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A range of radiation vulcanised natural rubber latex (RVNRL) films were prepared using various concentrations of aqueous
extracts of mature Diospyros peregrina fruit, which acted as a cross-linking agent. The surface of the RVNRL films exhibited an
aggregated morphology of the rubber hydrocarbon with increasing roughness due to increasing fruit extract contents in the latex.
An improvement in tensile strength, tensile modulus, and storage modulus of RVNRL films was observed with the addition of
fruit extracts compared to the control film due to their cross-linking effect. The glass transition (𝑇

𝑔
) temperature of all the RVNRL

films was found to be at around −61.5∘C. The films were also observed to be thermally stable up to 325∘C, while the maximum
decomposition temperature appeared at around 375∘C. The incorporation of fruit extracts further revealed a significant influence
on increasing the crystallinity, gel content, and physical cross-link density of the RVNRL films.

1. Introduction

Virgin natural polymers like rubber latex, an elastic macro-
molecular polymer (polyisoprene), have inherently low
mechanical and thermal stability properties. Natural rubber
is highly sensitive to thermal decomposition and autooxida-
tion and, therefore, undergoes thermal aging when exposed
to heat, air, and ozone resulting in poor mechanical, thermal,
and swelling properties. In order to improve theirmechanical
properties the rubber molecules are being processed with
different types of antioxidants and particulate fillers, such
as silica [1, 2], clays [3], carbon black [4], and carbon
nanotubes [5, 6] to expand their applications in various
fields. Radiation vulcanisation is also being employed to
improve the mechanical properties of natural rubber [5, 7,
8]. Some nonwater soluble amino acids, such as cystine,

asparagines, and alanine, were also used as antioxidant in
radiation vulcanised natural rubber latex (RVNRL) films
and showed good antiaging effect on RVNRL films with
tensile strength retentions ranging from 70% to 80% after
accelerated aging at 100∘C for 24 h compared to RVNRL film
containing no antioxidant (tensile strength retention ∼35%)
[9]. They also reported Keratin from chicken feather as a
potential antioxidant (tensile strength retention ∼60%) for
RVNRL film. Tris(nonylated phenyl)phosphite (TNP) [10–
12], polyfuran, polythiophene [13], polyamines [3, 14], and
pyridazine derivatives [15] were also reported to be effective
antioxidants to prolong the life of natural and synthetic
rubber films.

Koš́ıková et al. [16] investigated sulphur free lignin (10–
30 phr) as a natural filler in natural rubber which signif-
icantly improved the tensile properties of the films. For
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example, tensile strength of ∼3.99MPa was reported for
the rubber film containing 10 parts per hundred rubber
(phr) lignins compared to the control rubber film with no
lignin content (∼1.87MPa). In another study, carbon black
filled natural rubber containing lignin was suggested to
have positive stabilising effect after thermooxidative aging
of rubber films at 80∘C, which was comparable to the
conventional synthetic antioxidant (N-phenyl-N-isopropyl-
p-phenylenediamine (IPPD)) [17]. Rodrigues et al. [18] inves-
tigated the Cashew Nut Shell Liquid (CNSL) as a natural
antioxidant in cis-1,4-polyisoprene rubber and showed that
addition of 5%CNSLhad the highest antioxidant activity over
the thermal oxidation at 140∘C of polyisoprene rubber.

The Diospyros peregrina fruit belongs to the Ebenaceae
family locally called River ebony, Gaub, and/or Indian per-
simmon. The extremely slimy pulp comes out of the fruit as
gum exudates which mainly contained triterpenes, alkenes,
flavonoids, and tannins [19–22] and had already showed
its antioxidant [23], antidiabetic [24, 25], antidiarrhoea,
and antidysentery properties [26]. The aqueous extracts of
Diospyros peregrina fruit have been used in the radiation
vulcanised (from 0 to 20 kGy) natural rubber latex films as
a natural antioxidant to evaluate the mechanical properties
after thermal aging at 100∘C for 24 h [23]. Addition of 10 phr
natural antioxidant at 15 kGy absorbed dose was reported
to be optimum for the significant improvement of tensile
strength and tear resistance properties of RVNRL films.

Recently improvement of the materials properties of
natural rubber has also been reported via grafting and/or
blending with different types of polymers, such as styrene-
butadiene rubber [27], acrylamide [28], polypropylene, [29],
and chitosan [30].The aim of the present study was to investi-
gate the influence of gummyDiospyros peregrina fruit extracts
as a natural cross-linking agent on the mechanical, thermo-
mechanical, thermal, crystallization, and swelling properties
of RVNRL films. The morphological, surface roughness, gel
content, and physical cross-link density properties of the
rubber films with various fruit extract contents were also
investigated.

2. Experimental

2.1. Processing of RVNRL Films. The field latex was collected
from the Atomic Energy Research Establishment (AERE)
rubber garden, Savar, Bangladesh, and immediately pre-
servedwith ammonia solution (BDH,UK).A laboratory scale
centrifuge machine (SPL-100, Saito Separator Ltd., Japan)
was employed to concentrate the latex to 60% total solids
content (TSC), followed by dilution with ammonia solution
(1.5% v/v) to 50%TSC. After that 10 and 15 phr of fruit
extracts having pH value around 5.7 and viscosity 4.62mPa⋅s
(matured and green Diospyros peregrina fruits were collected
from Gazipur, Bangladesh) and a five phr n-butyl acrylate
(n-BA) (purchased from Kanto Chem. Co. Inc., Japan) as
radiation vulcanisation accelerator were added slowly to the
NRL and mixed for an hour using a magnetic stirrer. The
mixture was irradiated by Co-60 gamma source at a dose rate
of 313 Krad⋅h−1 and was cast on raised rimmed glass plate

Table 1: Formulations and sample codes for the RVNRL films
investigated in this study.

Sample codes used in
this study

Latex
(phr)

Fruit extract
(phr)

n-BA
(phr)

NR 95 0 5
NR-10 85 10 5
NR-15 80 15 5

moulds to obtain around 0.70mm thick films with varying
formulations (see Table 1). The RVNRL films were leached
with distilled water for 24 h at room temperature and air-
dried until transparent films were achieved [31].

2.2. Morphological Characterisation. The surface morphol-
ogy of the RVNRL films was characterised using an SEM
(Philips XL30, FEI) at an accelerating voltage of 10 kV and
a working distance of 10mm. A sputtered platinum coating
was used to avoid any charging effect on the film during the
characterisation.

2.3. Surface Roughness Analysis. The surface roughness of
RVNRL films was conducted on a Surftest (SV-600, Mitu-
toyo) using a diamond stylus tip (5𝜇m tip radius, 0.05𝜇m,
resolution, and 0.2mm s−1 travel speed). Data were collected
from 4.8mm measurement distance and from at least ten
different positions of each film.

2.4. Tensile Test. The tensile test (tensile strength, modulus
at 500% elongation and elongation at break) of RVNRL
films was conducted using dumbbell-shaped test specimens
according to ISO 37-1977(E) method [32] on a universal
tensile testing machine (Hounsfield-H50KS, UK).

2.5. Dynamic Mechanical Analysis (DMA). DMA were con-
ducted using a Q800 from TA Instruments (USA) in mul-
tifrequency strain mode to investigate the tensile storage
modulus (𝐸) and tan delta of RVNRL films with increasing
temperature. The specimens were prepared by cutting strips
from films with a width of 5mm and length of 25mm and
heated from −70∘C to 60∘C at rate of 10∘Cmin−1 using 15mm
gap distance, 0.1% strain, 0.01N preload force, 125% force
track, and 1Hz frequency.

2.6. Differential Scanning Calorimetry (DSC) Analysis. The
glass transition temperature (𝑇𝑔) of RVNRL films was inves-
tigated using a DSC instrument (Q2000, TA instruments,
UK). The samples (∼7mg) were heated from −85∘C to 50∘C
at a heating rate of 10∘Cmin−1 under nitrogen gas flow
(50mLmin−1).

2.7. Thermogravimetric Analysis (TGA). TG analysis of
RVNRL films was performed on a TA Q500 from 25∘C to
600∘C with a heating rate of 10∘Cmin−1 under 60mLmin−1
nitrogen gas flow. TA Universal analysis 2000 software was
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Table 2: Tensile properties of RVNRL films prepared from irradiated NR latex with varying proportion of fruit extracts.

Samples Tensile strength (MPa)
(±standard deviation)

Modulus at 500% elongation (MPa)
(±standard deviation)

Elongation at break (%)
(±standard deviation)

NR 28.85 ± 0.58 2.84 ± 0.09 1036 ± 9

NR-10 31.56 ± 0.50 3.20 ± 0.04 1000 ± 7

NR-15 32.68 ± 0.43 3.31 ± 0.07 996 ± 11

(a) (b)

(c)

50 𝜇m 50 𝜇m

50 𝜇m

Figure 1: SEM images of radiation vulcanised natural rubber latex (RVNRL) films: (a) NR, (b) NR-10, and (c) NR-15.
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Figure 2: Relationship between the average surface roughness (Ra)
and fruit extract content in RVNRL films.

used to calculate the weight loss (%) and derivative weight
loss with temperature from the TG scan.

2.8. X-Ray Diffraction (XRD) Analysis. The crystallinity of
the RVNRL films was observed using a D500 diffractometer
(SIEMENS) using a Cu-K𝛼 radiation source (𝜆 = 0.154) at
30 kV and 15mA and the data obtained from 10∘ to 40∘ 2𝜃
using a scan step time of 2 sec and step size of 0.04∘.

2.9. Swelling Properties. The swelling ratio (SR) of the rub-
ber films was measured from the 10mm round shape test
specimens (at least five pieces) according to British standard
(BS 1673: Part 4, 1953) by measuring the mass of the sample
before and after immersing in toluene (purchased from
Merck, Germany) for 72 h until equilibrium swelling at room
temperature [32]:

SR =
𝑊𝑠 −𝑊𝑑

𝑊𝑑

, (1)

where𝑊𝑑 and𝑊𝑠 are the weight of dry and swollen sample in
toluene, respectively.

The swollen samples were then dried in an oven at
50∘C for 48 h and then further vacuum dried at the same
temperature for 24 h to remove the residual solvent. The gel
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Figure 3: (a) Storage modulus and (b) tan delta curves of NR, NR-10, and NR-15 films obtained from DMA data.
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Figure 4: DSC thermogram of radiation vulcanisedNR, NR-10, and
NR-15 films.

content of the specimens was calculated using the following
equation:

Gel content =
𝑊𝑑 −𝑊𝑑𝑠

𝑊𝑑

, (2)

where𝑊𝑑 and𝑊𝑑𝑠 are the weight of dry RVNRL films before
and after being swollen in toluene, respectively.

2.10. Cross-Link Density Measurement. The physical cross-
link density (𝑉𝑒) of the RVNRL films was calculated using
the Flory-Rehner equation using the volume fraction (𝑉𝑅) of

the swollen rubber network in the solvent at equilibrium state
according to following equation [33]:

𝑉𝑒 =

[ln (1 − 𝑉𝑅) + 𝑉𝑅 + 𝑥1𝑉
2

𝑅
]

𝑉1 (𝑉
1/3

𝑅
− 𝑉𝑅/2)

,

𝑉𝑅 =
𝑊𝑑/𝜌𝑑

𝑊𝑑/𝜌𝑑 +𝑊sol/𝜌sol
,

(3)

where 𝑉1 and 𝑋1 are the molar volume and interaction
parameter of solvent (for toluene, 𝑉1 = 87.5mol⋅cm−3 and𝑋1
=0.39) [3],𝑊𝑑 and𝜌𝑑 are theweight and density of dry rubber
(for vulcanised rubber, 𝜌𝑑 = 0.9203 g⋅cm−3) [15], and𝑊sol and
𝜌sol are the weight and density of solvent (for toluene, 𝜌sol =
0.865 g⋅cm−3).

3. Results and Discussion

The use of aqueous extract ofDiospyros peregrina as a natural
antioxidant has already made them promising candidate
to improve the mechanical properties of natural rubber
after thermal aging because of their excellent antioxidant
and gum-like properties. Here we investigated whether this
natural gummy fruit extract can be used to improve the
thermomechanical, crystallization, and swelling properties of
RVNRL films by increasing their cross-link density.

3.1. Morphological and Surface Roughness Properties. The
surface morphology of RVNRL films with varying fruit
extract contents was analysed via SEM and is presented
in Figure 1. Images obtained revealed the dispersion of
rubber particulates within the film (Figure 1(a)). However,
with the addition of fruit extracts the rubber particulates
were observed to be aggregated as can be seen in Figures
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Figure 5: (a) TG and (b) DTG curves of radiation vulcanised NR,
NR-10, and NR-15 films.

1(b) and 1(c). This was probably due to the presence of
gum-like Diospyros peregrina fruit extracts which coagulated
the rubber particulates during the blending and radiation
vulcanisation processes.

The surface roughness profile of the RVNRL films with
various fruit extract contents was measured and the rela-
tionship between the average surface roughness (Ra) and
the fruit extract contents in the RVNRL films is provided
in Figure 2. The Ra value was observed increasing with the
fruit extract content steadily from ∼0.7 𝜇m (NR) to ∼0.9 𝜇m
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Figure 7: Swelling ratio and gel content of RVNRL films with
various fruit extract contents.

(NR-15), which is in well agreement with the SEM images and
again the aggregation of rubber particulates within the films
was suggested.

3.2. Mechanical Properties. Tensile properties (tensile
strength, modulus at 500% elongation and elongation at
break) of the RVNRL films with varying fruit extract contents
are tabulated in Table 2. Tensile strength and modulus at
500% elongation were found increasing with the addition of
fruit extracts in the blend. For example, NR-15 film showed
around 13.2% and 16.5% increase in tensile strength and
modulus properties compared to NR film (tensile strength
∼28.85MPa and modulus ∼2.84MPa). This was attributed
to the influence of fruit extracts on increasing the cross-link
density in RVNRL films during the radiation vulcanization
[23] which was evaluated and this is discussed later in
this paper. However, the elongation at break was observed
decreasing with the addition of fruit extract, which was
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Figure 8: Cross-link density of RVNRL films with various fruit
extract contents.

probably due to the stiffening effect of fruit extract on the
irradiated rubber films.

3.3. Thermomechanical Properties. Figure 3(a) revealed the
temperature dependency of storagemodulus of RVNRL films
with different fruit extract contents. The storage modulus
of the RVNRL films showed an increasing trend with the
addition of fruit extracts in the RVNRL films in the entire
temperature region investigated in this study and this was
again suggested to be due to the cross-linking effect of the
fruit extract on the rubber hydrocarbon [34].

The variation of tan delta curves of NR, NR-10, andNR-15
films as a function of temperature is presented in Figure 3(b).
It is observed from the tan delta curves that with the addition
of fruit extracts the tan delta peaks (𝑇𝑔 values) of NR-10 and
NR-15 films were seen to shift slightly to the left by 3∘C, that
is, to the lower temperature regions as compared to the tan
delta peak of NR (appeared at −57∘C). The height of the tan
delta peaks was also seen to decrease with the addition of
fruit extracts in the RVNRL films compared to NR film. This
was probably due to the presence of lower amount of rubber
polymer in the NR-10 and NR-15 that were taking part in the
thermal transition.

3.4.Thermal Properties. From theDSC analysis it can be seen
that the glass transition temperature (𝑇𝑔) of NR appeared
at around −61.5∘C (see Figure 4) which is in well agreement
with the literature values [4, 35] and with the addition of
fruit extracts in the blend 𝑇𝑔 values found to shift to the
lower temperature region very slightly and this was in well
agreement with the 𝑇𝑔 value measured via DMA using tan
delta curves.Though a decrease in𝑇𝑔 (𝑃 > 0.05) and increase
in mechanical and thermomechanical properties (𝑃 < 0.05)
apparently showed a discrepancy when fruit extracts were
added as a cross-linking agent within the natural rubber latex,
however, this was presumably due to the plasticizing effect of
the natural filler used in this study.

Thermogravimetry (TG) curves of the radiation vulcan-
ised NR, NR-10, and NR-15 films are presented in Figure 5(a).
The TG analysis revealed that all the RVNRL films were
thermally stable up to 325∘C (90% retention of residual
weight), indicating that the processing temperature for these
blends should be kept below 325∘C. However, at higher
temperature (around 400∘C) the residual weight of the films
was found to be decreased with the addition of fruit extracts
which suggested the thermal instability of the additive used
at the higher temperature.

The major thermal decomposition profiles of NR, NR-
10, and NR-15 films were characterised from their derivative
thermogravimetry (DTG) curves (presented in Figure 5(b)),
which showed the maximum decomposition temperature
(𝑇max) for all the RVNRL films at 365∘C. The thermal
degradation of all the major functional groups in the RVNRL
films occurred in the range 300∼425∘C through solid state
transformations and loss of low molecular mass fragments.

3.5. Crystallisation Properties. The XRD traces of RVNRL
films with varying filler contents are depicted in Figure 6.
The diffraction patterns of all the RVNRL films revealed
the natural rubber’s characteristics peaks at around 19∘ two
theta [30]. An increase in the intensity of the XRD traces
was observed with the addition of fruit extract, which was
attributed to the induced crystallisation of the fruit extracts
on the rubber polymer.

3.6. Swelling Properties and Cross-Link Density. The effect
on the swelling ratio (SR) of radiation vulcanised rubber
films with varying fruit extract contents obtained at 15 kGy
absorbed dose is showed in Figure 7. Swelling ratio decreased
from 14.9 to 7.0 with the addition of 15 phr fruit extracts to
the blends. However, the gel content of the RVNRL films was
seen to increase with the fruit extract contents in the RVNRL
blends.

Thephysical cross-link density of the rubber hydrocarbon
in RVNRL films with the addition of fruit extracts is pre-
sented in Figure 8.The cross-linking densities were observed
increasing significantly to 5.2 × 10−5mol⋅g−1 in case of NR-
15 film compared to the control NR film (1.5 × 10−5mol⋅g−1).
This was attributed to the effect of fruit extracts through
the aggregation of rubber particulates within the vulcanised
rubber films.

The RVNRL films produced in this study showed that the
incorporation of Diospyros peregrina fruit extracts provides
improvements in mechanical, thermomechanical, crystalli-
sation, swelling, and cross-linking density properties of the
radiation vulcanised rubber films when compared to the
control NR film which could minimise the use of synthetic
filler as well as toxic antioxidant in the natural rubber-based
materials.

4. Conclusion

Aqueous extracts of Diospyros peregrina as natural cross-
linking agent were successfully blended with rubber latex in
various contents (0, 10, and 15 phr) before being irradiated
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at 15 KGy absorbed dose to obtain the RVNRL films. An
aggregated morphology of the rubber particulates was seen
with the incorporation of fruit extracts within the RVNRL
films, which played an influential role in imparting some
surface roughness on the films. The addition of fruit extracts
within the rubber latex did not exhibit any significant
change in their glass transition and thermal decomposition
properties. However, an improvement in tensile strength,
tensile modulus, and storage modulus properties of the
rubber films demonstrated the cross-linking effect of the
Diospyros peregrina fruit extracts in rubber particulates. The
presence of 15 phr fruit extract had a significant effect on
increasing physical cross-linking density of the rubber films
which influenced significantly decrease in swelling ratio and
increase in the gel content and crystallisation properties of
the RVNRL films.
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