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ABSTRACT: Novel biodegradable composites based on poly(3-hydroxybutirate-co-3-hydroxyvalerate) (PHBV) and
different contents of purified alpha-cellulose fibers (3, 10, 25 and 45%) were prepared by melt blending
and characterized. The composites were characterized by scanning electron microscopy (SEM), wide-angle
X-ray scattering (WAXS) experiments, thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), dynamic mechanic analysis (DMA) and Shore D hardness measurements. Disintegrability under
composting conditions was studied according to the ISO 20200 standard. Morphological results showed that
high dispersion of the fibers was achieved during mixing. Good adhesion on the fiber-matrix interface was
also detected by SEM. The addition of low and medium cellulose contents did not result in lower thermal
resistance with respect to the neat PHBV. A reinforcing effect of the cellulose fibers was detected in all samples,
this effect being more pronounced at high temperatures. The composting results show that the addition of the
fibers did not affect the disintegrability of the PHBV, and thus compostable “green” low-cost PHBV/cellulose

composites can be obtained.
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1 INTRODUCTION

Plastic packaging residues are one of the most seri-
ous problems in the management of municipal solid
waste since they are mostly resistant to microbial
degradation and remain semipermanently in land-
fills, with the environmental impact that this implies
[1, 2]. Composting of biodegradable plastic packaging
seems to be one of the most promising solutions for
waste management, given the difficulty of separating
the organic fraction of municipal waste [2]. Hence, in
recent decades there has been a growing interest in the
development of biodegradable bioplastics from renew-
able sources to replace conventional petroleum-based
plastics for use in almost all productive sectors, espe-
cially in the packaging and agricultural sectors [3, 4].
Among the commercially available biopolymers,
biopolyesters have emerged as an alternative to
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commodities because of the combination of an easy
processability in conventional equipment and good
mechanical properties with the ability to biodegrade.
Poly(lactic acid) (PLA) is the most widely known and
frequently used biopolyester. However, some prop-
erties of PLA, such as thermal stability and impact
resistance, are lower than those of the commodity
polymers used for thermoplastic applications [5]. The
low thermal resistance of PLA is a consequence of both
a high glass transition temperature (around 70 °C) and
a slow crystallization rate, especially at high molecular
weights [6,7]. As a result, many processed products are
amorphous and undergo changes in shape at tempera-
tures above 55 °C, which makes PLA inappropriate for
use in applications at relatively high temperatures.
Poly(hydroxybutyrate-co-hydroxyvalerate) (PHBV),
a bacterial copolyester from the polyhydroxyalkanoate
family (PHA), has gained a lot of attention, especially
in the packaging field, because of its renewable and
non-food competitive origin, biodegradability and per-
formance close to that of some commodity polymers
[8, 9]. Although the mechanical performance is similar
to that of polypropylene (PP) [10, 11], the gas barrier
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properties to oxygen and aroma are close to those of
the polyethylene terephthalate (PET) [12]. In contrast
to PLA, PHBV presents a low glass transition tempera-
ture and a high degree of crystallinity (with a melting
point above 160 °C), and therefore it is suitable for
high temperature applications. Nevertheless, PHBV
experiments show inferior mechanical performance at
temperatures above 80 °C and its high price handicaps
its use in low-cost applications [13].

A possible way to reduce the price of PHBYV, as
well as increase its mechanical performance at high
temperatures, is the addition of a second reinforc-
ing phase to develop composite materials. It is well
known that the dispersion of fibrillated microparticles
or nanoparticles in a polymeric matrix improves the
mechanical properties; also, the addition of cheaper
loading in high proportions allows reduction in the
product’s final cost. In this context, the effect of the
addition of inorganic fibers to biopolyester matrices
on its mechanical, thermic and barrier properties has
been widely studied [14, 15].

Within the current context of renewable raw mate-
rials, the scientific community has focused its inter-
est on the use of natural fibers as a reinforcing agent
for polymer composites because of its advantages in
comparison with conventional synthetic or inorganic
fillers [16, 17]. In this regard, some of the advantages
of natural fibers compared with conventional rein-
forcing materials are their low cost, low density, high
hardness, good thermal properties, acceptable specific
strength properties, good availability and biodegrad-
ability [18, 19]. In addition, the usage of natural fibers
as fillers in polymer composites would allow the use
of byproducts or residues from the agricultural and
agroalimentary industry. Thus, natural fibers, such as
cellulose and its derivatives, which are natural occur-
ring biodegradable fillers, may exert a reinforcement
effect on the PHBV matrix as well as reduce the final
cost without compromising biodegradability [20].

In the present study, purified alpha-cellulose refined
from wood-pulp manufacture was used, where lignin
and hemicellulose, which degrade at lower tempera-
tures than cellulose, are removed from the fibers. The
advantages of using pure cellulose fibers as compared
to unmodified plant fibers include:

1. the possibility of processing at higher

temperatures,

2. a higher grade of homogeneity in molar mass
and other characteristic properties of the
material,

. higher strength than untreated natural fiber,

. smaller fiber size,

5. high crystallinity levels which may help to pro-

mote higher barrier properties in composites.

=~ W
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Several studies have been carried out in the litera-
ture using cellulose fibers with a lignocellulosic nature,
but fewer have been conducted using highly purified
alpha-cellulose fibers [21-23].

Some studies related to the incorporation of natural
lignocellulosic and cellulosic fibers in biopolyesters
have been reported [24, 25]. Avella ef al. reinforced
PHBV with heat exploded wheat straw and hemp
fibers [26]; Battegazzore et al. added cellulose derived
from rice husk to poly(lactic acid) (PLA) matrices,
finding an improvement in mechanical properties [27].

Assessment of the biodegradation of PHAs and
PHBV in composting conditions and other environ-
ments have been investigated by several authors
[8, 28-33]. However, to our knowledge, the biodisin-
tegration behavior of composites of PHBV (3% HV)/
cellulose fibers obtained by melt blending according to
the ISO 20200 standard [34] has not been reported yet.

Within this context, the purpose of this work is to
obtain “green,” low-cost composites from commer-
cial PHBV and purified cellulose fibers using the melt
blending technique. These composites must contain
the highest possible amount of cellulose, increasing
mechanical performance (particularly at high tempera-
tures), while retaining their processability and thermal
properties, and must be degradable under standard
lab-scale composting conditions (ISO 20200 standard).

2 EXPERIMENTAL

2.1 Materials

Poly(3-hydroxybutirate-co-3-hydroxyvalerate)
(PHBV) containing 3 mol% of hydroxyvalerate was
supplied by Tianan Biological Materials Co. (Ningbo,
P. R. China) in pellet form (ENMATTM Y1000P).
A purified alpha-cellulose fiber grade (also referred to
as cellulose) (TC90) from CreaFill Fibers Corp. (US) was
used. According to the manufacturer’'s specifications,
these fibers have an average fiber length of 60 pm and
an average fiber width up to 20 um. The alpha-cellu-
lose content is > 99.5%.

2.2 PHBV/Cellulose Composite
Preparation

PHBYV and cellulose fibers were dried at 80 °C for two
hours under vacuum before blending to remove mois-
ture. PHBV/cellulose composites with 0, 3, 10, 25 and
45 wt% fiber contents were obtained by melt blending
with a ThermoHaake Rheomix Polylab internal mixer
for six minutes at 180 °C and a rotor speed of 100 rpm.
In order to reduce thermal degradation during blend-
ing, the melt temperature was never allowed to reach

d © 2016 Scrivener Publishing LLC



10.7569/JRM.2015.634127

Estefania Lidon Sanchez-Safont et al.: Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate)

190 °C. Each batch was then extracted from the mix-
ing chamber manually and allowed to cool to room
temperature in air. Materials generated in the mix-
ing process were then hot pressed at 185 °C and 3 bar
for three minutes to produce plates of 0.8 and films
of 0.2 mm nominal thickness. All the samples were
stored in a vacuum desiccator at room temperature.
The samples were named according to the following
code: PHBV-XC where X corresponds to the wt% cel-
lulose fiber content.

2.3 Disintegration in Composting
Conditions

Biodegradation of PHBV/cellulose composites was
evaluated by measuring the disintegrability of the
composite plate samples under lab-scale compost-
ing conditions. Disintegration tests were carried out
according to the ISO 20200 standard [34]. Solid syn-
thetic waste was prepared by mixing 10% of activated
mature compost (VIGORHUMUS H-00, purchased
from Buras Profesional, S.A., Girona, Spain), 40% saw-
dust, 30% rabbit feed, 10% corn starch, 5% sugar, 4%
corn seed oil and 1% urea. The water content of the
mixture was adjusted to 55%. Composite samples were
cut from hot pressed plates (15 x 15 x 0.2 mm?) and
buried in compost bioreactors at 4-6 cm depth. The
samples were placed inside iron mesh bags to simplify
their extraction and allow the contact of the compost
with the specimens. Bioreactors were incubated at
58 °C. The aerobic conditions were guaranteed by mix-
ing the synthetic waste periodically and adding water
according to the standard requirements. Three repli-
cates of each sample were removed from the boxes at
different composting times for analysis. Samples were
washed with water and dried under vacuum at 40 °C
until a constant mass. The disintegration degree was
calculated by normalizing the sample weight to the ini-
tial weight with Equation 1 [35]:

m m
D=—""7%100 1)

m,;

where m, is the initial dry mass of the test material and
m, is the dry mass of the test material recovered at dif-
ferent incubation stages. The disintegration study was
completed by SEM and photographs of samples were
taken for visual evaluation.

2.4 Characterization Techniques

Morphology of PHBV/cellulose composites was
examined by scanning electron microscopy (SEM)
with a JEOL 7001F. The samples were prepared by
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cryofracturing after immersion in liquid nitrogen for
a few minutes. The surface morphology of composites
at different composting times was also investigated by
SEM. All the samples were previously coated by sput-
tering with a thin layer of Pt.

Wide angle X-ray scattering experiments (WAXS)
were performed with a Bruker AXS D4 Endeavor dif-
fractometer. Radial scans of intensity versus scattering
angle (26) were recorded at room temperature in the
range of 2 to 30° (step size = 0.02° (20), scanning rate
=8 s/step) with identical instrument settings provided
by filtered CuK, radiation (A = 1.54 A), an operating
voltage of 40kV, and a filament current of 40 mA.

Thermogravimetric analysis (TGA) was per-
formed with a TG-STDA Mettler Toledo model TGA/
STDAS851e/LF/1600 to determine the thermal stability
of the PHBV/cellulose composites. The samples with
an initial weight typically of about 4 mg were heated
from 50 °C to 600 °C with a heating rate of 10 °C/min
under nitrogen atmosphere. Main thermal parameters
were determined from TGA curves, such as the initial
decomposition temperature (T,,, temperature at 5%
weight loss) and maximum decomposition rate tem-
perature (T)).

Differential scanning calorimetry (DSC) of PHBV/
cellulose composites was conducted on a PerkinElmer
DSC 7 thermal analyzer with Ar as the purging gas.
The calibration of the DSC was performed with an
indium standard sample. Material samples weighing
about 6 to 8 mg were heated to 185 °C at 40 °C/min
and kept for 3 min to erase thermal history, followed
by cooling to room temperature and heating to 185 °C
at 10 °C/min. Melting temperatures (T, ) and enthal-
pies (AH ), as well as crystallization temperatures (T)
and enthalpies (AH ), were calculated from the cor-
responding heating/cooling curves. The crystallin-
ity degree (X) of the PHBV phase of composites was
determined by applying the following expression [36]:

X (%)= AHmO x100 2
AH

m

where AH (J/g) is the melting enthalpy of the poly-
mer matrix, AH? is the melting enthalpy of 100% crys-
talline PHBV (perfect crystal) (146 J/g) [37] and w is
the polymer weight fraction of PHBV in the blend.

Dynamic mechanic analysis (DMA) experiments
were conducted on hot pressed sample platelets (10 x
5 x 0.8 mm) in a PerkinElmer DMA7Ze. Samples were
heated from -20 °C to melting temperature with a
heating rate of 5 °C/min at a constant frequency of
1 Hz in the three-point bending mode under Ar flow.

The hardness of PHBV and PHBV/cellulose com-
posites was measured with a Shore D hardness tester
Zwick 3100 Shore D (Zwick GmbH, Germany).
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3 RESULTS AND DISCUSSION

3.1 Characterization of the PHBV/
Cellulose Composites

3.1.1 SEM

Morphological characterization of the cellulose fibers
as received and within the composites used in this
work was performed with SEM (Figure 1).

Figures 1a and 1b show SEM micrographs of the
cellulose fibers at different magnifications. These
fibers present a rod-shaped morphology with varying
lengths up to 200 pm. In all cases, the diameter is con-
tained within the 10-20 pm range. The broken fibers in
Figure 1a and 1b are formed from a bundle of smaller
fibrils [23].

The PHBV/cellulose composite SEM micrographs
shown in Figure 1c and 1d were obtained from the
cryo-fractured surface of the composites with the low-
est (3%) and the highest (45%) fiber content, respec-
tively. The examination of the images reveals that a
homogeneous dispersion of filler has been achieved.
Indeed, no pull-out effect is observed, thus indicating
a strong adhesion between the cellulose fibers and the
polymer matrix. Broken fibers can be seen on the frac-
tured surface. The good interaction between the cel-
lulose fibers and the polyester matrix can be explained
by the formation of a hydrogen-bonding-type interac-
tion between carbonyl groups of PHBV and hydroxyl
groups of the cellulose [38]. The morphology observed
in the 3 wt% and 45 wt% samples is representative of
all the compositions in the studied range.

. 1-(;;1 m

o o @

Figure 1 SEM micrographs of cellulose fibers and PHBV/
cellulose composites: (a) cellulose low magnification (150x),
(b) cellulose high magnification (550x), (¢) PHBV-3C (500x)
and (d) PHBV-45C (500x).
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3.1.2 WAXS

X-ray scattering (WAXS) experiments were conducted
on the cellulose powder, the neat PHBV and all the
composites studied. The X-ray patterns of the samples
are shown in Figure 2.

Three characteristic peaks of PHBV were detected in
both PHBV and PHBV/cellulose samples at 26 angles
of 13.4°, 16.9° and 21.5°, corresponding to the (0 2 0),
(110) and (1 0 1) lattice planes of the orthorhombic
unit cell of PHBV [36, 39]. The most intense peak at
20 = 26 corresponds to the (002) reflection of the boron
nitride, which is present as a nucleating agent in the
commercial grade used in this work. There were no
changes in the diffraction peak positions of PHBV
regardless of the fiber content. This suggests that the
crystalline structure of PHBV does not change with
the addition of cellulose. The decrease in intensity of
the peaks can be explained by a dilution effect as the
cellulose content is increased.

3.1.3 DSC

Differential scanning calorimetry (DSC) measure-
ments of PHBV /cellulose composites were performed
in order to study the crystallization behavior of these
materials. DSC curves of cooling and heating scans,
after removal of the thermal history, are displayed in
Figure 3. From these curves the characteristic temper-
atures, enthalpies and crystallinity degree (X) of the
blends were determined. Results are summarized in
Table 1.

PHBV shows an endothermic peak related to its
melting point at 168.7 °C and one exothermic peak
at 116.4 °C corresponding to crystallization. Pure
PHBV presents a crystallinity degree X_of 67%. This
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Figure 2 WAXS patterns of the cellulose, the neat PHBV and
the PHBV/cellulose composites with 3, 10, 25 and 45 wt%
of cellulose.
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Figure 3 DSC thermograms of: (a) the cooling scan and
(b) the heating scan and of the neat PHBV and the PHBV/
cellulose composites containing 3, 10, 25 and 45 wt% of
cellulose.

Table 1 Crystallization and melting parameters
obtained by DSC of neat PHBV and PHBV /cellulose
composites.

T.CO) [ AH. (/g) [ T cO) [AH_ (/g) | X (%)
PHBV 1164 | -879 | 1687 | 979 67
PHBV-3C | 1164 | -875 | 1680 | 953 67
PHBV-10C | 1161 | -839 | 1682 | 916 70
PHBV-25C | 1161 | 700 | 1682 | 737 67
PHBV-45C | 1169 | -630 | 1680 | 555 69

crystallinity degree is quite high because the PHBV
used was a commercial grade containing boron nitride
as a nucleating agent.

When cellulose was added to PHBV, no remarkable
changes were found in the melting and crystallization
peak positions. Regarding X_variations, PHBV/cellu-
lose composites did not show significant differences.
These results seem to contradict other works based
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Figure 4 TGA curves of neat PHBV and PHBV/
cellulose composites.

on aliphatic polyesters [26, 40], where it has been
reported that cellulosic fillers act as nucleating agents
and show significant differences in thermal and crys-
tallinity parameters. However, in our case this effect is
not appreciable, probably because of the presence of
the boron nitride. Therefore, it can be concluded that
addition of cellulose fibers barely affects the melting/
crystallization behavior of this particular PHBV grade.

3.14 TGA

Thermogravimetric analysis (TGA) was conducted to
evaluate the thermal degradation of PHBYV, cellulose
and PHBV/cellulose composites. The TGA curves are
shown in Figure 4. The onset degradation tempera-

ture (T,,, considered as the temperature at which a
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Table 2 Parameters obtained from thermogravimetric
analyses of neat PHBV and its composites.

T, °O) | T,(°C) | Residue(%) at 600 °C
PHBV 273 290 0.4
PHBV-3C 275 291 0.4
PHBV-10C 272 287 1.3
PHBV-25C 270 288 2.7
PHBV-45C 264 281 4.8
Cellulose 286 348 15.8

5% weight loss occurs), the maximum degradation
temperature (T,, corresponding to the DTG peak) and
the residue (%) at 600 °C were determined; results are
summarized in Table 2.

Thermogravimetric analysis (TGA) of cellulose
revealed that the thermal degradation of these fibers
takes place in a single weight loss step around 350 °C,
with a residue of 15.8%, in agreement with other
works [41].

PHBV thermal degradation also takes place in a
single weight loss step between 260 °C and 300 °C.
This degradation occurs abruptly because of the chain
scission reaction mechanism, leading to a dramatic
loss of molecular weight and consequently a low ther-
mal stability, as reported in the literature [42]. The
onset degradation temperature of PHBV is 273 °C and
the maximum decomposition temperature is 290 °C.

In the case of PHBV/cellulose composites, it seems
that the addition of low filler contents does not alter
the thermal stability of PHBV. The addition of high
contents of cellulose fibers, however, slightly decreases
the onset degradation temperature and the maximum
degradation temperature of the composites. This
behavior is attributed to interactions between cellu-
lose and PHBYV, similar to those reported by Petinakis
et al. for PLA starch systems [43].

A secondary degradation peak was found around
350 °C in PHBV/cellulose samples, which was related
to cellulose decomposition. The residue at 600 °C was
approximately 0.4% and increased with the cellulose
addition up to 4.8% for the highest filler content. These
residue values are lower than expected on account of
the residue of cellulose. The deviation is probably
owed to the formation of crotonic acid during the
thermal degradation of the PHBV, which is able to
hydrolyze cellulose [44], and consequently the residue
values are lower.

3.1.5 Mechanical Behavior

Dynamic mechanical analysis (DMA) was performed
on PHBV and PHBV/cellulose composites to study
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Figure 5 Storage modulus and Tan-8 curves
obtained from the DMA of neat PHBV and its
composites.

Table 3 Storage modulus at diferent temperatures
and Shore D hardness of PHBV and PHBV /cellulose
composites.

E’ (MPa) Hardness at 25°C
25°C | 100°C (Shore D)
PHBV 3270 998 81+1
PHBV-3C 3310 1170 80+1
PHBV-10C 3560 1170 81+1
PHBV-25C 3630 1320 82+1
PHBV-45C 3740 1700 86+1

the effect of the cellulose content on the mechanical
performance throughout the whole temperature range
from T to melting temperature. The storage modu-
lus (E) and Tan- curves are shown in Figure 5, and
dependence of the storage modulus on the tempera-
ture is summarized in Table 3.

At temperatures below glass transition no major
differences in storage modulus were detected among
the different materials. Indeed, all the studied samples
showed a very stiff behavior. On the other hand, at
temperatures above T , a rise in the storage modulus
was observed as the addition of cellulose increased,
therefore showing a good reinforcing effect. This effect
can be attributed to the good interaction between the
fillers and the biopolyester matrix, according to the
SEM observation on the coherent interphase.

At high temperatures, the reinforcement provided
by the cellulose fibers was even more noticeable as
the matrix decreased its stiffness. In this context, the
storage modulus of the pure PHBV at 100 °C dropped
to a value ca. 1000 MPa; and that containing 45 wt%
of cellulose fibers presented a storage modulus of
1700 MPa, thus showing an increase of 70%. Similar
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behavior was reported by Bhardwaj et al. [45] for other
cellulosic fillers. The increment in the stiffness of the
PHBV /cellulose composites at high temperatures
improves the performance of this material in applica-
tions where temperatures close to or above the boil-
ing point of the water are easily reached (such as food
packaging applications).

Tan-8 vs. temperature plots are shown in Figure 5.
Tan-6 curves present a single peak at temperatures
close to 20 °C, indicating the o-relaxation of the com-
posites, which can be attributed to the glass transition
temperatures (T ). No remarkable differences in T
values were found for low cellulose contents with
respect to the neat PHBV. However, for a 45% cellu-
lose content, Tan-6 peak was slightly shifted towards
higher temperatures. This can be attributed to the
limitation of chain mobility within the polymer matrix
introduced by the fibers [38].

Additionally, Shore D hardness of PHBV and its
composites was assessed. Results are summarized in
Table 3. From the results it can be concluded that with
low filler contents there were no changes in hardness.
Nevertheless, the highest loaded composition showed
a significant increase of hardness. This increase is in
accordance with the reinforcing effect observed in
DMA analyses.

3.1.6 Degradation in Composting Conditions
of the PHBV/Cellulose Composites

Disintegration in composting conditions was evaluated
by measuring the weight loss of PHBV and PHBV/
cellulose composite samples according to the ISO 20200
standard. Figure 6 shows the disintegration rate of the
samples as a function of time. Weight loss remains prac-
tically unchanged until the 20th day of composting.

100 = [——PHBV
—s— PHBV-3C
Il PHBV-10C
80 = |~ PHBV-25C
= -+~ PHBV-45C
S il
5 60—
® o
o
S 40 —
£
] =
2
20 —

0 10 20 30 40 50 60
Time (days)

Figure 6 Disintegrability (%) of PHBV and PHBV/cellulose
composites under composting conditions as a function of
time.

J. Renew. Mater., Vol. 4, No. 2, April 2016

After 20 days the disintegration rate increases mark-
edly to reach total disintegration in 47 days of test-
ing. No significant differences in weight loss rate were
observed among samples, so it seems that the cellulose
addition does not affect the disintegration rate.

Figure 7 shows the visual appearance of PHBV and
PHBV/cellulose composite samples removed from
compost at different composting times. No evident
changes in the visual examination were detected in
the first three weeks of composting, except for a slight
surface roughening. This surface roughening indicates
the beginning of the disintegration process. In fact, as
reported in the literature, the degradation phenomenon
occurred with erosion from the surface to the inside [9].
At 42 days clear physical changes on the surface and
morphology of the samples were observed. All of the
samples were broken into small pieces and showed
similar roughening and physical alterations. At longer
composting times, samples were more disintegrated,
leaving small pieces less than 2 mm in size.

Figure 8 shows an SEM micrograph of the sample
PHBV-45C at 40 days under composting conditions
where the bacterial growth and the degradation
advance can be observed. It can be assumed that the
microorganisms attack the polymer amorphous phase
in the first stages of the degradation process, following
disintegration with assimilation of the crystal struc-
tures of the matrix and the filler [46].

4 CONCLUSIONS

In this work, “green,” low-cost PHBV /cellulose com-
posites biodegradable under composting conditions

0 days 28 days 42 days
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Figure 7 Visual aspect of PHBV and PHBV/cellulose
samples after 0, 28 and 42 days under composting conditions.
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Figure8 SEM micrograph of the sample with 45% of cellulose
contentent (PHBV-45C) at 40 days of the composting test.

(ISO 20200) were prepared by melt blending with 0, 3,
10, 25 and even 45% cellulose fiber content.

Good adhesion and homogeneous dispersion were
obtained in all cases. Composites obtained had a simi-
lar thermal stability to that of pure PHBV. Only at 45%
cellulose content did a significant decrease in onset
degradation temperature (T,,) appear. Cellulose addi-
tion did not alter the crystal structure or the crystallinity
degree. An increase of the storage modulus as cellulose
content rose was noticed. This reinforcing effect was
especially pronounced at high temperatures. Indeed,
at 100 °C the composite with 45% cellulose content
showed an increase of 70% in the storage modulus with
respect to neat PHBV. The PHBV / cellulose composites
prepared were degradable under composting condi-
tions and the addition of cellulose fibers did not affect
the disintegration rate compared with neat PHBV.
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