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Abstract

Nanocomposites were synthesized from epoxidized natural rubber (ENR-50) and mag-
netite (Fe3O4) at 1, 5, and 9 wt.%, respectively. Various analyses were conducted to gain
comprehensive insight into the properties of the nanocomposites. It was found that the ring
epoxide units can be opened and bonded with the Fe moieties of the magnetite to form an
Fe-O-C structure, as shown in FTIR spectra at 690 and 700 cm−1. Peaks in UV-vis spectra at
the wavelength of 297 nm shifted to 299, 303, and 309 nm for the nanocomposite samples
with 1, 5, and 9 wt.% Fe3O4, respectively. XRD showed a decrease in the amorphous peak
intensity, while new diffraction peaks emerged at 33◦ and 43◦, indicative of the crystalline
structure of the Fe3O4 in the nanocomposites. Based on TEM micrographs, it was found
that the average size of Fe3O4 particles in the rubber matrix with 1 wt.% Fe3O4 was around
20 and 33 nm. SEM micrographs proved that nanoparticles with 1 wt.% Fe3O4 were regu-
larly dispersed in the rubber matrix, and that magnetite nanoparticles were spherical in
shape, as well as having strong interactions and bonding with the rubber matrix. A TGA
thermogram showed three thermal steps of degradation across a wide temperature range,
from 81 ◦C to 592 ◦C, and resistance to thermal degradation of the nanocomposite samples
as compared to the rubber sample could be clearly observed. Furthermore, DCS showed
higher Tg for nanocomposites at 24.4, 25.1, and 26.3 ◦C, respectively, compared to purified
ENR-50 at −18.6 ◦C.

Keywords: nanocomposites; magnetite; epoxidized natural rubber; filler/matrix interactions;
morphology

1. Introduction
In the last few decades, nanotechnology has become essential for the development

of science and technology, because it relies on scale manipulation, with nanomaterials
showing different and unique properties compared to macro–micro-scale materials; in turn,
they have attracted much attention, mainly in the energy industry, environmental industry,
food industry, and medical field, massively affecting the global economy [1]. The term
nano refers to sizes ranging from 1 to 1000 nm. Nanoparticles have unique characteristics
compared to sheer-sized particles, such as a high surface area-to-volume ratio, high activity,
strong magnetic properties, and unique optical characteristics [1,2].

Among them, magnetic (Fe3O4) nanoparticles are extensively used in bio-analytical
methods and biomedical applications. Magnetic fields usually encounter less background
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interference when biotype samples are used, making the susceptibilities of biotype speci-
mens almost trivial. Due to this benefit, biological specimens are very accessible to external
magnetic fields [3,4]. Already, Fe3O4 nanoparticles have been integrated into the designs of
a vast range of biomedical applications, like bio-imaging, analytical tools, contrast agents,
bio-sensors, photoablation therapy, separation, signal markers, and other biomedical appli-
cations [5,6]. Iron oxide nanoparticles (IONPs) have been extensively utilized in several
studies due to their chemical stability, biocompatibility, and high magnetic susceptibility.
IONPs exhibit unique magnetic and electrical behavior due to their capability to transfer
ions from Fe2+ to Fe3+. In the field of biomedicine, IONPs that are smaller than 20 nm are
usually employed, as they present superior magnetic characteristics. They are also more
widely used in the biomedical field compared to other magnetic nanoparticles due to their
superparamagnetic characteristics, their high magnetization saturation value, the nature of
the surface, which means that they are more biocompatible than other nanoparticles, and
their small particle size distribution (smaller than 100 nm) [5–7].

In the last few years, nanocomposites have become emerging materials used in nu-
merous applications. Inorganic nanoparticles like metal oxides have been combined with
organic materials like polymers, which, in turn, has led to the development of different
multifunctional materials with characteristics adopted from the respective constituents [8].
Several studies have been conducted on polymer/IONP hybrids/composites. IONPs
can be incorporated into suitable polymers to produce hybrids/composites with the re-
quired properties for utilization in several potential applications. Therefore, IONPs have
been incorporated into biodegradable and biocompatible polymers like poly (D,L-lactide)
(PDLLA) [9], L-lysine [10], poly (lactic-co-glycolic acid) (PLGA) [11], poly (N-vinyl pyrroli-
done) (PVP) [12], and alginic acid [13]. These combinations of organic and inorganic
materials can be smoothly utilized in numerous biomedical applications, like hyperthermia,
cell separation, drug delivery, and magnetic resonance imaging (MRI). Other polymers,
such as polyethylene oxide [14], polypyrrole [15], polyurethane [16], polyaniline [17], and
natural rubber [18], have also been utilized in research to formulate polymer/Fe3O4 hybrids.
These hybrids possess different potential utilizations in magnetic materials, electromagnetic
wave absorbers, capacitors, batteries, and solar and/or fuel cells.

Epoxidized natural rubber (ENR) is an improved natural rubber (NR) that is formed
from natural rubber through a process called epoxidation, using formic/acetic peroxide
in a certain reactor [19]. ENR comprises two types of functional groups: alkenes (C) and
epoxides (E). These groups are distributed randomly throughout the backbone of rubber.
In ENR, the reactive sites of alkene groups (C) are the double bonds that are involved in
the crosslinking reaction, while the reactive sites of epoxide groups (E) are the rings that
are involved in the ring-opening reaction (ROR). The ROR of ENR usually refers to the
chemical reaction whereby the epoxide unit (oxirane) is opened by a nucleophile; this type
of reaction is extensively used to modify and improve the reactivity and compatibility of
composites, and this has been demonstrated in some of our previous work with the use of
certain chemicals/solutions [20,21].

Therefore, ENR shows two different reactive sites that can be incorporated with any
inorganic moieties at the nanoscale [21]. ENR exhibits high flexibility and polarity, a low
glass transition temperature (Tg), good adhesion, and elastomeric characteristics, which
has led to the wide utilization of this rubber in different applications such as lithium
cells [21] and gas membranes [22]. Several studies on the nanocomposites of polymers
and inorganic substances have used ENR as the host organic polymer. Mahmood et al.
successfully formed a composite film from ZrO2 and ENR using the sol–gel technique [23].
Their findings suggested that the chemical bonding between ZrO2 and ENR increased as
the proportion of ZrO2 increased. In addition, the composite presented enhancements in
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the optical transparency and thermal behavior as compared to ENR alone. The improved
transparency shown in ENR/ZrO2 nanocomposites may result from the reduction in or
removal of light-scattering particles inherent in the manufacturing process. Other work has
successfully synthesized and characterized different nanocomposites formed from ENR
and SiO2 [24], GNP [25], and CCTO [26].

On the other hand, Barrera et al. have synthesized epoxy/magnetite and studied the
structural aspects of the nanocomposites [27]. They found strong interactions between
filler (magnetite) and matrix (epoxy) that in turn led to improvements in the cross-linking
density due to the contribution of magnetite. These improvements support the suggestion
that the magnetite nanoparticles are able to perform not only as a rigid filler in the matrix,
but also as a densifier of cross-linking, and this led to increases in the cross-link density.

Our previous work studied the influences of titania on the structural aspects, optical
characteristics, thermal behavior and morphology of nanocomposite materials formed from
ENR-50 matrix and TiO2 nanoparticles. It is found that the presence of titania precursors
in ENR-50 formed strong interactions via covalent bond (Ti-O-C), which affected some
properties of the ENR-50/TiO2 nanocomposites [28]. Another work was conducted to char-
acterize the influences of different precursors (zirconia) on ENR-50; results suggested clear
improvements on the thermal characteristics of the ENR-50/ZrO2 nanocomposites [29–31].
However, there are only limited studies conducted on the incorporation of ENR with Fe3O4.
The study conducted by Tan and Bakar was dedicated to the electrical conductivity of
the nanocomposites synthesized from magnetite and ENR; their results showed that the
electrical conductivity of the nanocomposites was enhanced as the content of magnetite
increased [32]

Therefore, the current work aimed to present a comprehensive characterization for the
ENR-50/ Fe3O4 nanocomposites and investigated the effects of different Fe3O4 content on
the morphological changes, structural aspects, optical characteristics and thermal behavior
of the synthesized nanocomposites.

2. Experimental
2.1. Materials

The ENR at 50 percent epoxidation was obtained from the Institute of Rubber Research
in Kuala Lumpur, Malaysia; the specifications of ENR-50 are listed in Table 1. It was then
prepared according to the purification process [21]. Iron (II) sulfate heptahydrate 99.5%
(FeSO4·7H2O) and potassium hydroxide (KOH) were purchased from Merck & Co., Inc.,
Rahway, NJ, USA. Toluene and tetrahydrofuran (THF) solvents were obtained from (Fisher
Chemicals, Leicestershire, UK), while ethyl alcohol 99.9% dehydrated was provided by
KSFE Sdn. Bhd., Petaling Jaya, Malaysia. All the above chemicals were utilized without
any additional process unless otherwise mentioned.

Table 1. Chemical and physical specifications of ENR-50.

Characteristic Value/Unit

M.Wt. 600,000 g/mol

MV 75

Tg −21 ◦C

ρ 0.94 g/cm3

Epoxide 50 mol%
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2.2. Purification of ENR-50

The purification of rubber was achieved when 20 g of ENR-50 was dissolved in 400 mL
of solvent (chloroform) and stirred at 25 ◦C temperature for 24 h, then the prepared mixture
was filtered using cotton gauze to remove the impurities in ENR-50. Also, the precipitation
process was conducted to the ENR-50 mixture by adding n-hexane, then the precipitate
ENR-50 was transferred to a Petri dish and kept for 48 h at room temperature. Additional
drying was carried out on the precipitate ENR-50 via vacuum oven at 60 ◦C for 2 days. The
samples after the 2nd stage of drying represent the purified ENR-50.

2.3. Synthesis of ENR-50/Fe3O4 Nanocomposite Materials

The formation of Fe3O4 nanoparticles was conducted based on Bakar et al. [33], while
the formation of ENR-50/Fe3O4 nanocomposites was conducted when three different
samples were prepared using 1, 5 and 9 mg of FeSO4 7H2O; these were separately dissolved
in 5 mL of distilled water. Then, 100 mg of purified ENR-50 was dissolved in 10 mL of
Toluene. Ethanol (2 mL) was also added to the last mixture and left for stirring for 2 h;
the stirring process was applied to dissolve all the purified ENR-50 in the solvent. After
stirring was complete, the prepared mixture was heated at 75 ◦C temperature. During
stirring and heating processes, 1 mL of potassium hydroxide (KOH, 2.5 M) was gradually
added into the mixture with the same stirring and temperature conditions for another 2 h.
Upon completion, all three samples were cooled to room temperature and placed in a Petri
dish for 24 h to achieve the full evaporation of solvent in the mixture. The samples were
then well washed several times with deionized water and ethanol to remove any soluble
byproducts and unreacted KOH. Further drying was conducted on the samples using a
vacuum oven at 50 ◦C temperature for 24 h.

2.4. Characterization of ENR-50/Fe3O4 Nanocomposite Materials
2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

An FTIR device from Perkin Elmer company, Shelton, WA, USA (model 2000) was
utilized to characterize the nanocomposite samples. A film of each sample was placed
on a window of zinc selenide at 25 ◦C temperature and then scanned (4000–600 cm−1) of
0.4 cm−1 resolution. An average of 16 scans were applied on the sample.

2.4.2. X-Ray Diffraction (X-RD)

The purity/crystallinity of rubber and nanocomposites were examined via X-Ray
diffraction from Philips, Amsterdam, Netherlands (X’Pert PW 3040 Powder); the device
is attached with a mono-chromatic radiation filter (Cu-Ka) at 0.154 nm wavelength. All
prepared samples were examined from 5 to 70◦ with 4◦/min scan rate.

2.4.3. Thermal Gravimetric Analysis (TGA)

The TGA was conducted using a TGA analyzer with model of Perkin Elmer-4000,
Shelton, WA, USA. All prepared samples were applied to the heating process with the range
of 30 to 900 ◦C temperature, while the heating rate was set at 20 ◦C/min. The nitrogen gas
was used in the analyzer during the heating process of all samples.

2.4.4. Differential Scanning Calorimetry (DSC)

The DSC was performed via DSC analyzer with a model of Perkin Elmer Pyris-6
(Shelton CT), Shelton, WA, USA. An aluminum pan was used to seal all prepared samples
and then the heating process was applied in the range of −40 to 140 ◦C, while the heating
rate was 20 ◦C/min. The nitrogen gas was used in the analyzer during the heating process
of all samples. The heating process was then reversed from 140 to −40 ◦C and heating was
applied again to reach to 140 ◦C with the same heating rate. The use of two heating cycles
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is to remove any thermal history of the samples; the second heating cycle was applied to
provide more accurate values of Tg. Therefore, the DSC results were obtained from the last
heating process.

2.4.5. Scanning Electron Microscopy (SEM)

SEM analysis was conducted via SEM device (model: JEOL/JFC/6460/LA), Tokyo,
Japan and run at 10 kV. During preparation, the samples were coated with a gold layer
(1.5–2.5 nm thickness) to avoid any electrostatic charge that may occur; this coating could
also improve the resolution of the images/micrographs during examination.

2.4.6. Transmission Electron Microscopy (TEM)

SEM examination of TEM was also used in this study to prove the nanoscale and
structure of metal oxide in the rubber matrix. The micrographs of TEM were recorded by
TEM analyzer, Tokyo, Japan (model: Jeol/JEM-1230), which was run at 20 kV. The samples
were partially dissolved in tetrahydrofuran solvent (analytical grade) and the prepared
suspension was dropped (2–3 drops) onto a copper grid with 200 mesh size and air-dried
prior to examination.

2.4.7. Ultraviolet–Visible (UV–Vis) Microscopy

The UV–Vis microscopy from Perkin Elmer company, Shelton, WA, USA with model
of Lambda 35 was utilized to examine the optical characteristics of the prepared samples.
All samples were dissolved in tetrahydrofuran solvent (analytical grade). The examination
was conducted with a wavelength range from 200 nm to 545 nm at 1 nm resolution.

3. Results and Discussion
3.1. Structure

Figure 1 shows the FTIR spectra of prepared samples (ENR-50 and ENR-50/Fe3O4

nanocomposites at 1, 5 and 9 wt.% of Fe3O4, respectively). According to the results, the
range of characteristic band between 880 and 885 cm−1 belonged to the stretching vibra-
tion of epoxy groups of ENR-50 [21,22], whereas the characteristic band at 1070 cm−1

referred to the asymmetric/symmetric stretching of carbon-oxygen (C-O) functional group.
Furthermore, the small stretching band found between 1240 and 1245 cm−1 usually be-
longed to the entire ring of epoxy structure (C-O-C). The two sharp bands in the ranges of
1388–1390 cm−1 and 1458–1460 cm−1 corresponded to the backbone distortion of hydro-
carbon for CH2 and CH functional groups. The small band shown at 2849–2851 cm−1

referred to the symmetry stretching of CH2, while the bigger bands at 2911–2913 cm−1

and 2970–2973 cm−1 indicated the symmetry and asymmetry stretching of CH2 and CH3,
respectively; this is consistent with what has been studied in previous works on ENR-50
structure [28].

For ENR-50/Fe3O4 nanocomposites, it is clearly observed that the presence of metal
oxide (Fe3O4) has shifted the intensity of hydroxyl functional group in the range between
3415 and 3420 cm−1; this is also consistent with the slight shift occurring in the stretching
band between 878 cm−1 and 882 cm−1 of epoxy groups. This shift probably indicates the
opening reactions of epoxide ring in the rubber, which suggested possible interactions
between OH group of Fe3O4 surface and oxirane of the rubber. The shifting of wavelength
between 878 cm−1 and 882 cm−1 referred to the C-O asymmetric stretching of the oxirane
(epoxy ring). When Fe3O4 interacted with ENG-50, the stretching band shifted to a new
wavelength representing a ring opening reaction of epoxy units in the presence of Fe3+ ions
from Fe3O4 and/or hydroxyl groups (OH). Furthermore, the range of wavelength between
1650 cm−1 and 1652 cm−1 probably belonged to the double bond of Carbone = Carbone
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(C = C) functional group. The presence of new peaks in the nanocomposites at the wave-
length range between 690 cm−1 and 700 cm−1 is related to the vibrations of metal oxide
and oxygen (M-O), which probably referred to the Fe-O vibration. Takai et al. have pre-
pared nanoparticles of magnetite using sol-gel technique; the results showed that new
characteristic peaks formed at the wavelengths of 688 cm−1 and 743 cm−1, which referred
to the formation of Fe-O vibrations [31]. Therefore, the characteristic peaks at 690 cm−1

and 700 cm−1 in the current study may also refer to successful interactions of the metal
oxide with the rubber.

Figure 1. The spectra of FTIR of purified ENR-50 sample and ENR-50/Fe3O4 samples with different
Fe3O4 content.

Figure 2a shows the X-ray diffractogram of Fe3O4 sample as a control, while
Figure 2b shows the X-ray diffractogram of the prepared samples (ENR-50 and ENR-
50/Fe3O4 nanocomposites at 1, 5 and 9 wt.% of Fe3O4, respectively). The prepared
nanocomposites revealed new diffraction peaks at 33◦ and 43◦, suggesting that the nanopar-
ticles are preserved in the form of crystalline during the incorporation with the ENR-50.

The intensity increased as the content of magnetite increased in the nanocomposites,
which is consistent with the previous work conducted by Motaung et al. [33], and the peak
of amorphous form for the rubber presented in all diffractograms at about 20–21◦. Never-
theless, the visible decrease in the intensity in the amorphous form, which is associated
with new peaks, appeared for the crystallization form at 33◦ and 43◦. These changes in the
diffraction peaks presented a new form for the rubber matrix, which is a clear indication of
the presence of the nanoparticles in the ENR-50 [34].

Figure 3 shows the UV spectra of the prepared samples (ENR-50 and ENR-50/Fe3O4

nanocomposites at 1, 5 and 9 wt.% of Fe3O4, respectively). Two characteristic peaks are
clearly detected in the ranges of 251–257 nm and 297–309 nm in the rubber sample. The
first peak located at 251–257 nm wavelength is related to the C = C transition (n – π *),
whereas the second peak located at 297–309 nm wavelength is related to the non-bonding
electron transition of the epoxide [23]. These two characteristic peaks of the rubber also
emerged in all nanocomposite samples. The first peak of all samples appeared between
251 and 257 nm wavelength, while the second peak clearly appeared between 297 and
309 nm wavelength. For nanocomposite samples, Table 2 shows that the second peak at
297 nm moved to 299, 303 and 309 nm for the nanocomposite samples at 1, 5, and 9 wt.%
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Fe3O4, respectively; this shifting indicated that there are interactions between rubber matrix
and magnetite [28]. Consequently, these findings have presented further observations on
the rubber–magnetite interactions; the increase in magnetite content in the rubber matrix
maximized the interactions. The type of rubber/metal oxide interaction was due to the
oxirane reactions of epoxides in rubber that in turn created covalent bonds with the Fe
moieties of Fe3O4 (Fe-O). This argument was also supported by the discussion of FTIR
spectra of ENR-50/Fe3O4 samples.

(a) 

(b) 

Figure 2. XRD of (a) Fe3O4 sample and (b) purified ENR-50 sample and ENR-50/Fe3O4 samples with
different Fe3O4 content.
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Figure 3. UV-Vis of purified ENR-50 sample and ENR-50/Fe3O4 samples with different Fe3O4 content.

Table 2. The shifting of UV-vis peaks due to (n – π*) transition of non-bonding electrons for epoxide
in the nanocomposites with different magnetite content.

Specimens (n – π *) Transition (nm)

Purified ENR-50 297

ENR-50/Fe3O4 (1 wt.% of Fe3O4) 299

ENR-50/Fe3O4 (5 wt.% of Fe3O4) 303

ENR-50/Fe3O4 (9 wt.% of Fe3O4) 309

3.2. Morphology

The morphological characteristics of the ENR-50 and ENR-50/Fe3O4 nanocomposites
at 1, 5 and 9 wt.% of Fe3O4 were investigated via FE-SEM and TEM analyses, respectively.
The micrographs of the rubber/magnetite nanocomposites at 1, 5, and 9 wt.% of Fe3O4

are shown in Figure 4a, Figure 4b and Figure 4c, respectively. It is found that the Fe3O4

at 1 wt.% was regularly dispersed in the rubber matrix (Figure 4a) and the magnetite
nanoparticles were in spherical shapes as well as having strong interactions with the rubber
matrix. Furthermore, the morphological characteristics of the rubber matrix were altered
through the synthesis of the ENR-50/Fe3O4 nanocomposites. The dispersion of magnetite
nanoparticles at 5 wt.% persisted well enough in the rubber matrix (Figure 5b). While the
highest magnetite content (9 wt.%) revealed clear agglomerations of nanoparticles in the
rubber matrix (Figure 4c), these agglomerations have distorted the spherical structure of
the Fe3O4 nanoparticles.
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(a)  (b) 

 

 

(c)   

Figure 4. SEM micrographs of ENR-50/Fe3O4 samples at (a) 1 wt.%, (b) 5 wt.% and (c) 9 wt.% of
Fe3O4 content.

The TEM analysis was utilized as a sufficient technique to estimate the particle size
of the magnetite and also the dispersion of the metal oxide inside the rubber matrix. The
micrographs of the rubber/magnetite nanocomposites at 1, 5, and 9 wt % of Fe3O4 are
exhibited in Figure 5a, Figure 5b and Figure 5c, respectively. It is found that the average size
of Fe3O4 particles in the rubber matrix at 1 wt.% Fe3O4 was around 20 and 33 nm, whereas
the size of particles at 5 wt.% Fe3O4 was around 40–88 nm. Though the highest metal
oxide content at 9 wt.% Fe3O4 exhibited different characteristics compared to lower Fe3O4

contents in the rubber matrix, the size of magnetite was immeasurable and the particles lost
their spherical shapes; this was due to the clear aggregations of the nanoparticles formed in
the rubber matrix, as shown in Figure 4c. The findings of TEM are consistent with the SEM
micrographs. Ting has successfully synthesized different nanocomposite samples from
the metal oxide (magnetite) mixed with thermoplastic (PE) and thermoset (epoxy resin).
According to the morphological analyses (SEM and TEM), it is found that the magnetite
has approximately a spherical form. The researcher has also found that the aggregations
of magnetite could be due to the high level of interactions of magneto-dipole between the
magnetite particles [35]. There was a clear discrepancy of nanoparticle sizes that were
examined by FE-SEM and TEM. Usually, the FE-SEM micrographs presented larger particle
sizes due to the agglomeration of nanoparticles (Fe3O4) in the rubber matrix, whereas
the TEM micrographs show visualizations with higher resolution of Fe3O4 nanoparticles,
which resulted smaller size measurements. These differences are anticipated, as FE-SEM
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analysis focuses on surface changing, while TEM analysis presents an excellent observation
of the particles at the nanoscale.

 

   
(a)  (b) 

 

 

(c)   

 
Figure 5. TEM micrographs of ENR-50/Fe3O4 samples at (a) 1 wt.%, (b) 5 wt.% and (c) 9 wt.% of
Fe3O4 content.

3.3. Thermal Characteristics

The thermal behavior of the purified ENR-50 and prepared ENR-50/Fe3O4 nanocom-
posites at 1, 5 and 9 wt.% of Fe3O4, respectively, were investigated via thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) analyses, respectively. Accord-
ing to the TGA curves shown in Figure 6, the rubber sample has exhibited two thermal steps
of degradation; the first degradation (minor) was in the range of 81–105 ◦C, and this step
occurred due to the evaporation of solvent and/or moisture that is trapped in the rubber
matrix throughout the process of rubber preparation, whereas the second degradation
(major) was in the range of 359–468 ◦C, and this step occurred due to the huge thermal
degradation of rubber matrix (ENR-50) [36]. For prepared ENR-50/Fe3O4 nanocomposites,
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all samples presented three thermal steps of degradation in a wide range of temperatures,
from 81 ◦C to 592 ◦C. The first step of degradation was recorded between 83 ◦C and 129 ◦C,
which refers to the evaporation of solvent, moisture and stuck residues in the prepared
samples [37]. The second thermal step of degradation was the major weight percentage loss
of the nanocomposites, which was between 288 ◦C and 525 ◦C. This led to a degradation of
about 70 wt.% of the rubber matrix. Also, it is found that the second thermal degradation of
all nanocomposite samples was shifted to a higher temperature as compared to the purified
rubber sample. Through the pyrolysis process, the decreases occurring in the temperature
of degradation of the nanocomposites could be due to the residual ions (Fe2+) obtained
from magnetite nanoparticles, which are known to increase the reactions of chain session,
initiating thermal degradation at lower temperatures. The residual of potassium hydroxide
(KOH) has also accelerated the chain opening reaction. Conversely, the nanocomposites
showed increases in the temperature for the main thermal degradation compared to ENR-50
due to the strong interactions between nanoparticles and rubber matrix. These matrix/filler
interactions have generally improved the thermal stability of the rubber/filler system via
restricting the mobility of polymer chains [37]. The presence of nanoparticles in rubber
matrix acted as a physical barrier, which in turn hindered the diffusion of volatiles from
the bulk of prepared samples.

Figure 6. TGA thermogram of purified ENR-50 sample and ENR-50/Fe3O4 samples with different
Fe3O4 content.

For obtaining further thermal assessment, DSC analysis was conducted on all samples,
as shown in Figure 7. The samples of ENR-50/Fe3O4 nanocomposites at 1, 5 and 9 wt.%
presented higher single glass transition (Tg) at 24.4 ◦C, 25.1 ◦C and 26.3 ◦C, respectively,
than purified ENR-50 sample at −18.6 ◦C. The single Tg of samples was considered a sign
of strong interactions between the rubber matrix and the metal oxide nanoparticles [38]; the
increased Tg value of the nanocomposites could also be due to the ring opening reaction
that produces vicinal glycolic OH groups, which in turn led to significant increases in
intermolecular attractions (H bonds).
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Figure 7. DSC thermogram of purified ENR-50 sample and ENR-50/Fe3O4 samples with different
Fe3O4 content.

According to our previous work, it is found that the epoxide ROR% in the rubber had
a straight impact on the Tg of the rubber/metal oxide nanocomposites [27]. The moieties of
metal oxide limited the movement of rubber chains by creating crosslinks in the nanocom-
posites. Consequently, the nanocomposites remain rigid with the increased temperatures.

4. Conclusions
Nanocomposites were synthesized from rubber (ENR-50) and metal oxide (Fe3O4).

According to the structural analyses, the nanocomposites showed strong interactions
between filler (Fe3O4) and matrix (ENR-50); this could also be attributed to the possible ring
opening reaction of the epoxide units during nanocomposite synthesis. The matrix/filler
interactions presented new characteristics of the synthesized nanocomposites, which is
also consistent with the morphological analyses that demonstrated different levels of filler
adhesions and dispersions in the rubber matrix.
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