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We fabricated and characterized whey protein bioplastics obtained via blending the protein with two
abundant biopolymers: natural latex and egg white albumin. Natural latex and albumin contain amino
acids with reactive groups that make the materials potentially compatible with whey protein. The bio-
plastics were obtained by compression molding where water was added as plasticizer. Thermal transi-
tions, tensile stress, percent strain at break, and Young’s modulus were measured for the materials. It
is demonstrated that addition of about 10% of the latex and albumin to the whey based bioplastics
improves the toughness characteristics of whey based materials without compromising their strength

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Films and coatings from biopolymers such as proteins, starches
and lipids have been studied extensively due to their environmen-
tal benefits and sustainability (Cuq et al., 1998; Redl et al., 1999;
Hong and Krochta, 2003; Ramos et al., 2012). Among the biopoly-
mers, polypeptide (protein) macromolecules have the highest ver-
satility of chemical compositions and properties due to the
numerous possible arrangements of amino-acid monomers in the
polymer chain. Thermoplastic processing such as compression
molding and extrusion can be the most efficient methods from
economies of scale to produce edible and/or biodegradable
polymer films/sheets (Hernandez-Izquierdo and Krochta, 2008).
However, only abundant in nature proteins can be used for fabrica-
tion of economically feasible bioplastics (Pommet et al., 2003). One
of those abundant proteins is whey protein, which is a mixture of
globular proteins isolated from milk as a by-product of the manu-
facture of cheese or casein (Morr and Ha, 1993).

Whey protein has been already explored in packaging applica-
tions because of its excellent oxygen barrier properties and abun-
dant availability (50 million tonnes of annual unprocessed whey)
(Markus Schmid et al., 2012). However, it is necessary to decrease
the intrinsic stiffness/brittleness of whey bioplastics for their
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perceived benefits in packaging and other plastic applications. To
this end, the objective of this research is to fabricate and character-
ize whey protein bioplastics obtained via blending whey protein
with two abundant biopolymers: natural latex and egg white albu-
min. For the blending we selected materials that contain proteins,
since presence of aminoacids with complementary reactive groups
(e.g. amino, carboxyl, and hydroxyl) in the polypeptide chains
make protein containing blends potentially compatible. The
uniqueness of this research study was to utilize the complemen-
tary potential of two or more proteins as well as abundantly avail-
able natural rubber to develop desired tensile toughness.
Moreover, the thermoprocessing capability of whey-based bio-
polymer blends would allow food and packaging industries for
large-scale production of food-contact films and other shaped
products.

In general, protein-based bioplastics pose following challenges:
thermal and water stability; consistency and reliability in the
mechanical performance; and cost competitiveness. Some of these
concerns can be overcome or minimized by blending in which two
or more polymers are combined in one polymeric material. For a
polyblend, a weakness in one component can, to a certain extent,
be camouflaged by the strength in the remaining parts (Koning
et al.,, 1998). In a homogeneous (one-phase) blend, the components
of the blend lose part of their identity. The final properties of a mis-
cible blend usually follow the so-called “mixing rule”. In a phase-
separated blend, the properties of all blend components are pres-
ent, and the final performance of the blend is dependent upon
the size of structural elements and their adhesion at the interface
(Koning et al., 1998). As a general rule, majority of blends are
immiscible/incompatible and demonstrate negative deviation from
the “mixing rule” because of gross phase morphology and low
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interfacial adhesion. These blends are in many ways futile if they
are not compatibilized. In a few exceptional cases, some properties
of a compatible blend may be better than those of the individual
components: a synergistic effect, which is sometimes difficult to
predict, is observed.

To date several studies have been undertaken to develop bio-
composites and/or bioplastics from blends of protein, starch,
rubber latex, biodegradable polymers to address mechanical
performance and water resistance properties (Wu et al., 2007;
Salmoral et al., 2000). For instance, blends of synthetic and nat-
ural polymers (e.g., polysaccharide, proteins) as well as blends of
natural polymers and/or their derivatives (e.g., starch, protein,
methyl cellulose) have been used to produce totally and partially
degradable blends with varying mechanical properties (Arvanito-
yannis, 1999) (Yoo and Krochta, 2012). In one study, the blends
of soy protein and synthetic biodegradable polycaprolactone,
along with methylene diphenyl diisocyanate (MDI) as a compat-
ibilizer, were used to prepare plastics with improved mechanical
and water resistance properties (Zhong and Sun, 2001).
Moreover, they used another synthetic polymer, poly(ethylene-
ethyl-acrylate) along with MDI, to produce plastic with better
properties than those demonstrated by the blends of soy protein
and polycaprolactone (Zhong and Sun, 2003). In another study,
biocomposites having mechanical properties similar to commer-
cial thermoplastics such as polystyrene were developed from the
blends of soybean and synthetic biodegradable polymer poly(hy-
droxyl ester ether) as well as wheat gluten and poly(hydroxyl
ester ether) (Wang et al., 2002). In addition, injection-molded
biodegradable plastics from the blends of corn gluten meal (a
byproduct of ethanol industries) and polycaprolactone were
developed for packaging applications (Aithani and Mohanty,
2006). Similarly, bioplastics from the blends of soy protein and
biodegradable polyester, along with polyvinylpyrolidone as a
compatibilizer, were developed, exhibiting reduced moisture
sensitivity—resulting in a good shelf life and stability under
ambient conditions (Mungara et al., 2002).

Protein-protein blends have also been studied for developing
glues, fibers, and plastics. For example, Zhang et al. extruded
zein-soy protein to develop wet-spun fibers (Zhang et al., 1997).
The tenacity of these fibers was greater than that of soy protein fi-
bers at 11% relative humidity. Kumar et al., in a review, stated that
soybean protein was mixed with animal blood to produce adhesive
glue and found to be ideal for wood product assembly (Kumar
et al.,, 2002). In addition, soluble dried chicken blood blended with
soy protein in a 1:1 ratio, crosslinked with dialdehyde starch, has
been used for manufacturing interior-type plywood. Soybean-case-
in glues had also demonstrated composite performance for devel-
oping panels and flush door assemblies (Kramarova et al., 2007).

2. Materials and methods
2.1. Materials

The whey protein isolate (BiPro, Davisco Foods Intl.) and albu-
min from chicken egg whites (A5253, Sigma-Aldrich) contained
91% and at least 90% proteins, respectively. According to the sup-
plier, the egg white protein was composed of 77% ovalbumin and
16% beta-Globulin. Ovalbumin has a molecular weight of 43 kD,
including 385 amino acid residues; beta globulin has a molecular
weight of 76 kD, including 686 amino acid residues (http://
www.rcsb.org). Whey protein is composed of 50-55% Beta
lactoglobulin (18 kD with 185 amino acid residues) and 20-25%
alphalactalbumin (14 kD with 123 amino acid residues). Natural
rubber latex (70% solid plus 30% water; pH: 10.8) samples were
supplied by Chemionics Corp.

2.2. Specimen preparation

Whey and albumin proteins were dry-blended by using a
mechanical stirrer; water was then added to the mixture drop by
drop (up to 25% on dry weight of proteins), based on previous
study (Sharma and Luzinov, 2012). The mixture was kept overnight
for equilibration with water. Type I specimens (ASTM standard
D638-03) and flexbars (for Dynamic Mechanical Analysis, DMA)
were molded from these mixtures at 150°C and a pressure of
20 MPa for 5 min in a hot press (Carver 60 Ton Economy Motorized
Press), followed by ambient cooling and subsequent annealing
overnight in an oven at 50 °C. The picture frame mold used was
at room temperature during material filling.

It was observed that at more than 20% of natural rubber content
it was difficult to mix and extrude the blend due to the increased
viscosity—rubber has a molecular weight in excess of one million
(Hart et al., 2007). Whey and the natural rubber latex were mixed
and stirred manually. Water was added until it reached 105% per
protein weight to obtain smooth processability during blending.
This mixture was then blended in a DSM microblender with a
co-rotating twin screw extruder at an rpm of 100. It was observed
that plastic samples were not possible to prepare using molding
conditions of whey-albumin blend bioplastics described above. In
addition, higher water content (more than 25%) results in a
foam-like material. Therefore, samples were prepared using the
modified molding conditions—temperature of 120 °C, pressure of
20 MPa, holding time of 5 min—followed by ambient cooling and
subsequent drying in an oven at 70 °C for 3 days. The dried sample
contained residual moisture content of approximately 6%.
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Fig. 1. Thermal analysis of whey/NR blends before molding at the elevated
temperature: (a) DSC; and (b) TGA.
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2.3. Mechanical properties

Tensile stress, percent strain at break, and Young’s modulus
were measured using the Instron testing system (Model 1125)
interfaced with computer operating Blue Hill software. The test
was performed under controlled environment (20 °C, 65% RH),
according to the standard test method for tensile properties of
plastics (ASTM D638-86) at 5 mm min~' crosshead speed with a
static load cell of 100 kN.

2.4. Thermal analysis

DSC (Differential Scanning Calorimetry) (Model 2920 TA instru-
ments) was carried out in order to determine the denaturing tem-
perature (Td) and the safe processing temperature window of the
protein materials at a heating rate of 20 °C min~'. TGA (Thermo-
gravimetric Analysis) was carried out under N, purge
(40 ml min~') at a heating rate of 20 °C min~! with a TA instru-
ments’ Hi-Res TGA 2950 in order to study the thermal stability.

2.5. Moisture testing

A Sartorius MA50 moisture analyzer was used to analyze the
moisture. For moisture testing, the samples were ground using li-
quid N,. Moisture Content (MC) was determined by

MC = [(Wo — Woq)/Wo] x 100 (1)

where W, = initial weight of specimen; Wyq = weight of specimen
after drying.
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Fig. 2. Thermal analysis of plastic samples from the whey/NR blends: (a) DSC; and
(b) TGA.

2.6. Dynamic Mechanical Analysis

Dynamic Mechanical Analysis (DMA) was performed using a
DMS 210 Tensile Module (Seiko Instruments Inc., Japan) with spec-
imen dimension of 40 mm x 10 mm and an effective gauge length
of 20 mm. Samples were analyzed over a temperature range of 50—
225 °C at a heating rate of 2 °C min~!, a frequency of 1 Hz and a
deformation amplitude of 10 pm. Data was analyzed using EX-
STAR6000 version 5.5 software.
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Fig. 3. Mechanical and thermo-mechanical performance of whey/NR bioplastics:
(a) Static mechanical properties; (b) DMA-storage or elastic modulus; (c) DMA-
Tano or loss factor of the plastics, molded at a temperature of 120 °C and a pressure
of 20 MPa for 5 min, followed by ambient cooling and subsequently annealing in an
oven at 70 °C for 3 days.
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thermograms.

3. Results and discussion
3.1. Whey protein/natural rubber blend

The natural rubber (NR) is biobased and biodegradable natural
polymer and has been used for improving the elongation and
toughness properties of various polymeric materials (Ezoe, 1996;
Hart et al., 2007; Kramarova et al., 2007). The natural rubber latex
is essentially a dispersion or emulsion of cis-1,4-polyisoprene in
water, having the particle size between 0.15 and 3.0 um. Other
components of the rubber latex are 1-2% protein and phosphopro-
teins, 2% resins, 1% fatty acids, 1% carbohydrates, and approxi-
mately 0.5% inorganic salt. For our purpose it is important that
the rubber particles are surrounded by protein anions, which hin-
der the coagulation of the latex (Greeve, xxxx; Cuq et al., 1997;
Zhang et al., 1997; Rouilly et al., 2001; Carvalho et al., 2003). The
aminoacids of polypeptide macromolecules are able to react with
aminoacids located in the whey protein chains during the blend
fabrication at the elevated temperatures. The reaction can provide
for the strong adhesion between rubber particles and whey protein
matrix. Therefore, blends of whey protein and rubber latex might
be compatible and demonstrate improved mechanical properties.

Fig. 1 shows thermal analysis of the whey/NR blends before
molding at the elevated temperature using DSC and TGA. The
DSC thermograms in Fig. 1a did not demonstrate prominent endo-
thermic peaks due to denaturing of the whey protein, indicating
the over-plasticizing effect of water. However, an endotherm at
0 °C due to unbound (free, crystallizable) water can be observed.
Previous research has shown that to produce a plastic with

acceptable performance from proteins, plasticizers such as water
or other low molecular weight molecules are required to improve
the processability and thermoplasticity/polymerization of proteins
during molding (Cuq et al., 1997; Cunningham et al., 2000; Mat-
veev et al.,, 2000; Ogale et al., 2000; Rouilly et al., 2001; Zhang
et al., 2001). Although amount of plasticizers may vary between
20% and 25% by weight to produce required polymer mobility for
processing and plastic fabrication (Sharma and Luzinov, 2012),
whey/NR blends demand more water for homogenous blending.
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Fig. 5. Thermal analysis of whey bioplastics by using egg white protein as a
modifier, produced at a temperature of 150 °C and a pressure of 20 MPa, followed
by ambient cooling and annealing overnight at 50 °C. (a) DSC of whey/albumin
bioplastics; (b) derivative heat flow of whey/albumin bioplsatics; and (c) TGA of
whey/albumin bioplastics.
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Figs. 2 and 3 show the results of thermal and thermo-mechan-
ical analysis of whey/NR blend plastics obtained by the compres-
sion molding. The DSC thermograph shown in Fig. 2a did not
clearly indicate the presence of two distinct phases: natural latex
and whey protein. However, the Dynamic Mechanical Analysis
(DMA), Fig. 3¢, confirmed the presence of two phases with different
mechanical properties. This difference can be attributed to the
higher sensitivity of DMA over DSC. TGA results in Fig. 2b point
to a different weight-loss pattern for the plastic samples in com-
parison with the blend material before molding: the first weight
loss (bound water and/or low molecular-weight volatiles) occurred
over a more extended temperature range—from room temperature

S. Sharma, I. Luzinov/Journal of Food Engineering 119 (2013) 404-410

to below 220 °C. The slowdown of the water loss can be attributed
to the denser structure of the plastic sample due to more polymer-
polymer (protein-protein and protein-NR) interactions.

The static and dynamic mechanical properties of the whey bio-
plastics at different blend ratios are presented in Fig. 3. The tensile
toughness properties, i.e., both tensile strength and elongation in
Fig. 3a, show improvement compared to the neat whey plastic. This
improvement in toughness can be attributed to strong interfacial
adhesion between the protein and the natural rubber particles.
Fig. 3b demonstrates an overall depression in the storage modulus
especially as the amount of rubber component increased to 20%.
This phenomenon is typical for the blends made of synthetic
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polymers. For example, past study dealing with the blends of rigid
polystyrene and synthetic rubber (styrene-butadiene-styrene
block polymers) has demonstrated that, by incorporating the rub-
ber particles, the modulus of composite reduces and can be pre-
dicted by certain theoretical models (Nielsen, 1974). The height
of Tans or loss factor peaks in Fig. 3¢ increased with rubber con-
tent, confirming the improvement in toughness properties with
NR addition. Tané (ratio of the loss to the storage modulus) is
the measurement of the damping whereby the material loses en-
ergy to molecular rearrangements and internal friction (Menard,
1999). In addition, the lower transition at approximately - 75 °C
can be attributed to the rubber phase, and the one around 175 °C
to whey-rich phase. Overall, our results show that NR demon-
strates definite potential as a blend component to improve the
toughness characteristics of whey bioplastics.

3.2. Whey/egg white albumin blend

Blends of whey and albumin at various w/w ratios were pre-
pared by “dry-blending”, water addition, and compression molding
to study the effect of albumin addition on the properties of the
whey bioplastics. The protein-protein blend is assumed to be com-
patible because the proteins contain complementary reactive func-
tional groups. Because of the reactions between the functionalities
at the phase boundary, strong interfacial adhesion could be readily
achieved during the molding at an elevated temperature (~150 °C).

A DSC study of the protein mixture showed no crystallizable
(unbound) water in the samples (Fig. 4a), suggesting the water
molecules in the mixture were bound to the protein macromole-
cules through hydrogen bonding. Denaturing peak temperatures
of blends were practically unchanged on mixing; these peaks were
approximately at 132 °C. However, enthalpy of protein unfolding
was found to be higher in blends than in individual protein compo-
nents. This interesting effect needs further investigation; however,
the formation of contacts between whey and albumin proteins
might be responsible for this behavior. The TGA analysis (Fig. 4b)
shows the weight-loss of the protein blends samples before the
compression molding. The first weight-loss occurred from room
temperature to approximately 100 °C, a loss that was primarily
caused due to the water evaporation. The second weight-loss, sug-
gesting significant degradation of the protein, was initiated at
225 °C.

Fig. 5 shows the thermal characteristics of the whey/albumin
plastic produced by compression molding at various blend ratios.
Phase separation is not clearly visible in the DSC thermograph of
Fig. 5a. However, Fig. 5b shows the derivative heat flow, the peaks
of which correspond to transitions such as glass-transition (Tg). Tg
of approximately 60 °C is due to albumin-rich phase. Tg of approx-
imately 120 °C is due to whey-rich phase. The temperature of deg-
radation, as shown in Fig. 5c, however, is not influenced by the
blending: the loss in weight below 200 °C can be attributed to
residual, bound water and low-molecular weight volatiles; the pro-
teins begin degrading around 225 °C.

Fig. 6 shows static and dynamic mechanical properties of these
bioplastics of varying blend ratios. Below 30% of egg white albumin
protein, both strength and modulus followed the mixing rule or
showed synergistic effect, as can be seen in Fig. 6a and c. The addi-
tive mixing rule described for the tensile properties of the blends is
shown by following equation:

Thiena = »_ WiT;

where Tyjenq is the tensile properties (e.g., modulus, stress-at-break,
or strain-at-break) of the blend without considering interaction
whereas W; is the mass fraction and T; the tensile properties of
individual components.

When the whey component was more than 70%, the plastic
demonstrated a much higher strength and modulus—typical high
stiffness associated with 100% whey protein bioplastic. This result
may be attributed to the higher effective concentration of compli-
mentary reactive groups (COOH, OH, NH,) in whey protein
(9.6 x 10%° reactive groups per gram) than in albumin protein
(6.2 x 10%° reactive groups per gram), leading to more crosslinks
and resulting in a stronger network structure. However, elongation
properties in Fig. 6b demonstrated the opposite behavior, which is
common. At 50% of each component, there was a significant drop in
strength and modulus. We suggest that co-continuous morphology
formed at these ratio is resulting in a mismatch of mechanical
properties and leading to failure, due to the component having a
lower strength (albumin in this case).

In general, protein based bioplastics suffer with low tensile
toughness characteristics (high modulus or stiffness and low
extension). However, because of functionalization potential, they
can be modified to be compatible with their synthetic counter-
parts. It is worth to note that these protein based resins cannot
completely replace synthetic plastics because of lack of control
on the molecular weight and its distribution. Nevertheless, they
can substitute/replace the synthetic resins to certain extent with-
out compromising the desired performance properties. Therefore,
there is a need to alter the properties of standalone protein resins
to keep them competitive with traditional synthetic resins by uti-
lizing their renewability and environmentally friendliness. Table 1
compares some of the best tensile properties of whey based binary
bioplastics to the one obtained from other natural protein biomass
(both from animals and plants) in the literatures. Protein-protein
and protein-natural rubber blends show the characteristics of mis-
cible blends. These bioplastics behave similar to or better than Zein
(expensive than whey protein) bioplastics while not requiring
glycerol as a plasticizer, which may create problem of leaching.

Fig. 6d shows the storage modulus obtained from dynamic
mechanical testing. As this figure indicates, the storage modu-
lus—measured over a range of room temperature to 150 °C—in-
creases as the whey content in the blend increased. We attribute
this phenomenon to increased crosslinks between polypeptide
chains involved. The Tan ¢ curves, the ratio of loss modulus to stor-
age modulus shown in Fig. 6e, peak at secondary transition or glass
transition temperature (Tg). Increasing the whey component in
blends leads to a shift in Tans peaks towards higher temperature
values, which indicates higher Tg, a decrease in the height of Tan 4§
peaks, implying an increase in stiffness (more elastic or storage
component). It appears that egg white albumin disrupts the inter-
actions among whey protein macromolecules plasticizing the

Table 1
Comparison of mechanical properties of whey based binary bioplastics to other
bioplastics and/or blends.

Comparative whey based binary bioplastics to other bioplastic materials

Bioplastic type Percent Stress-
extension (MPa)

Plasticized wheat gluten/starch (Song et al., 169 1.7
2010)

Plasticized wheat gluten (Song and Zheng 2008) 132.8 1.7

Zein (Sessa et al., 2008) 8.5 253

Plasticized egg white albumen/corn starch 50 5
(Gonzalez-Gutiérrez et al., 2011)

Plasticized egg white albumen/potato starch 35 4.25
(Gonzalez-Gutiérrez et al., 2011)

Soy protein isolate (Mo et al., 1999) 1.2 13.0

Egg white albumin (Sharma and Luzinov 2012) 2.8 16.7

Whey/NR (80/20) (this study) 5.6 21

Whey/albumin (70/30) (this study) 6.8 34
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material. Overall, adding egg white albumin improves the flexibil-
ity of whey based binary bioplastics.

4. Conclusions

Whey protein bioplastics obtained via blending the protein with
two abundant biopolymers: natural latex and egg white albumin
can be fabricated by compression molding where water is added
as plasticizer. It is demonstrated that addition of about 10% of
the latex and albumin to the whey based bioplastics improves
the toughness characteristics of whey based materials without
compromising their strength and stiffness.

Acknowledgements

The authors would like to thank Mrs. Kim Ivey (Department of
MSE, Clemson University) for her help in DSC and TGA experi-
ments. We are also grateful for the constructive discussions with
Dr. Viktor Klep and Dr. Bogdan Zdyrko.

References

Aithani, D., Mohanty, A.K., 2006. Value-added new materials from byproduct of corn
based ethanol industries: blends of plasticized corn gluten meal and poly(e-
caprolactone). Industrial & Engineering Chemistry Research 45 (18), 6147-
6152.

Arvanitoyannis, 1.S., 1999. Totally and partially biodegradable polymer blends based
on natural and synthetic macromolecules: preparation, physical properties and
potential. Journal of Macromolecular Science - Reviews in Macromolecular
Chemistry and Physics C39 (2).

Carvalho, AJ.F., Job, AEE., Alves, N., Curvelo, A.A.S., Gandini, A., 2003. Thermoplastic
starch/natural rubber blends. Carbohydrate Polymers 53 (1), 95-99.

Cunningham, P., Ogale, A.A., Dawson, P.L., Acton, ].C., 2000. Tensile properties of soy
protein isolate films produced by a thermal compaction technique. Journal of
Food Science 65 (4), 668-671.

Cugq, B., Gontard, N., Guilbert, S., 1997. Thermoplastic properties of fish myofibrillar
proteins: application to biopackaging fabrication. Polymer 38 (16), 4071-4078.

Cuq, B., Gontard, N., Guilbert, S., 1998. Proteins as agricultural polymers for
packaging production. Cereal Chemistry Journal 75 (1), 1-9.

Ezoe, S., 1996. US Patent No. 5,523,331.

Gonzélez-Gutiérrez, ]., Partal, P., Garcia-Morales, M., Gallegos, C., 2011. Effect of
processing on the viscoelastic, tensile and optical properties of albumen/starch-
based bioplastics. Carbohydrate Polymers 84 (1), 308-315.

Greeve, H. H. N. R. . U. s. E. o. I. C., Wiley-VCH, Weinheim.

Hart, H., Craine, L.E., Hart, D.J., Hadad, C.M., 2007. Organic Chemistry: A Short
Course, twelth ed. Houghton Mifflin Company, Boston.

Hernandez-lzquierdo, V.M., Krochta, J.M., 2008. Thermoplastic processing of
proteins for film formation - a review. Journal of Food Science 73 (2), R30-R39.

Hong, S.I,, Krochta, J.M., 2003. Oxygen barrier properties of whey protein isolate
coatings on polypropylene films. Journal of Food Science 68 (1), 224-228.

http://www.rcsb.org, P. D. b.

Koning, C., Duin, M.V., Pagnoulle, C., Jerome, R., 1998. Progress in Polymer Science
23, 707.

Kramaérova, Z., Alexy, P., Chodak, I., Spirk, E., Hudec, I, Kosikov4, B., Gregorova, A.,
Sari, P., Feranc, J., Bugaj, P., Duracka, M. 2007. Polymers for Advanced
Technologies 18, 135.

Kumar, R., Choudhary, V., Mishra, S., Varma, LK., Mattiason, B., 2002. Adhesives and
plastics based on soy protein products. Industrial Crops and Products 16 (3),
155-172.

Markus Schmid, K.D., Bugnicourt, Elodie, Cordoni, Dario, Wild, Florian, Lazzeri,
Andrea, Noller, Klaus, 2012. Properties of whey-protein-coated films and

laminates as novel recyclable food packaging materials with excellent barrier
properties. International Journal of Polymer Science 2012, 7.

Matveev, Y.I, Grinberg, V.Y., Tolstoguzov, V.B., 2000. The plasticizing effect of water
on proteins, polysaccharides and their mixtures. Glassy state of biopolymers,
food and seeds. Food Hydrocolloids 14 (5), 425-437.

Menard, K.P, 1999. Dynamic Mechanical Analysis: A Practical Introduction. CRC
Press LLC.

Mo, X.Q., Sun, X.S., Wang, Y.Q., 1999. Effects of molding temperature and pressure
on properties of soy protein polymers. Journal of Applied Polymer Science 73
(13), 2595-2602.

Morr, C.V., Ha, EY.W., 1993. Whey-protein concentrates and isolates — processing
and functional-properties. Critical Reviews in Food Science and Nutrition 33 (6),
431-476.

Mungara, P., Chang, T., Zhu, J., Jane, ]., 2002. Processing and physical properties of
plastics made from soy protein polyester blends. Journal of Polymers and the
Environment 10 (1), 31-37.

Nielsen, L.E., 1974. Mechancial Properties of Polymers and Composites 2, 379
(Chapter 7).

Ogale, A.A., Cunningham, P., Dawson, P.L., Acton, ].C., 2000. Viscoelastic, thermal,
and microstructural characterization of soy protein isolate films. Journal of Food
Science 65 (4), 672-679.

Pommet, M., Redl, A., Morel, M.-H., Domenek, S., Guilbert, S., 2003. Thermoplastic
processing of protein-based bioplastics: chemical engineering aspects of
mixing, extrusion and hot molding. Macromolecular Symposia 197 (1), 207-
218.

Ramos, O.L., Fernandes, J.C,, Silva, S.I, Pintado, M.E., Malcata, F.X., 2012. Edible films
and coatings from whey proteins: a review on formulation, and on mechanical
and bioactive properties. Critical Reviews in Food Science and Nutrition 52 (6),
533-552.

Redl, A., Morel, M.H., Bonicel, J., Guilbert, S., Vergnes, B., 1999. Rheological
properties of gluten plasticized with glycerol: dependence on temperature,
glycerol content and mixing conditions. Rheologica Acta 38 (4), 311-320.

Rouilly, A., Orliac, O., Silvestre, F., Rigal, L., 2001. DSC study on the thermal
properties of sunflower proteins according to their water content. Polymer 42
(26), 10111-10117.

Salmoral, E.M., Gonzalez, M.E., Mariscal, M.P., Medina, L.F., 2000. Comparison of
chickpea and soy protein isolate and whole flour as biodegradable plastics.
Industrial Crops and Products 11 (2-3), 227-236.

Sessa, D.J., Mohamed, A., Byars, J.A., 2008. Chemistry and physical properties of
melt-processed and solution-cross-linked corn zein. Journal of Agricultural and
Food Chemistry 56 (16), 7067-7075.

Sharma, S., Luzinov, ., 2012. Water aided fabrication of whey and albumin plastics.
Journal of Polymers and the Environment 20 (3), 681-689.

Song, Y.H., Tu, J., Zheng, Q.A., 2010. A comparison study of wheat gluten composites
filled with dialdehyde starch and native starch. Journal of Polymers and the
Environment 18 (3), 260-265.

Song, Y.H., Zheng, Q.A., 2008. Preparation and properties of thermo-molded
bioplastics of glutenin-rich fraction. Journal of Cereal Science 48 (1), 77-82.

Wang, C., Carriere, C.J., Willett, J.L., 2002. Processing, mechanical properties, and
fracture behavior of cereal protein/poly(hydroxyl ester ether) blends. Journal of
Polymer Science Part B: Polymer Physics 40 (19), 2324-2332.

Wu, Q. Selke, S., Mohanty, A.K., 2007. Macromolecular Materials and Engineering
292, 1149.

Yoo, S., Krochta, J.M., 2012. Starch-methylcellulose-whey protein film properties.
International Journal of Food Science and Technology 47 (2), 255-261.

Zhang, J., Mungara, P., Jane, J., 2001. Mechanical and thermal properties of extruded
soy protein sheets. Polymer 42 (6), 2569-2578.

Zhang, M., Reitmeier, C.A., Hammond, E.G., Myers, D.J., 1997. Production of textile
fibers from Zein and a Soy Protein-Zein Blend1. Cereal Chemistry 74 (5), 594-
598.

Zhong, Z., Sun, S.X., 2003. Properties of soy protein isolate/poly(ethylene-co-ethyl
acrylate-co-maleic anhydride) blends. Journal of Applied Polymer Science 88
(2), 407-413.

Zhong, Z., Sun, X.S., 2001. Properties of soy protein isolate/polycaprolactone blends
compatibilized by methylene diphenyl diisocyanate. Polymer 42 (16), 6961-
6969.


http://refhub.elsevier.com/S0260-8774(13)00297-5/h0005
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0005
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0005
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0005
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0010
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0010
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0010
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0010
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0015
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0015
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0020
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0020
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0020
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0025
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0025
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0030
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0030
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0035
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0035
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0035
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0040
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0040
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0045
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0045
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0050
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0050
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0055
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0055
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0060
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0060
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0060
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0065
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0065
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0065
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0070
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0070
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0070
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0070
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0075
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0075
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0075
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0080
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0080
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0085
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0085
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0085
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0090
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0090
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0090
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0095
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0095
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0095
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0100
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0100
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0105
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0105
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0105
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0110
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0110
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0110
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0110
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0115
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0115
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0115
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0115
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0120
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0120
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0120
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0125
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0125
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0125
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0130
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0130
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0130
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0135
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0135
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0135
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0140
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0140
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0145
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0145
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0145
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0150
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0150
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0155
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0155
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0155
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0160
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0160
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0165
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0165
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0170
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0170
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0175
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0175
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0175
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0180
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0180
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0180
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0185
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0185
http://refhub.elsevier.com/S0260-8774(13)00297-5/h0185

	Whey based binary bioplastics
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Specimen preparation
	2.3 Mechanical properties
	2.4 Thermal analysis
	2.5 Moisture testing
	2.6 Dynamic Mechanical Analysis

	3 Results and discussion
	3.1 Whey protein/natural rubber blend
	3.2 Whey/egg white albumin blend

	4 Conclusions
	Acknowledgements
	References


