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ABSTRACT

In this work, nanobiocomposites of poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) reinforced with
cellulose nanofibrils (CNFs) were produced by electrospinning and solution casting process. CNFs were
obtained by sulfuric acid hydrolysis from Imperata brasiliensis fibers. Nanocomposites loaded with 1 (wt. %)
of CNFs were prepared using a mixture of solvents chloroform (CHCl;): N, N-dimethylformamide (DMF), in
the ratio of 78:22 with 30 h of solubilization. Films by solution casting were obtained in a petri dish, at 50 °C
for 1 hour, using drying casting temperature of 153 °C. Mats by electrospinning were obtained with a needle
20x10, drum collector rotation 27 rpm, and working distance of 10 cm. Films and mats were characterized by
Scanning Electron Microscopy (SEM), X-ray diffraction (XRD) and Differential Scanning Calorimetry
(DSC). It was possible to conclude that for nanobiocomposites obtained by solution casting, the addition of
CNFs did not affect the transparency of the films, but provided a significant increase in the crystallization
rate as observed by DSC analysis, while for electrospinning nanobiocomposites a considerable improvement
in process increasing electrospinning time and quality of the mats manufactured, were observed.
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1. INTRODUCTION

The properties of nanobiocomposites, compared to conventional one, are extensively studied by presenting
many advantages such as better recyclability, transparency, low weight and superior thermal, mechanical and
barrier properties, at low reinforcement levels (less than 10%) [ 1, 2].

The use of cellulose nanofibers as reinforcement for biodegradable matrixes have attracted the
attention of many researchers because both reinforcement and matrix are derived from renewable and
biodegradable sources [3]. The effect of the nanocellulose addition on the polymeric matrix depends on the
properties of nanocellulose such as size, morphology, crystalline structure and others, which vary according
to extraction source and the methods of production [4-6]. In this way, obtaining and using nanocellulose from
new lignocellulosic sources increases the possibilities of feedstock and contributes to the development of new
materials.

In the literature, nanocellulose, extracted from different plants, are used to reinforce a lot of
biodegradable or non-biodegradable matrix in order to improve the properties of nanocomposites. In this
context, is possible to highlight nanocomposites such as poly(3-hydroxybutyrate)(PHB)/bacterial cellulose
[7], polyvinyl acetate/sisal cellulose whiskers [8], natural rubber/cellulosic nanoparticles of sisal fibers [9],
thermoplastic starch/cellulose nanofibrils from wheat straw [10], poly (oxyethylene)/ramie whiskers [11],
and pea starch/cellulose whiskers from pea hull fiber [12].

Among the most widely used biodegradable matrices in the production of nanobiocomposites, poly (3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) has been widely cited in literature because it is a
biodegradable polymer, of natural origin and, with similar physical properties to polyethylene and
polypropylene [13, 14]. PHBV is a copolymer of PHB obtained from the addition of 3-hydroxybutyrate and
3-hydroxyvalerate groups (HV), at different concentrations. This monomer is added to the PHB chain with
the aim of improving PHB properties such as flexibility and thermal stability, because decrease the melting
point, strength and stiffness [3, 15].
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Even with the addition of HV, the mechanical and thermal properties of PHBV can be improved with
the addition of nanoreinforcements such as nanocellulose, which act as nucleating agents under isothermal
crystallization condition [16]. In addition due to bonds between the OH groups of the cellulose nanoparticles,
a rigid network is formed, and the transfer of tensile is facilitate and mechanical properties of the polymer
matrix is increased [17].

In the present work, the nanocellulose used was obtained from the Imperata Brasiliensis (IB) fibers, a
plant not explored in the literature for this purpose, and that was successfully used to obtain nanocellulose in
the work of BENINI [18]. In this way, the capacity of CNFs strengthening, obtained from the IB fibers shall
be studied in order to verify the feasibility of using a specific type of grass to improve some properties of the
PHBV.

Currently, biodegradable nanocomposites are obtained using different manufacturing processes and
the determination of the most suitable method depends upon the required properties. In the literature, the
most widespread process is the solvent evaporation samples obtained by solution casting, which allows
obtaining thin films without the use of sophisticated equipment and with a simple and inexpensive process
[19]. On the other hand, electrospinning is an attractive technique to produce polymeric fibers in submicron
scales, arranged in the form of extremely thin mats [20]. Electrospinning is a simple process, but with many
variables, which allows the mats production with specific properties, different from that films obtained by
solution casting.

In order to establish the properties of biodegradable nanocomposites and make them more widespread,
nanobiocomposites of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and cellulose nanofibrils
(CNFs), extracted from Imperata brasiliensis fibers, were obtained by electrospinning and solution casting
and evaluated according to their physical and thermal properties.

2. MATERIALS AND METHODS

2.1 Materials

Imperata brasiliensis (IB) fibers used in the present work were gathering from Guaratinguetd at Sao Paulo
state, Brazil [18]. The chemical reagents used were chloroform (CHCI;) purchase from Dinamica, sulfuric
acid (H,SO,4, 98%), sodium hydroxide (NaOH) and dimethilformamide (C;H;NO) (DMF) from Sigma-
Aldrich, hydrogen peroxide (H,O,, 30%) from Vetec and cellulose membrane dialysis tubing (MWCO
12000- 14000) from Servapor®.

Polymeric matrix used as a matrix were poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), kindly
supplied by PHB Industrial S/A with the follow properties: molecular weight of 379.160 daltons, 8.71% of
PHB-HYV, specific weight of 1.230 (g/cm?), crystallinity of 44.4% and melting temperature of 167.20 °C.

2.2 Imperata brasiliensis (1B) hydrolysis

IB fibers were dried in an oven for 48 h at 60 °C, then grounded in a mill and sieved until pass through 25
mesh. The dried fibers were treated with 5 % (w/w) of alkaline solution at 75 °C for 1h under constant
mechanical stirring. After that alkali treated fibers were three times bleached with a solution 1:1 H,O, 24 %
(v/v) and NaOH 4 % (w/w) for 2 h at 50 °C, under constant mechanical stirring. After each chemical
treatment, fibers were filtered and rinsed with distilled water until neutral pH. The treated fibers were
subsequently dried in an oven for 48 h at 60 °C.

CNFs were obtained, from bleached fibers, by sulfuric acid hydrolysis using 64 % of H,SO, (W/w)
during 75 min, with a pulp:solution rate of 1:20 (g/mL) at 35 °C. After acid hydrolysis suspension was
centrifuged at 5000 rpm for 30 min and dialyzed in distilled water until neutral pH. The colloidal suspension
was sonicated at 20 kHz of frequency and 750 watts, during 5 min in ice-bath and then dried in a
conventional oven at 30 °C until total water evaporation.

2.3 Nanocomposites obtaining

PHBYV (5 % in relation to solvent weight) was solubilized in a mixture of solvents according to the following
conditions: solvent ratio of DMF: CHCI; (22:78) at 50 °C for 30 h in a closed system, with condenser.

For nanocomposite process, 1% (w/w) of dried CNFs, with respect to PHBV weight, were mixed with
DMF. CNFs/DMF suspension was sonicated in an ultrasound Sonics & Materials (model VCX 750), at 20
kHz of frequency and 750 watts, with pulses of 20 s with 5 s at rest, 25 % of amplitude, during 60 min.
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CNFs/DMF suspension was slowly added with dropper to the PHBV/CHCIl; solution and the system
was kept sealed, stirred at 50 °C until complete solubilization time of 30 h, according to scheme shown in
Figure 1.
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Figure 1: Scheme of nanocomposites production.

Then, PHBV and nanobiocomposites solutions were poured into a petri dish to obtain films by
solution casting (PHBVc and PHBV/CNFsc) and mats by electrospinning (PHBVe and PHBV/CNFse).

Films were obtained using drying casting temperature of 153 °C e and mats were obtained according
to the following electrospinning parameters: needle 20x10, drum collector rotation 27 rpm, working distance
of 10 cm with environmental conditions close to 25 °C and 50 % humidity. PHBVe and PHBV/CNFse mats
were electrospun for 25 min and 35 min, respectively.

2.4 Films and mats characterization

Surface of electrospinning mats and casting films were analyzed as obtained, without further preparation, by
a JEOL JSM5310 scanning electron microscope with a tungsten filament operating at 20 kV, utilizing a low
vacuum technique and working distance of 12 mm. All samples were coated with gold thin layer to make
them conductive before the SEM analysis.

Diffractograms were carried out on a Shimadzu diffractometer (XDR-6000 model), operating at 40
kV, 30 mA and CuKa radiation (A = 0.1542 nm). Samples were scanned in 20 ranges varying from 10 to 30°
(26/5 s). The values of d-spacing and crystallite size (L) for the two main crystalline planes (020) and (110)
were evaluated as well the total crystallinity index (CI). Initially, deconvolution of the peaks was performed
to check the contribution of each crystalline plane. The d-spacing of each plane was calculated using Bragg’s
equation and the crystallite size was calculated using the Scherrer's equation [21]. The CI index was
calculated according to the Ruland’s method [22].

Differential scanning calorimetry (DSC) thermal analysis were carried out in a Perkin Elmer
equipment, model 8000. Analyses were performed under nitrogen atmosphere with a heating rate of 10
°C/min and cooling at 30 °C/min. The first heating was carried out in order to remove the thermal history of
the sample (-50 °C to 220 °C). The temperatures and enthalpies of fusion and crystallization were calculated
from the maximum and the peak area of the second heating curve, respectively.

The measurements of the films and mats thickness were carried out with a micrometer and represent the
mean of three values.

3. RESULTS AND DISCUSSIONS

Using solution casting and electrospinning techniques, thin films and mats of PHBV and PHBV/CNFs were
obtained, as shown in Figure 2. The thickness of the films obtained by casting was 93.33 + 5.77 um while
nanocomposites obtained by electrospinning presented 40.00 + 10.00 um.

In the visual analysis of the casting films it was not observed the presence of agglomerates, due to
homogeneous aspect, also transparency was not affected by CNFs addition, indicating that the used method
to mix CNFs with PHBV matrix was efficient. This same behavior was observed in the study of SILVERIO,
et al. [23] for the incorporation of cellulose nanocrystals from corncobs in PVA (polyvinyl alcohol) matrix.
In the mats obtained by electrospinning, it is possible to observe that there is no difference in the visual
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aspect of the pure polymer and nanocomposite.

(d)

Figure 2: Films obtained by solution casting (a) PHBVc¢, (b) PHBV/CNFsc; mats obtained by electrospinning (c) PHBVe
and (d) PHBV/CNFse.

Materials obtained by electrospinning are completely different from those obtained by solution
casting. Using solution casting were produced transparent and homogeneous films, easily demolded from the
surface on which they were obtained (petri dish), while by electrospinning process, extremely thin and
flexible mats were obtained with a white color, opacity, and adhered to the surface on which were
electrospinning (aluminum foil).

Nanocomposites obtained by solution casting and electrospinning were also analyzed by SEM (Figure
3) in order to observe the uniformity of the reinforcement on the polymeric matrix and also the uniformity of

microfibers and the presence of some defects.

In the SEM images of the nanocomposites casting film (Figure 3a), there is a homogeneous surface,
without the visible presence of agglomerates. Some pores were caused by the fast evaporation of the solvent
due to the high volatility during the drying process at 153 °C [24].

SEM images of electrospinning mat, shown in Figure 3b, revealed a homogeneous morphology
without the presence of beads, indicating that the addition of CNFs in the polymer solution improved the
electrospinning process, because addition of CNFs tends to increase the viscosity of the solution, which
decreases droplet formation at the needle tip, preventing the formation of beads. Also, addition of CNFs
increase the time of electrospinning (in 10 min), which was limited according to solution properties.
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Figure 3: SEM of nanocomposites (a) PHBV/CNFsc and (b) PHBV/CNFse.

With the SEM images, the values of the average diameter of the polymer fibers in the electrospinning
mats were determined. The histograms with the fiber diameter distribution are shown in Figure 4.

For the pure PHBYV, as seen in Figure 4a, the diameter of the fibers varied between 0.08 pm and 0.53
um, whereas for the nanocomposite (Figure 4b) this variation was between 0.13 pm and 0.76 um. The mean
diameter of the fibers in the PHBV mat was 0.20 um, whereas for the nanocomposite was 0.37 um.
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With analyze of the graph in Figure 5, it can be seen that the addition of the CNFs provided a
significant increase in the diameter of the fibers, which may be due to the increase in the viscosity of the
solutions. However, considering the standard deviation values, which were close for all samples, there is no
statistically significant difference between the diameter values.
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Figure 4: Distribution of fiber diameter values in electrospun mats (a) PHBV and (b) PHBV/CNFse, and distribution of fiber
diameter values in electrospun mats.

To evaluate the effect of CNFs addition on the PHBV crystallinity properties, films and mats were
characterized by X-ray diffraction (XRD) and the curves are shown in Figure 6.
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Figure 6: XRD of PHBV and nanocomposites obtained by solution casting and electrospinning.

The XRD patterns of the films obtained by solution casting showed two main diffraction peaks, which
are typical of an orthorhombic crystal structure of PHB (crystals o) in 20~13.4° and 16.8° relative to
crystallographic planes (020) and (110), and a diffraction peak of hexagonal crystalline structure (crystals )
in 20~20.0°. The other peaks in 26 near to 21.4°; 22.5°; 25.4° and 27.1°, are related to crystallographic planes
(100), (101), (111), (130) and (040), respectively [25]. Diffractograms of electrospinning materials presented
only two crystalline peaks, near to 20~13° and 17°, due to crystallographic planes (020) and (110),
respectively, showing that electrospinning changes the crystalline structure of materials.

Table 1 presents the main crystallinity parameters determined from XRD curves. Addition of CNFs in
nanocomposites obtained by solution casting, did not interfere in the values of d-spacing, however, provided
a slight increase in the crystallite size (L) perpendicular to the planes (110), with a consequent reduction in
the crystallinity index (CI).

Table 1: Cristallinity parameters of PHBV and its nanocomposites.

D-SPACING (nm) L (nm) CI

PROPERTIES
020 110 020 110 (%)
PHBVc 0.661 0.526  27.887 13.124 73.0
PHBV/CNFsc 0.657 0.526 26990 14.736 644
PHBVe 0.649 0.519  28.857 33.609 684

PHBV/CNFse 0.639 0.527 25351 19.090 56.0

For electrospinning materials, values of crystallites size (L) showed a slight reduction in the plane
(020) and a significant reduction in the plane (110), when compared to pure PHBV. Although the
electrospinning process inhibits crystal formation in other planes, CNFs acts more effectively as nucleating
agents, as evinced by the reduction in the crystallite size; however, it also led to a significant reduction the CI
values. In addition, regarding the electrospinning results, it is possible to state that the peak relative to the
substrate in which the mats were obtained (aluminum foil) did not appear for the nanocomposites, indicating
a greater thickness of these mats, due to the longer process time.

The DSC curves of the second heating for PHBV and their nanocomposites obtained by solution
casting and electrospinning are shown in Figure 7.
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Figure 7: DSC curves of 2nd heating for PHBV and PHBV/CNFs by (a) casting and (b) electrospinning.

The values of glass transition temperature (Tg), crystallization temperature (Tc), crystalline melting
temperature (Tm), and the melting (AH,,;/ AH,;;;) and crystallization (AHc) enthalpy, which are described in
Table 2, were obtained from these graphs. All samples presented, in the second heating, glass transition
temperature (T,) between 0.1 and 0.4 °C, one exothermic peak of crystallization and two endothermic
melting peaks.

Table 2: Thermal parameters of PHBV and its nanocomposites.

T, T. AHc To/Tmy  AHpy/ AHy,

PROPERTIES
CO e O J/g)

PHBVc 0.1 592 412 142.8/1612  2.7/48.4

PHBV/CNFsc 0.1 465 129 142.9/1622  2.1/44.4

PHBVe 03 526 365 141.9/1622  4.7/49.8

PHBV/CNFse 04 504 362 142.2/162.1 2.0/50.4

The glass transition temperatures of the nanocomposites showed no significant changes compared to
that of the pure polymer. The same behavior was observed for PHBV nanocomposites reinforced with 1, 2, 3,
4 and 5% (w/w) of nanocellulose in the work of TEN, et al. [26], which could indicate that independent of
the cellulose content, the presence of these nanocrystals does not significantly interfere in the PHBV glass
transition temperature. However, addition of the CNFs, decreased the T, and AH,, in special for films
obtained by solution casting, indicating that CNFs acts as a nucleating agent for PHBV. The same behavior
was observed in the study of JIANG, et al. [3] and TEN, ef al. [26] which stated that the CNFs acts as
nucleating agent, and induces PHBV to crystallize at lower temperatures, since it reduces the energy barrier
for the formation of PHBV nucleus. The presence of a crystallization peak in the cooling curve of the
PHBV/CNFsc (T, = 53.8 °C and AHc = 15.9 J/g) explains the lower values of T, and AH,, obtained in the
2nd heating, whereas for the other samples, no thermal event occurred during cooling.
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For electrospun nanocomposites, CNFs also caused a reduction in T, of 2.2 °C, but this reduction was
less pronounced since materials obtained by this process showed loss of some crystal planes. All samples,
casting and electrospinning, showed two endotherms peaks with melting temperatures ranging from 142.2 °C
to 142.9 °C for T,,;, and between 161.2 °C and 162.2 °C, for T,y,.

Ten et al. [26] relates these two melting peaks to fusion-melting-recrystallization process of the
polymer, on the other hand according to Del Gaudio et al. [27] this two melting peaks are reported in the
literature as the fusion of the primary crystals and recrystallized material. In general, the addition of the
CNFs has not caused significant changes in the values of melting temperatures. On the other hand, the size of
the first melting peak, AH,,; values, was reduced with the addition of the CNFs, indicating that the presence
of the reinforcement inhibited the formation of defective crystals, which melt at lower temperatures.

In the first heating curves the glass transition and crystallization events was not observed, as well as the
first melting peak, indicating that all samples were fully crystallized during the casting process and/or elec-
trospinning [26]

4. CONCLUSIONS

PHBV/CNFs nanobiocomposites were obtained by solution casting and electrospinning process. Films and
mats presented different properties since that electrospinning changed the crystalline structure of PHBV
matrix. For nanobiocomposites obtained by solution casting, addition of 1% (w/w) CNFs did not affected the
films transparency and visual appearance, but provided a significant increase in the crystallization rate, with a
consequent reduction in the crystallinity index. For electrospinning nanobiocomposites changes in the
crystallization rate was less effective, on the other hand, a considerable improvement in process efficiency,
with increasing electrospinning time resulting in better mats quality, was observed.
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