J Therm Anal Calorim (2017) 128:1513-1526
DOI 10.1007/s10973-016-6039-9

CrossMark

@

Thermal properties of poly(3-hydroxybutyrate) modified

by nanoclay

Anna Czerniecka-Kubicka' - Wiestaw Fracz® - Marek Jasiorski® - Wojciech Blazejewski® -

Barbara Pilch-Pitera' - Marek Pyda' - Iwona Zarzyka'

Received: 15 March 2016/ Accepted: 5 December 2016/ Published online: 22 December 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract Nanocomposites based on poly(3-hydroxybu-
tyrate) (P3HB) and Cloisite®30B were prepared by direct
mixing in a co-rotating twin-screw micro-extruder. The
X-ray diffraction method and transmission electron
microscopy allowed to identify the nanostructure. Thermal
properties of the obtained nanocomposites were investi-
gated with the use of thermogravimetry (TG) and differ-
ential scanning calorimetry (DSC). TG analysis of
nanocomposites showed that thermal stability of the
obtained nanocomposites was higher by approximately
20 °C than the neat P3HB. The phase transitions such as
the glass transition, the crystallization and the melting have
been studied by the DSC. The influence of nanofiller’s
presence in the polymer matrix on glass transition, crys-
tallization and melting processes of the material obtained
was determined and compared with the neat P3HB. The
clay addition to the polymer matrix made the increase of
the degree of crystallinity and the increase of the degree of
amorphous of semi-crystalline P3HB. Furthermore,
mechanical properties such as impact strength, flexural
strength and hardness were investigated and compared with
unfilled P3HB. Obtained nanocomposites containing
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1 mass/% of Cloisite®30B have the best mechanical
properties, better than the neat P3HB.
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Introduction

Recently, the biodegradable and biocompatible polymers
are drawing a lot of attention because they are friendly to
the environment. As a result, they have many biomedical
applications, such as surgical materials, bridging and
guiding materials for regenerating tissues such as nerve
fibers and bones, scaffold material in repairing the atrial
septal defect in calves, cardiovascular stents, barrier films
for dental treatment, and micro-particulate carriers for drug
delivery [1-10]. Biopolymers have been a very interesting
field of research in comparison with conventional poly-
mers, since they have been obtained from renewable
resources. The degradation of conventional polymers is
more difficult and the time of their application is very
short, but they are still used to produce single-trip con-
tainers in agriculture.

Polyhydroxyalkanoates (PHAs) are naturally produced
from various carbon substrates as carbon or energy reserve
by microorganisms. PHAs are accumulated by a wide
variety of prokaryotic organisms as cellular dry mass (from
30 to 80 mass/%). One of the representatives of polyhy-
droxyalkanoates is poly(3-hydroxybutyrate) (P3HB) which
is a fully biodegradable thermoplastic aliphatic polyester
produced by many bacteria strains from cheap and
renewable resources.

P3HB is a semi-crystalline polyester (above 50% of
crystallinity) with a high melting point, 7},, = 173-180 °C,
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in comparison with other biodegradable polyesters [11]. Its
glass transition temperature (7) is around 5 °C (0-27 °C)
[12, 13]. The physical and mechanical properties of P3HB
are compared with the isotactic polypropylene which made
the P3HB a very attractive material [14]. Nevertheless, it
has got several disadvantages: rigidity, brittleness and low
thermal stability which nearly equals the melting temper-
ature. These properties limit the commercial application of
P3HB on a wide scale.

The thermal instability of this polymer in time of the
melting process makes the replacement of the commercial
non-biodegradable polymer with the P3HB difficult
because of a narrow window for the processing conditions
[15]. The establishment of thermal degradation process
parameters provides particular information about internal
structure of the polymer material [16, 17]. This problem is
so crucial that the research in order to improve P3HB
thermal stability should be conducted.

One of the methods to modify the properties of P3HB is
the plasticization with citrate ester; these copolymers of
P3HB are more adaptable for the process [12].

Among others, biosynthesis of copolymers with partic-
ipation of other hydroxyalkanoate acid than 3-hydroxybu-
tyrate acid, e.g., 3-hydroxyvalerate acid, was conducted
[15, 18]. The next example is the preparation of the P3HB
blend with other biodegradable polymers with suit-
able properties [11]. Moreover, block copolymers of P3HB
are obtained in order to improve the properties of this
latter [19].

Another possibility of the thermal stability enhancement
is the preparation of nanocomposites containing P3HB.
Nano-biocomposites are very interesting materials because
they exhibit improved properties while maintaining a good
degree of biodegradability of the material and non-toxicity
[20]. These types of materials are mainly designed for
biomedical applications and some short-term uses, for
example to produce packs in agriculture or hygiene
devices [18].

In many publications involving nanocomposites based
on P3HB [21-30], the thermal decomposition kinetics have
been studied using the TG method. Their thermal proper-
ties were not usually investigated by the DSC method.
Erceg et al. [22, 23] studied the thermal degradation of
nanocomposites containing P3HB and commercial mont-
morillonite modified by organic nanoclay—such as Cloi-
site 25A and Cloisite®30B produced by intercalation in
solution. However, Achilias and co-workers have investi-
gated the thermal decomposition of the nanocomposites
containing P3HB and octadecylamine-modified montmo-
rillonite prepared using an extruder [27]. Thermal studies
of these nanocomposites have been performed using ther-
mogravimetry analysis, and the kinetic analysis was per-
formed using isoconversional method. In turn, Panayotidou
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and co-workers studied biodegradation process and ther-
momechanical  properties of nanocomposites  of
P3HB/montmorillonite. The last one was modified by
octadecylammonium ions [21]. Nanocomposites were also
obtained for P3HB matrix involving starch [28, 30], and
lyocell or kenaf fiber [29], but these composites were tested
only in respect of mechanical properties and biodegrada-
tion [29]. Vitorino et al. [20] investigated kinetics of non-
isothermal melt crystallization of PHB composites based
on babassu. Naguib et al. [31] tested properties of
nanocomposites P3HB/Cloisite®30B by DSC, but com-
posites were obtained by intercalation methods. Detailed
thermal study of nanocomposites P3HB by DSC was
conducted by Prakalathan et al. [32], wherein the nano-
fillers used were Cloisite C15A, C25A and C93A.

In this paper, new nanocomposites with the P3HB
matrix and Cloisite®30B as nanofiller have been obtained
with the use of co-rotating twin-screw micro-extruder. The
structure of obtained nanocomposites was confirmed by the
X-ray diffraction (XRD) and transmission electron micro-
scopy (TEM) methods. The thermal properties of the
obtained new nanocomposites were investigated by DSC
method. Particularly, the effect of the nanofiller’s presence
(Cloisite®30B) on the glass transition temperature, melting
temperature, change in the heat of fusion and the heat
capacity change at T,, and the impact of the nanofiller
content on the change of these parameters were deter-
mined. Furthermore, the mechanical properties of the
obtained nanocomposites were tested and compared with
the neat P3HB.

Experimental
Materials

Poly(3-hydroxybutyrate) was supplied by Biomer (Krail-
ling, Germany), and it was used as received. Its melt flow
index was 0.11 g (10 minfl) (180 °C at 2.16 kg) and
average molecular mass M,, = 1.600000 g mol~' and
dispersity My, - M, ' = 7.6 as determined by size exclusion
chromatography in chloroform. Organically modified
montmorillonite Cloisite®30B was purchased from South-
ern Clay Products Inc. (Gonzales, USA). It is a natural
montmorillonite  modified with methylbis(2-hydrox-
yethyl)tallowalkylammonium cations.

Preparation

The nanocomposites were prepared by melt mixing of
P3HB with different amounts of Cloisite®30B (1,2 and 3
mass/%) in a co-rotating twin-screw micro-extruder. The
nanoclay was dried at 40 °C for 4 h under reduced pressure
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and then dispersed in chloroform, water or ethylene glycol
by ultrasonication at room temperature for 30 min. The
dispersions were filtrated, and the clay was dried at 40 °C
under reduced pressure. The melt mixing was carried out at
conditions given in Table 1. Unfilled P3HB was also melt-
mixed to prepare a reference material. Sample abbrevia-
tions and preparation conditions are given in Table 1.

Structure and morphology characterization
Scanning electron microscopy

Scanning electron microscopy was used for the character-
ization of the phase morphology of all prepared samples
(i.e., P3HB, P3HB-1, P3HB-2 and P3HB-3 composites).
The analyzed surfaces were previously coated with a thin
layer of gold in a sputtering process. A HITACHI S-3400N
scanning electron microscope equipped with an EDS sys-
tem was used at various image magnifications and an
accelerated voltage of 10 kV.

SAXS analysis

Small-angle X-ray scattering (SAXS) measurements were
taken at room temperature using X-ray diffractometer
Bruker SAXS Nanostar-U. Comparative spectra for com-
pression-molded samples were investigated in the trans-
mission mode (coupled h 2 h™") to check the effect of the
nanoparticles orientation. A small-angle goniometer was
coupled to a sealed-tube source of filtered Cu Ko radiation
(1.54 A) operating at 50 kV and 0.6 mA. The slit system
enabled collection of diffracted beam with the divergence
angle of less than 0.05. Measurements were taken in the
range from O to 5 of the diffraction angle, 26.

WAXS analysis

Wide-angle X-ray scattering (WAXS, 2D Phaser Bruker)
was applied to gain information about the structural
changes and phases of the obtained composites. A Cu Ka
ray was used for analysis. The scan rate was set to
1° min~"'; the imposed voltage and current were 30 kV and

10 mA, respectively; and the diffraction angle (20) was

varied from 10° to 60° at a rate of 0.02° min~".

Transmission electron microscopy

Transmission electron microscopy (TEM) was used to
study the nanostructure features of selected nanocompos-
ites. TEM analysis of obtained composites was performed
on a TECNAI G12 Spirit-Twin (LaB6 source) equipped
with a FEI Eagle 4k CCD camera, operating with an
acceleration voltage of 120 kV. Before the analysis, cryo-
ultramicrotomed sections of the samples were realized and
placed on 300-mesh copper grids.

TG analysis

TG measurements were taken in Termowaga TGA/DSC 1
(Mettler) within 25-650 °C in open alumina crucibles.
The measurement conditions were as follows: mass =
20-25 mg, heating rate ¢ = 5 °C min~', with constant
flow rate of around 80 mL min~"' nitrogen atmosphere.

DSC measurements

Measurements were taken in the temperature range from
—90 to 195 °C using two calorimeters: Q1000™ and TA
2920 from TA Instruments. These calorimeters are of heat
flux type and use an external refrigerator to cool the sam-
ple. All experiments were performed in a nitrogen atmo-

sphere with a constant flow rate of around 50 mL min~".

Mechanical properties

Test specimens for mechanical properties were obtained by
injection molding in accordance with DIN EN ISO 294-2 at
a mold temperature of 175 °C. The tested specimens were
4 mm in width and 10 mm in length. Charpy impact test
was performed according to ISO 179 (Method A), while
the flexural tests were performed at room temperature with
a span distance equating 60 mm according to EN ISO 178:
1996. The flexural modulus was determined using a

Table 1 Sample codes and preparation conditions of obtained nanocomposites

Sample designation Content of Solvent used for Temperature of Speed of
Cloisite®30B/mass/% nanofiller dispersion extrusion/°C rotation/rpm

P3HB-1 1 Water 170, 170, 170, 150 40

P3HB-2 2 Water

P3HB-3 3 Water

P3HB-3EG 3 Ethylene glycol

P3HB-3C 3 Chloroform
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deformation rate of 2 mm min~" and flexural strength with
10 mm min~".

Hardness test was realized using a Zwick Roell 3106
hardness tester according to DIN EN ISO 2039-1, with the
ball diameter of 5 mm and 350 N of load. At least five

specimens were used for each data point.

Results and discussion

Composite morphology: SEM and EDX
observations

The morphology of P3HB and its composites containing 1,
2 and 3 mass/% of Cloisite®30B was observed by scanning
electron microscopy (SEM) and is illustrated in Fig. la—d.
The surface of neat P3HB is porous with an elongated
structure (Fig. 1a). The surface porosity might be due to
the presence of low molecular mass molecules, e.g.,
moisture, that are trapped inside the particles. The micro-
graphs in Fig. 1b, c illustrate the very good and uniform
dispersion of the nanoclay particles in the polymer matrix.
The bright features in the figure represent the clay. The
uniform distribution of nanoclay in the samples results
from the relatively large gallery spacing of Cloisite®30B.

In order to investigate the distribution of Cloisite®30B
particles in the P3HB nanocomposite matrix in more
accurate way, energy-dispersive X-ray analysis (EDX, dot
mapping of elements) was performed (Fig. 2). EDX anal-
ysis reflected the composition of the obtained hybrid
organic—inorganic polymer composite, containing carbon,
oxygen, silicon and aluminum. The mapping of the ele-
ments found on the SEM images (Fig. 2) by X-ray analysis
allows to estimate the quantity of the elements in terms of
atomic and mass percentages. The EDX analysis for all
samples is summarized in Table 2.

Fig. 1 SEM photomicrograph of the samples: P3HB, P3HB-I,
P3HB-2 and P3HB-3
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Figure 2b—d shows the carbon, oxygen, silicon and
aluminum atom distributions on the samples. The analysis
shows a small increase in C atom percentages for com-
posites P3HB-1 compared to neat P3HB and, next, the
small decreasing of C content. This may be due to the
presence of long chains of ammonium cations in the
samples. The silicon atom percentage increases, as the
Cloisite®30B is incorporated in larger amount and their
distribution is still uniform. The aluminum atom presence
is visible only in P3HB-3, i.e., in the case of highest con-
tent of Cloisite®30B. Probably, it results from the smaller
amount of aluminum in the remaining composites.

Nanostructure analyzed by X-ray diffraction

X-ray diffraction (XRD) technique was employed in the
range 1°-5° to characterize the nanoclay structure within
the prepared nanocomposites. The influence of the solvent
type (water, chloroform, ethylene glycol), which was used
for the nanofiller dispersion, on the structure of the
resulting composites was investigated. It has been found
that the best results are obtained by dispersing
Cloisite®30B in water for 30 min.

Figure 3 shows diffractograms recorded for nanocom-
posites containing 3 mass/% of nanofiller dispersed in
water, ethylene glycol and chloroform. For comparison,
this figure contains also reference diffractograms of the
unfilled P3HB and Cloisite®30B.

It is seen that the unfilled P3HB is characterized by
background scattering with low intensity, while
Cloisite®30B exhibits the diffraction maximum around
20 = 4.92° (dyg; = 1.8 nm). All obtained nanocomposites
show the diffraction maximum at a lower value 20 than 2°. It
means that P3HB chains penetrated between the layers of
nanoclay stacks. It was observed that the increase of the
interlayer distance depends on the solvent kind used for
nanofiller dispersion. The lowest value 260 has diffraction
maximum of nanocomposites with nanofiller dispersed in
water. Decreasing angle of diffraction is indicative of the
intercalation of the layered silicate with the matrix con-
stituents and the gallery spacing increasing. Bragg’s equa-
tion (A = 2d - sinf) enables to calculate the interlayer
spacing values (dyo;) between nanoclay plates. The diffrac-
tion maximum is situated at 260 = 1.58, 1.25 and 1.1°, i.e.,
the interlayer spacing values (dyo;) are 5.8, 6.4 and 6.8 nm
for nanocomposites P3HB-3EG, P3HB-3C and P3HB-3,
respectively.

Therefore, the further investigations were focused on
nanocomposites with water-dispersed nanoparticles. No
effect of the amount of water used for the dispersion of
nanofillers on the structure of the resulting composites has
been observed.
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Fig. 2 EDX dot mapping of a P3HB, b P3HB-1, ¢ P3HB-2 and d P3HB-3 samples in respect of C, O and Si

Table 2 EDX analysis results

Mass%/at.%

Element P3HB P3HB-1 P3HB-2 P3HB-3
C 59.73 (66.59) 60.35 (67.07) 59.07 (66.04) 58.20 (65.19)
0 39.56 (33.10) 39.41 (32.82) 40.43 (33.72) 40.84 (34.35)
Si 0 0.24 (0.11) 0.46 (0.24) 0.72 (0.34)
Al 0 0 0 0.24 (0.12)
Total 100 100 100 100

Figure 4 displays X-ray transmission spectra of  higher with the filler content decrease; the further shift of

nanocomposites P3HB-1, P3HB-2 and P3HB-3, respec-
tively. The obtained nanocomposites show diffraction
maximum at a lower value 26 than diffraction maximum of
Cloisite®30B, i.e., lower than 1.2°. This shift is as higher as
lower organo-modified clay content in the polymer matrix
is. The interlayer spacing values (doo;) are 1.8 and 6.8 nm
for the nanofiller and nanocomposite P3HB-3, respectively.
It follows that the interlayer distance (Ad) increased by
5 nm. The increase of the interlayer distance becomes

the maximum peak is observed. The presence of the peak at
20 equal to approx. 0.9° and 1° on the diffractograms of
composites containing 1 mass% (P3HB-1) and 2 mass/%
(P3HB-2) nanoclay indicates its good tactoids dispersion. It
results from the intercalation and delamination of nano-
plates in the P3HB matrix; the interlayer distance (dyg,) for
P3HB-2 and P3HB-1 is 7.6 and 8.4 nm, respectively.

The diffractograms of obtained nanocomposites show
that the small, second diffraction peak seen at 20 = 2.33°

@ Springer
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Fig. 3 X-ray diffractograms
recorded in the transmission
mode for nanocomposites
containing 3 mass/% of clay
dispersed in water, ethylene
glycol and chloroform (they
were marked as P3HB-3, P3HB-
3EG, P3HB-3C, respectively).
Reference spectra of unfilled
P3HB and Cloisite®30B are also
shown

Counts

0

1000 2000 30|00 4000 5000

P3HB-3

Cloisite®30B

/\/\ |

P3HB
P3HB-3GE

Fig. 4 X-ray diffractograms
recorded in the transmission
mode for nanocomposites
containing 1, 2, and 3 mass/% of
clay dispersed in water (they
were marked as P3HB-1, P3HB-
2, P3HB-3, respectively).
Reference spectra of unfilled
P3HB and Cloisite®30B are also
shown

Counts

corresponds with the second registry (dog,). Its presence
confirms the intercalated structure of the nanocomposites.

The analysis of the diffraction patterns proves a pre-
dominance of intercalated structure of nanocomposites, but
a significant decrease in the intensity of the peaks con-
firming the intercalation (Fig. 4, P3HB-1 and P3HB-2)
may indicate the formation of a disordered and/or exfoli-
ated structure.

Nanostructure analyzed by TEM

Nanocomposites were investigated by TEM to observe the
effect of the preparation conditions, nanoclay content and
processing conditions of nanoclay on the nanostructure
features. The analysis of nanocomposites structure by TEM
confirmed the conclusions resulting from XRD analysis of
mentioned composites. The TEM micrographs show that
Cloisite®30B is fairly susceptible to deagglomeration and
dispersion in the P3HB matrix induced by shearing forces.
Figure 5 shows examples of TEM images of nanocom-
posites obtained from nanofiller dispersed in chloroform,
ethylene glycol and water (P3HB-3C, P3HB-3EG and
P3HB-3), respectively. All nanocomposites images exhibit
intercalated structure. Nevertheless, TEM images of the
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nanocomposites containing water-dispersed Cloisite®30
(Fig. 5c) showed a higher degree of filler dispersion.

Therefore, the further investigations were focused only
on these latter nanocomposites which contained different
amounts of Cloisite®30B (P3HB-1, P3HB-2 and P3HB-3).

At larger magnification, the images (Fig. 6) show that
the polymer penetrates the silicate gallery, increasing its
intercalated distance (a few nanometers). The multilayered
stacks are clearly discernible, but the whole delamination
(exfoliation) on single silicate nanoplatelets is also possible
in these systems. We should note that the individual silicate
nanoplatelets and/or small stacks of only a few silicate
nanoplatelets are not visible in the TEM. With decreasing
nanofiller content, the size of dispersed regions of organ-
oclay becomes smaller and smaller (Fig. 6).

Thermal analysis of P3HB nanocomposites

In order to examine the durability of the obtained
nanocomposites, i.e., in order to observe the physico-
chemical changes taking place upon heating, thermo-
gravimetry (Fig. 7) and DSC analyses were performed
(Figs. 8-10). TG analysis of nanocomposites showed that
thermal stability of all nanocomposites is higher than that
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Fig. 5 Example of TEM micrographs of nanocomposites containing
3 mass/% of nanofiller which was dispersed in: a chloroform,
b ethylene glycol, ¢ water (P3HB-3C, P3HB-3EG, P3HB-3), respec-
tively. Sections cut perpendicularly to the compression plane

of the neat P3HB. Introduction of Cloisite®30B into P3HB
matrix causes the increase of the degradation temperature
about 20 °C, e.g., 2% mass loss takes place at temperature
222.8 °C in the case of the neat P3HB and at 244.5, 244.0
and 243.3 °C in the case of P3HB-1, P3HB-2 and P3HB-3,
respectively (Table 3). The mass loss temperature decrea-
ses with an increasing organo-modified clay content in the
polymer matrix. At higher mass losses, the differences in
the degradation temperature values are even higher. We
can observe it, e.g., for the temperatures of the 10% mass
loss—they equal 232.8, 256.7, 255.9 and 254.5 °C for
P3HB and nanocomposites P3HB-1, P3HB-2 and P3HB-3,
respectively.

In turn, Naguib examined composites P3HB/
Cloisite®30B obtained by intercalation method and
observed that the bigger additive of nanoclays caused the
larger reduction in the decomposition temperature of the
composite. It should be pointed out that he has applied 5

Fig. 6 TEM micrographs of nanocomposites obtained from nano-
filler dispersed in water containing 1, 2, 3 mass/% of Cloisite®30B,
respectively: a P3HB-1, b P3HB-2, ¢ P3HB-3

and 10% Cloisite®30B and found only deterioration of the

thermal properties of composites compared to neat P3HB
(Table 3) [31].

Study of the thermal properties of composites
by DSC

The changes of the thermal properties of obtained com-
posites were also studied using standard differential scan-
ning calorimetry (DSC) (Figs. 9-14). The effect of the
nanofiller additive on the glass transition temperature (1),
crystallization temperature and melting temperature (7,),
and the variations of heat of fusion and the heat capacity at
T, were investigated. Figures 8 and 9 show the curves of
the neat P3HB as well as its nanocomposites with a dif-
ferent content of nanofiller. Samples were cooled in a
controlled way at a rate of 5 °C min~" from melt and after
that were heated at rate of 10 °C min™"'.

Based on a qualitative analysis (analysis of heat flow
rate) of the neat semi-crystalline P3HB and its nanocom-
posites, the changes of heat capacity at T, and heat of
fusion at 7,, and T, were estimated. Parameters of phase
transitions were estimated on the basis of changes of heat
flow rate versus temperature in Figs. 8-10, and the values
are shown in Table 4.

It can be observed that the values of glass transition,
melting and crystallization temperature decreased with
increasing contents of nanofillers. The change of glass
transition and melting temperature reached 7 and 15 °C,

@ Springer
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Fig. 7 a TG analysis of the neat P3HB and their nanocomposites containing 1, 2 and 3 mass/% of clay (they were marked as P3HB-1, P3HB-2,
P3HB-3, respectively). b An enlargement of the TG curves in the temperature range 220-280 °C

Table 3 Thermal stability of P3HB and its nanocomposites (P3HB-1, P3HB-2, P3HB-3)

Name of sample Tl %/OC Tz%/"C T’; %/OC T4%/OC T5 %/OC T| 0%/OC
P3HB 2154 222.8 226.0 227.8 229.2 232.8
P3HB-1 225.3 244.5 248.8 251.1 252.7 256.7
P3HB-2 236.9 244.0 248.3 250.5 251.8 255.9
P3HB-3 234.2 243.3 247.3 249.3 250.7 254.5
1
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Fig. 8 DSC analysis of the neat P3HB and its nanocomposites
containing 1, 2 and 3 mass/% of clay (they were marked as P3HB-1,
P3HB-2, P3HB-3, respectively). The results were obtained during
heating at 10 °C/min after cooling the sample at a constant rate of
5 °C/min from melt

Temperature/°C

Fig. 9 The inset shows the enlargement of the glass transitions in
Fig. 2

of the glass transition temperature of the composite,
compared to neat P3HB, with increasing amounts of
introduced nanofiller indicates plasticizing effect of the
filler. In turn, Naguib showed no change in glass transition

respectively. The variation of glass transition temperature
for nanocomposite based on the highest amount of nano-
filler in comparison with the neat P3HB equals 7 °C. These

relationships confirm the good dispersion of nanofiller in
the polymer matrix as reported earlier [24]. The decrease
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temperature and only a slight decrease in the melting
temperature with increasing amounts of Cloisite®30B in
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Fig. 10 Crystallization analysis of the neat P3HB and its nanocom-
posites containing 1, 2 and 3 mass/% of clay (they were marked as
P3HB-1, P3HB-2, P3HB-3, respectively). The results were obtained
during cooling at a constant rate of 5 °C/min from melt

the polymer matrix. In contrast, the crystallization tem-
perature while increasing the nanoadditive to 10 mass/%
increased by 3 °C [31].

The substantial distinction between values of the
degradation and melting temperature facilitates processing
and prevents the degradation of the material. Moreover, we
observe a little effect of nanofiller on the heat capacity,
heat of fusion and heat of crystallization. Depending on
different cooling rates, semi-crystalline P3HB’s glass
transition can be situated between 0 and 12 °C with a AC,,
(changes of heat capacity between liquid and solid states at
T,) in the range 0.16-0.46 J °C~! g~'. The melting endo-
therm of semi-crystalline P3HB occurs between 155 and
172 °C with a heat of fusion in the range 3-97 J g~ .

Figure 11 shows the changes of heat capacity at the
glass transition temperature and the measured heat of
fusion for semi-crystalline P3HB samples with different
thermal histories, after different cooling rate.

It should be noted that the changes of heat capacity values
were estimated from qualitative thermal analysis (analysis of
heat flow rate). The red points are characteristic of two-phase
model. In turn, the blue points confirm the existence of the
rigid amorphous fraction and characterized the three-phase
model. The solid straight line is designated between full
amorphous and full crystalline P3HB samples represented by
circle green points. The change of heat capacity for fully
amorphous P3HB equals 0.49 J g~' K™', and the heat of
fusion for fully crystalline samples equals 145 J g~ ".

The dependence of the mobile amorphous fraction on
the degree of crystallinity of semi-crystalline neat P3HB is
shown in Fig. 12. The data obtained from Fig. 8 were
converted to corresponding degree of amorphous phase
(Eq. 1) and degree of crystallinity (Eq. 2). The pink point
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Change of heat capacity/J g ' °C™
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Fig. 11 Plot of heat capacity changes at glass mobile transition
temperature versus heat of fusion of semi-crystalline P3HB with
different thermal histories (the various cooling rates were applied).
The red points are characteristic of two-phase model; the blue points
show the rigid amorphous fraction and characterize the three-phase
model. The solid straight line is designated between full amorphous
and full crystalline P3BHB samples represented by circle green points
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Fig. 12 Dependence of the amorphous fraction as a function of the
degree of crystallinity of the semi-crystalline neat P3HB (denoted by
P3HB). The red points are characteristic of two-phase model of
polymer, and the blue points show the three-phase model of P3HB.
The pink point derived from qualitative analysis of the neat P3HB was
obtained during heating at 10 °C/min after cooling the sample at a
constant rate of 5 °C/min from the melt

derived from qualitative analysis of the neat P3HB is also
plotted in Figs. 11 and 12. The data of this pink point were
obtained during heating at 10 °C min~" after cooling the
sample at constant rate 5 °C min~' from the melt.

The mobile amorphous fraction (W,) was estimated
using thermal analysis from equation:
AC
Wa = somon 1)
where AC,, and ACE,OO% are variations of heat capacity at T,
(mobile) of semi-crystalline and full amorphous P3HB,
respectively. For computation, the value of A-
CE,OO% =049 J K ' g7" was used.
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Fig. 13 Dependence of the heat capacity change at the glass
transition temperature versus the heat of fusion of the semi-crystalline
nanocomposites P3HB containing 1 mass/% of clay (denoted as
P3HB-1). The red points are characteristic of two-phase model of
nanocomposite, and the blue points show the three-phase model of
P3HB-1. The solid straight line is designated between full amorphous
and full crystalline P3HB-1 samples represented by circle green
points. The pink point derived from qualitative analysis of the neat
P3HB-1 was obtained during heating at 10 °C/min after cooling the
sample at a constant rate of 5 °C/min from the melt
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Fig. 14 Dependence of the amorphous fraction as a function of the
degree of crystallinity of the semi-crystalline P3HB nanocomposite
containing 1 mass/% of clay (denoted as P3HB-1)

The degree of crystallinity (W,) was defined as the ratio
between experimental heat of fusion (AHy) of the semi-
crystalline sample and heat of fusion of the fully crystalline
P3HB sample (AH%)Y as follows:

AH;
Wa=—c07 2
A HflOO% ( )

It has been calculated that selected P3HB sample (pink
points) remains in a three-phase model which is confirmed
in Fig. 12 (the sample shows deviation from a straight
line). As illustrated in Fig. 12, P3HB contains 33% amor-
phous, 63% crystalline phase and 4% rigid amorphous
fraction.

Figure 13 shows the examples of the changes of heat
capacity at the glass transition temperature and the mea-
sured heat of fusion for nanocomposites containing 1 mass/
% of clay (denoted as P3HB-1) obtained after different
cooling rates.

The values in this plot were derived from qualitative
thermal analysis. The red points are characteristic of two-
phase model. In turn, the blue points indicate the existence
of the rigid amorphous fraction and confirm the presence of
the three-phase model. The solid straight line is designated
between full amorphous and full crystalline sample of
nanocomposites represented by circle (green points).

Figure 14 shows dependence of the amorphous fraction
as a function of the degree of crystallinity for the semi-
crystalline P3HB nanocomposites containing 1 mass/% of
clay. The dependence of the heat capacity change at the
glass transition temperature versus the heat of fusion of the
semi-crystalline P3HB and its other nanocomposites was
estimated like for the neat P3HB and P3HB-1. The change
of heat capacity for fully amorphous material and the heat
of fusion for fully crystalline material were also obtained in
the same method like for the neat P3HB. The phase con-
tents of nanocomposites were calculated in similar way like
the neat P3HB. Obtained results for all nanocomposites are
listed in Table 5.

In Table 5, the phase contents are calculated for samples
which in a controlled way at a rate of 5 °C min~' were
cooled and after that were heated at a rate of 10 °C min.
Based on those results, it can be concluded that the addition
of nanoclay leads to the increase of the degree of crys-
tallinity of nanocomposites. Naguib observed the opposite
situation, i.e., the degree of crystallinity decreased with the
increase of the content Cloisite®30B [31]. The differences
between our study and literature observation [31] were

Table 4 Characterization of thermal properties of P3HB and its nanocomposites (P3HB-1, P3HB-2, P3HB-3)

Name of sample T./°C* AH /Y g™} T,/°C* ACT g~ ' °C™! Tt /°C* Tmo/°C* AH{Y g™!
P3HB 104.78 88.79 7.69 0.1621 159.69 172.20 91.93
P3HB-1 100.70 94.36 7.48 0.1714 157.73 160.55 93.69
P3HB-2 98.32 95.31 3.35 0.1650 147.34 161.06 95.70
P3HB-3 98.13 84.56 0.35 0.1600 144.41 158.93 98.60

* The values of temperature equal the onset temperature
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Table 5 Characterization of phase contents for the neat P3BHB and its nanocomposites
Name of sample AC, (100%)/3 g~ °C™! AH; (100%)/ g~ W./% Wol% Wrar/%
P3HB 0.49 145 63 33 4
P3HB-1 0.49 146 65 35 0
P3HB-2 0.50 145 66 33 1
P3HB-3 0.50 145 68 32 0
40,000 Mechanical properties
—— P3HB-0
ffff P3HB-1 The following mechanical properties of the obtained
P3HB-2 : : : .
30,000 e P3HB3 nanocomposites were investigated: impact strength, flexu-
ral strength and hardness.
- Average impact strength (IS) values of the obtained
§ 20,000 4 nanocomposites are presented in Fig. 16. It can be noted
3 that all modified composites showed higher IS than virgin
sample. However, maximum impact strength (15%
10,0004 improvement in comparison with neat P3HB composite)
was exhibited by composite designated P3HB-1 (composite
based on 1 mass/% of Cloisite®30B). It should pointed out
0 . . that IS of P3HB-2 and P3HB-3 was higher than that of neat
20 40 60 P3HB, but the IS increase was not significant. The
20/° improvement of the nanocomposites impact strength in the

Fig. 15 WAXS diffractograms of nanocomposites containing 1, 2
and 3 mass/% of clay; they were marked as P3HB-1, P3HB-2, P3HB-
3, respectively. Reference spectra of unfilled P3HB and Cloisite®30B
are also shown. The inset shows the magnification of the diagnostic
area from 19 to 24

probably caused by the various contents of nanofiller in the
investigated polymer matrix. Naguib and co-workers used
a very large amount of nanofiller (5-10%), and they
probably have not received adequate mixing of ingredients.
Furthermore, only small content of nanofiller (1-5%)
improves properties of nanocomposite. Otherwise, the
agglomeration of the nanofiller particles can occur. It
changes properties of materials on disadvantage.

Additionally, it can be ascertained that addition of clay
to the polymer matrix did not sufficiently change heat
capacity AC{,IOO%) at the glass transition temperature for
fully amorphous samples and the heat of fusion AH}' %% of
nanocomposites for fully crystalline samples.

Figure 15 shows WAXS spectra of neat P3HB and its
nanocomposites. The spectra indicate a gradient of
increased resolution and peak sharpness with increased
amount of nanoclay in composites. In the enlargement of
spectrum in the range from 19 to 24, the peak resolution
increases. It indicates a crystallinity growth of obtained
nanocomposites. This phenomenon is due to the increase in
crystal number as the organoclay percentage increases.

case of P3HB-1 is due to the highest exfoliation and/or
intercalation of incorporated nanoclay.

From Fig. 17, it can be shown that the flexural strength
of P3HB-1 exhibited slightly higher value than unfilled
P3HB and all other nanocomposites. However, it should be
mentioned that the presence of nanofiller did not affect the
flexural strength value. On the other hand, we can suppose
that the greatest impact of nanofiller on flexural strength
takes place while the composite containing less than 1
mass/% of nanofiller.

Figure 18 represents the flexural modulus of all pre-
pared composites. The modulus values of nanocomposite
containing 1 mass/% nanoclay (composite P3HB-1)
increased by approximately 20% in relation to non-modi-
fied sample. Further increase of nanofiller content caused a
decrease in flexural modulus values, but they were still
higher than that of neat P3HB. Obtained P3HB nanocom-
posites exhibited intercalated structure, but the decreasing
nanofiller content resulted in smaller and smaller size of
dispersed organoclay and exfoliated or mixed structures.
Therefore, the best mechanical properties were exhibited
by the composite designated P3HB-1.

From Fig. 19, it can be observed that the introduction of
Cloisite®30B in P3HB matrix caused usually an increase of
hardness of the tested material. However, the hardness of
the composite P3HB-1 was almost unchangeable compared
to neat P3HB. The highest variation was observed for the
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Fig. 19 Average values of Brinell hardness test based on the content
of Cloisite30B

composite P3HB-2 and attained about 35% compared to
neat P3HB.

Conclusions

The nanocomposites of P3HB and Cloisite®30B were
obtained. The P3HB matrix penetrated within the layered
silicate galleries of Cloisite®30B and intercalation took
place, but semi-exfoliation cannot be excluded. This was
possible due to strong interaction between the components
and shearing forces during direct mixing in a co-rotating
twin-screw micro-extruder. The structure of obtained
nanocomposites was confirmed by TEM analysis and XRD.

The conducted studies revealed clearly the influence of
organoclay dispersion in the P3HB matrix on the selected
thermal and mechanical properties of the prepared
nanocomposites.

It has been observed that the introduction of the nano-
plates into polymer matrix influences the better thermal
stability of the nanocomposites, measured by TG, under
non-oxidative conditions. With an increase of the nano-
plates concentration, the thermal stability of the
nanocomposites was better than that of the neat P3HB.

The presented thermal analysis showed a decrease in the
glass transition, melting and crystallization temperatures
with an increasing amount of nanofillers in the obtained
P3HB composites. The decrease in the melting point of the
composites is preferred due to the fact that the melting
point of the neat P3HB is close to its decomposition tem-
perature. This movement apart from melting and decom-
position temperatures of composites based on P3HB
facilitates processing and prevents the degradation of the
material.
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Additionally, introducing nanoclay into the P3HB
material leads to the increase of the degree of crystallinity
of nanocomposites. WAXS spectra confirmed a crys-
tallinity growth of obtained nanocomposites. This phe-
nomenon is due to the increase in crystal number as the
organoclay percentage is higher.

Poly(3-hydroxybutyrate)-based nanocomposites pre-
pared using an extrusion process showed improved impact
strength, flexural modulus and slightly flexural strength.
The best mechanical properties were exhibited by the
composite designated 1 mass/% of nanofillers. The impact
strength of nanocomposite P3HB containing 1 mass/% of
Cloisite®30B increased by 15% in comparison with non-
modified polymer. In turn, the flexural modulus value
increased by approximately 20%. Obtained composites
containing the smallest amount of nanofillers—only 1
mass/%—have the smallest size of dispersed organoclay. It
resulted in the most participation of exfoliated structure of
obtained composites and the best mechanical properties.

We can assume that the composite containing less than
1% by mass of Cloisite®30B could have even better
properties, but it will be the focus of our future research.
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