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ABSTRACT: polyethylene oxide (PEO)/gelatin blend
membranes of four different compositions (w/w) (5/95,
10/90, 20/80, and 30/70) were prepared by solution cast-
ing. The films were irradiated by gamma radiation at a total
dose of 250 krad (dose rate of 321 krad/h). The X-ray dif-
fractograms demonstrate both the PEO and radiation influ-
ences on the blend thus enhancing crystallinity of gelatin.
X-ray diffractograms of irradiated blend films containing
30% PEO showed highest integrated intensity. The DTA
and TGA study showed that the irradiated blend films are
more thermally stable than the non-irradiated films. TMA
study showed that the incorporation of PEO into gelatin
increased melting point of the blend films. The melting

point for irradiated gelatin film changes from 52.9�C to
75.6�C and the glass point changes from 60.3�C to 90.6�C.
The phase separation and compatibility of the PEO/gelatin
blend films were studied by scanning electron microscopy
(SEM). The experimental results showed that the blend
films exhibit higher thermal stability and improved me-
chanical properties in dry state, which suggests the occur-
rence of interaction detected by XRD and DTA among
gelatin, PEO, and water molecules in the films. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 117: 2075–2082, 2010
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INTRODUCTION

Recently, natural and biodegradable polymers have
attracted much attention as suitable biomaterials in
environmental conservation. Polymer blending is a
useful technique to develop highly functional materi-
als in various industrial domains. With a specific
polymer, the number of possible variations in usable
properties is limited without resorting to composition
changes. Random, block and graft copolymerization,
polymer blends, and composites offer significant
property diversification. Blending a synthetic polymer
with a natural polymer represent a new class of mate-
rials which have potential applications in the biomedi-
cal field. The success of synthetic polymers as bioma-
terials relies mainly on their wide range of mechanical
properties, transformation processes that allow a vari-
ety of different shapes to be easily obtained, and low
production costs. Biological polymers present good
biocompatibility, but their mechanical properties are
often poor, the necessity of preserving biological
properties complicates their processability, and their
production or recovery costs are very high.1

PEO is a biodegradable synthetic polymer, which
is also a semicrystalline polymer. PEO is soluble in
both aqueous and organic solvents and is, thus, one
of the most interesting polymers whose solution
properties have been extensively studied both exper-
imentally and theoretically for decades. In recent
years PEO has attracted much attention as a poly-
meric excipient that can be used in formulations for
different purposes. For instance, formulations with
PEO have been extruded to make different products
such as swellable and erodible implants,2 scaffolds
for tissue engineering,2 or in the production of
micelles with amphiphilic drugs, when solid disper-
sions incorporating these drugs are placed in aque-
ous environments.3 However, PEOs are mostly used
to produce controlled release solid dosage forms
such as matrices, reservoirs, or coated cores.4

Gelatin is a well-characterized protein fragment
obtained by partial degradation of water insoluble
collagen fiber5 and has been widely used in the bio-
medical field, because of its merits, including its bio-
logical origin, biodegradability, hydrogel properties,
and commercial availability relatively low cost.6 Gel-
atin is an intriguing candidate for drug delivery and
is widely being used as tissue engineering scaffold.
Cross-linked gelatin sponges have also been investi-
gated for their application as a component of
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artificial skin or tissue transplants to promote epithe-
lialization and granulation tissue formation in
wound.7

Gelatin has also been used in medicine as a
plasma expander wound dressing, adhesive, and
absorbent pads for surgical use.8 Recently, gelatin has
been demonstrated to exhibit activation of micro-
phage9,10 and high-hemostatic effect.11 Consequently,
it has been used in a wide variety of wound dress-
ings.12,13 The selection of gelatin as a component for
preparation of the blend film rest up on two reasons.
First, gelatin is a connective tissue protein, well
known for its non toxic, nonirritant and biodegrad-
ability properties, and good living body compatibil-
ity, therefore has been widely used in food, pharma-
cology, and cosmetic applications.14 Second, the
formation of specific intermolecular interaction
through hydrogen bond of two or more polymers is
responsible for the observed mixing behavior and
properties of the blends.15 The selection of gelatin is
also justified with this point of view.

One of the drawbacks of gelatin for tissue engi-
neering applications is its solubility in aqueous
media; therefore, gelatin-containing structures for
long-term biomedical applications need to be cross-
linked.16 The main limitation in the use of chemical
crosslinkers for PEO/gelatin blends arises from the
presence of some unreacted crosslinker inside the
blended matrix and from the risk of formation of
toxic products by reaction between gelatin and/or
PEO with the crosslinking agent during in vivo bio-
degradation. Physical crosslinking methods for gela-
tin include microwave energy,17 gamma radiation,
and UV-irradiation.18 It is reported that, gamma
radiation increased the crosslinking between protein
chains which increase the mechanical properties of
the film.19Cheorun et al.20 observed that gamma
radiation enhance the tensile properties (TS and Eb)
of the pectin and gelatin based films. Gamma radia-
tion decontaminates the edible gelatin21 and is also
capable of increasing the digestible energy of agri-
cultural by-products.22

In this study, PEO/gelatin blendmembranes with dif-
ferent ratios of two ingredients were prepared by solu-
tion casting method. The morphology and crystallinity
of PEO/gelatin blend films were investigated by scan-
ning electron microscopy (SEM) and X-ray diffraction
(XRD), respectively. The thermal stability of the PEO/
gelatin films was studied by DTA/TGA and TMA.

EXPERIMENT

Materials

Polyethylene oxide (PEO) used in this work was
purchased from BDH, England. The molecular
weight of PEO is 6,000 g/mol. Gelatin was pur-

chased from MERCK, Germany. This was Type-B
gelatin and has a molecular weight of 10,000 g/mol.

Preparation of PEO/gelatin blend membranes

To prepare the pure gelatin film, 10 g of gelatin was
dissolved in 100 mL of distilled water. The gelatin
solution was magnetically stirred for 30 min at 50�C.
After the complete dissolution of gelatin in water
the gelatin solution was kept magnetically stirred for
another 20 min at room temperature. The pure aque-
ous solution of gelatin was cast into a polypropylene
sheet, and then the water was evaporated at room
temperature. The films of pure gelatin were dis-
lodged carefully, and then subjected to further dry-
ing under vacuum desiccators for 2 days. The same
process was followed for the preparation of pure
PEO film except the solution was stirred magneti-
cally at 70�C.
To prepare the blend films PEO powder with dif-

ferent compositions (w/w) of gelatin was dissolved
in 100 mL distilled water. The mixtures of PEO and
gelatin with different ratios were magnetically
stirred at 50�C for 150 min and then kept at room
temperature for 60 min. The initial mixtures were
further dispersed by using electric motor for 30 min.
The mixture of PEO and gelatin solutions was again
stirred magnetically for 2 h at room temperature.
Thus most of the water was evaporated, and the
original blend films were formed. The mixtures of
both polymers in aqueous solutions with different
compositions were cast on a polypropylene sheet.
The film thickness ranged 50 6 10 lm. The blend
films were transferred into vacuum desiccators so as
to use them for further study.

Gamma (60Co) irradiation of the blend films

The dry PEO/gelatin blend films were irradiated by
gamma radiation at a specific total dose of 250 krad
(dose rate 321 krad/h). 60Co gamma source was
used for this purpose.

X-ray diffraction

A Philips PW3040 Pert PRO X-ray diffractometer
was used. The films were exposed to CuKa radiation
with a primary beam of 40 kV and 30 mA with a
sampling pitch of 0.02� and time for each step data
collection was 0.1 sec. A 2y scan was taken from 15�

to 35� to get possible fundamental peaks where Ni
filter was used to reduce CuKb radiation. All the
data of the samples were analyzed using computer
software ‘‘X’’ PERT HIGHSCOPE’’. The Integrated
intensity of the blend films was investigated by
using the following equation:
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Integrated Intensity ðIÞ ¼ Peak Height ðhÞ � FWHM

where, FWHM ¼ Full Width at Half Maximum

Thermal analysis

The thermal test of the films was taken using com-
puter controlled TG/DTA 6300 system controlled to
an EXSTAR 6000 STATION, Seiko Instrument, Inc.
Japan. The TG/DTA module uses a horizontal sys-
tem balance mechanism. All the experiments were
performed in the nitrogen atmosphere. Sample
weights were 10–15 mg, and heating rate was 10�C/
min within the temperature range of 50–500�C.

Thermo-mechanical analysis

Glass point and linear coefficient of thermal expan-
sion were measured for all the materials using
dynamic thermo-mechanical analyzer (DMTA) Lien-
sis 200 with an precision of 63�C. The temperature
range was 60–120�C.

Mechanical testing

Tensile strength (TS) and percent elongation at break
(Eb) of the blend Films were measured with a uni-
versal testing machine (Hounsfield Series S, UK)
using DIN EN 10002-1 method of testing polymer
film. The maximum load capacity was 500 N, preci-
sion was within 61%. The crosshead speed was
10 mm/min. Gauge length was 20 mm. Four differ-
ent blends with different concentrations of PEO in
gelatin were analyzed using the universal testing
machine. The physico-mechanical properties of 5%,
10%, 20%, 30% PEO containing gelatin film were
investigated at 65% relative humidity at room tem-
perature to enable identical moisture content.

Morphological study

The morphological studies of the gelatin/PEO blend
films were done using a JEOL 6400 SEM at an accel-
erating voltage of 10 kV. The SEM specimens were
sputter-coated with gold.

RESULTS AND DISCUSSION

Characterization of the PEO/gelatin blend films

X-ray diffraction

The X-ray diffractograms of the irradiated and un-
irradiated blend films are shown in Figure 1. The
helical crystalline structure of PEO has been
described quite well in the literature.18,23,24 The pres-
ence of defined X-rays diffraction peaks [Fig. 1(a)] in
the interval between 16� and 30� (2y) is characteristic

of crystalline PEO samples. The more intense crys-
talline peaks are located at 19.2� and 23.3� (2y),
which correspond to d-spacings of 0.46 nm and 0.38
nm, respectively.
The pattern of pure gelatin, as shown in Fig-

ure 1(a) has a very weak broad shape pattern, indi-
cating amorphous behavior of gelatin.25 If gelatin and
PEO have low compatibility, each polymer would
have its own crystal region in the blends. No peaks
other than those for gelatin and PEO were detected
in the patterns of the blend films.25 By increasing the
concentration of PEO in the gelatin/PEO blend, the
main PEO diffraction peaks exhibited differences in
shape and position. The peak displacements for the
blends in Figure 1(a) can be considered as an evi-
dence of crystalline structure changes in these materi-
als. It is also evident from the Figure 1(a) that peak
intensity is increasing with the increasing content of
PEO into gelatin. A clear modification is observed in
the XRD of the 30% (PEO) blend in relation to PEO.
A sharper peak is at 23.6� (2y) for this material, indi-
cating the formation of a more defined lamellar crys-
talline structure in this blend. Thus, the addition of
PEO alters the phase structure of the blend to pro-
duce a lamellar structure with a narrow thickness dis-
tribution. The blends with high gelatin concentration
(i.e., less amount of PEO in the blend) showed a
decrease in peak intensity and decrease in width at
the half maximum of the peak at �19� (2y), which
may support the participation of gelatin side chains
in the PEO crystals in the blends. For the 5% PEO

Figure 1 (a) X-ray diffractograms of gamma irradiated
pure gelatin, pure PEO and gelatin/PEO blend mem-
branes; (b) Comparison of crystallinity among radiated
and unirradiated blend membranes.
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blend, it was observed a very weak typical PEO dif-
fraction line in Figure 1(a). The 10% PEO blend
exhibited diffraction lines at 23.14� (2y) and the 20%
PEO blend showed diffraction lines at 19.05� and
23.14� (2y). It is inferred that the integrated intensity
of the blend increases with the increasing percentage
of PEO (Table I). The significant increase in inte-
grated intensity of the blend films in the 19� and 23�

(2y) region has been shown in Table I.
The un-irradiated gelatin/PEO blend of 90/10 and

80/20 showed no critical change in crystallinity in
comparison with the irradiated blend of the same
ratios [Fig. 1(b)]. However, it is clear from the Figure
1(b) sharper peaks are obtained from the irradiated
blend membranes and this is due to the modified
morphology of the blend membranes as well as the
increase of crosslinking between gelatin side chains
and PEO.26,27

The integrated intensity of pure gelatin, PEO, and
blend films changed. The highest integrated inten-
sity of 441 was found for the blend ratio of 80/20
(w/w) but most crystalline structures were formed
for the blend ratio of 70/30 (w/w). The change in
integrated intensity of the blends, according to Lee
et al. analysis28 of PVA/chitosan blend system,
means the occurrence of intermolecular hydrogen
bonding between two components and this interac-
tion prevents the gelatin from crystallization by com-
parison of diffraction pattern for pure gelatin with
that for the blends.

Thermogravimetric analysis

TGA results are shown in Figure 2. The curves of
irradiated pure gelatin showed two zones of weight
loss. The first weight loss at approximately 130–
150�C is due to the loss of water; the second weight
loss started at about 250�C, showing that different

extent of thermal degradation of gelatin protein took
place. Kaminska and Sionkowska29 stated that this
might be possible after the breaking-up of inter- and
intra-molecular hydrogen bonds which are responsi-
ble for the maintenance of the polymeric chain order
(alpha-helix, beta-structure) in protein films. On the
other hand, PEO shows single step of weight loss
between 230–430�C.30 With regarding to the mecha-
nism of PEO degradation, Madrsoky and Strauss31,32

have established PEO decomposition by random
scission of the chain links without chain-endinitiated
depolymerization. This supports the single-stage
decomposition observed for the PEO.
TGA curves of all blend films show the greatest

weight loss in the temperature range of 250–400�C,
which are believed due to the disintegration of inter-
molecular and partial breaking of the molecular
structure.33 As shown in Figure 4, it is understood
that the incorporation of PEO to the gelatin increase
the thermal stability of the blend film but the ther-
mal stability was the highest for pure PEO film. The

TABLE I
X-Ray Diffraction Results for Pure PEO, Gelatin, and PEO/Gelatin Blend Films

Gelatin/PEO blends with
different compositions (w/w)

(2y) values
(in degree)

Height
(counts)

FWHM (2y)
(in degree)

d ¼ (nk/ 2 siny)
(in Å)

Integrated
intensity (I)

100/0 – – – – –
95/5 23.406 517.06 0.3542 3.80071 183.142
90/10 23.142 519.33 0.2755 3.84343 143.075
80/20 19.056 376.13 0.2558 4.65739

23.012 584.80 0.7085 3.86484 414.330
70/30 18.7068 1201.04 0.2362 4.74353

22.5088 800.95 0.1181 3.95016
22.7893 1408.92 0.1574 3.90218 221.764
23.1210 1129.48 0.2165 3.84694 244.53

0/100 19.199 8973.16 0.2362 4.62299
23.036 2254.04 0.1378 3.86093 310.606
23.301 3467.82 0.1378 3.81762 477.865
23.645 2841.83 0.2558 3.76277 726.940

90/10 (Non-irradiated) 23.8107 341.30 0.7872 3.73704 268.671
80/20 (Non-irradiated) 23.7932 415.44 0.2755 3.73796 114.453

Figure 2 The TGA curves of gamma irradiated pure gela-
tin, pure PEO, and gelatin/PEO blend films.
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greatest degradation temperature increased in the
sequence of Gel/PEO-90/10 (282.6�C), Gel/PEO-80/
20 (328.2�C) and Gel/PEO-70/30 (358.1�C) which is
the same as that of their crystallinity, implying ther-
mal stability of the films was improved by their
crystalline domains and hydrogen bonding
interactions.34

Differential thermal analysis

Figure 3 shows the differential thermal analysis
(DTA) curves of irradiated films. The irradiated
pure polyethylene oxide (PEO) film shows an endo-
thermic peak at 83.7�C which is the melting point of
PEO and this is also attributed to the loss of mois-
ture. The endothermic peak at 405.4�C indicates the
decomposition of the polyethylene oxide chain. The
irradiated pure gelatin shows endothermic peak at
316.7�C which is attributed to various thermal
induced transitions, such as melting of protein
chains and beginning of thermal degradation.35

The curves of the gamma irradiated blend films
showed the new endothermic peaks appeared in the
temperature range of 200–250�C. The gelatin/PEO
blend of 70/30 showed a sharp endothermic peak at
78.8�C which marks the melting of the PEO mole-
cules and this melting temperature of PEO is less
than that of pure PEO. Homogeneous polymer mix-
tures with a crystallizable component usually show
a decrease in experimental melting points with the
addition of the amorphous component, because the
interaction of the two polymers reduces crystallite
size.36,37 Most of the blend films showed endother-
mic peaks at around 405�C, which resulted from the
greatest degradation of the films. Significant changes
of DTA curves of the blend films suggest that strong
interaction established between gelatin and PEO
molecules.38

Thermomechanical analysis

Thermomechanical analysis (TMA) was used to
determine gel-melting temperature, which was pro-
ven to be accurate and reproducible. The probe posi-
tion has been plotted versus temperature for each
formulation, and the onset point of the transition
was taken as film melting temperature (Tm). Pure
un-irradiated gelatin film was used as comparison.
As shown in Figure 4, incorporation of PEO with
gelatin did change the melting temperatures of the
blend films and the extent of change depended on
the positions of hydroxyl groups on the PEO. The
onset temperature of irradiated pure gelatin was
75.6�C which was higher than the onset obtained for
the un-radiated pure gelatin film (52.9�C) and this is
attributed to the increasing crosslinking among poly-
peptide chains of gelatin. For the un-irradiated blend
film, it can be observed from the Figure 4 that the
melting temperature started rising from 51�C and
raised up to 69�C and it became almost stable for
30% PEO containing blend films. On the other hand,
the irradiated blend film showed peculiar phenom-
ena in melting temperature. The melting point of the
irradiated blend film suddenly dropped to 42�C (for
5% PEO containing blend film) from 75.6�C and
reached to 70�C (30% PEO containing blend films).
The initial drop in melting point may be due to

the initial amorphous portion of the blend film and
after that the gradual increase in the melting point
must be accompanied by increasing crystalline phase
in the blend film.39 The blend films also showed
change in glass point in the range from 60–90�C.
The glass point increased due to the inclusion of
PEO into gelatin film. Irradiated blend films showed
more increase in glass point that range from 59�C to
91�C (Fig. 5). This must be associated with the
increasing crystalline portion of the irradiated blend

Figure 4 Change in melting point with the inclusion of
%PEO in gelatin.

Figure 3 The DTA curves of gamma irradiated pure gela-
tin, pure PEO, and gelatin/PEO blend films.
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films.39 The initial drop in glass point may be associ-
ated with the initial amorphous portion.39 The onset
of softening exhibited by the blends is followed by
the slow and gradual penetration of the probe into
the samples reaching its maximum at the final soft-
ening point showing characteristic stability of the
samples with increasing percentage of PEO. The
higher softening temperature range with increase in
proportion of PEO in composition accounts for
increased stability of the gelatin matrix.

Mechanical properties of the blend films

The ultimate tensile strength of the blends showed a
decreasing tendency with increase in percentage of
PEO within the range of concentration studied, as
shown in Figure 6. The amino group of the gelatin
polypeptide chains formed in situ acts as an electron
donor and the hydrogen of PEO as an electron

acceptor.39 This induces dipole–dipole attraction
between the two polymeric phases, which is sup-
posed to enhance molecular interaction. The tensile
strength (TS) of the un-irradiated and irradiated gel-
atin film were 28 6 1.68 (MPa) and 35 6 0.52 (MPa),
respectively. TS of the un-irradiated and irradiated
blend film were 17.35 6 1.42 (MPa) and 27.5 6 1.37
(MPa), respectively.
The TS values of the irradiated gelatin film are

somewhat higher than that of the corresponding
blends. This may be due to the consequent inter-
winding of the individual phases and the formation
of crosslinks, which reduces the flexibility and intro-
duces rigidity and stiffness to the existing linear
chains of PEO and gelatin. The effect of dipole–
dipole interaction and H bonding as encountered in
blends has been further synergized by the influences
of the crosslinks present in the continuous inter-
wined matrices. The percentage elongation at break
of the un-irradiated and irradiated blend films were
32.78 and 10.02, respectively. Figure 7 shows per-
centage elongation at break for different composi-
tions. The incorporation of PEO molecules into the
continuous matrix of gelatin disrupts the structural
chain regularities of gelatin, which breaks down the
molecular packing as evidenced from the XRD
curves [Fig. 1(a)], and provides a greater path length
(path around the periphery of the dispersed par-
ticles) for dissipation of energy before its ultimate
rupture. The effect of gamma radiation is clearly
observed from the Figures 6 and 7 that irradiated
blend films showed improved mechanical property.

Morphological study

PEO and gelatin have different polarity, and while
blending them, the phase separation always exists in

Figure 5 Change in glass point with the inclusion of
%PEO in gelatin.

Figure 6 Variation of ultimate tensile strength of the
blends with composition.

Figure 7 Variation of elongation at break of blends with
composition.
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the sample no matter whatever methods are used.
The degree of phase separation will affect the me-
chanical strength of blend membrane. The phase dis-
tribution of blend membrane is observed using SEM.
Differently from PEO, gelatin is a heterogeneous
polymer constituted of 20 different amino acids that
can be classified as polar or non-polar. Therefore,
only half of the gelatin monomers could potentially
interact with the functional hydroxyl group of the
PEO, explaining the occurrence of phase separation
in the blended films.40 Moreover, also different from
PEO, gelatin is a heterogeneous mixture of single- or
multi-stranded polypeptides, each with extended
left-handed proline helix conformations, which can
form films with physically crosslinked and partially
renatured collagen-like structures.40 Thus, it could
also be suggested that this renatured structure could
reduce the potential interactions with the PEO at
high concentrations of this polymer.

The morphologies of pure PEO and pure gelatin
film are featured in the Figure 8(a,b). The micro-
graph shows that PEO has crystalline flat lamellae
with leaf-like shape. This feature dominated the
morphology of pure PEO membrane. Large spaces
between the leaf-like structures are available

throughout the surface membrane. The crystalline
structure is probably due to longer evaporation time
taken which enables it to crystallize. Meanwhile, for
the scanning electron micrograph of pure gelatin, it
is obvious that the surface is rough and uneven.
This feature dominates the surface of pure gelatin
membrane as shown in Figure 8(a). It is obvious that
the phase separation still occurs even at low content
of gelatin. When the content of gelatin is 70% [Fig.
8(d)], it is difficult to distinguish the two phases
because of the ambiguous phase interface. With fur-
ther increase of gelatin content up to 90% [Fig. 8(c)],
an evident phase variation occurs. The gelatin phase
becomes continuous phase and forms beehive-like
network structures; PEO phase is dispersed. The
degree of phase separation of gelatin in blend mem-
brane has significant effect on the strength of blend
membranes. Therefore, it is necessary to decrease
the phase separation to avoid excessive loss of
strength of blend membranes.

CONCLUSION

Solution casting method was followed to prepare
PEO/gelatin blend membranes of four different

Figure 8 SEM images of gelatin (a), PEO (b), and gelatin/PEO blend (c) 70/30 (Irradiated), (d) 70/30 (un-irradiated).
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compositions. The blend membranes were irradiated
to improve the thermal, physico-mechanical, crystal-
line, and morphological properties of the films. Due
to the incorporation of PEO and using gamma radia-
tion, the tensile strength was found to be improved.
Also the elongation at break was improved to 5.6%.
The thermo-mechanical properties have been drasti-
cally improved due to PEO content in films. The
DTA/TG study also showed that gamma irradiated
30% PEO blend was more thermally stable than the
other blend ratios and this thermal stability is con-
sent with crystalline structure of the 30% PEO blend.
The incorporation of PEO also improved the crystal-
linity of the gelatin film. The blend containing 30%
PEO showed the highest integrated intensity. The
change in integrated intensity in every blend ratio
indicates the intermolecular interaction of PEO side
chains to gelatin polypeptide side-chains. The ther-
mal study also showed that the thermal stability of
the blend films increased with the increase of crys-
talline phase in the blend. The SEM study showed
the change in the morphological characteristics of
the blend membranes. Small phase separation in the
blend membrane was observed. The blend contain-
ing 30% PEO showed improved porous structure
than other blend ratios. The effect of gamma radia-
tion can clearly be observed in every test. The
improvement of mechanical properties, thermal sta-
bility, and morphological properties along with the
radiation induced increased crosslinking can clearly
be observed. The incorporation of PEO in gelatin
and treating the blend films by gamma radiation
increased the crystallinity, thermal stability, and me-
chanical properties of the gelatin. Therefore, we con-
cluded that the correlation of the phase structure
and chemical structure with the phase separation
discovered in SEM analysis in this research is impor-
tant to understand the properties of gelatin/PEO
blend as a promising tissue engineering scaffold.

We would like to express our gratitude to Professor Andrea
Lazzeri (Department of Chemical Engineering, Industrial
Chemistry andMaterial Science, University of Pisa, Italy.) for
his valuable suggestions and cooperation in result and dis-
cussion part of themanuscript.
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