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ABSTRACT: Miscibility of blends of hydroxypropyl
methylcellulose (HPMC) and Pullulan in common solvent
water were studied by viscometry, ultrasonic, density,
and refractometric methods at 30 and 40°C. Further the
blend films of HPMC and Pullulan were prepared by so-
lution casting method and characterized by Fourier trans-
form IR spectroscopy (FTIR), scanning electron micro-
scopy, tensile measurements, thermogravimetric, and dif-
ferential scanning calorimetric (DSC) methods. Using the
viscosity data, interaction parameters were computed and
it suggests that the blend is miscible when the HPMC con-
tent is more than 50% in the blend. The change in temper-

ature had no significant effect on the miscibility of
HPMC/Pullulan blends. The semimiscibility is confirmed
by ultrasonic velocity, density, and refractometric meth-
ods. The specific intermolecular interactions of hydrogen
bonding type of the blends were investigated by DSC and
FTIR. The miscible compositions of HPMC/Pullulan blend
showed improved thermal and mechanical properties.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 110: 444-452,
2008
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INTRODUCTION

Miscibility of polymers plays an important role in
polyblends study and production. The properties of
polyblends depend upon the formation of a homoge-
neous system at a molecular level. At first sight,
polymer blends may be classified into homogeneous
or miscible, and heterogeneous or immiscible
blends."” Homogeneous blends are relatively rare
because the Gibb’s free energy of mixing is positive
due to the negligible change in entropy, as a conse-
quence of high molecular weight of polymers, and
with enthalpy term being positive. The best method
of enhancing the miscibility of polyblends is to intro-
duce specific interactions. The potentially useful spe-
cific interactions are random dipole, induced dipole,
dipole-dipole, hydrogen bonding, acid-base interac-
tion, and charge transfer interactions.> Mixing of sol-
utions of interacting polymers produces an immedi-
ate precipitate, turbidity, or homogeneity, indicating,
respectively, stronger, weaker, and no or very small
interaction between the polymers.*

Hydroxypropyl methylcellulose (HPMC) is a poly-
saccharide prepared from cellulose. Chemically, it is
a cellulose-ether in which hydroxypropyl groups
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have been substituted upon one or more of the three
hydroxyl groups present in each anhydroglucose
ring of cellulose. HPMC possess characteristic
thermal gelling surfactant, nonionic, thickening,
film-forming, and adhesive properties coupled, and
extremely low toxicity. Films that are heat-sealable,
water-soluble, and resistant to oil and greases of ani-
mal, vegetable, or mineral origin can be cast from or-
ganic solvent systems.”® Pullulan is a natural water-
soluble polysaccharide, produced from the fermenta-
tion of starch. Pullulan consist of three glucose units
linked by a-1,4-glycosidic linkage as in maltotriose
units which are linked by «-1,6-glycosidic bonds.”
Both HPMC and Pullulan have many pharmaceuti-
cal and biomedical applications.”™® The blending of
HPMC and Pullulan may enhance their properties
and may have better biomedical applications.

In this article, miscibility of HPMC with Pullulan
has been thoroughly investigated by a number of
techniques. A literature survey reveals the various
techniques of studying the miscibility of polymer
blends. Chee,’ Sun et al,'° and Jiang and Han!!
have suggested a viscometric method for the study
of polymer—polymer miscibility. Das et al.,'* Paladhi
and Singh,4’13 Varadarajulu et al.,” and Rai and
coworkers®!® showed that the variation of viscosity,
ultrasonic velocity, density, and refractive index
measurements with blend composition is linear for
miscible blends and nonlinear for immiscible blends.
Muniz and coworkers'®'” used the application of
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Scheme 1 Schematic representation of hydroxypropyl-
methyl cellulose.

viscometry to check the influence of solvent in
blending. The miscibility of polymer blends is
directly reflected by scanning electron microscopy
(SEM) and Fourier transform IR spectroscopy (FTIR)
analysis.>'*2°

The thermal properties of polymers are of much
importance as a tool in material characterization.*'*
A detailed understanding of the thermal stability
and degradation of polymer is essential for the use
of polymeric material in many consumer-oriented
applications. Blending polymers has been reported
to have much influence on the degradation and ther-
mal properties. Miscibility plays an important role
in the degradation and thermal behavior of the
blends.* " The studies relating to determination of
mechanical properties have been carried out using
universal testing machine.

To quantify the miscibility of polymer blends,
Chee’ proposed a general expression to calculate
interaction parameter for a ternary system containing
two polymers (components 1 and 2) and a solvent
(component 3), as

Msp = [n] ¢ + bc® (1)

b = wiby + waba + 2wiwabyy )

where w; and w, designates the normalized weight
fractions of components 1 and 2, respectively. by,
by, and by, are the slopes of the viscosity curves for
the components 1 and 2 and the blend, respectively.

Chee considered that the quantity b reflects the bi-
nary interactions between polymer segments and
suggested a simple measure of the intermolecular
interaction

(CH,,09, -

Scheme 2 Schematic representation of Pullulan.

b—0
AB = 2w 3)
b = wiby +wyby 4)

The interaction parameter AB is directly propor-
tional to the difference between the observed b and
the average b, which can be determined experimen-
tally. If [n]; and [n], are sufficiently far apart, the
factors wy and w, are expressed in terms of [n]s as

®)

where [n]; and [n], are intrinsic viscosities of pure
component solutions. The polymer blend is miscible
if 1> 0 and immiscible when p < 0.

For polymer mixtures, it is found that the intrinsic
viscosity of the mixture and those of the components
are linearly related by

]m= [n];w1 + [n],w2 (6)

With the above weighed additive rule an expression
for Huggin's coefficient K,, is given as

Ki [71]123012 +K [ﬂ]zzwzz + 2 Kya[n]; [n],wiw,

Ky, — !
{Inlyw1 + [m]yw, }

)

In the absence of strong specific interaction forces
between macromolecules which would encourage
aggregation, and at sufficiently low concentration,
Sun et al.'® proposed a new criterion (a) for the
determination of polymer—polymer miscibility as
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Figure 1 Huggin’s plot for 0.4% (w/v) HPMC/Pullulan
blends at 30°C.
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Figure 2 Huggin’s plot for 0.4% (w/v) HPMC/Pullulan
blends at 40°C.

Kin); w1 + Kafml, "ws? + 2 (KiKz)"/* ] [n]yw1a
{1 + w2}

a=Kn—

8)

where K; and K, are the Huggin’s constants for
individual components 1 and 2, respectively. The
long-range hydrodynamic interactions are consid-
ered while deriving the equation. The sign of param-
eter o can be used to predict the miscibility of poly-
blends, when o > 0, miscible; o < 0, immiscible.

A revised criterion was suggested by Jiang et al.,"!
by replacing parameter o with B.

2AK[n}; [n],wiwz
B= 5 )
{['ﬂ]lwl + [n]zwz}

AK = Kyp — (K1Kp)"? (10)

Similarly, when B > 0, miscible; B < 0, immiscible.
The parameter § is a good criterion for polymer—
polymer miscibility determined by viscometry, and

TABLE I
Intrinsic Viscosity and Interaction Parameters of
HPMC/Pullulan Blends at 30°C

Blend comp.

HPMC/ [T]]exp [n]cal

Pullulan (dL/g) (dL/g) n « B
100/0 1.840 1.840 - - -
90/10 1.721 1.720 0.387 0.0226 0.0532
70/30 1.482 1.481 0.199 0.0671 0.1158
50/50 1.354 1242 —-0.352 —0.2610 —0.0594
30/70 1.100 1.003 —0.439 —0.2633 —0.1286
10/90 0.865 0764 —0.379 —0.0264 —0.0682
0/100 0.644 0.644 - - -
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TABLE II
Intrinsic Viscosity and Interaction Parameters of
HPMC/Pullulan Blends at 40°C

Blend comp.

HPMC/ [T]]exp [n]car

Pullulan (dL/g) (dL/g) u a B
100/0 1.616 1.616 - - -
90/10 1.524 1.522 0.513 0.0035 0.0664
70/30 1.324 1.322 0.128 0.0014 0.1152
50/50 1.148 1120 —0476 —0.1329 -0.0132
30/70 0.972 0929 —-0439 -—0.0455 —0.0327
10/90 0.748 0.733  —0.109 —0.0309 —0.0842
0/100 0.635 0.635 - - -

its physical significance is more clear because it is
the function of [7], w, and AK.

In this study, we have measured the viscosity,
ultrasonic velocity, density, and refractive index of
different compositions of HPMC/Pullulan blend
solutions at 30 and 40°C. Blend films of different
compositions of HPMC/Pullulan were prepared by
solution casting method and characterized by using
FTIR, SEM, tensile measurements, thermogravimetric
(TGA), and differential scanning calorimetric (DSC)
methods. The T, of miscible blend can be predicted
using Fox Equation® [eq. (11)], Wood’s Equation®
[eq. (12)], or Pochan’s Equa’cion33 [eq. (13)].

1/Tg: Wl/Tg,l+W2/Tg72 (11)
Tg = wngJ + ZU2Tg,2 (12)
InTg = wInTg; + wrInTg, (13)

where w; and w, designate the normalized weight
fractions of components 1 and 2, respectively. T,
and T,, are the glass transition temperatures for the
components 1 and 2, respectively.
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Figure 3 Effect of temperature on the variation of ultra-

sonic velocity with the composition of 1% (w/v) of
HPMC/Pullulan at 30 and 40°C.
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Figure 4 Effect of temperature on the variation of density
with the composition of 1% (w/v) of HPMC/Pullulan at
30°C.

EXPERIMENTAL

Blends of HPMC/Pullulan of different compositions
were prepared by mixing aqueous polymer solu-
tions. The polymers employed in this study are
HPMC (Rolex, India; M, =~ 60,000) and Pullulan
[Nutriscience Innovations LLC, Fairfield, CT; M,, 100
cst (10 wt %, 30°C)]. The structure of HPMC and
Pullulan are shown in Schemes 1 and 2, respectively.

Stock solutions of HPMC and Pullulan were pre-
pared (0.4%, w/v). The blend stock solutions (90/10,
70/30, 50/50, 30/70, and 10/90) were prepared by
stirring the mixtures at room temperature for about
45 min. Using the above pure and blend stock solu-
tions, different blend solutions [0.04, 0.08, 0.12, 0.16,
0.20, 0.24, 0.28, 0.32, 0.36, and 0.4 (w/v) concentra-
tions] were prepared and viscosity measurements
were done at 30 and 40°C using an Ubbelohde sus-
pended level viscometer. Different temperatures
were maintained using a thermostat bath with a
thermal stability of +0.05°C.
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Figure 5 Effect of temperature on the variation of density
with the composition of 1% (w/v) of HPMC/Pullulan at
40°C.
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Figure 6 Effect of temperature on the variation of adia-
batic compressibility with the composition of 1% (w/v) of
HPMC/Pullulan at 30 and 40°C.

Ultrasonic velocity of the blend solutions of 1%
(w/v) were measured at 30 and 40°C by an inter-
ferometric technique®'*° employing an ultrasonic
interferometer (Mital Enterprises, New Delhi, India)
at a frequency of 2 MHz. The densities and refrac-
tive index of the HPMC/Pullulan blend solutions
(1%, w/v) were measured at 30 and 40°C using spe-
cific gravity bottle and refractometer, respectively.

Thin films of the polymers and their blends were
prepared by solution casting method. Separate aque-
ous solutions of HPMC and Pullulan were prepared.
A solution of Pullulan was added to that of HPMC
with constant stirring. The mixture was stirred for
45 min at room temperature to ensure complete mix-
ing. The total polymer concentration was kept at 1%
(w/v). Stock solutions of HPMC and Pullulan and
their different blend compositions were then casted
onto a Teflon-coated clean glass plate and dried
using IR lamp in a dust free atmosphere. The dried
thin films were peeled off from the glass plate and
were found to be transparent.
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Figure 7 Effect of temperature on the variation of refrac-

tive index with the composition of 1% (w/v) of HPMC/
Pullulan at 30 and 40°C.
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Figure 8 Scanning electron micrographs for (a) Pure HPMC, (b) Pure Pullulan, (c) 70/30 HPMC/Pullulan blend, (d) 50/
50 HPMC /Pullulan blend, and (e) 30/70 HPMC /Pullulan blend.

FTIR spectroscopy™'® was used to detect hydrogen
bonding interaction between HPMC and Pullulan in
their blends. FTIR spectra were measured using
NICOLET AVATAR 530 spectrophotometer. Scan-
ning electron microscopic analysis'®*” were recorded
using a JOEL (JSM 6380LA) analyzer.

TGA analysis®’™* of the blend films were per-
formed over temperature range of 20-500°C, using
TGA analyzer (TGA Q50 V20.2 Build 27) under
nitrogen environment at a scan rate of 10°C/min.

Journal of Applied Polymer Science DOI 10.1002/app

DSC>® thermograms were produced with a TA
Q200 differential scanning calorimeter, under nitro-
gen environment. The first temperature cycle heated
the sample to 90°C, where it remained isothermal for
between 15 and 60 min to remove the remaining
water in the samples. The sample was then cooled to
20°C before it was immediately reheated to 250°C.
The heating/cooling rate was set at 10°C/min.
Mechanical properties®>® of blend films were
measured under tensile strain. Five samples (10 X
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150 mm?) for each film were tested for mechanical
properties. Before testing, all the samples were con-
ditioned for 2 days. Thicknesses of the samples
measured with a micrometer having a sensitivity of
1 pm are found to be 0.08 mm. Tensile strength at
yield (TS), tensile modulus, and percentage of elonga-
tion at break (E) were determined with an LLYODS
UK model analyzer (LR 100K) according to ASTM D
882; the test was run at 100 mm/min and at room
temperature.

RESULTS AND DISCUSSION
Solution studies

Reduced viscosities of homopolymers HPMC, Pullu-
lan, and their blend compositions (90/10, 70/30, 50/
50, 30/70, and 10/90) were measured at 30 and
40°C. Huggin’s plots of reduced viscosities of the
pure polymers and their blend compositions against
concentrations are shown in Figures 1 and 2, respec-
tively; the plots were linear. A higher slope variation
for 90/10 and 70/30 compositions may be attributed
to the mutual attraction of macromolecules in solu-
tion which leads to the increase of hydrodynamic
volume. Below this critical concentration, a sharp
decrease in the slope is observed because of phase
separation.'>'%*

The intercept of reduced viscosity versus concen-
tration plots gives the intrinsic viscosity of the corre-
sponding polymer and their blend, which are pre-
sented in Tables I and II, respectively. The experi-
mental intrinsic viscosity values thus obtained are
compared with their weighed average values. The
experimental values were found to be slightly higher
than the theoretical values for 90/10 and 70/30 com-
positions at both temperatures indicating miscibility,
whereas a large deviation is observed for 50/50, 30/
70, and 10/90 compositions indicating immiscibil-
ity.>!*!> Computed values of interaction parameters
i, o, and B based on Chee, Sun et al., and Jiang and
Han approaches were found to be positive for 90/
10, 70/30 compositions at 30 and 40°C and negative
for 50/50, 30/70, and 10/90 compositions. Hence,
HPMC/Pullulan blend is miscible when HPMC con-
tent is more than 50% in the blend. The values of
interaction parameters p (Chee’s), a (Sun et al’s),
and B (Jiang and Han’s) indicate that the change in
temperature had no significant effect on the miscibil-
ity of HPMC/Pullulan blends (Tables I and II).

To confirm the miscibility or otherwise of these
blends, separate plots of the variation of ultrasonic
velocity (v), density (p), adiabatic compressibility
(Baq), and refractive index (n) versus composition
were plotted over an extended range of concentra-
tions of the blend solutions at 30 and 40°C (Figs. 3—
7, respectively). Plots were almost linear for higher
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Figure 9 FTIR spectra of (A) Pure Pullulan, (B) Pure
HPMC, (C) 70/30 HPMC/Pullulan blend, (D) 50/50
HPMC /Pullulan blend, and (E) 30/70 HPMC/Pullulan
blend.

proportions of HPMC confirming miscibility®'*'®

and lower proportions deviated from linearity indi-
cating phase separation (immiscibility). The behavior
indicates that HPMC /Pullulan blend is semimiscible
in aqueous solutions.

Morphology study of HPMC/Pullulan blends

Uniformity of the dispersion was examined through
SEM of the solution-casted films of 100/0, 70/30,
50/50, 30/70, and 0/100 HPMC /Pullulan blends.
Results indicated that there was phase separation for
50/50 and 30/70 compositions [Fig. 8(d,e)], whereas
70/30 blend shows homogeneity [Fig. 8(c)]. The mor-
phology of HPMC /Pullulan reveals that the blend is
semimiscible.

FTIR spectroscopic study

FTIR spectra of pure HPMC, Pullulan, and their
blend films (100/0, 70/30, 50/50, 30/70, and 0/100)
were recorded. The spectral data reveal the miscibil-
ity at 70/30 blend composition. Figure 9 shows the
comparison of —OH frequency of pure Pullulan (A),
pure HPMC (B), and 70/30 blend composition (C).
The —OH stretching of the hydroxyl group appeared
at 3209 cm ™! for pure HPMC and 3289.15 cm ™! for
pure Pullulan. For the 70/30 blend composition, this
peak appeared at 3192.45 cm™'. The result confirms
the formation of intermolecular hydrogen bonding.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 (a) TGA curves of (A) Pure Pullulan, (B) Pure HPMC, (C) 70/30 HPMC/Pullulan blend, (D) 50/50 HPMC/
Pullulan blend, and (E) 30/70 HPMC/Pullulan blend. (b) Derivative (TGA) curves of (A) Pure Pullulan, (B) Pure HPMC,
(©) 70/30 HPMC /Pullulan blend, (D) 50/50 HPMC /Pullulan blend, and (E) 30/70 HPMC/Pullulan blend.

Similar observations were reported by Toti et al.' for
blend membranes of sodium alginate and poly(acryl-
amide)-graft-gaur gum.

TGA study

The blend samples were made in different composi-
tions such as 70/30, 50/50, and 30/70 of HPMC and
Pullulan, and TGA analysis was performed using
TGA analyzer under nitrogen environment. The TG
curves and its derivative are given in Figure 10(a,b).
To determine the thermal stability trend, the temper-
ature characteristics such as T, (temperature of onset
of decomposition), Ty (temperature for 20% mass
loss), T4y (temperature for 40% mass loss), Ty (tem-
perature for 50% mass loss), Ty (temperature for
60% mass loss), and Tax (temperature for maximum
mass loss) were calculated and presented in Table III.

To, T20, T40, T50, T6O/ and Tmax are the main criteria
of the thermal stability of blends and signal features
of the TG curves. A comparison of the decomposi-
tion temperature values of HPMC/Pullulan blend
series shows that 30/70 blends possess the lowest
value, and it is increased in 50/50 and shows high-
est value for 70/30 blends. The thermal stability of
blend compositions increases with increase in per-
centage composition of HPMC in the blend, and 70/
30 blends have higher thermal stability.

Glass transition and miscibility

The thermal properties of HPMC, 70/30 HPMC /Pul-
lulan blends, and Pullulan were studied by means of
DSC-T, determinations and the thermograms are

Journal of Applied Polymer Science DOI 10.1002/app

given in Figure 11. As it is observed in the respective
traces, the 70/30 HPMC /Pullulan blend showed sin-
gle composition-depended glass transition tempera-
ture T, between the T, of the pure HPMC and that
of the pure Pullulan, indicating miscibility. The glass
transition temperature was taken as the mid-point of
the change of slope in the DSC curves.”® The melting
temperatures of HPMC, 70/30 HPMC/Pullulan
blends, and Pullulan, and experimental T, value for
70/30 HPMC/ Pullulan blend compared with theo-
retical T, values® are summarized in Table IV.
Expenmental T, value for 70/30 HPMC /Pullulan
blends is found to be slightly higher than that of
theoretically calculated T, value indicating an inter-
molecular interaction between the polymers.**

Mechanical property studies

The TS, % elongation, and tensile modulus (E) of
pure HPMC, Pullulan, and their blend films (100/0,
90/10, 70/30, 50/50, 30/70, 10/90, and 0/100) were
measured and shown in Table V. The TS, % elonga-

TABLE III
Parameters Evaluated From the Thermograms and
Thermoderivatograms of HPMC/Pullulan Blends

Temperature at different weight loss

Blend comp. (=050

HPMC / Pull TO Tzo T40 T50 T6O Tm ax
100/0 178 306 325 333 341 352
70/30 225 288 323 333 338 355
50/50 213 284 313 326 333 347
30/70 191 283 301 308 320 344
0/100 209 272 289 309 313 322
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Figure 11 DSC traces of (a) Pure HPMC, (b) 70/30 HPMC/Pullulan blend, and (c) Pure Pullulan.

tion, and tensile modulus were found to be ~ 36
MPa, 16%, 619 MPa, and 36 MPa, 4%, 988 MPa for
pure HPMC and pure Pullulan, respectively. The
observed values are smaller for 10/90, 30/70, and
50/50 HPMC/Pullulan blend compositions, which
may be due to lack of interaction between the com-
ponents of the blends. Mechanical properties of

blend compositions were increased with increase in
percentage composition of HPMC in the blend above
50% of HPMC content in the HPMC /Pullulan blends
due to strong intermolecular interactions. 90/10
HPMC/Pullulan blends showed improved yield
strength and tensile modulus (41.42 and 1045.7 MPa)
than pure HPMC and pure Pullulan.

TABLE IV
Melting Temperature (T,,), Experimental, and Theoretical Glass Transition
Temperature (Tg) of HPMC, Pullulan, and HPMC/Pull 70/30 Blend

Theoretical T, values (°C)

Melting
Blend comp. temperature Experimental Fox Wood Pochan’s
HPMC/Pull T, (°C) T, values (°C) equation equation equation
100/0 106.25 65.63 - - -
70/30 96.88 63.28 62.21 62.58 62.39
0/100 140.63 55.47 - - -

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE V
Parameters Obtained From the Mechanical Property
Studies of HPMC/Pullulan Blends

Tensile Tensile
Blend comp. strength at Y% modulus
HPMC/Pull yield (MPa) Elongation (MPa)
100/0 35.51 15.75 619.1
90/10 41.42 5.55 1045.7
70/30 30.77 5.18 704.3
50/50 10.52 2.35 487.6
30/70 13.39 3.08 528.4
10/90 19.06 2.48 510.9
0/100 36.20 4.37 987.5
CONCLUSIONS

Based on viscosity, ultrasonic velocity, density, and
refractive index measurements, it is found that the
polymer blend of HPMC/Pullulan is miscible when
the HPMC content is more than 50%. Below this crit-
ical HPMC concentration, the blends were found to
be immiscible. Hence HPMC/Pullulan blend in
aqueous solution at 30 and 40°C is semimiscible in
nature. Variation of temperature did not have any
significant effect on the miscibility. Homogeneity of
miscible compositions of HPMC/Pullulan blends
and specific intermolecular interactions of hydrogen
bonding type were investigated, and semimiscibility
of the blends was confirmed. The thermal and me-
chanical properties improved in miscible composi-
tions of HPMC /Pullulan blends.
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