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Abstract. The differences in the curing characteristics and physical properties of natural rubber
samples using clay and modified clay as fillers were studied. After the clay was modified with
dodecylamine, the rubber milling process was conducted at a temperature of 65-70°C to obtain the
natural rubber compound. The content of clay and modified clay in the natural rubber was
approximately 15 phr. A curing test at 150°C was performed, and then the physical properties were
tested. The results of the physical properties test showed a significant increase in the tensile
strength, from 16.3 to 25 MPa, a change in hardness from 43 to 54 Shore A, a change in modulus of
300% from 1.6 to 4.6 MPa, a change in tear strength from 29.3 to 40.2 kN/m, and a change in
compression set from 25.75% to 30.57% due to the use of modified clay compared to the sample
with unmodified clay. However, some physical properties—such as elongation at break, from 720%
to 600%—decreased dramatically. Smax increased sharply, from 7.05 to 11.45 kg-cm, while optimum
cure and scorch time decreased sharply, from 11.23 to 6.43 minutes and from 6.35 to 2.38 minutes,
respectively. FTIR and XRD analyses showed evidence of clay modification. Similarly, the AFM and
SEM analyses of clay surfaces and the dispersion of the clay in the rubber showed that the dispersion
of the modified clay in the rubber was better than that of unmodified clay. The TA/DTA analysis also
supported the above explanation, particularly for the changes in curing characteristics and physical
properties.
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1. Introduction

Global warming has become an increasingly serious problem in recent years,
motivating a strong worldwide effort to address its causes and ameliorate their effects. The
origins of global warming include the production of CO; from human activities, particularly
from burning fossils fuels such as oil, coal, and natural gas to provide energy for motor
vehicles, heat sources, and power plants. Other sources of CO2 emissions are forest fires,
forest burning, and land clearing for both plantation land and agricultural land. In particular,
forest fires cause greater emissions than forest burning and land clearing, and the burnt
areas are much larger due to the long dry-season. Similarly, in the cement manufacturing
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industry, COz is produced from the calcination of limestone, which is the main raw material
in cement production. Despite efforts to reduce CO; from cement plants, a significant
reduction in CO; emissions has not been achieved to date. The production of CO; by the
carbon black manufacturing industry, where carbon black is used as a filler in rubber, is
another important source of CO2 emissions. Carbon black is produced using the thermal
decomposition method or the partial combustion method, using oil or natural gas as raw
material.

Among its other applications, carbon black is used for making rubber compounds in
the vehicle tire industry. The role of carbon black is still very dominant in rubber compound
manufacturing because carbon black can provide significant reinforcement effects and can
reduce the amount of rubber used. While silica is an alternative material to carbon black
that can also act as a reinforcement in rubber compounds, its reinforcement effect is
inferior to that of carbon black. As reported by Hasan et al. (2019), local clay includes a
fairly large amount of silica, which means that the nature of local clay is fairly similar to the
nature of silica. Therefore, it is important to use local clay as a filler. Although the effect of
clay as a filler has a smaller reinforcing effect on vulcanized rubber compared to the use of
carbon black fillers, clay surface modification is needed to increase compatibility with the
rubber matrix.

Local clay containing 50.83-75.29% silica is a common silica source in nature (Hasan
etal, 2019) that is five times more common than coal. Therefore, this clay is an interesting
possible filler material in rubber compounds. The type of clay in this study is kaolin clay, as
described in Figure 8. The use of clay as a rubber filler has been studied by many
researchers, including Goodman and Riley (2012), Ismail and Mathialagan (2011), Lalikova
et al. (2011), Ruamcharoen et al. (2014), Szustakiewicz et al. (2013), Zhang et al. (2012),
and Zhang et al. (2010, 2014), and modified clay has also been widely examined—for
example, in the work by Ambre et al. (2008), Jagtap etal. (2013), Kord etal. (2017), Ogbebor
etal. (20153, 2015b), Peter et al. (2016), Puglia et al. (2016), Saritha et al. (2012), Sheikh et
al. (2017), Sreelekshmi et al. (2016, 2017), Sukumar and Menon (2008), and Yahaya et al.
(2009). Most of the types of clay used by researchers are kaolin clay, in addition to bentonite
and montmorillonite clay.

A wide variety of chemicals have been used by researchers to modify clay, such as the
metal chlorides used by Lalikova et al. (2011), the fatty acid salt used by Zhang et al. (2014),
the hydrazine hydrate used by Sukumar and Menon (2008), the dimethyl, benzyl,
dehydrogenated tallow, and quarternary ammonium used by Saritha et al. (2012), the 3-
mercaptoprophyltrimethoxysilane used by Sheikh et al. (2017), the hexamethylenediamine
used by Sreelekshmi et al. (2017), the dimethyldioctadecylammonium and bis(4-
hydroxybuthyl)methyldioctadecylammonium used by Nam et al. (2004), and the
octadecylamine used by Praveen et al. (2009), Nigam et al. (2012), and Manchado et al.
(2003). In general, this clay modification aims to increase the adsorption on the clay surface
so that the clay can function better as a filler. An increase in surface adsorption is carried
out not only on the clay but also on the adsorbent (Wilson and Mahmud, 2015; Anuar et al,,
2019; Kusrini et al,, 2019). Here, clay also functions as an adsorbent for rubber molecules
on its surface.

Therefore, this study aims to compare the curing characteristics and physical
properties of natural rubber composites using clay and dodecylamine-modified clay as the
fillers. The modified clay was analyzed by FTIR spectroscopy and X-ray diffraction while
the natural rubber compounds were examined by TA/DTA and SEM. The surface of
vulcanized natural rubber was analyzed by AFM.
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2. Methods

2.1. Materials

Local clay from the coal mining area of Tanjung Enim, Indonesia, and natural rubber
RSS 1 obtained from PTPN IX, Semarang, Indonesia, were used in this study. The rubber
chemicals were Sulfur Midas SP-325 (Miwon Chemicals Co., Ltd, Korea), TMTD Accelerator
(Qingdao Ever Century Trading Co., Ltd. China), ZnO Zinkoxyd Aktiv UN 3077 and TMQ
Vulkanox HS/LG (LANXESS Deutschland GmbH, Germany), stearic acid Aflux 52 (Rhein
Chemie Rheinau Mannheim GmbH, Germany), and oil Minarex (Pertamina, Indonesia).
Dodecylamine (Merck, Germany) was used as the clay modifier. All of these rubber
chemicals and clay modifiers were used as received, with no further modification.

2.2. Procedures

2.2.1. Modified clay process

Clay (15 g) was prepared and dispersed into distilled water at 80°C. Dodecylamine
(3.89 g) and HCI (10 N, 2.1 mL) were then added to distilled water (300 mL). These two
mixtures were mixed and stirred for one hour at 80°C. Modified clay was obtained by
filtering and washing with alcohol and distilled water in a ratio of 1+1. The washing water
test used a 0.01 N AgNOs solution to determine the residual HCI content. The modified clay
was then vacuum-dried at 75°C for three to four days and stored in a desiccator. The flow
diagram for this procedure is shown in Figure 1.

. Clay dispersed into R .
Dodecylamine distilled water Filtering and washing

. Modified clay
(3.89g) and HCI —» with alcohol and distilled Vacuum drying at P stored in a
300 ml, 80 °C, K . 75°C for 3-4 huors .
(10N, 2.1 mL) . water in a ratio of 1:1 desiccator
stirred 1 hour

Figure 1 Flow diagram of modified clay process

2.2.2. Rubber mixing process

Rubber was milled using an open two-roll mill (Berstorff, Germany) with a capacity of
1 kg. During the grinding process, the rubber was mixed with rubber chemicals consisting
of sulfur, ZnO, stearic acid, TMTD, oil, TMQ, and clay as well as modified clay fillers to
produce a natural rubber compound. The contents of the clay and modified clay in rubber
were approximately 15 phr (parts per hundred rubbers) each. The milling process
temperature was approximately 65°C. The natural rubber formulation is stated in Table 1.

Table 1 The formulation for natural rubber mixing, (1) using clay and (2) using modified
clay

Compounds, phr

Ingredients

1 2
Natural rubber RSS 1 100 100
Stearic acid 2 2
Zn0 5 5
T™Q 2 2
TMTD 0.5 0.5
Sulfur 3 3
0il 3 3
clay 15 -

Modified clay - 15
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2.2.3. Characterization of curing and physical properties of natural rubber

The natural rubber compound was tested for its curing properties at 150°C, using a
Rheometer MDR 2000 (Alpha Technology, USA). Then, physical properties—including the
tensile strength, elongation at break, 300% modulus, and tear resistance—were tested
using a Lloyd 2000 (Lloyd Instruments Ltd., UK) with a tensile speed of 50 cm/min,
according to the ASTM standard. The compression set, de Mattia flex cracking, and shore A
hardness were also tested according to the ASTM standard.

2.2.4. Clay and modified clay characterization

The pretreatment of the clay and modified clay samples was carried out using powder-
pressed KBr pellets and an FTIR Alpha instrument (Bruker, Germany). FTIR spectra were
recorded in the 500-4000 cm! range. XRD measurements were carried out using a Bruker
D8 Advance X-ray diffractometer (Bruker, Germany) with Cu ka radiation at A = 1.54060 4,
a current of 20 mA, and voltage of 40 kV. XRD patterns for the clay and modified clay
samples were determined at a scan rate of 0.02 °/s in the 260 range of 2-90°. Natural rubber
compound samples with lateral dimensions of approximately 10 mm x 10 mm and a
thickness of 3 mm were used to examine the dispersion of the fillers in the natural rubber
composites using an SEM SU3500 instrument (Hitachi, Japan). Prior to the SEM testing, the
samples were pretreated by ion sputtering (gold coating). In addition to SEM, an AFM
5300E scanning probe microscope (Hitachi, Japan) was used to examine the surface of the
natural rubber vulcanizates and surface images were obtained. The dimensions of the
vulcanized natural rubber sample were approximately 10 mm x 10 mm x 2 mm. Thermal
analysis using a TA/DTA STA 7300 instrument (Hitachi, Japan) was performed at a heating
rate of 10°C/min in a temperature range of 30-500°C under a nitrogen atmosphere.

3. Results and Discussion

3.1. Curing Analysis of Natural Rubber Composites Compound
Figure 2 compares the curing characteristics of the natural rubber composites obtained
using (1) clay and (2) dodecylamine-modified clay fillers.
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Figure 2 Curing characteristics of natural rubber composites, (1) using unmodified clay and (2)
using modified clay

[t was observed that Smax increased quite significantly while Smin decreased and the optimal
cure rate (tgo) and scorch time dropped dramatically due to the use of the modified clay.
These results indicate that the crosslink density increases and the time for the vulcanization
reaction decreases due to the clay modification. This finding means that the vulcanization
reaction rate is increased with the addition of modified clay filler compared to when the
clay filler is used. Evidence that the vulcanization reaction increases as a result of the use of
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modified clay filler, in the shorter vulcanization time, was that the torque achieved by the
composite is much higher than that of the composite torque using only unmodified clay
fillers (see Figure 2). This finding means that modified clay can more easily absorb rubber
molecules on its surface, so it can be a good filler. According to Sreelekshmi et al. (2016),
the chemically bounded oligomers form a film on the clay surface, thus improving
compatibility with the rubber matrix. The organofunctional groups of the oligomer film
react with rubber during vulcanization.

3.2. Physical Properties of Vulcanized Natural Rubber Composites

The physical properties of the natural rubber composites using the clay filler and
modified clay are shown in Figures 3-5. Figure 3 shows an overview of the elongation at
break results, while Figure 4 shows the results obtained for the hardness, tensile strength,
and modulus of 300%, and Figure 5 shows the results for the tear strength, compression
set, and flex cracking.

800 60
200 Elongation at break [%] (1 ® Hardness [Shore A]
50 @ Tensile strength [MPa
600 H Elongati t break [%] (2
40
500
400 30
300 20
200
10
100
0 0
Before After aging| Before After aging Before Afteraging Before Afteraging
aging aging aging aging
1 2 1 2
Figure 3 Elongation at break as a function of ~ Figure 4 Physical properties of natural rubber
aging, (1) using unmodified clay and (2) composite (hardness, tensile strength, and
using modified clay modulus 300%), (1) using clay filler (2) using
modified clay filler

Figure 3 shows that elongation at break decreased from Sample 1 to Sample 2, and a
decrease in elongation at break was observed after aging for both samples. Elongation at
break decreased due to an increase in the vulcanization reaction that stiffened the rubber
vulcanizates. This stiffness affected the elongation at break. The reduction in the elongation
at break after aging indicates that a vulcanization reaction that affects the sample stiffness
continued. This increase in stiffness caused a decrease in the elongation at break.

Figure 4 shows that hardness rose after aging for both samples 1 and 2, caused by the
vulcanization reaction continuing during the aging process. The hardness of Sample 2 was
higher than that of Sample 1, indicating that the modified clay has a significant effect. A
similar effect was also observed for modulus 300%. However, the tensile strength
decreased considerably for Sample 1 and Sample 2. The increased vulcanization reaction
caused the crosslink density to increase, as Figure 2 shows, stiffening the rubber
vulcanizates. The stiffness of vulcanized rubber can lead to a decrease in tensile strength.

Figure 5 shows the increase in tear strength and compression set of the natural rubber
composites while flex cracking did not change. This increase had an impact on the increased
vulcanization reaction of samples 1 and 2.
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Figure 5 Physical properties of natural rubber composite sample 1 and sample 2: tear strength,
compression set, and flex cracking, (1) using clay filler and (2) using modified clay filler

3.3. FTIR Spectra

As amineral, clay does not show a C-H bond with an absorption band at approximately
2852 cm-L The presence of this C-H stretching band in the FTIR spectrum indicates the
modification of the clay (see Figure 6). While the FTIR spectrum should display a sharp peak
at 3431 cm! due to the primary amine group (NH stretching) in dodecylamine, this peak
was not observed—most likely due to the presence of a broad peak at 3431 cm-! arising from
the OH bonds in the clay. Similarly, the N-H bending band at approximately 1640 cm-! may
have been overlapping with the O-H band at the same energy. These characteristics were
also found by Lalikova et al. (2011), Sukumar and Menon (2008), and Sreelekshmi et al.
(2017).
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Figure 6 FTIR spectra of clay and modified clay

3.4. AFM Studies

Figure 7 shows that the natural rubber composite vulcanizates of the two samples
exhibited different surface morphology. This difference was caused by differences in the
surface dimensions of the unmodified clay and modified clay. Figure 7 also shows that, for
a sample height of approximately 4 um, modified clay provided a relatively bumpy surface
compared to the surface obtained when unmodified clay was used as the filler. This
difference was caused by the changes in the dimensions of the modified clay, and it was also
reported by Nam et al. (2004), Nigam et al. (2012), and Suresha et al. (2013). Figure 7 also
shows that the distribution of modified clay particles in vulcanized natural rubber was
better compared to the use of unmodified clay fillers. (Note the frequency distribution curve
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next to the image in Figure 7). The frequency distribution of modified clay is relatively flat
compared to the use of unmodified clay.

(b)

Figure 7 AFM images of the natural rubber composites filled by clay: (a) unmodified clay used as
the filler; and (b) modified clay used as the filler

3.5. XRD Analysis

The diffraction patterns of clay and modified clay presented in Figure 8 demonstrate the
modification of the clay, as observed from the different diffraction patterns obtained for the
two samples.

(a) (b)

Figure 8 XRD analysis of clay and modified clay: (a) diffraction pattern of clay; and (b) diffraction
pattern of modified clay
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This difference can be explained by changes in the dimensions of the compounds’ crystals
contained in the clay, as presented in Table 2. In addition to the changes in the dimensions
of the crystals in the modified clay, new peaks were observed at 20 of 20.258° with a d-
spacing of 4.33923 A and at 26 of 21.373° with a d-spacing of 4.15406 A. Assad et al. (2014)
reported that clay modification was indicated by a change in the diffraction peak intensity
from 11.7948 to 18.7583 at 20 of approximately 5°. The peak at this 20 angle can also be
observed in Figure 8, but with a different intensity from that reported by Assad et al. (2014).

Table 2 Crystal dimension parameters of (a) clay and (b) modified clay

Fillers used

Minerals Crystal parameters

(@) (b)
Crystal density, (g/cm3) 2.647 2.640
Quartz, low Lattioce parameters
’ -a(Ah) 4.914 4.919
-c(A) 5.406 5.412
Crystal density, (g/cm3) 2.565 2.590
Lattice parameters
-a(h) 5.115 5.171
. -b (A) 9.137 8.947
Kaolinite-1A c(4) 7 405 7 404
Alpha (°) 92.53 91.87
Beta (°) 104.75 104.7
Gamma (°) 89.488 89.756

3.6. SEM Studies

SEM analyses were carried out for the clay and modified clay samples, as shown in

Figure 9, and for the natural rubber composites, as shown in Figure 10.

SN0 YR OAMR 10 D 24

Figure 9 SEM analysis of: (a) clay; and (b) modified clay

Figures 9a and 9b show the clay and modified clay SEM images, respectively. The image
presented in Figure 9b indicates a smoother surface and is more diffuse compared to the

(b)
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image in Figure 9a. The filler surface contour in Figure 9 shows similarities in the surface
roughness of the natural rubber compound contained in Figure 10. This observation on the
contour is supported by the image shown in Figure 7, where the frequency distribution of

the filler particles supports this explanation.

(b)

Figure 10 SEM analysis of natural rubber composites, (a) natural rubber compound with the clay
filler and (b) natural rubber compound with the modified clay filler

3.7. TA/DTA Analyses
Figure 11a shows that the peak of the mass reduction rate of the natural rubber

compound using clay (DTA1) of 1.37%/min was located at 370.89°C while, for the natural
rubber compound that used modified clay (DTA2), the peak mass reduction rate of

1.26%/min was observed at 370.06°C.
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Figure 11 Thermal analysis of natural rubber compound (a) using clay and (b) using modified clay
The rate of the volume reduction in mass DTA2 was generally lower than that in DTA1. The

highest rate of DTA2 was 5.07 puV/mg at 358.10°C while, for DTA1, the highest rate of 5.05
uV/mg was obtained at a temperature of 358.10°C, as shown in Figure 11b. It can be
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concluded from Figure 10 that the DTAZ2 for Sample 2 was more stable than the DTA1 for
Sample 1. The thermal stability of natural rubber filled by organo-modified kaolin was also
reported by Zhang et al. (2012), who found that natural rubber using organo-modified
kaolin showed a dramatic decrease in mass loss.

4. Conclusions

Modified clay has a better effect on the curing characteristics and physical properties
of natural rubber than unmodified clay. The vulcanized rubber stiffness, due to an increased
vulcanization reaction in the natural rubber, leads to changes in the physical properties of
the natural rubber. An analysis of FTIR spectra shows that the clay has been modified with
dodecylamine. These results agree with the XRD analysis results that indicate a change in
the dimensions of the clay crystal. SEM and AFM images provide consistent information
about the filler dispersion in the natural rubber. Modified clay dispersion is better than that
of unmodified clay, and this finding supports the explanation of the different physical
properties of the obtained vulcanized natural rubber. TA/DTA thermal stability analyses
show that natural rubber compounds that use modified clay as the filler are more stable
than those using only unmodified clay filler.
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