European Polymer Journal 119 (2019) 1-7

journal homepage: www.elsevier.com/locate/europolj

Contents lists available at ScienceDirect

European Polymer Journal

POLYMER
JOURNAL

Mechanical, thermal, and morphological properties of natural rubber/45S5
Bioglass® fibrous mat with ribbon-like morphology produced by solution

blow spinning

Check for
updates

=

Eliraldrin Amorin Sousa®, Michael Jones Silva™", Alex Otdvio Sanches®, Viviane Oliveira Soares®,

Aldo Eloizo Job?, José Antonio Malmonge®

@ Universidade Estadual Paulista (UNESP), Faculdade de Engenharia, Cdmpus de Ilha Solteira, Avenida Brasil, 56, Centro, 15385-000, Ilha Solteira, Sdo Paulo, Brazil
Y Universidade Estadual Paulista (UNESP), Cdmpus Experimental de Rosana, Avenida dos Barrageiros, 1.881, Centro, 19.274-000, Rosana, Sdo Paulo, Brazil

¢ Universidade Estadual de Maringd (UEM), Campus Regional de Goioeré, Avenida Reitor Zeferino Vaz, s/n - Jardim Universitdrio, 87360-000, Goioeré, Parand, Brazil
94 Universidade Estadual Paulista (UNESP), Faculdade de Ciéncias e Tecnologia, Campus de Presidente Prudente, Rua Roberto Simonsen, 305, Centro Educacional, 19060-

900, Presidente Prudente, SGo Paulo, Brazil

ARTICLE INFO ABSTRACT

Natural rubber (NR)/45S5 Bioglass® (BG) based fibrous mat biocomposite were fabricated using a solution blow
spinning (SBS) method. NG/BG fibrous mat with ribbon-like morphology were obtained with different amounts
of 45585 BG to NR. Biocomposites exhibited uniform diameter distribution of fibers in the 40-60 um range. The
preparation method and dispersion of particles in the NR matrix had significant influence on the final me-
chanical properties of the biocomposite, i.e., the tensile strength of membrane samples increased, while the
elongation decreased compared to those of neat NR films. The glass transition temperature (T,) value of the
biocomposite samples shifted toward higher temperatures due to the movement restriction of the NR chains
caused by the BG particles. For the biocomposite samples T, was in the range of —30 to — 28 °C, whereas for the
NR film and NR fibrous mat T, was —46.7 and —40.5°C respectively. The Cole-Cole plot was an imperfect
semicircle indicating the heterogeneity of the system as well as the adequate interaction between BG and NR.
The production of membrane biocomposites with good thermal and mechanical properties employing the SBS
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method could be promising and potential for biomedical applications.

1. Introduction

Biomaterials are synthetic or natural substances or combinations of
these substances, that can be used for any period of time, and that
augment or partially or totally replace any tissue, organ, or function of
the body, while maintaining or improving the quality of life of the in-
dividual [1,2]. The biomaterials that stand out the most are metal al-
loys, polymers, and glass-ceramic materials. Among glass-ceramic ma-
terials, bioglasses are particularly important, and have been widely
used in medicine [3]. One of the most studied bioactive glasses is 4555
Bioglass®, which has been known as the bioactive glass with the highest
bioactivity index (I = 12.5) and is still considered the gold standard of
bioactive materials [4]. Hench first introduced 45S5 BG in the early
1970s, and since then it has been used in several biomedical applica-
tions [5]. The chemical composition of 45S5 BG, which is a silica-based
melt-derived glass, is as follows: 24.5 Na,0-24.5 Ca0-45 SiO>—6 P5,0s5
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(wt.%). When BG comes in contact with bodily fluids it forms a hy-
droxycarbonate apatite (HCA) layer on its surface, which is chemically
and structurally similar to the mineral apatite phase found in bone
tissues. Moreover, BG presents osteoconductive and osteoinductive
properties which allow for its applications in repairing damaged bones
and teeth, and as remineralizing agent [6,7]. However, despite its ex-
cellent bioactive properties, BG presents low mechanical strength and
low fracture toughness, which restrict its applications for situations that
involve mechanical stresses and conformability [8,9]. To improve the
mechanical properties and/or expand the range of medical applications,
biocomposites can be developed based on polymeric matrices [10-12].
Of all synthetic and natural polymers, natural rubber deserves a special
mention owing to its unique mechanical proprieties and biocompat-
ibility. Extracted as latex from Hevea brasiliensis, NR is a biopolymer
with high molecular weight consisting of isoprene units linked in cis-1,4
conformation. Its main characteristics are its elasticity, flexibility,
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resilience, and excellent mechanical resistance [13]. Due to its excellent
biocompatibility with living tissues, as well as its high angiogenic po-
tential NR is an important material in biomedicine [14,15].

Different techniques have been developed in the search for different
biocomposite morphologies for biomedical applications: electrospin-
ning [16-18], casting [19], extrusion [20], solution blow spinning
(SBS) [21,22], etc. Among these techniques, SBS is an alternative
method to produce polymeric fibers, which can substitute the well-es-
tablished electrospinning method [23]. The main advantage of SBS is its
higher rate of fiber production (measured by the injection of solution)
compared to electrospinning. Moreover, SBS involves low production
costs, is easy to implement, and does not require the use of high electric
fields, which allows the deposition of fibers on any type of target [24].
The potential of using the SBS technique to develop highly porous
bioactive fibers for tissue engineering has been investigated by Me-
deiros et al. [25]. The authors obtained fibers composed of poly(D,L-
lactide) and dimethyl carbonate in a cryogenic environment and were
subsequently lyophilized, which generated three-dimensional (3D)
scaffolds consisting of porous nanofibers featuring interconnected
macropores [25].

In one of our previous studies, we fabricated biocomposites con-
sisting of NR fibers and 45S5 BG particles using the casting/evaporation
method, and investigated their morphology, mechanical, and thermal
properties [11]. In this study, we used the SBS technique to fabricate
fibrous mat of NR microfibers and 45S5 BG particles, and investigated
their mechanical and thermal properties. The fibrous mat exhibited
“ribbon-like” morphology, and their mechanical properties were su-
perior to those of NR cast films. The fibrous mat obtained by in-
corporating up to 50% m/m BG into the NR matrix maintained their
ribbon-like morphology, malleability, and elasticity.

2. Material and methods
2.1. Natural rubber

We collected NR latex from Hevea brasiliensis trees (Rubber Research
Institute of Malaysia (RRIM) 600 Clone) in the experimental farm of the
Sao Paulo State University (UNESP), Ilha Solteira campus, Brazil. After
extraction, NR latex was filtered and stored in an appropriate place
without the use of preservatives. Subsequently, NR films were produced
using the casting method and dried in an oven at 60 °C for 24 h.

2.2. 4585 Bioglass® particles preparation

We prepared 45S5 BG (composition: 24.5 Na,0-24.5 Ca0O-45
Si02—6 P05 (wt.%)) using the following reagent grade chemicals: so-
dium carbonate (Na,COs, JT Baker, USA), calcium carbonate (CaCOs,
JT Baker, USA), disodium hydrogen phosphate (Na,HPO,, JT Baker,
USA), and high-purity quartz powder (SiO,, Santa Rosa, Brazil). The
analytical reagents were weighed and homogenized using a jar mill at
150 rpm for 1h. We melted 100 g 45S5 BG in an electric furnace
(Deltech Corp., USA) at 1450 °C for 4 h, using a Pt crucible. The melt
was poured on a stainless-steel platform and pressed using a stainless-
steel plaque. The obtained glass pieces were not annealed to avoid the
premature formation of crystalline nuclei, and they were first ground in
an agate mortar to obtain large particles (~2 mm). These particles were
then milled in a high impact planetary ball mill (Pulverisette 5, Fritsch)
at 450 rpm for 90 min using an agate jar and 20 mm diameter agate
balls.

2.3. Preparation of polymer solution and composite dispersions for SBS

The methodology described by Silva et al. [11] was employed to
obtain NR/BG fibrous mat biocomposites. A 4% m/v NR solution was
prepared by dissolving a small piece of NR film in chloroform under
magnetic stirring for 12h. Then, BG particles were added to the NR
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solution under constant stirring for 1 h to ensure the good dispersion of
the biocomposites. To produce fibrous mat, 3 mL NR solution or bio-
composite dispersion was first drawn into a disposable syringe (using a
20G spinal needle) coupled to an injection system.

The most optimal conditions for the formation of the microfiber
were determined to be as follows: gas (filtered air) pressure of 400 kPa,
injection rate of 263 uL min !, work distance of 15 cm. Moreover, the
angular velocity and diameter of the collector, which was wrapped in
aluminum foil, were 50 rpm and 10 cm, respectively. These conditions
were maintained for all experiments. The mass ratios and the viscosity
(Brookfield Thermosel system with a rotational DV-II + (model LVDV-II)
viscometer) of NR/BG used in this study were 100/00 (3.8 Pa s), 90/
10 (5.2Pa s), 70/30 (5.8 Pa s), and 50/50 (6.3 Pa s).

2.4. Characterization

A scanning electron microscope (SEM, EVO LS15 Zeiss) was em-
ployed to observe the surface morphologies of the samples. All samples
were previously coated with carbon by sputtering for 30 min.
Thermogravimetric (TG) analysis was performed using a Q 600 TA
Instruments device in the 25-600 °C temperature range, at a heating
rate of 10°Cmin~' in a nitrogen atmosphere with a flow rate of
100 mL min~*. Approximately 10 mg of each sample for TG analysis
was used. Dynamic mechanical thermal analysis (DMTA) measurements
were performed during tension cycled on rectangular specimens ap-
proximately 9mm X 3mm X 1 mm in size using a Netzsch model
DMTA 242C instrument in tensile mode. The parameters used were as
follows: frequency of 10 Hz, temperature range from —100 to 150 °C
and heating rate of 5°Cmin~ ", amplitude of 240 ym, and maximum
dynamic force of 1.6 N. The storage modulus (E), loss modulus (E“),
and tan & (ratio between E' and E”) were obtained from the DMTA
measurements. Mechanical tests (stress-strain mode) were performed
on the samples at room temperature using an Instron universal testing
machine (model 3639) in accordance with ISO 37:2011 standard using
a load cell of 500N and crosshead speed of 500 mm min~'. according
to ISO 1286:2006. The samples were cut according to ISO 1286:2006,
and the results were averaged from eighth test.

3. Results and discussion
3.1. Optical analysis

Fig. 1 illustrates the obtained 50/50 NR/BG fibrous mat bio-
composite. Fig. 1a depicts a photograph of the biocomposite stretched
to approximately 2.5 times its original size, thus illustrating its flex-
ibility and good mechanical properties. Fig. 1b shows the optical mi-
crograph of the same sample, where its fibrous morphology and BG
particles (white dots), which are regularly distributed along the mi-
crofibers, can be observed.

3.2. Morphology

Fig. 2a—f shows SEM images of the BG particles, NR fibrous mat, and
NR/BG fibrous mat biocomposites. The BG particles exhibited irregular
morphology with an average particle size of 6 + 3 um, as shown in
Fig. 2a. Both the NR fibrous mat and fibrous mat biocomposites ex-
hibited ribbon-like morphology, unlike the cylindrical structures com-
monly observed in films produced by SBS using other polymers [26]. As
reported by Koombhongse et al. [27], a variety of structures, such as
microfibers, beads, and ribbons can be obtained using the electrospin-
ning technique. The sizes and shapes of these structures are governed
by a number of variables, such as the polymer solution properties,
vapor pressure of solvent, and humidity, as well as process parameters,
such as the injection rate and electrical field strength [28-30]. The flat
microfibers obtained in our study could be the result of cylindrical
microfibers collapsing owing to the high amount of internal solvent.
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Fig. 1. (a) Stretched and (b) optical micrograph of 50/50 NR/BG fibrous mat.

Microfibers dry from the outside to the inside; as a result, the en-
capsulated solution tends to migrate to the edge region due to cen-
trifugal forces from the collector and subsequently collapses, forming
flat microfibers (Fig. 2c).

Fig. 2 also illustrates the presence of BG particles encapsulated by
NR as well as the BG particles on the surface of NR microfibers. The
addition of BG particles resulted in the formation of defects (BG par-
ticles in the microfiber surface), which increased the roughness of the
microfibers. The microfibers width distributions are presented in the
insets of Fig. 2 for each sample, and the average widths of the micro-
fibers were similar, ranging from 44 + 12 to 60 * 12 pum.
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3.3. Mechanical analysis

Fig. 3 shows the mechanical behavior of the NR film obtained by
casting compared to the NR fibrous mat and NR/BG fibrous mat bio-
composites obtained by SBS. The NR film displayed behavior typical of
elastomeric polymers exhibiting elongation at break of 700 *+ 45% as
shown in Table 1. On the other hand, the NR fibrous mat presented a
reduction in deformation compared to the NR film, exhibiting a de-
formation of 384 + 24%. However, the Young modulus (Y) and tensile
strength at break (0 preqx) Of the NR fibrous mat (6.12 = 0.09 MPa and
1.62 + 0.12 MPa, respectively), were approximately 1742 and 165%,

5 dm= (4_6x1 0) um

30 40 50 60 7
Fibers diameters (um

d = (44%12) gm

10 20 30 40 50 60 70 '
Fibers diameters (um) £

Fig. 2. SEM images and average diameter (d,,,) diagram of the (a) BG particles, (b) NR fibrous, (c) cross-section fracture of the NR fibrous, (d) 90/10, (e) 70/30 and (f)

50/50 NR/BG fibrous mats biocomposite.
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Fig. 3. Stress-strain tests of the NR film, NR fibrous mat, and NR/BG fibrous
mats biocomposite containing various BG loading amounts.

Table 1
Elongation at break (€t breax), tensile strength at break (0a¢ breax), and Young
modulus (Y) of the samples.

Sample Y (MPa) Oat break (MPa) Eat break (%0)
NR film 0.35 = 0.05 0.98 + 0.02 700 * 45
NR fibrous mat 6.1 = 0.9 1.62 = 0.12 384 = 24
90/10 NR/BG fibrous mat 5.8 = 0.6 1.91 *= 0.07 392 + 6

70/30 NR/BG fibrous mat 5.0 = 0.3 1.18 = 0.16 337 = 25
50/50 NR/BG fibrous mat 52 + 0.5 1.17 = 0.14 290 + 19

respectively, higher than those of the NR film (0.35 = 0.05MPa and
0.98 + 0.02 MPa, respectively). This increase in the Y value of the NR
fibrous mat compared to the NR film could be explained using the
mechanism of deformation of the fibrous mat based on axial alignment
and the formation of beams by the microfibers owing to the imposed
tension. Moreover, the adhesion that occurred at the contact points
between the microfibers acted as “soldering points” and contributed to
this behavior. The soldering points are therefore the result of specific
joining points between microfibers due to incomplete drying of the
solvent while traveling the working distance to the collector.

The same behavior was observed for the biocomposite samples. The
Y values of the NR/BG biocomposites were higher and the elongation at
break (eq preax) Values were lower than those of the NR film. The me-
chanical properties of composites can be influenced by several factors,
i.e., the volumetric fractions of phases (filer and matrix), distribution
and orientation of fillers in the matrix, filler morphology, aspect ratio
(length/diameter), etc. [16]. While the Y value of the 90/10 NR/BG
fibrous mat was similar to that of the NR fibrous mat, the 0y prear and eq¢
break Values of this fibrous mat were slightly higher than those of the NR
fibrous mat. This behavior suggested that the reinforcing properties of
the BG particles are effective for loading BG amounts up to 10 wt%.

For higher loads of BG particulates, i.e., the 70/30 and 50/50 fi-
brous mat biocomposite, a larger number of defects that deteriorated
the mechanical properties of the NR matrix appeared more frequently,
and as a consequence lower Young modulus, 0 preak, and &g preax Values
of the membranes were observed (Table 1) [10]. Using SEM analysis
(Fig. 2) we observed that the amount of BG particles and agglomerate
on the surfaces of microfibers increased with the increase in the con-
centration of BG of the biocomposite. In addition, the BG particle dis-
tribution became more heterogeneous. These defects that appeared in
the NR microfibers due to high amount of BG filler acted as rupture
points (during axial alignment) when the samples were subjected to the
action of external mechanical tension, as observed in the SEM images.
Although increasing the amount of BG added to the NR microfibers
increased the number of BG particles on the surface of the microfibers,
it was possible to incorporate up to 50% m/m BG into the NR
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microfibers without affecting the good mechanical properties of the
biocomposites, as illustrated in Table 1.

3.4. Dynamic mechanical thermal analysis (DMTA)

The DMTA method involves applying a stress or strain to a sample
and analyzing the response to obtain the phase angle and deformation
data, i.e., studying the stress, temperature, and frequency of the ma-
terial subjected to a small variable mechanical stress [31]. Using these
data, it is possible to calculate tan §, the complex modulus (E' and E*)
and viscoelastic parameters of samples. During cyclic strain, the com-
plex storage modulus E* can be written as:

E*=E + iE" @

where E'is the storage modulus (quantity of energy stored and retained
during the load application cycle) and E“ is the loss modulus (energy
dissipated during the cycle). In addition, tan § can be calculated using
the equation:

tand = i
E @

Most materials are subjected to dynamic deformations or strain
during their life cycles, therefore, it is important to investigate the
dynamic mechanical properties of composites materials analyzed using
different modes of cyclic deformation and relaxation processes similar
to those they will be exposed to [31]. Fig. 4a shows the behavior of E' as
a function of temperature for the NR film, NR membrane, and bio-
composites. The dynamic mechanical properties of the samples were
considerably influenced by the morphological structure and amount of
BG particles. At temperatures below T, the E' values of the NR fibrous
mat were higher than those of the NR film obtained by casting, and this
was attributed to the alignment of the microfibers under the action of
mechanical stress. In turn, the increase in E' at temperatures below T,
with the increase in the amount of BG particles in the biocomposites is
due to the increase in stress transfer to the matrix induced by the BG
filler. The increase in E' in the glassy region (plateau) indicates an in-
crease in stiffness and restricted chains movement, inducing higher
stored energy in these materials [32,33].

From Fig. 4a we noticed that E' of the 50/50 NR/BG sample was
smaller than that of the 70/30 NR/BG sample. This behavior may be
due to the larger amount of BG filler mainly on the surface of the mi-
crofibers for the 50/50 NR/BG sample. The BG particles would generate
a greater number of defects and holes in the fibrous matrix, which
would, in turn, act as rupture points, thus leading to the decrease in the
energy stored during the deformation cycle. This behavior corroborates
with the data obtained from analyzing the mechanical properties ob-
served in the strain-stress curve in Fig. 4.

The value of E' decreased as the temperature increased for all
samples, which was attributed to the increase in molecular mobility of
the NR chains. Around T, (between —50 and —28 °C) E' tends to lower
values for all samples indicating that little energy was stored at tem-
peratures higher than T, [33]. Above T,, increasing the BG concentra-
tion also increased the E' value. Contrary to what was observed for
T < T, the E' values for the 50/50 samples were higher than those
observed for the 70/30 samples. This fact was attributed to the decrease
in NR viscosity, which reduced the influence of the defects.

The viscous response of a material, or its ability to dissipate energy
during cyclic deformation, mainly as heat, is represented by E” [34,35].
Fig. 4b shows E” as a function of temperature for the different samples
studied. As can be seen, incorporating the BG filler caused a broadening
of the peak of E”. This behavior may be attributed to the inhibition of
the relaxation process of the NR chairs because of adding the BG filler.
The increase in the peak value of E” for biocomposites with higher BG
amounts was an interesting observation. Such behavior can be attrib-
uted to the increase in internal friction which promoted energy dis-
sipation [36]. On the other hand, the amplification and broadening of
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Fig. 4. DMTA of the NR film, NR fibrous mat, and NR/BG fibrous mats bio-
composite containing various BG loading amounts. (a) E’, (b) E”, and (c) tan 8§
as functions of temperature.

Table 2

DMTA parameters: Tond, Togra, Ty and FWHM of the samples.
Sample Tona (°C) Togra (°C) T, (°C) FWHM
NR film —66.2 -7.5 —46.7 13.1
NR fibrous mat —60.5 5.5 —40.5 24.5
90/10 NR/BG fibrous mat —-52.5 13.2 —-30.4 24.6
70/30 NR/BG fibrous mat —-53.1 11.4 —-29.3 27.2
50/50 NR/BG fibrous mat —-53.4 14.2 —-29.7 30.7

the peaks of the NR fibrous mat compared to those of the NR films
obtained by casting was related to the upsurge in energy dissipation
resulting from the movement of the entangled microfibers in the di-
rection of the mechanical stress.

The mechanical loss factor or tan § represents the damping prop-
erties of the material and denotes the equilibrium between the elastic
and viscous behavior in the structure of polymeric materials [37,38].
On the other hand, for composites, this behavior is influenced by the
type, distribution, and quantity of filler, as well as the interaction of the
phases forming the composite [38]. The relaxation process represented
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Fig. 6. (a) TG and (b) DTG curves of the NR fibrous mat, and NR/BG fibrous
mats biocomposite containing various BG loading amounts.

Table 3
Thermal decomposition parameters: To,, Tr,, and residues of the samples.

Sample T, (°C) Ton (°C) Residue (mass%)
NR film 378 332 0.9

NR fibrous mat 356 314 0.5

90/10 NR/BG fibrous mat 355 320 7.5

70/30 NR/BG fibrous mat 353 316 25.7

50/50 NR/BG fibrous mat 343 316 42.3

by the peak of the tan § versus temperature graph (Fig. 4c) is related to
the glass-rubber transition of the NR matrix, i.e., the relaxation process,
denoted by a, involved the cooperative motions of polymer chains.
Fig. 4c illustrates that the peak value of tan § decreased as the BG
amount in the NR matrix increased. The introduction of fillers into the
NR matrix restricted the movement of the polymer chains attributed to
polymer adhesion on the BG surface, resulting in higher E' values of the
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NR/BG fibrous mat biocomposites compared to those of the NR films
and membranes.

The displacement of the peak of tan § toward higher temperatures
was attributed to the introduction of the BG filler into the NR matrix,
i.e., the T, values of the fibrous mat biocomposite increased owing to
the BG particles restricting the mobility of the NR chains [32]. The
intensity of the peak of tan § of the NR film was higher than that of the
NR fibrous mat and NR/BG biocomposites. This was attributed to the
high elasticity of NR film and its greater tendency to dissipate energy
during deformation compared to that of the other samples.

Table 2 presents the offset and onset temperatures (T,gz and Tong ,
respectively) and T, values of all samples. The values of all parameters
of the NR fibrous mat were higher than those of the NR film. The T,
value shifted from — 46.7 °C for the NR film to — 40.5°C for the NR
fibrous mat. Moreover, the T, values of the NR/BG fibrous mat bio-
composites ranged between -31 and —28 °C, which were higher than
that of the NR fibrous mat. Such behavior indicated that the heat
transfer to the membrane samples during testing was delayed owing to
the porous structure of the membranes. Moreover, the Togg, Tong, and Ty
of the NR/BG biocomposites were higher than those of the NR fibrous
mat owing to the mobility of the polymer chains bound to the surface of
the biomaterial being restricted.

Another important parameter that can be analyzed in the tan §
graph as a function of temperature is the full width half maximum
(FWHM) or peak width at half height [39]. This parameter represents
the relaxation process in composite materials and tends to increase with
an increasing amount of charge [40]. According to Pistor et al. [41], the
peak width differs according to the homogeneity of the system, in
which a wider width reflects a greater difference in relaxation time, and
a narrower peak width denotes a lower difference in the relaxation time
of the polymeric chain. The FWHM values of all samples obtained from
the tan § graph are presented in Table 2. The highest FWHM value was
found for the sample with 50% BG, which was expected considering the
fact that as the amount of BG filler becomes larger, the relaxation times
increase due to NR adhesion on the BG surface.

The Cole-Cole method, originally developed for studying the di-
electric behavior of materials, is a good tool to determine changes in the
viscoelastic characteristics of polymers and composites materials [42].
This method uses the complex modulus, E*, where the plot of the loss
modulus (E”) versus the storage modulus (E’) in a complex plane can be
used to estimate the degree of homogeneity of the composite [43].
Homogenous systems are characterized by a semicircle in the Cole-Cole
plots, while heterogeneous systems should present imperfect semi-
circles [35,44]. Fig. 5 illustrates semicircles for the NR film, NR fibrous
mat, and fibrous mat biocomposites. The imperfect semicircular shape
of the plot indicates the heterogeneity of the system and adequate in-
teraction between the BG particles and NR microfibers. As the BG filler
content increased, the semicircle became larger indicating that the NR
matrix became stiffer.

3.5. TG/DTG analysis

Fig. 6 shows the thermogravimetry (TG)/differential thermo-
gravimetry (DTG) curves of the NR and fibrous mat biocomposites. The
mass loss in the 25-300 °C range for all samples was attributed to water
evaporation (below 120°C) and the decomposition of non-rubber
components, e.g., fatty acids (in the 150-300 °C range) [45]. The esti-
mated mass loss due to these two processes was approximately 10%.
The TG profile of the NR fibrous mat and NR/BG fibrous mat bio-
composites basically displayed one main weight loss event in the
300-450 °C temperature range (Fig. 6a). This event appears as the most
intense peak in Fig. 6b and was attributed to the structural decom-
position of the NR chains [13,45]. The mass loss corresponding to this
event was approximately 90% for the NR mat and 82, 60, and 41.5% for
the 90/10, 70/30, and 50/50 biocomposites samples, respectively.
These values were approximately equal to the amounts of NR in the
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biocomposite. The thermal stability did not change with the addition of
BG particles to the biocomposite compared to the NR fibrous mat.

Table 3 summarizes the thermal decomposition parameters, such as
the temperature at the maximum decomposition rate (T;,), onset tem-
perature (T,p,), and offset temperature (T,g) of the intense peak and the
residues of the samples at 600 °C. Small variations in Ty, T,pn, and T of
all samples studied can be observed. On the other hand, the residues at
600 °C were larger for the samples containing greater amounts of BG
filler. The calculated values were very close to the BG amounts used to
obtain the biocomposites.

4. Conclusion

A NR fibrous mat and NR/BG fibrous mat biocomposite containing
different amounts of BG fillers were obtained using SBS. The samples
exhibited ribbon-like morphology, and the width of their microfibers
was in the range of 40-60 um. The SEM and optical images indicated
the good distribution of the BG particles present on the surface of and
inside the NR microfibers. The stress—strain tests demonstrated that the
Y and 0y preax Values of the NR fibrous mat were substantially higher
(6.12 = 0.09MPa and 1.62 = 0.12 MPa, respectively) than those of
the NR film (0.35 + 0.05MPa and 0.98 + 0.02 MPa, respectively).
Moreover, even when large amounts of BG were incorporated into the
NR matrix, Y and 0y preqx Of the NR/BG biocomposites were superior to
those of NR film. The Y, 04 preak, and €qr preak Of the 50/50 NR/BG fi-
brous mat biocomposite were 5.2 = 0.5MPa, 1.17 = 0.14 MPa, and
290 * 19%, respectively. The T, values of the NR film and NR fibrous
mat were approximately — 46.7 and — 40.5 °C, respectively, and those
of the fibrous mat biocomposites were in the range of -31 to —28 °C.
Such behavior was attributed to the stretching of the NR during pro-
cessing combined with the BG particles restricting the mobility of the
NR chains. The results of the TG analysis demonstrated that the neat NR
and NR/BG biocomposites exhibited similar thermal profiles, and pre-
sented good thermal stability up to ~ 200 °C. The results above de-
monstrated that SBS could be used as an alternative technique to pro-
duce biocomposites with potential biomedical applications.
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