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Abstract

This research utilized three animal proteins which are whey protein isolate (Wh) and two types of gelatin, including bovine
gelatin (BG) and chicken gelatin (CG) from bovine shin bones and chicken feet respectively, to improve the mechanical
properties of whole potato flour bioplastics. The goal is the development and characterization of eco-friendly bioplastic
sheets by employing the compression molding method. The tensile, DMTA, FTIR and TGA characteristics of the blend-
ing bioplastics were compared with bioplastic made from whole potato flour as control. Results showed that protein treat-
ments greatly enhanced the tensile strength (at least 2 times), tan 6 (up to twice) and elongation at break (3 to 11 times).
Furthermore, the thermal stability of studied bioplastics does not differ up to 200 °C. Among the blending bioplastics, the
BG bioplastic had the highest tensile strength (5.67 MPa) and CG bioplastic had the highest elongation at break (20.50%).
Meanwhile, the investigation of functional groups using Fourier-transform infrared spectroscopy (FTIR) confirmed better
molecular interactions in the blending bioplastics. This research shows the feasibility of producing animal protein-potato
flour biodegradable edible bioplastic materials with different properties and, consequently, different applications, which
contribute to adding a high value to different byproducts from the livestock/poultry industries.
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Introduction due to the proper polymeric nature, it is one of the most

common biopolymers in the fabrication of bioplastics. These

In recent years, many researchers have been attracted by
the bioplastics produced from bioresources. These plastics
can be a good alternative to synthetic plastics [1-4]. How-
ever, most of the bioplastics are in the study stage and are
produced on a laboratory scale. The review of the literature
indicates that bioplastics have performance properties that
are competitive with conventional plastics [5—11].

The main substance of bioplastics is renewable biomass
sources, including various polysaccharides, proteins, and
lipids. Starch is one of the most important polysaccharides,
which is abundantly available in nature at a low price, and
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bioplastics can be made in forms of films, edible coatings
and 3D volumes [7, 8]. This polymer is found in many agri-
cultural product flours, such as wheat [12], maize, sorghum
[13] and, potato (Solanum tuberosum). The annual world-
wide production of potato is about 388 million tons [14],
which in some parts of the world (e.g. Iran) due to over-
production and lack of suitable conditions for export, the
product is wasted and destroyed.

Most studies have used pure potato starch for bioplastic
production from potato [15-25]. Given that about 80% of
potato is starch, therefore, the rest of the potato, including
its protein, is not used and considered as waste [1, 25]. Also,
the processing of starch extraction from potatoes is time-
consuming and costly, which increases the production cost
of bioplastics. The potato protein has high amino acids con-
tent, that have hydrophobic properties, and its lysine content
is higher than many other proteins [25, 26]. The study on the
viscoelastic behavior of bioplastics produced from potato
protein shows that the complex modulus (E”) decreases with
an increase in temperature. A comparative study of E* of
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potato protein bioplastics with bioplastics made from rice
protein showed that the E” of potato protein bioplastics is
relatively higher than rice protein bioplastics and similar
to those obtained from low-density polyethylene (LDPE).
Also, the loss factor (tand) curve peak for potato protein bio-
plastics appears at a higher temperature comparing to those
made with wheat gluten as well as rice protein bioplastics,
indicating that the bioplastics made from potato protein have
high thermal stability [1].

However, due to some disadvantages of whole potato
flour bioplastics, such as poor mechanical properties and
fragile behavior, it cannot produce a favorable bioplastic
alone. Previous studies show that proteins, in combination
with starch, form a strong network of hydrogen bonds and
intermolecular interactions that can produce three-dimen-
sional stable materials [27-29].

Proteins as one of the biological polymers contain 20 dif-
ferent types of amino acids in their structures. This diversity
provides a wide range of properties under various condi-
tions and by creating multiple molecular interactions [30].
The strong molecular interactions (e.g. covalent, ionic and
hydrogen bonds) in the structure of protein-based bioplastics
create a unique network in their structure, which results in
better mechanical properties than the bioplastics produced
from polysaccharides and lipids [31]. In recent years, various
protein sources have been used to make bioplastics [32-45].

The protein needed to make bioplastics can be produced
from a variety of biological sources including plant proteins
such as corn zein [44], soy protein [40, 42], wheat gluten
[30], and pea protein [37], as well as animal proteins such
as egg albumin protein [2, 34], keratin [6, 11], bloodmeal
[45], whey protein [46—48], collagen and gelatin [22, 31].
These proteins are renewable sources whose per capita pro-
duction is high. Studies show that they have a high potential
for bioplastic production [49]. The results of a study showed
that using animal protein in combination with potato/corn
starch produces high transparency bioplastics with accept-
able mechanical properties [2]. Processing conditions (com-
pression molding, extrusion, and combination of extrusion
and compression molding) affect the viscoelastic and tensile
properties of bioplastics. Moreover, the samples prepared by
the compression molding method showed the best mechani-
cal and transparency properties [3].

Due to the high price of proteins, the production and
usage of protein-based bioplastics are limited. By using
proteins that exist as wasted material, the production of bio-
plastics would be commercialized economically [50-52].
One of these proteins is whey protein, which is a kind of
animal protein and is obtained from milk as a byproduct of
cheese or casein production. The annually available whey
protein from dairy industry byproducts of the world is about
180 to 190 million tons [53]. Several articles have been
published on implementing whey protein for application in
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the packaging [54]. Researches are underway to optimally
extract whey protein for use in several industries [55-57].
However, nearly half of the produced whey protein currently
enters the environment as wastewater [58].

Gelatin is also another low-priced animal protein that is
derived from the local collagen of skins, bones, and white
connective tissues of animals by partial hydrolysis [59, 60].
Usually, skin and bone of beef and pork are used as main
sources for the commercial production of gelatin [61]. In
recent years, due to ethical considerations, as well as some
health concerns about the prevalence of communicable dis-
eases between animals and humans (e.g. mad cow), the use
of gelatin from other sources, such as fish and poultry, are
preferred [33, 39]. Gelatin is resistant to oxygen and carbon
dioxide permeability and widely used in food, photography,
medical and pharmaceutical industries [62-65]. The func-
tional properties of bioplastics prepared from gelatin are also
affected by the type of sources used for gelatin extraction
[31].

Despite extensive studies on bioplastics, there is a lack
of study on the bioplastic performance provided from whole
potato flour blended with various sources of protein, includ-
ing gelatin and whey protein. Most of the meat consumed
per capita in Muslim countries, including Iran, come from
poultry and cattle. Since the waste of the livestock and poul-
try industries are rich in protein, therefore, the use of these
proteins, while reducing environmental pollution, also ena-
bles the production of biodegradable bioplastics. We hypoth-
esized that the application of gelatin from two halal gelatin
sources including bovine bone and chicken feet along with
whey protein into whole potato flour industrial bioplastic
sheet would lead to an improved bioplastic mechanical,
viscoelastic and thermal properties. Therefore, the major
objective to undertake the present study was to develop a
sustainable whole potato flour blending-based bioplastic
sheets using gelatin and whey protein to enhance their func-
tional properties.

Materials and Methods
Materials

Three different protein sources have been used in this study.
Whey protein isolate (90 wt% protein content) was pur-
chased from Behtam Powder Co., Karaj, Iran. The bovine
gelatin (87 wt% protein content) was extracted from bovine
shin bones based on the method used by Hosseiniparvar
et al. [66] and Nicolas-Somonnot et al. [67]. Chicken gela-
tin (89 wt% protein content) was extracted from chicken
feet according to the method reported by Irwandi et al. [68].
The whole potato flour was prepared from Agria variety of
potato with mesh size less than 200 pm. Some compositional
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characteristics of employed materials in this study are shown
in Table 1. Also, glycerol was purchased from Merck (Darm-
stadt, Germany) and used as the plasticizer. The experiments
were carried out at the Department of Biosystems Engineer-
ing, Ferdowsi University of Mashhad.

Sample Preparation

Bioplastic samples were manufactured by a thermo-mechan-
ical procedure which includes two stages, mixing of raw
materials to obtain a dough-like mixture, and, then, molding
under heat and pressure. In this study, the functional proper-
ties of three types of blending bioplastics including bovine
gelatin- potato flour (BG) (20 wt% bovine gelatin+ 50 wt%
potato flour + 30 wt% glycerol), chicken gelatin-potato flour
(CG) (20 wt% chicken gelatin+ 50 wt% potato flour + 30
wt% glycerol), and whey protein-potato flour (20 wt% whey
protein + 50 wt% potato flour + 30 wt% glycerol) were com-
pared with control bioplastic (P) (70 wt% potato flour + 30
wt% glycerol). Mixing of ingredients (potato flour, pro-
teins, and glycerol) was done in a twin conical screw mini
extruder at 25 °C and 50 r.p.m. for 60 min. Compression-
molded bioplastics were obtained, at a gauge pressure of

Table 1 Composition of the raw materials used in this study

10 MPa and a temperature of 120 °C for 7 min in a hot plate
press, as described by Jerez et al. [4]. Finally, the resulting
185 mm X 30 mm X 3 mm samples (Fig. 1) were placed at
25-28 °C for 24 h before performing the tests.

Tensile Properties

For the tensile tests, dumbbell-shaped specimens were
cut from samples and then the tensile tests were carried
out at 25-28 °C using an Instron machine (SDL ATLAS,
THE-5000 N, Tinius Olsen, United Kingdom). These tests
were performed to measure the tensile properties of speci-
mens (dependent variables) including tensile strength, ten-
sile modulus, and elongation at break, with a constant strain
rate of 10 mm/min, according to ASTM D-638-14 [69].

Dynamic Mechanical Thermal Analysis (DMTA)

The DMTA test was performed with a DMA-Triton (Tritec
2000 DMA, United Kingdom) to investigate the viscoelastic
behavior of the fabricated bioplastics under sinusoidal load-
ing. This experiment was performed in three points bending
mode on rectangular (30 mm X 10 mm X 3 mm) specimens

Material type Carbohydrate (wt%) Protein (wt%) Fat (wt%) Moisture (wt%) Ash (wWt%) Crude fiber (wt%)
Potato flour 83.84+0.62 9.57+1.14 0.99+0.18 - 4.02+0.26 1.58+0.21
Bovine gelatin 2244133 87.37+1.66 2.89+0.56 5.51+0.70 1.99+0.67 -
Chicken gelatin 3.76+1.10 89.11+1.76 1.37+0.18 5.57+0.78 0.13+£0.02 -
Whey protein 1.76 £ 1.11 90.23+1.42 1.89+0.33 4.53+0.67 1.59+0.37 -
Fig.1 Schematic of the fab- Dau’y Pl-ocessing
rication process of bioplastic Centers
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according to ASTM D5023-01 [70]. The selected temper-
ature ramp was set at 5 °C/min with a temperature range
from—90 °C to+ 160 °C and the loading was done by apply-
ing a sinusoidal strain with a constant angular frequency of
1 Hz. In this loading, the amount of strain was always less
than 0.22525 m/m, so that the test was definitively done in
the linear viscoelastic region. Subsequently, the values of the
storage modulus E” (elastic response) and the loss modulus
E" (viscous response) were obtained as a function of tem-
perature. Complex modulus (E** = E” + E"?) and loss factor
(tan 6) were used as a function of temperature to report the
results of this experiment.

Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was performed using Avatar 370 FT-IR,
Thermo Nicolet, USA with 4 cm™! resolution between the
wavenumber of 4000 and 500 cm™'. An average of 8 scans
was used for the analysis.

Thermogravimetric Analysis (TGA)

TGA was performed using a TGA instrument (TGAS50, Shi-
madzu, Japan) to study the thermal stability and thermal
decomposition of samples by applying temperature ranged
from 25 to 700 °C, with a heating rate of 20 °C/min. This
test was performed on a platinum plate with a nitrogen flow
rate of 50 mL/min. The results of this test were reported
based on percentages of residual mass from the initial mass
of samples at each temperature (% TG).

Statistical Analysis

Significance in the mechanical properties was statistically
analyzed using one-way analysis of variance (ANOVA)
by IBM SPSS Statistics 19 software at an o level of 0.05
employing Duncan’s method for comparison of mean values.

Results and Discussion
Tensile Properties

The results of the tensile test for the BG, CG, and Wh bio-
plastics and the control bioplastic (P) are shown in Table 2.
Comparing the tensile strength (the second column of
Table 1), it can be seen that the values of tensile strength for
the blending bioplastics are significantly higher than that of
the control bioplastic. The BG bioplastic has the highest ten-
sile strength (5.67 MPa) and the CG bioplastic (5.07 MPa),
Wh bioplastic (4.43 MPa) and P (2.22 MPa) are ranked,
respectively. Therefore, it can be concluded that adding
protein to bioplastics made from potato flour, significantly
improves the tensile strength of the final product. These
values are much higher than those reported for other bio-
plastics including: wheat gluten (WG) +20 wt% corn starch
(CS) (0.13 MPa), wheat gluten + 20 wt% potato starch (PS)
(0.32 MPa), wheat gluten (0.52 MPa) [71], whole wheat
flour (WWF) (0.88 MPa) [72] and cellulose of wheat straw
reinforced by date palm fibers bioplastics (CWS + DPF)
(< 1.99 MPa) [73]. However, compare to polyhyroxybutyrate

Table 2 The tensile properties (mean values + standard error) of BG, CG, and Wh blending bioplastics compared to control bioplastic (P)

Bioplastic type Tensile strength (MPa) Tensile modulus (MPa) Elongation (%)
BG (3 mm thickness) 45.67+0.14 €127.65+15.16 14.85+1.76
CG (3 mm thickness) 55,07 +£0.26 €97.98 +£20.45 %20.50+2.38
Wh (3 mm thickness) °4.43 +0.69 °188.04+11.53 €5.63+0.93
P (3 mm thickness) €2.22+0.21 #279.38+35.11 41.81+0.08
Other literature

EW [2] (1.3 mm thickness) 7.1+0.8 - 130.4+7.8
WG [2] (1.3 mm thickness) 0.52+0.12 - 235.1+14.1
WG +CS 20 wt% [2] (1.3 mm thickness) 0.13+0.02 - 70.8+4.8
WG +PS 20 wt% [2] (1.3 mm thickness) 0.32+0.05 - 163.5+12.9
WWE [72] (5 mm thickness) 0.88 12.5 -

CWS +DPF [73] (5 mm thickness) <1.99 - <15.1

PHB [74] (2 mm thickness) 27.2+3.5 2500200 -

PHB + PPW-FR [74] (2 mm thickness) >6.8 > 1000 -

Non-common letters in each column indicate significant difference in the mean values (p <0.05) based on Duncan’s method
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(PHB) (27.2 MPa), biocomposites of PHB + potato peel
waste fermentation residue (PPW-FR) fibers (> 6.8 MPa)
and egg white (EW) bioplastics (7.1 MPa), they have lesser
tensile strength [2, 74] (Table 2).

The comparison of tensile modulus in the bioplastics
(third column of Table 2) shows that the control bioplastic
has the highest tensile modulus (279.38 MPa) and then dif-
ferent blending bioplastics including Wh (188.04 MPa), BG
(127.65 MPa) and CG (97.98 MPa) are placed respectively.
These results indicate that adding protein decreases in ten-
sile modulus, implying more flexibility of protein-based bio-
plastics. Based on previous researches, the more flexibility
of bioplastics shows the more mobility of polymer chains
[75]. This means that the molecules are freer to move inside
the polymeric matrix with less force.

Based on the results of elongation at break (fourth column
of Table 2), there is also a significant difference between
the control sample and other samples as suggested by Dun-
can’s method. The CG bioplastic has the highest elongation
(20.50%) and then the BG (14.85%), Wh (5.63%) and con-
trol (1.81%) bioplastics are placed respectively. This indi-
cates that adding protein provides bioplastics with improved
flexibility. As a summary of tensile tests, it can be said that
incorporating protein to the whole potato flour not only
increases the tensile strength of bioplastics but also improves
their elasticity and flexibility.

Dynamic Mechanical Thermal Analysis (DMTA)

The DMTA results including the complex modulus (E£*) and
the loss factor (tand) for the blending and control bioplastics
are shown in Fig. 2. By increasing temperature from —90 °C
to+ 160 °C, in E* curves (Fig. 2a), a relative plateau region
at the temperature range of —90 °C to— 10 °C is initially
observed for all the investigated bioplastics. This region,
which appears in all polymers, is named the glass region
and the resulting modulus in this region is called the glass
modulus (Eg) [76]. For all bioplastic samples, the means of
E, are clustered around 1GPa. By examining the 7ané curves
in this temperature range, around — 30 °C, in all investigated
bioplastics, a fairly small peak is seen, which is related to the
glass transition temperature (7,) of glycerol [77].

By increasing temperature, the E* gradually decreases
with a gentle slope, which is due to the onset of a ther-
mal transition in bioplastics, because bioplastics gradually
approach to their glass transition temperatures. With more
gradual increase of temperatures up to+ 130 °C, the E*
once again finds a relatively stable trend and forms another
plateau region. This plateau region at high temperatures is
related to the rubber region of the bioplastics and is called
the rubber modulus (E,) [76]. This area is considered one of
the rheological indicators of polymers and the materials in
this area have pseudo—gel behavior [78].

1000

100

E* (MPa)

0.1
90  -60  -30 0 30 60 90 120 150

Temperature (°C)

tano

-90 -60 -30 0 30 60 90 120 150
Temperature (°C)

Fig.2 DMTA results of BG, CG, and Wh blending bioplastics com-
pared to control bioplastic (P): a Complex modulus (E*) dependen-
cies in three-point bending mode at different temperatures and b Loss
factor (tand) dependencies at different temperatures

In diverse biological systems, including protein-potato
flour bioplastics, which are a combination of globular pro-
teins and polysaccharides, this region, represents a situa-
tion that falls between a temporary entangled network and
permanent covalent crosslinks [79]. The mean values of
E, obtained in the rubber region for the control bioplastic,
Wh, CG, and BG blending bioplastics were calculated to
be 5.11, 5.10, 1.81 and 0.80 MPa, respectively (Table 3).
Between the glass and rubber regions, the bioplastics
exhibit viscoelastic behavior, which is a combination of
elastic solids and viscose fluids behavior. In this area, the
E* of bioplastics is continuously reduced as the tempera-
ture increases. According to Fig. 2a, BG bioplastics have
the highest reduction in E* with increasing the tempera-
ture, and then CG and Wh bioplastics are placed. The low-
est reduction is also for the control bioplastic.

The E*, in the temperature range of — 10 °C to + 30 °C,
is related to the thresholds of working temperatures of
the bioplastics in normal in different seasons. The con-
trol bioplastic has the highest values and then Wh, BG
and CG blending bioplastics are placed respectively.
These results are consistent with the values of the ten-
sile modulus obtained from the tensile tests carried out
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Table 3 T,, tans (at T,) and E, of BG, CG and Wh blending bioplas-
tics compared to control bioplastic (P)

Bioplastic type 1; °C) tand (at Tg) E, (MPa)
BG +39 0.40 0.80
CG +34 0.32 1.81
Wh +42 0.29 5.10
P +54 0.28 5.11

at room temperature. For temperatures above + 30 °C,
the ranking of E* for the investigated bioplastics was:
P> Wh > CG > BG. These results also indicate that the
control and the Wh bioplastics have the highest functional
stability at different temperatures. While the bioplastics
made from gelatin, increasing the temperature, especially
at temperatures above + 30 °C, results in a sharp decrease
in E*. The values obtained from the tand curves, which
include the viscose response of the bioplastics, are also
consistent with these results. Among the blending bioplas-
tics made from gelatin, bovine gelatin bioplastic (BG) is
more unstable than the chicken feet gelatin bioplastic (CG)
and has the highest tané for temperatures above + 30 °C.

From the evolution of fand curves with temperatures
(Fig. 2b), it is observed that by increasing the temperature,
the loss factor in all bioplastics increases, consequently,
the viscose portion increases in the behavioral state of the
bioplastics. Also for temperatures higher than zero, all the
blending bioplastics have two thermal transitions associated
with the two peaks. But the control bioplastic has one peak
in a broad transition region. The first peak point is the glass
transition temperature (Tg, also known as o transition), at
which the E* declines significantly. For the BG, CG, and
Wh blending bioplastics, the T, appears at about+39,+ 34
and +42 °C, respectively, while for the control bioplastic
this is observed at around + 54 °C (Table 3). Therefore, it can
be concluded that adding protein to the whole potato flour,
reduces the T, of the bioplastics. The second peak point
for the Wh, CG, and BG bioplastics appears at+ 80, 4+ 82
and + 80 °C, respectively. In general, results of the tand
indicate that the portion of viscous fluid, as well as the area
under the fané curve in the BG bioplastic, is the highest,
and then the CG, Wh and control bioplastics are placed,
respectively. Therefore, the energy dissipation potential of
the blending bioplastics is higher, especially in impact loads,
compared to the control bioplastic.

The existence of a broad temperature peak for 7, [1], as
well as several peak points in the fand curve of biopolymers
and biological blends, have also been reported elsewhere
[74, 77]. Potato flour-protein blends can demonstrate a vari-
ety of different interactions between the components, such
as protein-polysaccharide, protein—protein, polysaccharide-
polysaccharide and biopolymer-plasticizer (glycerol). These
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interactions create a relatively complex and heterogeneous
composition in all four types of bioplastics. The multiplicity
of tané curve peak points may be due to the complexity of
the potato flour and proteins, the existence of free branches
of polysaccharides and polypeptides that do not create a
cross—linking composition, poor bonds between protein and
glycerol molecules and agglomeration of compounds, which
have been reported as potential factors for phase separation
[20, 77]. Also the nature of used materials has been reported
as a potential to the multiplicity of rand curve peak points
[74]. Especially for materials with semicrystalline nature,
the crystal—crystal slippage occurs just below the melting
transition temperature [9]. It was also reported that the ther-
modynamic mechanism of phase separation in polysaccha-
ride-protein bioplastics largely depends on the percentage
of starch in the mixture and the coalescence of materials
increases with increase in the percentage of starch in the
composition [22]. Also, one indicator of existing phase
separation is the reduction of tensile properties due to the
concentration of stress at points where the phase separation
has appeared. Since the tensile tests showed improved tensile
strength and elongation at break for the blending bioplastics,
the two peaks in the loss factor curves are probably due to
the nature of the blending bioplastics.

Fourier-Transform Infrared Spectroscopy (FTIR)

The results of FTIR spectroscopy of the investigated bio-
plastics are shown in Fig. 3a. The peaks of 2884, 1026, and
1925 cm™! are reported as characteristic peaks for glycerol
[6, 77]. Since the main component of the investigated bio-
plastics is starchy compounds, therefore in the FTIR spec-
trum of the bioplastics, most abundant functional groups
reported for starch shows a broadband from —OH stretching
(3383 cm™), aliphatic CH, in the starch chain (2930 cm™h),
C=C stretching (1657 cm™'), carboxylic groups —COOH
(1416 cm™"), etheric bonds —COO (1156 cm™"), and aro-
matic C—H (706 cm™!) [80-82]. The peaks between
700—500 cm ™! are also related to thiols and thio—substituted
compounds (sulfur—containing compounds) [83].

Some of the peaks observed in the FTIR results are
related to bonds created by the participation of polypeptide
chains. For example the peaks of 1658 cm™ and 1543 cm™!
are related to amide I (C=C stretching) and amide II (C-N
stretching and N-H bending) respectively (Fig. 3b) [11]. The
presence of these peaks in control bioplastic is due to the
presence of protein in the structure of whole potato flour.
The characteristic peaks intensity shows that the use of pro-
tein in raw materials of bioplastics made from whole potato
flour significantly increases the intensity of characteristic
bands of amide I in all of the protein-based blending bio-
plastics, and this intensity for the BG bioplastic is the high-
est. These results are mainly due to strong hydrogen bonds
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Fig.3 a FTIR spectroscopy of BG, CG, and Wh blending bioplastics
compared to control bioplastic (P), a) O-H band, b) aliphatic CH,,
¢) C=C and amide I bands, d) amide II band, e) carboxylic band —

between the O—H groups of starch and glycerol and the N-H
and C-O groups of proteins. By investigating the changes
in the amide II band, changes in the bonds are further con-
firmed. The amide II band is formed by the N-H bending
and C-N stretching [6]. This band reflects the changes in the
hydrogen bonds around the peptide chains [84]. The results
also show that the position of amide II peak in all blending
bioplastics is shifted to higher wavenumbers compared to the
control bioplastic. This shift can be attributed to the forma-
tion of new hydrogen bonds between N—H groups of proteins
and O—H groups of starch and glycerol, which partially dis-
rupts and weakens the internal hydrogen bonds in proteins.

Strong peaks related to H—containing functional groups,
including O-H, aliphatic CH, and aromatic C-H, are seen
in all bioplastics, but their intensity is low in the control
bioplastics. Considering that the initial moisture content
of the blending bioplastics was higher than that of the
control bioplastic, this might be due to dehydration of
structure that the control bioplastic forms in comparison
to the blending bioplastics [85], which makes it difficult to
move the polymeric chains. In contrast, an increase in the

COOH, f) C-C band, g) etheric band —COO, h) aromatic C—H band;
b Amide region spectra. Peaks indicated by the rectangles represent
the characteristic peaks of the glycerol

intensity of these groups leads to a softening and improve-
ment in the movement of polymeric chains, which is con-
sistent with the results obtained for the tensile modulus
and the elongation at the break for the bioplastics.

On the other hand, the intensity of the bands, related
to the hydroxyl groups (3383 cm™) and carboxyl groups
(1416 cm™) in the control and Wh bioplastics, were less
than that of the gelatinous bioplastics. It indicates bet-
ter structural stability for the control and Wh bioplastics
in comparison with the gelatin blending bioplastics [82],
which is consistent with the results obtained for the com-
plex modulus.

Thermogravimetric Analysis (TGA)

The variations of TGA based on the percentage of remain-
ing mass relative to temperature (TG) are shown in Fig. 4,
for the investigated bioplastics. The reduction of mass in
all samples by increasing temperature can be due to the
evaporation of volatile organic compounds, followed by
continuous thermal degradation of the biological materials,
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resulting from the greater decomposition of the C—C and
C-H bonds [86].

By observing the thermal decomposition process in the
investigated bioplastics, it can be said that the thermal degra-
dation process of the bioplastics is carried out in three steps.
The first step occurs between the temperatures of 25 °C to
200 °C, where the weight changes of the samples were even-
tually up to 12% and are not affected by the containing com-
pounds of the bioplastics. It is more related to the loss of
volatile materials with low molecular weight and part of the
residual moisture in the structure of the bioplastics [46]. At
this step the difference between the bioplastics is negligible.

The second step occurs between 200 and 330 °C, which
is related to the thermal degradation of components in the
structure of the bioplastics. At this step, the inclination of
TG curves changes significantly, with drastic weight loss.
The rate of weight loss is clearly higher in blending bio-
plastics than the control bioplastics. This indicates that in
this temperature range, the control bioplastic (Fig. 4d) has
a higher thermal resistance than the blending bioplastics.
The weight loss of bioplastics is ranked as CG < BG < Wh,
which shows that the thermal resistance of the CG bioplas-
tic (Fig. 4b) is more than BG (Fig. 4a) and Wh bioplastics
(Fig. 4c). Mendes et al. [10] reported that the initial ther-
mal degradation of starchy bioplastics is about 277 °C.
The initial thermal degradation temperature of gelatin and
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5 B/ —o— DTG -0.02 &)
= 40 E
20
0 -0.03
0 200 400 600
(b) Temperature (°C)
100 | <z, 0.00
80 =
S 60 S
O -0.02 E
= 40 a
20
0 -0.03
0 200 400 600
(d)

Temperature (°C)

whey protein is about 250 °C and 225 °C, respectively [5,
15]. Therefore, the higher thermal resistance of the control
bioplastic than the blending bioplastics can be justified.
The higher thermal resistance of the CG and BG bioplas-
tics than the Wh bioplastic is also related to this reason.

The third step occurs between 330 and 600 °C, where
the inclination of the TG curves is fairly mild. This step
is related to the oxidative degradation of the remaining
carbon residues from the second step [46]. At this step,
contrary to the previous, the blending bioplastics exhibit
more thermal resistance than the control bioplastics, which
can be due to creation of cross—linking networks between
polysaccharide in whole potato flour and polypeptides in
proteins [29], the protein molecules partially trapped in
the bioplastic structure. As a result, the thermal resist-
ance of the blending bioplastics was higher compared to
the control bioplastic at temperatures above 330 °C. The
comparison between the blending bioplastics also shows
that the CG bioplastic has less weight loss than the BG
and Wh bioplastics.

Based on the results of the DTG curves, in all investigated
bioplastics, the maximum mass loss temperature occurred
between 310 and 320 °C. The latter occurred for the control
bioplastic and the peak intensity was about 1.5 times higher
than that of the blending bioplastics. The comparison of the
blending bioplastics shows that the peak of weight loss in
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Fig.4 TGA results for a BG, b CG, ¢ Wh and d control bioplastics at the heating rate of 20 °C/min
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BG bioplastic occurred at higher temperatures than the CG
and Wh bioplastics. However, the maximum value for all of
the blending bioplastics is approximately equal. In addition
to the peak point of the DTG curves, in all of the investigated
bioplastics, there are numerous extreme points throughout
the process, which are due to the complexity of the decom-
position process and numerous compounds in the structure
of the samples.

Conclusions

In this study, bioplastic plates were successfully made by
potato flour and three animal proteins including whey pro-
tein isolate and two types of gelatin, including bovine gela-
tin and chicken gelatin from bovine shin bones and chicken
feet respectively. It is shown that the blending bioplastics
had greater tensile strength (at least 2 times), tan & (up to
twice) and elongation at break (3 to 11 times) than the con-
trol bioplastic. The addition of protein (especially gelatin)
increases the damping properties in blending bioplastics,
which shows their potential for exposed impact applications.
Thermal analysis showed that the thermal stability of the
blending bioplastics does not change compared to the con-
trol bioplastic, up to 200 °C. The blending bioplastics have
lower glass transition temperatures compared to control bio-
plastics, which can be considered as evidence of a reduction
in energy consumption in the bioplastics formation process.
As aresult, the obtained blending bioplastics show reliable
mechanical and thermal properties, which can be useful in
the food and packaging industry and other potential applica-
tions. These findings also provide an opportunity to enhance
the potential value of the waste and byproduct resources of
livestock and poultry industries.
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