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Abstract

Blends of zein and poly(vinyl alcohol) (PVAI) were processed in an internal mixer (150°C, 50 rpm) for 5-8 minutes.
Glycerol and oleic acid were used as plasticizers. The mixtures obtained were then compression molded and further
characterized by Fourier transform infrared spectroscopy (FTIR), water-absorption experiments, mechanical tests,
and scanning electron microscopy (SEM). FTIR analysis indicated the existence of hydrogen bonding interactions
between zein and PVAL Tensile tests showed that the addition of PVAI increased the flexibility of the blends. The
tensile strength ranged from 1.7 to 5.7 MPa, elongation at break ranged from 2.7 to 32% and Young’s modulus ranged
from 433 to 7371 MPa. Water absorption at equilibrium decreased with increasing zein content, which favored a brittle
behavior in the zein/PVAL. The blends were immiscible in the composition studied and the presence of voids indicated
poor interfacial interaction between the polymers.
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1. Introduction

Zein is a corn protein that represents about 80% of the
total proteins in corn grains!!l. Zein is an amphiphilic protein
that has both hydrophobic and hydrophilic characteristics.
More than 50% of its amino acid residues!? are hydrophobic,
including high percentages of leucine (20%), proline (10%)
and alanine (10%)"..

Several studies have shown the high potential of zein
for the production of packaging and edible films because
of its film-forming ability, good oxygen and carbon gas
barrier and antioxidant properties, and others such as low
water solubility, biocompatibility and biodegradability™¢).

Zein films are produced by two technological processes:
a wet process based on solubilization, and a dry process
based on the thermoplastic properties of zein under low
humidity conditions. Zein films are prepared by dissolution
in aliphatic alcohols and further evaporation of the solvent
on inert surfaces. Zein films can be obtained by processing
in devices such as kneading, blowing and/or extrusion
machines!”\.
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Plasticizers such as glycerol, polyols and fatty acids
are added during the formation of zein films to improve
film flexibility and manageability, since pure zein films are
usually very brittle and fragile!!®'. Glycerol is considered
a secondary plasticizer for zein and, when used alone, its
effect is limited due to its incompatibility with zein!'*\. Oleic
acid, as a hydrophobic molecule, is a primary plasticizer,
meaning it can effectively plasticize the zein film on its own
with a low level of water vapor barrier!™. Xu et al.!'” studied
the effect glycerol and oleic acid mixtures to plasticize zein
films. The authors observed by combination of the two
plasticizers a synergistic effect in the decreasing in the glass
transition temperature (Tg).

Although the addition of plasticizers diminishes the
brittleness of zein films, these plasticizers may facilitate the
absorption of moisture from highly air humidity, impairing
the barrier and mechanical properties of zein films. Blending
zein with other polymers is a simple, rapid and low-cost
method to overcome those drawbacks. The amphiphilic
nature of zein makes it a highly versatile polymer to be
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combined with both hydrophilic and hydrophobic polymers
in the production of compatible materials with better
properties than the pure constituents. The literature reports
on several studies about blends of zein with conventional
synthetic polymers, such as polyethylene, nylon!'® and
polyvinylpyrrolidone (PVP)!'”), and with biodegradable
(natural or synthetic) polymers such as starch!*2 chitosan!!
poly(e-caprolactone) (PCL)®, poly(vinyl alcohol) (PVAI)
231, and poly(propylene carbonate)??¥, Poly(butylene adipate-
terephthalate) (PBAT)Y.

The combination of PVAl and zein might be an interesting
alternative in the field of biodegradable plastics, since both are
biodegradable and processable in the presence of plasticizers,
similarly to most conventional synthetic thermoplastic polymers.
PVAl is a flexible material and its presence can favors the
ductility of zein/PVAl blends. Additionally, the low solubility
of zein in water could increase the hydrophobic character
of the corresponding zein/PVAI compositions. However, to
the best of author’s knowledge, only three papers dealing to
zein/PVAl blends are reported in the literature®232%, In these
studies, the zein/PVAI blends were prepared by casting
and using glycerol as plasticizer. So, up to now there is no
published report on the melt-processing of zein with PVAL

Efforts were dedicated in present work for obtaining
polymer blends from zein and PVAI, looking optimizing
the polymers properties and their processing characteristics.
The zein/PVAl blends were obtained by a melting processing.
Oleic acid and glycerol were investigated as plasticizers to
process the zein/PVALI blends.

2. Materials and Methods
2.1 Materials

Corn zein (protein) was purchased from Sigma—Aldrich,
USA, [9010-66-6, MW: ~40 kDa]. Poly(vinyl alcohol) (PVAI)
Selvol™ 203 (degree of hydrolysis: 88%, MW ~18 kDa)
was purchased from Sekisui Chemical, Japan. Analytical
grade glycerol and oleic acid were purchased from Synth
Reagents, Brazil.

2.2 Preparation of the blends

Blends of zein with PVAI (zein/PVALI) were prepared in
proportions of 0/100, 25/75, 50/50, 75/25 and 100/0 (%, w/w),
using oleic acid and glycerol as plasticizers. The total content
of plasticizers was kept at 20% by weight with respect to
the total polymer mass (dry basis). The glycerol:oleic acid
ratio (%, w/w) was 1:0; 0.25:0.75; 0.5:0,5; 0.75:0.25 and
0:1 for 0/100, 25/75, 50/50, 75/25 and 100/0 zein/PVAl
blends, respectively.

The polymer powders and plasticizers were premixed
in a beaker to ensure good homogenization. They were then
processed at 160°C for 5-8 minutes in an internal mixer
coupled to a Haake Rheomix 600P torque rheometer operating
at a rotor rotational speed of 50 rpm. Then, the mixtures
were then compression molded at 150°C for 5 minutes
under a pressure of 5 tons to produce 150 x 120 x 2.5 mm
molded sheets.

The processing conditions were defined from the thermal
transitions of the polymers and from preliminary tests. Zein
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is a completely amorphous polymer, with Tg at about 165 °C,
decreasing significantly in response to an increasing degree
of plasticization. Lawton!?” showed that the addition of 20%
oleic acid lowers the zeins’s T, to 80 °C. Zein is thermally
stable up to 280°C%), Glycerol well interacts with PVAL.
The melting temperature of PVAI (Selvol™ 203) is in the
range of 180-190°C. When plasticized with glycerol, its
melting point reduces, enabling it to be melt processed at
temperatures below 180°C.

2.3 FT-IR analysis

FT-IR spectra of samples, after conditioning at 54 + 3%
of relative humidity (RH) and 25 + 3°C for 14 days, were
recorded on a Perkin Elmer Spectrum Two FT-IR spectrometer
with Universal Attenuated Total Reflectance accessory.
The experiments were recorded in the range of 4000 to
400 cm™, at a resolution of 4 cm™ and 64 scans.

2.4 Water absorption

Circular samples (11mm in diameter and 2.5mm thick),
pre-dried overnight at 105°C, were weighed and placed in
hermetically closed containers with 54 +3% of RH at 25 +2°C,
using a saturated Mg(NOs) solution, as prescribed by the
ASTM E 104 standard. The amount of water absorbed by
the samples was determined by weighing them periodically
until reaching constant weight. The water absorption (/)
of the samples was

Mi—Mo
x 100 1
o ey

W (%) =

where M, is the weight at time ¢ and M, is the dry weight
before the exposure of samples to 54 + 3% of RH.

2.5 Tensile tests

Tensile tests were performed in an EMIC DL3000 universal
testing machine equipped with a 50 kgf'load cell. The samples,
pre-conditioned at 54 + 3% RH and 25 + 3°C for 14 days,
were prepared according to the ASTM D638M standard,
type II. At least 5 samples of each material formulation
were tested at a crosshead speed of 2mm/min and room
temperature (ca. 25°C).

2.6 Scanning Electron Microscopy (SEM)

The specimens were fractured after immersion in liquid
nitrogen and sputter-coated with 20 nm thickness of gold in
a Balzers model SCD 50 sputter-coater. SEM images were
obtained using a Zeiss Digital Scanning Microscope Model
DSM operating at 10 to 15 kV range.

3. Results and Discussion

After processing, visual analysis indicated that the
processing conditions were sufficient to promote changes in
the original structure of the polymers and in their plastification,
resulting in thermoplastic materials. It was observed that,
as compared to neat zein, the plasticity of polymeric mass
improved with the addition of PVAL
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Figure 1 shows the equilibrium torque curve as a function
of' the zein/PVAl blend compositions. In the PVAl/glycerol
(0/100) mixture, the torque reached a stable value of around
0.3 £ 0.1 Nm, and no change was observed in the torque
curve after the melting of polymer, indicating that no loss
of plasticizer, crosslinking or degradation occurred during
the processing of the PVAL / glycerol mixture.

In the case of zein plasticized with oleic acid, the torque
increased progressively over time, reaching 16.7 + 0.3 Nm
after mixing for 5 minutes. The experiment was stopped
at this point, when a stiff polymer paste was obtained.
The progressive increase in torque suggests the formation
of crosslinking between zein chains and/or the formation
of interactions between zein and oleic acid. According to
Gerrard®, protein crosslinking can increase the resistance
to plastic flow or viscosity, making the polymer more
difficult to process. The torque values of the zein/PVAl
blends at equilibrium were 1.1 £+ 0.3 Nm, 2.4 + 0.3 Nm,
and 3.8 £ 0.3 Nm, respectively, for compositions 25/75,
50/50 and 75/25. These values were much lower than that
of the plasticized zein, indicating that blend processing
was facilitated by the addition of PVAl and glycerol, which
reduced the viscosity.

Figure 2 depicts the FTIR spectra of plasticized
polymers (PVAI and zein) and their blends. The PVAI
spectrum shows a broad band at around 3200-3570 cm’!,
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Figure 1. Torque as a function of mixing time of Zein/PVAl blends.
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Figure 2. FTIR spectra of Zein, PVAI and their blends.
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which is associated with O-H stretching of intermolecular
and intramolecular hydrogen bonds. The band at around
2850-3000 cm™! denotes C-H stretching. The peak at about
1725¢cm™ is due to C=0 and C-O stretching. The peaks at
around 1650 cm™, 1370 cm™ and 1260 cm! were attributed,
respectively, to absorbed water, O-H bending and residual
acetatel”, The peak at 1094 cm™ is related to the C=0
stretching in the crystalline region of PVAIBY, The band at
1039 cm is attributed to the C—O stretching vibration of
primary alcohol in glycerol?.

The FTIR spectrum of zein shows four characteristic
bands?**. The band corresponding to stretching of the N-H
and O-H bonds of the protein amino acids, which appears
between 2800 and 3500 cm™, is called amide A. Another
band, which appears at 1650 cm™, corresponds to carbonyl
(C=0) stretching of amide groups belonging to the peptide
groups (amide I). The band at 1540 cm™ is called amide 1T
and corresponds to the angular deformation vibrations of the
N-H bond. The band at 1230 cm™! corresponds to the axial
deformation vibrations of C-N bond in the blends spectra.
One shoulder band observed at around 1710 cm™ is attributed
to the carboxylic C=0 stretching of the oleic acid?®¥. This
signal was overlapped with band of PVAl in the spectrum of
blends. In a study using *C NMR by Forato et al.®>! showed
that interactions between oleic acid molecules and zein occur
mainly between carboxylic groups (-COOH) present in oleic
acid and with groups (NH.,) of arginine residues present in the
structure of the zein. Gillgren et al. studied the molecular
interaction of water and glycerol with zein using FTIR.
They reported that water and glycerol bind with the amide
groups of zein through hydrogen bonds as they were used
as plasticizers. In this work, the effect of water in structure
of zein was investigated by the relative heights of the peaks
at 1540 and 1515 cm™ in amide II region for compositions
with different moisture contents. It was verified an increase
in heights with the water content (results not shown) and
similar results were observed by Gillgren et al.?°,

Some slight shifts of the bands of the spectra of zein/
PVAIl blends in relation to pure polymer, in the wavenumber
range of 1700-1200 cm™' (Figure 2b) and 3200-3570 cm',
were observed and suggest possible specific chemical
interactions between zein and PVAI and also between
these polymers and plasticizers. Interactions between zein
and PVAI may occur through the formation of hydrogen
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Figure 3. Water absorption at 54 + 3% RH versus composition of
Zein/PVALl blends.

bonds. The -OH, -NH, and -C=0 groups in zein are able
to form hydrogen bonds with -OH in PVAL The degree of
interaction between the polymers (zein-PVAI) may have
been reduced by polymer-plasticizer interactions. The band
due to -OH stretching vibration observed at 3285 cm™ for
zein plasticized; and at 3290 cm™ for PVALI plasticized
was slightly shifted for zein/PVAI blends. The intensity
of this band decreased with increasing ration of PVA in
the blend. The lowering in intensity may be due to weaker
polymer-water interactions at higher concentrations of zein,
suggesting a slight dehydration of PVAI after the addition
of zein, as reported by Lacroix et al.[],

Figure 3 illustrates the results of the water uptake
experiments. The addition of zein decreased the water
uptake at equilibrium of blends with PVAL This behavior
was attributed to the difference in the hydrophilicity of
zein and PVAL. Zein is composed of amino acids, many of
which have nonpolar side groups, whereas PVALl is highly
hydrophilic and interacts more strongly with water than zein.

The water absorbed of the zein-based materials depends
also on the nature of plasticizer. Lawton”! prepared zein
films by casting using plasticizers with different degrees
of hydrophilicity. He observed that films containing more
hydrophilic plasticizers (e.g. glycerol and triethylene glycol)
absorbed considerably more water than films containing more
hydrophobic plasticizers (dibutyl tartrate and oleic acid).
Corradini et al.?”! studied the water absorption properties
of starch/zein blends plasticized with glycerol. The results
showed that starch/zein plasticized with 22% of glycerol
exhibited higher water uptake value than the obtained for
the zein/PVAl plasticized with glycerol and oleic acid. They
also verified that the combination of glycerol and oleic
acid to plasticize Zein/PVALI blends is better for reducing
the water uptake of these blends compared to the use of
glycerol alone. Zein/starch blends plasticized with glycerol®”)
exhibited the water uptake at equilibrium values in the
range from 8.5% to 10% when conditioned at 52 2% RH.
Comparing these values with those obtained for zein/PVAI
plasticized with oleic acid and glycerol, it is observed that
the water uptake is ca. 20% lower than zein/starch blends.
These differences are partially due to the lower amount of
glycerol in the zein/PVALI blends.
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Figure 4 illustrates the Young modulus (E), ultimate tensile
strength (owmax), and elongation at break (&w.x), which were
determined from the stress-strain curves at different zein/PVAI
blend compositions. Figure 4 illustrates the Young modulus
(E), ultimate tensile strength (ouma), and elongation at break
(&max), Which were determined from the stress-strain curves
at different zein/PVAl blend compositions. The mean values
of o, for the 0/100, 25/75, 50/50, 75/25 and 100/0 zein/PVALI
compositions varied in the range of 1.7 —5.7 MPa. The addition
of PVAI caused the oy, of the blends containing zein to
decrease significantly. For example, the zein/PVAI blend
with the 50/50 composition showed a 333% decrease in
Omay In relation to the plasticized zein (composition 100/0).
The mean values of Young’s modulus (E) for the 0/100,
25/75,50/50,75/25 and 100/0 zein/PVAI compositions varied
in the range of 433 — 7371 MPa. Zein was more rigid and
brittle than PVAL. The value of E of zein was 1370% higher
than that of PVAL and the addition of zein produced blends
that were more rigid than PVAI, with E values increasing
to up to 980% in the 25/75 composition when compared
to pure PVAL The mean values of the elongation at break
(&) for the 0/100, 25/75, 50/50, 75/25 and 100/0 zein/
PVAI compositions varied from 2.7 —32%. PVAI presenting
higher ey, than zein. The behavior of zein/PVAl at 50/50 and
75/25 compositions was similar to that of zein, indicating
that the elongation of these blends was strongly reduced by
the addition of zein when compared to that of pure PVAL
The 25/75 composition showed 49% lower elongation
than that of pure PVAI. These results suggest that zein had
stronger effect on the mechanical properties of the blends
than PVAL, since low amount of the former (25%) affected
this property significantly. The curves of the mechanical
properties of the compositions showed a typical behavior
of incompatible blends, indicating weak interaction between
PVAI and zein. These results were similar to those reported
by Corradini et al.”?! for PCL/zein blends, which were also
incompatible. Corradini et al.*” reported that the addition
of zein favors the rigidity of zein/starch blends plasticized
with glycerol. For zein/starch blends (0/100, 25/75, 50/50,
75/25 and 100/0, wt%), containing 22 wt% of glycerol, the
E values ranged from 77 to 1162 MPa; the o, values ranged
from 4 to 12%; and &, ranged from 66 to 2. Leroy et al.®!
verified that, compared to glycerol, the use of (1-butyl-3-
methyl imidazolium chloride [BMIM]CI) leads to a more
efficient plasticization for starch/zein blends, indicating
that a compatibilization between starch and zein blends
takes place in presence of [BMIM]CI. The composition
50/50 (wt%) of starch/zein plasticized with glycerol
presented values of 2.5 MPa (c,), 50MPa (E) and 5% (g,),
whereas the values for o, E and ¢, for same composition
plasticized with [BMIM]CI were respectively, 20 MPa,
4.0 and 150%. Senna et al.?* observed that the increase of
PVAI ratio increased the toughness of the blends of zein/
PVAL In another study, Giteru et al.?*! evaluated the effect
of'the composition of edible films containing zein, chitosan,
poly(vinyl alcohol) and poly(ethylene glycol) (PEG400)
in mechanical properties of the mixture. They verified
that the incorporation of poly(vinyl alcohol) increased the
ductility of the composite films. The o, ranged from 7.0 to
37.5 MPa, &, ranged from 26 to 233% and E ranged from
82 to 613 MPa. Wei et al.*% prepared blends of zein and
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Figure 4. (a) Young’s Modulus (E); (b) elongation at break (evax); (¢) Ultimate tensile strength (owmax) as a function of composition of

Zein/PVALl blends.

poly(butylene adipate-terephthalate) (PBAT) by reactive
blending in the presence of poly(ethylene glycol diglycidyl
ether) (PEGDGE). PEGDGE acted as plasticizer and reactive
compatibilizer in the PBAT/zein blending system. The values
for o,, E and ¢, for the composition 25/75 (wt%) without
PEGDGE were, 6 MPa, 120 MPa and 80%, respectively.
When 5 phr (parts per hundreds of mixture PBAT and zein)
of PEGDGE was added to 25/75 composition, an increasing
of 50% and 33% in o, and &,, respectively and a decrease
of 38% in E, were observed.

All the above-mentioned studies showed that the addition
of zein favors the rigidity of the blends, increasing their
modulus of elasticity and tensile strength and reducing their
deformation. Comparing the mechanical properties of cited
studies with the results obtained for the blends under study,
it was observed that for the most compositions, zein/PVAI
exhibited higher E values, although lower values of ey
and Ouax. The E and o, values increased with increasing
zein content, whereas €v,, values decreased. Based on
the research reported by Wei et al.*! and Leroy et al.’*),
the utilization of compatilizers can be an alternative for
improving mechanical properties of the zein/PVAI blends.
It was observed also that oleic acid and glycerol affected
the mechanical property of zein/PVAl blends differently.
For compositions containing oleic acid content up to 0.5%
(50/50, 75/25 and 100/0 zein/PVAL blends), the ey values
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remained approximately constant, whereas E and Gyax
increased. This behavior was probably due to formation
of crosslinking between zein chains, as mentioned before.
On the other hand, for composition with PVAI content up
t0 0.5%, emax values increased sharply, E decreased and oy
slightly increased. This is probably explained by strong
intermolecular interactions between PVAI and glycerol.
A similar effect was observed by Park et al.*!!. They added
saturated fatty acids (lauric acid, palmitic acid, and stearic-
palmitic acid blends) to methyl cellulose/corn zein films and
observed a decrease in Gua, but an increase in Eyax.

Figure 5 shows SEM images of fractured surfaces of
PVAL, zein and their blends. The glycerol-plasticized PVAI
presented an uniform and continuous surface with some
roughness. The zein plasticized showed sheet-like structure,
which are probably formed by confinement the orientation
correlated protein molecules in the presence of oleic acid!>.
Heterogeneous morphologies, such as dispersed morphology
and co-continuous morphology, are usually observed in two
immiscible blend-melted polymers®“?. The morphology of
the zein/PVAI blends changed in response to variations in
blend composition. The blend containing 25% PVAIl showed
PVAI domains in the zein matrix, and the increase the zein
content to 50% led to the formation of a co-continuous
morphology, while the blend containing 80% zein showed
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zein/PVAL 0/100

Figure 5. SEM micrographs of the surfaces of the 25/75, 50/50 and 75/25 Zein/PVAI blends.

a PVAl phase dispersed in the zein matrix. The morphology
of'the blends also revealed interfacial voids, indicating poor
adhesion between PVAI and zein phases, which rendered
the mechanical properties of the Zein/PVAl blends inferior
to those of pure polymers. During processing, zein and
PVAL structures undergo physical and chemical changes,
depending on the processing conditions. These will dictate
these materials’ final properties. The incompatibility of Zein/
PVAL blends is related to the extent of polymer-polymer
intrachain interactions, which may have been reduced by
strong interactions between plasticizers and polymers.

4. Conclusions

The results showed the melt-processing feasibility of
the zein/PVAL blends plasticized with glycerol and oleic
acid. Increasing the concentration of PVAI reduced the
viscosity of the blend, thereby improving its processability.
The morphology of the blends changed in response to
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variations in blend composition, and the presence of voids
indicated poor interfacial interaction between the polymers.
Despite the immiscibility of the blends, their flexibility was
improved with addition of PVAL indicating same degree
of compatibility between the polymers. It is possible to
combine the good processability and flexibility capabilities
of PVAI and the lower water solubility of zein to produce
biodegradable films with a promising potential for use as
packaging materials. However, further work will be required
to fully understand the relationship between processing
and chemical structure and properties of zein/PVAI blends
plasticized with glycerol and oleic acid.
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