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ABSTRACT

Polymers and polymeric composites have stea-
dily reflected their importance in our daily life.
Blending poly(vinyl alcohol) (PVA) with a poten-
tially useful natural biopolymers such as hy-
droxypropyl cellulose (HPC) seems to be an in-
teresting way of preparing a polymeric blends.
In the present work, blends of PVA/HPC of com-
positions (100/0, 90/10, 75/25, 50/50, 25/75, and
0/100 wt/wt%) were prepared to be used as bio-
equivalent materials. Thermal analyses [differ-
ential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA)], and X-ray diffrac-
tion (XRD) were employed to characterize and
reveal the miscibility map and the structural
properties of such blend system. The obtained
results of the thermal analyses showed varia-
tions in the glass transition temperature (Tg)
indicating the miscibility of the blend systems.
Moreover, the changes in the melting tempera-
ture (T,,), shape and area were attributed to the
different degrees of crystallinity and the exis-
tence of polymer-polymer interactions between
PVA and HPC molecules. The X-ray diffraction
(XRD) analysis showed broadening and sharp-
ening of peaks at different HPC concentrations
with PVA. This indicated changes in the crystal-
linity/amorphosity ratio, and also suggested that
the miscibility between the amorphous compo-
nents of homo-polymers PVA and HPC is possi-
ble. The results showed that HPC doped in PVA
film can improve the thermal stability of the film
under investigation, leading to interesting techn-
ological applications.

Keywords: Poly(Vinyl Alcohol) (PVA);
Hydroxypropyl Cellulose (HPC); Differential
Scanning Calorimetry (DSC);
Thermogravimetric Analysis (TGA);

X-Ray Diffraction (XRD)
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1. INTRODUCTION

In recent years, copolymers and their blends have at-
tracted the attention of material researchers to obtain
intermediate properties with respect to homo-polymers
for some specific functions. These interesting properties
are attributed to the molecular motions in their amor-
phous phases. The interphase regions in blends and co-
polymers are very important depending on the chemical
nature of the doping substances and the type and extent
in which they interact with host matrix.

Poly(vinyl alcohol) (PVA; -[-CH,-CHOH-],-) is the
world’s largest volume synthetic polymer produced for its
excellent chemical resistance and physical properties and
complete biodegradability, which has led to broad practi-
cal applications. PVA is a semi-crystalline polymer whose
crystalline index depends on the synthetic process and the
physical aging [1,2]. PVA is a water-soluble polyhydroxy
polymer, one of the few linear, non-halogenated aliphatic
polymers. PVA has a two dimensional hydrogen-bonded
network sheet structure. The physical and chemical prop-
erties of PVA depend to a great extent on its method of
preparation.

Poly(vinyl alcohol) could be considered as a good host
material due to good thermo-stability, chemical resistance
and film forming ability. PVA is an important material in
view of its large scale applications. It is used in surgical
devices, sutures, hybrid islet transplantation, implantation,
blend membrane and in synthetic cartilage in reconstruct-
tive joint surgery [3-6]. A new type of soft contact lens
was developed from PVA hydrogel prepared by low tem-
perature crystallization technique [7]. PVA is also used in
sheets to make bags for premeasured soap, for washing
machines or the longer bags used in hospitals [8].

Hydroxypropyl cellulose (HPC) belongs to the group
of cellulose ethers which has been used already for a year
by paper of conservators as glue and sizing material. The
material is soluble in water as well as in polar organic
solvents (makes it possible to combine aqueous and non
aqueous conservation methods) [9]. HPC is used as a
topical ophthalmic protectant and lubricant; as a food ad-
ditive; a thickener and as an emulsion stabilizer with E
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number E463. In pharmaceuticals, HPC is used as a dis-
integrant and is a commonly used binder for the wet
granulation method of making tablets [10].

In the present work, samples of poly(vinyl alcohol)
(PVA), hydroxypropyl cellulose (HPC) and their blends
(PVA/HPC) in different weight percents (100/0, 90/10,
75/25. 50/50, 25/75, and 0/100 wt/wt%) were prepared in
the form of thin films. Thermal analyses [differential scan-
ning calorimetry (DSC) and thermogravimetric analysis
(TGA)] and X-ray diffraction (XRD) techniques were em-
ployed to characterize and reveal the miscibility map and
the structure property relationship of such blend system.

2. EXPERIMENTAL SETUP
2.1. Materials and Samples Preparation

The PVA granules with molecular weight of 125 kg/mol
were supplied from El-Nasr Company, Cairo, Egypt. Hy-
droxypropyl methylcellulose (HPC; Pharma-coat 606) with
molecular weight of 95 kg/mol was supplied by Shin Etsu
Chemical Co., Japan.

The solution method [11,12] was used to obtain film
samples. This method depends on the dissolution, sepa-
rately, the weighted amounts of PVA granules and HPC
powder in double-distilled water. Complete dissolution
was obtained using a magnetic stirrer in a 50°C water bath
to prevent thermal decomposition of polymer. To prepare
thin films of the homopolymers (PVA and HPC) and the
blend of their samples (PVA/HPC) with different weight
percentages 100/0, 90/10, 75/25, 50/50, 25/75, and 0/100
wt/wt%, the solutions were mixed together at 50°C with a
magnetic stirrer. Thin films of appropriate thickness (ab-
out 0.01 cm) were cast onto stainless steel petri dishes (10
cm diameter). The prepared films were kept at room
temperature (about 25°C) for 7 days until the solvent
completely evaporated and then kept in desiccators con-
taining fused calcium chloride to avoid moisture.

2.2. Differential Scanning Calcorimetry
(DSC)

The thermal transition behaviour of the prepared thin
films was determined by Differential Scanning Calorime-
ter model Schimadzu DSC-50 (Kyoto, Japan) from 20°C
to 300°C. A heating rate of 10°C/min was used under
nitrogen atmosphere and at a flow rate of 30 mL/min.
The sample weight was about 1.987 mg.

2.3. Thermogravimetric Analysis (TGA)

Thermal behaviour of the prepared samples was exam-
ined by Thermogravimetric Analyzer model Schimadzu
TGA-50H (Kyoto, Japan) from 20°C to 400°C. A heating
rate of 10°C/min was used under nitrogen atmosphere and
at a flow rate of 20 mL/min. Dry sample weighing about
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1.596 mg was used. The standard uncertainty of the sam-
ple mass measurement is £1%. The instrument was cali-
brated using calcium oxalate which was supplied along
the instrument.

2.4. X-Ray Diffraction (XRD)

The X-ray diffraction (XRD) measurements of the sam-
ples were recorded with a Scintag Irc X-Ray Diffracto-
meter (USA) equipped with Ni-filtered CuK,, radiation (1
= 1.5418 A) and operated at 45 kV and 40 mA. The dif-
fractograms were recorded in the range of 26 from 3 to
50° at a speed rate of 2 degrees/min. The crystallinity
index (Crl) was calculated for the different samples using
the relation [13]

Crl = [(If— [g)/If] x 100 1)
where I¢ is the peak intensity of the fundamental band at
26 = 18.5° - 20.0° and I is the peak intensity of the sec-
ondary band at 26 = 28.0° - 28.5°. The Crl is a time-save
empirical measure of relative crystallinity.

3. RESULTS AND DISCUSSION
3.1. Characterization of PVA/HPMC Blends

3.1.1. Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) technique pr-
ovides information such as glass transition (Ty), melting
(Ty) and crystallization (T,) temperatures, in addition to
the associated enthalpy for each process. Figure 1 shows
the DSC curves of PVA (a) and HPC (f), homopolymers
in the range of temperature from 20°C up to 300°C. The
pure PVA (curve a) displays two endothermic peaks. The
first peak at 88.1°C is assigned as a thermal effect due to
moisture evaporation from the sample and also may be
due to a glass transition with an enthalpy 130.9 J/g [11]
and a sharp endothermic melting transition at 209.6°C
with an enthalpy 67.4 J/g. The heat, required for melting
of 100% crystalline PVA, is 138.60 J/g [14]. It is well
known that the calorimetric crystalline is defined as

X, = AH, (T,)/AH; (T @)

where X, is the weight fraction extent of crystallinity;
AH, (T, ) is the enthalpy of fusion at the melting point,
Tnand AHY (Tn‘i) is the enthalpy of fusion of the totally
crystalline polymer measured at the equilibrium melting
point T . The nominal value of crystallinity, obtained
from the DSC curve of pure PVA, is about 48.61%. This
value is slightly, relatively, higher than that found by
X-ray measurement [47.17%, Table 3] which may be
due to changes in the thermodynamic heat of fusion from
small crystals in DSC, whereas X-ray diffraction may
require a large crystallite size and longer range order.
Moreover, the broad glass transition peak is apparently a
result of the non-uniform nature of this process. DSC
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technique has been performed to observe the change in
transition temperature that is caused by the doping [15].
The value of T, (88.1°C), which has been obtained for
PVA, is nearly in agreement with that reported previ-
ously in the literatures [16,17]. However, the value ob-
tained for T, (209.6°C) is consistent with that found by
Sakellariou et al. [18].

The DSC thermogram for pure HPC (curve f) shows
only a small broad peak at about 83.9°C associated with
heat of fusion 32.62 J/g.

It is interesting to show how the thermal transition of
PVA varies after doping the different concentrations of
HPC. One key aspect is the determination of whether the
resulting blend samples results miscible or not [19,20].

Figure 1, also, represents the DSC curves for PVA/HPC
blended samples. The transition temperature and the heat
of fusion (AH, J/g) values associated with each transition
obtained through analyses of DSC-curves for blend sam-

ples are summarized in Table 1. It is clear that, the DSC
thermograms of all blend samples of PVA/HPC (curves
b-e) show one single broad glass transition peak (T,) of
which increases with increasing HPC content up to 50
wt%. Then, a decrease in T, value is detected by increase-
ing HPC content for the blend sample 25/75 wt/wt%. The
values of T, obtained in the blend systems, are found to be
in the range of those of the homopolymers indicating the
miscibility of the blend systems. The broadening of the
peaks depends on the OH content declined. The PVA hy-
droxyl groups are highly interconnected by hydrogen
bonding, leading to high glass transition temperatures (T,).
The introduction of other functional groups may support
this bonding and enhance T, values to maximum in the
50/50 wt/wt% blend samples. In addition, the transition
temperature widths (T,) for the blends are almost identical
to that of pure components (curves a and f) which supports
single-phase behaviour in the blends.
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Figure 1. DSC curves for PVA/HPC blends: (a) 100/0; (b) 90/10; (c) 75/25;
(d) 50/50; (e) 25/75 and (f) 0/100 (Wt/wt%).
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Table 1. Values of transition temperatures and associated heat of fusion for PVA/HPC blends.

Blend sample PVA/HPC (wt/wt%)

At glass phase transition (T,)

At melting phase transition (Ty,)

T,(C) AT, % AH(/g) % change of AH" T, (°C) AT,% AH(J/g) % change of AH"

100/0 88.1 - 103.90 - 209.6 - 67.38 -
90/10 878  -10.3 95.10 -85 206.1 -1.8 35.70 —47.0
75125 93.9 6.7 143.05 37.6 221.7 5.7 50.40 252
50/50 95.4 8.3 117.99 13.0 197.5 5.8 68.30 1.4
25/75 75.1 -14.8 116.31 11.9 203.1 -3.1 54.80 -18.7
0/100 83.9 - 32.62 Not detected

“ohchange of AH = (AH)blended PVA ~ (AH)pure PVA <100 .

(AH)pure PVA

Differences in shape and area of the melting endot-
herm are also noticed. The melting point is a physical
parameter used to identify the nature of the substance
and its degree of purity. The data in Table 1 indicates
that the melting points (T,,) for the blend samples are
nearly around the value of PVA. The variations in shape
and area were attributed to the different degrees of crys-
tallinity found in the samples with different HPC con-
centrations [21,22]. The decrease in heat of fusion and
increase in T,, suggested that the crystallinity and perfec-
tion of the crystal structure are reduced with increasing
degree of cross-linking. As well known by the previous
reported work, a change in the crystalline structure may
result from polymer-polymer interactions in the amor-
phous phase, therefore, disorder in the crystals is created,
reducing the enthalpy of the phase change [23,24].

3.1.2. Thermogravimetric (TGA) and Its
Derivative (DrTGA) Analyses
3.1.2.1. Effects of Thermal Gravity Analysis

Condition on Samples’ Decomposition

Thermal degradation behavior of PVA and HPC ho-
mopolymers is examined by thermogravimetric analysis
(TGA) as shown in Figure 2. The PVA (curve a) and
HPC (curve f) homopolymer samples show 8.988 and
5.691% weight loss (first stage), beginning at about 20°C,
followed by thermal stability (second stage). More sig-
nificant loss by about 51.159% and 80.474% weight loss
for PVA and HPC homopolymers starting above 205°C
and 220°C, respectively, are detected.

The TGA curves for PVA/HPC blend samples are also
shown in Figure 2. It is clear that, the recorded themo-
gravimetric plots for all samples show two degradation
regions which suggest the coexistence of more than one
degradation process. It is also clear Figure 2 that, all
tested samples show % weight loss (12.490 - 2.547) for
the first decomposition stage and more significant %
weight loss (52.108 - 80.611) for the second decomposi-
tion stage of PVA/HPC blend.

Figure 3 represents the deviation of the % weight loss
for PVA/HPC blend samples for the first and second de-
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composition regions as well as the total weight loss. The
change in weight loss reaches its maximum value at 75
wt% HPC approximately the value of the pure HPC
sample. This means that 25/75 wt/wt% PVA/HPC blend
sample becomes more thermally stable.

The lower values of % weight loss in the first stage af-
firm the presence of a thermal process due to moisture
evaporation from samples and also may be due to split-
ting or volatilization of small molecules and/or mono-
mers in which weight loss varies between 2.5% and 12.4%
and begins at near 20°C. This lower value of weight loss
enables one to suggest that the transitions observed in the
corresponding temperature range of the earlier DSC
spectra explain the existence of physical transition [4].
The latter process in TGA curves covers a wider tem-
perature range (180°C - 400°C), which includes the
melting points, as physical transition and the degradation
temperatures of homopolymers. Therefore, the higher
values of weight loss in the second decomposition stage
indicate the existence of a chemical degradation process
resulting from bond scission (carbon-carbon bonds) in
the polymeric backbone. The degradation behavior of the
blend films is intermediate between that of the pure
components. It must be noted that the sample of compo-
sition 25/75 wt/wt% PVA/HPC presents a high strength
of the bonding in these polyblend systems due to
cross-link formation, since little amounts of weight loss
in the first decomposition region are recorded.

On the other hand, the lower temperature loss (i.e., the
first stage) may have corresponded to the breaking of the
ester linkages, and the second may have corresponded to
the degradation of the whole polymer. The second loss is
the most important both in the rate of weight loss and in
the total weight loss. If PVA is heated above 120°C water
is eliminated to give conjugated double bonds, and it
may give a formation of ether cross-links; 7.e., on heating
PVA above the decomposition temperature, the polymer
starts a rapid chain-stripping elimination of H,O [25].

The difference in thermal decomposition behavior of
different PVA/HPC blend samples can be seen more
clearly from the derivative thermogravimetric (DrTGA)
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Figure 2. TGA and DrTGA curves of PVA/HPC blends:
(a) 100/0; (b) 90/10; (c) 75/25; (d) 50/50; (e) 25/75 and (f)
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curves shown in Figure 2. DrTGA curves show two broad
peak temperatures corresponding to the first and second
decomposition regions. It is to be noted that, the peak tem-
peratures of DITGA curves in both decomposition regions
for PVA/HPC blend samples varied from the pure PVA
one with increase of HPC concentrations. This indicates
that the thermal stabilities of HPC increase by mixing it
with PVA. This stability enhances its use for commercial
applications for item production via melt processing tech-
niques.

3.1.2.2. Kinetics of Thermal Decomposition

The thermal decompositions curves of three tempera-
ture rising rates were almost show the same trend. The
following equation was used for the kinetic analysis ac-
cording to the integral method of Coats and Redfern (CR)
for non-isothermal thermogravimetric analysis (TGA)
data when a first-order is assumed [26,27]

where a is the fraction of sample decomposed at time t
(the mass loss up to the temperature T), T the tempera-
ture (Kelvin), A the pre-exponential factor (Arrhenius
constant), R the gas constant, E* the activation energy
and p the conversion factor to transfer from a time scale
to a temperature scale (the linear heating rate). Plotting
of the left hand side of Eq.3 against 1/T gives E from
the slope.

From the relevant data, linearization plots have been
drawn in Figures 4 and 5 confirm first order kinetics. Fi-
gures 4 and 5 represent the Coats-Redfern (CR) plots of
the first and second decomposition regions for PVA/HPC
blend samples, respectively. An obtained value of about
0.994 for r* (correlation coefficient) indicates a good cor-
relation for both decomposition stages.

The kinetic analysis parameters such as the entropy of
activation (AS"), the enthalpy of activation (AH") and the
free energy of activation (AG") are calculated using the
following equations [28]

AR E

g rr Y

AS’ (J/Kmole) = 2.303 (10g %)R 4)
AH" (J/mole)=E" —RT %)
AG" (kJ/mole) = AH - T AS’ (6)

where k and h are the Boltzmann’s and Planck’s con-
stants, respectively, T the temperature involved in the
calculations selected as the peak temperature of DrITGA
(Figure 2). The entropy of activation (AS") gives infor-
mation about the degree of order of the system; the en-
thalpy of activation (AH') gives information about the
total thermal motion; and Gibbs or the free energy of
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activation (AG") gives information about the stability of
the system.

The calculated thermodynamics parameters (E°, AS”,
AH" and AG") values are given in Table 2. In most blend
samples, it is clear from the figure that, values of E’, AS,
AH" and AG" are intermediate between those of homo-
polymers such blends possess. The blend samples of
composition 75/25 and 25/75 (wt/wt%) PVA/HPC, in the
first decomposition stage, have activation energy (E’)
values less than that of pure HPC. This may be due to
bond weakening effects due to mixing PVA with HPC.
However, the pronounced deviation of AS™ values for
blend samples compared to individual polymers indicates
that the thermal process take place with significant per-
turbation of the position order of the macromolecules.
Also, it is to be mentioned that the values of AG” in the
first decomposition stage are nearly less than those of the
second decomposition stage while E*, AS” and AH" values
are approximately the same in both decomposition stages.
The negative values of the entropies of activation are
compensated by the values of the enthalpies of activation
[28]. The obtained results could be used in thermal de-
composition optimization.

DSC and TGA curves provide some information about
the various observations during heat treatment. It is im-
portant to take into account that TGA curve reveals the
variation in weight; but, the DSC is connected with calo-
rific phenomenon which occurs with no detectable weight
change. Accordingly, the DSC and TGA studies reveal the
miscibility between PVA and HPC as well as the induced
fundamental changes in the morphology of the films and
thermal stability according to their blend compositions.

3.2. X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis has yielded a great
amount of valuable information on the crystal structure,
orientation and size of ordered regions in materials. A
meaningful interpretation of experimental results re-
quires the determination of the structure of PVA and
HPC and their blend samples. The typical X-ray diffrac-
tion patterns (XRD) of PVA and HPC homo-polymers,
and their blend samples, at room temperature, in the
scanning range 3° < 26 < 50° are shown in Figure 6. The
appearance of sharp reflections and diffuse scattering,
observed from the XRD of pure PVA (pattern a), is char-
acteristic of crystalline and amorphous phases of con-
ventional semi-crystalline polymers. However, spectrum
of pure HPC (pattern f) shows amorphous features char-
acterized by two halos centered at 260 = 16.356 and
13.518 degrees, respectively. Moreover, the pattern (a),
observed in the figure for pure PVA, shows several dis-
tinct crystalline peaks at 26 = 11.211, 12.687, 15.280,
19.450, 20.654, 23.520, 25.196, 28.148 and 30.741 de-
grees, assigned to a mixture of (110), (101), (101), (200),
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Table 2. Thermodynamic activation parameters extracted from Figures 4 and 5 using CR method of PVA/HPC blends.
Blend | E' AS AH AG
end sample kJ/mole J/Kmole kJ/mole kJ/mole
PVA/HPC t d t d t d t d
1° 2" 1° 2" 1° 2" 1° 2"
(Wt/wt%)
stage stage stage stage stage stage stage stage
100/0 34.18 72.13 —1796.56 —947.08 31.27 67.35 659.35 544.40
90/10 31.65 28.83 —965.75 —1030.80 28.73 24.08 339.01 612.66
75/25 21.42 20.79 —946.91 —989.02 18.48 16.02 355.67 566.72
50/50 36.49 28.55 -1012.23 -964.76 33.61 23.69 350.40 563.44
25/75 17.60 21.29 -950.68 -993.53 14.81 15.99 318.39 632.89
0/100 25.94 19.96 -927.50 —-1019.96 23.22 14.67 302.60 649.31
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Figure 6. Variation in X-ray diffraction patterns of PVA/HPC blends: (a) 100/0; (b) 90/10; (c)
75/25; (d) 50/50; (e) 25/75 and (f) 0/100 (wt/wt%).
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(201) and (201) which agree with that previously reported
in the literatures [4,29].

It is also clear from Figure 6 that, the XRD patterns of
PVA/HPC blend samples exhibited the characteristics of
pure PVA but with less intensity for the crystalline peaks.
Thus, one can say that the semi-crystalline structure of
PVA is decreased upon mixing with different concentra-
tions of HPC. In addition, some crystalline peaks are no
longer detectable (26 = 15.280, 20.654 and 23.520 de-
grees) since they are of vanishingly small intensity in the
XRD pattern of homo-polymers. This is attributed to
weak reflections from the ordered structure.

For the semi-crystalline amorphous blends, the non-
crystallizing component could strongly modify the cryst-
allization behavior of crystallizing component. The phase
morphology of these systems of blends is governed by
the compatibility of the amorphous phase and nature of
the crystalline phase [19]. For such blends, miscibility be-
tween the amorphous components of both homo-polymers
PVA and HPC is possible. Thus, it can be suggested that
the crystal forms in PVA do not prevent the miscibility be-
tween amorphous regions of the homo-polymers in the
blend systems.

Two distinguished bands are centered at 26 = 18.805 -
19.636 degrees as a fundamental band and at 26 = 28.148 -
28.434 as a secondary one for the PVA/HPC blend sam-
ples. The intensities for both fundamental and secondary
bands observed in Figure 6 decreases as the concentra-
tion of HPC increases.

Crystallinity is defined as the weight fraction of the
crystalline portion of a polymer. The physical and me-
chanical properties of polymers are considerably depend-
ent on that parameter. XRD is most frequently used to
measure the crystallinity in the polymers. Table 3 illus-
trates the variation of crystallinity index (Crl) as a func-
tion of different concentrations of the HPC as calculated
from the X-ray patterns (Figure 6) by using Eq.1. It is
clear from the table that, maximum value for the blend
sample 90/10 wt/wt% PVA/HPC is detected. The values
of crystallinity index (Crl) of PVA/HPC blend samples
decreases with increasing HPC concentration up to 75
wt%. This implies changes in the structural regularity of
the main chains of the polymeric molecules on doping.

4. CONCLUSION

The results indicate that structural changes occurred in
the polymer matrix as the dopant diffused. The hydroxyl
ions of HPC are coordinated through hydrogen bonds
with the hydroxyl groups belonging to the different chains
in PVA. A decrease in crystallinity has been proposed as
one or another aspect of the complicated molecular and
crystalline structure induced in doping. It has been recog-
nized that the doping concentration plays a dominant role
in both morphological and micro-structural change in the

Copyright © 2012 SciRes.

Table 3. Variations in the crystallinity index (CrI) of PVA/HPC
blends.

Blend sample Crystallinity index

PVA/HPC %"

ity () A(Crl) %
100/0 47.170 -
90/10 52.525 111.4
75125 49.979 105.9
50/50 36.905 78.2
25/75 31.646 67.1
0/100 - -

* A(Cr1)% = (Crl)blended PVA _(Crl)pure PVA 100
(Crl)pure PVA

polymer matrix. This may be attributed to variations in
the internal mechanisms that occurred by the induced
effect of doping on the structure of PVA. As a result, it
produces variations in the macromolecular and micro-
molecular structure of the PVA network. The DSC and
TGA studies reveal the miscibility between PVA and
HPC as well as the induced fundamental changes in the
morphology of the films and thermal stability according
to their blend compositions.
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