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Abstract 

Silica is the rubber industry’s most essential and cost‑effective reinforcing filler after carbon black. The silica reinforce‑
ment mechanism with a non‑polar elastomer is complicated by the presence of polar functional groups on the silica 
surface. This polar nature of silica causes filler‑to‑filler interaction by forming hydrogen bonds. Therefore, sizeable non‑
dispersed silica clusters remain in a non‑polar rubber matrix. To avoid these strong filler‑filler interactions and improve 
rubber/silica compatibility, the silica surface needs to be modified. This can be done using a coupling agent which 
has functional groups capable of linking both the rubber and silica. It has been discovered that when silica/silane cou‑
pling agents are present, the critical properties like rolling resistance and wet grip in the magic triangle of tire tread 
balance out better than carbon black formulations, bringing the system closer to the green tire goal. In this review 
article, the efforts made by both the rubber formulation development and chemistry to fully exploit the potential 
of silica/silane reinforcement for automotive tires are retrospected. Highlights on how compounding ingredients, 
process technology, functionalized elastomer, novel silanes, and the variant of silicas can enhance the magic triangle 
and silica‑silane reaction mechanism are provided. In addition, the kinetics of silanization and measurements for the 
degree of silanization is also highlighted. Future research directions in this area are also touched upon. Hopefully, this 
review can stimulate future silica/silane scientific and technology developments for both academic and industrial‑
oriented requirements.
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Introduction
In the olden days, fillers were used to dilute the over-
all cost of polymer composites; later, it was discovered 
that many fillers enhance the toughness and mechanical 
strength of the composite [1]. Based on the reinforcing 
efficiency, they are categorized and reported in Table  1 
[2]. The volume fraction, shape, and size of the parti-
cles, as well as the interactions between the filler and 
the matrix, all significantly impact the elastomeric mate-
rial’s physical performance [3]. In the case of elastomers, 

applying reinforcing fillers concurrently increases the 
modulus and other essential performance parameters 
up to its optimum loading, resulting in their success in 
various industry branches, particularly in the tire indus-
tries, where particular material attributes are required 
[4–6]. The significance of a low rolling resistance tire has 
increased over the decades because of an increased con-
sciousness to aim for an eco-friendly society. Tire rolling 
resistance is the energy that a vehicle needs to transmit 
to the tires to maintain movement at a consistent speed 
over a surface. In other words, it is the effort required to 
keep a tire rolling [7]. The major contributor to rolling 
resistance is the process known as hysteresis. Hysteresis 
is the energy loss that occurs as tire rolls through its foot-
print [8]. The energy loss has to be compensated by the 
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vehicle’s engine, which results in the additional consump-
tion of fuel. Lower rolling resistance tires can reduce fuel 
consumption, resulting in the preservation of petroleum 
resources and even crucial to a decrease in  CO2 emis-
sion [9]. It is necessary to reduce the energy dissipation 
of rubbers in the tire components during deformation to 
minimize the rolling resistance. The rubber’s energy dis-
sipation correlates with the rubber’s loss factor (tan δ). 
However, there is a certain risk that a reduction of the 
loss factor of the rubber causes a reduction in the grip 
performance, which is another significant property of a 
tire. Wet grip refers to a tire’s ability to maintain a grip 
on wet surfaces. Wet grip is closely related to factors such 
as shorter braking distances on wet surfaces, better driv-
ing characteristics, and more stable handling in wet con-
ditions [10]. Tires connect vehicles to the road, undergo 
deterioration, and wear during their lifetime due to 
mechanical wear and chemical ageing, which affects the 
durability of tires and reduces mileage. Tire wear behav-
iour is the fundamental ability to achieve higher mileage. 

The resistance towards the wear and abrasion is called 
abrasion resistance [11].

For a tire tread application, three key properties, which 
are rolling resistance, wet grip performance, and abra-
sion resistance, form the “magic triangle”, meaning it is 
complicated to shift all three properties simultaneously 
to an optimum level (Fig.  1). There are many trade-offs 
between these three properties [12]. Replacing carbon 
black with silica expands the wet grip and rolling resist-
ance performance but negatively affects abrasion resist-
ance. In the temperature range of 50–70 °C, rolling 
resistance correlates directly with tan δ values from the 
dynamic mechanical analysis (DMA): The lower the tan 
δ, the lower the rolling resistance. However, reducing the 
tan δ in this temperature range also reduces the tan δ at 
lower temperatures.

On the other hand, the wet grip performance of tires 
corresponds to a higher tan δ at lower temperatures 
(− 10 to 0 °C). Therefore, the wet-grip and rolling-resist-
ance corners of the magic triangle are hard to pull apart 

Table 1 Classification of fillers and their applications

Category Application Examples Particle Size
(nm)

Reinforcing fillers These types of fillers are used to improve the mechan‑
ical properties of rubber compounds

Carbon black, silica, Graphite, CNT, and so on 10–100

Semi-reinforcing fillers These types of fillers have very little ability to enhance 
the mechanical properties and strength of rubber 
compounds. They acts as a low‑cost complement to 
other fillers.

Hard clay, precipitated calcium carbonate, and so on 100–1000

Non-reinforcing fillers These types of fillers reduce the mechanical properties 
of rubber composites. But they are added to the rub‑
ber compounds as extenders for cost‑effectiveness.

Calcium carbonate (dry ground), talc, barium sulfate, 
metal oxides, and so on

1000–100,000

Fig. 1 Magic triangle ‑ performance comparisons between silica and carbon black filled elastomer
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[13]. The abrasion resistance of carbon black materials 
is always higher than silica because of the hardness dif-
ference in the same filler loading. Silica-filled rubber 
compound hardness is lower than Carbon black filled 
compound in same filler loading [14]. Addition of silica 
imparts better rolling resistance and wet grip properties. 
However, without the addition of silanes, the improve-
ment in abrasion resistance is not possible. As it chemi-
cally connects the silica to the polymer, it forms strong 
linkages between the filler and rubber, preventing the 
silica from simply chipping under pressure.

In this paper, the mechanism of filler reinforcement 
is discussed, along with the challenges faced during sil-
ica mixing and the solution to them. The effects of dif-
ferent silanes, mixing parameters, silane concentration, 
silanization catalyst, ionic liquids, and other compound-
ing ingredients are discussed. This review could help 
academic and industrial researchers understand silica’s 
chemistry, silica compounding, and mixing of silica-filled 
rubber compounds.

Silica
Silica is the most abundant mineral and the second most 
abundant element on Earth, with characteristic proper-
ties such as hydrophilicity, low toxicity, thermal stability, 
and an easy synthetic route [15, 16]. The nature of silica 
can be tailored to meet the needs of a particular applica-
tion. This includes altering its porosity, crystallinity, par-
ticle size, and shape [1].

In the tire industry, hydrated amorphous silicas are 
typically used. They are synthesized through the pre-
cipitation of an acid and a water-soluble sodium silicate. 
Numerous acids, including mineral acids like sulfuric 
acid, hydrofluoric acid, and hydrochloric acid, may be 
employed. The sodium salt is a by-product of the reac-
tion that needs to be removed. In order to obtain excel-
lent mixing of the components, the chemical reaction is 
carried out in precipitation tanks fitted with stirrers at 
the temperature range between 50 and 90 °C, and reac-
tion times are typically between 1 and 4 h. The choice 
of temperature, pH, dosing time, and concentration of 
each raw material and mixing conditions determine the 
properties of the resulting silica regarding structure and 
surface area [17–19]. During synthesis, initially, the for-
mation of primary particles happens, followed by aggre-
gates and finally agglomerates [20]. The structure of silica 
filler along with functional groups presents on its surface 
is depicted in Fig. 2.

Carbon black vs. Silica
The surface functional group concentration for typi-
cal furnace carbon blacks, such as N220, would be 1–2 
COOH groups per  nm2 or 2–4 OH groups per  nm2 or 

mixed of these groups, which is substantially lower than 
silica. The concentration of silanol groups for the major-
ity of precipitated silica types utilized in the tire industry 
ranges from 4 to 7 per  nm2 [22]. The differences between 
carbon black and silica are not limited only to surface 
chemistry and surface energy. The overall properties of 
the vulcanizate are significantly influenced by the mor-
phology of the particles of these two fillers. Carbon black 
aggregates are more diminutive in size than precipitated 
silica aggregates because of lower interactions between 
particles. Moreover, due to the presence of polar groups 
in the unmodified commercially used industrial grades 
of the precipitated silica surface, the filler–filler interac-
tion in a silica compound is more potent compared to 
a carbon black-filled elastomer compound and can be 
understood by the Payne effect (strain sweep) depicted in 
Fig. 3. However, problems that arise due to polar groups 
on the silica surface can be addressed through modifica-
tion of the silica surface with organosilanes; the process 
is called silanization [23]. With increasing deformation 
amplitude, the complex modulus of a filled, crossed-
linked elastomer system decreases, known as the Payne 
effect. The composites’ damping peak (Loss Tangent) 
increases with increasing strain, with a higher value of 
Payne effect (∆G’) possessing a higher damping peak or 
hysteresis for the same system. Therefore, the hysteresis 
resulted from the breakdown of the filler network, and 
the straining disruption could dissipate energy. Denser 
rubber networks possess lower dissipation of energy or 
tan delta [24].

In its rubbery form, the hysteresis of a carbon black 
reinforced material is still more significant than that of a 

Fig. 2 Chemical structure of silica along with functional groups 
present on it [21]
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silica-filled one. This is mainly caused by energy loss dur-
ing the filler network’s periodic destruction and regen-
eration. However, as the temperature rises, the hysteresis 
decreases, just as it would for a polymer without fillers, 
due to the carbon black filler network being easily ther-
mally destroyed. Contrarily as the temperature rises, the 
hysteresis of silica-filled rubber also decreases, thereby 
weakening the filler-filler hydrogen bonding connections 
and increasing the portion of the filler network that can 
break and regenerate.

The silica compound provides significantly lower tan 
delta values than the carbon black vulcanizate in the 
transition zone (Fig.  4). The Hi-Sil 210 Silica refers to 
the commercially available precipitated silica having 135 
 m2/g surface area with a 7 pH value and with a density 
of 240 g/L. However, the hysteresis for carbon black is 
still higher in the rubbery state at temperatures above 
20 °C, primarily due to the energy lost during repeated 
filler network destruction and reconstruction. Tan delta 
decreases rapidly with temperature due to a reduction 
in filler-filler interaction as well as filler-polymer inter-
action. On the other hand, it is significant to realize 
that the hysteresis of the silica-filled rubber increases as 
temperature increases, eventually revealing a crossover 
point with carbon black at about 90 °C. The amount of 
the filler network that can be broken down and reformed 
during cyclic deformation would increase as the temper-
ature rises due to a weakening of the filler-filler interac-
tion [25]. The effect of both fillers concerning the magic 

triangle properties in actual tire tread compounds are 
depicted in Table 2.

Mechanism of filler reinforcement
Heinzerling et  al. [28] began their work on rubber fill-
ers in 1891, and Ditmar et  al. [29] published the first 
actual account of the reinforcing effect of zinc oxide in 
1905. In 1951, Schmidt [30] observed significant silica 
reinforcement effects in styrene-butadiene rubber (SBR) 

Fig. 3 Non‑Linear Strain dependency of elastic modulus of carbon black vs. silica‑filled elastomer composite. (γs
d means Dispersive component of 

surface energy)

Fig. 4 Temperature dependence of tan δ for vulcanizates filled with 
carbon black and silica without a coupling agent [26]
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and speculated that the filler’s particle size is of utmost 
importance for elastomer reinforcement. The filler’s 
chemical composition appears to be less critical. How-
ever, the experiment could not only confirm this theory 
of reinforcement by particle size, irrespective of chemical 
composition. It was not established until the late 80’s that 
a tiny particle diameter is necessary for the reinforce-
ment effect in elastomers [4]. In contrast to the carbon 
black filler reinforcement mechanism, the silica rein-
forcement mechanism was unexplored in earlier days. 
Rubber with silica in it is extremely viscous and chal-
lenging to process [31, 32]. Nasir et  al. [33] examined 
the effects of silane coupling agents on silica-filled elas-
tomers in 1988, which attracted the attention of several 
scientists to focus on silica-silane research. It was deter-
mined that even when they are of equivalent sizes, sili-
ca’s characteristics are inferior to carbon black. He also 
disputed most of the explanations for the filler reinforce-
ment theory proposed by Smallwood [34], Guth [35], and 
others [36]. Nearly every method suggested to character-
ize rubber reinforcement by fillers was still ambiguous 
at those times. However, the concept of filling rubber 
with a shell of filler was first proposed by Harwood et al. 
[37] Wagner investigated the effect of silica in SBR vul-
canizates and came to the conclusion that the amount 
of adsorbed water, the silica surface area, and the pres-
ence of surface silanol all affect the silica-rubber inter-
action [22]. Followed by that, Medalia et al. [38] studied 
the filler aggregates and their effect on reinforcement in 
the elastomer compound. The precipitated silica fillers 
require a stronger polymer–silica surface bonding and 
a higher silica surface area to reinforce a hydrocarbon 
rubber due to the polar nature of the silica surface and 
the non-polar nature of the hydrocarbon-based rubber 
matrix. An increase in the amount of coupling agents 
for Fumed silica compound will improve the modulus. 
Wolff et al. [23] explored the chemical aspects of rubber 
reinforcement by fillers. The primary silanization reac-
tion rate concerning the alkoxy group was investigated, 
and it was found that Methoxy [Toxic] and Ethoxy groups 
react faster than the Prop-oxy group. A field test is car-
ried out for Silica-TESPT (Bis(triethoxysilylpropyl)tet-
rasulfide) and carbon black filled tread compound. The 
primary reaction is the condensation reaction between 

the alkoxy group of organo-silane and the hydroxyl group 
of the silica surface, thereby releasing aliphatic alcohol 
as a by-product. Using Small-angle neutron scattering 
(SANS), Westermann et  al. [39] investigated the matrix 
chain deformation in a reinforced network. The effect of 
reinforcement in matrix chains and rubber reinforcement 
in spherical Polystyrene (PS) domains on a composite 
model system was investigated.

The results ensure the model for strain improvement 
in reinforced networks and provide direct microscopic 
insights into reinforcement mechanisms. A complemen-
tary small-angle X-ray scattering (SAXS) study yields 
all relevant geometrical parameters of the model filler 
and its complex behaviour under strain. Leblance et  al. 
[40] studied the rubber-filler interactions and rheologi-
cal properties of filled elastomer composites. This work 
introduced rubber – mesophase concept to scale the 
flow singularities (macroscopic flow) from nano to micro 
range. Also, the relationship between bound rubber and 
flow properties was discussed concerning percolation 
level. It was also observed that reinforcing fillers like car-
bon black or highly dispersible silica impart modification 
in flow properties because of strong rubber–filler inter-
action rather than hydrodynamic effect (volume fraction 
effect). The non-linear rheological behaviour of Silica 
Filled Solution-Polymerized Styrene Butadiene Rubber 
was investigated by Sun et  al. [41]. The filled rubber’s 
non-linear viscoelastic behaviour corresponds to that of 
unfilled S-SBR, which is in contrast with the concept that 
this characteristic originates from breakdown and ref-
ormation of filler network. Due to weakened filler-filler 
interaction and improved filler dispersion, surface modi-
fication of  SiO2 results in an enhanced reinforcement fac-
tor. The strain amplification factor is unaffected by  SiO2’s 
surface structure.

In the presence of silane coupling agents with vari-
ous chemical structures, Kaewsakul et al. [42] explained 
the reinforcement mechanism in silica-filled NR com-
pounds (Fig.  5). This mechanism describes TESPT as a 
bifunctional silane coupling agent that functions in two 
different ways in silica-filled NR compounds. By silani-
zation or a hydrophobation process during the mixing 
step, TESPT interacts with the surface hydroxyl group 
of silica to lessen its hydrophilic character. In addition, 

Table 2 Results of comparison between silica fillers and carbon black in tire tread formulation [27]

Property With carbon black Precipitated silica Precipitated silica + coupling 
agent

Abrasion loss (DIN) 1.00 1.54 0.97 Lower the better

Tan δ at 0 °C (Wet grip) 1.00 1.05 1.05 Higher the better

Tan δ at 60 °C (Rolling resistance) 1.00 0.60 0.60 Lower the better
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TESPT-modified silica couples with rubber chains dur-
ing the vulcanization process. In order to improve the 
compatibility between the hydrophobic NR matrix and 
the hydrophilic silica filler, TESPT acts as a reactive com-
patibilizer and coupling agent. A reactive compatibilizer 
forms a compatibilizer that promotes interfacial adhe-
sion [43, 44] whereas a coupling agent chemically links 
the filler and polymer matrix. The use of silane coupling 
agents as reinforcement agents still has several significant 
drawbacks, such as the production of alcohol as a by-
product of the coupling reaction, the high cost of silane 
coupling agents, and complex processing behaviour [45]. 
As a result, finding substitutes for expensive silanes as 
reinforcement agents are crucial for the rubber sector.

Surface chemistry and silanization reactions 
of silica filler
Compared to carbon black, silica filler reinforcement 
using silane depends on the chemical reaction. It is man-
datory to understand the reactivity and surface chemis-
try of silica filler. In 1975, Dannenberg [1] proposed that 
the silica surface is simpler and more well-understood 
than carbon black after researching the surface interac-
tion of the silica system with elastomers. He noted that 
controlled chemical modification of the silica surface 
provides an ideal framework for showing the effects of 

surface chemistry on reinforcement. They recommended 
two essential methods for altering the surface of silica: 
esterifying silanol groups and reacting surface silanol 
groups with various silanes [46]. In the case of chlorosi-
lane, Hydro Chloric Acid (HCl) is produced as a by-prod-
uct, which in the presence of  H2O functions as a strong 
acid to catalyze the chlorosilane hydrolysis. Alkoxysilane 
coupling agents are recommended over chloro-silanes 
to acquire hydrophobic and reactive fillers during the 
surface modification of silica. The coupling agents that 
use reactive organo-silanes react with moisture during 
the initial step of silica filler surface modification using 
alkoxysilane as a coupling agent (R-Si-OH). Alcohol is the 
by-product that is produced in this stage [47].

The hydrophobation of the silica/silanization reac-
tion involves a two-step mechanism. Firstly, the primary 
reaction Involves the hydrolysis of the silane by water 
and releases ethanol either via direct condensation or 
via hydrolysis followed by condensation. The secondary 
reaction involves the condensation of the neighboring 
silane molecules, which are attached to the silica surface 
and react with each other in the presence of water upon 
releasing two molecules of ethanol [48, 49]. Followed by 
the primary and secondary reaction of hydrophobation, 
a coupling reaction occurs between the silanized silica 
and rubber molecules during vulcanization (Fig. 6). The 

Fig. 5 The reinforcement mechanism of silica‑filled NR composites in the presence of silane with different functionalities [42]. Redrawn with 
permission from John Wiley and Sons
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study of reaction kinetics validated the proposed reaction 
mechanism. Between the rapid primary and slow second-
ary reactions, the kinetic studies clearly distinguish one 
from the other [50]. The reaction rate and Arrhenius acti-
vation energy of the secondary reaction are much lower 
than those of the primary reaction. The primary reaction 
rate (0.122  min− 1) is about 10 to 20 times faster than the 
secondary reaction (0.008  min− 1). The activation energy 
is 47 kJ/mol for the primary reaction and 28 kJ/mol for 
the secondary reaction [51].

However, the percentage of reactive silanol groups 
available for silanization reaction is key to proper hydro-
phobation and filler reinforcement. Using in-situ infra-
red spectroscopy, Blume et  al. [53] reported on the 
silica-silane reaction process. They showed that only 
the isolated and geminal silanol groups were involved 
in the reaction (Fig.  7). Only 25% of the Si-OH groups 
are expected to react with silanes because these silanol 
groups are accessible to incoming silane molecules. The 
number of silanes grafted on the silica surface is con-
strained by the fact that two alkoxy molecules of silane 
coupling agent can only react with two silanol groups. 
They are separated by more than 0.4 nm on the silica sur-
face, according to molecular modelling with a (3-mercap-
topropyl)triethoxysilane (Si 263) silane coupling agent. 
Out of these three different silanol groups located on the 
surface of silica filler, only isolated silanols and geminal 
silanols can be reactive with silica (Fig. 8).

Even when a coupling agent is used, flocculation of sil-
ica / reagglomeration of silica particles after mixing and 

before curing—plays a significant role in the filler rein-
forcement. Reagglomeration occurs due to the incompat-
ibility of polar silica filler in the non-polar rubber matrix. 
Using the Rubber Process Analyzer, Luginsland et  al. 
[54] observed the reagglomeration of silica distributed 
in rubber. They claimed that the following factors affect 

Fig. 6 Primary and Secondary reaction mechanism of silica with silane Reproduced from Polymers [52]

Fig. 7 Reactivity of silanol groups presents on silica surface via 
In situ‑ IR spectroscopy with different ROH probes



Page 8 of 15Neethirajan et al. Functional Composite Materials             (2022) 3:7 

the reagglomeration process: the silica-silica interaction, 
which is affected by the silica loading, the silica’s specific 
surface area, and the degree of silanization; the silica-
polymer interaction; and the filler mobility in the rubber, 
which is affected by the rubber’s viscosity and tempera-
ture. Böhm et al. [55] studied the flocculation behaviour 
of the carbon black in filled rubber compounds. In this 
work, the carbon black reagglomeration occurred dur-
ing storage or vulcanization in the absence of shear in 
the filled rubber compound. Using electrical conductivity 
and low strain dynamic mechanical properties, the kinet-
ics of the flocculation process is examined. It is noted 
that the type and concentration of carbon black, number 
average molecular weight and molecular weight distribu-
tion, the history of mixing, and the annealing tempera-
ture significantly impact the rate of flocculation. Mihara 
et al. [56] investigated the flocculation in silica-reinforced 
rubber compounds using the Payne effect. Due to the 
polarity differences between the silica and the rubber, 
attractive flux (forces arise due to polarity difference) will 
determine silica flocculation. The flocculation process is 
a physical phenomenon since it depends on temperature, 
and its activation energy is close to 10 [kJ/mol]. The floc-
culation rate is correlated with diffusion coefficient and 
specific bound rubber content.

Sahakaro et al. [57] investigated the flocculation kinet-
ics and filler-rubber interaction in silica-reinforced NR 
compounds by changing storage modulus during ther-
mal annealing and vulcanization of silica-reinforced 
NR compounds. The increase in dump temperature 
[150 °C] of the silica-filled compound and the amount 
of silane in the system reduced silica flocculation. The 
higher bound rubber content and smaller Payne effect 
were observed by the usage of Highly Dispersible (HD) 
silica in the system compared to conventional silica. In 
comparison to compounds filled with ordinary silicas, 
those containing highly dispersible silicas show stronger 
filler-rubber interaction, but their flocculation processes 
occur relatively fast. Sato et  al. [58] studied the reactiv-
ity of Mercapto–Silane, and Sulfide–Silane with Poly-
mer. Mercapto–silanes improve silica dispersion in tire 
tread compounds compared to sulfide–silanes, providing 

a better balance of wet grip and rolling resistance. But, 
it increases Mooney viscosity and reduces scorch time, 
leading to processing difficulties. Different sulfur func-
tions of silanes interact with a polymer in different ways. 
Mercapto–silanes react directly to the double bonds of 
rubber and suppress the flocculation reaction. On the 
other hand, the mercaptan group will react with the 
polymer chain and forms a large dense chemical-bound 
rubber system, which leads to poor processability and 
reduction of elasticity [58].

Kinetics of silanization of silica and silane coupling 
agent
Even though silica and silanes were used for a few dec-
ades, the actual kinetics was unclear until Norihiro et al. 
[59] investigated the hydrolysis and condensation mecha-
nisms of a silane coupling agent by the time-dependent 
behaviour of 13C and 29Si NMR peaks. The rate of hydrol-
ysis and condensation depends on the water content; as 
water content increases, the intensity of α-CH2 and 29Si 
peak reduces. Followed by this research work, Goerl et al. 
[51] investigated the reaction of Silica with TESPT under 
various parameters along with the kinetics of silanization 
reaction between silica and silane. Acidic and alkaline 
systems with moisture accelerate silanization’s primary 
and secondary reactions. The temperature of the system 
dramatically influences the primary silanization reaction. 
As the temperature increases, the concentration of etha-
nol formation increases which indicates the progression 
of the primary silanization reaction as depicted in Fig. 9 
[51].

Ono et al. [60] used wide line pulsed NMR and high-
resolution solid-state NMR combined with TEM to study 
the structure development in silica–filled rubber com-
posites. The amount of bound rubber content is affected 
due to the state of aggregation of silica particles as a func-
tion of the amount of silanol groups on the particles and 
particle size. During annealing, the amount of bound 
rubber increases with increasing annealing temperature. 
The increase of Bound rubber content with heat treat-
ment is primarily the result of chemical crosslinking of 
Polyisoprene molecules induced by the acid sites on the 

Fig. 8 Types of silanol groups available at the surface of silica filler
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silica particles. Suzuki et  al. [12] examined the impact 
of silica particle surface chemistry on the secondary 
structure and tensile characteristics of silica-filled rub-
ber systems. In this study, the size of the secondary silica 
structure in SBR is examined concerning the compound’s 
tensile properties.

Alexey et  al. [61] investigated the strong influence of 
water molecules on the condensation reaction between 
coupling agents and the reactivity of the coupling agents 
with silanol groups on the silica surface. The presence of 
moisture and amines provide a catalytic effect, thereby 
rate of silanization reaction increases.

Optimization of Silica filled elastomer compound 
and silanization
In general, increasing silane concentration up to six phr 
increases the hardness, tear strength, modulus at 100%, 
abrasion resistance, and rolling resistance properties 
(Fig.  10) [62]. Mixing is a key to all multi-component 
materials such as polymer bends [63, 64], polymer com-
posites [65, 66], thermoplastic vulcanizates [67–70], 
and rubber composites [3, 71]. Optimized silane con-
centration or silica content in rubber composite will 
not result in the desired performance properties if 
not mixed properly. To utilize the full potential of the 
silica-silane combination, the significance of the reac-
tion parameter has to be understood. Initially, the pre-
liminary studies of optimization of silanization of silica 
by 3- aminopropyltriethoxy(APTES) silane in a liquid 
phase were carried out. The influence of reaction tem-
perature, solution concentration, and reaction time on 
the structure and morphology of the APTES system on 
silica was examined. The effects of reaction time, solution 

concentration, and reaction temperature impacted the 
morphology and growth kinetics of APTES films depos-
ited from solutions. By making APTES more mobile in 
the toluene phase and accelerating the reaction rate for 
silanization at high temperatures, the APTES system’s 
kinetics is accelerated [72]. However, silanization’s liquid 
phase test tube optimization does not help in large-scale 
applications like the tire industry, whereas in-situ silani-
zation occurs inside a solid-state industrial mixer. Later, 
Kaewsakul et  al. [73] optimized the mixing conditions 
of an internal mixer for silica-reinforced natural rubber 
tire tread compounds and observed that silica-filled NR 
compound properties depend on the critical parameter 
called dump temperature (the temperature at which the 
mixing is stopped, and the compound is dumped down). 
Optimized mixing conditions to ensure optimized overall 
properties for silica - silane - rubber mixing were found 
to be 10 min with a dump temperature range of 135 to 
150 °C. Some premature crosslinking occurs due to the 
presence of sulfur in the organo-silane system in the first 
stage of mixing.

There are many other parameters or factors of the 
mixer which can affect the in-situ silanization, thereby 
affecting the final performance properties of silica-filled 
elastomer composite. Recently, Neethirajan et  al. [74] 
quantified the significance of mixing parameters on the 
performance properties of silica-silane functional elasto-
mer composite for tire tread application. It is well estab-
lished that silanization temperature and time significantly 
affect silanization reaction, thereby affecting the end 
compound performance properties. However, the influ-
ence of other mixing parameters was not well defined. 
DOE (Design of experiment) with a preset boundary 

Fig. 9 Temperature dependency of primary silanization reaction 
concerning silanization time [51]

Fig. 10 Effect of TESPD silane loading on mechanical properties and 
filler‑polymer network of silica filled natural rubber composite [62]. 
Redrawn with permission from John Wiley and Sons
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condition approach was adopted to quantify the mixing 
parameters on silanization. Mixing temperature and time 
together have a higher significance of more than 50%, fol-
lowed by minor factors like Temperature Control Unit 
(TCU), feed door condition (O/C), fill factor, and ram 
pressure. A fill factor of more than 70% and less than 50% 
is not preferred as less fill factor results in shear rate defi-
ciency. In contrast, more fill factor has limited space to 
generate a new surface so that ethanol can evaporate and 
facilities a proper silanization during the mixing and con-
densation of ethanol (Fig. 11).

Effect of compounding ingredients on silica silane 
functional composite
Luginsland et  al. [54] studied the influence of vari-
ous silanes on the reinforcement of silica-filled rub-
ber composites. The effect of silane modification on 
the Payne-effect of silica-filled S-SBR/BR elastomer 
compound using rubber process analyzer (RPA). Also, 
it was observed that the breakdown of the filler net-
work and loss of occluded rubber was influenced by 
the silica’s surface area and the silanization degree. Bi-
functional silane like TESPT forms an “in-rubber struc-
ture” since it has chemical bonding with rubber matrix 
during curing. The mechanical properties of silane 
coupling agents with various functions in the rein-
forcing of silica-filled natural rubber compounds were 

studied by Kaewsakul et  al. [42]. This research looked 
at the function of five distinct silane coupling agents in 
natural rubber, including bis-(triethoxysilylpropyl)tet-
rasulfide (TESPT), bis-(triethoxysilylpropyl) disulfide 
(TESPD), octyltriethoxysilane (OTES), vinyltrimeth-
oxysilane (VTMS), and bis-(trimethylsilylmethyl tetra 
sulfide) (TMSMT) (Table  3). Alkoxy silanes signifi-
cantly reduce the filler–filler interaction and viscos-
ity of silica-filled Natural rubber compounds. Alkoxy 
silanes with sulfur moiety show improvement in over-
all compound properties. Silanes with no alkoxy group 
showed poor mechanical properties, and poor filler 
dispersion (Table 4). Silane with one alkoxy group has 
better processability and poor mechanical properties 
than bifunctional silanes [75]. The superior properties 
of TESPT silane are due to its disproportion at higher 
mixing temperatures. TESPT can be disproportionate 
to a mixture of polysulfides with sulfur chain lengths 
varying from two to eight atoms, depending on reac-
tion time and temperature. The occurrence of such 
disproportionation reactions during compounding or 
subsequent processing appears to have little effect on 
the effectiveness of TESPT as an adhesion promoter. 
During vulcanization, TESPT can act as an accelerator 
or add sulfur to rubber compounds [76]. However, this 
leads to premature scorching and results in poor pro-
cessability of rubber compounds, such as premature 

Fig. 11 Significance of mixing parameters on performance properties of silica‑filled SBR elastomer composite
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crosslinking and higher viscosity [51]. Apart from these 
silanes, NXT (3-octanoylthio-1-propyltriethoxy) and 
MS (Mercaptopropyl trimethoxy) silanes are also avail-
able in the market; These silanes can exhibit better 
dynamic properties, rolling resistance properties, wet 
grip, etc. compared to the TESPT silanes.

Kosmalska et  al. [77] investigated the adsorption 
of curatives and silica activity toward elastomers and 
found that Low molecular weight substances of differ-
ent polarities solubilized in rubber compounds undergo 
adsorption on the surface of the active filler. It affects 
the mechanical properties of vulcanizates. This work 
investigated the effect of accelerators and modified 
silica in elastomer compounds. Accelerators cause the 

deactivation of the filler dispersed in EPDM (Ethylene 
Propylene Diene Monomer Rubber). Crosslinking sys-
tem or ZnO-modified silica surface decreases the activ-
ity of silica towards elastomer. One of the issues with 
silica-reinforced rubber compounds is the chemisorp-
tion of vulcanizing agents on the silica surface because 
the polar silanol groups of silica can produce strong 
adsorption with polar chemicals through hydrogen 
bonding or van der Waals forces [22, 78]. This could 
negatively affect the characteristics of several impor-
tant chemical constituents (particularly accelerators) 
and result in a decrease in crosslink density and end-
use properties [79].

The elastomer is typically mixed with glycols or 
amines to enhance the curing properties. Diphenyl 
guanidine (DPG) is frequently utilized for silica-rein-
forced composites because it works as a catalyst for 
the silanization reaction between the silica filler and 
the silica coupling agent synergistic secondary accel-
erator of sulfur-accelerated sulfur sulfenamide [80–82]. 
The application of DPG increases the silanization reac-
tion rate, namely the hydrolysis of TESPT followed 
by condensation reaction and the direct condensa-
tion reaction of TESPT and silica. DPG might reduce 
the activation energy of the silanization process from 
90.4 kJ/mol to 70.8 kJ/mol [83].

With the study of the impact of different silica, silane 
coupling agents, and DPG on the compound properties, 
Kaewsakul et al. [84] optimized the Rubber Formulation 
for Silica-Reinforced Natural Rubber Compounds and 

Table 3 Structure of various Organo silanes used for research work with Natural rubber [42]

Table 4 Effect of different silanes on physio‑mechanical properties 
[42] (Ranking 1‑ Best and 5‑ Worst) BRC ‑Bound Rubber Content 
and R.I – Reinforcement Index

Tensile 
Strength
(MPa)

Lower 
Payne 
Effect
(MPa)

Lower 
Mooney 
Viscosity 
values 
(ML 1+4 
@ 100 °C)  

Bound 
Rubber 
Content 
(%)

Reinforcement 
Index

TESPT 1 1 2 1 1

TESPD 2 2 3 2 2

OTES 4 3 1 5 4

VTMS 3 4 3 4 3

TMSMT 5 5 5 3 5
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investigated DPG’s dual nature as an activator for silani-
zation and accelerator for curing system. The increase in 
silane and DPG content favours the physical properties, 
chemically bound rubber content, reinforcement index, 
and cure time, along with a negative effect on scorch 
time. A Higher silica structure results in improved dis-
persion, smaller aggregate sizes, and, as a result, quicker 
flocculation. The High Dispersible silica-reinforced-NR 
vulcanizates have a higher reinforcement index and lower 
tan delta at 60 degrees C, indicating a lower rolling resist-
ance than standard silica-filled compounds favouring tire 
application. Although DPG has a dual role in silica-filled 
rubber compounds, there is a chance for the evolution of 
aromatic amines like Aniline (toxic) during mixing [85]. 
There was a demand in search of an alternative to DPG 
for betterment. Hayichelaeh et  al. [52] investigated the 
impact of amines that could potentially replace DPG on 
the silanization reaction of the silica-silane system in the 
model and real-world silica-filled natural rubber com-
pounds. These amines included hexylamine, decylamine, 
octadecylanime, cyclohexylamine, dicyclohexylamine, 
and quinuclidine. The primary silanization reaction rate 
constants of the compound with amine were 3.7 times 
those of the compound without amine. Linear amines 
boosted the primary silanization reaction faster than 
aromatic/cyclic amines. In linear alkyl amine, short alkyl 
amine showed a higher rate constant of primary silani-
zation reaction than cyclic and long alkyl amines and a 
lower flocculation constant.

The effects of silica and its various surface treatments 
on the vulcanization of silica-filled SBR were investi-
gated by Ramier et  al. [86]. This study examines the 
impact of various silica treatments on the vulcaniza-
tion of rubber packed with silica (SBR). In comparison 
to the silica-filled compound with DPG, grafting alters 
the vulcanization kinetics and lowers the cure rate of 
the substance. A more homogeneous crosslinking may 
result from the grafting of the filler surface by reduc-
ing N-Cyclohexyl-2-Benzothiazole Sulfonamide (CBS) 
adsorption. Antioxidant functionalized silica’s rein-
forcing and antioxidation effects in styrene-butadiene 
rubber were studied by Pan et al. [87]. In this study, pre-
cipitated silica and an antioxidant coupling agent were 
combined to create antioxidant functionalized silica via 
the reactions of 3-Glycidyloxypropyl) trimethoxy silane 
(A-187) and N-phenyl-1,4-phenylenediamine (PPDA). 
Above 3.9% of antioxidant content by weight to silica, 
functionalized silica dramatically improves the ther-
mal and ageing properties by retaining the mechanical 
properties of the SBR / Silica compound. The function-
alized silica-filled compound has reduced viscosity and 
optimum cure time than the unmodified silica-filled 
compound. As toxicity is a concern, even aromatic oils 

as processing oil are banned; currently, TDAE (Treated 
Distillate Aromatic Extract) is used as a processing 
aid by tire industries. C. Hayichelaeh et  al. [88] found 
a better bio-based alternative to TDAE. Epoxidized 
palm oil and amine-modified epoxidized palm oil tend 
to increase the filler reinforcement, increase the cur-
ing rate, and reduce the Payne effect (Fig.  12). Amine-
modified EPO also enhances the silanization reaction 
as it acts as a silanization catalyst [88]. Weng et al. [89] 
studied the effect of alkalinity of different ionic liquids 
as a catalyst for silanization reaction. The silanization 
reaction enhancement significantly improved silica dis-
persion and interfacial interaction between silica and 
rubber in SBR composites. The reactivity of ionic liq-
uids is higher for strong alkalinity and lower for weak 
alkalinity ionic liquids. The reactivity of Ionic liquids for 
silanization is as follows: 1-butyl-3-methylimidazolium 
acetate (CIL) > 1-butyl-3-methylimidazolium hydroxide 
(OIL) > 1-butyl-3-methylimidazolium tetrafluoroborate 
(BIL) > 1-butyl-3-methylimidazolium hexafluorophos-
phate (PIL). The presence of short and linear amines 
and higher alkalinity ionic liquids significantly enhances 
the rate of silanization. The polar group of silica adsorbs 
the curatives added to the compound. To retain the 
equivalent amount of cross linking and cure rate, addi-
tional Phr of curatives must be added while designing 
formulation. Having sulfur-containing silane enhances 
a crosslink density as it provides additional sulfur for 
vulcanization; in contrast to the advantages, it leads to 
processing difficulties (Scorch effect). The non-sulfur-
containing silanes have better processabilities with poor 
mechanical properties.

Fig. 12 Effect of synthetic and bio‑based oil on Storage modulus 
and Payne effect of silica‑filled elastomer composite [88]
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Conclusions
Silica filler is dominating the rubber industry day by day 
as the requirement for green tires proceeds. To expand 
the magic triangle of tyres, silica, along with the coupling 
agent, is used to address the problem. However, the major 
problem with silica filler in rubber composite is the com-
plexity of reactive mixing and consistency of end prod-
uct performance. This review demonstrates how complex 
silica-silane reinforcement of elastomer composite is 
established with time and research. This review discusses 
the fundamental of silica filler reinforcement to describe 
the difference between carbon black and silica filler rein-
forcement. The effect of different functional groups like 
isolated silanol, geminal silanol, vicinal silanol, and silox-
ane bridge on reactivity towards silanization and filler 
dispersion in rubber matrix is discussed.

Along with the surface chemistry and its reactivity 
towards silanization, the kinetics and catalyst-assisted 
silanization with various compounding ingredients are 
discussed. In addition, this review has presented sev-
eral challenges and solutions in developing silica-silane 
rubber composites with various chemical methods and 
process condition optimization. The research towards 
catalyzed silanization discussed will pave the way for 
industrial application in the application.
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