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ABSTRACT: The miscibility of hydroxypropyl cellulose
(HPC) and poly(vinyl pyrrolidone) (PVP) blends in
aqueous solutions was studied using viscosity, ultrasonic
velocity, and refractive index techniques at 30°C. The
interaction parameters AB, i, and o calculated from viscos-
ity using Sun and Chee methods indicated the miscibility
of this blend. This was further confirmed by ultrasonic
and refractive index results. The HPC/PVP blend films
are prepared by solution casting method and are analyzed
by differential scanning calorimetry, X-ray diffraction, Fou-

rier transform infrared spectroscopy, and scanning elec-
tron microscopic techniques that confirmed the complete
miscibility. This miscibility is due to the strong intermolec-
ular H-bonding interactions between —OH groups of HPC
and C=0O groups of PVP. © 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 2289-2296, 2012
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INTRODUCTION

To satisfy the growing needs of new materials with
specific properties such as engineering materials,
new polymers have been synthesized'™ and chemi-
cal modifications in conventional polymers have also
been proposed.*” However, the mixture of two or
more polymers, forming a polymer blend, continues
to be an economical method to obtain new poly-
meric materials.® The final properties of a polymeric
blend will commonly depend on the properties of its
polymeric components, its composition, and, mainly,
on the miscibility of the constituent polymers.” In
some cases, by synergistic effects, the blend can
present  better  properties than the pure
Components.6’7

Several works on polymer—polymer miscibility
have been developed in the last 20 years.®” For such
investigations, the techniques most commonly and
widely used are electron microscopy,'’ spectros-
copy,”' thermal analysis,'* and inverse gas chroma-
tography.'®> Other techniques using alternative prop-
erties'* or less expensive techniques, for instance,
viscometry, ultrasonic velocity, and refractometry
methods, have also been proposed.”'® Chee'” and
Sun et al.'® suggested the viscometric method for the

Correspondence to: K. C. Rao (chowdojirao@gmail.com).

Journal of Applied Polymer Science, Vol. 125, 2289-2296 (2012)
© 2012 Wiley Periodicals, Inc.

study of polymer—polymer miscibility. Paladhi and
Singh'®?” showed that the variation of ultrasonic ve-
locity and viscosity with blend composition is linear
for miscible blends and nonlinear for immiscible
blends. Basav Raju et al.*! also used refractive index
method for the miscibility of polymer blends.

A combination of synthetic and natural polymers
results in new materials, which have useful proper-
ties of natural component (e.g., good mechanical
properties, easy processability, low production, and
transformation costs) and biocompatibility typical
for biopolymers.”> These blends have already been
used as biodegradable biomaterials,* drug delivery
systems,24 membranes,25 and materials for agricul-
tural application.”®

Hydroxypropyl cellulose (HPC) is a cellulose de-
rivative used as coatings, excipients, encapsulations,
binding materials, foaming agents, protection col-
loids, flocculants, and so forth. For a wide variety of
applications in food, drugs, paper, ceramics, plas-
tics,” and so forth, cellulose ether—ester films are
flexible and transparent, exhibit a moderate strength,
and exhibit resistance to oil and fat migration.*®
They act as acceptable barriers to moisture and oxy-
gen.”* Blends based on HPC with natural or syn-
thetic polymers were proposed to design new mate-
rials with enhanced properties and with wide range
of applications.

Poly(vinyl pyrrolidone) (PVP) is an amorphous
polymer; it has several pharmaceutical applica-
tions.>’ In addition, PVP is able to form complexes
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with a wide range of compounds through hydrogen
bond formation between its carbonyl group and the
hydroxyl groups of water, alcohol, and hydroxyl-
containing polymers such as poly(vinyl alcohol)
(PV A).32’33

The aim of this research was to prepare and char-
acterize polymeric films by blending of PVP with
water-soluble polysaccharide (HPC) and to study
the miscibility nature of these polymers through
low-cost techniques and also advanced techniques.
Both PVP and HPC exhibit lower critical solution
temperature in aqueous solutions and it is interest-
ing to know the nature of miscibility of this blend.
HPC is a typical polysaccharide and contains a
large amount of hydroxyl groups in its structure,
which have proton-donating nature. The PVP mole-
cules have carbonyl groups, which have proton-
accepting nature, and form intermolecular hydrogen
bonding.

MATERIALS AND METHODS
Materials

HPC (MW = 140,000) was purchased from Sigma
Aldrich (St. Louis, Missouri, USA.) and PVP (M =
40,000) was purchased from S.D. Fine Chemicals
(Mumbai, India) and were used without further pu-
rification. Bidistilled and deionized water, having
almost zero conductivity, was used as a solvent.

Preparation of blend solutions

The 1 wt % of HPC and 1 wt % of PVP solutions
were prepared by dissolving 1 g of each polymer in
100 mL of distilled water in two separate stoppered
conical flasks. Eight different blend solutions of HPC
and PVP were prepared by mixing HPC with PVP in
the weight ratios of 0/100, 20/80, 40/60, 50/50, 60/
40, 80/20, and 100/0. From each of these blend solu-
tions, 0.1, 0.3, 0.5, 0.7, and 0.9 (w/v) concentrated sol-
utions were used for the measurement of solution
viscosity, ultrasonic velocity, and refractive index.

Preparation of blend films

Blend films of HPC with PVP were prepared by so-
lution casting method. Required amount of HPC
was dissolved in distilled water by stirring over a
magnetic stirrer (model 1103; Jenway, UK) for 24 h.
To this, 20, 40, 50, 60, and 80 wt % (with respect to
HPC) of PVP were added. Solutions were mixed
uniformly and filtered to remove any foreign float-
ing or suspended particles. The respective solution
was poured onto a clean glass plate, leveled per-
fectly on a tabletop kept in a dust-free atmosphere,
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and dried at room temperature. The dried films
were peeled off carefully from the glass plate.

Techniques

Viscosity and density were measured at 30°C using
Ubbelohde suspended-level viscometer (with the flow
time 95 s for distilled water) and specific gravity bot-
tle, respectively. The required temperature was main-
tained within *0.05°C. The ultrasonic velocities of
the blend solutions with different compositions,
namely, 0/100, 20/80, 40/60, 50/50, 60/40, 80/20,
and 100/0 by weight, were measured at 30°C using
an ultrasonic interferometer. The constant tempera-
ture was maintained by circulating water from a ther-
mostat with a thermal stability of +0.05°C through
the double-walled jacket of ultrasonic experimental
cell. The experimental frequency was 2 MHz, and the
velocity measurements were accurate to better than
+0.5%. The refractive indices of blend solutions with
different compositions were measured directly with
an Abbe’s refractometer (digital) with thermostated
water circulation system at 30°C. The accuracy of the
refractive index measurement is +0.02%.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra of HPC,
PVP, and their blend films were recorded on Bomen
MB-3000 FTIR spectrometer. Blend films were char-
acterized at room temperature from 4000 to 400

cm ! at a scan rate of 21 cm ™ L.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) curves of
HPC, PVP, and their blend films of different compo-
sitions were recorded using TA instruments DSC
(Model: SDT Q600; USA). The analysis of samples
was performed at a heating rate of 20°C/min under
N, atmosphere at a purge speed of 100 mL/min.

X-ray diffraction

The X-ray diffraction (XRD) patterns of the blend
samples were recorded on an Intel diffractomer
(Paris, France) with monochromatized Cu Ko radia-
tion (scan speed of 1°/min in a 20 range of 5°-40°)
at room temperature.

Scanning electron microscopic analysis

The scanning electron microscopic (SEM) micro-
graphs of the blend samples were obtained under
high resolution (magnification: 300x, 5 kV) using
JOEL JSM 840 SEM equipped with phoenix energy
dispersive system.



MISCIBILITY NATURE OF HPC AND PVP

RESULTS AND DISCUSSION
Viscosity studies

The absolute viscosity versus concentration curves
for the blends of HPC and PVP of different composi-
tions at 30°C in water are shown in Figure 1. It was
well established earlier by many workers*** that
the variation of absolute viscosity versus concentra-
tion of blend composition plots are linear for com-
patible blends and nonlinear for incompatible
blends. Based on these data, in the current study,
the linear variation of the absolute viscosity with
concentration for all the blend compositions in water
was attributed to the miscibility nature of the blend.

The Huggin’s plots of reduced viscosity against
concentration of different compositions of HPC/PVP
blends, HPC, and PVP at 30°C are shown in Figure
2 (curves a—g). From these graphs (Fig. 2, curves a—
e), it is also clearly evident that the Huggin’s curves
are linear in nature and this may be attributed to the
mutual attraction of macromolecules in solution that
favors the polymer miscibility. A similar observation
was made by Ravi Prakash et al.*® from their visco-
metric investigations on intermolecular interactions
between methyl cellulose/Poly(Ethylene Glycol)
(PEG) in water.

Chee and Sun interaction parameters

To quantify the miscibility of the polymer blends,
Chee suggested that the general expression for inter-
action parameter when polymers are mixed in
weight fractions w; and w, is as follows:
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Figure 1 Plots of absolute viscosity versus concentration
for 1% w/v HPC/PVP of 20/80 (a), 40/60 (b), 50/50 (c),
60/40 (d), and 80/20 (e). [Color figure can be viewed in
the online issue, which is available at wileyonline
library.com.]
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Figure 2 Reduced viscosity versus concentration curves
for pure PVP (a), HPC/PVP blends 20/80 (b), 40/60 (c),
50/50 (d), 60/40 (e), and 80/20 (f), and pure HPC (g).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

b—b
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where b = wyb;; + wyby, in which by; and by, are
the slopes of the viscosity curves for the pure com-
ponents. The coefficient b is related to the Huggin’s
coefficient Ky as

b= Ki[n]® @)

for ternary systems. The coefficient b is also given by
b = wiby + wiby + 2w wabya 3)
where by, is the slope for the blend solution. Using

these values, Chee defined a more effective parame-
ter as follows:

4)

where m; and mn, are the intrinsic viscosities for the
pure component solutions. Sun et al.'® have sug-
gested a new formula for the determination of poly-
mer miscibility as follows:

Ki[nfiw? + Ky [n5wd + 2V/KiKz [ [ny]wiw,
{lyw1 + [nw2}?

o=K, —

©)
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TABLE I

Chee and Sun’s Interaction Parameters for Compositions
of 1% (w/v) HPC/PVP Blends in Water at 30°C

T . Sun’s
HPC/PVP  Chee's differential miscibility
blends interaction parameters arameter
p
composition AB i o x 102
20/80 0.0553 3.0714 0.1774
40/60 0.1166 0.8060 0.0645
50/50 0.0697 0.6359 0.1215
60/40 0.0484 0.7003 0.0448
80/20 0.0422 5.1086 0.4428

where a is the interaction parameter, and K;, K, and
K,, are the Huggin’s constants for individual compo-
nents 1, 2, and the blend, respectively.

It is observed from Table I that the values of AB,
i, and o are positive for all the compositions of
HPC/PVP blends. In general, if AB, i, and o are
positive for any poly-blend system, it is considered
as a miscible one, whereas if these values are nega-
tive, the poly-blends are considered as immiscible.
Based on these data and the values given in Table I,
HPC/PVP blends show miscibility nature for all
poly-blend compositions. A similar observation was
made by Guru et al.”’ in the case of xanthan gum/
PVP blends. To further confirm this observation, we
measured the ultrasonic velocity (v) and refractive
index (n) of the blend under consideration at various
compositions at 30°C. The variation of the ultrasonic
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Figure 3 Ultrasonic velocity versus concentration curves
for HPC/PVP blends of 20/80 (a), 40/60 (b), 50/50 (c),
60/40 (d), and 80/20 (e). [Color figure can be viewed in
the online issue, which is available at wileyonline
library.com.]
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Figure 4 Refractive index versus concentration curves
for HPC/PVP blends of 20/80 (a), 40/60 (b), 50/50 (c),
60/40 (d), and 80/20 (e). [Color figure can be viewed in
the online issue, which is available at wileyonline
library.com.]

velocity and refractive index with the blend compo-
sition is shown in Figures 3 and 4, respectively.

It was already established'>”® that the variation is
linear for miscible blend and nonlinear for immisci-
ble blend. In the current case, the variation is found
to be linear for all compositions, and this observa-
tion is in confirmation with p and o values. Hence,
the current study indicates the existence of miscibil-
ity over entire composition range due to possible
H-bonding interactions taking place between the
carbonyl groups of PVP and the hydroxyl groups of
HPC as shown in the Scheme 1. A similar observa-
tion was made by Demappa et al.”® in the case of
miscibility of hydroxy propyl methyl cellulose
(HPMC)/PVA blends.

MISCIBILITY STUDIES OF BLEND FILMS BY
CHARACTERISTIC TECHNIQUES

FTIR spectroscopy studies

The formations of a miscible polymer blend require
the presence of specific interactions between the two
polymers.* Infrared spectroscopic study is often
used to determine the interactions between the coun-
terpart polymers of a blend. In the current study,
the type of hydrogen bonding within HPC/PVP
polymer blends may be complicated,"*™* because
there are several groups that can from hydrogen
bonds in HPC.

FTIR analysis was based on the identification of
absorption bands associated with the vibrations of
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Scheme 1 Hydrogen bonding between the carbonyl
groups of PVP and the hydroxyl groups of HPC.

functional groups present in HPC and PVP. Figure 5
shows the FTIR transmittance spectra for pure HPC,
PVP, and the HPC/PVP poly-blend samples as func-
tions of wave numbers in the range of 4000-500
cm~'. The formation of strong hydrogen bonds
between HPC and PVP was demonstrated by FIIR
spectroscopy from the shifts of absorption bands

%T

3600 3100 2600 210 1600 1100 600
Wave number (cm ™)

Figure 5 FTIR spectra of PVP (a), HPC/PVP 20/80 (b),
HPC/PVP 40/60 (c), HPC/PVP 50/50 (d), HPC/PVP 60/
40 (e), HPC/PVP 80/20 (f), and HPC (g).
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Figure 6 DSC thermograms of HPC, PVP, and their
blend membranes.

showing hydroxyl stretching vibrations, which were
sensitive to the hydrogen bonds formed during
blending. The broad transmission bands at 3600-
3100 cm ™' produced by stretching of the hydroxyl
groups in the spectrum of HPC can be remarkably
distinguished. It can be seen from the spectra that
the peak intensity and the peak shape were clearly
different and that these differences were induced by
the different blend ratios. The presence of hydrogen

counts

Figure 7 X-ray diffraction patterns of HPC (a), HPC/
PVP 80/20 (b), HPC/PVP 50/50 (c), HPC/PVP 20/80 (d),
and PVP (e).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 SEM images of HPC (a), PVP (b), 20/80 HPC/PVP (c), 50/50 HPC/PVP (d), and 80/20 HPC/PVP (e)

bond structures in some blends could be inferred
from the peak shape and peak intensity of the
absorption band of the hydroxyl stretching vibra-
tions in the FTIR spectra.** The broad band in the
pure HPC spectrum at 3600-3100 cm ™', with a maxi-
mum at 3460 cm ™!, was assigned to stretching vibra-
tions of the —OH groups. The difference among the
curves in Figure 5, that is, a little broadening or
shifting or a peak at 3600-3100 cm™' was observed
in the transmission band of the HPC/PVP blends
when compared with that of pure HPC, which sug-
gest that a relative low amount of interaction was
present between the polymers. The hydroxyl stretch-
ing vibration band was shifted to a lower wave
number with increasing amounts of PVP. This could
be associated with the hydrogen-bonded hydroxyl
groups in HPC. The bands of hydroxyl stretching
vibrations had a 6- to 14-cm ™' red-shift relative to a

Journal of Applied Polymer Science DOI 10.1002/app

free hydroxyl, and the bands of hydroxyl stretching
vibrations varied markedly with hydrogen bonding
interactions between the —OH belonging to HPC
and the C=0O belonging to PVP. However, the free
and associated hydroxyl groups in macromolecules
shifted to equilibrium via hydrogen bonds. The
greater the amount of free hydroxyls in the structure
of the HPC chains, the stronger are the hydrogen
bonds between the blending constitutes and the vice
versa.

DSC studies

Figure 6 displays the DSC thermograms of HPC,
PVP, and their different blend membranes. The
polymer—polymer compatability is determined by
the melting temperature (T,,) of the blend and its
comparison with the T,, of component polymers. If
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the components are crystalline in nature, then the
depression in the melting temperature can also be
used to study the blend compatability.*>*® In the
current study, DSC was used to estimate the T, of
the blends to investigate the compatability of PVP
and HPC blends. From Figure 6 we can observe that
T,, of HPC and PVP are 353°C and 380°C, respec-
tively. From Figure 6 we can observe that as the
PVP content increases, the T,, of polymer blend
decreases. This indicates that the T,, values of the
blends are in between the pure polymer values. This
further confirms the miscibility of all compositions
of polymer blends under study.

XRD studies

XRD was performed to investigate how the crystal-
line portion of PVP might be influenced by mixing it
with HPC. The scanning of the samples was carried
out with an X-ray diffractometer at room tempera-
ture. The typical XRD patterns of PVP, HPC, and
their blend compositions are shown in Figure 7. For
the pure HPC (curve a), there were two peaks
around 20 = 8.5° and 44.6°. The diffraction model of
PVP was shown at 20 = 5.1° and 44.6°. The peak at
26 = 8.5° in HPC/PVP blends became weak and dis-
appeared with increasing PVP content in the blend.
The peak of HPC/PVP blend films [HPC/PVP 80/
20 (curve b), HPC/PVP 50/50 (curve c), and HPC/
PVP 20/80 (curve d)] around 20 = 8.5° slightly
shifted toward 20 = 8.9°-9.8°. These evidences fur-
ther conclude that strong interactions occurred
between HPC/PVP molecules in the blend to indi-
cate miscibility of these polymers. If there were no
interactions between HPC and PVP molecules in the
blend films, each component would have its own
crystal region in the blend films and the XRD pat-
terns would have expressed as simple mixed pat-
terns. Thus, the XRD studies also support that HPC/
PVP blends under study are miscible.

SEM studies

A common qualitative technique for the estimation
of blend compatibility is visual identification. Figure
8 shows the SEM images of HPC (curve a), PVP
(curve b), and their blends of different compositions
20/80 (curve ¢), 50/50 (curve d), and 80/20 (curve
e). From Figure 8, it is noticed that the surface mor-
phology of HPC (curve a) and PVP (curve b) films
were homogeneous. The bright strips are present in
the image of pure PVP (curve b). With the addition
of HPC to PVP, the morphology of the blend films
changed dramatically. The bright strips present in
the PVP film disappeared; however, no obvious
phase separation boundary was visible. Hence, we
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conclude that the blends of different formulations
are miscible in nature.

CONCLUSIONS

The miscibility of HPC/PVP blends in water has
been carried out by solution methods such as vis-
cosity, ultrasonic velocity, and refractive index at
30°C. Using viscosity data, interaction parameters
AB, p, and o were computed. These values revealed
that the blend is miscible in all compositions. This
is further confirmed by ultrasonic velocity and re-
fractive index measurements. The prepared films of
HPC/PVP blends are also characterized using
FTIR, DSC, XRD, and SEM to support the miscibil-
ity data obtained from the abovementioned simple
methods. The miscibility of the HPC/PVP blends
can be attributed to the hydrogen bonding between
the —OH groups of HPC and the C=O groups of
PVP.
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