
1. Introduction
The incorporation of inorganic oxides such as silica
and/or titania into rubber matrices prepared by the
conventional sol-gel routes led to materials with
enhanced properties when compared to both unfilled
rubbers and rubbers filled with traditionally pre-
pared particles. The sol-gel process is a chemical
technique initially employed to prepare high purity
inorganic oxides such as glasses and ceramic mate-

rials. The advantage of the sol-gel route is that it
allows fine control of particle size and distribution
owing to the low temperature conditions, and it is
therefore suitable for organic materials to be intro-
duced into the process. The most widely used sol-
gel route is the hydrolytic process, which involves
hydrolysis and condensation of the precursors
(metal oxide) to form oxide networks. The hydrolytic
sol-gel process is generally divided into two steps:
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the first step hydrolysis, which produces hydroxyl
groups, and the second step condensation, which
involves the polycondensation of hydroxyl groups
and residual alkoxyl groups to form a three-dimen-
sional network. The inorganic oxide can be directly
grown in the organic matrix leading to the formation
of organic-inorganic hybrid structures composed of
metal oxide and organic phases intimately mixed with
each other. The main drawback of the hydrolytic
route is the low miscibility of the sol-gel aqueous
system, which limits the dispersion of the filler in the
polymer [1–3]. The inorganic oxide prepared in the
hydrolytic sol-gel way also has low purity and crys-
tallinity.
An alternative method to prepare organic-inorganic
material is the non-hydrolytic sol-gel (NHSG)
process, which can be used to produce metal oxides
of high purity and crystallinity. Moreover, the NHSG
route features different reactions and reaction con-
ditions, which significantly affect the texture, homo-
geneity and surface chemistry of the resulting oxide
[4–6]. In the past 20 years, several non-hydrolytic
synthesis methods of oxides and mixed oxides have
been described, involving the reaction of precursors
(alkoxides, chlorides, acetylacetonates) with oxygen
donors (ethers, alcohols, ketones) [4–10].  The main
non-hydrolytic routes involve the reaction of a metal
chloride with either a metal alkoxide or organic
ether, acting as oxygen donors [7–9] as described in
Figure 1.
On the other hand, the formation of alkyl halide
and/or alkyl ethers as by-products and the potential
incompatibility with oxygen containing species
have to be taken into account as possible negative
aspects. The possibility of preparing polymers rein-
forced with metal oxides generated in situ by a non-
hydrolytic sol-gel process, has been reviewed by
several authors in recent publications [2, 3]. The
authors focused on poly(methyl methacrylate)
(PMMA)/titanium dioxide (TiO2) and epoxy resin/
titanium dioxide (TiO2) nanocomposites. In both
investigations benzyl alcohol (BzOH) was used as
an oxygen donor and titanium(IV)chloride (TiCl4) as

a precursor. In both cases, improvements in the
mechanical and functional properties were observed,
independent of the chosen polymer matrix. This
was due to the improved interfacial interactions
between the organic and inorganic phases brought
about by the non-hydrolytic sol-gel route. Morselli
et al. [1] investigated the non-hydrolytic sol-gel
synthesis of PMMA/TiO2 nanocomposites, starting
from titanium(IV)chloride as a titania (TiO2) pre-
cursor and benzyl alcohol as an oxygen donor. The
in situ generated titania did not have any negative
effect on the PMMA molecular weight and thermal
stability, and a significant increase in both the glass
transition temperature and the storage modulus was
observed for all the PMMA nanocomposites.
However, the use of the NHSG processes to prepare
filled polymers is not widely reported in literature,
and most reports are limited to rigid thermoplastics
[1, 2] and thermosets [3]. In the present work silica
nano-particles were in situ generated by using an
NHSG process from silicon tetrachloride (SiCl4) as
silica precursor and tert-butanol (t-BuOH) as oxy-
gen donor in the presence of EPDM rubber dis-
solved in toluene. The low boiling point of t-BuOH
allows the use of mild conditions during solvent
elimination, in which polymer chain degradation
and/or plasticizing effects can be avoided for the
composites prepared by the sol-gel reaction. More-
over, the t-BuOH is not only used as an oxygen donor,
but due to the alkyl group steric effect, it can also
act as a capping agent, and therefore, as a particle
size and phase controller. This approach is expected
to reduce the filler-filler interaction and give rise to
improved thermal, mechanical and thermomechani-
cal properties, as well as a better morphology and
improved crosslinking.

2. Experimental
2.1. Materials
Silicon tetrachloride (SiCl4), tert-butanol (t-BuOH),
tin(II)2-ethylhexanoate, dicumyl peroxide, bis-[-3-
(triethoxysilyl)-propyl]-tetrasulfide (TESPT) and
toluene were all supplied by Sigma-Aldrich (Milan,
Italy). The materials were used as received without
further purification. Ethylene propylene diene mono -
mer rubber (EPDM), Polimeri Europa Dutral® TER
4038, density 0.91 g·cm–3, was provided by ATG
Italy (Castel d’Argile, BO, Italy).
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Step 1   MClm + nROH ! M–(Cl)m–n(OR)n + HCl
Step 2   "M–OR + RO–M" ! "M–O–M" + R–O–R
                                                         (by ether elimination)
and/or    "M–OR + Cl–M" ! "M–O–M" + R–Cl 
                                                         (by alkyl-halide elimination)

Figure 1. Non-hydrolytic sol-gel reaction scheme



2.2. Preparation of EPDM/SiO2
nanocomposites in the absence and
presence of TESPT 

The EPDM/SiO2 nanocomposites were prepared by
dissolving EPDM rubber in toluene (3 g/100 mL) at
room temperature, and a coupling agent (TESPT)
was added (4 wt% with respect to EPDM) to the
EPDM solution for composites prepared in the pres-
ence of TESPT. The non-hydrolytic sol-gel (NHSG)
system was prepared as follows: a given amount of
SiCl4 was added drop-wise to t-BuOH under vigor-
ous stirring at room temperature for 15 minutes,
followed by addition of tin(II)2-ethylhexanoate
(1:25:0.04 mol ratio). The resulting sol was mixed
with a previously prepared EPDM and EPDM-
TESPT solutions in round-bottom flasks and heated
in an oil bath at 70°C for 24 hours in order to com-
plete the NHSG reaction for the conversion of SiCl4
to SiO2. The solutions were cooled to room temper-
ature, followed by the addition of dicumyl peroxide
(DCP) (4 wt% with respect to EPDM) under stir-
ring. The reaction mixtures were taken to a rotating
evaporator to eliminate about 90% of the volatile
substances (toluene, unreacted t-BuOH and by-
products of the NHSG reaction). The samples with
and without TESPT (90/10 w/w EPDM/SiO2 and
80/20 w/w EPDM/SiO2) were obtained by casting
the solutions in Petri dishes, dried overnight and later
vulcanized by compression at 160°C for 20 min.
The same route was used to prepare TESPT con-
taining EPDM samples as a control for FTIR analy-
sis. In this case no other chemical was added.

2.3. Characterization methods
The transmission electron microscopy (TEM) images
were obtained using a 200 kV FEI Tecnai20 trans-
mission electron microscope fitted with Gatan Tri-
diem. The EPDM silica filled samples were mounted
on cryo-pins and frozen in liquid nitrogen. 100–
150 nm sections were cut at –100°C using a Reichert
Ultra-Cut S ultra-microtome chuck, collected on
copper grids and viewed.
Fourier-transform infrared (FTIR) spectra of the
pure EPDM and its silica filled nanocomposites
were obtained using a Perkin Elmer Spectrum 100
FTIR spectrophotometer. The samples were ana-
lyzed over a range of 600–4000 cm–1 with a resolu-
tion of 4 cm–1 using an attenuated total reflectance
(ATR) detector. All the spectra were averaged over
16 scans.

The crosslinking degree was determined through
equilibrium swelling tests by immersing at least
three rectangular specimens for each composition
in 15 mL of toluene at room temperature for several
hours, and the mean values are reported. The solvent
was replaced hourly after each measurement to elim-
inate all uncross-linked fractions, such as unvulcan-
ized EPDM chains, which could lead to incorrect
values of the swelling ratio. The swelling experi-
ments were done over a period of 24 hours until a
constant mass was reached. Equilibrium swelling
was determined until the swollen mass (ms) reached
a constant value, after which the samples were dried
to constant mass (dried mass (md)) and the absolute
swelling ratio (q) was evaluated according to Equa-
tion (1):

                                                                (1)

The absolute extractable fraction (f), where m0 is
the mass of the sample before immersion in toluene,
was determined using Equation (2):

                                               (2)

The values of q and f were both normalised to the
actual EPDM weight. Their values were determined
using Equations (3) and (4):

                                                   (3)

                                                    (4) 

where cEPDM is the mass fraction of EPDM present
in the composites. The gel content was determined
using Equations (5) to (7), where mEPDM is the mass
of EPDM without silica.

mEPDM = m0 · cEPDM                                             (5)

% Extraction                           (6)

% Gel = 100 – % Extraction                                (7)

Thermogravimetric analysis (TGA) was performed
with a Perkin Elmer STA6000 simultaneous ther-
mal analyzer. The analysis was done under flowing
nitrogen at a constant flow rate of 20 mL·min–1, and
the samples (20–25 mg) were heated from 25 to
600°C at a heating rate of 10°C·min–1.
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The TGA-FTIR analyses were performed in a Perkin
Elmer STA6000 simultaneous thermal analyser from
Waltham, Massachusetts, U.S.A. The analyses were
done under flowing nitrogen at a constant flow rate
of 20 mL·min–1. Samples (20–25 mg) were heated
from 30 to 600°C at 10°C·min–1. The furnace was
linked to the FTIR (Perkin Elmer Spectrum 100)
with a gas transfer line. The volatiles were scanned
over a 400–4000 cm–1 wavenumber range at a reso-
lution of 4 cm–1. The FTIR spectra were recorded in
the transmittance mode at 250°C during the thermal
degradation process.
The tensile properties of the samples were deter-
mined using a Hounsfield H5KS tensile tester at a
crosshead speed of 100 mm·min–1 and 20 mm gauge
length at ambient temperature. The samples were
rectangular shaped with a width of 12 mm and a
thickness varying between 0.47 and 0.67 mm. At least
five specimens were tested for each composition,
and the mean values are reported. For comparison,
Young’s modulus was predicted according to
Nielsen’s theoretical model [11–17].
The dynamic mechanical analysis (DMA) of the sam-
ples was done in a Perkin Elmer Diamond DMA
dynamic mechanical analyzer. Rectangular shaped
samples with dimensions of 40 mm length, 10 mm
width and thickness varying between 0.47 and
0.67 mm thick were tested in the tensile mode, while
heated under nitrogen flow from –100 to 100°C at a
heating rate of 3°C·min–1, and at a frequency of 1 Hz.

3. Results and discussion
The TEM micrographs and the particle size distri-
bution graphs (determined from an average of 40
particles per sample) of the EPDM/silica compos-
ites prepared in the absence and presence of TESPT
are shown in Figures 2 and 3. The 90/10 w/w EPDM/
SiO2 composite prepared in the absence of TESPT
shows homogeneously and fairly well dispersed sil-
ica particles, but with clear evidence of particle
agglomeration. Much larger agglomerates are visi-
ble for the 80/20 w/w EPDM/SiO2 sample prepared
in the absence of TESPT, indicating increased parti-
cle-particle interaction (Figure 2b). The particle size
distribution determined from the visible particles
confirms the presence of larger particles for the com-
posites prepared without TESPT (Figure 3a). The
introduction of TESPT during synthesis reduced the
particle-particle interaction, giving rise to reduced
particle agglomeration and observably better dis-

persion (Figures 2c and 2d, and Figure 3b). Well
dispersed and non-agglomerated particles are even
visible in the 80/20 w/w EPDM/SiO2 sample (Fig-
ure 2d). In our case the in situ synthesis using the
non-hydrolytic route seems to have overcome the
problems we experienced by using the hydrolytic
route, in which the low miscibility of the sol-gel
aqueous system gave rise to more agglomeration
and reduced dispersion of the silica particles [1–4].
The larger agglomerates at higher silica contents is
the result of an increase in coalescence of the grow-
ing silica particles when increasing the amount of in
situ formed dispersed phase. The silica particles may
also have agglomerated in the suspension, because
the hydrophilic silica particles have a tendency to
associate via hydrogen bonding [16–20]. When
comparing the particle size distribution results with
those obtained during our previous study on the
same system, but with the samples prepared by an
HSG method in the absence and presence of a cou-
pling agent [16, 17], smaller particles were observed
in the present study. This confirms that the NHSG
route was able to produce smaller filler particles in
the rubber matrix than the HSG route.
The FTIR spectra of all the investigated samples are
shown in Figure 5. In the nanocomposites the EPDM
can be identified by two strong peaks around 2920
and 2850 cm–1 assigned to the C–H stretching vibra-
tions (Figure 5a). More peaks are observed at 721,
1376 and 1464 cm–1 and are assigned to CH2 stretch-
ing, and CH3 and CH2 bending respectively [16, 17].
The SiO2 in the nanocomposites can be identified
from strong stretching vibrations of the siloxane
(Si–O–Si) bond at 1085 cm–1, a small asymmetric
stretch peak of Si–O–C at 802 cm–1, and a small peak
at 938 cm–1 assigned to Si–O stretching, indicating
the presence of some silanol (Si–OH) groups, which
was confirmed by comparing the FTIR spectrum of
SiO2 in Figure 5a with those of the nanocomposites.
The broad peak at 3340 cm–1 in the SiO2 spectrum
could be assigned to the stretching vibrations of 
–OH groups as a result of unreacted silanols
(–Si–OH). Similar peaks are observed for the EPDM/
SiO2 composites, but without the –OH peak (Fig-
ure 5a). We observed and explained the same peaks
in our previous study on the hydrolytic sol-gel (HSG)
synthesis at long reaction times [16], and the peaks
were the result of grafted and/or unreacted fractions
of TEOS such as the ethoxysilane (–Si–OC2H5) and
silanol groups (–Si–OH) due to unhydrolyzed silica
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Figure 2. TEM micrographs of composites without TESPT (a) 90/10 w/w and (b) 80/20 w/w EPDM/SiO2, and with TESPT
(c) 90/10 w/w and (d) 80/20 w/w EPDM/SiO2

Figure 3. Particle size distribution graphs of EPDM/SiO2 composites prepared in the (a) absence and (b) presence of
TESPT



that reacted with dicumyl peroxide (DCP) during
vulcanization. The NHSG process is divided into two
steps. The first step involves the reaction of a metal
halide or a metal alkoxide with an organic oxygen
donor (such as an alcohol or ether). The second step
(condensation) can follow different pathways
depending on the alkoxide used. One of the most
used condensation reactions occurs through alkyl
halide elimination and/or ether elimination as indi-
cated in Figure 1 [1, 5, 6, 21–23]. However, tertiary
alcohols can lead to the in situ formation of hydroxyl
groups, which react in a second step with a chloride
group according to Figure 4. The alcohol route has
been much less investigated for the preparation of
oxides and mixed oxides than the alkoxide and
ether routes [5].
In this study a tertiary alcohol (t-BuOH) was used
and according to Figure 4, the alcohol has reacted
further to form silanol groups and this could explain
the presence of the small peak at 938 cm–1 in the
nanocomposite spectra, which is the result of silanol
groups that did not react further to form siloxane
groups (Si–O–Si), and that may have grafted to the
rubber chains by reacting with the DCP during vul-
canization (Figure 5a). 
The spectrum of EPDM-TESPT in Figure 5b con-
tains a combination of the peaks observed for
EPDM in Figure 5a and TESPT in Figure 5b with
no new peaks or obvious peak shifts. TESPT there-
fore clearly did not react with EPDM under the

preparation conditions used. The FTIR spectrum of
the 80/20 w/w EPDM/SiO2 prepared in the presence
of TESPT shows that most of the silanols (Si–OH)
reacted to form Si–O–Si bonds, with the accompa-
nying reduction in the number of free –OH groups.
This means that the silanols completely reacted to
form silica links (Figure 5b). This spectrum also
shows peaks around 1390, 1167 and 780 cm–1, that
were the characteristic peaks observed for TESPT
in Figure 5b. Unlike the composites prepared through
the hydrolytic sol-gel (HSG) route with TEOS as
precursor [17], the TESPT did not seem to take part
in the sol-gel reaction, and probably accumulated at
the EPDM-silica interface.
The equilibrium swelling and gel content results for
the EPDM/SiO2 composites with and without TESPT
are shown in Table 1. The equilibrium swelling test
shows a decrease in the crosslink density with
increasing filler content of the EPDM/ SiO2 compos-
ites with and without TESPT. This can be observed
from the absolute swelling ratio (q and qEPDM) val-
ues that increase with increasing silica content, the
increasing values of the extractable fraction (f and
fEPDM), and the decreasing gel content values. The
presence of the NHSG in situ generated silica parti-
cles in the EPDM inhibited the crosslinking of the
rubber chains during vulcanization. The reason for
this observation is that increasing amounts of DCP
were used for the grafting of silanol onto the rubber
chains and therefore less DCP was available to ini-
tiate the crosslinking of the rubber chains. The FTIR
results also confirm this explanation, especially for
composites without TESPT (10 and 20 w/w EPDM/
SiO2). From the swelling and extraction results it is

                                            Mokhothu et al. – eXPRESS Polymer Letters Vol.8, No.11 (2014) 809–822

                                                                                                    814

Figure 5. FTIR spectra of (a) EPDM, SiO2 and the EPDM/SiO2 composites, and (b) TESPT, EPDM-TESPT, and
EPDM/SiO2 with TESPT composites

Step 1 M–Cl + ROH ! M–OH + R–Cl
Step 2 M–Cl + M–OH ! M–O-M + H–Cl

Figure 4. In situ formation of hydroxyl groups during the
non-hydrolytic sol-gel process



clear that the in situ generation of silica particles
through the sol-gel process led to a hindering effect
on the vulcanization process, which limited the extent
of crosslinking of the EPDM phase, as already
observed and explained for the same material pre-
pared through HSG synthesis with TEOS precursor
at long reaction times [16].
In the case of the composites prepared in the pres-
ence of TESPT the decrease in the crosslinking den-
sity is probably not the result of DCP reacting with
the silanol groups, because the FTIR analysis of
these composites does not show the presence of
silanol groups, indicating that most of the Si–OH
reacted to form siloxane groups. Another possible
explanation is that there was enough free volume
between the chains to accommodate the toluene
molecules during the swelling test, which led to an
increase in the swelling ratios. A similar observa-
tion and explanation were given for HSG compos-
ites prepared from TEOS in the presence of TESPT
at long reaction times [17].

The TGA curves of all the investigated samples are
shown in Figure 6, while Table 2 shows a summary
of the TGA results. The TGA curves show two mass
loss steps for all the composites. This is different
from the TGA results for the same composites pre-
pared according to the HSG route [16]. These sam-
ples did not show the first mass loss step observed
here. In order to figure out the reasons for this differ-
ence, we did a TGA-FTIR analysis on the samples
prepared according to the HSG and NHSG routes.
The FTIR spectra obtained at 250°C are presented in
Figure 7. The interesting observation in Figure 7a is
the peaks appearing at 2956 and 1144 cm–1 that
indicate the CH2 groups and the C–Cl bond in ethyl-
ene chloride which formed in Step 1 presented in
Figure 4. There is also a strong peak at 1756 cm–1,
which indicates that acid chlorides may have formed
part of the volatiles released at this temperature. It
seems as if the ethylene chloride is less volatile than
the ethanol formed during the HSG sol-gel reaction
with TEOS as precursor [16]. The ethanol probably
evaporated during the course of the sol-gel reaction,
while the ethylene chloride formed during the NHSG
sol-gel reaction with silicon tetrachloride remained
trapped in the polymer and only evaporated at much
higher temperatures during the TGA analyses of the
samples. The larger mass loss observed for the
TESPT containing samples prepared according to
the NHSG route is clearly due to the evaporation of
ethylene chloride and other acid chlorides, as dis-
cussed above, together with unreacted TESPT (the
additional peaks in Figure 7b correspond well with
the typical peaks of TESPT, as described earlier). We
can therefore confidently state that TESPT did not
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Table 1. Swelling and extraction results of EPDM and the
EPDM/SiO2 composites

The absolute swelling ratio (q) and extractable fraction (f), and
their values normalized with respect to the EPDM content (qEPDM,
and fEPDM)

Samples
(w/w) Q qEPDM

f
[%]

fEPDM
[%]

Gel
[%]

EPDM 2.7±0.0 2.7±0.0 4.2±5.5 4.2±5.5 95.8±5.5
Composites without TESPT

90/10 EPDM/SiO2 3.1±0.1 3.4±0.1 7.9±0.5 8.7±0.5 91.2±0.5
80/20!EPDM/SiO2 6.5±0.0 7.7±0.0 13.1±1.3 15.4±1.5 83.7±1.6

Composites with TESPT
90/10!EPDM/SiO2 3.2±0.0 3.5±0.1 7.8±0.8 8.6±0.9 91.3±0.9
80/20!EPDM/SiO2 2.7±0.0 3.1±0.0 9.8±0.4 11.5±0.5 87.8±0.5

Figure 6. TGA curves for a) EPDM and silica filled EPDM composites and b) EPDM and silica filled EPDM composites in
the presence of TESPT



take part in the sol-gel reaction according to the
NHSG route with SiCl4 as precursor. It probably went
to the interface between the polymer matrix and the
silica nanoparticles, and in the process improved
the interaction between EPDM and the silica nano -
particles, but not to the same extent as in the HSG
process as will be shown later. At higher tempera-
tures the TESPT then evaporated with the ethylene
chloride and other acid chlorides.
The onset of thermal degradation looks very similar
for all the investigated samples, and the tempera-
tures at maximum degradation rate (Tmax) are also
very similar within experimental error. However,
the actual rate of degradation is lower for the silica-
containing samples (slopes of second degradation
step less steep, Figure 6). The decrease in the rate of
degradation is more pronounced for the composites
prepared in the presence of TESPT (Figure 6b). The
most probable explanation is that the well dispersed
silica particles found for samples prepared in the

presence of TESPT, reduced the polymer chain
mobility and retarded the diffusion of volatile prod-
ucts from the sample. 
Table 2 shows that the char content at 600°C
increases with increasing silica content for the com-
posites prepared in the absence and presence of
TESPT. The values are slightly higher than what is
theoretically expected, and an FTIR analysis of the
char (Figure 8) shows the presence of carbon (C–O
bending at 1615 cm–1). This could explain the higher
than expected char content. The other observed peaks
are the Si–O–Si stretching and Si–O–C bending at
1055 and 802 cm–1 respectively. The composites
prepared in the absence and presence of TESPT
show char spectra with similar peaks.
The Young’s modulus as function of volume frac-
tion of neat EPDM and its silica filled composites
are shown in Figure 9 together with its predicted
Nielsen theoretical model fitting [11–13, 24, 25].
The values for Young’s modulus, stress and elonga-
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Figure 7. FTIR spectra of 80/20 w/w EPDM/SiO2 during the thermal degradation in a TGA at a heating rate of 10°C·min–1

taken at 250°C for NHSG and HSG (a) without TESPT and (b) with TESPT

Table 2. Summary of TGA results of EPDM and EPDM/
SiO2 composites

M300°C, Tmax and % SiO2 are the mass loss at 300°C, the tempera-
ture at maximum degradation rate, and the silica content after nor-
malization taking into account the char content of TESPT

Samples M300°C
[%]

Tmax
[°C]

Char
content

[%]
% SiO2

EPDM 99.4±0.04 475±4.9 0 0
Unmodified composites

90/10 w/w EPDM/SiO2 92.4±0.5 480±1.4 12.9±0.6 12.9±0.6
80/20 w/w EPDM/SiO2 91.2±0.3 476±2.1 22.6±0.5 22.6±0.8

TESPT modified composites
TESPT 06.5±0.0 277±1.4 3.3±0.0 –
90/10 w/w EPDM/SiO2 89.3±0.1 481±4.9 13.7±1.1 12.8±0.6
80/20 w/w EPDM/SiO2 81.8±0.5 482±7.8 22.0±1.6 21.9±1.6

Figure 8. FTIR spectra of the char taken at 600°C of two of
the investigated composites



tion at break are summarized in Table 3. For com-
posite materials consisting of spherical particles in
the matrix, the Nielsen equation has the form given
in Equations (8) and (9):

                                           (8)

                                                       (9)

where E, E2 and E1 are the modulus values of the
composite, filler and matrix respectively, and !2 is
the volume fraction of the filler. The theoretical
modulus used for the silica particles was E2 = 70 GPa
[26]. The factor " takes into account the values of
!m of the dispersed phase and it is given by Equa-
tion (10):

                               (10)

where "m is the maximum packing fraction. The
constant B takes into account the relative moduli of
the filler and matrix phases, and its value is 1.0 for
very large E2/E1 ratios (the values for E2 and E1 are
70 GPa and 2.0 MPa, respectively, and therefore we
could confidently use a value of 1.0). The constant
A is related to the Einstein coefficient given by
Equation (11) and is determined by the morphology
of the system. For strong aggregates, the value of A
can become quite large while !m of the dispersed
phase will decrease.

A = kE – 1                                                           (11)

Figure 9 represents the Young’s modulus of all the
investigated samples, together with Nielsen’s model
fittings. The values of the A and !m used to predict
the relationship between the experimental and theo-
retical moduli were 2.0 and 0.35 respectively for
the composites prepared in the absence of TESPT.
For the composites prepared in the presence of
TESPT, the values of A and !m were 3.5 and 0.2.
The in situ generation of silica particles by a non-
hydrolytic sol-gel route obviously reduced the silica
particle size and improve its dispersion in EPDM
compared to our previous work using the hydrolytic
sol-gel route [16, 17]. The non-hydrolytic route
seems to overcome the typical problems related to

hydrolytic route, in which the low miscibility of the
sol-gel aqueous system limits the dispersion and
distribution of the filler in the matrix. The low value
of !m indicates the presence of agglomerated silica
particles, but the aggregates are small enough for
the value of A to be fairly small. The composites
prepared in the presence of TESPT shows a better
Nielsen’s model fit and higher Young’s modulus
values than the composites prepared in absence of
TESPT. This is in line with the smaller particles and
better dispersion observed in the TEM images in Fig-
ure 2. Smaller particles and better dispersion will
improve the matrix-filler interaction and increase
the rubber reinforcement, giving rise to higher ten-
sile modulus values.
The stress and elongation at break values observ-
ably increase with increasing silica content for all
the EPDM/SiO2 composites compared to those of
the neat EPDM (Table 3). This indicates good rein-
forcement and is the result of improved adhesion
between the filler and the matrix giving rise to effec-
tive stress transfer. For 10 wt% of filler the stress
and elongation at break values increased, but for
20 wt% filler these values decreased, but they are still
higher than that of pure EPDM. The reason for this
observation is the agglomeration of the silica parti-
cles in the 20 wt% filled composite. The compos-
ites prepared in the presence of TESPT have signif-
icantly higher stress at break, but lower elongation
at break, values than the comparable composites
prepared in the absence of TESPT. The most proba-
ble explanation for the lower elongation at break for
the samples prepared in the presence of TESPT is
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Figure 9. Young’s modulus as a function of weight fraction
of SiO2 in EPDM/SiO2 composites (#) with
TESPT and ($) without TESPT: experimental
modulus and Nielsen’s model fittings



that TESPT probably settled on the interface between
the silica particles and EPDM and did not form part
of the network. Table 4 shows the differences
between the stress and elongation at break values of
the samples prepared according to the HSG and
NHSG routes, and in the absence and presence of
TESPT. The change in the reaction route from HSG
to NSHG shows increased #b and $b values as a
result of smaller particles and better particle-matrix
interactions. However, when TESPT was present, the
same change in reaction route only improved the
stress at break, but reduced the elongation at break.
The reason for this is the fact that during the HSG

route the TESPT takes part in the sol-gel reaction
and becomes part of the crosslinked network, while
during the NHSG route it does not take part in the
sol-gel reaction and only sits on the EPDM-silica
interface.
Values obtained from dynamic mechanical analysis
(DMA) are summarized in Table 5. The filler effec-
tiveness (Factor C) in the rubber matrix can be eval-
uated from the values of the storage modulus
obtained in the glassy and rubbery regions by using
Equation (12) [27]:

Factor C                       (12)

where, E%g and E%r are the storage moduli deter-
mined in the glassy and rubbery regions, respec-
tively. The state of filler dispersion in the rubber
matrix was determined by calculation of the damp-
ing reduction (DR) from the damping values obtained
from the normalized tan % peaks ((tan %)EPDM and
(tan%)composite) and is given by Equation (13) [30]:

        (13)

The DMA results of EPDM and its nanocomposites
are shown in Figures 9 and 10. The glass transition
temperature, the tan% value at the glass transition
peak maximum, the storage modulus at –80 and
20°C, Factor C and the damping reduction values are
summarized in Table 5. The storage modulus values
in the glassy region increase with increasing silica
content (see E%T = –80°C values in Table 5). There
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Table 3. Summary of tensile results of EPDM and EPDM/
SiO2 composites

E, &b and 'b, are the modulus, stress at break and elongation at
break

Table 4. Percentage change in stress and elongation at
break with change in reaction route and with addi-
tion of TESPT

Samples E
[MPa]

!b
[MPa]

"b
[%]

EPDM 2.0±0.3 1.6±0.3 589±43
Unmodified composites

90/10 w/w EPDM/SiO2 2.2±0.2 4.9±2.1 2863±101
80/20 W/W EPDM/SiO2 3.2±0.2 3.4±0.3 1865±35

TESPT modified composites
90/10 w/w EPDM/SiO2 3.0±0.0 10.0±1.6 1570±14
80/20 W/W EPDM/SiO2 4.8±0.9 4.4±2.1 963±10

Changes in the reaction route
(80/20 w/w EPDM/SiO2)

!b
[MPa]

"b
[%]

HSG ( 
NHSG in the absence of TESPT 2.9 ( 3.4 956 ( 1865

HSG ( 
NHSG in the presence of TESPT 3.7 ( 4.4 1060 ( 963

Presence of TESPT for HSG 3.7 1060
Presence of TESPT for NHSG 4.4 963

Figure 10. DMA storage modulus curves of EPDM and composites (a) without TESPT and (b) with TESPT



is also a significant increase in the storage modulus
with increasing silica content in the rubbery region
(see E%T = 20°C values in Table 5 and shown in Fig-
ure 10). These modulus values depend on (i) the
degree of crosslinking of the rubber, (ii) the content
of the rigid dispersed phase, and (iii) the sizes of the
filler particles. All these factors will contribute to an
increase in the modulus. As can be seen from Table 1,
the degree of crosslinking decreased with increas-
ing silica content. However, the presence of the
rigid dispersed silica particles and their interaction
with EPDM reduced the chain mobility and increased
the stiffness of the rubber to such an extent that the
effect of the reduced crosslinking was not observ-
able. The increase in agglomeration at higher silica
content may also have contributed to the increase in
modulus. Furthermore, the modulus values of the
composites prepared in the presence of TESPT are
significantly higher than those of the comparable
composites prepared in the absence of TESPT and
this is also observed in Figure 10. This is in line
with the already discussed Young’s modulus values.
The (tan %)max values in (Figure 11 and Table 5)
clearly decrease with increasing silica content for the

composites prepared in the absence and presence of
TESPT, and they are lower for the samples prepared
in the presence of TESPT. This is attributed to good
adhesion between the filler and the matrix, which
resulted in a restriction in the rubber chain mobility
in the composites. The damping reduction (DRNorm)
values, which increased with both increasing silica
content and with TESPT treatment, confirm the
stronger interaction of EPDM with smaller and well
dispersed silica particles which led to a reduction in
the polymer chain mobility. However, the glass tran-
sition temperature (Tg) decreased for the 10 wt%
silica-containing samples (Table 5), but again
increased for the 20 wt% silica-containing samples.
Reduced crosslinking should decrease the value of
Tg, while the presence of the silica particles and
their interaction with EPDM should reduce the
mobility of the rubber chains and increase the value
of Tg. In the case of the 10 wt% silica containing
samples the reduced crosslinking seems to have a
dominant effect, while the effect of chain immobi-
lization by the silica particles is more dominant in
the case of the 20 wt% silica containing samples.
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Figure 11. DMA damping factor curves of EPDM and composites (a) without TESPT and (b) with TESPT

Table 5. Summary of DMA results of EPDM and EPDM/SiO2 composites with and without TESPT

E%–80°C, E%20°C, (tan))max, Tg, Factor C and DR are the modulus values at –80 and 20°C, maximum tan) (normalised to the amount of rub-
ber in the nanocomposites), glass transition temperature, filler effectiveness and the damping reduction (calculated from (tan))max)

Samples
(w/w)

E#–80°C
[MPa]

E#20°C
[MPa] (tan $)max

Tg
[°C]

DRNorm

[%] Factor C

EPDM 4.1 1.7 0.5188 –41.0 – 1.00
Unmodified composites

90/10 EPDM/SiO2 9.1 4.2 0.5197 –46.7 –0.17 1.21 
80/20 EPDM/SiO2 5.9 6.8 0.4405 –42.1 15.10 0.38

TESPT modified composites
90/10 EPDM/SiO2 6.6 6.9 0.4378 –44.3 15.60 0.45
80/20 EPDM/SiO2 11.8 9.9 0.3958 –42.5 23.70 0.57



Table 6 shows the storage modulus values in the
rubbery region at 40°C for the EPDM/SiO2 com-
posites prepared according to the HSG and NHSG
routes in the absence and presence of TESPT. Gen-
erally, comparable composites prepared according
to the HSG route show higher storage modulus val-
ues than the composites prepared according to the
NHSG route. The reason for this is probably that the
TESPT formed part of the network structure for the
samples prepared according to the HSG route,
while it sat on the EPDM-silica interface for the
samples prepared according to the NHSG route, to
some extent acting as a plasticizer.
The filler effectiveness (Factor C) can be used to
indicate the composite reinforcing capacity. By defi-
nition an unfilled rubber matrix has a Factor C equal
to 1, and a Factor C lower than 1 indicates a mechan-
ical stiffening effect as well as a thermal stability
contribution of the used filler [27]. The values in
Table 5 show that the silica particles improved the
stiffness of EPDM. However, the 90/10 w/w EPDM/
SiO2 composite shows values that are not in line
with the rest of the values. This is the result of the
high storage modulus values obtained at tempera-
tures below the glass transition temperature. This
result was found to be reproducible, and therefore it
is not possible to offer an explanation at this point
in time.

4. Conclusions
Non-hydrolytic sol-gel synthesis of EPDM-silica
composites prepared in the absence and presence of
a coupling agent was investigated. The TEM results
showed that in the absence of TESPT the silica par-

ticles were homogeneously and fairly well dis-
persed, but with clear evidence of particle agglom-
eration and much larger agglomerates were visible
at high silica content (20 wt%). The introduction of
TESPT reduced the particle-particle interaction,
and gave rise to much reduced agglomeration and
observably better dispersion. The presence of silica
particles inhibited the crosslinking density of the
vulcanized EPDM matrix for all the composites
prepared in the absence and presence of TESPT.
The reduced crosslinking density of the composites
prepared in the absence of TESPT was caused by
reduced amounts of DCP available to initiate cross -
linking, because the DCP was partially utilised in
the grafting of silanol groups onto the rubber chains.
In the case of the composites prepared in the pres-
ence of TESPT, the decline was due to the coupling
agent that probably settled on the interface between
the silica particles and EPDM and did not form part
of the network. This caused enough free volume
between the chains to accommodate the toluene
molecules during swelling, and resulted in an increase
in the swelling ratio.
The thermal stability of the EPDM/SiO2 compos-
ites showed two mass loss steps for all the compos-
ites. The mass loss in the range 100–400°C was
caused by the evaporation of ethylene chloride and
other acid chlorides present in the composites, as
well as the evaporation of TESPT that settled on the
interface between the silica particles and EPDM for
composites prepared in the presence of TESPT.
The Nielsen fitting of the Young’s modulus indi-
cated smaller and better dispersed filler particles for
the NSHG route, and this further improved when
the preparation was done in the presence of TESPT.
Improved stress at break was observed as a result of
improved EPDM-silica interactions that led to bet-
ter stress transfer. However, the elongation at break
was lower for the samples prepared in the presence
of TESPT, probably because TESPT settled on the
interface between the silica particles and EPDM
and did not form part of the network. The DMA
results supported the observations and conclusions
from the other techniques.
In summary, the NHSG route generally gave rise to
smaller and better dispersed filler particles than the
HSG route, and this was reflected in the investi-
gated thermal and mechanical properties of the
composites. However, the presence of TESPT dur-
ing the sol-gel preparation had a much smaller influ-
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Table 6. Storage modulus at 40°C of EPDM/SiO2 nano -
composites prepared according to the HSG and
NHSG routes in the absence and presence of
TESPT

E%40°C, storage modulus value at 40°C

E#T = 40°C [MPa]
Hydrolytic sol-gel (HSG) route without TESPT

90/10 w/w EPDM/SiO2 80/20 w/w EPDM/SiO2

6.7 12.3
Hydrolytic sol-gel (HSG) route with TESPT

90/10 w/w EPDM/SiO2 80/20 w/w EPDM/SiO2

8.2 8.8
Non-hydrolytic sol-gel (NHSG) route without TESPT
90/10 w/w EPDM/SiO2 80/20 w/w EPDM/SiO2

4.2 6.8
Non-hydrolytic sol-gel (NHSG) route with TESPT

90/10 w/w EPDM/SiO2 80/20 w/w EPDM/SiO2

6.7 9.9



ence in the NHSG route. This is probably because
TESPT did not take part in the sol-gel reaction and
only settled on the interface between EPDM and the
silica particles, as was established from a thermal
degradation analysis of the samples.
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