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Abstract :

Poly (N—vinylpyrrolidone) (PVP) groups were grafted onto a poly (3—hydroxybutyrate—

co—3—hydroxyvalerate) (PHBV) backbone in order to modify its properties and synthesize a novel
biocompatible copolymer. The crystallization behavior of PHBV and grafted PHBV was investigated by

differential scanning calorimetry (DSC) and polarized optical microscopy (POM). During the cooling—

induced crystallization process, the crystallization temperature and the crystallization rate of the grafted
PHBV decreased with increasing PVP weight fraction. On the heating scans of all grafted PHBV samples,

a new crystallization exothermic peak appeared at almost the same temperature, suggesting the operation

of a recrystallization process, while the melting temperature (7;,) and the apparent enthalpy of fusion

(AHp) were not affected by graft modification. During the isothermal crystallization process at the same

temperature, the presence of side PVP groups decreased the spherulitic growth rate and the spherulitic band

spacing with increasing PVP weight fraction in samples.

Keywords : poly (3—hydroxybutyrate—co—3—hydroxyvalerate) (PHBV), poly (N—vinylpyrrolidone) (PVP),
graft modification, crystallization behavior, spherulitic growth rate.

Introduction

Poly (3—hydroxybutyrate— co—3—hydroxyvalerate) (PHBV)
1s a thermoplastic polymer synthesized by microorganisms
under imbalanced growth conditions, for example, in the
presence of excess carbon source, and under nitrogen,
magnesium or phosphor limited culture conditions. It serves
as an intracellular storage product for carbon and energy,
which can be utilized to support growth when an extracellular
carbon source is absent. The synthesis of PHBV is very
different from common polymers synthesized from petroleum
or natural gas. PHBV can be synthesized by bacteria using
different organic feedstocks, such as starch, waste edible
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oils, waste vegetable, waste fruit and other organic wastes
originating from industry and trade." It can also be produced
and extracted from plants, including Arabidopsis, through
transgenic technology.34 PHBV has many excellent properties,
such as biodegradability, biocompatibility, piezoelectric pro—
perty, and optical activity, which have supported its wide
use as biodegradable packing materials, tissue engineering
materials, drug delivery system and electric materials. With
the shortage of energy resources and the increasing concern
of environmental protection in world, the exploration and
application of PHBV is attracting more and more research
attention and industry interest.

The properties of PHBV can be tailored at a certain extent
by varying the hydroxyvalerate (HV) content of the copoly—
mer. At an HV content of 3—8 mol%, the thermal and
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mechanical properties of PHBV are similar to those of poly—
propylene. PHBV can be processed in melting, and is there—
fore an environmentally friendly, prospective substitute for
the currently used, non—biodegradable, thermoplastic resin.
However, the present application of PHBV is very limited
due to its inherent disadvantages such as high cost, hardness
and brittleness, low thermal decomposition temperature,
narrow processing window, and absence of functional groups.
In order to improve the chemical, physical and processing
properties of PHBYV, various methods, including chemical
modification”® and blending with other polymers, have been
investigated.gf12 Among these modification methods, graft
modification is a well—known method to both tailor the poly—
mer properties and introduce the new functional groups to
the same polymer backbone. Many studies on the graft mo—
dification of PHBV have also been reported.lsf18

Poly (N—vinylpyrrolidone) (PVP) is a synthetically derived
vinyl polymer with a unique combination of excellent pro—
perties, such as good solubility in water and a range of
organic solvents, remarkable capacity to interact with a wide
variety of organic and inorganic compounds, good biocom—
patibility, and non—toxicity to living tissues. PVP has been
widely used in the biomedical, cosmetic and food industries
which have been closely related to human health for decades.
PVP has also been widely used as a medical additive or poly—
meric modifier.!* 2% If PVP could be grafted onto PHBYV,
not only would the properties of PHBV be improved but also
new functional groups could be introduced. Meanwhile both
substrate PHBV and grafted PVP groups are biocompatible,
suggesting that the PHBV grafted with PVP will also have bio—
compatibility. These products could be used as biomaterials
and could be further functionalized to extend their application
because PVP groups have a remarkable capacity to interact
with a wide variety of organic and inorganic compounds.

Although several polymers or monomers have been grafted
onto PHBYV, no grafting attempt has been reported with PVP.
In this work, PVP groups were originally grafted onto PHBV
using benzoyl peroxide (BPO) as an initiator in chloro—
benzene to modify the properties of PHBV and synthesize
a new novel, compatible copolymer which would combine
the advantages of PHBV and PVP. The structure of raw
PHBV and PHBV grafted with PVP was characterized by
"H-NMR spectra. The crystallization behavior of raw PHBV
and grafted PHBV was investigated by differential scanning
calorimetry (DSC) and polarized optical microscopy (POM).

Experimental

Materials. PHBV (Tian’an Bioproducts Ltd. Co., China; HV
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content: 3.57 mol%, measured by "H-NMR) was recrys—
tallized from ethanol and dried in a vacuum oven at 333 K
for at least 24 h. N—vinylpyrrolidone (NVP, Fluka Chemika
Ltd. Co., Germany) was treated with active carbon sorption
to remove the inhibitor before use. BPO (Shanghai Zhongli
Chemical Factory, China) was recrystallized from methanol.
Chlorobenzene, hexamethylene (1,6—hexylidene), ethanol,
methanol and PVP (PVP—K30), supplied by China Medicine
Groups, were used as received.

Preparation of PHBV Grafted with PVP. Into 25 mL of chloro—
benzene at above 373 K, 2.5 g of PHBV powder was com—
pletely dissolved in a three—neck flask. After the solution
was cooled to room temperature, prescribed weights of NVP
monomer and BPO initiator were added, and then the solution
was heated up to a predetermined temperature under nitrogen
atmosphere. Because all the feed stocks and products are
soluble in chlorobenzene, this reaction is a kind of homo—
geneous solution copolymerization. After a chosen period of
reaction, 100 mL if 1,6—hexylidene was poured into the
solution while being stirred . The formed precipitates were
filtered using a filter flask and dried at 333 K in a vacuum
oven for at least 24 h. The rough products were extracted
by ethanol in a Soxhlet apparatus for at least 48 h to ensure
complete removal of the homopolymer PVP. Finally, the
resultant precipitates were dried at 333 K in a vacuum oven
for another 24 h and then weighed. The dried weight of the
resultant products (7) should be higher than 2.5 g due to the
grafting of the PVP groups onto PHBV. From the increased
weight, the PVP weight fraction (PVP%) in the products
was estimated according to the following equation:

W-2.5

PVP% = x100 ¢))

Ethanol is a good solvent for PVP, as well as precipitant
for raw PHBV and grafted PHBV, so the PVP homopolymer
could be easily separated from the products. It is should be
noted here that unreacted PHBV was probably present in
the products. However, in line with the modification intention,
it was not necessary to separate the unreacted PHBV from
the products. Therefore, blends of unreacted PHBV and the
graft copolymer PHBV—g—PVP, with unknown composition,
were actually obtained in this research. In several previous
studies on polymer graft modification, the unreacted substrate
polymer and graft copolymer were similarly not separated
from the products.®717237%

In order to maximize the PVP% in the products, the
orthogonal array design method, which will be reported in
a separate paper, was adopted. The results showed that
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Table 1. Relationship between NVP in Feed and Result PVP%
in Products

NVP weight in feed(g) Result PVP%
2.5 2.54
5.0 6.98
7.5 9.01
10.0 10.48

the optimal copolymerization conditions were as follows:
reaction temperature of 393 K, reaction time of 1 h, BPO
weight of 0.3 g, and NVP weight of 10 g. Under these
optimized reaction conditions, the PVP% was maximized at
10.48%. Grafted PHBV samples with different PVP% were
easily obtained by varying the weight of NVP in the feed
(Table 1).

"H-NVR Spectra Characterization. The structural charac—
terizations of the samples were determined by high—resolu—
tion 'H-NMR spectra using a Bruker AU400 spectrometer.
Deuterated chloroform was used as the solvent and tetra—
methylsilane (TMS) as the internal reference.

DSC. The crystallization and melting behaviors of all
samples were analyzed by using DSC instrument. The instru—
ment was calibrated with an indium standard (7,=429.6 K,
A =28.5 J/g) and the measurement was conducted under
nitrogen atmosphere. The sample weight used in the DSC
pan was maintained within 6—8 mg. The samples were first
heated from room temperature to 463 K at a rate of 20 K/
min, maintained there for 3 min to destroy all memories
of the previous thermal and mechanic histories, cooled to
room temperature at a rate of 10 K/min and finally heated to
463 K at the same rate. The temperature at the crystalli—
zation exothermal peak observed upon cooling from the melt
(7%, the temperature at the crystallization exothermal peak
observed upon heating from room temperature (7)), and
the melting temperature (7;,) were determined from the
DSC traces.

POM. The spherulitic growth rate () and morphological
structure of the samples were observed with an Olympus
BX51 polarized optical microscope equipped with a hot stage.
Each specimen was sandwiched between two thin glass slides,
kept at 463 K for 3 min on the hot stage, and then cooling
to the desired temperature as quickly as possible. The speci—
mens were crystallized isothermally at a given temperature
(7Y). The growth rate of the spherulite radius was monitored
as a function of time. The slope of the line obtained from
the plot of the spherulitic radius versus time was taken to
indicate the radial growth rate of the spherulites.

Results and Discussion

'H-NMR Spectra Characterization. Figure 1 presents the 'H-
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Figure 1. 'H-NMR spectra of raw PHBV (A) and grafted
PHBV with PVP% of 6.98% (B).

NMR spectra of raw PHBV (A) and grafted PHBV after
ethanol extraction in a Soxhlet apparatus with the PVP%
of 6.98% (B). Both spectra showed several characteristic
peaks of methine protons at 5.25 ppm, methylene protons
at 2.40—2.70 ppm, methyl protons of HB unit at 1.27 ppm and
methyl protons of HV unit at 0.95 ppm, respectively. However,
in the 'H-NMR spectrum of the grafted PHBV sample,
several distinct peaks appeared at about 2.00, 3.20, and
3.56 ppm, which were assigned to the protons of a(a’), b,
and c(c") in the PVP unit, respectively, as shown in Figure
1(B). In addition, the 'H-NMR spectrum of the grafted PHBV
exhibited the characteristic peak of aromatic ring protons
at 7.45 ppm, which was probably due to the residue of the
initiator. The HV content in PHBV (3.57 mol%) was de—
termined from the ratio area of the peak at 0.95 ppm to
that at 1.27 ppm.”® The PVP weight fraction was estimated
to be 7.02% from the ratio area of the peak at 2.00 ppm to
that at 2.40—2.70 ppm, and was very near to the result
calculated from eq. (1).

The "H-NMR structural characterizations indicated the
presence of PVP groups in the grafted PHBV. In order to
investigate the presence of a covalent bond between the
PHBV backbone and PVP groups, 0.5 g of PVP—K30, 2.5 g
of PHBV and 0.3 g of BPO were dissolved in 25 mL of
chlorobenzene at 393 K under nitrogen atmosphere. After a
1—hr reaction time, 100 mL of hexamethylene was poured
into the solution with stirring and the precipitates were
formed. The precipitates were PHBV/PVP blends because
hexamethylene is the co—precipitant for PHBV and PVP.

Polymer (Korea), Vol. 31, No. 5, 2007
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The blends were extracted by Soxhlet apparatus using ethanol
for at least 48 h and then dried at 333 K in a vacuum oven
for at least 24 h. The '"H-NMR spectrum of the PHBV/PVP
blend sample after extraction was an almost identical copy
of that of raw PHBYV, confirming the complete extraction of
PVP from the blends. Nevertheless, after the grafted PHBV
was extracted once more at the same condition, the dried
weight was maintained almost constant, as was the ratio area
of the peak at 2.00 ppm to that at 2.40—2.70 ppm in the -
NMR spectra of sample before and after extraction. It is
therefore reasonable to conclude that the presence of chem—
ical bonding was more likely than covalent bonding between
the PVP groups and PHBV substrate, i.e., that the PVP
groups were successfully grafted onto the PHBV backbone.

Crystallization Behavior of Raw PHBV and Grafted PHBV. In
order to study the effect of PVP weight fraction on the
crystallization and melting behaviors of the grafted PHBV,
samples with PVP% given in parentheses were selected as
follows: PHBV—g—PVP(2.54), PHBV—¢—PVP(6.98), PHBV—
g—PVP(9.01), and PHBV—¢—PVP (10.48).

Figure 2 shows the crystallization behavior of raw PHBV
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Figure 2. DSC traces of raw PHBV and grafted PHBV with
different PVP% crystallized from the melt at a cooling rate of 10
K/min. (@) raw PHBV, (b) PHBV—¢—PVP(2.54), (c) PHBV—g—
PVP(6.98), (d PHBV—-g-PVP(9.01), and (¢) PHBV—g—PVP
(10.48).

and grafted PHBV with different PVP%, while Table 2 shows
the parameters of the crystallization process. At the tem—
perature of crystallization exotherm peak upon cooling (7%,
the value of the heat flow was maximized. The initial slope of
the exotherm peak (S1), which is the slope at inflexion on the
high temperature side of the peak, is positively correlated to
the nucleation rate. 7icomset 1S the temperature at the inter—
section of the tangent at the baseline and the high tem—
perature side of the peak. The width at half height of the
exotherm peak (UAW) is determined after normalized of the
peak to a constant sample mass. A smaller AW value indicates
a narrower crystallite size distribution. The parameter
Ticonse — Zec 1S @ measure of the overall rate of crystallization,
with a smaller 7icnsey — Zec Value indicating a higher crys—
tallization rate.””

The results showed that 7¢ of the grafted PHBV samples
was remarkably decreased as a function of PVP% in com—
parison with raw PHBV. 7consen Of grafted PHBV decreased
slightly with increasing PVP%. These results indicated that
the PVP side groups hindered the crystallization process of
the grafted samples. It is clear that the sample values of
Teconset) — 1ee Increased with increasing PVP%, which offers
further proof that the crystallization process is hindered by
the introduction of PVP groups into the PHBV backbone. The
PVP groups reduced the crystallization rate and increased
the steric hindrance for the regular folding of grafted PHBV
molecular chains.

Table 2 also confirmed that .S decreased with increasing
PVP%, implying that samples with lower PVP% had a greater
nucleation rate. Hence, the crystallites size distribution of
the samples with lower PVP% should be smaller than that
of those with higher PVP%. This analysis agrees with the
increase in the calculated value of AW with increasing PVP%.
The PVP groups may have reduced the nucleation and
crystallization rate of the grafted samples, thereby increasing
the crystallite size distribution.

Melting Behavior of Raw PHBV and Grafted PHBV. Figure 3,
showing the DSC traces of raw PHBYV and grafted PHBV with
different PVP% on heating, exhibits two melting endothermic
peaks on the DSC curve of raw PHBV due to its unusual

Table 2. Crystallization Parameters of Raw PHBV and Grafted PHBV with Different PVP%

Samples ch (K) ch (onset) (K) Téc (onset) — Téc (K) A W(K) _A[—[cc (J/g)a Si
Raw PHBV 357.5 373.3 15.8 12.8 61.33 7.64
PHBV—g—PVP(2.54) 348.2 372.7 24.5 29.7 30.62 1.87
PHBV—g—PVP(6.98) 344.7 371.5 26.8 30.3 28.21 1.09
PHBV—g—PVP(9.01) 341.2 368.5 27.3 33.8 18.58 0.72
PHBV—g—PVP(10.48)° 334.2 368.0 33.8 38.5 5.67 0.22

“‘AH..=enthalpy of crystallization upon cooling. “Peak obtained from the enlarged DSC trace.

ZoM, 43148 5%, 20074
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co—crystallization pher10mer1&1,28'29 but only one peak on the
DSC curves of all grafted PHBV samples, indicating the
disappearance of the co—crystallization phenomena. It is
noteworthy that a new exothermic peak appeared at almost
the same temperature (323—324 K) in the DSC curves of all
grafted PHBV samples, regardless of the PVP%. This new
peak temperature, termed 7, as it indicates the temperature
at the crystallization exotherm peak upon heating, has not
previously been reported in the research on PHBV and
modified PHBV. The appearance of 7, was ascribed to the
recrystallization process of grafted PHBV upon heating

because of its weakened crystallization ability upon cooling.

The crystallization rate of raw PHBV upon cooling is relatively
high, indicating that the crystallization process is mainly
completed before the sample is cooled down to room tem—
perature. However, as noted above the crystallization rate
of grafted PHBV is relatively low and the crystallization
process can not be completed, which allows many imperfect
spherulites and crystal nuclei to form upon cooling. These
imperfect crystals and nuclei could not grow at low tem—
perature. When the samples were heated to a suitable tem—

i
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perature, these imperfect crystals and nuclei grew again,
allowing recrystallization to occur and a new crystallization
exothermic peak to appear.

The melting parameters of the samples are shown in Table
3. At the temperature of the recrystallization exotherm peak
upon heating (7w, the value of the heat flow was maximized
similar to the crystallization process upon cooling. The initial
slope of the exotherm peak (5)), i.e., the slope at inflexion
on the low temperature side of the exotherm peak, which can
be considered to be a measurement of the nucleation rate on
heating, is also a function of PVP%, but with a trend contrary
to that of S;: with increasing PVP%, S increased, while .S
decreased (Figure 4). The same phenomenon was also
observed for —AHMH, the enthalpy of recrystallization upon
heating, and for —4/.., the enthalpy of crystallization upon
cooling (Figure 5). These results indicated that with decreasing
crystallization rate, more imperfect spherulites and crystal
nuclei formed on cooling, and therefore that the recrystalli—
zation rate increased and the recrystallization enthalpy
increased with heating.

Although the crystallization capability of the grafted PHBV
decreased with increasing PVP%, the apparent enthalpy of
fusion (AF) of all samples remained almost constant, implying
an unchanged degree of crystallization, probably due to the
recrystallization process before melting for the grafted PHBV
on heating. The undercooling temperature, A7= 7;—7¢&, was
used to describe the kinetic crystallization ability during non—
isothermal crystallization process. A higher A7 suggested a
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Figure 3. DSC traces of raw PHBV and grafted PHBV with 0 : ; : : :
different PVP% at a heating rate of 10 K/min. (a) raw PHBV, ooz 4681012
(b) PHBV—g-PVP(2.54), (c) PHBV—g—PVP(6.98), (d) PHBV— Pvbe
g—PVP(9.01), and (e) PHBV—¢—PVP(10.48). Figure 4. S ((J) and S;(A) vs PVP%.
Table 3. Melting Parameters of Raw PHBV and Grafted PHBV with Different PVP%
Samples 7 (K) — Ay (J/9)* S T (K) —4H (/9" Th—T.®K)  T—Tu(K)
Raw PHBV = 0 0 442.7 68.92 85.2 =
PHBV—g—PVP(2.54) 323.1 15.09 2.14 443.8 70.71 95.6 25.1
PHBV—g—PVP(6.98) 323.7 24.32 3.91 4444 69.40 99.7 21.0
PHBV-¢—PVP(9.01) 323.1 41.65 5.08 443.8 69.40 102.6 18.1
PHBV—g—PVP(10.48) 323.3 50.04 6.01 443.3 68.47 109.1 10.9

“AH.»=Enthalpy of crystallization upon cooling. °AH= Apparent enthalpy of fusion. ‘Not be detected.

Polymer (Korea), Vol. 31, No. 5, 2007
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lower kinetic crystallization ability in the range from 7y to 7g.
As shown in Table 3, 7, of all samples was almost unchanged,
whereas the value of 7y,— 75 increased with increasing PVP%,
implying that the rate of chain addition to the growing crystal
may have been hindered by PVP side groups. The same
conclusion is reached by examining the quantity of 7¢— 7,
which can be considered to indicate the relative rate of crys—
tallization of the sample,30 as this value showed a mono—
tonic decrease with increasing PVP%. Further crystal growth
rate studies should focus on a more complete interpretation
of these data.

Isothermally Crystallized Spherulities of PHBV and Grafted
PHBV. In this work, the spherulitic growth rates (&) of the
samples isothermally crystallized at different crystallization

70
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20-
101

Enthalpy of crystallization (J/g)

0 2 1 6 8 10 12
PVP%
Figure 5. —AH,. () and —AHy, (A) vs PVP%.

d : PHBV—g—-PVP(2.54) at 353 K

temperatures (7.) were determined with POM. 7. ranged
from 333 to 373 K. Figure 6 shows the dependence of &
on 7. for all samples. The figure clearly shows the & peak
value for all samples at a certain temperature (7). Zmax Was
about 363 K for raw PHBYV, but decreased by about 10—15
K for grafted PHBV. The spherulitic growth rates of the
grafted PHBV samples decreased with increasing PVP% at
the same 7¢, indicating that the presence of PVP side groups
reduced the spherulitic growth rate of the grafted PHBV
samples, presumably caused by the decreased segmental
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Figure 6. Spherulitic growth rate (G) as a function of 7 for raw
PHBV and Grafted PHBV. —#—Raw PHBV, —a—PHBV—g—
PVP(2.54), —=— PHBV—-g—PVP(6.98), —&— PHBV—g—PVP
(9.0D).

¢ : Raw PHBV at 3563 K

e : PHBV—g—PVP(6.98) at 353K f: PHBV—g—PVP(9.01) at 353 K

Figure 7. A series of polarized optical micrographs for samples isothermally crystallized at different temperatures.

ZoM, 43148 5%, 20074



Preparation and Crystallization Behavior of PHBV Grafted with PVP 391

mobility for the grafted PHBV due to the steric hindrance
effect of the PVP side groups.

Figure 7 shows a series of polarized optical micrographs
of samples isothermally crystallized at different crystallization
temperatures. The figure indicates that all spherulites ex—
hibited a typical black cross with a banded structure and an
absence of cracks. The band spacing changed with isothermal
crystallization temperature and PVP%. For raw PHBV, the
band spacing decreased with decreasing crystallization tem—
perature (Figures 7(a)—(c)). At the same crystallization tem—
perature, the band spacing decreased with increasing PVP%
(Figures 7(c)—(f)). Generally, the banded structure of
spherulite is caused by the presence of twisted lamellae
which result from the stress generated during crystallization
and probably occurring within the disordered fold surfaces
of the polymer c1’ystals.31'32 Hence one possible explanation
for this change of band spacing in the spherulites is the effect
of the PVP side groups in inducing stress on the lamellar
surfaces of the grafted PHBV samples.

Conclusions

PVP groups were successfully grafted onto PHBV sub—
strate using BPO as an initiator in chlorobenzene under nitro—
gen atmosphere. The PVP% peaked at 10.48% under the
optimal reaction conditions and grafted PHBV samples with
different PVP% could be tailored by varying the NVP weight
in the feed. The structures of the raw PHBV and the grafted
PHBV with PVP% of 6.98% were characterized by H-
NMR spectra. Chemical bonding between the PVP groups
and the PHBV substrate was considered more likely than
covalent bonding based on the comparative analysis of weig
ht reduction and 'H-NMR spectra change of the grafted
samples and the blend samples after selective extraction.

The crystallization and melting behaviors of raw PHBV
and grafted PHBV with different PVP% were investigated
by DSC. In comparison with raw PHBYV, the crystallization
and melting behaviors of grafted PHBV differed markedly
depending on PVP%. The crystallization temperature on
cooling (7)), and the crystallization and nucleation rate of
grafted PHBV samples upon cooling all decreased with
increasing PVP%, suggesting a weakened crystallization
capability of the grafted samples upon cooling due to steric
hindrance. 73, of all samples was almost constant, but the two
characteristic melting endothermal peaks of raw PHBV
disappeared in the heating DSC traces of all grafted PHBV
samples, indicating the absence of any co—crystallization
phenomena in the grafted samples. A new crystallization
exotherm peak (7u) appeared on the heating scans of all

grafted PHBV samples, but its position was almost unchanged,
indicating that the recrystallization process occurred at a
suitable temperature before melting of the grafted PHBV
samples. In contrast to the crystallization process on cooling,
the initial slope at inflexion on the low temperature side of
the recrystallization exothermal peak (S) and the enthalpy
of recrystallization (—4/) upon heating both increased with
increasing PVP %, indicating an increased recrystallization
and nucleation rate upon heating for the grafted PHBV at
higher PVP%. Although the crystallization capability of the
grafted PHBV samples decreased with increasing PVP%,
the apparent enthalpy of fusion (47, which is related to the
crystallization degree, remained almost constant for all samples
due to the recrystallization process for the grafted PHBV
samples before melting.

In the POM investigation of the isothermal crystallization
process of the raw PHBV and grafted PHBV samples, all
spherulites exhibited a typical black cross with a banded
structure and an absence of cracks. For raw PHBV, the band
spacing decreased with decreasing crystallization tem—
perature. At the same crystallization temperature, the band
spacing decreased with increasing PVP%. The sphereulitic
growth rates (&) of the grafted samples decreased with
increasing PVP% at the given crystallization temperature and
Tmax decreased by about 10—15 K for the grafted PHBV
samples.
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