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Abstract. Biocomposites from polyhydroxybutyrate (PHB) and some bio-fillers such as lignin (L), alpha cellu-
lose (AC) and cellulose nanofibrils (CNFs) were prepared to investigate the effect of the bio-fillers on the proper-
ties of PHB by a solvent casting method. The thermal properties by thermogravimetry analysis (TGA-DTG and
DTA) and differential scanning calorimetry (DSC) were determined; morphological characterization by scanning
electron microscopy (SEM) and structural analysis by X-ray diffraction (XRD), and Fourier transform infrared
spectroscopy (FTIR) of the biocomposites were performed. TGA curves showed that the highest values for 7'1¢¢,,
Ts509 of the biocomposites were 278.2°C for PHB +2%AC and 291.7°C for PHB+2% CNFs; however, the best
value for T75¢, was obtained as 381.5°C for PHB +2%L. According to DTG curves, the best results were found
for PHB+0.5%L and PHB + 0.5% CNFs. DTA showed an increase in temperature of maximum degradation with
loading of lignin and CNFs. The addition of bio-fillers increases T and T, for both first cooling/heating and second
cooling/heating. T and Ty, values for first cooling/healing were found to be lower as compared with second cool-
ing/healing. Furthermore, the addition of bio-fillers acts as a nucleating agent in PHB and SEM pictures showed the
porous structure in all biocomposites. SEM images revealed uniform distribution of the reinforcing particles in the
polymer at low loadings (0.5 wt%), while higher loadings (2wt%) of L. and CNFs contributed to easy aggregation
within the PHB matrix. In XRD studies, PHB in the range 5-55° shows 6 main peaks. XRD patterns of the PHB
biocomposites revealed 3 main peaks at 13.57°, 16.87° and 22.1°, and the other peaks disappeared in the patterns.
The largest and lowest values of X were found for PHB+2 % AC and PHB+2 % CNFs, respectively.
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to its specific properties—biodegradability and biocompati-

Plastics, which are derived from petroleum and not readily
biodegradable, are used to produce many materials, and the
plastic waste disposal has particularly increased in the pack-
aging applications from day to day [1]. However, the con-
sumption of these plastics caused a major disadvantage,
resulting in air pollution because of their inherent toxicity,
and there are large damages to natural life by contamina-
tion of oceans, seas and rivers [2]. The development and
production of bioplastics from renewable resources have
been started because of the environmental impact of plastics
and the studies conducted on the eco-friendly and non-toxic
alternatives to conventional petrochemical-derived plastics
[3.4].

Biopolymers can be obtained from renewable resources,
synthesized microbially or synthesized from petroleum-
based chemicals. The most abundant biopolymers based
on renewable resources are polylactic acid (PLA), poly(3-
hydroxybutyrate) (PHB) and polycaprolactone (PCL) [5].
PHB has attracted great scientific and industrial attention due
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bility, which are the reason for a wide range of untraditional
applications of polymers [6,7]. PHB has properties similar
to those of polypropylene; however, its high melting tem-
perature of 170°C complicates the processing of PHB [8,9].
An important advantage of this polymer is its water vapour
barrier property, usefully as films [7,10]. One of the major
disadvantages of PHB is its poor mechanical properties and
brittleness/fragility. In order to remove this disadvantage,
there are some reports on reinforcing effects of bio-fillers/
particles in PHB. Reinforcements of bio-fillers in PHB like
wood flour [11], wood fibre [12], cellulose fibre [5,13-16],
microcrystalline cellulose [17], cellulose nanowhiskers [18],
lignocelluloses [19], lignophenols [20], etc. have also been
reported. These studies showed that the addition of low per-
centages of bio-fillers has positive effects on the structural
properties of the PHB.

The aim of this work was to investigate the crystalline
structure, morphological and thermal properties of PHB
with cellulose nanofibril (CNFs), alpha cellulose (AC) and
lignin (L) in the biocomposites using differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA—
DTG), Fourier transform infrared spectroscopy (FTIR) and
wide-angle X-ray diffraction (XRD).
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wood TAPPI T222 om-02 (2002) and TAPPI T212 om-02
) (2002), respectively. L particles were then shredded to micro-
2.1 Materials size to obtained better particle size with a mechanical grinder.
CNFs were supplied from Graphene Chemical Inc. (Turkey).
PHB as a polymer matrix was obtained from GoodFellow.

2. Materials and methods

Lignin (L), CNFs and AC were used to reinforce PHB
matrix. L and AC fillers were of Beech (Fagus orientalis L.)
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Figure 1. Scanning electron microscopy images of the reinforcing fillers.
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Density of PHB was 1.25 gcm™>. The reinforcing fillers are
shown in figure 1.

PHB is a natural thermoplastic polyester that is produced
by bacterial fermentation [9] and degrades fully in the envi-
ronment without forming any toxic products [1]. PHB has
a very high potential for industrial applications due to its
high crystallinity (50-70%), excellent gas barrier and physi-
cal properties. Some important properties of PHB matrix are
given in table 1.

Table 1. Some properties of PHB [34].
Properties Values
Melting temperature, Ty, (°C) 180
Tensile strength (MPa) 40
Tensile modulus (MPa) 2500
Glass transition temperature, 7g (°C) 4-5
Density (g cm ™) 1.25
Crystallinity (%) 60-80
Elongation at break (%) 6
Flexure modulus (GPa) 3.5
Izod impact strength (J m~") 35-60
Table 2. The formulation used and loading rates of PHB
biocomposites.
Formulations PHB (%) NCC (%) AC (%) L (%)
Pure PHB 100 — — —
PHB+0.5%AC 99.5 — 0.5 —
PHB+2%AC 98 — 2 —
PHB+0.5%CNFs 99.5 0.5 — —
PHB+2%CNFs 98 2 — —
PHB+-0.5%L 99.5 — — 0.5
PHB+2%L 98 — — 2
100
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2.2 Preparation of bio-fillers/PHB biocomposite films

PHB and PHB biocomposite films were prepared using a sol-
vent casting method with small modifications. The formulations
used and the loading rates for the biocomposites are
presented in table 2.

PHB (5 g) dissolved in chloroform (100 ml) was strongly
mixed for 30 min at room temperature (25 £ 2°C) with a
magnetic stirrer. The blends obtained were poured into Petri
dishes and dried at room temperature for 24 h under an air-
hood. The dried PHB films were then removed from the
Petri’s surface. In the preparation of the PHB biocomposites,
AC, L and CNFs at low (0.5%) and high (2%) loadings were
suspended in chloroform under magnetic stirring for 15 min.
The blends were then sonicated for 15 min at room tempera-
ture with an ultrasonic mixer at 50 W and 50% frequencies.
The solutions containing 0.5 and 2 wt% of AC, L and CNFs
were added to the previously prepared PHB solution and then
stirred vigorously for 15min with a magnetic stirrer. The
blends were sonicated for another 15 min, and then put into
Petri dishes. The final films were obtained by the procedure
explained above for pure PHB films. After drying at room
temperature for 24 h under the air-hood, all PHB composite
films were placed in a condition chamber.

2.3 Characterization and testing

2.3a  Thermogravimetric analysis (TGA/DTG—DTA):
Thermal stability test was carried out using a Perkin Elmer
analyzer on samples of about 5 mg. Each sample was scanned
over a temperature range from room temperature to 600°C
at a heating rate of 10°C min~' under nitrogen with a flow
rate 20 ml min~! to avoid sample oxidation. The degradation
temperature for weight loss at 10, 50, 75 and 90% (To%,
Ts0%, T759, and Tygq) was also calculated. Dynamic thermal
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Figure 2. Weight loss percentage of bio-fillers during thermal test.
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analysis (DTA) curves were determined using a TGA
analyser. T;, (melting temperature) and 7y (degradation
temperature) were also measured from the DTA curves.

2.3b  Differential scanning calorimetry (DSC). DSC was
conducted using the Perkin Elmer analyzer on samples of
about 5 mg. All samples were held at 20°C for 5 min, heated
at a rate of 10°C min~! to 300°C, subsequently held for
5 min to erase thermal history, then cooled at a rate of 10°C
min~! to 20°C, subsequently held for 5 min and heated again
at a rate of 10°C min~! to 300°C under a nitrogen atmo-
sphere with 30 ml min~! flow rate. Melting temperature (7},),
crystallization temperature (7;), melting enthalpy (A H,),
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crystallization enthalpy (A H.) and crystallinity (X.) were
calculated. The specimens’ X, was calculated according to
the following equation [21,22]:
A H;
X = —— x 100,
w AH;

where A Hy is the heat of fusion of the PHB composites, A Hf0
the heat of fusion for 100% crystalline PHB (A Hig09, =

146J g7!) and w is the mass fraction for PHB in the compo-
sites [21,22].

2.3c  Scanning electron microscopy (SEM): The morpho-
logical analysis of the biocomposites was performed by
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Figure 3. Derivative thermal gravimetry of the bio-fillers during thermal test.
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Figure 4. Derivative thermal analysis of bio-fillers during thermal test.
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environmental scanning electron microscopy (ESEM), using
a Tescan MAIA3 XMU-SEM, with an accelerating voltage
of 5kV. The surface of all samples was sputter-coated with
gold using a Denton sputter coater for enhanced conductivity.

2.3d X-ray diffraction analysis (XRD): X-ray diffrac-
tion (Rigaku, Japan, 2500V, CuKea radiation: 1.54056 A)

Table 3. The summary of TGA, DTG and DTA of the bio-fillers.
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analysis was carried out on both pure PHB and bio-
fillers/PHB biocomposites. The solvent cast films were cut
into a size of about 15mm x 15 mm and the X-ray diffrac-
tograms were recorded in the range 5-55° (20) with a step
size of 0.04°, and a time per step of 1s. The same sample
holder and the same position of the holder were used for all
tests. The crystallinity index (CI) of the powdered samples
was calculated as the ratio of the total area under the resolved
crystalline peaks to the total area under the unresolved
X-ray scattering curve [23,24]. CI values were found using
the following formula:

TGA (°C) DTG (°C) DTA (°C)
Tiow Ts509 T759, Residue (%) DTGpax Ty CI (%) = L’
2 (Ac+ Ay
L 2723 5367 — 46.7 397.6 473.4 . : i
Ko e ot seas 1o 340.1 3447 where A. is the integrated area underneath the respective
CNFs 2534 311.6 588.1 2438 2789 2781 crystalline peaks, and A, is the integrated area of the amor-
phous halo.
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Figure 5. Weight loss percentage of all PHB biocomposites during thermal test.
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Figure 6. Derivative thermal gravimetry of all PHB biocomposites during thermal

test.
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2.3e  Fourier transform infrared spectroscopy (FTIR):
FTIR was used to determine the changes in the chemical
structures of all of the samples. One milligram of the samples
was ground into powder with infrared-grade KBr powder and
pressed into a pellet for measurement. Each spectrum was
recorded in the range of 700-4000 cm™! with a resolution of
2cm™

3. Results and discussion

The TGA measures the changes in sample mass as a func-
tion of the temperature during testing; thermal behaviour of
the samples was determined with the changes in the sam-
ple mass. Thermal degradation behaviour of PHB composites
with bio-filler concentrations of 0.5 and 2% was researched
using TGA. Figures 2, 3 and 4 show the TGA, DTG and
TDA thermograms, respectively, of pure L, AC and CNFs.
Table 3 also shows a summary of the thermal properties. For
the TGA curves of the L, AC and CNFs, low weight loss was
detected over the temperature range of 50-230°C because of
evaporation of the bounded water in the bio-fillers. The first
Tonset Was found to be 250.8°C for CNFs, and Ty for AC
and L were found to be 295.5 and 340.8°C, respectively.
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As seen as table 3, the best stability of fillers was deter-
mined for L. Tjgq, and T5qq, of L were found to be 272.3 and
536.7°C, respectively. T7s4, of L was not determined because
it exhibited the maximum degradation at 550°C. Tjpq and
Ts09, of AC and CNFs were determined to be 268.3, 253.4
and 339.1, 311.6°C, respectively. According to the weight
loss, the maximum degradation was found to be 74.6% for
AC; however, the minimum degradation was measured as
53.3% for L. DTG curves showed the maximum degrada-
tion at 397.6°C for L, and DTA peak for L was obtained at
473.4°C. The TGA-DTG curves of the PHB composites in
figures 5 and 6 exhibit three different degradation stages: (1)
in the range of 60-200°C with weight loss of 1.5-2%; this
mass loss may be attributed to vaporization of water; the free
water is evaporated below 100°C but linked water that forms
physical bounds with polymers is evaporated only above
100°C; (2) in the range of 200-320°C as a result of ther-
mal degradation of PHB main chains and (3) in the range of
320-420°C due to the thermal degradation of the bio-fillers.

DTA curves showed the two peaks of melting peak (7},)
and decomposition peak (7). From figure 7, the maximum
value of T}, was found for the PHB composites with 2%AC,
whereas the minimum value of 7, was determined for the
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Figure 7. Derivative thermal analysis of all PHB biocomposites during thermal test.

Table 4. The summary of TGA-DTG and DTA of the all PHB biocomposites.

TGA (°C) DTG (°C) L(OC)
T0% Ts09% Tooo Residue (%) DTGmax T T4

Pure PHB 274.6 2904  360.2 2.7 292.3 172.1 2948
PHB+0.5%L 276.5 291.1 378.9 3.5 292.5 171.8 2952
PHB+2%L 272.6 2889 381.5 4.4 290.6 170.2 2959
PHB+0.5%AC 273.4 2892 3614 2.8 290.9 170.7  292.6
PHB+2%AC 278.2  290.5 366.2 3.1 291.9 172.4 2939
PHB+0.5%CNFs 2739 2904 3484 1.6 202.2 170.6 2948
PHB+2%CNFs 2758 29177 374.6 4.2 292.3 1714 295.6
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PHB composites with 2%L. As regards T, values, the maxi-
mum and minimum values were found for 0.5%AC and 2%L,
respectively.

From the summary of the thermal analysis given in table 4,
it was found that the largest residues were for PHB com-
posites with 0.5%L and 2%L. The highest values of Ty,
Ts0% and Trs4, were measured in PHB+2%AC as 278.2°C,
PHBO0.5%L as 291.1°C and PHB+2%L as 381.5°C, respec-
tively. The largest value of the DTGy,,x was found to be
292.5°C for PHB+-0.5%L.
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Figure 8. Thermal isotherms for first heating and cooling of the
PHB biocomposites.
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Figure 9. Thermal isotherms for second heating and cooling of
the PHB biocomposites.
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As a result, lignin has the best thermal stability in the bio-
fillers according to the TGA analysis, and the addition of L
improved the thermal stability of the PHB composites; it can
be said that the L particles can be used for thermal retardancy
in polymer matrix. Figures 8 and 9 show the DSC for Ist
and 2nd heating/cooling of the PHB composites with 0.5 and
2 wt% bio-fillers L, AC and CNFs.

DSC analysis was carried out to investigate the effect of L,
AC and CNFs on the PHB matrix. The crystallization tem-
perature (7;), crystallization enthalpy (A H.), melting point
(Tym), melting enthalpy (A Hp,) and crystallinity (X.) were
measured for pure PHB and the PHB biocomposites after 1st
and 2nd heating/cooling. As shown in table 5, pure PHB has
a melting peak and a crystallinity peak at 172.4 and 109.8°C,
respectively. When PHB was blended with the bio-fillers,
the peaks of the PHB composites exhibited a double melt-
ing peak at 155 and 175°C. The double melting peaks for
the PHB after loading with various fillers were determined
in the studies [25,26] and attributed to a bimodal distribu-
tion of crystallite size resulting from changes in molecular
weight due to random scission of long PHB chains, i.e., to
the decrease in the molecular weight [26]. T. and T, for all
PHB composites were in the range of 109-112 and 172-
177°C, respectively. An improvement in 7;. and 7}, value was
observed by incorporation of bio-fillers into PHB (table 5).
T, and T, values in Ist heating/cooling were found to be
higher than the values obtained after 2nd heating/cooling.
Melting and crystallization enthalpies changed, respectively,
from 57.4 to 66.1 and 46.1 to 51.9J g~ ! after filling with bio-
fillers of PHB matrix. Both enthalpies were found to be lower
at 2nd heating/cooling as compared with the values obtained
with fist heating/cooling. The crystallinity (X.) was deter-
mined to range from 39.3 to 45.3 and from 35.4 to 41.7% for
first and second heating/cooling, respectively.

SEM studies were conducted to investigate the dispersion
of L, AC and CNFs in the PHB matrix and SEM micrographs
are shown in figure 10. SEM images in figure 10b and c
show the dispersion of PHB with AC. The interface between
AC and matrix was found to be poor because of large pores,
and there are no connections between AC and the polymer
matrix. Pores were also observed on the PHB biocomposites
with L and CNFs. Absence of the pores is related to the high
viscosity and toughness of the PHB matrix [27]. The L and

Table 5. The summary of DSC analysis of the all PHB biocomposites.

Cooling Heating
I. O AH Jg") Im O AHn(Jg™") Xc (%)
Samples Ist 2nd Ist 2nd Ist 2nd Ist 2nd Ist  2nd
Pure PHB 109.8 1074 49.6 49.6 1724 167.8 64.8 60.8 445 41.6
PHB+0.5%L 110.6 108.6 46.1 45.6 174.1 1709 574 51.6 393 354
PHB+2%L 111.5 109.5 519 514 176.2 171.7 66.1 59.7 453 40.1
PHB+0.5%AC 1104 108.3 499 48.7 1745 170.6 64.8 60.9 445 417
PHB+2%AC 111.5 108.1 495 493 1754 1719 654 56.2 44.8 38.5
PHB+0.5%CNFs 109.8 107.6 49.3 48.7 176.1 1709 61.6 55.6 423 38.1
PHB+2%CNFs 111.3  109.5 50.7 50.6 1745 1713 658 574 45.1 395
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Figure 10. SEM images of the PHB biocomposites. (a) Pure PHB, (b) 0.5% AC and (c¢) 2% AC,
(d)0.5% L, (e) 2% L, (f) 0.5% CNFs and (g) 2% CNFs.
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Figure 12. XRD patterns of the PHB biocomposites.

CNFs were homogenously dispersed in PHB matrix, and the
sizes of the pores in PHB matrix were smaller than in the
PHB biocomposites with AC.

The XRD patterns of bio-fillers determined in the range
10-55° are shown in figure 11. The patterns show peaks at
21.6° for L, 19.15 and 21.87° for AC, and 14.93, 22.59 and
34.50° for CNFs. There was a small peak at 35.2° for AC,
but it is not visible in figure 11. The peaks generally match
with those in other studies in the literature [28-31].

The XRD patterns of PHB in the range 5-55° show six
main peaks (centred at 20 = 13.57, 16.87, 22.1, 25.6, 27.2
and 36.7° attributed to the 020, 110, 021, 111, 121, 040 and
002 planes). XRD patterns of PHB biocomposites showed
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Table 6. Crystallinity index of the all PHB biocomposites.

Samples CI (%)
L 27.9
AC 60.2
CNFs 59.7
Pure PHB 43.1
PHB+0.5%L 38.2
PHB+2%L 39.5
PHB+0.5%AC 44.5
PHB+2%AC 44.8
PHB+0.5%CNFs 34.7
PHB+2%CNFs 31.5
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Figure 13. The FTIR spectra of the PHB and its biocomposites with different
loadings of bio-fillers in the region from 600 to 3600 cm™!.

three main peaks at 13.57, 16.87 and 22.1°, and the other
peaks disappeared in the patterns. Crystalline index (%) was
calculated according to Rabiej [23,24] and the values are
shown in figures 11 and 12. Table 6 shows the crystallinity
index (X.) of the bio-fillers and PHB biocomposites. From
table 4, X. is found to be 27.9% for L, 59.7% for CNFs
and 60.2% for AC. In the PHB composites, the crystallinity
index was measured to range from 31.5 to 44.8%. The largest
and lowest values of X. were found for PHB + 2%AC and
PHB + 2%CNFs, respectively.

FTIR spectra from 600 to 3600 cm~' are shown for PHB
with the bio-fillers such as AC, CNFs and L (figure 13).
The band found at 1,721 cm™" is due to the carbonyl group
(C = O) of PHB and PHB biocomposites. Peaks at 1,384,
1,128, 1,091 and 1,052 cm™! correspond to the amorphous
phase of PHB and bands at 1,275, 1,261, 1,224, 1,182 and
1,046 cm™! arise from the crystalline phase. The bands at
1,261, 1,224, 1,182 and 1,046cm™! correspond to the C—
O-C stretching modes of the crystalline components. The
band at 1,372 cm™! is assigned to the symmetric deformation
mode of the CH; group and the band at 822 cm™! is attributed
to CHj bending in PHB [2,32,33].

FTIR spectra show that the peaks of carbonyl group
and other characteristic peaks in biocomposites are changed
to higher or lower wavenumbers. The peaks at 1.379 and
1.448 cm™! are assigned, respectively, to -C—H— deforma-
tion including symmetric and asymmetric bends, while the
peaks at 1.273, 1.276, 1.220, 1.128, 1.045, 977 and 825 cm™!
are attributed to —C—O-C- stretches. In this study, some
changes near the -C—H- peak were also observed, i.e., some
hydrogen bonding in PHB composites as indicated by shifted
peaks (1.379 and 1.718 cm™!). There are changes in inten-
sities for C=0, -C-O—C- and —C-H- bands (e.g., 1.220,

1.273 and 1.276 cm '), which could be indicators of changes
in crystallinity ratios. The C—H group located at 2933.87 and
2978.11cm™! reflects lipid nature of PHB, such as sym-
metric—asymmetric stretching band of methyl-methylene [1].

4. Conclusions

In this work, the effects of the bio-fillers such as L, AC and
CNFs on the thermal, morphological and structural proper-
ties of PHB were observed by TGA, DSC, SEM, XRD and
FTIR. The addition of the bio-fillers improved the thermal
behaviour, and improving effect of L was found to be higher
than those of the other fillers. 7. and T;, values increased
with incorporation of bio-fillers into PHB, and 7, and T, for
1st heating/cooling were found to be higher than the values
obtained after 2nd heating/cooling. SEM images showed that
interactions between filler and matrix were found to be poor
because of large pores. But the pores in the PHB biocompos-
ites with L and CNFs were found to smaller than in the PHB
biocomposites with AC. In XRD patterns, L has lower crys-
tallinity in comparison with the AC and CNFs. The struc-
tural properties of the PHB biocomposites were observed to
be similar from XRD and FTIR analysis.
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