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Abstract. Surface-modified silica holds considerable promise in the development of advanced
materials for good mechanical properties and stability. In this work, the surface and mechanical
interfacial properties of silicas treated with H3PO4, KOH, and C8H18 are investigated. The effect of
chemical surface treatments of silica on surface properties and surface energetics is studied in
terms of surface functional values and contact angle measurements. The mechanical interfacial
properties of the silica/rubber composites are studied by the composite tearing energy (GIIIC). It is
found that the development of surface functional groups leads to a significant physical change in
silica surfaces, such as, microstructures and surface free energy parameters. This treatment is
possibly suitable for silica surfaces to be incorporated in a hydrocarbon rubber matrix, resulting
in improving the tearing energy of the resulting composites.

1. INTRODUCTION

The surface and interfacial properties of silica are
important in many areas of materials science, in-
cluding optical and electronic materials, colloids,
polymer fillers, and composite materials. Further-
more, since the surfaces of other silicious materi-
als (e.g., silicon, silicon nitride, and silicon carbide)
have a native oxide layer following exposure to air, it
is not unreasonable to suppose that surface-sensi-
tive properties such as wetting, adhesion, colloidal
stability, and corrosion of all of these materials will
be related to the surface properties of silicas.

The silica-polymer system has not only academic
importance in the area of polymer adsorption onto
solids but also a practical one: mechanically pre-
pared highly filled polymeric suspensions are the
starting materials in the manufacture of elastomers.
The reinforcement of elastomers by particulate fill-
ers has been studied in depth in numerous investi-
gations, and it is generally accepted that this phe-
nomenon is, to a large extent, depended on the
physical interactions between the filler and rubber
matrix, which can determine the degree of adhe-

sion at interfaces. Generally, it is dependent on the
active functional groups, surface energy, and ener-
getically different crystallite faces of the filler sur-
faces. Surface treatments are, therefore, needed to
improve the wettability of silica surfaces by promot-
ing the formation of hydrophilic groups, which in-
crease the surface energetics [1].

The most widely used surface modification tech-
niques involve chemical treatments, electrochemi-
cal treatment, photo-irradiation or -treatments with
ionized gases, i.e., micro-wave, radio-frequency, and
glow discharge plasmas. Manna et al. [2] have shown
that the surface modification of fillers by coupling
agents results in an improvement of the filler-matrix
interactions. Akovali and Ulken [3] have suggested
that the mechanical properties such as tensile
strength can be improved by the surface modifica-
tion of carbon black with a plasma-polymerized poly-
styrene. Recently, Park et al. [1, 4] have treated
the carbon black surfaces with strong polar (acid
and base) and nonpolar chemicals, and measured
the surface free energy in terms of the London dis-
persive and specific components based on a con-
tact angle measurement. They have found that the
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London dispersive component is closely related to
the mechanical interfacial properties of rubber com-
pounds.

In the light of these studies, the effect of polar
acidic and basic, and nonpolar organic chemical
surface treatment on silicas is to introduce surface
functional groups onto silica surfaces to increase
the specific polar or London dispersive components
of surface free energy. Also the mechanical tearing
results obtained from rubber compound composites
are discussed.

2. EXPERIMENTAL

Virginal silicas denoted by VS (product name: VN
2000) were supplied by Degussa Co. The samples
denoted by AS, BS, and NS were, respectively, pre-
pared on the VS treated with 0.1 N H3PO4, 0.1 N
KOH, and C8H18 for the modification of the silica
surfaces. Prior to use following analysis, the residual
chemicals used were removed by Soxhlet extrac-
tion by boiling with acetone at 80 oC for 2 h. Finally,
the silicas were washed several times with distilled
water and dried in a vacuum oven at 90  oC for 12 h.
In this work, the compounding formulations were
reported in Table 1. For the measurement of me-
chanical properties of filled vulcanizates, the com-
pounds were cured under 1.5 MPa at 160 oC for 60
min.

The acid-base values of the silica surfaces were
determined by Boehm’s titration method [5]. In the
case of acid value measurement, about 0.1 g of the
sample were added to 100 ml of 0.1 N NaOH solu-
tions and shaking for 24 h. Then, the solution was
filtered through membrane paper (φ=0.45 µm, ny-
lon) and titrated with 0.1 N HCl solutions. Likewise,

Table 1. Compounding formulations.

Ingredients       Loading (phr)

Rubbera 100
Silicab 40
Zinc oxide 5
Stearic acid 2
Dispersive agentc 3
Silane coupling agentd 5
Acceleratore 1
Sulfur 2

a : Butadiene rubber
b : VN 2000
c : EF44
d : SCA 98
e : N-oxydiethlene-2-benzoyhiazole sulfenamine

the base value was determined by converse titra-
tion.

The surface free energy γs, of a solid can be
obtained by measuring the contact angle formed
between the solid and liquid of known surface free
energy characteristics. In this work, the surface free
energy of silica was determined at 20 ± 1 °C using
a sessile drop method (Rame-Hart Goniometer). Two
different wetting liquids: distilled water and
diiodomethane were selected. The basic character-
istics of surface free energy of the liquids are given
in Table 2.

The tearing energy (G
IIIC

) which is one of the criti-
cal strain energy release rate (GC) was character-
ized by split cantilever beam (SCB) tests for the
mechanical behaviors of rubber compound compos-
ites. Rectangular specimens with dimensions of
about 100 mm long, 5 mm wide, and 5 mm thick
was cut from a sheet that was manufactured by a
two-roll mill technique. All tests were conducted at
a crosshead displacement rate of 1 mm/min.

3. RESULTS AND DISCUSSION

Table 3 shows the results of acid and base values
of silica surfaces during the chemical surface treat-
ments. As a result, the acid and base surface val-
ues of the AS and BS samples show an increase in
these properties as compared with VS, respectively.
As expected, this result indicates that the H

3
PO

4

and KOH electrolyte play a role in increasing the
acidic and basic surface properties of silicas, re-
spectively. In the case of BS sample, this result
indicates that the strong acid-base reaction between
the acidic silica (VS) and the basic chemical solu-
tion increases the basic surface functional group of
the silica surfaces. The expected behavior is found
given in the case of nonpolar organic (NS) chemical
treatments on the silicas in which only slight
changes of the acid and base values are seen, as
listed in Table 3.

The surface free energy (γS) of the silicas stud-
ied (subscript, S) is determined by measuring the

Table 2. Surface free energy characteristics of
the testing liquids, measured at 20 °C.

γ
L
L (mJ/m2) γ

L
SP (mJ/m2)     γ

L
 (mJ/m2)

Water 21.8 51.0          72.8
Diiodo- 50.42 0.38          50.8
methane



�������������	
�����	����	�
�������������������������	�����������
���	������

Table 3. Results of acid-base values of silicas
studied.

Acid value (meq/g)      Base value (meq/g)

VS 92 77
AS 102 69
BS 95 136
NS 89 72

contact angles of two test liquids (subscript, L) with
known London dispersive (or apolar), γL

L  and spe-
cific (or polar) component, γL

SP  of surface free en-
ergy, as seen in Table 2, as follows [6]:
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where subscripts 1 and 2, respectively, represent
water and diiodomethane.

The results of surface free energy and its Lon-
don dispersive and specific polar components for
the silicas studied are shown in Fig. 1. Both acid
(AS) and base treatments (BS) of VS give elevated
surface free energies, which are mainly due to their
high specific polar components, γ

L
SP. These in-

creases in the specific component of surface free
energy can be attributed to the polar acidic and basic
surface oxide groups produced on silicas after acidic
and basic chemical treatments, respectively. It is
noted that the specific component depends on the
surface activity which can be related to the surface
functional groups, such as, hydroxyl, carbonyl, car-
boxyl, ether, phenol, lactone pyrone, and chromene
groups [1].

The tearing energy, GIIIC was calculated using
the following equation:

G
F
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=
2

,  (3)
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Fig. 2. Tearing energy of the silica/rubber compos-
ites studied.

where F is the applied force and t the width of the
tear path, measured on the torn strip after tearing
was completed.

In Fig. 2, the tearing energies measured in a
trouser beam test are shown. These results indi-
cate that the tearing energies of the rubber com-
posites made with nonpolar-treated (NS) silica are
higher than those of rubber composites made of AS,
BS, or even VS. It is found that the London disper-
sive component of surface free energy of silicas, as
seen in NS of Fig. 1, leads to an increase of GIIIC of
rubber compound composites, even though the spe-
cific component of NS is lowest for intermolecular
bonding between silica and rubber in this system.
Therefore, it is recognized that an increase of γS

L  of
silicas improves the degree of adhesion at interfaces
between silicas and rubber matrix.
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4. CONCLUSION

In this work, rubber compound composite systems
reinforced with silicas modified by polar acidic, ba-
sic and nonpolar chemical surface treatments were
studied in terms of acid-base surface values and
surface free energy for optimum mechanical prop-
erties of the composites.

The polar acidic and basic chemical treatments
significantly alter the surface functional groups of
silicas. Moreover, the nonpolar treatments of sili-
cas appear to considerably increase the London
dispersive component. It is then concluded that an
increase of London dispersive component (or apo-
lar) of surface free energy plays a major role in de-
termining the degree of adhesion at interfaces be-
tween modified silicas and hydrocarbon-based rub-
ber in a composite system.
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