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Abgract. The structure of extruded films based on blends
of polyvinyl alcohol and poly(3-hydroxybutyrate) (PHB)
was studied for various compositions. The methods of
DSC and X-ray analysis were used. As the phase-sensitive
characteristics of the composite films, diffusion and water
vapor permeability were also investigated. In addition, the
tensile modulus and relative elongation-at-break were
measured. Changes in the glass transition temperature of
the blends and constant melting points of the components
show their partial compatibility in intercrystallite regions.
At the content of PHB in the composite films equal to
20-30 wt % their mechanical characteristics and water
diffusion coefficients are dramatically changed. This fact,
aong with the analysis of the X-ray diffractograms,
indicates a phase inverson in the above narrow
concentration interval. The complex pattern of the kinetic
curves of water vapor permeability is likely to be related
to additional crystallization, which is induced in the
composite films in the presence of water.

Keywor ds: morphology, poly(3-hydroxybutyrate), blend,
polyvinyl alcohal, diffusion.

1. Introduction

To vary the physicochemical, mechanical, and
diffusion characteristics of the polyvinyl alcohol (PVA)
and to widen the area of its practical application [1-3]
mixed compositions with a moderately hydrophilic
polymer were proposed [4].

To improve the mechanical behavior of PHB and
simultaneously to lower the cost of its production the
modification can be made through the PHB blending with
other relevant polymers. Resulting polymer blends are
potentially able to gain the properties different from the
ones of parent blend-forming polymers.

Poly(3-hydroxybutyrate) (PHB) was used as the
modifying polymeric component. The selection of this
polymer is due to its biocompatibility with animal tissues
and blood. Taking into account similar properties of PVA,
one may expect that a new class of polymer materials for
medical purposes will be created [5, 6].

A widespread procedure for regulating the drug
release rate involves controlled changes in the balance of
hydrophilic interactions in the polymer matrix at the
molecular level. Therefore, regulation of structural
organization at the molecular and supramolecular levels
makes it possible to control the rate of drug delivery and
hence to improve the therapeutic efficacy of new
medicines.

2. Experimental

We sudied the PVA (trade mark 8/27, Russia)
containing 27 % VAc; M = 3.8:10". The corresponding
DSC curve shows two melting peaks at 403 and 443 K.
As the other component, we used powdered PHB (Lot M-
0997, Biomer, Germany) with M = 3.4-10°, melting point
449K, and the degree of crystallinity 69% (X-ray) or
78 % (DSC).

The mechanical mixtures were prepared in the
following proportions PVA:PHB = 100:0, 90:10, 80:20,
70:30, 50:50, and 0:100 wt %. The as-prepared mixtures
were processed into films with the thickness of 60 + 5 pm
using an ARP-20 single-screw extruder (Russia) with a
screw diameter of 20 mm and the diameter-to-length ratio
of 25. In the extruder zones, the temperature was varied
from 423 t0 463 K.

The structure of the asprepared films was
characterized by DSC methods on a Mettler TA-4000
indium-calibrated thermal analyzer; the scanning rate was
20K/min. The structure of the test samples was also
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characterized by X-ray analysis on an automated X-ray
diffractometer (CuK,-radiation, 1=0.154 nm) with a
linear coordinate detector (Joint Institute for Nuclear
Research, Chernogolovka) [7].

The tensile modulus and relative elongation-at-
break of the composite films were estimated using a ZE-
40 tensile machine (Germany) at a cross-head speed of
100 mnvmin; the gage width of the test samples was
10 mm. The water vapor permeability of the composite
films was measured according to the standard beaker
method [8] at 296+ 1K and a saturated water vapor
pressure of 2.8 kPa; the results were taken from five
pardlel experiments. The accuracy of weighing was equal
to+ 0.001 g.

3. Results and Discussion

The results of DSC studies of the composite films
based on the PVA copolymer and PHB are summarized
for various film compoasitions in Fig. 1 and in the Table
below. Asis seen, the average glass transition temperature
T, of the blends lies between 297 and 327 K, the values
corresponding to the glass transition temperatures of the
starting PHB and PVA. This fact indicates a mixing of
segments of these macromolecules in amorphous regions.
The changes in Tg of the composites with respect to T, of
the starting polymers clearly indicate the compatibility of
the components. However, the presence of a crystalline
phase in both components at various content ratios
suggests a limited interaction between the polymers.

Analysis of the nature of the double peak in the
DSC melting curve of the PVA samples is beyond the
scope of this work. However, one may attempt to explain
this fact on the basis of published data[9-11].

This behavior may be related to a wide size
distribution of crystalites, as well as to their metastable
character. As was asserted in Ref. [10], the typical DSC
curves of crystalline polymers show several melting
peaks; their height and position on the temperature axis
are controlled by the temperature-time conditions of the
sample processing in the extruder.
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Fig. 1. Dependence of glass transition temperature
of blending films from. concentration of PHB

The presence of the double peak in the DSC curves
of the PVA films may also be explained by the effect of
extrusion-induced orientation, which may lead to the
development of various morphological structures with
different temperatures of phase transitions. As was stated
in Ref. [11], polymers may have various crystalline
modifications with identical crystallographic parameters
of the unit cell but different energy levels.

As was found, the positions of the high-
temperature and low-temperature peaks in the DSC
curves, which correspond to the melting points of the
starting components, are almost independent of the blend
composition and remain invariable in the whole
concentration range under study (Table). However, the
transient region characterizing the glass trandtion
temperature of the PVA-PHB system assumes different
positions on the temperature axis depending on the
concentration of PHB. This situation is vividly illustrated
inFig. 1, where T, of the blend is seen to increase with the
content of PHB.

Table

Characteristics of the composite films based on PVA and PHB

PVA:PHB, % T K *P,10°, g-cm/cm?h-Pa **C, 10°, glem™Pa
100.0 402443 2.1 0.28
90:10 396/459 0.56 0.068
80:20 403443 0.79 0.023
70:30 405/448 0.86 0.0075
50:50 405/451 0.94 0.01
0:100 449 0.0025 75107

Notes: two melting temperatures (T,,) of the composite films correspond to the two pesksin the DSC healing scans; * —water

vapor permeability coefficient; ** —water solubility coefficient.
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To reveal the morphology of crystaline regions in
the composite films, the DSC measurements were
combined with an X-ray study. As was shown for the
entire compasition range under study, the quasi-crystalline
phase of the PVA copolymer is characterized by a well-
pronounced orientation of the macromolecular axes along
the texture axis, which coincides with the extrusion
direction: the (110) X-ray reflection is located on the
equator (Fig. 2a). In the crystal lattice of the PVA
copolymer, the normal to the (110) plane is perpendicular
to the ¢ axis, along which the axes of macromolecules are
oriented. In samples containing 10 and 20 % PHB, the
crystalline phase of PHB is amost fully oriented. In this
case, the (020) reflection is located on the equator. The
normal to the (020) plane is the b axis, and the a axis
coincides with the direction of the him extrusion. The ¢
axis of the unit cel of PHB, which is paralle to the
directions of macromolecules, is perpendicular to the
extrusion direction.

X-ray diffractograms of films containing 30 % and
more PHB show the presence of the isotropic phase of
PHB in appreciable amounts (Fig. 2b). The parameters of
the unit crystal cells of the polymers in the blends were
estimated. The crystalline phase of PHB is shown to be
characterized by an orthorhombic unit cell: a=0.576, b =
=1.32 and ¢ = 0.596 nm[10]. The crystalline phase of the
PV A in the quasi-crystalline modification includes regions
with a close packing of pardle chains (the y
modification); the parameters of the unit cell are; a = 0.78,
b = 0.253 and ¢ = 0.549 nm [12]. In the corresponding
X-ray diffractograms, these regions are associated with an
X-ray reflectionat S=2.22 nm™.

The data of X-ray analysis allow one to conclude
that the crystal lattice parameters of the components of the
composite films are invariable; only the content of the
isotropic component of the crystalline PHB phase is
changed in the region of the phase transition.
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The results of mechanical tests of the PVA-PHB
composites (uniaxial tension) fully support the above
conclusion that phase inversion takes place in the films
containing 20-30 % PHB. This reasoning is proved by an
abrupt inflection in the dependences of the tensile strength
ot (Fig. 3, curve 1) and elongation-at-break & (Fig. 3,
curve 2) on the composition of the blends, as well as by
the presence of a minimum in the dependence of the
tensile modulus E; (Fig. 4) on the composition of the
composite films.

According to the data presented in Figs. 3 and 4,
the properties of the composite films are controlled by the
PVA matrix when the concentration of PHB is below
20% but determined by the PHB matrix a a
concentration of 30 % PHB and higher.

Almost invariable o; and ¢ values of the compaosite
films before and after the phase inversion region may be
explained as follows: particles of the dispersed phase do
not serve as stress-concentrating sites in the matrix. This
situation is possible when the dispersed phase is uniformly
distributed within the matrix and the dimensions of its
particles are rather small. This is usually observed in the
case of a complete or partial miscibility of the polymer
components [13, 14].

Let us consider the process of water vapor transfer
through the PV A-PHB composite films.

Fig. 5 presents the kinetic curves of vapor
permeability for various PHB contents. One may
distinguish three characteristic portions in these curves.
The initial portion refers to a non-steady-sate transport
mechanism (Fig. 5b). In this region, the diffusion flow
depends on time because the diffusion is related to the
physical-chemical process of the binding of water
molecules on functional groups of PHB, which show a
marked affinity to water (carbonyl groups [14], acetate
and hydroxyl groups of the PVA [15,16]).

b)

Fig. 2. X-ray diffractograms of the films with a composition of 80:20 (a) and 70:30 (b) wt % recorded alone the orientation axis (1)
and at theangle of 90° (2) or 20° (3) to the orientation axis. S=2snd/A, where 6 is the X-ray scattering angle and 4 is the wavel ength
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Fig. 3. Tensile strength ¢; (1) and relative el ongation-at-bresk
& (2) of the compoasite films vs. content of PHB
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Fig. 4. Tensile modulus E; of the composite
filmsvs. content of PHB

Fig. 5. Kinetic curves of water vapor permeability per unit area of the composite films with the following compoasitions:
100:0 (2); 90:10 (2); 70:30 (3); 80:20 (4); 50:50 (5) and 0:100 (6). The Roman numerals refer to the three characteristic regions
discussed in thetext: general pattern (a) and initial fragment of the kinetic curves (b)

The next (middle) portion in the kinetic
permeability curves corresponds to quasi-steady-state
transport, where the segmental mobility of PVA increases
under the action of the diffusing water and an additional
crystallization of the hydrophilic component is likely to
occur [17]. Such phenomena were described in detail and
analyzed in [18]. As the degree of crystallinity in the
composite films increases, the rate of the effective flow of
the diffusing component must decrease, and this trend is
well seeninthe last portion of the kinetic curves (Fig. 5d).
Since newly formed crystallites are impermeable to water
and therefore create an additional diffusion resistance, the
dlope of the last portion of the kinetic curves markedly
decreases compared to the slope of the curves in the
preceding portion.

The dependence of diffusion coefficients on the
composition of the polymer blend (Fig. 6) shows a
characteristic inflection at a content of 30 % PHB, which
corresponds to the phase inversion of the polymer matrix.
In this region, one may observe an abrupt decrease in the
tensile strength and relative elongation-at-break (Fig. 3).
Strictly speaking, the traditional interpretation of diffusion
equations in this region seems to be poorly justified and
requires a detailed analysis, including consideration of the
convective transfer mechanism [19]. The correation
between the transport and mechanical characteristics of
the films indicates the important role of structural and
morphological elements of the PVA-PHB mixed
compositions.

The Table lists the vapor permeability and
solubility coefficients for the initial polymers (PVA and
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PHB) and composite films of various compositions
estimated by the Daynes-Barrer method [20]. As follows
from the Table, the solubility coefficient C,
monotonically decreases with the increasing concentration
of PHB. This result seems to be quite evident, since the
amount of sorbed water depends on the nature and
concentration of functional groups in the polymer.

D08, cm?/s

%

20
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20 40
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Fig. 6. Water vapor diffusion coefficients D,,
of the composite films vs. content of PHB

The coefficient of water vapor permeability slightly
depends on the composition of the blends. Since this
parameter is controlled by diffusion, equilibrium water
sorption, and structure of the films at the crystal level, the
interpretation of the results is ambiguous. For example,
the above decrease in the solubility may be compensated
by a structural amorphization of the components of the
composite films near the phase inversion point.

As the content of the PVA copolymer in the
polymer blend is increased, the concentration of hydroxyl
groups evidently rises. The hydrophilization of the PHB
matrix (with increasing content of the PVA component)
provides a monotonic increase in the water solubility
coefficient without any visible inflection points and
extrema (see Table). Even though the films may
experience various structural rearrangements at the crystal
level, as is evidenced by the DSC data, X-ray analysis,
and mechanical tests, the water solubility in the PVA-
PHB composite films is till sensitive only to changes in
the ratio between the contents of the hydrophilic and
moderately hydrophilic components. Therefore, the
content of dissolved water is controlled by the nature and
concentration of functional groups in the polymer blend.

As the content of PHB in the blends is increased,
the concentration of hydroxyl groups decreases; that is, at
the molecular level, hydroxyl groups with their high group
contribution (according to van Krevelen) are substituted
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by ester groups of PHB with a much lower group
contribution [21].

4. Conclusions

A blend designed on the bass of polymer
components with essentially different hydrophilicity is of
academic and indudtrid interest, primarily, for the control of
such critical but scantily known characteristics as water
permeahility, equilibrium sorption, and diffusional mohility.

In spite of limited concentration interval of partly
miscible blending (no more than 30 wt % of PHB) these
PHB-PVA blends are of great interest as nove
biodegradable films and coatings. Additionally, the blends
based on water-soluble and biocompatible PVA and
environmentally friendly and biocompatible PHB could
be treated as new generation of environmentally friendly
materialsin packaging industry, agricultural application as
well as biomedicine areas [22-24)].
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MOP®OJIOT'IS I BIACTUBOCTI CYMIIIER
HA OCHOBI HOJI(3-TITPOKCUBYTUPATY)
MMOJIBIHIJIOBOI'O CITUPTY

Anomauyin. Busueno mopgonoeiio excmpy3iiiHux niieox Ha
ocHo8i cymiweil nonigininogozo cnupmy (IIBC) i noni(3-2idpoxcu-
oymupamy) (III'B) npu pisHux cniggioHOweHHAX KoMnornenmie. /s
ananizy 3acmocosano memoou JCK i penmeeHocmpyKmypHozo
ananizy. J{ocniosceno Oougysitini xapaxmepucmuxu (koegiyienm
Oughy3ii ma naponpoOHUKHICMb 00U) I (PI3UKO-MEXAHIUHI GIACTU-
gocmi (MOOYIb NPYIHCHOCME NPU PO3MASHEHHI | 8IOHOCHE N0006-
DICEHHSL NPU PO3PUBL) 5K PABOUYMIUST NAPAMEMPU CYMIULEEUX Nili-
6ox. Tlokazano, wjo sminu memnepamyp CKIy68aHHs i MONIEHHS KOM-
NOHEHmMI8 CyMIi 8KA3YIOMb HA YACMKOBY CYMICHICIMb ) MIJHCKpUC-
maniunux (amop@uux) obnacmsx. Busgieno, wo 6 obnacmi KoH-
yenmpayii III'5 20-30 % mac. mexaniuni xapakmepucmuku i Koe-
Qiyienmu oughysii pisko sminolomocs. Excnepumenmanvhi pesyib-
mamu pasom 3 aHANi30M PEHMeHIBCoKUX OUPPAKMospam 6Ka3y-
tomo Ha insepciio ¢paz IIBC i III'B y npusedenomy uiye inmepeaii
xonyenmpayii III'B. Iokazano, wo cknaouuii xapakmep KiHemuy-
HUX KPUBUX NAPONPOHUKHOCTIL ) CYMIWAX MOJice OYmu nos’ a3anuil 3
dodamxosorto  kpucmanizayicio III'B, sxa npuckopioemvcs 6
nPUCYmHoCcHi 600U.

Knrouosi cnosa: mopgonozis, noni(3-ciopoxcubymupam),
cymiwt, nonigininogull cnupm, Oug)y3isi.



