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The objective of this work is to study the thermal and mechanical properties of films based on blends
of poly(vinyl alcohol) (PVA) with different weight percent of sorbitol. Solid-state PVA/sorbitol polymer
membranes were prepared by a solution casting method. The characteristic properties of these poly-
mer membranes were examined by thermo-gravimetric analysis (TGA), differential scanning calorimetry

(DSC), nanoindentation methods and by Fourier Transform Infrared (FTIR) spectroscopy. It was found that

the thermal properties (glass transition, Ty, melting point, T, and decomposition temperature, Tq ) for PVA

g?l’;xlrg;l alcohol) blends showed a decrease proportional to the sorbitol concentrations. The hardness and elastic modulus
Sorbitol obtained from nanoindentation test were also found to decrease with increase in plasticizer concentra-
FTIR tion. FTIR confirmed the reduction in hydrogen bonding between PVA chains in favour of formation new

Thermal analysis
Nanoindentation

bonding between the plasticizer and the PVA chains.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Polymer blending constitutes a most useful method for the
improvement or modification of the physicochemical properties of
polymeric materials. Some of the polymer blends exhibit unusual
properties, unexpected from homopolymers. An important prop-
erty of a polymer blend is the miscibility of its components, because
it affects the mechanical properties, the morphology, its permeabil-
ity and degradation [1,2]. Numerous investigations regarding the
miscibility in multi-component polymer systems have been carried
out. Among them, the blends between biopolymers and synthetic
polymers are of particular significance because they can be used as
biomedical and biodegradable materials [3-13].

The Poly(vinyl alcohol) PVA is a hydrophilic semi-crystalline
polymer produced by polymerization of vinyl acetate monomer to
form poly(vinyl acetate) (PVAc), and subsequent hydrolysis of PVAc
to PVA [14]. PVA is a water soluble synthetic polymer, non-toxic,
with excellent film forming properties, which has been studied
for medical and biomedical applications [14-16], recognized as
biodegradable since the latest nineties [17]. For this reason, PVA
has also been used in studies on biodegradable film production
[18], including blended with proteins of various sources, such as
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PVA/wheat[19], PVA/collagen hydrolysate [20,21], and PVA/gelatin
[18,22-25].

PVA also offers flexibility, transparency, toughness as well as
lower cost than other barrier polymer. Therefore, PVA has been
developed as a barrier film for food packaging applications [26-29].
However, it is difficult to produce the film because the crystalline
melting temperature (Tr, ) and decomposition temperature (Tgecom)
of PVA are close to each other. It is a limit for expanding into the
market of food packaging application due to high manufacturing
cost. Therefore, it is necessary to improve the thermal character-
istic of PVA in order to suitability used in food packaging and film
applications.

Room temperature ionic liquids known as plasticizers have been
widely used as organic solvents and supporting electrolytes in
many scientific fields due to their excellent properties such as high
conductivity, non-volatility, non-flammability and so on [30-35].
Because of the substantial improvement of plasticizers to the con-
ductivity, thermal and electrochemical properties of polymers, the
incorporation of plasticizers into different polymers have been
reported [36-38]. Addition of a plasticizer is necessary to over-
come the brittleness of films, to improve flow and flexibility, and to
increase toughness, to impact resistance of film coating, and to pre-
vent them from cracking during packing and transportation [39,40].
Water, oligosaccharides, polyols, and lipids are different types of
plasticizers that are widely used in hydrocolloid-based films [41].
Independent of the moisture content, the production of films based
on biopolymers normally demands the use of plasticizer agents
to improve film workability. Plasticizers, which are low molecular
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components, increase the free volume of the material or the macro-
molecular mobility of the polymer, and consequently the polymeric
network becomes less dense due to the decrease in intermolecular
forces, thus improving the extensibility and flexibility of the films
[42]. A number of plasticizers, e.g. water and polyols [43-45] have
been utilized in order to lower the glass-transition temperature (Tg)
and increase the flexibility and workability of biopolymer-based
films [43,46-55]. The selection of a plasticizer for a specified sys-
tem is normally based on the compatibility and permanence of the
plasticizer, the amount necessary for plasticization, and the desired
physical properties of the films [56].

In this work, we investigated the effect of sorbitol (plasticizer)
percentages on the physical and mechanical properties of the PVA
films. In addition, the melting and crystallization behaviour of PVA
were also examined according to the amount of plasticizer blended
with the PVA. FTIR spectroscopy for all samples was also examined.

2. Materials and experimental methods
2.1. Materials

Sorbitol was obtained from Quartek Corp., NC, polyvinyl alcohol
PVA-124 was purchased from Sigma-Aldrich Chemical Co. having
molecular weight of 124,000-186,000 g/mol with acetyl hydrolysis
rate of 99%. All other laboratory reagents were also purchased from
Sigma-Aldrich and used as supplied. Distilled water was used in the
preparation of the polymer films.

2.2. Material and membrane preparation

The solid-state PVA/sorbitol polymer membranes (sorbitol with
0.5%, 1% and 2% of weight) were prepared by solution casting
method. PVAwas dissolved in distilled water (10 ml) with a concen-
tration of 5 wt% (0.5 mg)in a conical flask and kept on a magnetically
stirred hotplate at 90°C. The solution is heated and stirred until it
is completely dissolved. Then 0.9 ml (for 0.5 wt%) of sorbitol and
8.8 ml ethanol were added to PVA solution and mixed together
under continuous stirring condition at the temperature of 90°C
for about 6h. or until the solution becomes completely homo-
geneous. The resulting homogeneous polymer solution was then
poured onto a PTFE plate to form a film. The excess water solvent
mixture was further evaporated slowly at 80°C in a vacuum oven.
The other two (1 wt% and 2 wt%) PVA/sorbitol blends were prepared
in the same procedure. All films obtained were transparent with a
uniform thickness. Each film sample was stored in a sealable plastic
bag and kept at room temperature.

2.3. Thermo gravimetric analysis (TGA)

TGA analysis of PVA/sorbitol membranes were performed using
aThermogravimetric Analyzer TGA Q50 V20.10 Build 36 Model (TA
Instruments, Water LLC) containing a TGA Heat Exchanger system.
The samples (~10 mg) after weighted in a pan were placed inside
a tube furnace, which was heated to 600°C at a rate of 10°C/min
under nitrogen atmosphere. The results were analyzed using the
TA Universal Analysis 2000 V4.5A Build 4.5.05 (TA Instruments)
software.

2.4. Differential scanning calorimetry (DSC)

DSC analysis of polymeric membranes were performed using
a differential scanning calorimeter DSC Q200 V24.4 Build 116
Model (TA Instruments, Water LLC) containing a refrigerator cool-
ing system. The samples (~10mg) were placed in hermetically
sealed aluminium Tzero pans and heated from —50°C to 400°C
with a heating rate of 10°C/min under nitrogen atmosphere [48].
An empty hermetically sealed aluminium pan was used as the

reference cell. The results were analyzed using the TA Univer-
sal Analysis 2000 V4.5A Build 4.5.05 (TA Instruments) software.
The glass transition temperature corresponded to the temperature
where a baseline inflexion occurred, and the melting temperature
was determined as the peak temperature of the endothermic event
of the DSC curves.

2.5. Nanoindentation

All nano-indentation experiments of PVA/sorbitol membranes
were performed by a Nano Test Materials Testing Platform Two
(Micro Materials Ltd., Wrexham, UK) that was equipped with a
three-sided pyramid diamond indenter tip (Berkovich type) [57].
The nanoindentation tests were carried out as follows: A constant
displacement rate of 0.0167 mN/s was maintained during the incre-
ment of load until the indenter reached a depth of 1827 nm into
the surface. The load was then held at maximum value (1 mN) for
30s in order to avoid the creep significantly affecting the unload-
ing behaviour. The indenter was then withdrawn from the surface
at the same rate until 10% of the maximum load, followed by the
indenter being completely removed from the material. Here, con-
stant displacement rate was chosen to load the samples in order
to avoid strain-hardening effects on the measurements [58]. At
least five indents were performed on each sample and the distance
between the indentations was 50 wm to avoid interaction.

The hardness (H) and the elastic modulus (E) were calculated
from the load-displacement data. As the indenter was allowed
to penetrate into the specimen, both elastic and plastic deforma-
tion occurred and only the elastic portion of the displacement was
recovered during unloading. Nano-indentation hardness is defined

as follows [59]:(1)H = Mmax — zim;gz where Ppax is the load mea-
N (o

sured at a maximum depth of penetration (h) in an indentation
cycle; A is the projected contact area; and h. is the contact depth
of the indentation, which is given by(2)h. = %where Sis
the slope (dp/dh) of the initial portion of the unloading curve at
h=hmax, and 0.75 is a constant that depends on the indenter geom-
etry. As the indenter was allowed to penetrate into the sample,
both elastic and plastic deformation occurred, and only the elas-
tic portion of the displacement was recovered during unloading.
The elastic modulus of the specimen was inferred from the ini-
tial unloading contact stiffness (S). The relationship among contact
stiffness, contact area, and elastic modulus was derived as fol-
lows [60]:(3)S = ZﬁEr(%)l/zwhere B is a constant that depends
on the geometry of the indenter (8=1.034 for a Berkovich inden-
ter) and E; is the reduced elastic modulus, taking into account the
elastic deformation of both the tested specimen and the indenter.
For evaluating E;, the contact stiffness (S), and the contact area A
could be determined accurately from load against displacement
graph measured during the indentation process. The specimen’s
elastic modulus (Es) Wfls then calculated as follows [57]:(4)Es =
Jin =

(- vsz){% _ (1;")} where v and v; (0.07) [64] are the Pois-
son’s ratios of the specimen and indenter, respectively, whereas
E; is the modulus of the diamond indenter (1141 GPa). In all cal-
culations, the estimated value of vs of semicrystalline polymeric
materials is 0.35 [61].

2.6. Fourier transform infrared spectroscopy (FTIR)

Transmission infrared spectra of all films were recorded at room
temperature using FTIR (NEXUS-470, Thermo Nicolet Corporation)
spectrophotometer in the range of wavenumber from 4000 to
400cm~! during 32 scans, with 2cm™! resolution. The film was
mounted directly in the sample holder after scanning the back-
ground.
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Fig. 1. TGA thermograph of the PVA/sorbitol polymers.

3. Results and discussion
3.1. Thermal properties

Thermal degradation of polymeric materials is a consequence
of the fact that the organic macromolecules within the polymer
matrix as well as low-molecular weight organic molecules are sta-
ble only up to a certain temperature range. Their stability depends
on the inherent characteristics of the samples as well as the specific
interactions associated between the different macromolecules or
molecules present in the polymer. The plasticizers are low molec-
ular weight molecules, that when added to polymeric materials
modifies the tridimensional organization of the polymeric matrix,
decreasing the intermolecular attraction forces and consequently,
increasing the free volume and the mobility of the polymeric chain.
This is done via hydrogen bonds between its hydroxyl groups and
the polar functional groups of some amino acid residues [46-48].

3.1.1. TGA analysis

Thermo gravimetric analysis were conducted on pristine PVA
thin film and PVA/sorbitol membranes to determine their thermal
stability and the corresponding degradation stages in response to
temperature as well as their moisture content in the membrane.
Polymer membranes of three different PVA/ Sorbitol blends with
sorbitol weight 0.5%, 1% and 2% were used in this study. Figure 1
shows all the combined the TGA curves of PVA and PVA/sorbitol
membranes. There is a weight loss at the temperature of 100 °C for
the PVA/sorbitol polymer membrane. It indicates that this poly-
mer membrane contains some physical weakly and chemically
strongly bound water in the matrix [62]. The higher the sorbitol
content ratio, the higher percent of weight loss is for water at
100°C. In addition, the PVA and PVA/sorbitol polymer membranes
exhibit two-step degradation. The first step region is at around
300-380°C is due to the degradation of PVA composite mem-
brane; the total weight loss corresponds to this stage is given in
Table 1 for all the membranes. It has been seen that for pris-
tine PVA the decomposition start at 250°C less than that of the
PVA/sorbital membranes which indicates that due to plasticizing
effect of sorbitol the decomposition temperature increases. The
second step around 380-480 °C was due to the carbonation of poly-
mer matrix followed by a final decomposition of the polymer that

begins around 500 °C; there is a total weight loss for each sample
at 500°C is given in Table 1.

The onset decomposition temperature for PVA blends starts at
400°C. After this temperature, the PVA/sorbitol polymer mem-
branes becomes greatly degraded. It has been clearly evidenced
that the PVA/sorbitol membrane samples are relatively stable in
the temperature range of 100-300°C.

3.1.2. DSC analysis

The DSC thermograms of the PVA/sorbitol blends are presented
in Fig. 2 for various sorbitol contents. The first type of changes
detected was related to the changes in heat capacity, which cause
a shift in the base line of the DSC thermogram. Such shift is asso-
ciated with the glass transition temperature (Tg). These changes
were appeared at temperature range between 80 and 152 °C for all
samples two endothermic peaks at higher temperature were also
detected on the DSC curve for both pure PVA as well as PVA/sorbitol
blends. The first relaxation in the temperature range of 200-230°C
is caused by the melting of the crystalline domains of PVA [63] and
the second peak starting from 290 °C is due to the decomposition of
the PVA. As the content of sorbitol increased, the first endothermic
peak (T ) of PVA blends became less intense and its value shifted to
lower temperatures. Similar trend was observed for the Tg values
of all samples see Table 2.

The depression of the melting temperature and the peak broad-
ening indicate that the ordered association of the PVA molecules
was decreased by the presence of sorbitol. It can be interpreted
that sorbitol increases the segmental mobility of PVA and decreases
the crystallite region of a PVA. With the water evaporation by
dehydration, the sorbitol will become more concentrated. Thus,
the formation of the biopolymeric matrix will take place via elec-

Table 1
The weight loss (percentage) of the PVA and PVA/sorbitol polymer membrane at
different temperatures obtained from TGA analysis.

Sorbitol weight % Temperature (°C) region

100 300-380 500
0 4.28 56.26 93.36
0.5 3.55 45.15 97.85
1 4.46 46.54 94.88
2 6.82 63.58 92.84
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Fig. 2. DSC thermograph of the PVA/sorbitol polymers.

1.03-
1.00-
0%5-
030-
085-
080-
075
070
065-
060-
Z 055~
I
3 050-
045-
040-
0%-
0.30-
025~
020-
015-
010-
[ A ——— . A —————————
W0 200 W0 400 500 G0 00 S0 W0 100 N0 120 13
Deplh [nm)
1.01- 103-
1.00-
b 095
At n90-
(i 085
e 0.60-
0.75- 075-
0.70- 070-
085~ 0BS-
om0 060-
F 055~ E 0ss-
gum— E oso
0.45- n4s-
040- 040-
0.35- 035-
0.30- 030
0.25- 0.25-
0.20- 0.20-
015 015
010~ 010-
(1 A ——— . A [ S ————— TG A U S 1o S S A W ———
4 100 200 300 400 500 600 700 B0 S00 1000 1100 1200 1300 1400 1500 1600 1700 1€00 1812 63 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 S600 00O 6500 7000 7451
Depth () Depth nm
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Table 2

The transition temperature (Tg), melting temperature (Ty, ) and decomposition tem-
perature (Ty) of the PVA/sorbitol polymer membranes with increasing sorbitol
weight percent.

Sorbitol weight % Tg,°C Tm,°C Ty,°C
0 152.9 230.1 331.2
0.5 96.6 2184 299.3
1 85.5 209.2 297.3
2 80.2 200.4 296.8

trostatic, hydrophobic, and Van der Walls interactions, as well
as hydrogen bonding between adjacent PVA chains and sorbitol
molecules [64].

3.2. Mechanical properties

The mechanical properties of PVA/sorbitol blends were
performed by nanoindentation. Figure 3(a-d) shows the
loading-unloading curves of three PVA/sorbitol blend with
0.5, 1.0 and 2.0 weight percentage of sorbitol and for pure PVA,
respectively.

It has been known that the plasticizer plays an important role
on the mechanical properties of polymers. Generally, the tensile
strength decreased and the elongation at break increased as the
percentage of plasticizers increased [65]. The hardness and elastic
modulus of PVA blends as the function of sorbitol concentration are
shown in Table 3(a-c).

As the sorbitol percentage was increased, the residual sorbitol in
the blends played a role of the plasticizer, which reduced the inter-
actions among the macromolecules, which resulted in the decrease
of the hardness as well as elastic modulus. The presence of sorbitol
had a significant plasticizing effect on PVA by reducing both the
glass transition and melting temperature of PVA membrane and
storage modulus drop. This plasticizing effect could be attributed

Table 3
Nanoindentation of PVA/sorbitol blends with various sorbitol weight percent includ-
ing pure PVA.

Data from Fig. 3  Sorbitol, weight% Hardness (GPa) Elastic modulus (GPa)

a 0.5 0.055 0.674
b 1 0.042 0.376
C 2 0.017 0.203
d 0.0 0.134 1.195

to their low molecular weight and hydroxyl groups leading to
the formation of polymer-plasticizer interactions to the detriment
of polymer-polymer interactions. Smaller molecules of sorbitol
embed themselves between the PVA chains, increasing the spac-
ing and free volume, and allowing them to move past one another
even at lower temperatures.

3.3. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to char-
acterize the presence of specific chemical groups in the materials.
Pristine PVA film and PVA containing different percentage of sor-
bitol were obtained as 1-2 mm thick films and analyzed by FTIR
using Transmittance mode. Figure 4 shows the FTIR spectra of pure
sorbitol, pristine PVA polymer, and three PVA/sorbitol blends with
different sorbitol content. All major peaks related to hydroxyl, and
methyl groups were observed. In pristine PVA, intra-molecular and
inter-molecular hydrogen bonds are expected to occur between
hydroxyl groups attached to the main chain due to high hydrophilic
forces [66]. The broad band observed between 3100 and 3500 cm™!
was ascribed to the stretching of hydroxyl groups (O-H) which con-
tributed to from the intermolecular and intra-molecular hydrogen
bonds [67]. The vibrational band observed at 3000 cm~! refers to
the stretching C-H from alkyl groups, which is clearly visible in
the sorbitol spectra. It was observed that the intensity of this peak
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Fig. 4. FTIR spectroscopy for all samples including pure sorbitol.
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increases as the sorbitol percentage increase. The peaks between
1550 and 1720 cm~! are due to the stretching of C-O group. When
PVA is dissolved in deionized water and then mixed with various
rations of sorbitol, the chemical structure of PVA undergoes signif-
icant transformation in which the hydrogen bonding is dominating
the structure. Clear evidence can be observed from the presence
of a very broad and large band linked to the stretching of O-H
group in the range from 3100 to 3600 cm~! in all samples. How-
ever, in pristine PVA sample, the peak was even broader due to the
large number of hydroxyl groups present in contrast to the sorbitol,
which has limited number of hydroxyl groups, which made the
peak more resolved. The lower limit of the broad peak, containing
various ratios of sorbitol, was shifted to higher wavelength region
compared to the pure PVA due to hydrogen interaction of the sor-
bitol with hydroxyl groups of the PVA. This indicates the hydrogen
bonding is switched from among PVA chains to PVA/sorbitol [68].
Furthermore, the reduction of intensity of the O-H peaks present
in the sorbitol containing PVA samples, indicating a possible for-
mation of a random chains rearrangement of the physical cross
linking of PVA with sorbitol destroying the crystalline domains.
This may be explained by the formation of amorphous domain
structure, which may present between sorbitol and PVA in which
the polymer chains are starting to unfold. This give support to the
reduction in mechanical properties, which was observed for PVA
sample containing different percentage of sorbitol.

4. Conclusion

This work demonstrates that sorbitol form favourable inter-
actions (probably hydrogen bonds) with PVA. As the sorbitol
percentage increased, the melting temperature of PVA decreases
along with broadens of endothermic peak, which indicate that, the
ordered association of the PVA molecules decreased. The residual
sorbitol in the blends played a role as the plasticizer, which reduced
the interactions among the macromolecules, which resulted in the
decrease of the hardness as well as elastic modulus. FTIR spec-
troscopy confirmed the presence of PVA/sorbitol interactions.

References

[1] D.R. Paul, S. Newman, Polymer Blends, Academic, New York, 1978.
[2] O. Olabisi, L.M. Robinson, M.T. Shaw, Polymer-Polymer Miscibility, Academic,
New York, 1979.
[3] Y. Nishio, R.St.J. Manley, Polymer 28 (1987) 1385.
[4] Y. Nishio, R.St.J. Manley, Macromolecules 21 (1988) 270.
[5] S.N. Cassu, M.I. Felisberti, Polymer 38 (1997) 3907.
[6] T.Tanaka, S. Ohnishi, K. Yamura, Polym. Int. 48 (1999) 811.
[7] Q. Wang, L. He, Polymer 38 (1997) 3931.
[8] T.Kondo, C. Sawatari, R.St.J. Manley, D.G. Gray, Macromolecules 27 (1994) 210.
[9] C. Sawatari, T. Kondo, Macromolecules 32 (1999) (1949).
[10] J.H. Hong, ].Y. Kim, Y.M. Lee, K.Y. Kim, J. Appl. Polym. Sci. 45 (1992) 1711.
[11] K. lio, N. Minoura, M. Nagura, Polymer 36 (1995) 2579.
[12] K. Miura, N. Kimura, H. Suzuki, Y. Miyashita, Y. Nishio, Carbohydr. Polym. 39
(1999) 139.
[13] O.A.C. Monteir Jr., C. Airoldi, Int. J. Biol. Macromol. 26 (1999) 119.
[14] H.S. Mansur, C.M. Sadahira, A.N. Souza, A.AP. Mansur, Mater. Sci. Eng. C:
Biomim. Mater. Sens. Syst. 28 (2008) 539.
[15] S.R. Sudhamani, M.S. Prasad, U.K. Sankar, Food Hydrocolloids 17 (2003) 245.
[16] S.P. Marra, K.T. Ramesh, A.S. Douglas, Mater. Sci. Eng. C: Biomim. Mater. Sens.
Syst. 14 (2001) 25.

[17] S.Matsumura, N. Tomizawa, A. Toki, K. Nishikawa, K. Toshima, Macromolecules
32(1999) 7753.

[18] E. Chiellini, P. Cinelli, A. Corti, E.R. Kenawy, Polym. Degrad. Stab. 73 (2001) 549.

[19] R.N. Dicharry, P. Ye, G. Saha, E. Waxman, A.D. Asandei, R.S. Parnas, Biomacro-
molecules 7 (2006) p2837.

[20] B. Sarti, M. Scandola, Biomaterials 16 (1995) 785.

[21] P. Alexy, D. Bakos, S. Hanzelova, L. Kukolikova, J. Kupec, K. Charvatova, E.
Chiellini, P. Cinelli, Polymer Testing 22 (2003) 801.

[22] E. Chiellini, P. Cinelli, S.H. Imam, L. Mao, Biomacromolecules 2 (2001) p1029.

[23] E. Chiellini, P. Cinelli, E.G. Fernandes, E.S. Kenawy, A. Lazzeri, Biomacro-
molecules 2 (2001) 806.

[24] T.M.C. Maria, R.A. Carvalho, P.J.A. Sobral, A.M.Q.B. Habitante, J. Solorza-Feria, J.
Food Eng. 87 (2008) 191.

[25] O.W. Mendieta-Taboada, P.J.A. Sobral, R.A. Carvalho, A.M.B.Q. Habitante, Food
Hydrocolloids 22 (2008) 1485.

[26] U.S.P. No. 5,051,222.

[27] European Patent Application No. 0,152,180.

[28] European Patent Application No. 0,389,695.

[29] U.S.P. No. 5,324,572.

[30] B.Singh, S.S. Sekhon, Chem. Phys. Lett. 414 (2005) 34.

[31] J.G. Huddleston, H.D. Willauer, R.P. Swatloski, A.E. Visser, R.D. Rogers, Chem.
Commun. 998 (1998) 1765.

[32] N. Matsumi, K. Sugai, M. Miyake, H. Ohno, Macromolecules 39 (2006) 6924.

[33] S.S. Sekhon, B.S. Lalia, C.S. Kim, W.Y. Lee, Macromol. Symp. 249 (2007) 216.

[34] H.Jiang, S.B. Fang, Polym. Adv. Technol. 17 (2006) 494.

[35] W. Ogihara, ].Z. Sun, M. Forsyth, D.R. MacFarlane, M. Yoshizawa, H. Ohno, Elec-
trochim. Acta 49 (2004) 1797.

[36] K.S.Kim, S.Y. Park, S. Choi, H. Lee, ]. Power Sources 155 (2006) 385.

[37] J.H. Shin, W.A. Henderson, C. Tizzani, S. Passerini, S.S. Jeong, KW. Kim, J. Elec-
trochem. Soc. 153 (2006) A1649.

[38] H.Cheng, C.B. Zhu, B. Huang, M. Lu, Y. Yang, Electrochim. Acta 52 (2007) 5789.

[39] M. Aydinli, M. Tutas, Food Sci. Technol. 33 (1) (2000) 63-67.

[40] P.L.M.Barreto, A.T.N. Pires, V. Soldi, Polym. Degrad. Stab.79 (1) (2003) 147-152.

[41] N.E. Suyatma, L. Tighzert, A. Copinet, J. Agric. Food Chem. 53 (2005) 3950-
3957.

[42] R. Sothornvit, J.M. Krochta, J. Agric. Food Chem. 48 (2000) 6298-6302.

[43] L Arvanitoyannis, I. Kolokuris, A. Nakayama, N. Yamamoto, S. Aiba, Carbohydr.
Polym. 34 (1997) 9-19.

[44] S.D. Yoon, S.H. Chough, H.R. Park, J. Appl. Polym. Sci. 106 (2007) 2485-2493.

[45] R. Shi, Z.Z. Zhang, Q.Y. Liu, Y.M. Han, L.Q. Zhang, D.F. Chen, et al., Carbohydr.
Polym. 69 (2007) 748-755.

[46] B. Cuq, N. Gontard, S. Guilbert, Polymer 38 (1997) 2399-2405.

[47] M. Pouplin, A. Redl, N. Gontard, J. Agric. Food Chem. 47 (1999) 538-543.

[48] P.J.A. Sobral, F.C. Menegalli, M.D. Hubinger, M.A. Roques, Food Hydrocolloids
15(2001) 423-432.

[49] A.Lazaridou, C.G. Biliaderis, Carbohydr. Polym. 48 (2002) 179-190.

[50] R. Jayasekara, I. Harding, 1. Bowater, G.B.Y. Christie, G.T. Lonergan, J. Polym.
Environ. 11 (2003) 49-56.

[51] F.M.Vanin, P.J.A. Sobral, F.M. Menegalli, R.A. Carvalho, A.M.Q.B. Habitante, Food
Hydrocolloids 19 (5) (2005) 899-907.

[52] B.Raj, S. Siddaramaiah, R. Somashekar, J. Appl. Polym. Sci. 91 (2004) 630-635.

[53] Y. Zhang, J.H. Han, J. Food Sci. 71 (2006) 109-118.

[54] B.Sreedhar, M. Sairam, D.K. Chattopadhyay, P.A. Syamala Rathnam, D.V. Mohan
Rao, J. Appl. Polym. Sci. 96 (2005) 1313-1322.

[55] A. Jongareonrak, S. Benjakul, W. Visessanguan, T. Prodpran, M. Tanaka, Food
Hydrocolloids 20 (4) (2006) 492-501.

[56] L.H. Cheng, A.A. Karim, C.C. Seow, ]. Food Sci. E: Food Eng. Phys. Prop. 71 (2)
(2006) 62-67.

[57] W.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (1992) 1564-1583.

[58] B.D. Beake, S. Chen, J.B. Hull, F. Gao, J. Nanosci. Nanotechnol. 2 (2002) 73.

[59] T.H. Fang, W.J. Chang, Microelectron. Eng. 65 (2003) 231.

[60] LN. Sneddon, Int. J. Eng. Sci. 3 (1965) 47.

[61] G.Simmons, H. Wang, Single Crystal Elastic Constants and Calculated Aggregate
Properties: A Handbook, MIT Press, Cambridge, MA, 1971.

[62] M.Krumova, A. Flores, F.J. Balta Calleja, S. Fakirov, Colloid Polym. Sci. 280 (2002)
591.

[63] C.C. Yang, J. Membr. Sci. 288 (2007) 51-60.

[64] B. Cuq, C. Aymard, J.L. Cuq, S. Guilbert, J. Food Sci. 60 (6) (1995) 1369-1374.

[65] J.S. Park, J.W. Park, E. Ruckenstein, Polymer 42 (9) (2001) 4271-4280.

[66] H.S. Mansur, R.L. Orefice, A.A.P. Mansur, Polymer 45 (2004) 7193-7202.

[67] X.Ma,]. Yu, N. Wang, Macromol. Mater. Eng. 292 (2007) 723-728.

[68] K.B.Brandt, T.A. Elbokl, C. Detellier, J. Mater. Chem. 13 (2003) 2566-2572.



	Thermomechanical properties of poly(vinyl alcohol) plasticized with varying ratios of sorbitol
	Introduction
	Materials and experimental methods
	Materials
	Material and membrane preparation
	Thermo gravimetric analysis (TGA)
	Differential scanning calorimetry (DSC)
	Nanoindentation
	Fourier transform infrared spectroscopy (FTIR)

	Results and discussion
	Thermal properties
	TGA analysis
	DSC analysis

	Mechanical properties
	Fourier transform infrared spectroscopy

	Conclusion
	References


