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Abstract: Polymeric solutions were prepared using blends of starch with poly(4-styrene sulfonic acid) (PSSA)
in water and their miscibility was determined by viscosity studies at 30 °C, 40 °C and 50 °C. Using interaction
parameters  such  as  Krigbaum’s  (Δb), Hong’s (ΔkAB), Chee’s (µ), Sun’s (α), polymer-polymer, blend-solvent
and heat of mixing there was the existence of positive interactions in the blend polymer solutions only up to
80% PSSA content. A significant variation of miscibility was observed with increase in temperature in the
sample containing 70% PSSA content. Polymer blend films obtained by solution casting showed hydrogen
bonding  in  Fourier  transform  infrared  (FTIR)  studies.  Differential  thermal  analysis  (DTA)  and
thermogravimetric analysis (TGA) studies also supported the results.  A uniform surface of the miscible blend
films were observed in scanning electron microscopy images, whereas segregation was observed for the
immiscible blends.
Keywords: Polymer blends, miscibility, interaction parameters, solution properties, thermal gravimetric
analysis, scanning electron microscopy.

Introduction and Experimental

Synthesis and preparation of new polymeric materials with improved mechanical properties,
biocompatibility, and conductivity has been increasing for the last three decades. Usually, a polymer which
may, perhaps, crystallize has been considered miscible with those polymers which are miscible with its
amorphous fraction. There are many techniques1-4 which determines the miscibility, but in complicated cases in
which several amorphous phases with different compositions are present, they may not be predicted as miscible
using these techniques. In such cases viscosity studies, along with temperature variation, are useful to justify
whether blends are actually miscible or simply compatible.5-9 Viscometry has been used widely to investigate
polymer–polymer interactions and miscibility. From the viscometric measurements, reduced viscosities of
homopolymers and their blends can be determined.10 Using these solution viscosity data, various interaction
parameters can be obtained. The Krigbaum and Wall [11] interaction parameter, Δb, of the blends, for instance, is
obtained from the difference between the experimental interaction parameter (b12) and theoretical interaction
parameter (b*

12) values. Interaction parameter Δb can be calculated as follows:
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where Cm is the total concentration of polymers, C1 + C2, (η)m is the intrinsic viscosity of the blend and bm is the
overall interaction between two polymeric species. The values of bm and (η)m can be determined from the slope
and intercept of the reduced viscosity versus concentration plots using linear fits. b12 can be obtained
experimentally from Eq. (2)
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where w1 and w2 are the mass fractions of the two components, respectively, and b11 and b22 are the respective
individual interaction parameters which can be obtained from the slope of the plots of the reduced viscosity
versus concentration. The theoretical interaction parameter b*

12 was calculated from Eq. (3)
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The difference in the theoretical b*
12 from Eq. (3) and the experimental b12 with Eq. (2) gives the Δb interaction

parameter, i.e., Eq. (4)
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If Δb≥0, it signifies miscibility, and Δb<0 indicates phase separation. If the intrinsic viscosity of the individual
polymers, i.e., η1 and η2, are sufficiently apart, Chee’s5 interaction parameter µ can be more effectively used to
predict miscibility. The relation is given in Eq. (5).
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If µ≥0, blend is miscible and when µ<0 it is immiscible.

Sun et al.9 have recommended another formula [Eq (6)] for the determination of polymer miscibility for
blends in which hydrodynamic interactions are present in the system. The blend miscibility is predicted based
on the α value, i.e., when α≥0 is miscible and immiscible when α< 0:
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where, K1, K2, and Km are the Huggins’s constants for individual components 1, 2 and the blend, respectively.
Based on Hong’s extension12 of Huggin’s mutual interaction parameter ΔkAB, we have further carried out
calculations to identify the miscibility between the unlike polymers in the blends. The difference ΔkAB between
the theoretical interaction parameter value kAB,t and the experimental interaction parameter kAB value provides
information about the interaction between two polymers. The experimental kAB value is related to b12 as per Eq.
(7); hence, the kAB value can be calculated using Eq. (8).
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The theoretical value of the factor kAB,t is derived from the geometric means of K1 and K2 as
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Thus, the difference between theoretical kAB,t and experimental kAB gives ΔkAB  [Eq. (10)]
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The blend is miscible if ΔkAB ≥0 and immiscible if ΔkAB < 0.

The chemical structures of the polymeric components play an important role in order to enhance
interactions which can promote miscibility. Starch is an abundant and low cost natural polymer which is an
attractive raw material for use as oxygen and grease barriers, either by coating or as an additive in packaging
materials. Starch consists of micro-scale granulates that contain crystalline regions of amylopectin due to its
helical structures and amorphous regions of amylose and amylopectin branch units. When a starch solution in
water is heated, the granules swell and rupture, the semi-crystalline structure is lost and the smaller amylose
molecules start leaching out of the granule, forming a network that holds water and increases the mixture's
viscosity. At this stage, other polymers are usually blended to form intermolecular bonding. During cooling or
prolonged storage, semi-crystalline regions partially recovers, while the interaction between other polymers is
via hydrogen bonding formed by the hydroxyl groups on the granule surface.13 The hydrophilic starch, however,
is incompatible with hydrophobic synthetic polymers, and simple mixing of these tends to result in phase
separation.

The use of functionalized polymers represents a good way to obtain interacting polymers which can
produce a single-phase material with enhanced properties, including their film forming properties. Poly(styrene
sulfonic acid) (PSSA) is an often used model compound in polyelectrolyte chemistry and can be prepared from
well defined, commercially available polystyrene samples.14 Due to low product cost, applications of PSSA as
proton conducting membranes in various electrochemical devices are also interesting.15,16 However,  the
application of PSSA is problematic, due to poor mechanical properties. Similar to this work, Atanu et al.17 have
reported that the two component system of starch and poly (acrylic acid) (PAA) in a 5% aqueous solution
formed a synergistic mixture at 60:40 ratio and showed interaction between the acid groups of the PAA and the
OH groups of starch. With the SO3

-H+ group in PSSA, which can function as a proton donor, and starch with its
–OH groups functioning as a weak proton acceptor, one would expect hydrogen bonding interactions leading to
miscibility in PSSA/starch blends.

In the present work, as a part of our ongoing research on biodegradable polymers,8,18 we have studied
the miscibility behavior of the PSSA and starch using viscometry studies and further polymer blend films were
characterized using scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and
thermal gravimetric analysis (TGA) techniques. The effects of molecular interactions of the relationship
between polymer-polymer and blend-solvent interaction parameters and heat of mixing were also determined at
various temperatures.

Preparation of polymer solutions

1% (v/v) of PSSA based on 18% solution from Sigma-Aldrich, USA, was prepared in water. 1% (w/v)
potato starch (Merck, India) stock solution was prepared in distilled water and stirred at 353K until dissolution
of the granules. PSSA/starch blend compositions, namely, 100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 40/60,
30/70, 20/80, 10/90 and 0/100 were prepared by mixing appropriate amounts of the 1% individual polymer
stock solutions. The solutions were used for viscosity studies.

Preparation of blend films

PSSA/starch blend compositions, namely, 80/20, 50/50 and 20/80, were prepared by mixing appropriate
amounts of the 1% individual polymer stock solutions. 20 ml of the prepared blend solutions and pure polymer
solutions were taken in five petri dishes having a diameter 6 cm and kept in a hot air oven at 60 °C for 24 hours
until non-sticky and pale yellow films (colorless for starch film) were obtained. The films were dried under
vacuum at 50 °C for 5 hours. The thickness of the obtained films ranged between ~0.8 mm and ~0.9 mm.

Viscosity studies

Viscosity measurements were done at 30, 40, and 50 °C, using a suspended level Ubbelohde viscometer
with flow time of 95 s for distilled water. The prepared polymer solutions were further diluted [0.5, 0.4, 0.3,
0.2, and 0.1, (v/v)] using distilled water, along with the pure polymer solutions, and viscosity measurements
were carried out. Solution viscosities at different temperatures were determined in a thermostated bath, with
thermal stability of ±0.1 °C.
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FTIR, DTA-TGA and SEM studies

FTIR  measurements  of  the  polymer  films  were  carried  out  using  20  scans  at  1  scan/s  and  4  cm-1

resolution at room temperature using a Shimadzu FTIR-8400S spectrophotometer (Japan). The DTA and TGA,
measurements were done on a Shimadzu TGA-60 (Japan). Thermal studies were performed over a temperature
range 25-400 °C  at  a  heating  rate  of  10 °C/min under nitrogen atmosphere. Surfaces of the pure and blend
polymer films were sputtered with gold and SEM studies were carried out in a JEOL JSM-6380LA SEM
(Japan).

Results and Discussion

Solution property studies
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Figure 1. Reduced viscosity versus concentration of PSSA/starch blends at (a) 30 oC (b) 40 oC (c) 50 oC

For determination of the interaction parameters of the PSSA/starch blend system, reduced viscosities of the
pure components and blends were characterized at 30 °C, 40 °C, and 50 °C, and are shown as Huggin’s plots in
Figs. 1a-c. The plots were linear for higher concentrations of PSSA in the blends showing that the blends were
miscible. As the PSSA concentration was decreased various cross-overs in the plots were observed indicating
immiscibility of the blends.19 Based on the experimentally observed (η)m for the ternary (water/polymer
1/polymer 2) systems, the parameters of the miscibility criteria proposed by Krigbaum et al. (Δb)  and Huggin’s
mutual interaction, ΔkAB were calculated using Eqs. (1-4 and 7-10) and are listed in Table 1. The miscibility
interaction parameters, µ, and α proposed  by  Chee  and  Sun  et  al.  were  derived  from  Eqs  (5  and  6)  and  are
tabulated in Table 2. Based on the sign convention, and the values in Tables 1 and 2, PSSA/starch blends were
miscible for 90/10 and 80/20 compositions at the studied temperatures. A further decrease in relative PSSA
content led to higher interactions between solvent and polymers. The positive values suggest the existence of
sufficient hydrogen bonding sites present in the structure of these polymer systems. Interestingly, for the 70/30
ratio, although the α value of the blend indicated immiscibility at 30 and 40 °C, it was predicted to be miscible
at 50 °C. The reason for this behavior at higher temperature is due to amylopectin chain disentanglement at
higher temperature leading to exposure of functional groups and the formation of interaction between
neighboring polymer chains.

Table 1. ∆b, ∆kAB and slope of reduced viscosity versus concentration plot values for the PSSA/starch
blends at different temperatures.

At 30 °C At 40 °C At 50 °CPSSA/starc
h (v/v)

Slope
bm ∆b ∆kAB

Slope
bm ∆b ∆kAB

Slope
bm ∆b ∆kAB

PSSA 27.33 - - 25.11 - - 20.33 - -
90/10 28.37 0.143 0.159 25.28 0.132 0.1876 20.45 0.124 0.1005
80/20 28.23 0.152 0.1237 24.25 0.126 0.1928 20.66 0.178 0.1022
70/30 21.20 0.001 -0.0245 20.30 -0.022 -0.1268 18.74 -0.003 -0.0117
60/40 20.65 -0.033 -0.1004 20.11 -0.074 -0.1433 18.81 -0.249 -0.1457
50/50 19.23 -0.054 -0.1042 18.66 -0.112 -0.2316 17.59 -1.236 -0.2412
40/60 17.60 -0.128 -0.1834 18.32 -0.179 -0.2243 16.63 -1.461 -0.5655
30/70 17.31 -0.122 -0.1459 17.1 -0.218 -0.2175 15.40 -1.249 -0.4376
20/80 15.25 -0.173 -0.1255 16.78 -0.256 -0.3611 15.22 -1.334 -0.4213
10/90 8.966 -0.453 -0.653 10.24 -0.592 -0.8743 9.21 -1.732 -0.9366
starch 5.86 - - 6.8 - - 5.92 - -
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Table 2. µ, and α values for the PSSA/starch blends at different temperatures.

At 30 °C At 40 °C At 50 °CPSSA/starch
(v/v) µ α µ α µ α
90/10 0.0423 0.0124 0.0401 0.0248 0.0371 0.0220
80/20 0.0319 0.0160 0.0276 0.0158 0.0201 0.0165
70/30 -0.0068 -0.0008 -0.0211 -0.0004 0.0121 0.0001
60/40 -0.0101 -0.0088 -0.0045 -0.0023 -0.0132 -0.0058
50/50 -0.0280 -0.0102 -0.0152 -0.0104 -0.0142 -0.0181
40/60 -0.0273 -0.0168 -0.0127 -0.0054 -0.0172 -0.0287
30/70 -0.0372 -0.0185 -0.0180 -0.0027 -0.0193 -0.0365
20/80 -0.0538 -0.0222 -0.0224 -0.0266 -0.0227 -0.0418
10/90 -0.0877 -0.0236 -0.0245 -0.0125 -0.0254 -0.0495

Analysis of the viscosity data with all the corresponding proposed interaction parameters brings forth the
fact that not all the criteria may simultaneously satisfy the condition for the miscibility. Schneier20 suggested
using the heat of mixing (ΔHm) as a factor 21-22 for studying the miscibility of blends using the solubility
parameters, δ, of the sample polymers and Eq. 11. The values of δ are PSSA [~18 (J/cm3)1/2] and starch [~34.0
(J/cm3)1/2]. 23
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where (δ1, δ2), (w1, w2), (M1, M2) and (ρ1, ρ2) are the solubility parameters, mass fractions, the monomer
molecular weights, and the densities of individual polymer components 1, 2, respectively. The values of ΔHm
are plotted in Figure 2 versus blend compositions. It is clear that the values were almost zero, indicating the
heat liberation by mixing the two polymers was low. Schneier in his studies noted that, for the miscible polymer
pairs 10 mcal mol-1 marked the upper limit of miscibility. The heat of mixing of PSSA/starch blends at almost
all compositions except those with PSSA content higher than 80%, were found to be between 25.5 to 12.6 mcal
mol-1, i.e., above the value considered to be the upper limit of miscibility. This behavior might also be due to
the large molecular weight difference between PSSA and starch.

Figure 2. Heat of mixing of PSSA/starch blends at different temperatures.

To know whether interaction between polymer-polymer was greater or blend-solvent was greater, by using
Flory–Huggins theory21 based on the values obtained from Eq. (12) can be resolved. Using the solubility
parameters of the component polymers, the polymer-polymer interaction (χi) can be calculated.
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where Vi, R, and T are  the  molar  volume  of  the  water,  universal  gas  constant,  and  temperature  (K),
respectively.24,25 The blend-solvent interaction parameters were calculated according to the method adopted by
Singh and Singh.26 The solubility parameters of the blend (δ) were calculated from the additive relationship:

2211 δwδwδ +=    (13)

Tables 3 and 4 list the interaction parameters of the polymer–polymer blend systems and blend–solvent
interaction parameters, respectively. From these data, we observed that the net polymer–polymer interactions
were lower than those observed for blend-solvent interactions for the studied blend compositions (50/50 and
20/80 blend ratio) at three different temperatures. Based on the similar miscibility observation found in the
literatures27-29, the lower values indicate that the blends were miscible when the PSSA content was above 80%
in the blend.

Table 3. Polymer-polymer interaction parameters for the PSSA/starch in the blend.

Temperature (°C) Polymer χi calculated from
Eq. (12)

30 starch 0.0252
PSSA 0.6532

40 starch 0.0233
PSSA 0.6604

50 starch 0.0210
PSSA 0.6872

Table 4. Blend-solvent interaction parameters at different temperatures.

Temperature
(°C)

PSSA/starch
(v/v)

δ calculated
from Eq. (13)

χi calculated
from Eq. (12)

30 80/20 9.545 0.0218
50/50 9.452 0.5610
20/80 9.325 0.6452

40 80/20 9.545 0.0220
50/50 9.452 0.5625
20/80 9.325 0.6235

50 80/20 9.545 0.0225
50/50 9.452 0.5623
20/80 9.325 0.6985

So, the present study indicates the existence of miscibility when the PSSA content was more than 80%
in the blend and below this composition, there was no interaction between the polymer segments, which led to
immiscibility of the polymer blends. The interactions range from the strong, chemical type interactions such as
hydrogen bonding between PSSA and starch, to merely physical entanglements between them. Starch is
preferably high molecular weight, substantially linear chain molecules. The highly branched structure of the
amylopectin molecule favors the branches to interact intramolecularly, due to the proximity of the branches
within a single molecule. The existence of PSSA/starch miscibility leads to poor or ineffective amylopectin
molecule entanglements/interactions with other starch molecules, particularly other amylopectin molecules.
Figure 3 represents the most probable schematic interactions between the two polymers with hydrogen bonding.
The disentanglement of the starch molecules at lower concentration enables the PSSA to be chemically
interacting and/or physically entangle with the branched amylopectin molecules such that the OH groups
associate with one another via the sulphonate groups of the PSSA polymer chain.

Figure 3.  Schematic interactions between PSSA/starch polymers with hydrogen bonding.
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FTIR spectroscopic studies

Figure 4. FTIR spectra of films consisting of pure components and different PSSA/starch blend ratios.

Figure 4 shows the FTIR spectra of the pure polymers and their blends. In the spectrum of the pure starch
film, a broad band at 3300 cm-1 was observed due to the hydrogen-bonded hydroxyl groups that contribute to
the complex vibrational stretches associated with free inter- and intra-molecular bound hydroxyl groups. A
sharp band at 2910 cm-1, which is characteristic of C-H stretches associated with the ring methane hydrogen
atoms, was observed. The bands at 1644 cm-1 and 1466 cm-1 were assigned to the O-H bending of water and
CH2, respectively. The bands from 764 to 1157 cm-1 were attributed to the C-O bond stretching.31 A strong
absorption band centered at 1204 cm-1 was the asymmetric stretching vibration of the O=S=O unit of PSSA.
The peak at  1003 cm-1 results from the vibrations of the phenyl ring substituted with a sulfonic group.32 The
broadening of this peak and overlapping with the phenyl ring attached to the sulfonic anion peak located at
1126 cm-1 indicates the deprotonation of the sulfonic acid peak in 80/20 PSSA/starch blend ratio. In the same
way, the region of 1160 and 1040 cm-1 of the IR spectra that corresponds to the vibration of the sulphonate
groups, showed displacements to 1180 cm-1 and 1033 cm-1 when compared with pure PSSA. This would be
attributed to the interactions between the sulphonate group of the PSSA and –OH group of starch. As the starch
content was increased, the spectra of 50/50 and 20/80 PSSA/starch blend ratios show no characteristic shift in
the peaks. The –OH groups of starch strongly interacting, by hydrogen bonds, with -SO3

- in the blend. This
could  be  the  reason  of  the  displacements  of  the  peaks  observed  in  the  IR  spectra  and  allows  us  to  assume
miscibility in 80/20 PSSA/starch blend ratio.

Thermal studies
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Figure 5a-5e. TGA and DTA traces obtained by heating samples from 25 °C to 400 °C at a heating rate of
10 °C/min under nitrogen atmosphere for (a) pure PSSA, (b) 80/20, (c) 50/50, (d) 20/80 and (e) pure
starch.

Figures 5a-e shows the results of TGA and DTA analysis of PSSA/starch blend ratios and pure
components.  The  TGA  and  DTA  curves  of  pure  PSSA  film  (Figure  5a)  showed  three  stages  in  which  first
weight loss was up to 17% with maximum rate at 58.56 °C and a broad peak in DTA curve in this temperature
region can be related to the evaporation of unbound water from the polymer blend matrix. The second weight
loss starts at 125 °C and ends at 152 °C with 12% weight loss, wherein the glass transition temperature of the
PSSA was observed33 and this transition led to the evaporation of the bound water molecules in the PSSA
matrix. This was supported by sharp peak in the DTA curve. Third weight loss starts at 275 °C with maximum
rate of 316 °C and it can be related to depolymerisation of PSSA chains. The pure starch (Figure 5e) showed
two weight loss events centered at 49 °C, which can be related to unbound water. The second thermal event was
observed at about 274 °C with a maximum rate of 329 °C and was related to the degradation of starch, which
includes the parallel process of dehydration and demethoxylation33 as also supported in the corresponding DTA
curve.

The thermograms of the blends containing 50% and 20% of the PSSA (Figure 5c and 5d) showed
weight loss events similar to the pristine PSSA and starch indicating their immiscibility in the blend system.
Nevertheless, the weight loss pattern of the blend containing 80% of PSSA showed (Figure 5b) only events
characteristic for pure starch as there is an absence of the thermal event distinctive of pure PSSA at 136-151 °C
and moreover the shift in the degradation thermal event starting at 274 °C with maximum rate at 355 °C. This
provides some evidence of interactions between the polymers.[35] Comparatively, this study is supporting the
FTIR analysis.
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Scanning electron microscopic studies
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Figure 6a-6e. SEM images of films consisting of (a) pure PSSA, (b) 80/20, (c) 50/50, (d) 20/80 and (e) pure

Figures 6a-e shows SEM images of the blend polymers at different blending ratios (film). Figure 6a and
Figure 6e shows images of the pure PSSA and pure starch films, respectively. In Figure 6a, it was observed to
be containing uniform surface, while segregated granules in Figure 6e. After adding the starch, the interaction
between the PSSA and starch was quiet appreciable and granules were visible on the surface for 80/20 blend
ratio  (Figure  6b).  The  dual  compatibility  of  starch  towards  PSSA  tends  to  lessen  the  driving  force  for  the
separation of the PSSA phase and led to better development of the film. The interaction produced a more
relaxed network in the 50/50 blend matrix (Figure 6c). However, the structure becomes increasingly
heterogeneous (Figure 6d) with an increase in the starch content due to the aggregation of the ester group of
starch forming new crystalline domains. These domains would cover some polar domains of the PSSA and
hence, reduces the interaction between the electrolyte ions and polar section of the polymer matrix. The pores in
the micrographs indicate the occurrence of phase-separation in the polymer electrolytes. The several pores or
craters,  which  have  formed  on  the  surface,  were  due  to  the  rapid  evaporation  of  the  solvent  (water).  The
difference in the pore size was related to the difference in the driving force for phase separation.36

Conclusions

In summary, the miscibility behavior of PSSA/starch blends has been studied in the temperature range
of 30, 40 and 50 °C using solution viscosity measurement. The µ, α,  ∆b and  ∆kAB, interaction parameters
indicated that the PSSA/starch blend ratios (90/10 and 80/20) are miscible in all studied temperatures. As the
temperature  was  increased  to  50 °C, positive interactions were obtained for 70/30 blend ratio. The heat of
mixing estimations of the blends indicated that the effect of temperature has some significant effect on the
miscibility of the blends. Furthermore, FTIR, TGA and SEM studies supported the miscibility of two polymers
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at 80/20 PSSA/starch blend ratio, whilst, another blend samples maintained their individual characteristic
features in the blend system.
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