
CHAPTER IV
PREVULCANIZED NATURAL RUBBER LATEX/CLAY AEROGEL

NANOCOMPOSITES

4.1 Abstract

Natural rubber latex (NR)/clay aerogel nanocomposites were produced 
via freeze-drying technique. The pristine clay (sodium montmorillonite) was 
introduced in 1 ,2 , and 3 parts per hundred rubber (phr) in order to study the 
effect of clay in the NR matrix. The dispersion of the layered clay and the 
morphology of the nanocomposites were determined by X-ray diffraction (XRD) 
and scanning electron microscopy (SEM), respectively. Cure characteristics, 
thermal stability, and the crosslink density of thermal and microwave-cured NR 
and its composites were investigated. XRD patterns indicated that both 
intercalated and exfoliated structures were observed at loadings of 1 to 3 phr clay. 
SEM studies revealed that the clay aerogel structure was formed at 3 phr clay 
loading. The increment in Shore A hardness of nanocomposites compared with 
pure NR signified excellent polymer/filler interaction and the reinforcing effect of 
the clay to rubber matrix. This was supported by an increase in maximum 
rheometric torque and crosslink density. The crosslink density of clay-filled NR 
vulcanizates was found to increase with the pristine clay content in both thermal 
and microwave curing methods. However, microwave-cured 2 and 3 phr-filled 
NR vulcanizates exhibited higher crosslink density than those which were 
thermal cured under the same curing temperature. In addition, thermal stability 
studies showed that pristine clay accelerated the decomposition of NR by 
showing a slight decrease in onset and peak decomposition temperatures along 
with clay content.

Keywords: Prevulcanized natural rubber latex; Clay aerogel; Nanocomposites;
Crosslink density
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4.2 Introduction

Nanocomposites are materials that have a nanometer scale dispersion of 
reinforcing agents (at least in one dimension) [1], Clay and clay minerals, such as 
sodium montmorillonite, saponite, hectorite, bentonite, etc., have been widely used 
as natural fillers in making the nanocomposites. Not only has the development of 
polymer-clay nanocomposites gained a lot of interest in recent years, but 
developments in natural rubber-clay nanocomposites have also captured the eyes of 
many researchers. The main reasons for adding clay fillers to rubber are to enhance 
the mechanical properties and to make the final products less expensive. The ability 
of layered silicates to separate into individual layers with a very high aspect ratio 
(high length-to-width ratio) and to undergo ion-exchange reactions with inorganic or 
organic cations are general concerns in making rubber-clay nanocomposites. These 
factors have led to the enhancement in hardness, modulus, tensile and tear strength, 
thermal stability, fatigue resistance, and the gas barrier properties of NR 
nanocomposites [2-7]. Recently, Stephen. R. el al. [8] reported that the high aspect 
ratio of layered silicates not only provided reinforcement of nanocomposites but also 
lowered the gas permeability through the layered silicate reinforced latex 
membranes, whereas micro-filled composites provided higher gas permeability. 
Normally, the methods for preparing natural rubber-based nanocomposites are co­
coagulating, in situ polymerization, melt intercalation, and latex compounding. In 
situ polymerization and melt intercalation are processes in which an organoclay must 
be employed [1, 6], while the others require only pristine clay [2-5, 7], The structure 
of nanocomposites can be classified into two types: intercalated and exfoliated. Most 
of the time, an exfoliated structure is desired because of the excellent reinforcing 
efficiency of fully delaminated layered silicates.

Interestingly, layered clays (for example, sodium montmorillonite) can be 
converted into a lightweight, "house of cards'"-like aerogel structure via the freeze­
drying process. The production of montmorillonite clay aerogel W'as first reported by 
Mackenzie and Call [9, 10], In 1967, Van Olphen [11] proposed that the edge-to-face 
conformation of particles within a clay aerogel, much like a "house of cards’', 
occurred due to opposite edge and face electrostatic charges. The faces have a
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negatively charged siloxane surface. The edges exhibit a positive charge because of 
the exposed alumina sheet. As a result, an edge-to-face type of association occurs 
due to the opposite charge attraction. The author also suggested that growing ice 
crystals push the clay particles aside, promoting parallel platelet alignment. Recently, 
Somlai, L.s. et al. [12] reported the synthesis of organically modified clay aerogels 
(OMCAS) from the freeze-drying of low viscosity surfactant-modified clay/water 
suspensions. The authors studied the effects of clay/water ratio, surfactants, and 
process parameters on aerogel structure. A lower concentration of clay, low shear 
force, slow rate of freeze-drying, or a less purified surfactant inhibit the occurrence 
of the aerogel structure, resulting in expanded powders instead of an aerogel 
structure. Composites using a hydrophilic clay aerogel as the nano-structured filler 
have been reported by a few researchers [13, 14]. Bandi, S.A. et al. [13] found that 
the physical encapsulation of clay aerogel within cross-linked PN1PAM polymer 
preserved the LCST behavior of the polymer with no breakdown in the structure 
through many cycles and enhanced its mechanical strength in its hydrogel form. The 
same authors reported that clay aerogel also enhanced the interfacial interaction with 
PVOH due to effective surface nucléation at low concentration and increased free 
volume at higher concentration, similar to those of the clay/PVOH composite [14]. 
However, a hydrophilic clay aerogel-filled natural rubber-based nanocomposite has 
so far not been studied.

In this work, we prepare NR-based nanocomposites via a new approach, the 
so-called “freeze-drying” process. Although this unique method allows the use of a 
limited amount of pure Na-MMT to incorporate into the NR latex, exfoliated 
nanocomposites are easily obtained without requiring any intercalating agents for 
improving the hydrophobicity of the pristine clay. An X-ray fluorescence 
spectrometer and a UV/vis spectrophotometer are used to characterize the elemental 
composition of the pristine clay, since the clay minerals have been often used as 
heterogeneous catalysts for promoting oxidative reactions, especially when they 
possess transition metal ions associated or structurally included with them—for 
instance, by the treatment of iron-rich smectites with Fe3t and A1J+ chloride 
solutions, an effective catalyst for the hydroxylation of phenol was observed [ 15]. In 
addition, this present work involves the characterizations of the thermal- and
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microwave-cured NR/clay aerogel nanocomposites and studies the effect of clay 
content on the cure characteristics and thermal stability of the nanocomposites as 
well. Finally, the influence of iron species present in Na-MMT clay on the thermal 
stability of NR is discussed.

4.3 Experimental Parts

4.3.1 Raw Materials
Natural rubber latex with 60% dry rubber content was kindly supplied, 

by the Rubber Research Institute (Thailand). Vulcanization ingredients were 
purchased from the Rubber Research Center, Kasetsart University (Thailand). 
Pristine sodium montmorillonite (Na-MMT), with a cation exchange capacity (CEC) 
of 115 meq/100g and a particle size of < 45 pm, was kindly supplied by Kuniminé 
Industries Co., Ltd., Tokyo, Japan.

4.3.2 Preparation of NR/Clay Aerogel Nanocomposites
A conventional (CV) formulation was used for preparing the 

prevulcanized NR latex. The latex was mixed with the vulcanization ingredients 
listed in Table 4.1 along with continuous stirring by a homogenizer at 70°c for 30 
min. Then, the prevulcanized NR latex was kept in tight plastic bottles until use. To 
prepare the nanocompounds, a 1 wt% dispersion of pristine clay was added into the 
prevulcanized NR latex in various amounts with vigorous stirring for 2 h, followed 
by homogenizing stirring for 30 min at room temperature to ensure good mixing of 
the compounds. The coarse particles were filtered out, resulting in 
nanocompounds—which were checked for viscosity by using a Brookfield 
viscometer (Model: DV III). Then, the nanocompounds were immediately frozen 
within cylindrical glass shells at the temperature of liquid nitrogen. After freezing, 
the shells were attached to a lyophilizer (freeze-dryer) maintained at -54°c in a 
vacuum of less than 400 mtorr. This process usually took 36 h to entirely sublime the 
ice out: and NR/clay aerogel nanocomposites (Fig. 4.1) were ultimately obtained. 
The control for these samples was the prevulcanized NR latex. For the sample code.
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NR stands for prevulcanized NR latex, and NR/xMMT stands for the 
nanocomposites, in which X  indicates the weight percentage of pristine clay (phr).

4.3.3 Vulcanization Methods
In this work, two vulcanization methods were used: (1) thermal curing 

and (2) microwave curing. For the thermal method, the samples were cured in an 
oven at 100°c in order to preserve the white color of the vulcanizates. The cure time 
was fixed at 20 min [16]. For the microwave method, the samples were cured in a 
microwave oven—power: 100-850 พ; wavelength: 12.24 cm; frequency: 2450 
MHz; and magitron: OM75P(31 )— under the same vulcanization temperature as the 
thermal curing. To achieve the optimum conditions, trial and error experiments were 
done; an infrared heat sensor gun was used for detecting the temperature of the 
chamber immediately after stopping the irradiation at a particular power and time. 
The results indicated that irradiation with a power of 450 พ  for 3 min gave a 
vulcanization temperature of 100°c. It should be noted that a longer cure time might 
cause overcuring of the samples.

4.3.4. Characterizations
4.3.4.1 X-Ray Fluorescence Spectrometer

Elemental analysis of the pristine clay and the 
nanocomposites was carried out by X-ray fluorescence using an Oxford Model 
ED2000. The excitation source was an X-ray tube with thin silver as the primary 
filter, operating at a tube voltage of 35 kv.

4.3.4.2 UV/Vis Spectrophotometer
The absorbance spectra of a 1 wt% clay aqueous suspension 

in distilled water and 0.4M H2SO4 were recorded on a UV/vis spectrophotometer 
2550 (Shimadzu) scanning in the range of 200-600 nm at room temperature. 
Experiments were performed in a 1 cm quartz cuvette.

4.3.4.3 Brookfield Viscometer



53

The viscosity measurement of the nanocompounds was 
carried out with a Brookfield viscometer, Model RVDV-I11. The experiments were 
performed by varying the size and speed of the spindle in order to achieve a shear 
stress close to 100%. Then, the viscosity data were collected. Shear rate and shear 
stress can be calculated by using the following equations:

. 2 co(RcŸ (R hŸ
} Z f R j - R b )  - (4.1)

T = n- ÿ  , (4.2)
where Ÿ is the shear rate. (0 is the angular velocity of the spindle, Rc and Rb are the 
radii of the container and the spindle, respectively,/ is the radius at which shear rate 
is calculated (normally the same value as Rb), and ฦ and r are viscosity and shear 
stress, respectively.

4.3.4.4 X-Ray Diffraction
X-ray diffraction patterns were taken with an X-ray 

diffractometer, Bruker AXS Model D8 Discover. The X-ray beam was Ni-filtered Cu 
Ka {X = 0.154 nm), and the radiation operated at a tube voltage of 40 kv and a tube 
current of 40 mA. The samples were scanned in a step mode at a scan rate of 
1.5°/min from 20 = 1-20°. The interlayer spacing {dooi-spacing) was calculated via 
the Bragg equation:

A = 2d sin 6 , (4.3)
where X is the X-ray wavelength, d is the interlayer spacing, and 0 is the diffraction 
angle.

4.3.4.5 Scanning Electron Microscopy
The morphology was determined using a scanning electron 

microscope (JEOL, Model JSM5200). The samples were fractured in a liquid 
nitrogen bath and coated with gold under vacuum. All SEM digitized photographs 
were taken at an acceleration voltage of 15 keV with a magnification range betw'een 
75 and 2000x.
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4.3.4.6 Hardness
Hardness was determined by a Shore A durometer according 

to ASTM D-2240. Five determinations of hardness at five different positions on the 
specimen were taken and averaged.

4.3.4. 7 Cure Characteristics
The curing behavior was investigated at 150, 160, 170, and 

180°c using a Monsato moving die rheometer (MDR2000) (Rubber Research 
Center, Kasetsart University, Thailand), operating at a 0.5° arc.

4.3.4.8 Crosslink Density Measurement
The crosslink densities of the vulcanizates from both methods 

were determined using a toluene-swelling method, as prescribed in ASTM D-6814- 
02. The vulcanizate samples were cut into squares (1 cm wide and 3-5 mm thick) 
and weighed before being swollen in toluene until equilibrium swelling, which 
normally took 72 h. The crosslink density was calculated by using the Flory-Rehner 
equation:

Ve = Pi /Mc = - [๒(1-Ur) + Vr+Xi บไ-2]/[VI(url/3-Fj72)] , (4.4) 
where A/c is the average molecular weight between the network crosslinks, ve is the 
network chain density (mol/cm3), Vr is a volume fraction of rubber in a swollen 
network, V] is the molar volume of toluene (106.3 cm3/mol), and X\ is the Flory- 
Huggins interaction parameter between toluene and polymer (0.391 ):

VT = [( พ, -  พ,)!p,] เ [(( พ, -  พ))/P,) + ( WJps)] , (4.5)
where พ,d and พร are the weight of dry rubber and the weight of solvent adsorbed by 
the sample, respectively, พf is the weight of the filler in the sample, Pi is the density 
of the rubber compound, and ps is the density of toluene (0.867 g/cm3).

4.3.4.9 Differential Scanning Calorimetry (DSC)
DSC measurements were carried out with a NETZSCH 

differential scanning calorimeter model DSC 204 FI. The weight of the uncured and 
cured samples was in the range of 5-10 mg. The thermal scan was performed from 
30°c to 250°c at a heating rate of 10°c/min under nitrogen atmosphere to determine
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the vulcanization behavior of the uncured and cured composites. The heat of 
vulcanization was calculated by integrating the area under the exothermic signal.

4.3.4.10 Thermogravimetric Analysis (TG/DTA)
A Perkin-Elmer Pyris Diamond TG/DTA was used for 

determining the thermal stability of the composites. The weight of the samples was 
in the range of 15-20 mg. The samples were heated at a heating rate of 10°c/min 
from 30°c to 600°c in a nitrogen atmosphere.

4.4 Results and Discussion

4.4.1 Viscosity of Nanocompounds
Table 4.2 shows that the shear stress and viscosity of the latices 

increase as a function of clay content. The increment in both values indicates the 
high interaction and the formation of the network structure between the clay and the 
rubber. As described by Stephen, R. el al. [17], a more uniform distribution of clay 
particles, greater reinforcement of layered silicates, and the formation of a network 
structure between the clay and rubber are responsible for the enhancement in 
viscosity. Moreover, thixotropic behavior (i.e. viscosity gradually decreases at a 
particular shear rate along with time) is observed for all nanocompounds. This is due 
to the breakdown of network structure along with applied shear force.

4.4.2 Dispersion of Clay and Morphology of the Nanocomposites
Figure 4.2 shows the XRD patterns of Na-MMT and Na-MMT 

aerogel. The Na-MMT shows a diffraction peak at 20 = 7.07°, corresponding to a 
^/-spacing of 1.25 nm [18], whereas the Na-MMT clay aerogel exhibits a 
diffraction peak at 20 = 6.99°, corresponding to a r/00/-spacing of 1.26 nm. It appears 
that the change in r/floz-spacing is not significant after converting to clay aerogel. As 
described by Bandi, S.A. [19], the clay aerogel is not an exfoliated structure (-10-12 
Â thick), but instead appears as clay bundles (200 nm thick) held together via 
hydrated cations and as the rearrangement of these bundles through ice. Therefore, 
this might be the reason for the slight change in the c/flfl/-spacing between pristine
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clay and the clay aerogel. Figure 4.3 shows the XRD patterns of nanocomposites 
with various contents of Na-MMT. For nanocomposites with 1 and 2 phr Na-MMT, 
the shift in position of diffraction peak to a lower angle is clearly observed. 
NR/1MMT and NR/2MMT show a diffraction peak at 20 = 4.04° and 20 = 4.23° 
which corresponds to a door spacing of 2.18 and 2.09 nm, respectively. The increase 
in c/00/-spacing confirms the presence of rubber intercalation within the clay platelets, 
giving rise to an intercalated structure. In the case of the 3 phr-filled nanocomposite, 
no diffraction peak is observed, which indicates the extensive separation of clay 
platelets within the NR matrix, giving rise to an exfoliated structure.

An SEM micrograph of the Na-MMT powder is shown in Fig. 4.4a. 
Clearly, the pristine Na-MMT has a granular appearance with a particle size in the 
micron order. Once freeze-dried, a nice rearrangement of clay bundles, or "house of 
cards" structure, is observed, as shown in Fig. 4.4b, with micron-scale in the lateral 
dimension and nano-scale in the thickness dimension. The presence of a void inside 
the Na-MMT aerogel structure after the sublimation of ice can be seen in Fig. 4.4c. 
Figure 4.5 shows SEM micrographs of NR (Fig. 4.5a) and its nanocomposites (Fig. 
4.5b—d). In the case of 1 and 2 phr-filled nanocomposites, we deduce that there is not 
enough clay content for forming the aerogel structure; on the other hand, the 
micrograph of the NR/3MMT reveals that the aerogel structure begins to form. 
According to Bandi, S.A. [19], clay aerogel can be formed via two mechanisms: (1) 
gelation and (2) rearrangement through ice. In the gelation step, clay bundles are 
formed due to a high degree of swelling of the Na-MMT in water, followed by the 
electrostatic interaction between positively charged edges and negatively charged 
faces, resulting in edge-to-face conformation. Then, rearrangement of these bundles 
through ice occurs at the freezing step. It turns out that the 3 phr-filled 
nanocomposite has enough clay content for undergoing those mechanisms and 
forming the aerogel structure, while the others cannot. Based on the XRD and SEM 
results, it can be said that NR/3MMT not only provides the exfoliated structure but 
also gives the clay aerogel structure in some regions, as shown in Fig. 4.5e. Besides, 
the observed aerogel structure is totally encapsulated with NR (Fig. 4.5e). A similar 
observation was made by Bandi. S.A. et al. [13).
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4.4.3 Hardness
Figure 4.6 shows the hardness of the freeze-dried NR and 

nanocomposites. The graph shows that hardness increases as a function of clay 
content in the following order: NR/3MMT > NR/2MMT > NR/1MMT > NR, as 
expected. Compared with NR, 1, 2, and 3 phr-filled nanocomposites provide 
increments of 45, 57, and 102% on the hardness value, respectively. It is noticeable 
that the Na-MMT clay behaves like a reinforcing agent for the rubber matrix and 
enhances the. hardness of the composites.

4.4.4 Cure Characteristics
The cure characteristics of NR and its nanocomposites are listed in 

Table 4.3. To study the effect of temperature on the cure characteristics, different 
vulcanization temperatures were selected: 150, 160, 170, and 180°c. The results 
show that the-cure time, denoted as t90, decreases with an increase in vulcanization 
temperature in all compounds, as expected. This effect is attributed to the 
vulcanization rate enhancement as the vulcanization temperature increases, 
corresponding with earlier work [20]. To investigate the effect of clay on the cure 
characteristics, optimum cure time and maximum rheometric torque are focused on. 
Upon the incorporation of clay, the vulcanization reaction of nanocomposites is 
delayed, as indicated by the increase of cure times. This is explained by the 
interaction between the components of the cure system and the clay surface [21], 
However, when performing at high vulcanization temperature (e.g. 180°C), this 
effect is negligible owing to the vulcanization rate enhancement. In addition, the 
nanocomposites exhibit a higher maximum rheometric torque (more stiffness) than 
pure NR, especially for NR/2MMT and NR/3MMT. Again, this is attributed to the 
reinforcing effect of clay and the good interaction between the clay and the rubber. 
Assuming this maximum rheometric torque is related to the crosslink density [20, 22, 
and 23], NR/3MMT should give the highest crosslink density. To prove this 
hypothesis, crosslink density measurement was performed. Additionally, a slight 
decrease in maximum rheometric torque at high vulcanization temperature for NR 
and its nanocomposites indicates that crosslink density decreases as vulcanization 
temperature increases [23]. This points to an overcuring reversion reaction in which
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polysulfidic linkages undergo breakage at high vulcanization temperature; as a result, 
the maximum rheometric torque and crosslink density tend to decrease [20, 23],

The DSC measurements under non-isothermal conditions were 
performed in order to investigate the vulcanization behavior of the uncured 
composites, as revealed in Fig. 4.7, and the curing enthalpy is calculated via 
integrating the area under the exothermic signal. The DSC thermogram of NR shows 
onset and peak temperatures of curing at 170 and 186°c, respectively, whereas those 
of the nanocomposites are located at 173 and 190.3°c for NR/1MMT, 173 and 
190.5°c for NR/2MMT. and 173 and 190.6°c for NR/3MMT, respectively. A slight 
increase in the onset and peak curing temperature of the nanocomposites is in 
accordance with the rheometer results; that is, there is an interaction between the 
components of the cure system and the clay surface, causing a delay in the 
vulcanization reaction. Furthermore, the heat evolved during the vulcanization 
reaction can be used to assess the amount of crosslinking of NR and its 
nanocomposites. As shown in Fig. 4.7, the curing energies are 2.2, 1.83, 1.68, and 
1.48 J/g for NR. NR71MMT. NR/2MMT, and NR/3MMT, respectively. The decrease 
in curing energies with the content of clay demonstrates the effect of Na-MMT clay 
on the vulcanization reaction; that is, the interfacial interaction between the layered 
silicates and the rubber matrix restricts the segmental motion of the rubber chains 
and changes the vulcanization rate. As a result, the amount of crosslinking of the 
nanocomposites is less than that of pure NR.

4.4.5 Crosslink Density Measurement
Table 4.4 summarizes the swelling ratio and calculated crosslink 

density of thermal- and microwave-cured vulcanizates. Regardless of the curing 
methods, the swelling ratio of the vulcanizates gradually decreases with increasing 
clay content from 1 to 3 phr. as expected. This can be ascribed to a uniform 
dispersion of the layered silicates, which further forms a physical crosslink with the 
rubber matrix and immobilizes the rubber chains [24], and thereby hinders the 
transportation of toluene to the vulcanizates. Nevertheless, it should be mentioned 
here that the effect of layered silicates on the amount of crosslinking, as indicated by 
a decrease in the curing energy obtained from the DSC thermograph with the
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presence of clay, can be counterbalanced by the ability of the layered silicates to 
undergo a physical crosslink with the rubber matrix. As a result, the calculated 
crosslink density of pure NR increases with the addition of impermeable clay layers 
and reaches the maximum at the 3 phr-filled nanocomposite. These results support 
the above hypothesis in which more clay content leads to more crosslink density and 
more reinforcement in the rubber matrix [8]. When considering the effect of curing 
methods, it is found that thermal curing provides a higher crosslink density than 
microwave curing for pure NR and NR/1MMT. On the other hand, the reverse is 
observed for NR/2MMT and NR/3MMT. Since both curing methods were carried 
out at the same temperature, the mechanism of heat generation and heat distribution 
might be responsible for the differences in crosslink density of both methods. 
Normally, the curing of natural rubber is carried out with a conventional thermal 
cure, involving a direct heat transfer from an external heater to the sample. The 
problems of conventional thermal curing arise from the need for long curing time 
together with a large temperature gradient across the sample thickness. It turns out 
that microwave curing seems to be a more efficient method for curing natural rubber 
due to the faster curing time, more uniform heat distribution along the thickness 
during curing, and hence more uniform crosslinking [25, 26]. For pure NR and 
NR/1MMT, the thermal cure method seems to be independent of the heat conduction 
and convection effects; as a consequence, the crosslink density of thermal curing is 
higher than that of microwave curing. It is believed that 1 phr of Na-MMT clay does 
not inhibit the thermal curing of rubber. However, the effect of Na-MMT clay on the 
curing of composites is more pronounced for NR/2MMT and NR/3MMT. One can 
notice that microwave-cured NR/2MMT and NR/3MMT show higher crosslink 
densities than those of thermal curing, and this could be ascribed to the uniform heat 
distribution during microwave curing and more dependence on the heat conduction 
and convection effects of thermal-cured NR72MMT and NR/3MMT.

To monitor the further vulcanization of NR and its nanocomposites 
after being cured by thermal and microwave methods, DSC measurements were 
earned out, as shown in Figs. 4.8 and 4.9. Surprisingly, an endothermic signal is 
observed instead of an exothermic signal, for all samples. The presence of the 
endothermic signal can be explained in terms of the thermally unstable polysulfidic
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linkage upon exposure to heat, resulting in desulfuration to shorter linkages [23]. 
Assuming that the heat of reaction calculated from integrating the area under the 
endothermic signal is related to the fraction of polysulfidic linkage (Table 4.5), one 
can notice that microwave-cured vulcanizates give a higher polysulfidic linkage than 
thermal-cured vulcanizates—the same explanation ( i.e. uniform heat distribution 
during microwave curing) as being given above in the crosslink density results. 
Furthermore, partially cured NR/2MMT via both curing methods shows the highest 
fraction of polysulfidic linkage compared with the others. From the above results, it 
is important to note that both curing methods have already provided fully-cured 
vulcanizates.

4.4.6 Thermogravimetric Analysis
Thermogravimetric analysis was used for studying the effect of Na- 

MMT clay on the thermal stability of the nanocomposites, and the results are shown 
in Fig. 4.10. The onset degradation and peak degradation temperatures of NR are
353.4 and 380.4°c, respectively. To our knowledge, the inorganic species (e.g. Na- 
MMT clay) have good thermal stability; hence, the incorporation of these species 
into organic matrices should improve their thermal stability. Surprisingly, it was 
found that both the onset and peak degradation temperatures of NR slightly decrease 
with an increase in Na-MMT clay content; those are 352.1 and 380.3°c for 
NR/1MMT, 349.1 and 376.3°c for NR/2MMT, and 348.5 and 375.5°c for 
NR/3MMT, respectively. This points to an acceleration in the thermal degradation of 
NR by ferric ion (Fe3+) isomorphously substituted in the octahedral sheet of Na- 
MMT clay. The presence of an iron species in Na-MMT clay can be identified by 
elemental analysis (Tables 4.6 and 4.7). In addition, to ensure the existence of ferric 
ion in the octahedral sheet. UV/vis spectrophotometry was carried out as well. Figure
4.11 shows the absorbance spectra of a 1 wt% clay aqueous suspension in distilled 
water and 0.4M II2SO4. The appearance of a broad band at 242 and 244 nm points to 
the charge transportation from 0 2\  OH', or H2O to the iron (Fe3+) in the octahedral 
layer of the clay mineral [27], This certainly continus that the ferric ions present in 
the Na-MMT clay are those from the octahedral sheet, and not from the 
contaminants, because, as Rao et al. stated, the basic structural SiO.4 units of
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tetrahedral sheets in the clay lattice do not absorb light in the wavelength ranging 
from 200 to 800 nm, except when the transition metal ions in the silicate structure are 
exchanged. Transition metal cations (e.g. Fe3+ and Al3+) appearing at both the crystal 
edges and the planar surfaces of smectite clay can act as an oxidizing agent (electron 
acceptor) [28]. This ability of clay is confirmed by testing with a benzidine solution. 
The transfer of an electron from benzidine to the clay changes benzidine from 
colorless to blue, as shown in Fig. 4.12. In our study, it is confirmed that Fe3+ 
exposed at the crystal edge would directly possess oxidizing sites for the NR. 
Considering the fact that the NR used in preparing the nanocomposites was 
prevulcanized NR latex, the double bond is still available for undergoing further 
reaction. During the TGA measurement, the ferric ion will activate the oxidation 
reaction of Nr , which leads to the transfer of an electron from the double bond to the 
clay (Fig. 4.13); as a consequence, the thermal degradation of NR is accelerated, as 
observed via the decrease in onset and peak degradation temperatures. Besides, this 
effect is more pronounced for the 3 phr-filled nanocomposite. A similar observation 
has been reported by Morlat et al. [29]. They stated that the presence of iron cations 
beside magnesium within the octahedral sheet of Na-MMT clay catalyzed the 
degradation of polypropylene (PP), as indicated by a reduction in the length of the 
induction period in the photo-oxidation reaction of a PP/MMT nanocomposite.

4.5 Conclusions

Natural rubber latex/clay aerogel nanocomposites were successfully 
prepared by freeze-drying technique. Viscosity and shear stress of the 
nanocompounds increased upon the incorporation of clay due to the formation of 
a rubber-clay network. The thixotropic behavior was observed in all 
nanocompounds due to the breakdown of the network structure after encountering 
the shear force. XRD patterns indicated that an intercalated structure occurred in 
the 1 and 2 phr-filled nanocomposites, whereas an exfoliated structure occurred 
in the 3 phr-filled nanocomposite. SEM studies revealed that a clay aerogel 
structure was formed at the 3 phr clay loading. Upon the incorporation of clay, 
the enhancement of hardness, maximum rheometric torque (stiffness), and
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crosslink density—compared with those of pure NR—signified the reinforcing 
effect of pristine clay in composites and a good interaction betw'een the clay and 
the rubber. The crosslink density of the clay-filled NR vulcanizates increased 
with the pristine clay content in both thermal and microwave curing methods. 
Considering the effect of both curing methods, thermal curing provided a higher 
crosslink density than microwave curing for pure NR and NR/1MMT, while 
NR/2MMT and NR/3MMT showed the reverse. It was also found that 
NR/2MMT contained the highest fraction of polysulfidic linkage due to the 
highest area under the endothermic signal. TGA studies indicated that pristine 
clay accelerated the decomposition of NR, showing a decrease in onset and 
decomposition temperatures. This is associated with an acceleration in the 
thermal degradation of NR by the ferric ion present at the octahedral sheet of 
smectite clay.
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Table 4.1 Formulation of the rubber compound

Ingredients Dry (parts by weight) Wet (parts by weight)
60 % Natural rubber latex 100.0 166.67
10 % Potassium hydroxide 0.5 5.0
solution
50 % Zinc oxide dispersion 1.0 2.0
50 % Calcium carbonate 10.0 20.0
dispersion
50 % Sulfur dispersion 1.0 2.0
50 % ZDECa dispersion 0.75 1.5
50 % Wingstay-Lb dispersion 1.0 2.0
1 % Clay dispersion 1.0, 2.0, 3.0 100.0, 200.0,300.0

aZinc diethyl dithiocarbamate (ZDEC). 
h Wingstay-L, antioxidant.

Table 4.2 Viscosity measurement of different rubber compounds

Materials Shear rate (1/s) Shear stress (Pa) Viscosity (mPas)
NR a 54.64 3.61 66.10
NR/1MMT3 47.21 3.58 75.95
NR/2MMTir~ 32.04 11.82 369.00
NR73MMT b 0.93 12.00 12,877.00

a carried out with spindle 01. 
b carried out with spindle 02.
a b carried out with a Brookfield viscometer at a temperature of 27°c.
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Table 4.3 Curing characteristics of NR and its composites

Materials r c > (min)b (min)c
Nmax Nu in AS

(dNm)d (dNm)e (dNm)f
NR 150 0.30 12.51 3.33 1.64 1.69

160 0.30 5.01 3.24 1.27 1.97
170 0.30 2.37 3.15 1.34 1.81
180 0.30 1.28 3.18 1.55 1.63

NR/1MMT 150 0.30 14.07 3.63 1.74 1.89
160 0.60 6.39 3.36 2.18 1.18
170 0.30 3.06 3.25 1.95 1.30
180 0.30 1.37 3.14 1.96 1.18

NR/2MMT 150 0.30 18.31 4.52 2.78 1.74
160 0.30 5.58 4.63 1.81 2.82
170 0.20 3.10 4.34 2.26 2.08
180 0.30 1.21 4.23 0.86 3.37

NR/3MMT 150 0.30 16.38 5.03 2.67 2.36
160 1.00 8.00 5.86 4.19 1.67
170 0.30 3.20 5.24 2.87 2.37
180 1.00 1.20 4.65 3.6 1.05

3 vulcanization temperature. 
b scorch time. 
c optimum cure time.
(1 maximum rheometric torque. 
e minimum rheometric torque.
'the difference between maximum and minimum torque.
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Table 4.4 Swelling ratios and calculated crosslink densities (ve) of the thermal-and 
microwave-cured vulcanizates

Materials
Thermal curing Microwave curing

Swelling
ratio ve [mol/cm3] Swelling

ratio* V’e 1 mol/cm3]
NR 23.98 3.51 * 10’6 28.69 2.43 * 10'6
NR/1MMT 22.60 . 3.57 * 10‘6 27.76 3.14 * 10'6
NR/2MMT 21.02 ; 3.65 * 10’6 17.60 4.56 * 10'6
NR/3MMT 17.32 5.08 * 10‘6 15.48 5.66 * 10~6

’Swelling ratio is calculated using the following equation:
Swelling ratio =  ̂ 2----- , where น'2 and น'] are the weight of swollen rubber andน',

dry rubber, respectively.

Table 4.5 Heat of reaction (AH) of partially-cured vulcanizates involving further 
vulcanization reaction

Materials AH (J/g)

Thermal-cured

NR -14.44
NR/1MMT -13.77
NR/2MMT -28.05
NR/3MMT -13.04

M i crowave-cured

NR -31.62
NR/1MMT -21.40
NR/2MMT -40.29
NR/3MMT -26.78
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Table 4.6 Elemental analysis of Na-MMT

AI Si ร K Ca Ti Fe Cu Zn Sr Y Zr
1.22a 7.27a 1286b 675 b 0.39a 1165b 1.39a 62b 53b 59b 10b 45b

Table 4.7 Elemental analysis of NR/3MMT

Si p ร K Ca Ti Fe Cu Zn
0.92a 800b 1.38a 1.28a 2.T 158b 1445b 552b 6.34a

awt%
bppm-
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Figure 4.1 Photographs of NR/clay aerogel nanocomposites: (a) NR/1MMT and (b) 
NR/2MMT.
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Figure 4.3 XRD patterns of (a) NR/1MMT, (b) NR/2MMT, and (c) NR/3MMT 
nanocomposites.
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(a) (b)

(c)

Figure 4.4 SEM micrographs of (a) Na-MMT, (b) Na-MMT aerogel structure, and
(c) the void inside the Na-MMT aerogel after the sublimation of ice.
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(e)

Figure 4.5 SEM micrographs of (a) NR. (b) NR/1MMT, (c) NR/2MMT, (d)
NR/3MMT, and (e) NR/3MMT at higher magnification.
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F ig u re  4 .6  Hardness results of freeze-dried NR and nanocomposites.
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Figure 4.7 DSC thermograms of uncured (a) NR. (h) NR/1MMT. (c) NR/2MMT. 
and (d) NR/3MMT.
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Figure 4.8 DSC thermograms of NR and its nanocomposites after microwave 
curing.

Figlire 4.9 DSC thermograms of NR and its nanocomposites after thermal curing.
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Figure 4.10 TGA results of NR and its nanocomposites.

Figure 4.11 T h e  UV/vis ab so rb a n c e  sp e c tra  o f  a 1 w t%  c lay  a q u e o u s  su sp en s io n
(a ) d is tilled  w a te r  and (b ) 0 .4 M  1 N SO j.
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Figure 4.12 P h y s ic a l c o m p a r iso n  b e tw e e n  (a )  startin g  c la y  so lr ition  an d  (b )  c la y  
so lu t io n  a fter te st in g  w ith  b e n z id in e .

H ,c CH-,

C H 2 = C H

CHa

Fe-
^  2c c h 2 'พ^

VÇH2 ------ CH

ch3

+ Fe,2+

Figure 4.13 M e c h a n ism  o f  th erm al d egra d ation  o f  N R  in th e  p r e se n c e  o f  ferr ic  io n .
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