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Effects of Asphodel Tuber and Dolomite on the
Properties of Bio-hybrid Films Processed by a Twin
Screw Extruder

Eyyiip Karaogul *

Bio-hybrid granules made from asphodel tuber (AT), starch, polyvinyl
alcohol (PVOH), and dolomite were formed using a twin-screw extruder.
The granules were prepared using starch or AT as a raw material, glycerol
as a plasticizer, TiO2 as a heat stabilizer, and dolomite as afiller. The films
were fabricated from granules by hot-press moulding. The mechanical
(e.g., tensile strength, elongation-at-break, and modulus of elasticity),
physical (e.g., weathered, density, hardness, color, water absorption and
solubility in different temperatures, water vapor permeability, and oxygen
permeability), and chemical properties (e.g., carbonyl index and vinyl
index) of the films were analysed. The properties of the films were
noticeably enhanced with AT and dolomite. Asphodel tuber improved the
water solubility, water absorption, and weight loss after weathered.
Asphodel tuber could resist water diffusion into the films because of its
hydrophobic property, like dolomite. Dolomite also exhibited strong
mechanical properties and barrier properties to water and oxygen.
Additionally, cross-linking most likely occurred with inter- or intramolecular
interactions. The interactions among the AT, starch, dolomite, and
plasticiser with PVOH were interpreted as esterification, etherification,
hydrogen bonding, carbonyl bonding, and vinyl bonding in the molecular
structure of the bio-hybrid films.
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INTRODUCTION

The harmful effects of petroleum-based plastic packaging have increased public
interest in the environment and biodegradable films (Wang et al. 2015). However,
biodegradable polymers have limited industrial uses because of their poor mechanical and
barrier properties. Thus, biopolymers have attracted increased research attention as
alternatives to conventional non-degradable plastics (Karaogul et al. 2018). In
environmentally friendly polymers, raw materials are categorized as synthetic polymers
(polyvinyl alcohol (PVOH), polylactic acid, etc.) and renewable natural polymers (starch,
cellulose, chitosan, etc.) (Azahari et al. 2011). Starch is considered to be one of the most
suitable materials among all-natural biopolymers because it is biodegradable, renewable,
usually easily obtainable, and affordable (Lee et al. 2007). However, pure starch has
numerous shortcomings, such as fragility, an un-plasticized characteristic, strong
hydrophilic properties, and poor mechanical properties in the industry, which limit its use
in common applications. Moreover, starch is not a thermoplastic because of intra- and
intermolecular hydrogen bonds. (Luo et al. 2012). Therefore, the disadvantages of starch
need to be improved. Plasticizers are used to improve the thermoplastic properties of starch.
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However, biodegradable films produced from starch are still limited because of their
physicochemical properties, susceptibility to biological attack, and poor water resistance.
Thus, PVOH as a synthetic biodegradable polymer and thermoplastic starch are used
together and exhibit an excellent compatibility (Lum et al. 2013). Other natural polymers
can be used instead of starch. Bio-hybrid films can be prepared by sol-gel (casting) and
extrusion methods. However, because of the removal of remarkable amounts of water for
aqueous solutions or suspensions, the casting method exhibits limitations, such as a high
energy consumption, low solution density, low production, un-processability in the
industry, and others (Thunwall et al. 2008). Thus, moulding processes with extrusion are
important for bio-hybrid films because it is energy efficient, has a high productivity, and
is continuous on an industrial production level (Thunwall et al. 2008; Gao et al. 2012;
Wang et al. 2015).

In this study, PVOHY/starch granules were prepared by twin-screw extrusion. After
this process, the granules were formed into films using hot-press moulding. Asphodel tuber
(AT) (Asphodelus aestivus Brot.) was used as a natural polymer instead of pure starch
because of its high starch and fibre contents (Karaogul and Alma 2018). The main objective
of this study was to characterize natural additive properties of AT and bio-plastic properties
of AT/starch/PVOH bio-hybrid films with dolomite filler and low amounts of plasticizers.

EXPERIMENTAL

Materials

Asphodel tuber was collected from the geographical location with the latitude 37°
34’ 37.1” and longitude 36° 51° 00.4” in a province located in the Mediterranean region of
Turkey (2018). Starch (Part No. 0379) was purchased from TAT Nisasta Co. (Adana,
Turkey). Polyvinyl alcohol (Code 088-20) with a viscosity of 17 cps, hydrolysis degree of
89%, and less than 1% ash content was provided by Birpa Kimya Co. (Ankara, Turkey).
Glycerol was obtained with a purity of 99.5% from Tekkim Co. (Istanbul, Turkey).
Titanium dioxide (TiO2) was obtained from Akdeniz Kimya Co. (Izmir, Turkey).

Experimental Design
The composition of the bio-hybrid films is shown in Table 1.

Table 1. Percent Composition of the PVOH/AT/Starch Blend Films

Film PXA)O)H Stg/z;h AT (%) Dol(g/on)"nte
PVAF 80 -
SF 40 40 -
AF 40 - 40
SAF 40 20 20 -
SDF 40 20 - 20
ADF 40 - 20 20

PVAF: PVOH film, SF: starch film, AF: AT film, SAF: starch and
AT film, SDF: starch and dolomite film, ADF: AT and dolomite
film
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Six different formulations were prepared with various ratios of corn starch, AT,
glycerol, TiO., and dolomite, along with pure PVOH without starch, AT, or dolomite for
comparison. The analyses data of PVAF and SF films were used as comparison references
(Karaogul 2016) for AF, SAF, SDF, and ADF films. The starch or AT (40%), PVOH
(40%), glycerol (14% of starch/ PVOH mass), TiO2 (3%), and water (3%) were mixed at
6000 rpm (600 W and 220 V) (G1 model mixer, Yazicilar Makina Co., Istanbul, Turkey)
at room temperature for 5 min.

The prepared mixtures were first extruded with a twin-screw extruder (GM TWIN
25 Model, Gilnar Machinery Co., Istanbul, Turkey) at 170 °C in zone I, 165 °C in zone I,
160 °C in zone 111, 155 °C in zones IV and V, and 160 °C in zones VI and V11 of the barrel
at a screw speed of 100 rpm with an L/D (Length per Diameter) ratio of 44. The extrudate
was cut into pellets by granulation equipment (GM Pelletizer 2-6 Model, Gilnar Machinery
Co., Istanbul, Turkey). Then, the pellets were moulded into the blend films, which had the
dimensions 250 mm x 250 mm x 1 mm, using a hydraulic hot-press (4122CE Model,
Carver, Wabash, USA) at 190 °C for 5 min. The produced hybrid films were then cooled
to ambient temperature under a cold press. All of the test samples were prepared from the
compression-moulded boards according to ASTM D638-14 (2014), as is shown in Fig. 1.
The prepared samples were conditioned for at least 168 h at 23 °C + 2 °C and a 65% + 5%
relative humidity in a climatic test chamber (Nive, Ankara, Turkey).

Opt T-3

Fig. 1. Bio-hybrid film dog-bone sample for mechanical test and a cutting die for preparing the
samples.

Mechanical Characterisation

The mechanical characterisation of the hybrid films was investigated with an
Alarge model analyser (TR, Istanbul, Turkey), according to ASTM D638-14 (2014). All
of the tested films were 20 mm wide, 120 mm long, and had a 60-mm initial distance
between the grips. The thickness of the films was evaluated using a digital stick at three
random positions on the films. The analyser speed was 1 mm/s with six replicates for each
test. The tensile strength (TS, MPa), elongation-at-break (E, %), and tensile modulus (TM,
MPa) of the bio-hybrid films were determined.

Weathering Procedure

The bio-hybrid film samples were exposed to artificial ultraviolet light (2 = 360 nm;
and light intensity = 38 W/m?) to accelerate weathered in a climate cabin. The climatic
conditions were 40 °C and a 60% relative humidity. All of the samples were kept under the
mentioned conditions for up to 340 h, and then the hardness, weight loss, color, and Fourier
transform infrared (FT-IR) spectra (carbonyl index (CI) and vinyl index (VI)) were
investigated. After that, all of the films were compared with the non-irradiated (reference)
samples.
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Water Vapour Permeability

The water vapour permeability (WVP) of the bio-hybrid films was examined using
a gravimetric method according to ASTM E 96, E96M-16 (2016). The films were prepared
with a radius of 12.3 mm and put between the lid and centrifuge tube of the permeability
cell with three-quarters (approximately 10 mL) of its volume containing dried desiccant
(CaCly) (Fig. 2). Then, the centrifuge tube was placed in a climatic test cabin at 38 °C £+ 2
°C and a 97% = 1% relative humidity. The weight gains were measured at random 18 times
over 244 h. In Fig. 3, all of the calibration curves were plotted based on linear regression
analysis of the time (x, h) versus WVP (y, g) of the 18 marker constituents. The regression
equation and correlation coefficient of the 18 markers were determined with linearity (R?
> 0.99) for all of the films with three replicates for each test.
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Fig. 2. Permeability apparatus for determining the WVP
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Fig. 3. Calibration curve for determining the WVP
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The slope of the linear ratio of the plot in Fig. 3 characterized the constant amount
of water vapour transition through the film. Equation 1 expresses details of the permeability
(Guimaraes et al. 2015) and was used to calculate the WVP (kg/h-m),

w.d
WVP = EXlOOO (D)

where AW is the difference between the weights (g), d is the thickness of the bio-hybrid
film (m), At is the time difference (h), and A is the area of the bio-hybrid film (m?).

Water Absorption and Solubility

The water absorption (WA) and solubility (S) were investigated by immersion of
the films in distilled water at room temperature using ASTM D 570-98 (2018). The initial
dry films were obtained after drying at 103 °C + 2 °C for 24 h. The WA of the films was
determined after 24 h and the humidity on the surface of the films was removed. For the S
of the films, the specimens were submerged in a chamber containing 100 mL of distilled
water and magnetically stirred at 70 rpm for 1 h at 25 °C, 40 °C, 65 °C, 85 °C, and 100 °C.
The suspensions were filtered, and the remains were dried at 103 °C = 2 °C for 24 h. The
solubilized film was analysed. The S was given as a percentage of the films solubilized in
relation to the initial mass.

Oxygen Barrier Properties

The oxygen barrier properties (OBP) were calculated according to TS 4964-1SO
3960 (2004). A 15-mL conical flask was filled with 10 mL of sunflower oil. Then, it was
covered with the bio-hybrid films, sealed using paraffin, and stored at a controlled
temperature of 60 °C for 20 d (Kurt and Kahyaoglu 2014). The test films were prepared
with a width of approximately 0.8 mm to 1 mm. The peroxide value (PN, meqgO2/kg) of
the sunflower oil samples was detected with sodium thiosulfate titration using nine
repetitions (AOCS 1997). Finally, the PN and OBP (meqgO2/g-h-m-10%) were calculated
with Egs. 2 and 3, respectively,

10.V.F
PN = )
m
PN.d
oBP = —— 3)
h.A

where V is the titration volume (mL), F is the setting factor of the sodium thiosulfate
solution, m is the weight of the sample film (g), d is the width of the sample, h is the waiting
time in the cabin (h), and A is the area of the film (m?).

Color

The color of the bio-films was determined with a Datacolor-Elrepho spectrum
colorimeter (Lucerne, Switzerland) according to the CIE-Lab system. The hybrid films
were placed on a standard white plate at random locations with six replications. The
lightness (L*), green-red color (a*), yellow-blue color (b*), total color change (AE*),
whiteness, brightness, and yellow color systems were used, where L* is 100 for white and
0 for black, a* is negative for green and positive for red, and b* is negative for blue and
positive for yellow. The colorimeter was calibrated with a standard white plate.
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Density and Hardness Properties

The density of the hybrid films was analysed using ASTM D 792-13 (2013) with
four replications and the hardness was analysed using ASTM D-2240-15 (2015) with nine
replications by an ENPQIX EHS5D durometer (Polygon Co., Shenzhen, China).

Fourier Transform Infrared Spectroscopy

The FT-IR measurements were performed to determine the chemical interaction of
the functional groups of the blend films with an Agilent Technology Cary 630 spectrometer
(Santa Clara, USA) over the wavenumber range of 400 cm™ to 4000 cm™ using the
attenuated total reflection technique. Moreover, the Cl and VI were calculated with Egs. 4
and 5, respectively,

__I1715

= I2915 )
__Isqo

Vi= I2915 ©)

where lo1o, l1715, and le15 are the peak concentrations at the wavenumbers 910 cm™, 1715
cm?, and 2915 cm™?, respectively.

The peak at 2915 cm™, which relates to alkane C-H stretching vibration, was
selected as the reference because it changed the least during modification with whole
additives (Spiridon et al. 2012).

RESULTS AND DISCUSSION

Mechanical Properties of the Starch Composite Films

The mechanical properties of the bio-hybrid films were measured for various film
types with and without weathering. Figure 4 shows the TS, E, and TM for the various films.
Figure 4 shows that the addition of starch to the PVOH lowered the TS and TM, but did
not affect the E of the films. However, the addition of AT instead of starch adversely
affected the mechanical properties. This phenomenon was attributed to its incompatible in
terms of chemical binding because of the hydrophobic effect of AT due to the results of
water absorption, solubility, and water vapor permeability properties (Figs. 8, 9, and 10).
When AT and starch were used simultaneously, the mechanical properties were improved.
At the same time, the bio-hybrid films had higher TS, E, and TM values with the dolomite
filler than the films without dolomite. This was attributed to the increased interfacial
interaction between the PVOH and starch or AT. Weathering improved the TS and TM,
but not the E of the films.

The bio-hybrid films containing starch, AT, and starch and AT had a TS of 9.41
MPa, 7.09 MPa, and 6.84 MPa, E of 244%, 133%, and 143%, and a TM of 18 MPa, 22
MPa, and 23 MPa, respectively. The starch and dolomite film (SDF) and AT and dolomite
film (ADF) had a TS of 8.49 MPa and 10.07 MPa, E of 226% and 153%, and TM of 19.8
MPa and 86.67 MPa, respectively. The interaction of the AT and PVOH with the dolomite
could be effective than that of starch (Xiong et al. 2008). The addition of dolomite to the
AT-PVOH blends enhanced the interfacial adhesion through molecular interactions (Al-
Turaif 2010) among the dolomite, AT, and P\VOH, which improved the TS, E, and TM of
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the bio-hybrid films. After weathered, the TS and TM of all of the films improved; in
contrast, the E was low.

30 & Normal 250 | g ®Normal
2 200 B B i
< 20 ¥ B i
o _ ¥ : :
£ 15 E i . & 3 : =
wn i 100 i B i 3 : =
= 10 : . Bl
s Eﬂ f Iﬂ o | B E E ﬂ
0 ! [\ 3 ! i 0 i s E 5 : B
PVAF SF AF SAF SDF ADF PVAF SF AF SAF SDF ADF
Hybrid-film Type Hybrid-film Type
(a) (b)
100 a B Normal I
_so| B |
T H I i
S 60 ! % z
= T }
SR I 1t I !
ol (N
0 1 II II : _:_I_
PVAF SF AF  SAF SDF ADF

Hybrid-film Type
(c)
Fig. 4. Mechanical properties of the different bio hybrid films produced with various film types
(normal and weathered films): (a) TS, (b) E (%), and (¢c) TM

Hardness, Density, and Weight Loss from Weathering

The effects on the hardness, density, and weight loss after weathering (WLW) of
the various bio-hybrid films are demonstrated in Fig. 5. Figure 5 shows that the presence
of starch in the blend films increased the hardness of both the normal and weathering films
because of the high density of the starch. With the addition of dolomite to the bio-hybrid
films, the hardness was also increased because of the high density of dolomite. Moreover,
when the whole bio-hybrid films were weathering, all of the hardness values improved.
After weathering, the hardness was possibly increased by inter- or intramolecular
interactions between the starch, dolomite, AT, and PVOH. In this case, cross-linking could
have probably occurred with intermolecular relations.

Figure 5 also depicts the weight loss of the bio-hybrid films subjected to
weathering. Figure 5 shows that the WLW was related to the intermolecular interactions or
cross-linking. However, the pure PVOH showed the greatest weight loss, which was
probably because the synthetic PVOH was not completely pure due to its production
process (Jayasekara et al. 2004). After the addition of starch or AT to the PVOH, the weight
loss decreased. This phenomenon was ascribed to the stabilizing effect of starch, AT, or
dolomite added to the bio-hybrid films. Also, a good resistance against weight loss was
found for all of the films with dolomite.

Karaogul (2019). “Properties of bio-hybrid fiims,” BioResources 14(2), 4473-4488. 4479



PEER-REVIEWED ARTICLE

bioresources.com

56

51

46

Shore D

41

36

31

PVAF

ardness (Normal)

s Hardness (Weathering)

eoemoocooon?®

SF

AF

SAF
Hybrid Film Type

SDF

ADF

2.6

2.4

2.2

2.0

1.8

1.6

1.4

1.2

2.8

Density (g/cm3) and Weight loss
after weathering (%)

1.0

Fig. 5. Hardness, density, and weight loss of the weathering properties of the bio-hybrid films

Color

The color of the bio-hybrid films has a strong importance in the case of production
for consumers. The values of the L*, a*, b*, AE*, whiteness, brightness, and yellowness
are given in Table 2. The starch film (SF) appeared to have a somewhat low brightness
(L*), was a little red, and was more yellow compared with the PVOH film (PVOHF)
(control). The color parameters of the SF were closer to those of the PVOHF. The AT film
(AF) had a low whiteness, was greenish, and had a high yellowness compared with the

PVOHF.

Table 2. L*, a*, b*, and AE* of the Bio-hybrid Films with Various Film Types

Color Film Type
Parameter|  pyOHF SF AF SAF SDF ADF
L Nt [93.29 +0.05|80.50 + 0.56 | 33.37 + 0.31 | 36.67 + 0.52|69.16 + 0.70 | 36.14 + 0.66
W2 191.66 +0.01|73.54+0.07|31.22+3.40|37.12+1.78| 69.3+0.93 |35.17 +1.31
ot LN | -1.2+002 | 1.85+£008 | 7.53+£0.1 | 84+0.10 | 2.40+0.08 | 6.14+0.18
W |-039+0.01|3.15+0.01 | 848+0.22 | 831+0.29 | 3.13+0.03 | 6.2+0.07
pr |_N | 69+0.12 |16.72+0.52|18.60  0.44]20.07 £0.40| 14.05 £ 0.06 | 13.19 £ 0.70
W |714+0.12 [13.81+0.05|18.29+0.13|17.12+1.34|12.43+0.13| 11.6 +1.52
we N [8363+£0.13/57.58+1.00| 7.71£0.15 | 9.36+0.28 |39.56+1.38| 9.09+£0.35
W |7844+209| 46+0.11 |6.74+1.27 | 9.6+4.15 |39.77+0.33)| 858+ 0.91
gs | N |7593+0.22/43.35+0.54| 425+0.14 | 45+0.23 |29.86+£0.85| 57+0.15
W [71.99+0.13|35.35+0.50| 3.65+1.96 | 522+0.90 |31.03+0.23| 5.67 + 0.97
ye [N [1215+0.23135.24+1.0969.72+1.62|79.26 + 1.62 | 34.57 + 0.62 | 57.08 + 1.92
W |13.39+1.63[33.27+1.62[73.35+3.08|70.99+4.17| 31.9+0.34 |53.23 +4.07
AE* 1.84 7.66 2.37 2.98 1.78 1.86

1 N: normal films without weathered, 2 W: weathered films, 2 color parameters according to
DIN6167 (1980) for the whiteness (W), brightness (B), and yellowness (Y), and 4 color difference

after weather

ed
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When starch and AT were simultaneously blended with PVOH, the color
parameters of the film slightly improved. Moreover, when pure starch was compared with
AT, the starch had a higher whiteness and brightness. Hence, the produced films were
influenced by the color differences between the pure starch and AT. Additionally, the color
parameters of the pure dolomite were closer to those of the pure starch, unlike the pure AT.
In this case, when dolomite was added to films with AT, the color parameters decreased.
The dolomite mineral exhibited a different behaviour in the blend films in terms of color.
While the color parameters of the films improved with the addition of dolomite to AT, they
decreased when adding dolomite to starch because of their pure color parameters. Also,
when the films were exposed to weathering, the colors of the films displayed slight
differences (AE*). However, the AE* value was high for the SF. According to the AE*, the
weakest additive was the starch. However, dolomite also had protective effects on the bio-
hybrid film. Finally, an important difference in the color parameters was found between
the PVOHF or SF and AF. These visual differences were attributed to the composition of
the crude asphodel powder.

FT-IR Analysis

Fourier transform infrared spectroscopy is useful for characterising the interactions
between the starch or AT and the dolomite or plasticiser with PVOH. The FT-IR spectral
of the bio-hybrid films are given in Fig. 6. Table 3 lists the spectra band assignments, data
interpretation, explanations of the wavenumbers, and functional groups of the bio-hybrid
blends. The major characteristic bands were observed to be related to hydroxyl groups,
methyl groups, and CO bonds. The strong compatibility of the blends containing starch,
AT, dolomite, and PVOH was observed by the appearance of a carbonyl band located at
1715 cm™ (Gomes et al. 2011).
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Fig. 6. FT-IR spectra of the bio-hybrid films
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The bands at 3300 cm™ with a strong and wide absorption were characteristic of
the stretching vibration of —OH in the spectra of the bio-hybrid films. The wavenumber at
1418 cm™ was characteristic of the stretching vibration of C—H. The absorption bands near
1030 cm™ were ascribed to C—O bond stretching, which was determined to be thermo-
plasticization of the polymers (Fang et al. 2002; Zullo and lannace 2009). The peak at 1030
cm™? of the bio-films was moved to a higher wavenumber for the films containing
nanomaterials. These changes demonstrated that the use of glycerol in the film-forming
process caused thermo-plasticization between the glycerol and AT/starch/PVOH blends.
After modification with the additive, strong absorption bands on the carbonyl (1715 cm™)
and vinyl (910 cm™) functional groups appeared in the spectra of all of the films. The ClI
and VI are useful parameters for interpreting the functional groups of bio-hybrid films,
although there was no apparent difference in the overlapped FT-IR spectra. The Cl and VI
of the bio-hybrid films are shown in Fig. 7. First, the Cl was higher for the PVOHF without
additives. The reason for this was that after the production of PVOH from hydrolysis of
polyvinyl acetate, carbonyl functional groups are present because of the remaining acetate
groups (Jayasekara et al. 2004). By adding starch, AT, dolomite, or plasticiser to the
PVOH, the carbonyl groups were decreased for the whole film types. These results
indicated that residual acetate groups might have degraded because of the additives.
However, the additives influenced the CI of the blend films in different amounts because
of inhibition stability. Figure 7 shows that the CI of the blend films was inhibited at a
minimum rate with starch, while AT caused a higher inhibition of the CI in the films.
Furthermore, dolomite had a higher inhibition of the bio-hybrid films. It has also been
found that the increase in the formation of carbonyl groups for PVOH is proportional to
the number of chain fragments formed in the polymer (Spiridon et al. 2012). These results
indicated that the polymer chain could have been protected by the all-natural raw material
sources used during modification.

Table 3. FT-IR Spectra Band Assignments of the Bio-hybrid Films

Wavenumber (cm-t) Functional Groups

—OH or water hydroxyl groups (Jayasekara et al. 2004; El-

3300 and 1652 Sawy et al. 2010)

2912, 1300 to 1500, —CH and —CH:z deformation vibrations in CH20H (Jayasekara
1084, and 843 et al. 2004; Ismail and Zaaba 2014)

Sharpened and intensified, implying a reduction in hydrogen
bonding (Jayasekara et al. 2003); corresponded to aldehyde
groups of glutaraldehyde, which was cross-linked to the
functional groups of the blend films (Singha and Kapoor 2014)
Carbonyl functional groups from remaining acetate groups after
1650 to 1700 the production of PVOH from hydrolysis of polyvinyl acetate
(Jayasekara et al. 2004)

Characteristic peaks for the starch/PVOH film (Singha and
Kapoor 2014)
Stretching vibration of C-O in the C-O-H and C-O-C groups
(Xiong et al. 2008)
C-O-C ring vibration in the AT or starch (Jayasekara et al.
2004)

2850 to 2930

1338 to 1432

1030 to 1100

758
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Vinyl groups could have been detected by the thermal technique for bio-hybrid film
production because of the numerous hydroxyl groups in the whole ingredients. After
production of the films, all of the VI values (or vinyl groups) were higher than that of the
PVOHF. A higher VI value was noted for the SF, while it was smaller for the starch and
AT film (SAF). The films formed with dolomite filler (SDF and ADF) also had smaller VI
values than the SAF. This was attributed to the chemical interaction or bonding among all

of the components.
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Fig. 7. Cl (Carbonyl Index) and VI (Vinyl Index) of the bio-hybrid films
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Oxygen Barrier Properties and Water Vapour Permeability
The OBP and WVP of the bio-hybrid films have an important effect in food
packaging. The influence of different bio-hybrid film types on the OBP and WVP are

illustrated in Fig. 8.
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The values of the OBP ranged from 47 meqgO2/g-h-m-10°® to 85 meqgO2/g-h-m-103
for the films. The OBP of the bio-hybrid films containing AT were higher than those of the
films containing starch, dolomite, and starch and AT. However, when starch and AT were
used simultaneously, the OBP of the film was lower than for the others because of the
synergistic effect of the starch and AT. Generally, dolomite also improved the OBP of the
bio-hybrid films.

Furthermore, the WVP of the films was found to be 7.8 g/hm?.103 to 12.5
g/hm?.1073. The highest WVP was found in the film with AT, while the lower WVP values
were found in the PVOHF without additives, followed by the SDF. These results occurred
because these additives improved the water migration pathways due to the hydrophilicity
of both the starch and AT used in this blend. Thus, the WVP was increased by the starch
and AT. Also, dolomite blocked the WVP of the films because of its hydrophobicity.

Water Solubility and Absorption

The capacity for WA and S has a key role in bio-hybrid films in terms of the degree
of combination between the film components, as well as the resistance to water (Mathew
et al. 2006; Yoon et al. 2012). One of the main disadvantages of a starch-based film is its
WA, and any enhancement in water resistance is therefore important (Tang et al. 2008).
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Fig. 9. S (Solubility) properties of the bio-hybrid films

The S of the bio-hybrid films is demonstrated in Fig. 9. The S of the bio-hybrid
films with and without starch improved when the temperature increased from 25 °C to 100
°C because of the strong S properties of the starch and PVOH. However, water resistance
for the S was found in the films with AT (AF, SAF, and ADF). Although the films with
AT were exposed to a temperature increase from 25 °C to 100 °C, they had weak S
properties and did not show a remarkable difference. Otherwise, the S of the films slightly
decreased with dolomite.

Figure 10 also shows the WA permeability of the bio-hybrid films. The WA of the
bio-hybrid films with and without starch was higher than those of the films with AT.
Asphodel tuber showed a strong water resistance, water uptake, WA, and S in the films.
Asphodel tuber could resist water diffusion into the films because of its hydrophobic
property. Likewise, dolomite exhibited a reduction in the WA and water uptake.
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CONCLUSIONS

1.

The properties of the bio-hybrid films were significantly affected by the asphodel tuber
(AT) and starch. The presence of AT enhanced the water and weathering resistance of
bio-hybrid films.

The dolomite contributed to strong mechanical properties and barrier properties to
water and oxygen. When AT and starch were used simultaneously, the mechanical
properties of the blend film were increased.

After weathering, the tensile strength (TS) and tensile modulus (TM) of all of the films
improved, while the elongation at break (E) was low. The presence of starch and
dolomite in the films increased the hardness of both the normal and weathered films
because of the high density of the starch and dolomite. Moreover, the weathered
treatment of the bio-hybrid films increased all of the hardness values. After the addition
of starch or AT to the PVOH, the weight loss decreased with weathered because of the
stabilizing effect of the starch, AT, and dolomite. At this stage, cross-linking most
likely occurred with inter- or intramolecular interactions.

The main change in the color was found between the SF and AF because of the crude
powder additives. Because of the light orange color (+b) of the raw AT, the AF had a
yellowish color (+b) compared with the SF (white color, L").

The interactions among the starch, AT, dolomite, and plasticizer with PVOH was
interpreted as esterification, etherification, hydrogen bonding, carbonyl bonding, and
vinyl bonding in the molecular structure of the bio-hybrid films.

When starch and AT were used simultaneously, the OBP of the film was lower than for
the other films because of the synergistic effect of the starch and AT. Generally, the
dolomite improved the OBP and WVP of the bio-hybrid films. Also, the S of the bio-
hybrid films with AT (AF, SAF, and ADF films) was not affected by the temperature
increase from 25 °C to 100 °C, while the S increased in the films with starch (SF and
SDF). Asphodel tuber could resist water diffusion into the films because of its
hydrophobic property, like dolomite.
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