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ABSTRACT: A series of biodegradable polyurethanes (PUs) were synthesized from hydroxylated bacterial poly[(R)-3-hydroxybutyrate],
P[(R)-HB]-diol, as crystallizable hard segment and hydroxyl-terminated synthetic poly[(R,S)-3-hydroxybutyrate), P[(R,S)-HB]-diol, as
an amorphous soft segment, using 1,6-hexamethylene diisocyanate, as non-toxic connecting agent. The P[(R)-HB] content was varied
from 30 to 70 wt %. The resulting copolymers were characterized by FT-IR, '"H-NMR, DSC, and TGA. The DSC data revealed that
the melting of P[(R)-HB] segment increases with increasing its own content in the PUs. The cold and melt crystallization are
enhanced with increasing P[(R)-HB] content. The TGA data revealed that the thermal decomposition mainly occurred via a single
degradation step and the thermal stability slightly increased with increasing P[(R)-HB] content. The non-isothermal crystallization
behavior of PU sample containing 40 wt % PHB with and without «-Chitin whiskers was studied using DSC, and their kinetics data
were investigated via the Avrami, Ozawa, and Z.S. Mo methods, respectively. Crystallization activation energy was estimated using

Kissinger’s method. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40784.
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INTRODUCTION

In recent years, biodegradable plastics have attracted attention
due to their environmental compatibility. Poly[(R)-3-hydroxy-
butyrate], P[(R-HB], appears to nearly ideally to meet such cri-
teria.'™ It is produced biologically from renewable resources.* It
is stable under normal usage conditions, but degrades rapidly
on composting conditions. Additionally, PHB is the basis for
biocompatible materials, and its degradation yields valuable
stereoregular building blocks for organic synthesis. However, the
shortcoming of brittleness and narrow processability window
has limited the wide applications of PHB. These are mainly
related to its relatively high melting temperature and high crys-
tallinity.”™” Many approaches have been reported to improve the
brittleness of PHB, for example, incorporation of other 3-
hydroxyalkanoate units such as 3-hydroxyvalerate in the back-
bone of P[(R)-HB],*'° addition of plasticizers and nucleating
agents,''™"? blending with flexible polymers,'* and copolymer-
ization with flexible synthetic biodegradable components such
as poly(e-caprolactone) (PCL), poly(butylene adipate) (PBA),
poly(diethylene glycol adipate) (PDEGA), or poly(ethylene gly-
col).'”* The advantage of the obtained copolymers over the
other kinds of PHB material is that their segmented and
domain structure can be easily controlled by a selection of the

© 2014 Wiley Periodicals, Inc.

M&‘«\;F%U’B WWW.MATERIALSVIEWS.COM
]

40784 (1 of 13)

monomer units for building the segments, their relative propor-
tions and the length of segments. Furthermore, many investiga-
tions have been conducted on compounding of P[(R)-HB] with
nano-particles to improve the mechanical and thermal proper-
ties of neat P[(R)-HB].>>%°

It is well known that the physical properties and biodegradabil-
ity of biodegradable polymers are influenced strongly by the
crystallinity. Meanwhile, the crystalline structure and morphol-
ogy are also greatly influenced by the thermal history.*>™>
Therefore, the crystallization kinetics study should be paid
enough attention, since it is not only affects the crystalline
structure and morphology of semi-crystalline polymers, but also
affects the final mechanical and physical properties and biode-
gradability. Crystallization during polymer processing occurs
non-isothermally, except for some special cases. In order to
reach optimizing condition in an industrial process and to
obtain a product with desired properties, it is necessary to have
some quantitative evaluations of the non-isothermal process.

From the above considerations, we present, herein, at first
the synthesis and characterization of a series of segmented
poly(ester-urethane)s (PUs) based on a crystallizable blocks of
bacterial poly(R-3-hydroxybutyrate) P[(R)-HB] and amorphous
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Scheme 1. Synthetic route of P[(R)-HB]-diol, P[(R,S)-HB]-diol and polyurethanes.

chemo-synthetic poly[(R,S)—3-hydroxybutyrate] P[(R,S)-HB]
1,6-hexamethylene diisocyanate (HDI) as non-toxic
connecting units. As the «-chitin whisker is a natural product
3 the o-chitin
whiskers is expected to be ideal candidate as a reinforcing and
nucleating agent of the prepared neat PUs. Therefore, the non-
crystallization and melting behavior of PHB

using

and it is safe and environment-friendly,

isothermal

segments in PUs with and without o-Chitin whisker (CW) was
studied.

EXPERIMENTAL

Materials
Bacterial poly[(R)-3-hydroxybutyrate], PHB, was obtained from
Coper sucar, Piracicaba, Brazil. 1,3-Propanediol, ethyl (R,S)-3-

Table I. Chemical Compositions and Molecular Weights of the Prepared Poly(ester-urethane)s

Composition

PI(R)-HB] PIR,S)-HB] Urethane
Sample code (wt %) (wt %) linkage (wt %) M., (g/mol) My /Mp
UIP(R)-HBJ-30 30.0 59.2 10.8 84,000 2.6
UIP(R)-HBJ-40 40.0 499 10.1 87,500 2.3
UIP(R)-HBJ-50 50.0 40.8 9.2 81,300 2.1
U[P(R)-HBJ-60 60.0 31.6 8.4 80,500 2.3
UIP(R)-HBJ-70 70.0 22.4 7.62 72,000 2.2
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Figure 1. TEM images of a dilute suspension of chitin whiskers.

hydroxybutyrate, p-toluenesulphonic acid; 1-6-hexamethylene
diisocyanate, all of synthetic grade were obtained from Fulka,
Germany. The catalysts dibutyltin dilaurate and dibutyltin oxide
were also obtained from Fluka. 1,2-Dichloroethane and dioxane
were obtained from Aldrich. Ethyl (R,S)-3-hydroxybutyrate
(Fluka) was distilled from molecular sieves 4 A under vacuum
prior to use. Chitin was obtained from Funakashi (Japan).

Pre-Polymers and Copolymer Synthesis

Hydroxy-terminated poly[(R)-3-hydroxybutyrate], P[(R)-HB]-
diol, M, =2800 g/mol and M, /M, =1.54) was prepared by
transesterification of high molecular weight poly[(R)-3-hydroxy-
butyrate] (M, = 58,000 g/mol and M, /M, =2.3) with 1,3-
propanediol in CHCIl; at 60°C with p-toluenesulphonic acid as
catalyst according to the method described previously.'®

Hydroxy-terminated  poly[(R,S)-3-hydroxybutyrate] P[(R,S)-
HB]-diol, M, =1100 g/mol and M,,/M,=1.23) was synthe-
sized according to the method described previously.” In a two-
necked round-bottom flask equipped with a distillation device
66.0 g (0.05 mol) fresh distilled ethyl (R,S)-3-hydroxybutyrate,
4.5 g (0.05 mol) 1,3-propanediol, and 0.62 g (2.5 mmol) n-
dibutyltin oxide (DBTO), as the catalyst, were introduced. The
reaction mixture was initially heated under a gentle stream of
argon at 100°C for 3 h and ethanol was recovered by distilla-
tion. Then, the reaction mixture was heated for further 5 h, at
110°C while gradually reduced the pressure to 0.5 mmHg. After
the reaction was completed, the product was dissolved in a min-
imum amount of methylene chloride followed by precipitation
into excess amount of n-hexane.

Poly(ester-urethane)s, PUs, were synthesized by one step poly-
merization reaction in solution from P[(R)-HB]-diol, as hard
segments, and P[(R,S)-HB]-diol, as soft segments using stoichi-
ometric amounts of 1,6-hexamethylene diisocyanate (HDI) as a
coupling agent. Solution polymerization was performed by the
method described previously'® using 1,2-dichloroethane as the
solvent and dibutyltin dilaurate as the catalyst, as represented
in Scheme 1. The relative amounts of the reaction mixture
were adjusted, so that the resulting polymer would contain
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from ~30 to ~70 wt % P[(R)-HB]. The copolymers were sepa-
rated in high yields (>95%) by precipitation in excess amount
of low boiling petroleum ether. The isolated polymers were
purified by the dissolution in dioxane and re-precipitation in
distilled water and dried under vacuum at room temperature
for at least 48 h.

The chemical compositions and molecular weights of the syn-
thesized poly(ester-urethane)s are given in Table I. In this study,
each copolymer is designated by a code, related to the structure
of the hard segment, followed by a number indicating the con-
tent of P[(R)-HB] hard segment in wt %.

Preparation of Chitin Whiskers (CW)

Chitin whiskers were produced using the procedure described
previously.®® The purified chitin sample was hydrolyzed using 3
N HCI at the boil for 1.5 h under stirring. The ratio of 3 N
HCI to chitin was 30 mL/g. After acid hydrolysis, the suspension
was diluted with distilled water followed by centrifugation
(10,000 rpm for 5 min). This process was repeated three times.
Next, the suspensions were transferred to a dialysis tube and
dialyzed for 24 h against distilled water until a pH =6 was
reached, then was freeze-dried.

TEM micrograph of chitin whiskers (CW) represented in Figure 1
shows the homogeneity and nanometric dimensions of chitin
whiskers. The mean diameter (d) of prepared chitin whiskers is
about 18 nm and the mean length (L) is 216 nm. Therefore, the
aspect ratio (L/d)of CW estimated from TEM is about 12.

P[(R)-HB]-diol

P[(R, S)-HB]-diol

I

U[P(R)-HB]-40

b

80 70 60 650 40 30 20 10 00

ppm
Figure 2. '"H-NMR spectra of P[(R)-HB]-diol, P[(R,S)-HB]-diol, and
U[P(R)-HB]-40.
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Figure 3. DSC scans of PUs (a) reheated after rapid cooling, (b) cooling from melt.

Preparation of PUs/Chitin Whiskers Composites

The neat PUs was dissolved in dioxane, and then an appropriate
weight of chitin whiskers suspensions in dioxane was added
with stirring. The suspensions were sonicated for 2 min before
being cast in Teflon molds, where the films were obtained by
solvent evaporation in a vacuum oven at 80°C for 48 h. The
content of the chitin whiskers of the produced films was 1, 3,
and 5 wt %.

Characterization

FTIR Infrared analysis was carried out between 400 and 4000
cm ™! using a Perkin-Elmer B25 spectrophotometer. All measure-
ments were carried out with 64 scans at resolution of 2 cm ™' at
room temperature.

"H-NMR spectra were recorded on a Bruker AC-400 in CDCls.
Non-deuterated CHCI; was used as the internal reference.

The molecular weight data were obtained by Gel-Permeation
Chromatography (GPC) at 30°C, using a Waters model 510 and
a model 410 refractive index detector with 10°—10° ultrastyragel
column connected in series. Chloroform was used as eluent
with a flow rate of 1.5 ¢cm’/min, and sample concentrations of
20 mg/cm’. Polystyrene standards with low dispersity (Polystan-
dard series, Mainz, Germany) were used to construct a molecu-
lar weight calibration curve.

Table II. Thermal Characteristic Parameters of Pus

SEM images were obtained using JEOL (JSM-5200) scanning
electron microscope. Samples were prepared by placing small
part of film on a carbon tape on a stub, which was coated with
a thin layer of gold.

TEM image of chitin whiskers was obtained with Transmission
Electron Microscope JEOL (JEM-1400 TEM) using an accelera-
tion voltage of 100 kV. A drop of diluted suspension of chitin
whiskers was deposited and dried on a carbon-coated grid and
then measured.

Thermal degradation studies were conducted under nitrogen
with dynamic heating rate of 10°C/min using Shimadzu TGA-
50 H Thermal Analyzer. All experiments were conducted from
room temperature to 600°C and the reference material was o—
alumina. The sample weights in all experiments were taken in
the range 2—4 mg.

Wide-angle X-ray diffraction (WAXD) measurements were per-
formed at room temperature using a Philips Xpert MPD Pro
diffractometer, equipped with Ni-filtered Cu-Ko radiation
(A=0.154 nm) at an accelerating voltage/current of 50 kV/40
mA. The 20 scan range was used from 3° to 70° at a scan speed

of 1 step s .

PL-DSC (Polymer-Laboratories, England, UK) Differential Scan-
ning Calorimeter was employed to study the glass transition

Sample code T4 (°C) Tee” (°C) T (°C) Tm® (°C) AHm Jlg) X (%) Tso (°C) Tinax. (°C)
UIP(R)-HBI-30 -2 84 63 120, 127 16.7 38.0 225 261
UIP(R)-HBJ-40 -1 48 78 119, 128 28.1 481 225 261
UIP(R)-HBJ-50 2 45 83 121,132 36.0 49.4 236 263
UIP(R)-HBJ-60 2 44 86 113,133 46.0 52.5 237 266
UIP(R)-HBJ-70 4 45 88 112,134 55.6 54.4 241 269

@Determined from reheating scan after rapid cooling (Run Il).
b Determined from cooling scan of melt samples (Run Il).

¢ Crystallinity percentage according to the following equation: X, =100 X AH,,/w; X AH,, where AH,, is the melting enthalpy of P|(R)-HB] and AH,, is
the melting point enthalpy of completely crystallized PHB with reference values of 146 J/g, w; is the weight fraction of P[(R)-HB] in the copolymers.
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Figure 4. TG and DTG thermograms obtained from investigated PUs.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

temperature (Tg), melting (T,,), and crystallization behavior of
polymers. The calorimeter was calibrated with ultra-pure
indium. Samples (10-12 mg) were first heated from —40 to
170°C with a heating rate of 10°C/min (Run I). After keeping
them at 170°C for 2 min, samples were rapidly cooled to
—60°C at a rate of 60°C/min to obtain specimen with low crys-
tallinity, and then heated again with a heating rate of 10°C/min
to 170°C (Run II). The melting temperature (7T,,) and the cold
crystallization temperature (7T,.) were taken as the peak values
of the respective endotherm and exotherm processes in DSC
thermograms. The apparent melting enthalpy (AH,,) was deter-
mined from the area of the endothermic peaks. The glass transi-
tion temperature (7Tg) was taken as the midpoint of the specific
heat capacity. The cooling curve run (III) was scanned over the
temperature range from 170°C to —60°C at a constant rate of
10°C/min. The melt crystallization temperature (7;,.) was deter-
mined from the exotherm peaks in this run.

For observing the effects of the cooling rates on the non-
isothermal melt-crystallization behavior of the polymer, the
samples were melted at 170°C for 2 min then cooled at a given
rate. The cooling rate used in this study ranged from 5, 10, 15,

Synthesis and Characterization

PUs were synthesized from bacterial P[(R)-HB]-diol, as hard
segments, and chemo-synthetic P[(R,S)-HB]-diol, as soft seg-
ments, using 1,6-hexamethylene diisocyanate, as a non toxic
connecting agent, in one step polymerization following the syn-
thetic route as outlined in Scheme 1. The content of P[(R)-HB]
systematically varied from ~30 to ~70 wt %. As shown in Table
I, the molecular weight of the resulting PUs decreases with
increasing the P[(R)-HB] content, except polyurethane sample
containing ~40 wt % P[(R)-HB]. This might result from the
formation of a small fraction of PHB macrodiols with non-
reactive end groups, as a result of crotonization.'®'® The chemi-
cal structure of the synthesized P[(R)-HB]/P[(R,S)-HB] PUs
was analyzed by FT-IR and 'H-NMR. All the characteristic
absorptions of P[(R)-HB] and P[(R,S)-HB] segments can be
clearly discerned in the FT-IR spectra of the synthesized PUs.
The most significant peak appearing at 1725 cm™' is assigned
to C=O0 stretching of the ester groups of P[(R)-HB] repeating
units of the crystalline fraction, while the stretching of C=0O of
amorphous fraction of P[(R)-HB] and amorphous P[(R,S)-HB]
appears at 1730 cm™ '.>” The two absorption bands appear at
1528 and 3400 cm ™' are assigned to NH deformation and
stretching modes of the urethane linkage,”® respectively. The
methylene —CH stretching of P[(R)-HB] repeating units and
urethane linkages appear at 2980 cm™'. 'H-NMR spectra of
PUs U[(R)-HB]-40, as a representative example, shows the cor-
responding resonance of hydrogen protons resulting from PUs

Exo. (a) (b)
U[P(R)-HB}-40
o
=
%-. U[P(R)-HB]-40
b U[P(R)-HB]-40/1C
-t
o
-]
~— U[P(R)-HB]-40/3C
b
% UIF(R }HB} 40/ U[P(R)-HB]-40Q/5C
£
o
z T T T T L T T T
30 0 30 60 90 120 15049 60 80 100 120
Temperature/ °C Temperature / °C

Figure 5. DSC scans of U[P(R)-HB]-40 and its U[P(R)-HB]-40/CW composites (a) reheated after rapid cooling, (b) cooling from melt.
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Table III. Thermal Characteristic Parameters of U[P(R)-HB]-40 and U[P(R)-HB]-40/Chitin Whiskers Nanocomposites

Sample code T4 (°C) Tee? (°C) Tc? (°C) Tm® (°C) AH,? (J/g) X£ (%) 5% (°C) Trmax. (°C)
UIP(R)-HBJ-40/1C -2 51 76 99,122 26.5 454 236 263

UIP(R)-HBJ-40/3C 0 46 75 98,123 25.3 43.3 242 268

UIP(R)-HBJ-40/5C 1 49 74 99122 24.7 42.3 247 271

@Determined from reheating scan (Run ) after rapid cooling.

®Determined from cooling scans of melt samples (Run 1)

¢ Crystallinity percentage according to the following equation: X, =100 X AH,./w; X AH,, where AH,, is the melting enthalpy of PHB and AH,, is the
melting point enthalpy of completely crystallized P[(R)-HB] with reference values of 146 J/g, w; is the weight fraction of PHB in the copolymer

composites.

structure (Figure 2). The proton signals at 5.25 ppm were
assigned to the methine —OCH- of both P[(R)-HB] and
P[(R,S)-HB] repeating units, while the proton resonance of cor-
responding to methylene groups —OCH,— is observed at 2.40—
2.68 ppm. The appearance of -NH- resonance at 4.80 ppm and
disappearance of P[(R,S)-HB] and P[(R)-HB] terminated
hydroxy groups at 3.20 ppm confirms the formation of PUs.
The resonance appearing at 3.10 ppm ascribed to the methylene
groups adjacent to the urethane —-NH-, and the protons reso-
nance at 1.45 ppm, originating from the middle methylene of
the urethane linkage units, could all be clearly distinguished.

Thermal Properties of PUs

The thermal transition, crystallization, and melting behaviors of
the PUs with different compositions were initially studied by
DSC. The DSC scans are represented in Figure 3. The values of
glass transition temperature (T), melting point (T,,), fusion
enthalpy (AH,,), and cold crystallization temperature (T,.) were
obtained from heating scans after rapid cooling (Run II), and
melt crystallization temperature (7T;,.) was obtained from cool-
ing scans (Run III). The results are summarized in Table II. It is
obvious from Figure 3(a) that the PUs exhibit a single glass
transition temperature, being similar to that of T, of high
molecular weight bacterial P[(R)-HB] and P[(R,S)-HB] homo-
polymers.”>** The T, slightly shifts to higher temperatures with
increasing weight fraction of the PHB. Above the T, a small
exotherm crystallization is obseved, followed by a more intense
endotherm double melting peaks corresponding to crystalliza-

tion and melting of PHB segments, respectively. Such an
increase in areas under the melting peak indicates that a consid-
erable crystallization has occurred during the rapid cooling pro-
cess from the melts. For U[P(R)-HB]-30 sample, the cold
crystallization peak is difficult to detect. The crystallization peak
shifts to higher temperature as the P[(R,S)-HB] content
increase. This suggests that the P[(R,S)-HB] segments reduce
the stereoregularity of bacterial PHB segments and the crystalli-
zation is restricted to certain degree. The endotherm shown at
lower temperature can be attributed to the incomplete crystals
of PHB component in the copolymer that can recrystallize on
melting. The higher melting endotherm is corresponding to the
perfect PHB crystalline phase.*' Also the results reveal that T,
increases with increasing PHB content. The crystallinity of the
samples was determined from the melting enthalpy ratios
(AHy), assuming that the enthalpy of 100% crystalline PHB is
146 J g~ 1.** The results of DSC (Table II) show that the degree
of crystallinity decreases with the increasing of P[(R)-HB] con-
tent. Figure 3(b) shows the non isothermal crystallization of
PUs at a cooling rate 10°C/min. From this figure and Table II,
it can be seen that the melt crystallization peak (T;,.) shifts to
higher temperature with increasing weight fraction of P[(R)-
HBJ, indicating that the crystallization rate of PHB enhances
with increasing its content in the copolymers.

Figure 4 illustrates the TG and DTG curves of PUs. From these
curves, the thermal stability parameters including, the onset
decomposition temperature, which is defined as the temperature

0.006
= U[P{R}-HE]-40
100 4 —— U[P[R}-HBJ-401c L 0.004
—— U[P{R)-HB}-40:3C Chw
——— U[P{R}-HEBJ-40/5C L 0.002
o 804 )
o
e - 0.000 O p U[P(R)-HE] 40/ 5%C
7] =] — .—...‘_,_,_'-—__'.:.‘
o 60- L 0.002 i 2 U[P{R)-HB] 40/ 3%C
:E” i E g U[P(R)-HB]-40/ 1%C
£ 4 L 0,006 O %
20 + 0,008
[ 0.010 U[P(R)-HB]-40
0 T T T T £0.012
200 300 400 500 600 - - - - - T
Temperature /°C 0 10 20 30 40 50 60 70

Figure 6. TG and DTG thermograms obtained from U[P(R)-HB]-40 and
its UPHB/CW composites. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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20
Figure 7. X-ray diffraction curves of pure U[P(R)-HB]-40/CW and
U[P(R)-HB]40/CW nanocomposites.
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Figure 8. SEM images of fractured surfaces of (a) U[P(R)-HB]-40 and (b) U[P(R)-HB]-40/3 wt % CW.

at 5% weight loss (Ts¢) and the temperature of maximum
weight loss (Tj,.y) are included in Table II. All investigated sam-
ples exhibit a single-step decomposition between 220 and
300°C, as clearly indicated by their single DTG peak. This deg-
radation step is assigned to the degradation of P[(R)-HB] and
P[(R,S)-HB] segrnents.43 As seen in Table II, the Tso, and T,
increase with increasing P[(R)-HB] weight fraction. This indi-
cates that the thermal stability of the investigated PUs is
improved as the P[(R)-HB] hard segments content increase,
and consequently widening the processing window.

Influence of Chitin Whiskers on the Thermal Properties of PUs
The DSC scans of the U[P(R)-HB]-40 and its composites con-
taining 1, 3, and 5 wt % chitin whiskers (CW) are displayed in
Figure 5 and the derived thermal parameters are summarized in
Table III. Compared with neat UP[(R)-HB]-40, it is obvious
that the T.. of nanocomposite loaded with 1% CW shifts to a
higher temperature by 3°C, while it decreases about 2°C with
the incorporation of 3% CW. On the other hand, increasing
CW up to 5% shows insignificant effect on T.. Actually, the
crystallization behavior of the polymer nanocomposites is com-

plex since several superimposed phenomena may occur. In fact,
there are mainly two factors controlling the crystallization rate
of polymeric composite system. One is that the filler acts as
nucleating agent, which enhances crystallization, and the other
is that it hinders the migration and diffusion of polymer molec-
ular chains to the surface of the nucleus, thus constrain the
spherulitic growth by an impingement mechanism in the com-
posites; this results in a negative effect on crystallization. From
the aforementioned data, no conclusive result could be obtained
regarding the influence of the CW amount on the cold crystali-
zation behavior since T, insignificantly and irregularly changed
with CW whiskers. One possible reason for such variation in
the cold crystallization behavior may be ascribed to a variation
in the dispersion in addition to the formation of CW aggregates
within the polymer matrix in the frozen glassy state. It can also
be observed from Table III that the T, values of the nanocom-
posite are insignificantly affected with loading by various
amounts of CW. Moreover, it is found that T,, values of all
samples are unchanged, although the crystallinity decreases
from 48.1 to 42.3% with the increase of CW from 0 to 5%, sug-
gesting that the CW hinders chain mobility, and thus the

Exo.
§ Kimin. U[(R}-HB]-40 —  SKmin.  U[P(R)-HB]-402C
sasanensamanas 10 Kmin 'a} Farsimiarenees 10 n (b)
-~ ————— — 15 Kmin. —— — — 15 Kimin.
b —— - 20 Wmin. —— . 20 Kmin
z — N
S -‘. .., .
3 N
- B \ PP T PIN USUTPPTTD f’\ "
® é \ 7/ \"
] / \ \ / \
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Figure 9. Non-isothermal melt-crystallization exotherm of (a) U[P(R)-HB]-40 and (b) U[P(R)-HB]-40/3 CW nanocomposite at different cooling rates.
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Table IV. Kinetic Parameters of Non-Isothermal Crystallization of U[P(R)-HB]-40 and U[P(R)-HB]-40/3 C Composite

Sample code ¢ (°C min™?) T, (°C) AHme J/9) n Ze (min™") Ze (mint="°C™%) t1/2 (min)

UIP(R)-HBJ-40 5 86 -293 2.58 0.072 0.590 2.412 [2.410]
10 78 -27.1 2.40 0.484 0.930 1.180[1.162]
15 72 —-26.0 2.35 0.967 0.998 0.878 [0.868]
20 67 —-23.6 2.47 3.435 1.064 0.531 [0.523]

UIP(R)-HBJ-40/3C 5 83 —-26.3 2.15 0.125 0.673 2.242 [2.181]
10 75 -25.1 2.75 0.308 0.890 1.349 [1.339]
15 69 -21.1 2.45 0.759 0.982 0.978 [0.964]
20 65 -19.2 2.36 2.710 0.994 0.786 [0.879]

crystallization of P[(R)-HB] segments in the copolymer is
decreased. Analysis of the DSC cooling thermograms [Figure
5(b) and Table III] revealed that the nanocomposite exhibits a
lower melt crystallization (T,,.) values compared with neat sam-
ple; this implies that the incorporation of CW within the poly-
mer matrix retards the crystallization of the P[(R)-HB]
segments from molten state.

The thermal stability of the polymer composites plays a cru-
cial role in determining the limit of their working tempera-
ture and the environmental conditions for wuse. The
representative TG and DTG curves obtained from U[P(R)-
HBJ-40 and its nanocomposites are shown in Figure 6 and
the characteristics decomposition temperatures are appended
in Table III. It can be seen that the thermal degradation pro-
file of the composites is similar to that of neat sample and
the characteristic decomposition temperatures, namely Tso,
and the T, of U[P(R)-HB]-40 increase with increasing the
CW content. This implies that incorporation of CW into the
polymer matrix improves the thermal stability of the matrix.
Similar trend was observed by many researches in chitin
whiskers reinforced polymers composites, especially when the
content of CW was <10 wt %.***

Wide Angle X-ray Diffraction (WAXD) of U[P(R)-HB]-40
Nanocomposites

Figure 7 illustrates the WAXD patterns of pure U[P(R)-HB]-40,
a-chitin whiskers (CW) and U[P(R)-HB]-40/CW composites
containing different amounts of CW. Two strong diffraction
peaks of the crystallite of the P[(R)-HB] segments are detected
around 2 0 =13.6° and 17.1° assigned to be (020) and (110) of
the orthorhombic unit cell, respectively.*®*** For CW, three
main scattering intensity peaks can be identified at 20 = 9.4°,
19.5°, and 27.3°, which are assigned to the (020), (100), and
(130) reflexion planes of CW.>>>' The characteristic peaks of
both P[(R)-HB] and CW are observed in the X-ray diffraction
patterns of the all U[P(R)-HB]-40 nanocomposites, which
means that P[(R)-HB] and CW both can crystallize in the
nanocomposite. As the amount of CW incorporated in U[P(R)-
HB] matrix increased, the peaks of P[(R)-HB] become less
sharper than those in the pure U[P(R)-HB]-40 and 20 has
some changes. The reason might be due to the impregnation of
the CW into the copolymer matrix.

Morphology
Figure 8 shows the morphological features of fractured surfaces
of the neat U[P(R)-HB]-40 and its nanocomposite loaded with

1.0 {—r m=—n
~

0.8 1

0.6 1

X(T)

0.4 4
0.2 4

0.0 1

U[P(R)-HB]-40
S (a}

U[P(R}-HEJ-40/3 C
A ———— e, b
< ‘\.\ (b)
\. \\
v
\
\
A
\
— Hmin. \4
vee 10 Kimin E
- 16 Fmin.
— 20 Kimin

Temperature / °C

20 40 60

Temperature / °C

Figure 10. Relative crystallinity vs. temperature for non-isothermal crystallization of (a) U[P(R)-HB]-40 and (b) U[P(R)-HB]-40/3C composite at differ-

ent cooling rates.
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Figure 11. Relative crystallinity vs. time for non-isothermal crystallization of (a) U[P(R)-HB]-40 and (b) U[P(R)-HB]-40/3C composite at different cool-

ing rates.

3.0 wt % CW. As seen from Figure 8(a), the surface morphol-
ogy of neat U[P(R)-HB]-40 exhibited smooth surface, while
UP[(R)-HB]-40/3 CW nanocomposite showed a fluctuant frac-
tured surface [Figure 8(b)].

Non Isothermal Crystallization

In order to investigate the effect of chitin whiskers (3 wt %,
was chosen as a representative example as it represents the
moderate value between the investigated samples) on the
kinetics of non-isothermal crystallization of the copolymer
nanocomposite compared with pristine copolymer, we confind
ourselves with copolymer sample possessing the highst molecu-
lar weight avaliable, namely U[P(R)-HB]-40 copolymer that
contains 40 % of crystallizable P[(R)-HB] component. The
non-isothermal crystallization exothermic peaks of U[P(R)-
HBJ-40 and U[P(R)-HBJ-40/3 CW at various cooling rate are
shown in Figure 9 and the kinetic parameters are summarized
in Table IV. It is clearly seen that, as the cooling rate increases,
the peak crystallization temperature T, shifts to lower tempera-
tures and the crystallization exotherm becomes wider for all the
samples. This could be explained as follows: when the speci-
mens are cooled with a lower rate during DSC scans, they have

enough time to form necessary nuclei and to crystallize. So, the
beginning of the crystallization exotherm appears at higher
temperature. As the cooling rate increases, the motion of PHB
segments in the copolymer chains cannot follow the cooling
rate. Hence, the crystallization occurs at lower temperature. As
seen in Table IV, the values of T, of U[P(R)-HB]-40/ 3CW
shifts to low temperature compared with neat U[P(R)-HB]-40
at a given cooling rate, which indicates that the CW can delay
the melt-crystallization of PHB segments in the copolymer. The
crystallization enthalpies (AHp,.) gradually with
increasing cooling rates for the samples investigated. Further-
more, the AH,,. of U[P(R)-HB]-40/3CW composite is lower
than that of neat U[P(R)-HB]-40 at a given cooling rate, sug-
gesting that the total crystallinity of the composite is declined
by CW.

decrease

From DSC crystallization curves of U[P(R)-HBJ]-40 and
U[P(R)-HB]-40/3 CW, the relative crystallinity as a function
of temperature at different cooling rates is shown in Figure
10. The data can be further analyzed by converting the tem-
perature scale of the X(T) function into the time scale to
obtain the relative crystallinity function of time X(t).

2 4 U[P(R)-HB]-40 U[P(R)-HB]40/3C
(a) (b)
0 4
=
=
>
= 2]
c
Z‘ 4
= ]
L 4
- 'min.
6 ((- snsinas@erranis “I’owkh'r:rm
—— —— —— 15 Kimin. —— ——— — 15 Kimin.
3 ¢ ¢ 3 20 Kimin. . L] 20 Kimin.
-6 4 2 0 2 4 6 4 -2 0 2 4
Int Int

Figure 12. Plots of In[—In(1 — X(#)] versus In ¢ for (a) U[P(R)-HB]-40 and (b) U[P(R)-HB]-40/3C composite.
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Figure 13. Plots of 1/t as a function of cooling rates.

The relation between crystallization time t and sample tempera-
ture T can be formulated as

_ (=7
¢
where T is the temperature at crystallization time ¢, Tj is the

temperature at which crystallization starts and ¢ is the cooling
rate.

The converted curves are illustrated in Figure 11. All curves in
Figures 10 and 11 have the similar sigmoidal or inverted sig-
moidal shape.

The most common model to describe the overall non-
isothermal crystallization kinetics is the modified Avrami equa-
tion, in which X(t) can be expressed in the following form

In[—In(1-X(t)]=InZ,+nInt (1)

where Z, and n are the Avrami crystallization rate constant and
the Avrami exponent, respectively. Both Z, and 7 are constants,

WILEYONLINELIBRARY.COM/APP
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specific to a given crystalline morphology and type of nuclea-
tion for a particular crystallization condition. Considering the
temperature dependent character of the nonisothermal crystalli-
zation process investigated, Jeziorny pointed out that Z, should
be corrected as follows.>

In Z;
¢

By plotting In[—In(1 —X(t)] versus In t, as given in Figure 12,
the kinetic parameters n and Z, were obtained from the slope
and intercept of the line, respectively, which are given in Table
IV with the values of Z. In the fitting, the relative crystallinity
data between 0.05 and 0.95 were used. As seen in Table IV, the
n values were found to be in the range 2.15-2.58 and 2.15-2.75
for U[P(R)-HB]-40 and U[P(R)-HB]-40/3C, respectively, sug-
gesting that the crystallization proceeds by three-dimension
spherical growth. The overall rate parameter Z, determines
both of the nucleating and growth processes, increase with
increasing cooling rate, indicating a faster crystallization rate at
a higher cooling rate. Z, and Z, of the neat sample are slightly
higher than that of composite at a given cooling rate, suggesting
a slower crystallization rate of crystallizable of P[(R)-HB] seg-
ments in the presence of chitin whiskers.

InZ.= (2)

Another important parameter is the half-time of crystallization
(t1/2), which is defined as the time at which the crystallinity is
equal to 50%. In Avrami eq. (1), when X(t) = 50%:

Zi=Tn 2/(t,),)" (3)

The dependence of f,,, on cooling rate (¢p) for the investigated
samples is listed in Table IV. With increasing ¢, t;,, decreases
accordingly both for neat U[P(R)-HB]-40 and its composite,
indicating that the samples can crystallize more quickly at
higher cooling rate. In addition, the half crystallization time ¢,
calculated from eq. (3) (values between brackets) agrees with
that obtained experimentally from Figure 11, suggesting that the
Avrami equation analysis is adequate to describe the crystalliza-
tion mechanism of PHB segments in U[P(R)-HB]-40 and its
nanocomposite. By taking the inverse of f;,, a measurement of
crystallization rate can be obtained and plotted versus the

14
U[P(R)-HB]-40 U[P(R)-HB]-40/3C
.
- 12 3 -
=
E
L 1.0
-~
=
o ® 0% » 0%
(=] o W% 0 0%
T 08y u% v 0%
A 0% a 0%
. 0% m 0%
oD % v o 70%
$ A% $ 0%
0.6 r T r T r :
06 04 02 00 02 04 06 04 02 00 02 04 06
log t/ min. log t /min.

Figure 14. Plots of log ¢ versus log t for (a) U[P(R)-HB]-40 and (b) U[P(R)-HB]-40/3C at different crystallinity.
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Table V. Nonisothermal Crystallization Kinetics Parameters of U[P(R)-HB]-40 and its U[P(R)-HB]-40/3C Composite at Different Degrees of Crystallinity

by the Mo Method

U[P(R)-HBJ-40 UIP(R)-HBJ-40/3C

X(T) log F(T) a log F(T) a

20 0.895 0.931 0.903 iL.388
30 0.972 0.927 1.015 1.295
40 1.027 0.926 1.087 1.282
50 1.072 0.926 1151 1.265
60 1.115 0.933 1.217 1.297
70 1.156 0.938 1.288 1.334
80 1.203 0.940 1.365 1.350
heating rate in Figure 13. From this figure, it can be observed log p=log F(T)+a Int (5)

that the U[P(R)-HB]-40 composite exhibits the lower crystalli-
zation rate compared to the neat sample.

Ozawa took the effect of cooling rate on the non-isothermal crys-
tallization into consideration and developed the Avrami equation
to describe the nonisothermal crystallization as follows:

In[~In(1-X(T)]=InK(T)+m In ¢ (4)

K(T) is called the heating function of the process, and m is the
Ozawa component that depends on the crystal growth and
nucleation mechanism.”> We have tried to use this method to
describe the crystallization kinetics of the investigated samples.
yet no straight lines could be obtained when plotting In
[—In(1 — X(T)] versus In ¢, suggesting that the Ozawa equation
is unable to study the non-isothermal crystallization kinetics of
the PUs. The Ozawa method sometimes is not usable in other
polymers.”>~°

The Mo method,”” which is almost a universal method and is
proved to be efficient to describe non-isothermal crystallization
5861 is deduced from the Ozawa and
Avrami equation. It was expressed as:

kinetics of many polymers,

-8.4
® U[P(R}-HB]
© U[P(R)-HB]-40/3C
-8.8 4
N";_ -9.2
£ .96
-10.0 1
e ©
104 T T T T T
276 280 284 288 292 296 3.00

1000/T,/ K

Figure 15. Plots of ln((/)/T;) versus 1/T, for U[P(R)-HB]-40 and U[P(R)-
HB]-40/3C composite.
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where F(T)=[K X (T)/Z]Y™ a=mn/m, and n and m are
Avrami and Ozawa exponents, respectively. The F(T) has a
physical meaning that a high value of F(T) indicates low crystal-
lization rate.”” As shown in Figure 14 plotting log ¢ against log
t for U[P(R)-HB]-40 and U[P(R)-HB]-40/3C composite dem-
onstrates linear relationship at a given X(#), and the values of
log F(T) and a are listed in Table V, in which F(T) increases
with the increase of the relative degree of crystallinity. There
was a good linear relationship between log ¢ and log t.

Compared the values of log F(T) of neat U[P(R)-HB]-40 with
its composite at a given X(T), it is obvious that the values of
the U[P(R)-HB]-40/3C composite are higher than that of neat
sample, suggesting a lower crystallization rate of the composite.
The results are consistent with those of the crystallization half-
time values and Z. The presence of chitin whiskers retards the
crystallization of P[(R)-HB] in PUs.

The activation energy of crystallization for U[P(R)-HB]-40 and
U[P(R)-HB]-40/3C composite can be evaluated with the Kis-
singer approach®>®* as follows:

¢ E,
In | = | =const.—
(Tg RT,

where T, is the maximum of melt crystallization peak at heating
rate, ¢. Therefore, the activation energy, E,, can be determined
from the slope of the plot of ln(d)/TIf) versus 1/T, (Figure 15).
The calculated E, values for the non-isothermal crystallization
of pure U[P(R)-HB]-40 and its U[P(R)-HB]-40/3C composites
are found to be 78.2 and 82.2 kJ/mol, respectively. These values
suggest that the energy barrier is not significantly changed with
the incorporation of chitin whisker in the polymer chains.

CONCLUSIONS

In summary, a series of biodegradable multiblock copolymers
based on crystalline bacterial poly[(R)-3-hydroxybutyrate],
P[(R)-HB], and amorphous chemo-synthetic poly[(R,S)-
hydroxybutyrate] P[(R,S)-HB] with different compositions were
successfully prepared and characterized. The incorporation of
P[(R,S)-HB] segments retards the rate of crystallization
of P[(R)-HB] segments in the copolymer. The thermal stability
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of the copolymers increases with increasing the weight fraction
of P[(R)-HB]. The copolymer containing ~40 wt % of P[(R)-
HB], namely U[P(R)-HB]-40, loaded with various content of
chitin wiskers (CW) ranging from 1 to 5% were prepared. The
experimental results revealed that the incorporation of CW in
the copolymer matrix slightly decreased the rate of crystalliza-
tion of P[(R)-HB] segments and improved the thermal stability
of the final copolymer composite. The non-isothermal melt
crystallization of the neat U[P(R)-HB]-40 and its nanocompo-
site loaded with 3 % CW was studied. Avrami and Mo meth-
ods were successfully described the non-isothermal melt
crystallization kinetics. The values of #;,, and Z, indicated that
the crystallization rate increases with increasing cooling rate for
both copolymer and its composite. The presence of CW in the
copolymer matrix restricts to some extent the motion of
P[(R)-HB] segments; this results in slower crystallization.

In addition, the activation energy was calculated with Kissinger’s
method. The obtained value of composite was found to be
higher than that of the neat sample.

The effect of the copolymer composition and the amount of CW
incorporated within the copolymer on the non-isothermal crystal-
lization is planned to be investigated in details in a future work.

In conclusion, our investigated copolymers seem to combine
the criteria of biodegradability with improved thermal stability
and wide processability window compared with high molecular
weight P[(R)-HB]. In addition, such copolymers exihibit fast
non isothermal melt crystallization to be excellent biodegradable
polymers.
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