
INTRODUCTION

"Green Tyre Technology" has been introduced after the

successful use of silica in combination with silane coupling

agents in tyre tread compounds1 to reduce the rolling resistance

and fuel consumption. Silica reduces the rolling resistance

significantly and improves the wet traction of tyre tread comp-

ounds compared to carbon black2,3. The use of unmodified

silica in non-polar rubber is associated with some processing

difficulties derived from the difference in polarity between

silica and rubber. The silanol groups on silica surface lead to

strong hydrogen bonding between the silica particles and

aggregates, causing a poor dispersion of silica in rubber

compounds4. The dispersion stability and cure characteristics

are also adversely affected by the polar nature of silica5. Amines

or alcohols are commonly added to the compounds to prevent

accelerator adsorption on the reactive silica surface and correct

the cure properties6. On the other hand, strong filler-rubber

interactions need to be promoted to optimize reinforcing

efficiency of silica and silane coupling agents are normally
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employed for this purpose. The silane coupling agents commonly

used in rubber compounds cured with a sulfur vulcanization

system are bifunctional silanes that contain sulfur in the

molecular structure, such as bis-(triethoxysilylpropyl)

tetrasulfide (TESPT) and bis-(triethoxysilylpropyl) disulfide

(TESPD)7,8. The efficient mixing of silica in rubber compounds

requires suitable mixing conditions because a chemical reaction

between the silanol groups of silica and the alkoxy groups of

silane, the so called silanization reaction, occurs during the

mixing process. The dump temperature, i.e. the temperature

of the compound at the end of the mixing step, was reported to

be the key parameter governing the compound properties9-11.

In addition to the use of silane coupling agents, the

compatibilization of silica and non-polar materials, such as

natural rubber (NR) and styrene butadiene rubber (SBR), has

been reported, e.g. through the use of polar rubber, such as

chloroprene rubber (CR)12, acrylonitrile butadiene rubber

(NBR)13,14, epoxidized natural rubber (ENR)15 and maleated

natural rubber (MNR)16. In addition, the surface modification

of silica using admicellar polymerization techniques has been
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investigated17-20. This technique involves the polymerization

of an adsolubilized monomer within the adsorbed surfactant

aggregated on the silica surface. The process consists of 4 steps:

1) admicelle formation using cationic surfactants, such as

hexadecyltrimethylammonium bromide (CTAB); 2) monomer

adsolubilization using a monomer type that is compatible with

the polymer matrix; 3) polymer formation via radical poly-

merization and 4) removal of the outer surfactant layer on a

polymeric film. Admicellar polymerization-surface-modified

silica shows more hydrophobic and fewer agglomerates as well

as better dispersion in natural rubber compounds20. Some

studies on the properties of rubber compounds filled with the

modified silica compared to unmodified silica showed that

modified silica imparts superior properties, such as tensile

strength, tear resistance and abrasion resistance18. On the other

hand, the comparison was not performed under the optimum

properties of unmodified silica, which needs to be used in

combination with the silane coupling agent under proper

mixing conditions. This study examined the properties of tyre

tread compounds based on natural rubber filled with admicellar

polymerization surface modified silica compared to those of

the compounds reinforced with conventional fillers, e.g. carbon

black and silica with a silane coupling agent. In addition to

the use of single filler in the compounds, the properties of the

compounds filled with a mixed filler of silica and carbon black

were also studied comparatively. Each compound type with a

different type of filler was prepared under optimal conditions

to ensure that the comparison was made based on the maximum

potential of each filler type.

EXPERIMENTAL

For the preparation of modified silica, Hi-Sil®255

(Tokuyama Siam Silica, Thailand), cetyltrimethylammonium

bromide (CTAB) (98 %, Fluka Switzerland), potassium

persulfate, K2S2O8 (Fluka, Switzerland), ethanol (Fisher

Scientific, USA) and isoprene monomer (Aldrich, USA) were

used in the admicellar polymerization process. The following

chemicals were used for compound preparation: Standard Thai

Rubber 20 (STR20) (ThaiTech Rubber Corporation, Thailand),

zinc oxide (Thai-Lysaght, Thailand), stearic acid (Imperial

Chemical, Thailand), sulfur (Siam Chemicals, Thailand),

paraffin wax, carbon black (N330) (Thai Carbon Black,

Thailand), Hi-Sil®255 (Tokuyama Siam Silica, Thailand),

Bis[3-(triethoxysilyl)propyl] tetrasulfide (TESPT) (Zhenjiang

Wholemark Fine Chemicals, China), diethylene glycol (DEG)

(TOC Glycol, Thailand), N-tert-butyl-2-benzothiazyl

sulphenamide (TBBS), N,N'-diphenylguanidine (DPG), N-

(1,3-Dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD),

2,2,4-trimethyl-1,2-dihydroquinoline (TMQ) (all from Flexys,

Belgium) and treated distillate aromatic extract (TDAE) oil

(H & R ChemPharm, Thailand). All materials were used as

received.

Preparation and characterization of modified silica:

An aqueous solution of CTAB (145.8 g in 16 L) was first

prepared by stirring for 1 h. Silica (800 g) was then added and

stirred continuously for 2 h at room temperature to allow

admicelle formation. The mixture was transferred from the

mixing tank to the reactor tank. Ethanol (1,000 mL), K2S2O8

(21.6 g) and isoprene (80 mL) were then added and stirred for

2 h at room temperature to complete the monomer adsolu-

bilization step. The reaction mixture was then heated to 70 ºC

and polymerization was carried out for 1 h. Finally, the modi-

fied silica was washed with water to remove the CTAB from

the outer layer of the polyisoprene film and dried at 75 ºC for

24 h. Each batch of admicellar polymerization yielded 800 g

of modified silica. In this study, 7 polymerization batches were

carried out to obtain an adequate amount of modified silica.

The resulting modified silica was combined prior to use.

The modified silica was examined by Fourier-transform

infrared (FTIR, Bruker Equinox 55) spectroscopy, thermo-

gravimetric analysis (TGA, Perkin Elmer STA 6000) and

scanning electron microscopy (SEM, FEI Quanta 400).

Compound preparation: Table-1 lists the compounds

used in this study and Table-2 summarizes the optimized

mixing conditions for each compound type. The optimal

formulation and mixing conditions used in this study are based

on a preliminary study, in which the DPG contents, initial mixer

temperature settings and filler-rubber mixing intervals were

varied21. Mixing was performed using an internal mixer with

a 500 cm3 mixing chamber (Chareon Tut., Thailand) at a fill

factor of 0.7 and a rotor speed of 60 rpm. The initial temperature

settings of the mixer and the filler-rubber mixing interval were

adjusted according to the conditions listed in Table-2.

TABLE-1 
COMPOUND FORMULATION 

Quantity (phr) 
Ingredients 

A B C D E 

Rubber (STR 20) 100.0 100.0 100.0 100.0 100.0 

Carbon black (N330) 60.0 - - 30.0 30.0 

Unmodified silica - 60.0 - 30.0 - 

Modified silica - - 60.0 - 30.0 

Silane (TESPT) - 4.8 - 2.4 - 

DEG - 3.6 3.6 1.8 1.8 

DPG 0.1 0.9 0.1 0.45 0.1 

All compounds contain TDAE oil 8.0; ZnO 4.0; Stearic acid 1.5; 6PPD 
1.5; TMQ 2.0; wax 0.5; TBBS 1.0; sulfur 1.9 phr 

 
TABLE-2 

MIXING CONDITIONS 

Parameters A B C D E 

Initial mixer temperature setting (°C) 90 90 100 90 100 

Rubber-filler mixing interval (min) 8 10 8 10 8 

 
Natural rubber was initially masticated for 2 min. For for-

mulations A to C, half of the filler (together with silane, DEG

and DPG, if any) was added and mixed for half of the dura-

tion of the rubber-filler mixing interval (i.e. 4 or 5 min) prior

to adding the second half of the filler (and silane, DEG, DPG,

if any) together with TDAE oil. Mixing was then continued to

the full intervals, i.e. 8 and 10 min. For formulations D and E

(mixed filler), silica plus silane, DEG and DPG were mixed

for the first half of the duration of the rubber-filler mixing

interval, which was followed by the incorporation of carbon

black and mixing to the full intervals. After completing the

rubber-filler mixing interval, the other ingredients (ZnO, stearic

acid, 2,2,4-trimethyl-1,2-quinoline, 6PPD and wax) were

added and mixed for 3 min before discharging the compounds.
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After cooling and storing overnight, TBBS and sulfur were

added to produce the final compounds.

Determination of the properties of the unvulcanized

compounds and rubber vulcanizates: The Mooney viscosities

of the compounds were tested using a Mooney viscometer at

100 ºC with large rotor according to ASTM D1646. The cure

characteristics were determined using a Moving Die Rheometer

at 150 ºC according to ASTM D5289.

The vulcanizates were prepared by press-curing to the

optimum vulcanization time (t90) at 150 ºC. The tensile prop-

erties were determined using dumbbell-shaped specimens (die

type C) at a crosshead speed of 500 mm/min according to

ASTM D412 using a Hounsfield tensile tester. The tear strength

was tested using an angle shaped specimen (die type C)

according to ASTM D624. The hardness (Shore A) and Akron

abrasion index were determined according to ASTM D2240

and BS903: Part A9, respectively.

The dynamic mechanical properties of the vulcanizates

were analyzed using a dynamic mechanical thermal analyzer

(DMTA V, Rheometric Scientific) under tension mode at a

frequency of 10 Hz, heating rate of 5 ºC/min and strain of

0.05 %. The filler dispersion in the rubber compounds was

characterized by SEM. The cryogenic-cracked surface was

coated with gold prior to analysis.

RESULTS AND DISCUSSION

Characterization of the modified silica: The FTIR

spectra of both unmodified and modified silica, as shown in

Fig. 1, showed the O-H stretching bands at 3427 cm-1 and

Si-O vibration at 1099 and 790 cm-1. The modified silica clearly

showed the characteristic peaks assigned to the functional

groups of the polyisoprene film, i.e. the absorption bands at

2920 and 2851 cm-1 for the C-H stretching vibration, 1628

cm-1 for the C=C stretching vibration and 1457 cm-1 for the

C-H bending vibration. This confirms the presence of a

polyisoprene film on the silica surface after chemical modi-

fication.
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Fig. 1. FTIR spectra of the unmodified and modified silica

The TGA thermogram (Fig. 2) of the unmodified silica

showed a decrease in weight at the early stages of heating due

to moisture adsorbed on the silica surface. At 800 ºC, the weight

of unmodified silica remained at 92.5 %. This is different from

the thermogram of modified silica, where three weight loss

steps were observed. The first and second weight loss was

attributed to moisture and the decomposition of cetyltrimethyl-

ammonium bromide (CTAB), respectively. Polyisoprene

began to decompose at approximately 300 ºC with the

maximum rate of weight loss at 349.8 ºC. At the end of the

test, the weight of modified silica remained at 77.7 %.
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Fig. 2. TGA thermograms of the unmodified and modified silica

Fig. 3 shows SEM images of both types of silica. The

unmodified silica showed a smaller agglomerate size com-

pared to the modified one, which has a polyisoprene film on

the surface. The increase in the agglomerate size of modified

silica with a polymer film coated on the surface is in agree-

ment with Thammathadanukul et al.22, who examined the

admicellar polymerization of styrene and butadiene monomers

on the silica surface.

(a) unmodified silica                             (b) modified silicadified silica

Fig. 3. SEM images of unmodified and modified silica (X500)

Processing properties: The mixing of fillers into rubber

compounds increase the mixing torques. As shown in Fig. 4,

the compound filled with unmodified silica with silane showed

the highest torque, whereas the modified silica showed the

lowest. The polyisoprene film on the silica surface enhanced

the compatibility between the modified silica and natural

rubber and improved the dispersability. Despite the presence

of silane coupling agent, the unmodified silica showed strong

hydrogen bonding between the agglomerates and required a

higher shear force to break up the agglomerates into aggre-

gates. Regarding carbon black, the filler agglomerates are held

mainly by weak vander Waals forces and can be dispersed

easily in non-polar rubber. The lower mixing torques indi-

cated lower mixing energy, so the modified silica clearly has

an advantage in term of processing.

Fig. 5 presents the Mooney viscosities of the natural

rubber compounds filled with various types of fillers. The com-

pound filled with modified silica showed the lowest Mooney
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viscosity, which is in accordance with the mixing torque shown

in Fig. 4. The presence of polyisoprene chains on the silica

surface facilitates the movement of rubber molecules around

the filler aggregates and provides less restriction to defor-

mation.

0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Time (min)

T
o

rq
u

e
(N

.m
)

N330
Unmodified silica

Unmodified silica+N330 Modified silica+N330

Modified silica
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The compounds filled with different types of fillers

showed similar cure times but a remarkable difference in the

maximum torque (Fig. 6). The use of silane in combination

with unmodified silica results in strong chemical interactions

between the silica and rubber. The ethoxy groups of silane

react with the silanol groups of silica and at high temperatures,

the tetrasulfane chain of TESPT silica can dissociate and react

with the rubber chain to form a linkage between silica and

rubber23. In addition, free sulfur can be generated from the

dissociation of TESPT, which can result in the formation of

crosslinks between the rubber molecules. This premature

crosslinking has been reported11,24,25. These chemical linkages

in the silica-TESPT system cause higher maximum torque and

torque increase (MH-ML) compared to the compounds with

carbon black and modified silica, respectively.

Physical and mechanical properties: Different types of

fillers affect the stress-strain properties of natural rubber

compounds, as shown in Figs. 7 and 8. When the elongation is

higher than 100 %, the N330-filled compound exhibited a

higher modulus than the unmodified silica-filled compound

and modified silica-filled counterpart. Carbon black consists

mainly of carbon atoms and is compatible with hydrocarbon

rubber. Fukahori26 suggested that a large increase in stress with

increasing strain amplitude in the carbon black-reinforced

rubbers is due to the strong stress concentration generated

around the carbon particles and its transmission to the entire

system. Furthermore, rubber chain adsorption at the crystal

boundaries of carbon-black particles forms physical (adsor-

ption) junctions that restrict the chain mobility in the rubbery

matrix outside the interface27. Despite the formation of

chemical bonds between the silica and rubber molecules, the

silica-silane system exhibits a lower modulus than the carbon

back counterpart, indicating the less restriction of rubber chains

outside the filler-rubber interface. The lowest modulus was

observed in the modified silica-filled compound, as a result of

the CTAB layer and polyisoprene chain at the interface, which

facilitate chain mobility. Fig. 9 suggests different interactions

at the filler-rubber interface in the carbon black-, silica+silane

and modified silica-filled natural rubber compounds. The

carbon black-filled natural rubber exhibited a dominant

modulus compared to the other types of fillers, as shown in

Fig. 7, as well as a higher reinforcing index (M300/M100), as

shown in Fig. 10.
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The higher chain mobility around the filler-rubber inter-

face of the modified silica filled-natural rubber compound,

which lowers the modulus, also affects the ultimate properties.

Fig. 8 shows that modified silica imparts higher tensile strength

and elongation at break compared to the unmodified silica

and carbon black, respectively, whereas the mixed filler of

silica and carbon black displays intermediate results. The chain
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mobility facilitates the rearrangement of rubber chains upon

stretching, as well as strain-induced crystallization in natural

rubber.
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Fig. 9. Interactions at the interphase between the filler and rubber

The presence of only physical interactions between silica

and rubber in the modified silica-filled natural rubber compound

and the indirect adsorption of rubber chains on the silica

surface due to the CTAB interlayer has an adverse effect on

the reinforcing index, hardness, tear strength and abrasion

resistance (Fig. 10). The compound reinforced with carbon

black showed a superior reinforcing index and abrasion resis-

tance, whereas the unmodified silica with silane showed higher

hardness and tear strength. These properties of the compounds

filled with carbon black and silica plus silane are remarkably

higher than the compound filled with modified silica.

The superior abrasion resistance of carbon black-filled

natural rubber was attributed to physical chain adsorption on

the carbon black surface resulting in the formation of polymer

layers (hard inner layer and soft outer layer) around the filler

particles26, which are difficult to abrade using an Akron

abrasive wheel. On the other hand, silica-silane filled natural

rubber consists of chemical bonds between the filler and

rubber, i.e. rigid filler-rubber interaction and displays inferior

abrasion resistance. In the case of the unmodified silica-silane

system, the poor compatibility between silica and rubber at

some spots not covered with silane also had an adverse effect

on abrasion. The obviously low abrasion resistance of the

modified silica-filled natural rubber is most likely caused by

the CTAB layer, which prevents the direct physical adsorption

of rubber chains on the silica surface. Fig. 11 shows the abraded

surface of the natural rubber vulcanizates filled with carbon

black, unmodified silica and modified silica.

When rubber is abraded without a change in direction,

sets of parallel ridges are often found on the surface of the

samples at right angles to the direction of motion, which are

called "abrasion patterns"28. The decrease in rubber stiffness
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increases the abrasion pattern intensity and the rate of abrasion.

The modified silica filled natural rubber vulcanizate, which

has the lowest modulus, i.e. lowest stiffness and Akron abrasion

index, showed large parallel ridges and the most intense

abrasion pattern.

Dynamic mechanical properties: The natural rubber

vulcanizates containing different types of fillers show similar

storage moduli in their glassy state. On the other hand, in their

rubbery state, the modified silica filled vulcanizate had the

lowest storage modulus. This was attributed to the polyisoprene

and CTAB layers adhered to the silica surface, which facili-

tate chain mobility, in accordance with the static modulus

observed in the tensile test (Fig. 12).

1.E+04

1.E+06

1.E+08

1.E+10

1.E+12

-90 -70 -50 -30 -10 10 30 50 70 90

Temperature ( oC)

S
to

ra
g

e
m

o
d

u
lu

s
(P

a
)

N330

unmodified silica+N330

unmodified silica

modified silica

modified silica+N330

Fig. 12. Storage modulus of the natural rubber vulcanizates filled with

various types of filler

The modified silica-filled natural rubber vulcanizate ex-

hibited a higher loss tangent at 0 ºC and a lower loss tangent at

60 ºC compared to those of silica-silane- and carbon black-

filled compounds. This suggests that the modified silica has

advantages in term of the wet grip and rolling resistance

compared to other types of fillers. On the other hand, the infe-

rior modulus, hardness, tear strength and abrasion resistance

obviously limit the application of this modified silica for tyre

compounds (Fig. 13).

SEM of the cryogenic-fractured surface of natural rubber

vulcanizates filled with three different types of fillers (Fig.

14) showed that all filler types studied exhibited fine dispersion

in the natural rubber matrix. The natural rubber containing

the unmodified silica exhibited a few agglomerates despite

having a silane coupling agent but the silica was distributed

almost uniformly in the rubber. For the modified silica, the

  

(a) N330                               (b) unmodified silica + silane (c) modified silica (a) N330                               (b) unmodified silica + silane (c) modified silica 

Fig. 11. Abrasion pattern showing parallel ridges of the NR vulcanizates after the Akron test (SEM at X75)
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Fig. 14. SEM images of NR vulcanizates filled with N330, unmodified silica

and modified silica (X3500)

coated polyisoprene film on the silica surface enhanced the

compatibility with natural rubber molecules and could be

dispersed easily in the rubber matrix.

Conclusion

Admicellar polymerization-surface modified silica was

used to improve the compatibility between silica and hydro-

carbon rubber. The characterization data of the modified silica

confirmed the presence of a polyisoprene film on the silica

surface. The modified silica can be dispersed easily in the

natural rubber compound resulting in low Mooney viscosity.

T
a

n
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The filled-natural rubber compounds exhibit different mechanical

and dynamic properties due to the different types of interactions

between the filler and rubber. The modified silica provided

superior tensile strength, elongation at break and loss tangent

at 0 and 60 ºC, but inferior modulus, hardness, tear and abrasion

resistances, compared to the conventional carbon black and

unmodified silica with silane coupling agent. The modified

silica is evidently unsuitable for tyre tread compounds but may

have other applications with less technical requirements due

to its processing advantages.
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