70/30  =80/10/10  =70/15/15

%Clay 0 3.0 5.0 3.0 3.0 3.0 3.0 15 2.0 1.0 2.0 45 6.0 1.0 2.0

Hardness 38 37 37 52 49 40 47 44 49 46 50 51 42 42 48

shore A 38 37 36 52 50 41 46 46 50 46 50 50 42 41 47

38 38 37 52 49 41 46 44 50 46 50 50 42 41 46

Mean 38 37 37 52 49 41 46 45 50 46 50 50 42 41 47

SD 0 0.6 0.6 0 0.6 0.6 0.6 1.2 0.6 0 0 0.6 0 0.6 1.0
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