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Abstract
Silane coupling agents are potential reagents widely used to improve the compatibility between silica and less polar rubber,
especially natural rubber (NR). Nevertheless, high temperature is generally required to generate the interaction between the
components during the mixing process. Accordingly, an alternative method by grafting the silane coupling agent onto the rubber
molecules would be a desirable approach to develop a compatibilizer for the silica-filled NR compound. In this work, skim NR
was used as a starting material due to its linear structure. The optimal conditions of the grafting reaction were found to be 1 phr of
an alkoxy silane and 5 phr of benzoyl peroxide under 8 min of UVA irradiation time. These conditions were applied for producing
the rubber material used in the mixing process of STR 5L and silica. The cure characteristics, silica dispersion and mechanical
properties of the rubber compounds were improved, suggesting that the modified rubber was an efficient material for increasing
the compatibility between silica and NR.
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Introduction

In the rubber technology, carbon black and silica have been
used as reinforcing fillers to improve the performance of the
rubber products. Carbon black is the common filler carried out
in the rubber mixing process due to the facile operation and
the good mechanical properties of the obtained products [1].
Silica is an alternative reinforcing filler which gains more
potential compared to carbon black in the reinforcement of

elastomers, especially in the tire industry. It can improve the
tear strength, abrasion resistance and rolling resistance of the
rubber tires [2, 3]. However, the silica-filled natural rubber
(NR) compounds usually have a problem about the incompat-
ibility due to the different polarity between NR and silica,
affecting the mechanical properties of the rubber products.
There are various techniques used to enhance the miscibility
of silica in NR such as the addition of silane coupling agent as
well as chemical modification of the silica surface and NR
structure [4–6].

TESPT (bis(3-triethoxysilylpropyl)-tetrasulfide) is a well-
known silane coupling agent widely used in the rubber pro-
cessing [7]. It is a sulfur-containing organosilane which can
enhance the cure characteristics of the NR compound due to
its ability to promote sulfur atoms for crosslinking during the
vulcanization process [8]. The properties and processability of
the compounds were also improved by the incorporation of
the TESPT in the suitable curing system [9]. However, the
restriction was found to be the requirement of the high-
temperature reaction for TESPT and rubber, causing the deg-
radation of the rubber [10]. For the sol-gel method, the disper-
sion of filler increased because this method directly produced
the silica particle in the rubber matrix. Besides, the silica sur-
face can be modified in order to obtain the desired properties,
i.e., introducing the silane coupling agent onto its surface to
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solve the cure retardation [11, 12]. Nevertheless, the compli-
cated reaction is required for this technique, leading to an
inappropriate for the practical usage. Introducing the polar
molecules onto the NR molecules is another good method to
increase the miscibility of silica and NR. However, it was
found that the cure behaviors of the compound were retarded
by the presence of the new molecule on NR [13]. Thus, the
efficient technique which can improve filler-rubber interaction
as well as cure characteristics should be investigated. The
advantages of the silane coupling agent and NR modification
were applied to develop the alternative method. The grafting
reaction of the silane coupling agent onto the NR molecule
considered to be a reasonable approach.

In this work, skimNR (SNR), which is a by-product from a
manufacturing process of the concentrated NR latex, would be
applied as a starting material in a grafting reaction in order to
increase its benefit and improve its properties for use in the
mixing process. In the rubber industry, SNR is usually con-
sidered waste with poor mechanical properties because of its
high amounts of non-rubber components [14]. Nevertheless,
its linear molecular structure is attractive for potential chemi-
cal modifications [15]. By comparing to the branched mole-
cule of the regular NR, the linear molecule of SNR should
react more easily for steric reasons. An alkoxy silane contain-
ing the C=C, KBM-502, was used for the first time for NR.
KBM-502 was grafted onto the SNR molecules because it
contains the appropriate site to react with the SNR molecules.
The chemical structure of KBM-502 is illustrated in Fig. 1.
The reactionwas initiated by the induction of UVA irradiation,
which is a convenient modification method [16, 17]. The re-
action is not only easy to handle, but also fast and clean. The
grafting reaction was performed in the latex state due to many
advantages, including low toxic condition [18]. The grafted
rubber would then be used as a material, which increasing the
compatibility between STR 5L and silica in the mixing pro-
cess, as proposed in Fig. 2.

Experiment

Preparation of grafted saponified skim NR (G-SSNR)

Fresh SNR latex (Thai Rubber Latex Co., Ltd.) (about 4% dry
rubber content (DRC)) was preliminarily recovered by adding
a 0.37% w/w solution of sodium alginate (Carlo erba reagents)
and stirred for 1 h, then left to stand for 24 h. The creamed
SNR latex (about 18% DRC), which appeared in the upper
fraction, was subjected to saponification by adding a 1% w/w
solution of SDS (VWR International Co., Ltd.) and a 1% w/w
solution of NaOH (Labscan Asia Co., Ltd.) and the mixture
was stirred at 70°C for 3 h. These steps were carried out in
order to eliminate the proteins present in the latex, which can
serve as a free-radical scavenger in the reaction [19, 20]. The

saponified skim NR (SSNR) latex was neutralized using a
10% v/v solution of HCl (VWR International Co., Ltd.) and
then diluted with distilled water to achieve the DRC of 10%.
The saponified SNR (SSNR) latex was then subjected to a
grafting reaction.

Benzoyl peroxide (BPO) (Merck Co., Ltd.) and KBM-502
(3-methacryloxypropylmethyldimethoxysilane) (Shin-Etsu
Chemical Co., Ltd.) were used as a photo-initiator and silane
coupling agent, respectively, in the form of emulsions. As the
medium of SSNR latex was water, the organic-based
chemicals could not dissolve in the system. Thus, the emul-
sions of KBM-502 and BPO in distilled water were required
in the hopes of increasing their compatibility with the SSNR.
A BPOmixture was prepared by adding distilled water (7 mL)
to a solution of BPO (0.25 g) in toluene (3 mL). KBM-502
(250 μL) was mixed with distilled water (10 mL). Both mix-
tures were freshly emulsified using a mechanical homogenizer
(UH-3C, Sonics) separately. Emulsions of KBM-502 and
BPO were used as stock reagents to study the effect of their
amounts by adding to the SSNR latex (10 g) and stirred for
1.5 h at room temperature to increase the homogeneity. The
variable parameters affecting grafting efficiency of silane cou-
pling agent onto SSNRmolecule were studied, as presented in
Table 1. Each rubber mixture was then transferred to a petri
dish and exposed to the UVA irradiation to obtain the G-
SSNR latex. The UVA lamp used in this experiment was high
pressure mercury UV lamp (RUV 2525 BP). The G-SSNR
latex was then coagulated with acetone (RCI Labscan Ltd.)
and dried at 50°C. Each sample was further purified by
reprecipitation in toluene/methanol (RCI Labscan Ltd.) and
dried at 50°C until its weight was unchanged. This step was
performed to ensure that the new signals appeared in the FTIR
and NMR analyses were solely from the new compounds, not
the mixture of KBM-502 and BPO.

Rubber compounding

Three conditions of rubber compounds were investigated, as
shown in Table 2. In condition 2, KBM-502 was directly
added at the same amount as KBM-502 grafted onto the
SSNR molecules in the STR 5L (Standard Thai Rubber grade
5L) (Pan Star Co., Ltd.) blended with G-SSNR system. It was
observed for clarifying the influence of the chemical bonding
in the G-SSNRmolecules. For the mixing process, a two-stage

Fig. 1 Chemical structures KBM-502

17 Page 2 of 12 J Polym Res (2018) 25: 17



mixing procedure was carried out in order to prevent premature
vulcanization. An internal mixer (HAAKE™, Rheocord 9000
Fisons) and a two-roll mill (W 100 T, DR. Collin GMBH) were
employed for preparing the rubber compounds. The mixing con-
ditions were set as follows: fill factor = 0.8, initial chamber tem-
perature = 40°C and rotor speed = 40 rpm. Firstly, the rubbers
were charged into the mixer and masticated for 2 min. Silica
powder (HiSil® 233) (OSC Silica Co., Ltd.) was added
portionwise while mixing for the total mixing time of 11 min,
followed by an addition of ZnO (zinc oxide) (Thai-Lysaght Co.,
Ltd.) and stearic acid (Acidchem International SDN). Themixing
was continued for 2 min to finish the first step. The resulting
rubber compoundswere taken out of themixer and sheeted using
the two-roll mill to cool down the compounds and the chamber
of the internal mixer. After adding the vulcanizing agents (sulfur
and TBBS) (The Siam Chemical Public Co., Ltd.), the mixture
was further mixed for 2 min in the internal mixer. TBBS (n-tert-
butyl-2-benzothiazyl sulfonamide) was incorporated with sulfur
as an accelerator. The rubber compounds were finally discharged
and then sheeted using the two-roll mill. In condition 2, KBM-
502 was added and mixed for 2 min before the addition of ZnO
and stearic acid.

Characterization and properties measurement

The chemical structure of the purified G-SSNR was analyzed
by FTIR in attenuated total reflection (ATR) mode (JASCO:
FT-IR 4100). The dried film of each sample was placed on a
germanium (Ge) disk and analyzed with 100 scans at a reso-
lution of 4 cm−1.

The structure of G-SSNR was confirmed by 1H–NMR
(Bruker 500 UltraShield™) and 29Si-NMR (Bruker
Ascend™ 400) experiments. Approximately 30 mg of each

rubber sample was dissolved in toluene-d8 for both NMR
analyses.

The content of KBM-502 on the grafted rubber molecules
was determined by FTIR using a calibration curve (Eq. (1))
constructed using KBM-502 (0, 3, 6 and 9 phr) in purified syn-
thetic cis-1,4-polyisoprene as a standard. The dried films of mix-
tures were then placed on the Ge disk and analyzed using FTIR
spectrometer in the ATR mode. The intensity ratios of the car-
bonyl (C=O) absorption peak of KBM-502 at 1721 cm−1 (A1721)
to that of the methyl (CH3) of NR at 1375 cm−1 (A1375) against 4
known concentration of KBM-502 was obtained. In order to
observe the amount of the grafted KBM-502 on the G-SSNR
molecules, the intensity ratio of each purified G-SSNR was re-
corded by FTIR and then converted to KBM-502 content using
the following equation:

Y ¼ 0:0539X ð1Þ
where Y is A1721/A1375 and X is the quantity of KBM-502 con-
tent (phr).

The percentage of grafting efficiency was calculated in
order to compare the capability of KBM-502 grafting onto
the rubber molecules in various loading of KBM-502 using
Eq. (2).

grafting efficiency %ð Þ ¼ grafted KBM‐502 content

KBM‐502 loading
� 100 ð2Þ

Table 2 Mixing conditions

Ingredient (phr) Conditions

1 2 3

STR 5L 100 100 50

G-SSNR 0 0 50

KBM-502 0 0.3 0

Silica 50 50 50

Stearic acid 2 2 2

Sulfur 1.5 1.5 1.5

TBBS 1 1 1

ZnO 3 3 3

Fig. 2 Proposed mechanism for enhancing the compatibility and physical properties of silica-filled NR compounds using G-SSNR

Table 1 Experimental conditions to study the parameters affecting
grafting efficiency of the silane coupling agent

Parameters Variable

Silane coupling agent concentration 1, 3, 6 and 9 phr

Initiator concentration 1, 2, 3, 5, 6 and 9 phr

UVA irradiation time 2, 4, 6, 8, 10 and 12 min
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Gel content of each rubber sample (0.03 g) was determined
by dissolving in toluene (30 mL) and kept in the dark at room
temperature for 7 days. After that, the insoluble or gel fraction
was collected and coagulated using methanol. The gel was
dried at 70°C until its weight became constant. The percentage
of the gel content was calculated using the following equation:

gel content %ð Þ ¼ W2

W1
� 100 ð3Þ

where W1 is the weight of initial dry rubber sample and W2 is
the weight of dried gel.

Rubber processing analyzer (Alpha Technologies RPA 2000)
was employed to determine the degree of filler-filler interaction
(Payne effect) using strain sweep test. The strain sweep test (0.5–
1000%) was carried out by varying the degree of angular oscil-
lation from 0.02 to 90° of arc at the test chamber temperature of
100°C and a constant frequency of 1 rad/s.

Bound rubber content was determined to observe the rubber-
filler interaction. Approximately 0.2 g of each uncured rubber
compound was cut into small pieces. The specimen was placed
in toluene (25 mL) at room temperature for 14 days. The solvent
was changed by removing the original (20 mL) and replacing
with the new solvent (toluene, 20 mL) after 7 days in order to
dissolve all unbound rubbers in the sample. Then, the bound
rubber was collected on a filter paper and dried at 70°C until
the weight was unchanged. The bound rubber was calculated
using the following equation:

bound rubber %ð Þ ¼ Wfg−mf

W−mf
� 100 ð4Þ

where Wfg is the weight of silica and gel. W is the weight of
rubber compound and mf is the weight of filler in the compound.

Moving die rheometer (Tech pro rheotech MD+) was
employed to evaluate the cure characteristics of the rubber
compound. Approximate 5 g of each uncured rubber com-
pound was placed on a rheometer cavity disk at 150°C under
the oscillating arc of 0.5 or 1 degree.

The tensile properties of the vulcanized rubber compounds
were determined using a universal extensometer (Instron
Model 5566) with a cross head speed of 500 mm/min and load
cell of 1 kN. The vulcanized rubber sheets with an approximate
thickness of 1mmwere stamped out using a type C dumbbell die
to obtain test pieces in accordance with ASTM D 412.

Crosslink density was investigated by the swelling test.
Approximately 0.7 g of vulcanized rubber compounds
were cut into small pieces. The specimen was immersed
in toluene (100 mL) for 7 days at room temperature in the
dark. Then, the swollen samples were collected and ex-
cess liquid on the specimen surface removed using filter
paper. The specimens were weighed until the weight be-
came stable. Crosslink density (ν) was calculated using
the following equations:

ν ¼ 1

Mc
¼ − ln 1−Vrð Þ þ Vr þ χVr

2
� �

2ρrV0 Vr
1=3−

Vr

2

� � ð5Þ

V0
r ¼

ρr
ρs

� �
ws−wu

wu

� �
þ 1

� �−1
ð6Þ

V0
r

Vr
¼ 1− 3c 1−V0

r
1=3

� 	
þ V0

r −1
h i θ

1−θ
ð7Þ

where ν is crosslink density and Mc is molecular weight be-
tween crosslink. χ is Huggins interaction constant (0.38 for
silica-filled NR).V0 is the molar volume of the solvent
(106.9 cm3/mol for toluene). The value of ρr and ρs are
0.93 g/m3 and 0.886 g/m3, respectively. θ is volume fraction.
ws and wu are the weight of the specimen and weight of the
swollen rubber, respectively. c is a parameter for silica-rubber
interaction.

Fracture surface morphology of each vulcanized rubber
compound was observed using a scanning electron microsco-
py, SEM (JEOL JSM5410LV). The fracture surface was initi-
ated by a cryogenic fracturing process in liquid nitrogen for 5–
10 min and then coated with palladium (Pd). The operation
was at accelerating voltage of 20 kV under the high vacuum
(HV) mode. The working distance was 20 mm.

Results and discussion

Structural characterization of G-SSNR

The FTIR spectra of the SSNR and the G-SSNR are shown in
Fig. 3(a) and (b), respectively. The important characteristic
bands of the SSNR appeared at 1664 and 1375 cm−1, which
corresponded to the C=C andmethyl (–CH3) stretchings in the
NRmolecule, respectively [21]. If the KBM-502 was success-
fully grafted, a new carbonyl (C=O) stretching should be ob-
served at 1721 cm−1. Pleasingly, it was found that the new
absorption band at 1721 cm−1 was observed in the purified
G-SSNR.

The structure of the purified G-SSNR was further analyzed
by the 1H–NMR technique (Fig. 4). The characteristic chem-
ical shifts (δ) of the cis-1,4-polyisoprene unit appeared at (c)
1.75, (d) 2.09 and (b) 5.25 ppm, corresponding to the methyl,
methylene and unsaturated methine protons, respectively [22].
The KBM-502 unit grafted onto the SSNR backbone was
suggested by the signal at (a) 3.55 ppm, which is characteristic
of the methoxy protons from KBM-502. This result also sup-
ported the accomplishment in the grafting of KBM-502 onto
the SSNR backbone. However, other signals from KBM-502
could not be clearly seen because they were obscured by the
signals from the SSNR structure itself and toluene-d8.
Moreover, the amount of KBM-502 grafted onto the G-
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SSNR was very small compared to the structure of G-SSNR
as whole, making it much more difficult to observe.

The presence of the silicon atoms in the G-SSNR mole-
cules was confirmed by 29Si-NMR, as shown in Fig. 5. After
purification, only one additional singlet was observed at

4.93 ppm, corresponding to the silicon atom from the KBM-
502 unit. Tetramethylsilane (TMS) was added as a reference.
The chemical shift of G-SSNR was higher than that of TMS
because the silicon atom in the G-SSNR (b) was much
deshielded by the methoxy groups. This result confirmed the
possession of silicon atoms on the G-SSNR purified in meth-
anol. This suggested that KBM-502 was successfully attached
on the SSNR backbone by the grafting reaction.

A mechanism of grafting radical-induced diene molecules
onto a polyolefin backbone has been proposed to indicate that
the grafting reagent could add in place of either allylic protons
[21, 23]. Moreover, the π bond of C=C could undergo disso-
ciation to abstract a radical species in the system [24]. In this
work, BPO as a photo-initiator, decomposes homolytically
under UVA irradiation and then into phenyl radicals. The phe-
nyl radicals generated could then initiate the reaction, which
may occur in two different ways. One is the abstraction of
either of the allylic protons ((a) and (b)) and the other is the
addition of the radical species onto C=C of the SSNR back-

Fig. 4 1H–NMR spectrum of G-SSNR in toluene-d8

Fig. 3 FTIR spectra of (a) SSNR (b) G-SSNR

Fig. 5 29Si-NMR spectra of (a)
SSNR (b) G-SSNR
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bone ((c)) (Fig. 6). Each allylic proton on the SSNRwas prone
to being abstracted by the radical initiator, resulting in two
possible positions being grafted ((a) and (b)). Also, the addi-
tion of the radical initiator onto the C=C of the SSNR back-
bone could give rise to the addition of the KBM-502 unit onto
the SSNR structure ((c)).

Parameters affecting the grafting efficiency
of the silane coupling agent

The various amounts of KBM-502 from 1 to 9 phr in the
presence of 3 phr of BPO for 8 min of UVA irradiation were
optimized to study the effect of the concentration of the silane
coupling agent. This condition was applied from the

modification of NR reported in the literature [24]. It was found
that the increase in the KBM-502 loading did not significantly
affect the KBM-502 grafted content, as shown in Fig. 7. Since
the proportion of the KBM-502 grafted was quite low (0.5–
0.7 phr), this might limit the number of active sites on the
rubber backbone generated by the initiator (BPO). This reason
was consistent with the mechanism of the reaction proposed,
as shown in Fig. 6 where the reaction initially occurred by
induction of the radical-initiator, followed by the radical chain
reaction to react with KBM-502. Hence, the grafting efficien-
cy was not affected by the concentration of the silane coupling
agent. Since the KBM-502 content grafted was not remark-
ably different in each sample, it was decided to use the
grafting efficiency (%) to determine the optimal concentration
of KBM-502 for use in the grafting reaction. The highest value

Fig. 6 Proposed mechanism of radical-induced KBM-502 grafting onto the SSNR

Fig. 7 The KBM-502 contents grafted (phr) and grafting efficiency (%)
of various KBM-502 loadings

Fig. 8 The KBM-502 contents (phr) and gel content (%w/w) of G-SSNR
at various BPO loadings
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was observed at 1 phr of the KBM-502 loading. Therefore, the
KBM-502 concentration of 1 phr was the optimum and would
be used when studying the effects of other parameters on the
grafting reaction.

The effect of the photo-initiator concentration was de-
termined in the presence of BPO of varying amounts be-
tween 1 and 9 phr under UVA irradiation of 8 min. The
KBM-502 loading used in this experiment was 1 phr
which was the optimal concentration previously exam-
ined. In Fig. 8 (striped bar), it could be seen that the
minimum amount of BPO required to start the reaction
was 3 phr. This suggested that BPO was the factor con-
trolling the proliferation of the grafting reaction. The
amount of the KBM-502 grafted onto the rubber back-
bone increased with increasing BPO concentration and
remained unchanged after 5 phr. This could be explained
by the fact that the increase in the amount of the initiator

could generate more active sites on the rubber backbone
for grafting KBM-502 onto. However, the grafting effi-
ciency was not affected by the addition of BPO higher
than 5 phr. The excess amount of BPO did not increase
the interaction between the rubber and KBM-502.
Furthermore, the competing reaction could possibly occur
by the active sites generated by the initiator where the
interaction between the rubber molecules resulted in the
formation of a branched network. It was confirmed by the
gel contents as given in Fig. 8 (black bar). The gel content
increased with increasing BPO concentration and stayed
steady from 5 to 9 phr of BPO. This suggested that
branching was limited by the steric effect, so the gel for-
mation did not increase when the BPO concentration was
higher than 5 phr. Thus, the optimal concentration of BPO
was at 5 phr.

The effect of the UVA irradiation time was studied over a
range of 2–12min. The reaction was carried out using 1 phr of
KBM-502 and 5 phr of BPO. The KBM-502 content grafted
onto the SSNRmolecules at various reaction times is shown in
Fig. 9 (striped bar). It was found that the grafting reaction
occurred after 4 min. The amount of the KBM-502 incorpo-
rated into the rubber molecules increased with increasing du-
ration of UVA exposure to attain the maximum value at 8 min.
This implies that 8 min of UVA irradiation was sufficient for
the grafting reaction. However, it was found that the grafting
efficiency decreased thereafter. This suggested that the longer
the irradiation time was, the more possibility of collision be-
tween the radical species to take place would be. Nevertheless,
the crosslinking which occurred from the competing side re-
action between the rubber molecules was observed as the in-
crease in the gel content (8–12 min of UVA irradiation time),
as shown in Fig. 9 (black bar). This may be because the

Fig. 9 The KBM-502 contents (phr) and gel content (%w/w) of G-SSNR
at various UVA irradiation times

Fig. 10 Proposed mechanism of
crosslinking during grafting
reaction

Table 3 Cure characteristics of
rubber compounds Entry Condition Scorch time (ts2) (min) Cure time (tc90) (min)

1 STR 5L 6.92 ± 0.16 27.40 ± 1.97

2 STR 5L +KBM-502 4.84 ± 0.01 27.97 ± 1.06

3 STR 5L +G-SSNR 4.09 ± 0.03 9.57 ± 0.28
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radicals in the allylic position of the SSNR backbone after
exposure to UVA light could react with unsaturated carbon
of other SSNR molecules, as proposed in Fig. 10.

Thus, the reaction in the presence of 1 phr of KBM-502 and
5 phr of BPO under 8 min of UVA irradiation time was the
optimal condition to produce G-SSNR.

Rubber compounding

G-SSNR produced from the optimal grafting reaction was
subjected to use as a material to increase the compatibility in
a mixing process. The presence of chemical bonding between
the silane coupling molecules and SSNR from the grafting
reaction was supposed to be an advantage in the mixing
system.

The cure behaviors, i.e., scorch time and cure time, of the
rubber compounds were analyzed using the cure curve from
built-in software, as presented in Table 3. The results showed

that the incorporation of G-SSNR substantially decreased the
cure time (Entry 3). On the other hand, it was found that the
compound with KBM-502 added as a sole compatibilizer ex-
hibited a high cure time which showed no difference from that
without a compatibilizer. It might be due to the existence of
the chemical bonding in the G-SSNR to increase the cure rate.
As the adsorption of the curatives was a major issue in the
silica-filled rubber compound, the presence of the chemical
bonding in G-SSNR could be a key to reduce this disadvan-
tage [25]. The proposed interaction of each component in the
compounds is illustrated in Fig. 11. In the KBM-502 added
STR 5L system, the silane coupling agent was directly added
into the rubber compound during the mixing process. Since
the polarity of each ingredient was different, KBM-502 would
prefer to combine with themselves. This could be explained
by the like-dissolves-like rule. Therefore, the free KBM-502

Fig. 11 Proposed interaction of
each component in the
compounds (a) STR 5L +KBM-
502 (b) STR 5L +G-SSNR

Fig. 12 Crosslink densities of rubber compounds

Fig. 13 Elastic modulus (G’) of unvulcanized rubber compounds as a
function of deformation strain (%) at the test frequency of 1 rad/s
(Payne effect)
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formed droplets in the rubber matrix instead of trapping the
surface of silica. The curing agent in the STR 5L with KBM-
502 system was still adsorbed by silica due to the similarly
high polarity, resulting in no improvement of the cure rate in
this process. In contrast, the fusion of the silane coupling
molecules in the case of G-SSNR could not occur because
theywere fixed on the SSNR backbones by chemical bonding,
leading to greater efficiency to interact with silica particles.

The silane coupling molecules attached on the SSNR could be
well dispersed in the rubber matrix in the masticating step.
This is due to the good compatibility between STR 5L and
the rubber part of the G-SSNR. After adding silica, the cou-
pling agent dispersed in the rubber matrix could readily react
with the silica particles, leading to a decrement of the silanol
groups. A better cure rate was observed as the accelerators
adsorbed by silica decreased. Additionally, the low vulcaniza-
tion rate occurred not only because of the adsorption of the
curing agent, but also of more time required to form the net-
work in the compounds during vulcanization. In the case of
STR 5L mixed with G-SSNR, linkages between the rubber
and the silane coupling molecules were present, so the period
to form the networks in vulcanization was shortened.
Furthermore, the presence of both free KBM-502 and G-
SSNR decreased the scorch time of the rubber compound.
This suggested that the incorporation of the silane coupling
agent into the silica-filled rubber compound could accelerate
the vulcanization in the earliest stage. However, KBM-502
could not be well function in the curing stage, observed from
the high cure time of STR 5L added with KBM-502 system
(Entry 2). The cure curves of the rubber samples are provided
in the supporting information.

From Fig. 12, the results showed that STR 5L exhibited the
lowest degree of the crosslink density. After adding KBM-

Fig. 14 The content of bound rubber in sample rubber compounds

Fig. 15 SEM micrographs of rubber vulcanizates. a STR 5L (×10,000), b STR 5L +KBM-502 (×10,000), c STR 5L +G-SSNR (×10,000)
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502, the crosslink density did not significantly increase.
However, the incorporation of G-SSNR raised the degree of
crosslinking of the rubber compounds. This phenomenon
corresponded to the cure characteristic results where the
KBM-502 grafted onto SSNR enhanced the cure state of the
rubber compounds while the free KBM-502 could not im-
prove this behavior. Additionally, better interaction in the rub-
ber compound also involved to the resistance in swelling,
indicating the enhancement in crosslink density [26, 27].

The filler-filler interaction can be indicated by measuring
the elastic modulus (G’) at low strain, known as the Payne
effect [28, 29]. From Fig. 13, the compound without a
compatibilizer (STR 5L) exhibited the highest elastic modulus
at low strain which indicated a high degree of silica aggrega-
tion. In the system of STR 5L and KBM-502, it was found that
the elastic modulus was not significantly different from that of
STR 5L. On the contrary, the modulus decreased markedly in
the case of STR 5L mixed with G-SSNR, indicating a low
degree of the Payne effect. From this piece of evidence, it
was found that the presence of chemical bonding in G-
SSNR was a major factor in reducing the filler-filler interac-
tion. The droplets of KBM-502 were formed, decreasing the

ability to react with the silanol groups on the surface of silica.
However, the presence of the covalent bonding between
KBM-502 and SSNR in G-SSNR solved this problem as the
silane coupling agent attached on the rubber matrix could
interact with the silica better. The silanol groups on the silica
surface were trapped by the hydrolyzable part of the silane
coupling molecules. This was related to the explanation of
the cure characteristics. By trapping the silanol, silica did not
only reduce the adsorption of the curing agents, but did also
decrease in the aggregation.

Bound rubber is another important parameter in the rein-
forcement aspect which is normally occur through both chem-
ical and physical interactions between rubber and reinforcing
fillers [4, 30]. From Fig. 14, it can be seen that STR 5L ex-
hibited the lowest content of bound rubber, indicating the
lowest filler-rubber interaction. This could be because of the
difference in the polarity between NR and silica, resulting in a
decrease in the compatibility between these two components.
For STR 5L added with KBM-502, the bound rubber content
was not remarkably different from that of STR 5L. However,
the STR 5L mixed with G-SSNR sample exhibited the incre-
ment of the bound rubber content, suggesting the escalation of

Fig. 16 Mechanical properties of rubber vulcanizates. a Moduli, b Tensile strength, c Elongation at break.
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the filler-rubber interaction. These findings are consistent with
the results of the filler-filler interaction. The chemical interac-
tion in the G-SSNR could decrease the interaction between
silica particles as described above. The decrease in filler-filler
interaction led to the enhancement of the filler-rubber interac-
tion. The presence of the covalent bond in the G-SSNR im-
plies the linkage between NR and silica, leading to the better
NR-silica compatibility.

The cryogenic fracture surface of the vulcanized rubber
compounds was prepared in order to determine the dispersion
of silica in the rubber matrix. SEMmicrograph of each sample
is illustrated in Fig. 15. The gray sphere and black background
indicate the silica particles and the rubber matrix, respectively.
From the results, the formation of silica agglomerates was
observed in the condition without a compatibilizer (STR 5L)
(a). This observation was consistent with the result from the
Payne effect which exhibited high modulus at low strain, in-
dicating a high degree of filler-filler interaction. This was be-
cause the high polarity of silica surface could cause the aggre-
gation of the filler. The morphology of STR 5L mixed with
KBM-502 is shown in micrograph (b). The silica agglomera-
tion also appeared in this system, which could be explained in
the same manner as that in the STR 5L system. Nevertheless,
the well-dispersion of silica in the rubber matrix was observed
when G-SSNRwas incorporated, as shown in micrograph (c).
The large agglomerates of silica were not found in this rubber
matrix.

Moduli at 100 and 300% strain of rubber vulcanizates were
determined, as shown in Fig. 16(a). Both values exhibited the
same trend. From the results, both STR 5L and STR 5L loaded
with KBM-502 showed the lowest moduli which could be due
to their low crosslink densities. In other words, low degree of
the network in the rubber compounds resulted in low force
resistance of the materials. However, it was found that the
moduli of STR 5L blended with G-SSNR were remarkably
higher than that of the other two vulcanizates. This could be
because of the higher degree of crosslink density, and hence
greater compound resistance to deformation. The tensile
strength of various vulcanizates was also determined, as
presented in Fig. 16(b). This mechanical behavior was also
consistent with the modulus. The rubber compound in the
presence of G-SSNR showed an improvement in tensile
strength. This could be described by the better filler-rubber
interaction and silica dispersion which brought about the re-
inforcing efficiency [31]. On the contrary, STR 5L and STR
5L added with KBM-502 showed the opposite results to STR
5L mixed with G-SSNR, that was because of the inferior
filler-rubber interaction and silica dispersion. Large agglom-
erates of silica in the rubber samples could act as a defect
during stretching. For elongation at break, all three samples
showed no difference in this kind of mechanical behavior, as
shown in Fig. 16(c). The incorporation of KBM-502 and G-
SSNR as compatibilizers could not affect the elongation at

break of the vulcanizates. Hence, it could be concluded that
G-SSNR was the key parameter to improve the modulus and
tensile strength, but not the elongation at break of the silica-
filled NR vulcanizate. The stress-strain curves of the rubber
samples are provided in the supporting information.

Conclusions

KBM-502 as the silane coupling agent was successfully
grafted onto the SSNR molecules by UVA-induced reaction.
The optimum condition of the grafting reaction was 1 phr of
KBM-502 and 5 phr of BPO under 8 min of UVA irradiation
time. Additionally, the incorporation of G-SSNR into the rub-
ber compound enhanced the cure characteristics, rubber-filler
interaction, silica dispersion and mechanical properties of the
compounds. Thus, it can be concluded that the G-SSNR pro-
duced from the grafting reaction between SSNR and the silane
coupling agent under UVA irradiation, was a potential mate-
rial for use to increase the compatibility in the silica-filled NR
compounds.
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