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ABSTRACT: The aim of this work was to explore the
feasibility of preparing thermoplastic films from commer-
cial zein by film blowing technology. Zein, a cereal protein
extracted from maize, was plasticized directly in the ex-
truder, without the time-consuming and expensive solubi-
lization step, usually utilized in literature for this material.
Four different batches of zein were investigated, for it has
been observed that properties such as the film-forming
ability of natural polymers strongly depend on several fac-
tors such as sources, extraction, and drying conditions.
Thermal, rheological, and macromolecular structural char-

acteristics were evaluated for the different materials to
establish a correlation among molecular structure, rheolog-
ical behavior in uniaxial elongation, and film blowing
processability. Results indicate that the best films were
made by using thermoplasticized zein characterized with
a pronounced strain hardening and a large content of
a-helices. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 115:
277-287, 2010
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INTRODUCTION

During the last 20 years, an increasing interest in the
use of natural polymers, such as proteins, lipids,
and polysaccharides, for the production of new envi-
ronmental friendly packaging materials has been
noticed. In particular, several protein sources have
been proposed for the preparation of new thermo-
plastics,l but, in general, mechanical and water
vapor barriers properties of films produced from
these materials are inferior to those of synthetic
origin.>® However, protein-based films can act as
barriers to oxygen, carbon dioxide, oil, and fats, to
prevent quality deterioration and increase the shelf
life of food products. One of the film-forming pro-
teins considered in literature as well as in the indus-
try is zein, the prolamine of corn, mainly for its
uniqueness in terms of thermoplasticity and hydro-
phobicity. The relatively hydrophobic nature of zein
is related to its high content of nonpolar amino
acids*”: because of the hydrophobic nature, zein is a
substantially better moisture barrier than other pro-
teins such as casein, or polysaccharides such as
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starch® and is used in the food and pharmaceutical
industry as coating material for candies, rice, dried
fruits and nuts, pharmaceutical tables, and to encap-
sulate ingredients.””

In the scientific literature, two different methods
are generally used to prepare zein films. The first
method involves casting of aqueous alcoholic solu-
tions of zein and a suitable plasticizer on inert, flat
surfaces from where films are peeled off after the
solvent is evaporated. Typical technical difficulties
of this process are the control of thickness and
homogeneity of the formed films.'"” In the second
method, zein films are formed by stretching over
rigid frames a soft solid mass, which is generally
referred to as resin, obtained by precipitation of
alcoholic solutions of zein and fatty acids in a stream
of cold water. In general, resin films showed better
mechanical properties than cast films."! However,
both these processes are expensive and difficult to
scale up, and more efficient technique, such as
extrusion or film blowing, has to be investigated for
massive production of zein films.

The application of extrusion technology for the
production of zein films has been a challenge to
researchers and few reports have been published.
Wang and Padua'? produced zein sheets plasticized
with fatty acids by extruding a moldable, dough-like
resin prepared by precipitating zein and oleic acid
from aqueous-alcohol solutions. The same formula-
tion was used by Wang and Padua'’ to prepare
films by film blowing technology. In 2007, Selling
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and Sella'® prepared, instead, ribbons of zein plasti-
cized with triethylene glycol (TEG) using the follow-
ing procedure. Zein was first treated with water and
TEG in a Hobart mixer to prepare a initial blend to
fed to the extruder. After the extrusion, the thermo-
plastic material obtained was allowed to cool and
then converted into pellets to again feed the
extrusion for producing the final ribbons. These
techniques, despite the relative simplicity, are time-
consuming and quite expensive for massive produc-
tion of films.

The main objective of this study was to explore
the feasibility of preparing thermoplastic films of
zein by film blowing without the time-consuming
and expensive solubilization step. The zein powder
was plasticized directly in the extruder, without the
use of solvent and of a premixing phase. This pro-
cess has the advantages of reduced environmental,
health and safety problems, no need to handle the
evaporation of ethanol, and reduced raw materials
costs. However, to our point of view, the most im-
portant problem in the use of biopolymers is the dif-
ficulty in having “standard” raw materials. In fact, it
is known that the natural polymers molecular struc-
ture strongly depends on several factors such as sour-
ces and extraction technique and drying conditions."*
In this context, four different batches of zein from
maize were investigated to determine the possibility
of these materials to be processed by a film blowing
line. Thermal and structural characterizations were
performed on the different batches to evaluate the
thermoplasticization degree and the protein confor-
mation. Furthermore, it has been observed that the
increase of the melt deformability and elongational
properties is crucial in the film blowing processability
of thermoplastic polymers." For these reasons, exten-
sional rheological behavior of zein films was ana-
lyzed and a correlation among molecular structure,
rheological behavior in uniaxial elongation, and film
blowing properties was determined.

EXPERIMENTAL PART
Materials

Four different batches (A, B, C, and D) of maize zein
were purchased from Sigma-Aldrich (Italy) (product
No. Z3625). Lot numbers of the different batches
were 20K0243 (A), 02K0054 (B), 065K0110 (C), and
093K1055 (D). Poly(ethylene glycol) 400 (PEG400)
was used as plasticizer and was purchased from
Fluka (Italy). “As received” materials (powder) were
subjected to thermal analysis, X-ray diffraction, Fou-
rier transform infrared spectroscopy (FTIR), and
characterization by SDS-PAGE. Thermoplasticized
materials (thermoplastic zein by internal mixer,
TPZm) by using the procedure described in section
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“thermoplasticization by internal mixer” were also
subjected to rheological analysis. Finally, films pro-
duced by film blowing as described in section “film
blowing of thermoplasticized zein materials” (ther-
moplastic zein by extrusion and film blowing equip-
ment, TPZe) were subjected to mechanical tests. All
of the materials, unless otherwise specified, were
conditioned before testing at room temperature and
50% relative humidity (RH) for 2 days.

Thermoplasticization by internal mixer

Zein powder, as received by the supplier (moisture
content, as determined by thermogravimetric analy-
sis, equal to 7 wt % =+ 0.3 for all batches), was mixed
with the PEG 400 in a beaker using a spatula to pro-
vide a crude blend. The blend was then subjected to
temperature and shear stresses in a twin counter-
rotating internal mixer (Rheomix 600 Haake,
Germany) connected to a control unit (Rheocord
9000 Haake, Germany) for thermoplasticization. The
mixing chamber (volume of 50 cm?) was filled with
50 g total mass for all experiments in ~ 3 min at
5 rpm. Plasticizer content of 25 wt % was used.
Mixing temperature, speed of rotation, and mixing
time were 70°C, 50 rpm, and 10 min, respectively.'®
A P300P hot press (Collin, Germany) was then used
to prepare slabs with thickness of 1 mm. Materials
were heated to and kept at 70°C and pressed at 50
bar for 10 min and subsequently cooled to 30°C
under pressure. From the central region of the slabs,
specimens for different characterizations were cut.

Thermal analysis

Thermogravimetric (TGA) and differential scanning
calorimetric (DSC) measurements were conducted
on both the “as received” powders and TPZm from
all of the batches, to evaluate the effect of the ther-
moplasticization on thermal properties for the differ-
ent lots. In particular, TGA experiments were carried
out in a TGA 2959 (TA Instruments, USA) over a
temperature range from 30 to 1000°C at 10°C/min
under inert atmosphere. The DSC analyses were
conducted on a Q 1000, TA Instruments, USA.
Samples were first heated from —70 to 200°C, and
then were subjected to an isothermal stage for
10 min, quickly cooled to 30°C, and finally reheated
to 200°C. The rate in both heating processes was
10°C/min.

Dynamic mechanical measurements

Dynamic mechanical analysis (DMA) was used to
determine the glass transition temperature of the
different batches of TPZm. Dynamic mechanical
analysis in fact is complementary to DSC and is
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particulary suited for studying the molecular
motions that give rise to glass transition tempera-
ture, being, in general, more sensitive than DSC. The
dynamic mechanical properties of the different slabs
were evaluated by a Tritec 2000 (Triton Technology,
Keyworth, Notts, UK). In the dual cantilever bend-
ing mode, an oscillation frequency of 1 Hz (displace-
ment of 0.03 mm) was applied to the center of the
sample (5 mm free length) and the temperature was
scanned from —20 to 100°C at a heating rate of 2°C/
min. The glass transition temperature (T,) was deter-
mined from the maximum of the tan 3.

X-ray diffraction

The effects of the mixing process on the structure of
the zein from the different batches were investigated
by X-ray diffraction. The X-ray patterns of the differ-
ent zein batches (both “as received” powders and
TPZm) were obtained by using a PW1710 diffrac-
tometer (Philips, Netherlands) with Cu-Ka radiation
(A = 1.54 A) at a voltage of 40 kV and 30 mA. Sam-
ples were scanned in the range of diffraction angle
20 = 5-60 with a scan speed of 1°/min at room
temperature.

Fourier transform infrared spectroscopy

FTIR was used to investigate the secondary structure
of different zein batches “as received” and thermo-
plasticized samples TPZm. FTIR measurements were
performed at room temperature by using a Nexus
Spectrophotometer (Thermo Electron Corp., USA)
with a wavenumber resolution of 2 cm ™' for
128 scans from 4000 to 500 cm™'. The FTIR spectra
were collected in absorbance mode on transparent
pellets obtained by dispersing the sample powders
1 wt/wt % in KBr. Samples were prepared and ana-
lyzed in triplicate. To estimate the content of the var-
ious secondary structures, the resultant spectra were
normalized and then deconvoluted in the range of
frequency 1700-1600 cm™' using the OriginPro 8.0
software. The normalization was performed by
dividing all of the values by intensity of the invari-
ant peak at 3290 cm ™. The deconvolution was made
by using the best fits by Lorentzian sum and speci-
fying the position of the peaks corresponding to the
different secondary structural elements (a-helix and
B-sheet).

Characterization by SDS-PAGE

The different batches of zein powder were subjected
to sodium dodecyl sulfate-polyacrylammide gel elec-
trophoresis (SDS-PAGE) according to the procedure
of Gao et al.,’” to evaluate the molecular sizes of
polypeptides present in the different zein batches. In
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particular, two different amounts of powders for
each batch were loaded to investigate the mass effect
on the obtained results.

Rheological measurements

Measurements of extensional viscosity

Generally, the processing performance of polymer
melts is related to shear flow properties. However,
the number of instances when two polymers have
the same shear properties but perform differently
during certain type of processing operations (e.g.,
film blowing and sheet extrusion) indicate that shear
properties alone may not be sufficient to character-
ized polymeric fluids."” In these cases, the different
processability of the polymers may be attributed to
differences in molecular architecture due to factors
such as branching and/or the presence of a high-
molecular-weight tails'®*° that are not readily
detected in shear but are more visible in extensional
deformations. In fact, one of the key properties in
extrusion blown film is extensional viscosity.”"*
Indeed, it is well recognized that bubble stability,
biaxial stretching, and thickness uniformity are very
sensitive to extensional viscosity.

Measurements of elongational viscosity were per-
formed by using an ARES LS (Rheometric Scientific,
USA) rheometer equipped with a SER-HV-AO01 tool
(Xpansion Instrument, USA) to establish a
correlation between rheological behavior in uniaxial
elongation and film blowing ability for different zein
batches. The temperature was kept at 95°C,
whereas the elongational rate & was changed from
0.03to 0.1s™".

Measurements of haul-off force

Another important rheological property in the blown
film process is the haul-off force.”” It is defined as
the force necessary during processing to sustain the
polymer weight when the bubble is formed.
Haul-off force of the different TPZm was meas-
ured using a capillary rheometer (RH7, Bohlim
Instruments, Germany) equipped with a melt
strength apparatus. The thermoplastic materials
were preconditioned at RH = 15% and room tem-
perature, for 60 h. The temperature of the rheometer
was set at 102°C for the batch A and at 115°C for
the other batches. The temperature test for the differ-
ent TPZms was chosen to simulate the conditions
used in the film blowing process. The barrel had a
diameter of 15 mm, whereas the capillary die diame-
ter was 2 mm. The polymer melt was extruded from
the die at a piston speed of 20 mm/min. The poly-
mer melt strand extruded from the capillary die was
gripped between two counter-rotating wheels and

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Torque (a) and melt temperature (b) evolution during the mixing process of different zein batches with PEG400

(25 wt % plasticizer content, 50 rpm, 70°C).

the take-up speed increased from 5 to 100 m/min at
a constant acceleration. The haul force was meas-
ured as a function of the draw ratio until the strand
breaks.

Film blowing of thermoplasticized zein materials

The technology consists in extruding a tube of small
diameter that, before solidification, is blown with
pressurized air. The pressure inside the bubble
determines the increase of the bubble diameter and
a corresponding strong decrease of the thickness.
The bubble is closed at the top by the action of two
rolls and, in this way, the gas is kept inside the bub-
ble. During this process, the film is cooled and it sol-
idifies before reaching the two rolls. The material is
subject to elongational flow in both longitudinal and
radial directions (biaxial elongational flow). The
operation is controlled by the supply of cooling air,
the amount of air inside the bubble, the velocity of
the nip rolls, melt temperature, die diameter, die
gap, and also by polymer properties. The material,
in fact, must posses suitable rheological properties
and, in particular, a suitable melt strength. Zein
powder and PEG 400 (at constant composition of
25 wt % of plasticizer) were first mixed in a beaker
using a spatula to provide a crude blend and then
fed into a counter-rotating, laboratory twin-screw
extruder (Haake model CTW100, Germany). Tem-
peratures in the extruder were as follows: 20°C
(water cooled) in the feeding section, to prevent the
staking on the screws, 60°C in the mixing/plasticiz-
ing section, whereas the temperature of the two final
zones of the extruder was 80°C. The screw speed
was 80 rpm. The product coming out from extruder
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die was cylindrically shaped and was cut into short
pieces, that were conditioned at room temperature
and 15% RH for 60 h to obtain an extrudate suitable
for film blowing. Film blowing was then performed
on a lab-scale equipment (Collin E 20T, Germany).
The temperature of the four heating sections of the
extruder barrel and die (optimized temperature pro-
files for the different batches are given in the Results
and Discussion section), the velocity of the take-off
rolls, and the volume of the bubble were adjusted to
achieve a stable bubble with the lowest final thick-
ness that was possible to achieve with the different
batches. The screw speed was set at 43 rpm for all
materials.

Film characterization—Tensile testing

The static tensile properties (Young modulus, stress
and strain at break) were measured at room tempera-
ture with a 1 kN load cell on an Instron model 4204
tensile test machine according to ASTM D 1708-02.

RESULTS AND DISCUSSION
Thermoplasticization

Figure 1(a,b) shows the evolution of torque and melt
temperature versus time during the mixing process
of zein with PEG 400 at 25 wt % for the batches A,
B, C, and D.

Typically, the curves obtained during thermoplas-
ticization of protein-plasticizer systems23 [Fig. 1(a)])
are characterized by an initial induction time
followed by a steep increase of the torque to a maxi-
mum and then a continuous decrease to a rather
stationary value, when also the melt temperature
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Figure 2 TGA curves for PEG 400 and for powder and
TPZm from batch A.

becomes constant [Fig. 1(b)]). However, after the
plasticization is complete, the torque can decrease
indicating degradation, or it can increase, indicating
crosslinking or loss of plasticizer.>** As shown in
Figure 1(a), this behavior was more evident for
batches B and C, whereas for batches A and D, the
torque increase was immediate, with the absence of
the induction time. After plasticization, the value of
the torque was rather constant and no evidence of
plasticizer loss, crosslinking, or degradation was
observed for all batches. These results suggest that
the diffusion of the plasticizer inside the protein
macromolecules and the corresponding formation of
entangled molecules of zein-PEG400 was easier for
batch A and D, having, as will be seen in the follow-
ing, a higher content of o-helices and, therefore, a
less aggregated secondary structure, with an
improvement and a shortening of the whole thermo-
plasticization process for these materials.

Thermal properties

Thermogravimetric analysis

Figure 2 reports TGA results for PEG 400 and for
pure and TPZm from batch A. TGA curves for the
other batches were similar and are not reported for
simplicity.

TGA curves of the powder form showed a small
weight loss in the range 30-170°C, associated to
evaporation of water, whereas a significant weight
decrease started at 270°C and can be associated to
the degradation of the protein. Results of the TGA
for TPZm showed a water loss similar to the powder
form but shifted at higher temperatures (range 100-
170°C) because of the interaction between water and
TPZm. However, in this case, the presence of the
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Figure 3 Curves of tan § versus temperature of TPZm
from different batches.

plasticizer and, possibly, the mixing process was
responsible for the earlier weight loss starting at
240°C. These results indicated that during the extru-
sion process of these materials, attention should be
paid to avoid loss of water in the melt and degrada-
tion phenomena above 240°C.

Glass transition temperatures

The glass transition temperature of powder zein
from batch A, B, C, and D was calculated by DSC as
midpoint temperature associated to the baseline
change in the heat flow signal. The glass transition
temperature of TPZm was measured by DSC and
also by DMA, from the tan 6 peak. In particular, two
tan 6 peaks were observed for all batches excepted
for the C (see Fig. 3). The double peaks could be
associated to the glass transition of two zein subfrac-
tions with different molecular weights®® or to a glass
transition of PEG400-rich fraction and zein-rich frac-
tion.”” DMA and calorimetric measurements of T, of
the zein from batch A, B, C, and D are reported in
Table I. From both DMA and DSC data, a significant
depression of T, (more than 100°C) was measured
for all samples in presence of the plasticizer, sug-
gesting a good compatibility of the PEG400 with

TABLE 1
T, of Powder and TPZm from Different Batches
Tg Tg Tgl TgZ
(DSC) (DSC) (DMA)  (DMA)

Powder [°C] TPZm [°C] [°C] [°C]
A 168 A 47 49 58

B 165 B 50 44 58

C 163, 170 C 48 - 58

D 163 D 54 47 58

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 X-ray patterns of powder (a) and TPZm (b) from batch B.

zein and the effectiveness of plasticization process
for all the batches. Beck et al.*® measured a T, of
90°C for zein-20 wt % PEG300 prepared via water-
plasticization, compression molding, and drying. In
view of the natural variability of the material source
and of the different plasticization methods used, this
result can be considered in agreement with ours.

X-ray diffraction patterns

The X-ray diffraction patterns of zein powder and
TPZm from batch B are shown in Figure 4(ab).
Curves for the other batches were similar and are
not reported for simplicity. Both patterns show two
characteristic peaks at 26 = 9.5 and 20. These peaks
correspond to two d-spacings at 9.5 (d,) and 4.5 A
(d1), which were attributed to interhelix packing and
zein o-helix backbone, respectively, according to
Arndt and Riley,” who measured the X-ray diffrac-
tion of a series of natural a-proteins. They found that
the d-spacing of o-helices varied from 4 to 5 A and
those of interhelix packing ranged from 9.5 to 11.5 A
The main difference between X-ray patterns of
pure [Fig. 4(a)] and thermoplastic zein [Fig. 4(b)]
was the relative intensity of the peak at 20 =
The parameter used to evaluate the relative intensity
was the area ratio of the peaks at 20 = 9.5 and 20
(Az/Aq). Peak areas were measured with Kaleida
Graph software. Table II reports the d-spacings and
the area ratio (A,/A;) for all zein batches, both pow-
ders and thermoplastics. The decrease of the area ra-
tio with thermoplasticization suggested that,
although zein helical structure (a-helix) resisted dur-
ing the thermoplasticization process, the molecular
aggregates (interhelix packing) were disrupted. Simi-
lar conclusions were reported by Wang et al.,** who

Journal of Applied Polymer Science DOI 10.1002/app

studied the effect of different film-forming methods
on the structures of zein/oleic acid films. In our
case, however, the reduction of A,/A; was minor,
suggesting that, during the mixing process, the pro-
tein destructuration was limited. Moreover, the val-
ues of Ap/A; after thermoplasticization are similar
for the different batches analyzed; therefore, no dif-
ferences in thermoplasticization can be observed for
different batches as observed from thermal data.

FTIR spectroscopy

As described in the Experimental section, the meas-
ured spectra were normalized and deconvoluted in
the region (1700-1600 cm ') called amide I region,”
for the secondary structure analysis of the different
zein batches before and after the thermoplasticiza-
tion. The assignment of the peak around 1650 to o-
helices and of the peak around 1620 to B-sheets was
done according to Refs. 31 and 32.

The normalized spectrum and Fourier-deconvo-
luted bands of the amide I region of zein pure and
TPZm from batch A are shown in Figure 5(ab),
respectively.

Results show that there were differences in the
amide I region between the powder and TPZm sam-
ples. The relative intensities of the peaks contained

TABLE II
X-Ray d-Spacings and Peak Area Ratio for Different
Batches of Zein (Powder and TPZm)

Powder  d; d, A/A, TPZm d, d, Ar/ A
A 443 949 0.55 A 436 9.43 0.45
B 448 949 0.56 B 432 936 0.42
C 445 9.56 0.52 C 433 9.56 0.47
D 446 9.56 0.55 D 433 949 0.49
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Figure 5 Normalized FTIR spectra of zein powder (a) and TPZm (b) from batch A. Deconvoluted spectrum (dot dash:
a-helix, dot: B-sheet) and reconstituted spectrum after fitting (solid) in amide I region.

in the amide I band and the width of this band
changed. In the powder, the band was much
broader than the TPZm. This may be used as an
indication that the distribution of protein conforma-
tions changes during the mixing process.

Table III reports the areas corresponding to the
Fourier-deconvoluted bands of o-helices and
B-sheets for different batches of zein. The areas were
used to evaluate the content of o-helices and
B-sheets in the different samples.

These results show that, during the mixing pro-
cess, the proportion of B-sheets decreased, whereas
o-helical structure did not change considerably. This
indicates that during mixing, zein underwent a
change in its secondary structure favoring unor-
dered structures. The results of Table III show, fur-
thermore, that the various batches of zein have dif-
ferent secondary structures. In effect, the powder

TABLE III
Area Corresponding to the Peaks of a-Helices and
B-Sheets from FTIR for Different Batches of Zein

a-Helix B-Sheet
Wavenumber Wavenumber
Batch (em™1 Area (em™) Area
Zein powder
A 1645 230 1618 80
B 1646 145 1616 62
C 1644 155 1613 72
D 1645 180 1616 69
TPZm
A 1647 213 1621 45
B 1649 144 1625 53
C 1649 148 1625 49
D 1648 158 1625 58

and thermoplastic zein from batch A had a higher
content of a-helices with respect to B-sheets than the
other batches.

Characterization by SDS-PAGE

The SDS-PAGE was used to evaluate the molecular
size of polypeptides present in the different zein
batches. It is known, in fact, that biologically zein is
a mixture of proteins varying in molecular size®>*
and solubility and that these proteins can be sepa-
rated by their differential solubility and related
structure into three distinct types: o-(M, = 18 and
21-25 x 10%), B-(M, = 17 and 18 x 10°) and y-zein
(M, = 27 x 10°).%° In Figure 6 is reported the SDS-
PAGE of the powders zein A, B, C, and D. Although
powders from batch A and C showed only the

40 ug 80 ug 5ug

A B CDADB C D B

Dimers =
66 kDa
45 kDa / \ - -—
30 kDa 5
ST
20 kDa &l
14 kDa P

B
Figure 6 SDS-PAGE of the zein batches A, B, C, and D.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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presence of monomers oy-(M, = 23 x 10% and a,-  bands of high-molecular-weight (dimers) were also
zein (M, = 25 x 10%), in the powder B and D the  evidenced.
presence of few monomers y-(M, = 27 X 10% and

Extensional rheological properties
510

The transient elongational viscosity curves for the
batches of thermoplastic zein A, B, C, and D at
different constant strain rate & are represented in
Figure 7(a—d). For all materials investigated and at
all applied elongational rates, the transient elonga-
tional viscosity, defined as: n(t) = o(t)/£, increased
with time. In particular, this increasing was slight in

410"

310

210"

TABLE IV
Strain Hardening Parameter for TPZm from Various
Batches at Different Strain Rates

SHP SHP SHP SHP
Batch  at0.01s' at003s™! at005s ' at0l1s!

110"

Transient elongational viscosity [Pa*s]

04
Strain hardening parameter (SHP) *10°
. A 2.5 42 6.8 24
Time [s] B - 1.9 26 5
C - 4.0 45 6.9
Figure 8 Elongational behavior of various batches of zein D _ 3.9 46 88

at constant strain rate of 0.1 s 1.
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Figure 9 Haul-off force as a function of draw ratio for
different batches of zein.

the so-called “linear” region and became more rapid
in the “strain hardening” region of deformation.
Similar behavior has also been observed by Oom
et al.*® on kafirin and zein resins plasticized with
oleic acid. They observed, in fact, that these resins
had a longer start up period compared with gluten-
resin with a gradual increase in strain hardening
during the extension. The authors hypothesized that
the reason of this behavior might be the differences
in molecular weight, with gluten polymers having
higher molecular weight than kafirin and zein
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polymers. In analogy with many homogeneous poly-
mers, for all materials investigated, the phenomenon
of strain hardening was more pronounced at higher
elongational rates. This behavior has also been previ-
ously observed by Munstedt et al.”” in their work on
polyethylene with different molecular weights. Tran-
sient elongational viscosity curves for the different
batches, at £y =0.1s7!, are reported in Figure 8 for
comparison. Values of transient elongational viscos-
ity and of breaking time of batch A were signifi-
cantly higher than the other batches, which, instead,
showed similar values but with different breaking
times (the batch D had higher breaking time with
respect to batch B and C). This different behavior
might be due to the highlighted differences in the
secondary structures (o-helix and [-sheet content).
The TPZm from batch A, with higher a-helix content
and lower B-sheet content has, in fact, a less aggre-
gated and then more extensible secondary structure.
To evaluate the strain hardening characteristics of
various batches at different strain rates, the strain
hardening parameter (SHP) defined as slope of
the elongational viscosity versus time curve® in the
region of rapid deformation was calculated and
presented in Table IV. The value of SHP revealed a
slight increase in the strain hardening characteristic
with increasing strain rate up to a value of & = 0.05
s~'. From 0.05 to 0.1 s~ the SHP undergoes instead
a step increase. Another interesting feature is
that the batch A always showed an higher SHP than
the other batches. This behavior was more evident
at0.1s .

Figure 10 Picture of lab-scale film blowing of TPZe (batch A). [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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TABLE V
Processing Parameters, Final Thickness, and Result of
Film Blowing Process

Temperature
profile zones Thickness
Batch 1/2/3/4/head (°C) (um) Notes
A 70/80/85/95/100 80 Excellent
B 85/100/120/115/115 150 Not good
C 85/100/120/115/115 150 Not good
D 85/100/120/115/115 90 Good

Haul-off force

The haul-off forces for different zein batches are
given in Figure 9 as a function of draw ratio. All
samples showed an increase of haul-off force with
draw ratio except batch D, for which almost constant
value of haul-off force was measured. In the draw
ratio range from 5 to 8 (typical range of film blowing
process), the value of haul-off force was always
higher for batch A. Data were in agreement with
elongational measurements that gave elongational
viscosity values higher for batch A and suggested
that the batch A will be resistant to gravity force
during the start up step of the process and produce
stable bubbles with lower final thicknesses.

Film blowing (TPZe)

Pictures in Figure 10 show the film bubble during
film blowing process of thermoplastic zein. In Table V
are summarized, for the different zein batches, some
of the processing conditions used, final thickness
with a general comment on the film blowing pro-
cess. The film blowing characteristics are difficult to
report because of the nature of the experiment. For
this reason, much of the information gathered (e.g.,
bubble stability, film quality) relies heavily on the
observations and opinion of the operator. The tem-
perature profile was adjusted for the different TPZs
to ensure an optimal extrudate viscosity to blow the
best film. In particular, for the batch A, which
showed a lower viscosity, lower processing tempera-
tures were used with respect to the other batches.
As shown in the table, not all of the thermoplasti-
cized zein-based materials were suitable to be film-
able, and only the film blowing process of batch A,
containing a large proportion of o-helical structure
and having the highest elongational viscosity and
haul-off force, was continuous, the bubble was stable
and the final thickness of the film was as low as 80
pm. These results are in agreement with the studies
reported in literature on natural and synthetic poly-
mers. Gao et al.'” reported, in fact, in their study on
effect of preparation conditions on protein secondary
structure and biofilm formation of kafirin, that the
best films were made with kafirin containing a large

Journal of Applied Polymer Science DOI 10.1002/app
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proportion of nativelike o-helical structures as indi-
cated by the Fourier transform infrared reflectance
peak intensity ratios associated with these secondary
structures. Minoshima and White'®'” correlated
rheological behavior in uniaxial elongation, film
blowing properties, and molecular structure for a
variety of LDPE, linear low-density polyethylene
(LLDPE), and high-density polyethylene (HDPE) res-
ins. They found LDPEs as the most stable resins in
the film blowing process for their distinct strain
hardening behavior, whereas the HDPEs and
LLDPEs were unstable for their narrower molecular
weight distribution. Later, Mekhilef et al.** studied
the effect of rheological strain hardening on extru-
sion blown film of polyvinylidene fluoride (PVDE).
He observed that the strain hardening of the
branched PVDF samples increases the processing
window with respect to reference samples (not
branched) and allows for the formation of a large
and stable bubble, thus producing films with
reduced thickness and higher clarity.

Tensile properties of zein blown films (TPZe)

The tensile data for the different films (TPZe) are
summarized in Table VI. The modulus of elasticity
and stress at break were higher for films from
batches A and D that have higher a-helices content.
Similar correlation has been determinate by Gao
et al. in 2005 for kafirin films."” Wang and Padua'?
reported values of modulus of elasticity, stress and
strain at break of 81.3 MPa, 3.3 MPa, and 79.2%,
respectively, for films produced by a film blowing
process of a zein-based resin. By comparison of
these values with our results, we can conclude that
our best film (batch A) showed higher modulus than
films by Wang and Padua and comparable stress
and strain at break. This behavior, possibly, depends
on the plasticization effect related to the higher
water content in the films by Wang and Padua.

CONCLUSIONS

Natural polymers have much more complex molecu-
lar structure and lower thermal stability than com-
mon synthetic polymers and, for these reasons, they
are mainly processed by using solvent-based

TABLE VI
Tensile Properties of Zein Blown Films
Young Stress Strain
Material ~ Modulus (MPa)  at break (MPa)  at break (%)

A 383 + 39 357 £0.22 42 +12
B 57 +12 0.04 + 0.003 270 + 20
C 41 £ 0.6 0.13 £ 0.02 242 + 50
D 56.1 £6 0.73 £ 0.08 79 £2
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technologies. However, processing of biobased mate-
rials by conventional thermoplastic polymer process-
ing technologies is possible if suitable plasticizer and
processing conditions are used. Throughout this
work, it has been shown, in effect, that zein/PEG
400 mixtures can be processed via film blowing tech-
nologies, like common synthetic polymers, giving
films with low-enough thicknesses and suitable me-
chanical properties for packaging applications. How-
ever, this was not possible for all the batches of zein
considered. Only thermoplasticized zein-based mate-
rial that showed a pronounced strain hardening
behavior was filmable and film blowing processes
were continuous, bubbles were stable and the final
thickness of the film was about 80 pm. The different
rheological behavior was assessed not to be due to
different thermoplasticization, as confirmed by DSC,
TGA, DMA, and X-ray analysis, or to different
molecular size of the polypeptides (SDS-PAGE) but
to different secondary structures (content of a-helices
with respect to B-sheets). In conclusions, this work
indicated that the best films were made with ther-
moplastic zein with a large content of o-helices with
respect to B-sheets, as proved by extensional rheo-
logical properties. An industrial-scale extraction
should therefore minimize protein aggregation and
maximize native o-helical structures to achieve mate-
rials suitable for giving optimal film quality.
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