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Blends of two biodegradable polymer, polyvinyl alcohol (PVA) and 2-hydroxy ethyl cellulose (2HEC)
were prepared with different compositions by using cast technique. X-ray diffraction (XRD) scans
revealed the semi-crystalline nature of the blends for low concentration of 2HEC up to 50 wt% and the
amorphous nature for higher ones. Infrared spectra (IR) of blend samples indicate that there is a
compatibility between PVA and 2HEC through the formation of hydrogen-bonding between their polar
groups. The absorption coefficient spectral analysis revealed the existence of long and wide band tails
of the localized states. The absorption edge and band tails were estimated for pure and blend films
from their optical absorption spectra. The thermal stability and thermal behavior of blends were
investigated under non-isothermal conditions by thermogravimetry (TG) and differential thermal
analyses (DTA). A single glass transition temperature for each blend was observed, which supports the
existence of compatibility of such system. The kinetic parameters such as activation energy, entropy,
enthalpy and Gibbs energy based on TG data for all samples in first decomposition region were
determined using Coats-Redfern relation.
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1. INTRODUCTION

Polymer blends formed with homo-or-copolymer are of a great importance because they allow
the optimization of certain properties compared with isolated polymers [1-4]. Polymeric composite
materials, both of natural and synthetic origin, constitute by far the broadest and most diverse class of
biomaterials.

PVA is an efficient binder for solid pigments, ceramic products, plastic, cement, fibers, non-
woven fabrics, catalyst pellets, cork compositions etc. Also, PVA has gained increasing attention in the
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biomedical field due to its bioinertness [5-10]. The non-ionic polymer 2HEC is used in personal care
applications, as its use in hair shampoo to satisfy many functions. Also, it’s used to thicken shampoo,
reduce foaming and enhance cleaning capability by forming collides around dirt particles [11] as well
as viscosity modification in paints and cosmetics [12]. Blending PVA with other polymers may offer
opportunities to modify the physical properties, improve the processability and lower the cost [13].
Both PVA and 2HEC possesses a film-forming property. Accordingly, PVA/2HEC film was thought to
be a good candidate to improve the cost-performance ratio on commercial products and of significant
practical applications.

Analysis of the absorption spectra in the lower energy part gives information about atomic
vibrations, while the higher energy part of the spectrum gives a knowledge about electronic state in the
atoms. The thermogravimetry analysis and differential thermal analyses curves provide some
information about the various unexpected observations during heat treatment. The combination of
these experimental techniques allows us to gain more complete understanding of the effect of
composition on the structure and thermal stability of blend system.

In the present work the structural, optical and thermal properties of PVA/2HEC blends in the
range of compositions 30-70 wt% PVA were investigated. In addition, the thermodynamic and optical
parameters are discussed.

2. EXPERIMENTAL DETAILS

Poly (vinyl alcohol) with M,, of 20,000 and minimum degree of hydrolysis of 87% was
purchased from BDH limited (Poole, England). 2-hydroxyethyle cellulose with M,, of 300,000 and
viscosity is 80-125 mpa.s was supplied by Sigma-Aldrich Company, USA.

Weighed amounts of both PVA and 2HEC were dissolved separately in a mixture of distilled
water and ethanol with ratio 4:1 at room temperature. A solution of PVA and 2HEC were mixed
together with different weight percentages of PVA/2HEC (100/0, 70/30, 50/50, 30/70 and 0/100
Wt/Wt%) using a magnetic stirrer at 50 °C. Thin films of appropriate thickness (= 0.1 mm) were cast
onto stainless steel Petri dishes and then dried in a furnace at 75 °C until the solvent was completely
evaporated.

X-ray diffraction patterns were obtained using DIANO corporation, USA equipped with Cu K,
radiation (A=1.540 A°, the tube operated at 30 kV, the Bragg angle (20) in the range 5-60°). FTIR
measurements were carried out using the single beam Fourier transform infrared spectrophotometer
(FT-IR-430, JASCO, Japan). FTIR spectra of the samples were obtained in the spectral range of 4000-
400 cm™. Ultra violet and visible (UV/VIS) absorption spectra were measured using
spectrophotometer (V-570 UV/VIS/NIR, JASCO, Japan). The differential thermal analysis of the
prepared films was carried out using an equipment type (DTA-50 Schimoduzu corporation, Kyoto,
Japan) from room temperature up to 400 °C with a heating rate of 10 °C/min. Perkin-Elmer (US,
Norwalk, CT) TGA-7 was used for the thermogravimetric analysis of the samples. A small amount (5-
10 mg) of the sample was taken for the analysis and the samples were heated from room temperature
up to 400 °C at a rate of 10 °C/min. in nitrogen atmosphere.
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3. RESULTS AND DISCUSSION

3.1. X-ray diffraction

Fig. 1 shows the x-ray diffraction of PVA and 2HEC homopolymers as well as their blend
samples at room temperature in the scanning range 6° <26 < 60 °. Spectrum (a) of pure PVA shows an
intense reflection peak at 26 = 19.7° diffused in the hallow amorphous region and was assigned to a
mixture of (101) and (10{) reflections [14]. The appearance of sharp reflections and diffuse scattering
Is characteristic of crystalline and amorphous phases of conventional semi-crystalline polymers.
However, spectrum (e) of pure 2HEC shows a broad amorphous halo with a scattered intensity
maximum corresponding to 20 = 22°. It reflects the absence of any diffraction lines indicating the
amorphous nature of 2HEC cast film. It is known that glassy amorphous polymers are typically
optically clear, they show a liquid-like x-ray pattern [15]. This is consistent with the result of the
2HEC sample.
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Figure 1. X-ray diffraction patterns for PVA/2HEC blend samples; (a) 100/0, (b) 70/30, (c) 50/50, (d)
30/70 and (e) 0/100 (wt/wt %)
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XRD patterns (b and c) of blend samples with concentrations 70 and 50 wt% PVA exhibited
the characteristics of pure PVA, but with less intensity for the reflection peak. Thus, one can say that
the semi-crystalline structure of PVA is decreased upon mixing with relatively lower content of 2HEC.
However, XRD pattern (d) of 30 wt% PVA shows an intense broad halo amorphous covering the
positions of those found in homopolymers, for the semi-crystalline/amorphous blends, the non-
crystallizing component could strongly modify the crystallization behavior of crystallizing component
[16]. For such blends, compatibility between the amorphous components of both homopolymers is
possible. Thus, it can be suggested that the crystal forms in PVA do not prevent the compatibility
between amorphous regions of the two polymers in the blend system.

3.2. Infrared spectroscopy
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Figure 2. IR spectra of (a) pure PVA and (b) pure 2HEC
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Fig. 2 shows the infrared spectra and assignment of the most evident absorption bands for both
PVA and 2HEC homopolymers. The spectra (1a) and (1b) of PVA and 2HEC pure polymers
respectively are in good agreement with that reported previously [17-23]. Fig. 3 shows the full spectra
4000-400 cm™ of 70/30, 50/50 and 30/70 (wt/wt%) PVA/2HEC blends. Since these two polymers
posses some similar functional groups, therefore the group regions of IR spectra are partially the same
and their spectra differ only in the fingerprint regions. The blends comprising both compounds show
spectra characteristic of both but the vibrational band characterizing each polymer are predominant as
its content increases. On the other hand, for frequency region 1500-400 cm™ spectra are so
complicated because of the contribution of many different groups that immediate progress in the
interpretation of this region seemed doubtful.
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Figure 3. IR spectra of PVA/2HEC blend samples; (a) 70/30, (b) 50/50 and (c) 30/70 (wt/wt %)

The shape of carbonyl bands (C=0) for blend samples is different from that of pure
homopolymers, indicating a change in the balance of free and associated carbonyl groups in the blends.
The increase in multiplicity of hydroxyl band (OH) with increasing 2HEC content in blend samples
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may reflect possible interactions through hydrogen bonding of hydroxyl beard on the backbone of PVA
and 2HEC. In addition the significant deviation of v(C =0)at (1732 & 1570) and (1645 & 1561) in

pure PVA and 2HEC respectively by about 14, 27, 18 and 36 cm™, gives an indication to a
compatibility between the both polymeric materials in the full composition range.

3.3. UVvisible spectra

The study of optical absorption, particularly the absorption edge has proved to be very useful
for elucidation of the optical properties and optical constants of crystalline and non-crystalline
materials.

Fig. 4 shows the absorption spectra of PVA and 2HEC homopolymers as well as their blends in
the range between 200 and 800 nm. The spectra of pure PVA and pure 2HEC exhibited a shoulder-like

band at 280 and 270 nm, respectively which may be due to T —> T electronic transition (K band) of
carbonyl groups. It was reported [4] previously that a relatively strong band at 197 nm associated with
the presence of some residual acetate groups appeared in PVA spectrum. This band was not observed in
the present work because it is out of range studied.

Absorbance (AU)

‘. 9w :
| Mié/igsigi.-’*’*"t a;tqgu " ::::bmw— (©

LI ETY — (0

0 (a) ‘ ‘t‘fi ekt ‘i“'f“m"a\((d))

200 300 400 500 600 700 ~©
A (nm)

Figure 4. Absorbance spectra of PVA/2HEC blend samples; (a) 100/0, (b) 70/30, (c) 50/50, (d) 30/70
and (e) 0/100 (wt/wt %)

The UV/visible spectra for the blended PVA/2HEC samples with compositions of 70/30, 50/50
and 30/70 (wt/wt %) contained a sharp intense band at 225 nm beside the shoulder —like band at about
275 nm. Thus, the addition 2HEC to PVA shifted the band at 197 nm in pure PVA toward higher
wavelengths by about 28 nm.
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The absorption coefficient (a) was calculated from the absorbance (A) using the relation:

_ 2.3O3A
X

1)

where x is the thickness of the sample. The values of o for the samples under investigation are
relatively small (50-1200 cm™) indicating that the materials are weakly absorbing. Fig. 5 shows the
dependence of the absorption coefficient (o) on photon energy (hv) for PVA and 2HEC

homopolymers and their blended samples. The a(v)exhibits a steep rise near the absorption edge and

then rapidly increases in a straight line relationship in the relatively high o -region. The rapid increase
of absorption coefficient is attributed to interband transitions. The intercept of extrapolation to zero
absorption with photon energy axis was taken as the value of absorption edge. The data are presented
in Table 1. It is clear that the values of absorption edge for blend samples are in between for individual
polymers and decrease with decreasing the PVA content. This may reflect the induced changes in the
number of available final states according to blend compositions.
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Figure 5. Absorbance coefficient (a) as a function of photon energy (hv) for PVA/2HEC blend
samples; (a) 100/0, (b) 70/30, (c) 50/50, (d) 30/70 and (e) 0/100 (wt/wt %)

Table 1. values of absorption edge, energy tail and refractive index of PVA and 2HEC
homopolymymers and their blend samples.

PVA/2HEC (wt/wt %) Absorption edge (eV) Energy tail (eV) Refractive index ()
100/0 4.86 1.00 1.68
70/30 4.85 0.80 1.55
50/50 4.83 0.66 1.63
30/70 4.80 0.68 1.65
0/100 4.47 1.08 1.53
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In the exponent edge where the absorption coefficient, 1<a<10%cm™, is governed by an
empirical relation due to Urbach [24],

e .

e

where o, is a constant and E, is the width of the band tails of the localized states in the films.

Fig. 6 shows the relation between In(a)and hv for PVA and 2HEC homopolymers as well as their
blends. The straight lines obtained suggest that the absorption follows the quadratic relation for
interband transition [25] and obey the Urbach rule. The values of band tail E, were calculated from the
reciprocal of the slopes of these lines and are listed in Table 1. The values of E_ obtained for blend
samples are varying slightly with composition. Thus, it can be suggested that the formation of blended
samples probably induce tails in the density of states by perturbing the band edge via a deformation
potential, coulomb interaction and by forming localized band states [26].
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Figure 6. Relation between (Ina) and (hv) for PVA/2HEC blend samples; (a) 100/0, (b) 70/30, (c)
50/50, (d) 30/70 and (e) 0/100 (wt/wt %)

The reflectance (R ), the extinction coefficient (K )and the refractive index (n)of the samples

are related through the following two equations:

k=2 ®
R:(n—1)+K2 4
(n+1)2+K2

Relation (4) was used to calculate n from measurement of absorbance and reflectance (Figure
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not shown for sake of brevity). The values of K for all samples are found small in the range
(10*4—10*3)indicating that the investigated samples are insulators without any defects [27]. Fig. 7

shows the n () spectra form 400 to 800 nm at room temperature for all investigated samples. It is clear
from the figure that the refractive index increases slightly with decreasing wavelength and the changes

become larger at shorter wavelengths showing the typical shape of a dispersion curve. The nearly
constant values of refractive indices at longer wavelengths (n ) are listed in Table 1. It must be

0
mentioned that the values of refractive index of blend samples lie in between the values of
homopolymers. Also, the refractive index of blend samples increased with increasing the 2HEC
concentrations. The compositional dependence of refractive index can be caused by the interference
phenomena due to the domain structure, molecular orientation and processing conditions [28]. The
relatively high values of refractive index may be attributed to an increase in the valence density of
charge carriers in the present samples.
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Figure 7. Variation in refractive index with wavelength for PVA/2HEC blend samples; (a) 100/0, (b)
70/30, (c) 50/50, (d) 30/70 and (e) 0/200 (wt/wt %)

3.4. Thermal analysis.

3.4.1 Differential thermal analyses.

The presence of water as a solvent could modify self-association of both PVA and 2HEC and
interaction between components in the blend samples. These polymers are heat-sensitive; after thermal
treatment their absorption capacity for the water are modified. Therefore, the samples under
investigation were annealed at 100 °C for 15 minutes for complete evaporation of water solvent before
any studies.
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Fig. 8 shows the DTA thermographs of all samples in the temperature range from 30 up to 400
°C. The glass transition temperatures (Tg)and melting points (Tm) of PVA and 2HEC are in close

agreement with those reported in literature [29-32]. The small deviation of Ty values for both
individual polymers from that previously reported might be due to the difference in purity, processing
conditions, rate of heating and/or the instrument employed. Glass transition temperature, melting point
and decomposition temperature are reported in Table 2. It must be noted that the T, value of the blend
samples and melting point of PVA in such system decrease with increasing 2HEC concentrations. On
the other hand, the melting transition of 2HEC and the decomposition temperature (Td) of PVA in

blend samples increase with increasing PVA concentrations. It seems that the intermolecular
interaction between PVA and 2HEC can strengthen the molecular backbones of 2HEC which may be a
direct result of its rigid nature. This results support that PVA/2HEC blends have certain miscibility
level in the amorphous state.
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Figure 8. DTA thermograms for PVA/2HEC blend samples; (a) 100/0, (b) 70/30, (c) 50/50, (d) 30/70
and (e) 0/100 (wt/wt %)
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Table 2. Transition temperature for PVA/2HEC (wt/wt%) blend samples.

PVA/2HEC (wt/wt%) Glass transition Melting phase Dissociation

temperature transition temperature
PVA T,°C

100/0 87 232 309

70/30 83 228 NT 300

50/50 79 227 355 285

30/70 74 225 334 265

0/100 65 317

---- Not detected; may be due to the little amount of 2HEC or out of the measured temperature range.

There are several classical equations that correlate the glass transition temperature of miscible
blend system with its composition [33-36]. Fox equation [33] is given by

1w, w, .
T T, T ®)

g(blend ) 0; g,

where w,and w, are the weight fractions; T, and T, are the respective glass transition

temperatures of the homopolymers. The glass transition temperatures estimated using Fox equation
and T, from the DTA curves (experimental) for the studied blends as a function of 2HEC content are
shown in the inset of Fig.8. It is apparent from the inset of Fig. 8 that the experimental data of T, for
the blends do not follow the calculated theoretical values by Fox rule quite well, the deviation are in
the range 5 up to 7 %. For all systems, the experimental T4 values are somewhat higher than ideal
values exhibiting positive deviation. This may allow one to consider the possibility of a relatively
strong compatibility between PVA and 2HEC in the full composition range.

3.4.2 Thermogravimetric analysis.

TGA is widely used to investigate the thermal decomposition of polymers and to determine the
Kinetic parameters such as activation energy (E), enthalpy (AH), entropy (AS) and Gibbs free energy
(AG), these parameters can be used to give a better understanding of the thermal properties of polymer
blends.

From the thermograms in Fig. 9, it can be seen that all samples present three stages in the mass
loss curve. These stages are distinguishable in the diagram of mass loss (TG %) during heating as well
as -more clearly- in the diagram of derivative mass loss (D,TG). Table 3 represents the decomposition
steps and percentage weight loss for individual polymers and their blends. The lower values of
percentage weight loss in the first decomposition step are attributed to the volatilization of small
molecules and\or evaporation of residual absorbed water. The percentage weight loss in the second
decomposition step, which included both melting point and the degradation temperature of PVA, is
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attributed to splitting of monomers and bond scission in the polymeric backbone. The major
percentage weight loss in the third decomposition step is attributed to fragmentation of the
macromolecular structure for both PVA and 2HEC polymers.
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Figure 9. TG and DrTG of PVA/2HEC blend samples; (a) 100/0, (b) 70/30, (c) 50/50, (d) 30/70 and
(e) 0/100 (wt/wt %)

Table 3. TG and Dr TG data for PVA/2HEC (wt/wt%) blend samples.

PVA/2HEC (Wt/wt%)

% weight loss

Temperature

Start Partial
p

44 153 97 7.46 62.09
153 273 253 15.96
273 400 336 36.73

70/30 50 164 96 7.46 62.73
183 273 242 13.43
273 400 332 41.03

50/50 36 177 88 6.97 69.00
177 253 238 13.66
253 400 327 48.43

30/70 35 171 86 6.21 71.10
171 256 237 15.97
256 400 321 48.92

0/100 41 161 72 6.69 74.61
162 271 235 28.81
271 400 304 38.58

T, : peak temperature of Dr TG.
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The peak temperature (Tp)of D,TG and the total weight loss are used as a measure of thermal

stability. Thus, the curves show that thermal stability of the blend samples lies in between those of the
homopolymers. The thermal stability of blend samples is enhanced by increasing the PVA content.

It is to be noted that the peak temperatures T, of D,TG curves in decomposition regions for
blend samples are shifted to higher temperatures compared to pure 2HEC with the increase of PVA
concentrations but still less than pure PVA. Thus, the higher thermal stability of blend samples
compared to pure 2HEC could be attributed to the intermolecular crosslinking reaction, which gives
highly compatible impact blend polymers. In addition, the sample composition 70/30 (wt/wt %)
PVA/2HEC exhibits a high bonding strength in this system due to crosslink formation, since a little
amount of total weight loss is recorded. This stability enhances the use of 2HEC for commercial
applications for item production via melt processing techniques.

In order to be analyzed more deeply the degradation mechanisms of present samples, it is
important that the kinetic parameters be evaluated by making use of the well known Coats-Redfern
[37] relation:

Ir{—ln(l—s)}_ -E AR ©)

T? " RT BE

where A is a constant, B is the heating rate, R is the universal gas constant, E is the activation

—In(1-3)

energy and & is the fractional weight loss. The plots of In[ 17 } against Ti for individual

polymers and their blend samples in the first decomposition region gives a straight line and the slope

of these lines gives the activation energy [%j The thermodynamic parameters AS, AH and AG were

calculated using the following equations:

_ Ah
AS = 2.303R (loga) (7)
AH = E — RT (8)
AG = AH — T AS) (9)

where K, and h are Boltzmann and Planck constants, respectively, T is the temperature at the

end of decomposition step. Fig. 10 represents the Coats-Redfern plots of the first decomposition step
for individual polymers and their blend samples. An obtained value of about 0.987 for R? (correlation
coefficient) indicates a good correlation for the decomposition step. The calculated thermodynamic
parameters values are given in Table 4. The activation energies for pure polymers as well as their
blends are relatively small at the initial stage of degradation. These initial lower values are likely
associated with initiation process that occurs at week links of PVA and 2HEC which is, however, a
limited step of degradation. It is clear that the values of E and AH for blend samples of 70 and 30 wt%
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PVA content are lower than those for the homopolymers while the values of the blend samples of 50
wt% PVA content is the higher one. In addition, the values of AS for blend samples change irregularly
with compositions, while AG values lie nearly in the same order of individual polymers. Moreover, all
samples have negative entropy that indicates ordered systems and more ordered activated states that
may be possible through the chemisorption of other light decomposition products. Therefore, it can be
concluded that the blend sample of 50/50 (wt/wt%) has more thermal motion and lower order than the
other samples.
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Figure 10. Coats-Redfern plots of the first decomposition step for PVA/2HEC blend samples; (a)
100/0, (b) 70/30, (c) 50/50, (d) 30/70 and (e) 0/100 (wt/wt %)
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Table 4. Thermodynamic parameters for PVA/2HEC (wt/wt%) blend samples in the first
decomposition step.

PVA/2HEC (wt/wt%) E AS AH AG
KJ/gm. mole J/IK. mole KJ/mole KJ/mole
100/0 44.6 -68.8 41.5 67.4
70/30 33.6 -103.1 30.5 68.9
50/50 49.1 -59.2 46.1 67.6
30/70 41.3 -77.5 38.4 65.5
0/100 46.8 -64.3 43.7 67.2

4. CONCLUSIONS

(i) X-ray diffraction of the blend samples of 30 and 50 wt% 2HEC content revealed that the
semi-crystalline structure of PVA is essentially sustained while for relatively higher concentration 70
wit% the halo amorphous is observed only as a broader one.

(if) On the basis of the observed data from XRD, IR spectroscopy and differential thermal
analyses, it could be concluded that the formation of hydrogen-bonding between PVA and 2HEC is
possible within the investigated composition ranges.

(iii) The analysis of absorption coefficient data reflects the long band tails of width in the range
0.66 up to 1.08 eV. Optical absorption edges showed a decreasing trend with increasing 2HEC
concentrations in blend samples, while the refractive index has an opposite behavior.

(iv) The activation energy calculated by using Coast-Redfern relation in first decomposition
step is the highest for 50 wt% PVA sample which indicates that this blend is relatively harder and
highly compatible impact due to intermolecular crosslinking reaction.
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