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ABSTRACT: The effect of various doses of � radiation on
the structural properties of water-soluble polymer blends
based on poly(vinyl alcohol) (PVA) and poly(ethylene gly-
col) (PEG) has been investigated. Although the aqueous
solutions of individual PVA and PEG homopolymers were
homogeneous and clear, films transparent to visual obser-
vation were only formed by solution casting of pure PVA
and those blends containing low ratios of PEG up to 30%.
The structure-property behavior of this range of blends be-
fore and after � irradiation was investigated by light reflec-
tance and UV absorbance, differential scanning calorimetry
(DSC), IR spectroscopy, and tensile mechanical testing. The
DSC thermograms of PVA/PEG blends, before or after �
irradiation, showed a solely endothermic peak over the tem-

perature range 40–140°C, which may have arisen from the
melting of the PEG component or from the glass transition of
PVA/PEG as a miscible blend in accordance with those
calculated on the basis of the theoretical Fox equation. Also,
these thermograms did not clearly show any transition that
arised from the pure PVA component. However, the im-
provement in tensile mechanical properties of PVA/PEG
blends, the reflectance, and the optical absorption measure-
ments support the idea of improved miscibility after � irra-
diation. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 94:
167–176, 2004
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INTRODUCTION

Blending different homopolymers is an attractive
method in the still-developing field of polymer chem-
istry for obtaining new products with industrially
promising applications. These new products will
eventually possess some of the important properties of
each component. The importance of miscibility in
polymer blends is attributed to the demand for prod-
ucts with advanced properties with good mechanical,
thermal, and morphological properties. The research
work in this field has been devoted to finding systems
that are complementary, attracting one another by
polarity or reactive groups, rather than finding poly-
mer–polymer systems that are similar in common sol-
vent. In this regard, the structure-property behavior of
�-irradiated polystyrene/poly(methyl methacrylate)
miscible blends was previously investigated by differ-
ent techniques using benzene as a common solvent.1

The thermal analysis showed that this blend possesses
a single glass transition temperature (Tg) and it de-
creases with increasing irradiation dose. Also, it was
found that the presence of polystyrene in this blend

affords protection against � radiation and improves its
thermal stability.

Poly(vinyl alcohol) (PVA) is an attractive nontoxic
polymer with wide industrial applications due to its
high hydrophilic properties, water solubility, and
most importantly good film forming by solution
casting. Despite these properties, it has been re-
ported to be immiscible or partially miscible with
most polymers, even with acrylic polymers.2– 4 For
this reason, we wanted to find miscible polymer
blends based on PVA and to illustrate the effect of
high-energy radiation on the structure-property be-
havior of these blends. In this regard, PVA/car-
boxymethyl cellulose (CMC) water-soluble polymer
blends were used as sorbents for dye wastes.5 For
this purpose, the PVA/CMC blend was converted to
be completely insoluble in water by radiation graft-
ing of a styrene monomer. Other authors improved
the instability of the PVA/nylon-4 polymer blend
for dialysis by esterfication of PVA with formic acid,
which was used as a common casting solution.6

They reported that this method is easier than chem-
ical, � radiation crosslinking, or high-temperature
treatment. Also, other authors investigated the ef-
fects on the formation of conjugated double bonds
in the thermal degradation of PVA blends with
poly(vinyl chloride) using UV absorption and IR
spectroscopy.7
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Poly(ethylene glycol) (PEG)is also a hydrophilic,
nontoxic, water-soluble polymer and has a wide range
of applications, mostly in cosmetic industries. This is
because it dose not cause damage when it comes in
contact with the skin or lips.8 Also, previous studies
showed that an acid-resistant membrane could be
made from PVA and PEG.9

In a previous work, the miscibility of PVA/poly-
acrylamide (PAM) blends before and after � irradia-
tion was investigated by differential scanning calorim-
etry (DSC), thermogravimetric analysis, scanning elec-
tron microscopy, and mechanical testing.10 The results
showed that PVA/PAM is a miscible blend with a
single Tg. Also, the results revealed that � irradiation
causes crosslinking and improves thermal stability.
The present work investigates the effect of � irradia-
tion on the structural properties of polymer blends
based on PVA with another water-soluble polyhy-
droxyl polymer. The blends before and after � irradi-
ation were characterized by different techniques.

EXPERIMENTAL

Materials

The homopolymer PVA used in this study was of
laboratory grade, purchased from Laboratory Ra-
sayan, Cairo, Egypt. It was in the form of powder,
partially hydrolyzed, and had an average molecular
weight (Mw) of 125,000 g mol�1. The homopolymer
PEG was of laboratory grade and had an average Mw
of 4000 and was purchased from Fluka Chemical Co.
(Germany). All homopolymers were used without fur-
ther purification.

Preparation of polymer blends

Films of PVA/PEG blends were prepared by the so-
lution casting technique. The PVA powder was dis-
solved in distilled water at 95°C while the PEG was
dissolved in distilled water at room temperature. The
polymer solutions were then mixed with continuous
stirring until complete miscibility and were subse-
quently cast onto glass dishes to form films with a
thickness of �0.2 mm. The cast films were dried at
room temperature for 24 h and then placed in a vac-
uum oven at 80°C to remove residual water.

� Irradiation

Irradiation to the required doses was carried out in a
60Co � cell (made in Russia) at the National Center for
Radiation Research and Technology, Cairo, Egypt. Ir-
radiation was carried out under atmosphere at a dose
rate 6.92 kGy/h.

Optical absorbance and reflectance measurements

Optical absorbance measurements were carried out
before and after � radiation in the wavelength range
200–500 nm using a UV/visible spectrophotometer
(Unicam 8625 Series). A microcolor unit equipped
with a data station made by Dr. Bruno Lange (Ger-
many) was used for reflectance measurements. The L*,
a*, and b* system used in this method is based on
sensory perception, developed by Judd-Hunter and
standardized in 1976 (DIN 6174, CIE-LAB 1976). In
this system, the L* intercept specifies the dark–white
axis, in which the integers zero and 100 represent the
standard dark and white colors, respectively. The in-
tercepts a* and b* specify the green–red and blue–
yellow axes. The positive values of a* and b* represent
the red and yellow components, while the negative
values of a* and b* represent the green and blue color
components, respectively.

Spectroscopic analysis

Infra red spectra of the film samples were obtained by
using an ATI Mattson Genesis spectrophotometer
made by Unicom (England).

DSC

The DSC thermograms were carried out on a Perkin–
Elmer DSC-7 calorimeter. A heating rate of 10°C/mim
was utilized under nitrogen atmosphere. The recorded
glass transition temperature was taken as the temper-
ature at which one half of the change in heat capacity
had occurred.

Tensile mechanical properties

Mechanical tests including break stress and strain
were performed at room temperature using an Instron
machine (Model No. 1195) at a crosshead speed of 5
mm/min. Polymer blend samples were cut (dog-bone
shape) to initial dimensions of 40 mm length and 4
mm width. The recorded value for each mechanical
parameter is the average of five measurements.

RESULTS AND DISCUSSION

Although PEG is a water-soluble polymer with hy-
droxyl groups that give a clear and visually transpar-
ent solution, all attempts to form cast films failed.
However, when PVA/PEG blend solutions with low
PEG contents were casted, good films were obtained
and appeared transparent to visual observation. In
this regard, when the contents of PEG in the polymer
blends were increased beyond 40%, phase separation
was observed and the transparency no longer occured.
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Reflectance properties and optical absorbance

PVA and PEG homopolymers are water-soluble poly-
mers with, theoretically, the minimum number of
functional groups required to achieve miscibility and
the competition of hydrogen bonding. However, vi-
sual observation showed that the cast films of a wide
range of composition were not transparent when as-
sociated with the appearance of phase separation, in-
dicating the immiscibility of these blends. The trans-
parent films were only obtained in the cases of PVA/
PEG blends composed of any ratio of PEG up to 30%.
In a previous work, a method was proposed to inves-
tigate the miscibility of polymer blends by reflectance
measurements of passing light through the films.10

The reflected light was analyzed to the different color
components, as shown in Table I. It is interesting to
see that the reflected beam of light from unirradiated
pure PVA film possesses a proportion of red color
components while those reflected from PVA/PEG
blend films before and after � irradiation showed pro-
portions of the green color component. Also, unirra-
diated pure PVA films showed a relatively higher L*
value than unirradiated blend films. For the unirradi-
ated films, the L* value was found to decrease with
increasing ratio of PEG components in the blend.
Thus, in terms of transparency, the presence of PEG
will eventially decrease the miscibility of PVA/PEG
blends. On the other hand, the red color component
(�a*) of unirradiated PVA was totally changed to a
green component (-a*) after blending with PEG poly-
mer. This quantity of green component was found to
increase with increasing ratio of PEG and was accom-
panied with an increase in the quantities of blue color

component (-b*). The combined effect of the decre-
ment in L* values and the increment in a* and b*
values leads to a decrease in transparency, indicating
the occurrence of partial miscibility. For PVA/PEG
blends, the L* and a* values were found to slightly
increase with increasing irradiation dose, suggesting
improved miscibility upon exposure to � radiation.

Transmission of light through the polymer de-
creases drastically when crystallization occurs. The
correlation between turbidity and structure is ex-
tremely complicated; however, scattering arises from
the fact that the ordering arising from crystallization
produces alterations in the refractive index, if a given
direction in the polymer is considered. This, in prin-
ciple, can arise from variation in density and orienta-
tion. As shown above, the conversion of the red color
component (�a) of the amorphous partially hydro-
lyzed PVA to green color components for PVA/PEG
may be explained on the basis that the introduction of
PEG, i.e., a crystalline part into the microstructure,
will result in decreased transparency.

The miscibility of PVA/PEG polymer blends con-
taining 20 and 30% PEG, before and after exposure to
various doses of � radiation, was further investigated
by UV/visible spectroscopy. Figure 1 shows the UV/
visible spectra of pure PVA and PVA blends contain-
ing 20 and 30% PEG before and after exposure to a
dose of 100 kGy of � radiation as an example. The
spectra showed a broad absorption band at about 285
nm, whereas no detectable bands were observed along
the visible range. The position of these bands was
slightly changed with increasing irradiation dose.
However, the intensity was found to increase with
increasing irradiation dose as shown in Figure 2, in
accordance with previous reports.11 Also, Hass et. al12

observed absorption bands in the region of 220–320
nm for irradiated PVA and attributed these bands to
the presence of carbonyl groups, in which saturated
aldehydes usually give absorption bands in the region
275–290 nm.13 The existence of aldehydes rather than
ketones was also confirmed by gas chromatography
studies of the thermal degradation of PVA.14

On the basis of light reflectance and UV absorbance
results, a few points may be noted: (1) The increase in
PEG contents in the unirradiated blends decreases the
miscibility and hence the transparency (L*). On the
other hand, unirradiated polymer blends containing
20 and 30% PEG give approximately equal UV absor-
bance (Fig. 2); however, they show higher absorbance
than that observed by unirradiated PVA homopoly-
mer. (2) The increase in irradiation dose was found to
improve the transparency of polymer blends on the
basis of reflectance measurements, indicating im-
provement in miscibility. In this regard, the highest
improvement in miscibility was observed in the case
of the PVA(80)/PEG(20) blend in which the L* value
was increased by a value of 5.2. The intensity of UV

TABLE I
Reflectance Component of Films of Pure PVA and

Polymer Blends with Different Ratios of PVA
and PEG before and after Exposure to Various

Doses of � Radiation

Polymer blend
composition (%)

Irradiation
dose
(kGy)

Color components

L* a* b*

PVA (100 %) 0 95.1 �2.3 �13.8
50 94.2 �3.0 �10.7

100 91.9 �6.0 �6.2
200 89.9 �6.4 �1.4

PVA/PEG (90/10) 0 90.8 �2.6 �15.1
50 93.0 �2.8 �15.0

100 94.2 �3.6 �13.1
200 91.6 �3.6 �12.5

PVA/PEG (80/20) 0 86.8 �2.9 �14.4
50 91.6 �2.8 �14.2

100 92.0 �3.3 �13.6
200 88.8 �4.2 �11.5

PVA/PEG (70/30) 0 83.6 �3.7 �13.4
50 86.2 �4.2 �10.2

100 87.7 �4.3 �9.0
200 86.9 �3.9 �10.9
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absorbance at 285 nm is in accordance with these
findings, in which the PVA(80)/PEG(20) blend irradi-
ated to 100 kGy gives higher absorbance than the
PVA(70)/PEG(30) blend at the same irradiation dose.
(3) It seems increasing the irradiation dose to 200 kGy
causes a retarding effect on the miscibility, in which
the L* values were found to decrease due to the oc-
currence of oxidation degradation (chain scission).

IR spectroscopic analysis

The IR spectra of thin films of pure PVA and polymer
blends containing different compositions of PVA and
PEG before and after exposure to a dose of 100 kGy of
� radiation are shown in Figures 3 and 4 as examples.
An absorption band due to C�O stretching of the
ester group of the unirradiated partially hydrolyzed
PVA can be seen at �1740 cm�1 in accordance with
previous reports15. Also, the absorption bands due to
O–H stretching associated with the hydrolyzed PVA
polymer can be observed at about 3340 cm�1. The

absorption band which arises from C–H stretching of
almost all organic compounds can be observed at 2910
cm�1.

The IR spectra of unirradiated PVA/PEG blends
showed nearly the same characteristic bands as seen in
Figure 3 for pure PVA polymer. It is known that the
existence of hydrogen bonding changes the position of
the absorption band due to O–H stretching from 3600
cm�1 for compounds of less extensive hydrogen bond-
ing to �3330 cm�1 for those with extensive hydrogen
bonding. It is clear that both IR spectra for pure PVA
or PVA/PEG blends showed the existence of exten-
sive hydrogen bonding in the range 3000–3500 cm�1.
However, it seems that the polymer blends possess
relatively higher extents of hydrogen bonding than
pure PVA.

To make a relation between the ratios of PVA and
PEG in the different blends and the effect of � radia-
tion on these blends, the intensity of the different
bands was calculated quantitatively as shown in Table
II. It can be seen that the change in intensity of the

Figure 1 UV/visible spectra of pure PVA and PVA/PEG blends at different compositions before (top) and after exposure
to a dose of 100 kGy � radiation.
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specific characteristic bands of PVA goes systemat-
ically with increasing the ratio of PEG in the unir-
radiated polymer blend. In this regard, the decrease
in the intensity of the absorption band due to C�O,
specific for the acetate groups of the partially hy-
drolyzed PVA, with increasing the ratio of PEG
from 0 to 20 or from 0 to 30%, was found to be 22.0
and 33%, respectively. However, theoretically, they
should be 20 and 30%. The same holds true with
respect to the C–O band. For the change in intensity
of the absorption band due to O–H, it is difficult to
reach an assessment because both components con-
tain hydroxyl groups and extensive hydrogen bond-
ing. However, the change in intensity of this group
with increasing the ratio of PEG from 0 to 20 and
from 0 to 30 was found to be �16 and 59%, respec-
tively. Also, the intensity of this band was found to
decrease with increasing irradiation dose for both
pure PVA and its blends with PEG. In the same
time, the intensity due to C�O was found to in-
crease with increasing irradiation dose due to the
formation of aldehydes, in accordance with previ-
ous reports.16,12

DSC

The glass transition temperature (Tg) of polymers de-
pends on the structure and cooperative mobility of the
segments. This behavior is reflected in a single glass
transition temperature in miscible blends. In the case of
partially miscible blends, the glass transition tempera-
ture of the blend components remains separated, but the
Tg’s are shifted toward each other compared with pure
components.17 In completely immiscible polymer
blends, Tg’s remain largely unaltered. Therefore, DSC
can be considered one of the practical methods for in-
vestigating the miscibility of polymer blends. In a study
on the effect of PEG as a plasticizer for PVA and hy-
droxypropyl methacrylate homopolymers or their blend,
it was reported that the Tg of PVA decreased with in-
creasing content of PEG, indicating plasticization.18

However, a shoulder was observed in the logarithmic
decrement curve at around 50 to 60°C for systems with
PEG content �30%. The presence of this shoulder was
explained as being due to the presence of incompatibility
in systems with high PEG contents and is consistent with
the observation in the present work.

Figure 2 Absorbance intensity at wavelength 285 nm as a function of irradiation dose for pure PVA and PVA/PEG polymer
blends at different compositions.
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The Tg’s of PVA and PEG have been reported to be
85 and -41°C, respectively,.3,19 The familiar Fox equa-
tion (shown below) derived to predict the Tg of binary
mixtures of complete miscible polymers was applied
to the present blend supposing that PVA and PEG are
compatible.20

1/Tg � M1/Tg1 � M2/Tg2

Tg, Tg1, and Tg2 are the glass transition temperatures of
the blend and individual polymers, respectively. M1
and M2 are the mass fraction of the individual poly-
mers in the blend. Thus, the expected Tg values for the
PVA/PEG blend at 90/10 and 80/20 according to the
Fox equation were calculated to be �66 and 50°C.
Figures 5 and 6 show the DSC thermograms within
the temperature range 40–140°C for PVA/PEG blends
containing 10 and 20% PEG before and after � irradi-
ation to 50 and 100 kGy doses. As can be seen, an

endothermic peak appeared within the temperature
range 45–57°C, and the maximum of these peaks was
found to increase with irradiation dose. Also, no tran-
sitions were observed with increasing temperature up
to 140°C in the DSC thermograms of either blend.
These peaks may arise from the melting of the PEG
component or from the glass transition of miscible
blends, in which no transitions were detected within
the temperature range of the glass transition of pure
PVA polymer (�85°C). Since a hysteresis endothermic
peak due to destroying some residual order is fre-
quently observed in amorphous polymers such poly-
styrene, the endothermic peak observed in the DSC
thermograms is also possibly associated with the glass
transition of PVA/PEG blends.19 The latter hypothesis
and the nonexistence of glass transition for PVA may
indicate that this endothermic peak is due to the glass
transition of PVA/PEG blends rather than to the melt-
ing of the PEG component. These finding are in accor-

Figure 3 IR spectra of thin films of unirradiated pure PVA and PVA/PEG blends at different compositions.
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dance with the calculations of glass transitions accord-
ing to the Fox equation of miscible blends and the
results of reflectance measurements. The increase in
the glass transition temperatures of the blends with
dose to reach that calculated from the Fox equation
may indicate that � irradiation improves the miscibil-
ity of PVA/PEG blends.

Tensile mechanical properties

Improvement in miscibility leads to a change in mor-
phology toward smaller dispersed domains, which in
turn improves the mechanical properties. The me-
chanical testing showed that none of the pure PVA nor
its blends with PEG showed the stress–strain behavior
of tough polymers with yielding properties as shown
in Table III. It is clear that the break stress or strain of
unirradiated PVA is higher than that for PVA/PEG
blends. Also, the stress and strain at the break point
was found to decrease with increasing ratios of PEG in
the blend. An overall trend indicates that the tensile
mechanical properties of PVA/PEG blends improved
as a result of � irradiation up to a dose of 100 kGy.
Moreover, it can be seen that the blend of PVA (70%)/
PEG (30%) showed the stress–strain behavior of tough
polymers with yielding and these yielding properties
disappear at high doses of � radiation.

The improved miscibility may be explained on the
basis that the radicals formed on the macromolecules
of PVA and PEG will eventially initiate covalent
bonds to form copolymerization and crosslinking of
PVA. The radiation-induced chemical reactions of vi-
nyl polymers include, in general, crosslinking, chain
scission, small molecular elimination, internal or ter-
minal double bond formation, and gas evolution.21–23

Figure 4 IR spectra of thin films of pure PVA and PVA/PEG blends at different compositions after exposure to a dose of
100 kGy � irradiation.

TABLE II
Intensity of the Characteristic Absorption Bands of IR

Spectra of Films of Pure PVA and Polymer Blends with
Different Ratios of PVA and PEG before and after

Exposure to Various Doses of � Radiation

Polymer blend
composition

(%)

Irradiation
dose
(kGy)

Intensity of characteristic
bands

OH CAO C–O C–H

PVA (100 %) 0 53.4 55.4 44.2 47.3
50 38.5 57.6 42.1 43.0

100 29.9 60.3 38.0 37.2
PVA/PEG

(80/20) 0 62.2 43.2 36.1 38.6
50 41.3 59.4 43.9 35.3

100 32.5 63.3 54.3 31.7
PVA/PEG

(70/30) 0 85.1 37.2 29.0 33.9
50 69.5 43.2 49.2 27.0

100 38.7 48.0 43.3 21.3

�-IRRADIATED POLY(VINYL ALCOHOL)/POLY(ETHYLENE GLYCOL) POLYMER BLENDS 173



Figure 5 DSC thermograms of the PVA(90)/PEG(10) blend before and after � irradiation to various doses.

Figure 6 DSC thermograms of the PVA(80)/PEG(20) blend before and after � irradiation to various doses.
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It has been proposed that the yield species of �-irra-
diated PVA as alkoxy radicals decay by one of two
processes, one of which leads to formation of �-carbon
radicals and the other leads to the formation of alkyl
radicals and an aldehyde, as shown below:24

™(CH2™CH
P
O �

)n™CH23™(CH2™C�

P
OH

)n™CH2™
(1)

™(CH2™
P
O �

CH)n™CH23(™CH2™C H O)n��CH2™
(2)

The chain end alkyl radical formed in reaction 2
would readily undergo an abstraction reaction and
form the �-carbon radical. These findings were also
observed in the pulse radiolysis studies by Samskog et
al.16 and McMillan,25 in which they identified the
alkoxy radicals as the primary species produced in the
radiolysis of low-molecular-weight secondary alco-
hols.

CONCLUSION

Even though blending of already-existing polymers
is of special importance in the field of polymer
chemistry, the noncompatibility still constitutes the
major problem in obtaining new products with char-
acteristic properties. In this regard, PVA/PEG
blends have been shown to be of a limited compati-
bilty over the range of 0 –30% PEG, as seen by visual
observation and optical measurements. However,
the results showed clearly that the tensile mechan-
ical properties of unirradiated PVA/PEG blends are
lower than those of pure PVA due to the brittle PEG
component. Exposure of PVA/PEG blends com-
posed of PEG ratio up to 30% to � irradiation to

doses up to 100 kGy results in an improvement in
the tensile mechanical properties of pure PVA and
the PVA(80)/PEG(20) blend. While the break stress
of the PVA(70)/PEG(30) blend was shown to
slightly decrease upon exposure to � radiation, the
break strain was greatly increased with increasing
irradiation dose up to 100 kGy and accompanied by
the appearance of yielding properties. These find-
ings may lead to the conclusion that exposure to �
radiation can be used as a technique to improve the
miscibility of polymer blends. It is proposed that the
free radicals formed during irradiation will be in-
volved in the formation of covalent bonding along
the boundaries of the polymers and, hence, improve
the compatibility. The DSC thermograms of PVA/
PEG before or after � irradiation cannot be taken as
an indication of the miscibility in this case, even
though they did not show a separate glass transition
of the PVA polymer. Meanwhile, these endothermic
peaks may be taken as being due to the glass tran-
sition temperature of PVA/PEG blends rather than
to the melting transition of PEG.
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