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ABSTRACT: The fabrication of potato starch-olive oil-graphene oxide bio-composite films
was prepared via casting films-forming emulsion by adding Graphene Oxide (GO) to the Potato
Starch-Olive Qil (PS/O0) matrix. The effects of olive oil and various amounts of graphene oxide on
the performance of potato starch films were studied. Based on the results a combination of olive oil
and GO was applied to diminish the Water Vapor Permeability (WVP) of the controlled films. Meantime,
water solubility and moisture content decreased with olive oil incorporation and further decreased
with increasing graphene oxide content. The addition of GO and olive oil into the films decreased
the wettability of films. The mechanical strength was increased by the increment of GO and decreased
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with olive oil incorporation. The color properties and UV transmittance of the neat film were affected
by adding olive oil and GO. XRD proved that the GO layers were intercalated in the PS/OO emulsion
structure and FT-IR demonstrated that new interactions were formed between PS/O0O/GO. Scanning
Electron Microscope (SEM) demonstrated the dispensation of GO sheets inside the emulsion network.
The surface roughness of films increased by adding GO and olive oil. Dynamic mechanical tests
revealed that the incorporation of GO improves the thermal resistance, and storage modulus of the

films, and diminished with olive oil incorporation.
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INTRODUCTION

Past couple of decades, numerous investigations have
been accomplished on toward the generation of bio-
compactible and green polymers with natural origins,
because they can be a viable solution for disposing of
plastic packaging materials [1]. Biopolymers such as
lipids, proteins, polysaccharides were considered to be
renewable [2, 3]. In particular, starch, a natural
polysaccharide, is inexpensive, biodegradable, and has
been used for packaging utilizations [4]. Starch-based
films represent appropriate physical characteristics, since
they are colorless, odorless, tasteless and impermeable to
oxygen [5]. However, it has some disadvantages,
including moisture sensitivity, weak mechanical strength,
high UV radiation transmission, and high brittleness [6].
To alleviate these problems, bio-composites are often
modified by cross-linking agents or blended with other
synthetic polymers, biopolymers, hydrophobic substances,
or nanoreinforcements [7]. One approach to achieve
a better water vapor barrier is incorporating the
hydrophilic films with hydrophobic components like oil
[8]. Olive oil is a vegetable oil which owing to its upper
amount of oleic acid, has a liquid nature at environment
temperature and makes it easy to mix with biopolymers.
Olive oil was used to prepare films with better barrier
properties and plasticized films for packaging. Using lipids
into biodegradable films were caused a notable decrease in
their mechanical strength, and thermal quality [9]. In recent
years, the introduction of reinforcing fillers to enhance the
physicomechanical properties of biopolymers has received
much attention and thus improves their functionality,
processability, and end-use performance [3, 10, 11].
Among various types of fillers, Graphene Oxide (GO) has
extensively been investigated owing to its enormous
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potential for enhancing thermo-mechanical properties and
shows large specific surface area [12]. GO has functional
groups on the original sheets like phenol, -OH, epoxide
and -COOH at its sides [13, 14]. This causes GO act
as a hydrophilic-hydrophobic molecule (amphoteric) that
can behave like a colloidal surfactant [15]. GO can be used
in Pickering emulsions (no added electrolytes or
surfactants) or emulsions [16]. In addition, GO has great
potential in many applications, including -electrical
conductivity [17], energy storage devices, anti-static
coating[18], and biomedical engineering sphere [1].
Furthermore, GO sheets possess superior thermal,
mechanical and barrier properties [10, 19] and also exhibit
high biocompatibility and antibacterial activity [20].
Therefore, incorporation of GO sheets into composites
has great attention and progressively used for active
packaging [1]. Although there are reports of GO or olive
oil alone as a filler in the preparation of starch films [9, 21].
No research has yet been reported on the combined
introduction of these two fillers within the formulation
of starch network. In this study, the researchers aimed
to develop and characterize starch-based films comprising
olive oil and various amounts of graphene oxide plates.
These composites can be hopeful environmentally friendly
substances for packaging utilizations and in diverse
sections of knowledge like tissue engineering.

EXPERIMENTAL SCETION
Materials

Potato starch (PS), food grade, was provided by
Khoosheh Fars Starch Company (Shiraz, Iran).
A commercial brand of Olive Oil (OO) was purchased
from Famila CO. (Iran). Graphene Oxide (GO) was obtained
from Guangzhou Feibo Co., Ltd. (Guangzhou City,
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China), with thickness of .6-1.0 nm and specific surface
area of 1000-1217 m?/g. Glycerol (Gly), analysis pure, was
supplied from Bio Basic (Canada).

PS-GO film emulsion

59 of PS were dissolved in distilled water (80mL)
at ambient temperature for 5min. Then the suspension
exposed to steady blending (300 rpm) for 30 min at 90 °C
in a water bath to complete the gelatinization process [22].
Olive oil (10% w/w based on potato starch weight)
comprising Tween 80 (5% w/w based on olive oil) and
glycerol (35% w/w based on potato starch weight) were
combined to the potato starch solution, stirred
magnetically (500 rpm, 5 min), and then made uniform
with  Ultraturrax (IKA T25-Digital  Ultraturrax,
Germany) at 13000 rpm for 4min. In the meantime, the
GO powders (0, 1, 3, 5, and 9% w/w based on potato
starch weight) were mixed with distilled water (20mL)
under sonication in an ultrasonic (Elma, Germany) for
30 min to promote their uniform interspersion and
complete exfoliation [10, 23]. Next, the GO dispersion
was gradually blended to the starch emulsion, mixed
magnetically for 10 min and thereupon sonicated
(10 min, 100 W) up to the GO sheets were quite dispersed.
Ultimately, after whole eliminated of bubbles, 23 g
of the resulting mixture was strew within a polyethylene
plate (diameter 9 cm) according to the ratio and placed
at 40 °C for almost 24 h.

Water Vapor Permeability (WVP)

WVPs of polymers were determined by applying the
method recommended by ASTM E96 with some
modifications [17] at a constant RH of 75% at 25°C[24].
Cups with a diameter of 2 cm comprising moistureless
CaClz (0% RH) were covered with each specimen and
closed with liquefied paraffin. Thereupon, the dishes
were positioned in a chamber (25°C) including high-
concentration solution of salt in water with RH-75%.
Changing in the weight of the cup was recorded at
different intervals for one week. According to the slope
of the curve (namely the weight increment of the cups
was registered and plotted against the time), the WVTR
was computed for obtaining WVP via the following
equation:

WVP=(WVTR xd)/AP Q)
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Where d is the film thickness (m) and AP is water
vapor pressure difference (Pa).

Moisture Content (MC) and Water Solubility (WS)

Water contents (Eq. (2)) and water solubility (Eq. (3))
were done in triplicate on the way method that
recommended by Nisar et al.[25]. Specimens were cut
(20x20 mm?) and weighed (W1). Afterwards, the sample
pieces were put in curls (at 105 °C for 24h) and then
weighed (W2). The solubility of films was determined
by immersing them into distilled water with a steady
stirring speed for 6 h at 25°C. Remaining specimen parts
were separated from water applying filter. The residual
sample mass was desiccate in oven at 105 °C for 24h
up to a steady weight (W3). The film solubility (%)
and moisture content (%) of samples was computed
to Egs. (3) and (2), respectively.

Moisture content %= (W;-W,)/W; x100 (2)

Water solubility %= (W,-W3)/W, x100 ?3)

Wetting assay

The sessile drop method was utilized to evaluate
the contact angle of the water droplet with the surface
of the composite samples, utilizing Drop Shape Analyzer
(DSA 100, KRUSS G10- Germany) at 25 + 1°C.

Color properties

The color parameters of L, a and b were evaluated
utilizing a colorimeter (Konica Minolta Sensing, INC.,
Osaka, Japan), regarding the standard white plate
as a reference (Lo"=97.67, ap"=0.22, by"=0.95). The total
color difference (AE), Yellowness Index (Y1), and
Whiteness Index (WI) were calculated based on the
following equations, respectively.

AE=[(Ly"-Lo") * + (ar™-a0") 2+ (b1 ™-bo") 2] %8 (4)
Y1=142.86 b”/L" (5)
WI=100-[(100-L") 2+ (a%) 2+ (b*)2] 5 (6)

Ultraviolet - vis

Ultraviolet and visible light barrier characteristics
of the composite specimen were quantified at selected
wavelengths between 200 to 800 nm using an Ultraviolet -
visible spectrophotometer (PerkinElmer, model Lambda
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365, USA). Film strips were placed in a spectrophotometer
test cell directly, and the air was applied as reference.
The opacity value of the sample was calculated by Eq. (7).

Opacity = Ab5600/X (7)

Mechanical testing

To investigate mechanical properties (TS and EB),
each of the samples was sliced into pieces 10x100 mm?
and kept 2 days at 50% RH and 20°C before the test.
A tensile tester (Testometric, M350-10 CT, UK) with
speed of 50 mm/min and a primary grip distance
of 50 mm was applied this object[24].

Morphological study (SEM and AFM)

The SEM micrographs (VEGA3 Tescan, Czech
Republic) at speed up voltage of 20 Kv was applied
to study the morphological properties (surface and cross-
sectional microscopic images) of the starch-based
bio-composite films. The samples covered with a thin
layer of gold with a sputter coater before analysis.

Atomic Force Microscopy (AFM) (Dualscope/
Rasterscope C26, DME, Denmark) also was applied
to analyze the surface topography of the specimens.
Two statistical parameter including Ra and Rq were calculated
utilizing a DME software (Specimen datum was converted
into a 3D image).

Fourier-Transform InfraRed (FT-IR) spectroscopy

To identify the possible interaction among PS/O0/GO
bio-composite, the spectrophotometer of Buker Equinox
55(Germany) was used for FT-IR analysis of composite
films at the range of 400-4000 cm™.

Dynamic Mechanical Thermal Analysis (DMTA)

The measurements of tand and storage modulus
of composites were done by DMTA at frequency of 1 Hz,
heating rate 5°C/min, and temperature range from -50 to
200°C.

X-Ray Diffraction (XRD)

XRD pattern was registered at 40 kV and 40 mA
in the interlude of 20 of 5 - 50° at a rate of 1°/min and
a step size 0f0.02°, using a Bruker D5000 advance
diffractometer (Siemens, Germany, Cu Ka).
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Statistical analysis

One-way analysis of variance (ANOVA) was
accomplished for statistical evaluation via the SPSS
statistic software (version 23.0, USA). Duncan test
was employed to estimate the diverse among the specimens
at the significance level of p < 0.05.

RESULTS AND DISCUSSIONS
Water Vapor Permeability (WVP)

Moisture sensibility of carbohydrate-based substance
is a main problem in packaging applications compared
to traditional plastics [21, 26]. The WVP index for
control and bio-composite films was listed in Table 1.
The outcomes showed that attendance of olive oil
diminished the WVP amount by 31%, in comparison
to the amount acquired for the net polymer. This is
due to the fact that oils as nonpolar and hydrophobic
materials can naturally increase the hydrophobicity
of film and reduce its tendency toward water
molecules [27]. Moreover, improvement in the water resistant
was accomplished as a result of interactions among starch
and oil water-repellent bonds [28]. These interactions
cause structural changes in the starch network, leading
to an increment in the twisting factor for water molecules
to percolate via the polymer matrix, which reduces
the WVP [8]. These observations are fully consistent
with related work on emulsified films [8, 27]. Likewise,
by combining the reinforcing filler (GO) with the
emulsion film, a further significant reduction of this
property can be gained (near 42%) compared with the
amount obtained for the control film. The reduction of
permeability could be ascribed to the excellent
dispersion of GO and also this fact that the GO has more
planar configuration that leads to more twist route for
water vapor molecules to transmission via the starch-based
composite film [10, 19]. Furthermore, the interaction
between the GO sheets and the emulsion polymer
network, occupy the cracks and bores in the structure
of emulsion polymers (Pickering-like stabilization
mechanism) [29]. In that regard, the multilayered
structure of the GO plates enables them to be snared
at the interface and to wind around the oil droplets
and form a highly stable emulsion [13, 14]. Thus, it
distributes the oil droplets evenly in the matrix polymer
and prevents the oil droplets from coalescing, making
the films more hydrophobic. In other word, the lipophilic
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Table 1: WVP, moisture content (MC), water solubility (WS) and contact angle (8) of potato starch (PS), potato starch/olive oil (PS+

10% OO0) and graphene oxide-reinforced potato starch/olive oil (PS+ 10% OO) films
p

%GO WVP(x10 "g/m.h.Pa) MC (%) WS (%) 0(°) h
0PS 2.39+2.32° 14.90+0.10° 24.54+0.21° 41.96+0.57°
0 (PS+10%00) 1.65+1.08 12.31+0.18 17.91+0.39° 44.82+0.31°
1 1.70£0.59° 12.27+2.08 17.88+4.42 45.91+0.58
3 1.63+1.36% 11.90+3.90° 17.83+2.51° 46.09+0.50°
5 1.59+1.21% 10.8545.81° 17.16+3.33° 53.15:+0.54°
L 9 1.40+1.04° 9.79+6.52° 16.83+5.32 60.34+0.89°

Values were presented as mean + SD. Different superscript letter in the same column indicates significant differences among formulations (p<0.05).

conjugated structure together with the water-absorbent -
COOH and —-OH groups causes GO facilely to be
adsorbed at the interface of oil droplets and the starch
matrix [13]. These results were according to past papers
reports [7, 10].

Moisture Content (MC) and Water Solubility (WS)

MC (%) and WS (%) are essential features for
potential commercial films [25]. The outcomes of
moisture content and water solubility were showed
in Table 1. By adding oil and GO into the biopolymeric
matrix, MC and WS was decreased from 14.90% and
24.54% for net film to 12.31% and 17.91%for emulsion
film 9.79% and 16.83% for PS-O0-GO(9%). These
results indicate that the amounts of MC and WS relate to
various factors like the kind of fillers and interactions in
the film structure too. The FT-IR spectra provide a good
evidence for the creation new H-bonds via the
incorporation of oil within the biopolymeric matrices.
As a result, it decrease the accessibility of —OH groups
of emulsion matrix to water molecules, which in turn,
leading to formation of more hydrophobicity starch-
olive oil mixed [25, 30], as stated in related works [31].
Besides, the reducing effect of GO on MC and WS
behaviors of starch-olive oil-graphene oxide blended
films by increasing in GO content (up to 9%) were
observed. This was related to the Pickering effect of GO,
which it can be anchor between the starch and oil chains
led to the interfacial adhesion among the GO sheets
and the composite chains. This effect was stated
as the vindication for reducing amounts of MC and WS
of composite films due to the compact structures
and reduce the inter-chain free volume of the films [32].
These conclusion was compliance with the outcomes
of the previous studies [29, 33].
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Wettability of films

The surface hydrophilicity/hydrophobicity of the samples
indicate the sensitivity of the starch-based film to water
or moisture [34]. The further the contact angle,
the greater the lipophilic properties of the film surface
(water repellency). In this regard, the emulsion film had
higher contact angle (44.82") rather than pure film (41.96").
Due to the hydrophobic nature of oils, as expected
(Table 1). Similarly, Pereda et al.[30] studied the
surface of chitosan-olive oil bio-composite films
containing nanocellulose. Meantime, it is clear that GO
addition further increments the contact angle of the
reinforced sample with GO compare to that control films
(PS and PS-O0). There was significant difference (p < 0.05)
between the contact angles of PS/OO film and the
specimen comprising 9 wt. %. GO (60.34°), which was
ascribed to two general ways for reducing the wettability
of composite films [35]: 1) the increased contact angle
of the biocomposite samples could be ascribed to the
interaction among GO and emulsion films. This result
was confirmed by FTIR (Fig.2). As mentioned earlier,
graphene oxide as an amphiphilic substance has
hydrophobic regions [15, 36]. Therefore, when
interacting with the emulsion matrix via hydrophilic
regions, GO exhibited hydrophobic regions which led
to poor interaction with water [37]. 2) The roughness of
its surface could also affect the contact angle owing
to the surface roughness of the films, causing air to be snare
among the GO peaks on the films surface, creating
asurface with a low sliding angle[38]. Lyn et al. reported
the relationship between contact angle and film surface
roughness [39].

Color coordinates and Light transmittance
The color and optical characteristic of films are a main
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Table 2: Color coordinates of potato starch (PS), potato starch/olive oil (PS+ 10% OO) and graphene oxide-reinforced potato

starch/olive oil (PS+ 10% OO) films

4 %GO L* a* b* AE Yl Wi h
0PS 93.53+0.23% -9.08+0.23%¢ 12.77+0.49° 15.60+0.49¢ 19.15+0.73¢ 83.03+0.44%
0 (PS+10%00) 88.74+0.24° -9.51+0.56% 14.93+0.94° 19.23+1.01° 24.04+1.54°¢ 79.01+0.98°
1 87.77+0.22° -9.32+0.37%¢ 15.14+0.11° 18.09+0.11° 29.56+0.18¢ 78.40+0.10°
87.32+0.46% -9.88+0.46° 18.52+0.612 22.32+0.64° 31.95+0.95° 77.95+0.61¢
5 86.10+1.26¢ -8.73+0.63° 19.27+2.37% 22.88+2.68° 32.65+4.23® 75.29+2.68¢

_ 9 84.74+1.00° -8.50+0.72% 20.71+0.99" 25.26+1.322 34.92+1.922 72.83+1.33¢ )
Values were presented as mean + SD. Different superscript letter in the same column indicates significant differences among formulations (p<0.05).

feature that impacts user approval, oxidation, and their
suitability as packaging materials [36, 39]. Table 2
reveal the modifications in color coordinates of different
films. The net film was the lightest among all specimens.
In comparison with the net sample (PS), the
incorporation oil and GO resulted in decreased in
lightness (L), meaning that the films lost clarity.
Addition of oil into the PS structure caused a decline in
the lightness, which this value dropped further with the
GO reinforcement in the emulsion films. Redness (a"),
yellowness (b™), Yellowness Index (Y1) and total color
change (AE) coordinates increased, but Whiteness Index
(WI1) decreased with augmenting GO amount in the
presence of olive oil. Generally, the films blended with
oil and GO sheets had brown tincture compared to pure
starch film. The reason for this is the dark brown color
of GO. Ahmed et al. [10] and Yang et al. [16]reported
asimilar color shift for CS/GO films and SA-gelatin-GO
ternary composite films, respectively.

The percent transmittance (T %) of all tested samples
at wavelength ambit of 200-800 nm are presented
in Table 3. It is also noted that food is prone to oxidation
at steep absorption in the near UV range at 200-300nm [40].
The UV transmittance dropped significantly at
wavelength 200-300 nm by adding GO into the emulsion
films about 100% and at 300-400 nm more than 90%.
This is presumably because agglomeration of GO can
cause increased light scattering and also reduced
transparency in the PS-OO-GO films. The particle
aggregation, which is clearly observed in the surface
microscopy image in Fig.. 1e, can confirm the above
speculation. Absorption increased as the amount of GO
in the matrix increased from 1 to 9 wt. %. As expected
the film opacity ascended (data not shown). It was stated
that adding the GO sheets also improved the absorption
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of the samples [16, 39]. As well as, the emulsion films
were more darkening (data not shown) than PS films.
These results showed that the oil prevented the
transmittance of ultraviolet light of the specimens, but
they are not as effective as GO sheets. The same behavior
has been discovered in chitosan/olive oil composites
amalgamated with nanocrystals [30]. Therefore, the blended
use of olive oil and GO sheets in control film can block
ultraviolet rays, which may be useful to the packaging
of light- susceptible materials.

Thickness and mechanical properties

Based on the outcome acquired from determining
the thickness of starch-based samples, it was found
that increasing the using of oil and GO were insignificant
(p > 0.05) effect on the thickness of films. But, led to
increase in specimen’s thickness from 0.138 and 0.148 mm
(Table 4). These results were in agreement with
the previous studies on graphene oxide and PLA [10].

Tensile test result of the starch-based bio-composite
films indicate their ability to withstand external effects
and ductility to retain their unification under the stress exist
during the processing, and storage of the packaged
substances [41]. Table 4 represents the impact of GO
amounts and oil on the mechanical characteristics
of the samples including Tensile Strength (TS) and
Elongation-at-Break (EB). Appending olive oil within
the starch structure result in a significant (p<0.05) reduction
in TS from 21.95 MPa to 10.57 MPa, as reported in other
studies [42, 43]. It could be related to this fact that oil
incompatible with the starch matrix structure forms
a hydrophilic polymer, so the oil causes free volume
and discontinuity in the matrix structure and also decreases
the homogeneity and cohesiveness of the film matrix,
resulting in poor mechanical strength [42]. Integration
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Table 3: Transmittance percentage values of Potato Starch (PS), potato starch/olive oil (PS+ 10% OO) and graphene oxide-reinforced

potato starch/olive oil (PS+ 10% OO) films

%GO 200nm 240nm 300nm 350nm 400nm 500nm 600 nm 700nm 800nm )
T (%) T (%) T (%) T (%) T (%) T (%) T (%) T (%) T (%)
0PS 0.01 26.58% 39.79% 51.04% 60.77% 68.342 71.42% 73.542 75.122
0 (PS+10% 0OO0) 0.01 0.06° 4.13° 6.47° 10.23° 16.74° 21.71° 26.51° 31.03°
1 0.01 0.01° 0.62d 2.481 5.07f 10.85¢ 16.47¢ 23.85¢ 30.23°
3 0.01 0.01° 0.44¢ 2.41° 4.85¢ 8.88¢ 14.58¢ 17.81¢ 23.29¢
5 0.01 0.01° 0.01° 1.89¢ 4.65° 8.68¢ 13.65¢ 17.09¢ 21.30¢
\_ 9 0.01 0.01° 0.01° 1.254 3.78¢ 6.80° 10.75f 14.12f 19.68f )

Mean with different letters within a column indicate significant differences (p< 0.05).

Table 4: Tensile properties and thickness of Potato Starch (PS), potato starch/olive oil (PS+10% OO) and graphene oxide-reinforced

potato starch/olive oil (PS+ 10% OO) films

Ve

~

%GO Tensile strength (MPa) Elongation-at-break (%) Thickness (mm)
0PS 21.95+1.18° 10.32+0.99% 0.138+0.01%
0 (PS+10%00) 10.57+0.22° 5.34+0.42% 0.141+0.01*
1 10.32+0.34% 5.07+2.69° 0.142+0.01°
3 10.96+0.20¢ 4.77+0,67° 0.146+0.012
5 12.13+0.80¢ 4,23+0.11% 0.147+0.01°
\_ 9 14.16+0.46° 3.89+0.38% 0.148+0.012 Y,

Values were presented as mean + SD. Different superscript letter in the same column indicates significant differences among formulations (p<0.05).

GO sheets with emulsion matrix increased the strength
and density of the composite films, and also fortify the
TS of emulsion films by increasing GO amount, as
shown in Fig. 1 (f). These could be explained by fact
hydrophilic groups (i.e., the ionizable edge -COOH
groups) and lipophilic groups (i.e., the unoxidized
graphitic patches such as phenol hydroxyl and epoxide
groups) are linearly arranged (head-to-tail fashion)
on the original plate of GO sheet which makes it act
as a functional surfactant [44]. This structure permits
the GO sheets embayed at the lipophilic/hydrophilic
interfaces (Pickering effect) [45]. Therefore, interaction
among GO and emulsion matrix led to preventing
the bio-composite chains motion. The Pickering behavior
was observed in related works on emulsions comprising
GO sheet [13, 14, 44, 45]. Elongation of starch-based
film a significant (p < 0.05) decline with adding olive oil
(Table 4). Similar result are reported for lower
elongation of emulsion films after the addition of oil
within the PS network [46-49]. Lower EB probably
could be ascribed to the addition of lipophilic materials
within the hydrophilic network that cause diminish
the moisture amount of emulsion films. The plasticity of
emulsion films was depended on their moisture amount,
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since moisture acts such as a plasticizer. When
the moisture amount of samples reduction result in reduce
in the plasticity of the composites (EB) [50]. With
the addition of GO sheets into emulsion films and raising
GO amount from 1 to 9 wt. %, the elongation value
was decreased. These results indicate that the chains
were restricted by GO sheets.

Structural analysis

In order to superior comprehend the connection
between the structure and performance of the starch-
based bio-composite samples, the SEM images of the
surface and cross-section and the AFM (3D) and the
surface roughness of the composite films were showed
in Fig. 1. The surface of the control sample (Fig. 1a) had
the smoothest surface (roughness of 30.2 nm, Fig. 19)
and presented a continuous and homogenous structure.
In addition, the cross-section image (Fig. 1b) showed a
compact structure without holes or bubbles in the pure
film. Similar result was also stated by Basiak et al. [51].
The films including oil showed a rougher surface
(R: 34nm, Fig 1h) and discontinuities in the starch-base
network. The SEM cross-section image (Fig.1d) of these
films also indicated the difference in pore size and
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Fig. 1: SEM images of a) and b) starch-based films (PS), c) and d) starch-based/olive oil (10%00) films, €) and f)
PS/10%00/graphene oxide (9% GO). AFM images and roughness (R) of surface of g) PS films, h) PS/10%00 films,
i)PS/109%00/ 3% GO and j) PS/10%00/9%GO0O films ; where a, ¢ and e demonstrates the SEM surface area and b, d

and f demonstrates the SEM cross-section images

showed that the film compactness reduced. These
indicate that the interaction between oil and starch
matrix were flimsy [52, 53]. During drying, the oil
droplets appear to be separated from the matrix film and
aggregate (creaming phenomenon), leading to free
spaces throughout the film and also creating
irregularities at the film surface [52]. The similar
behavior has been found in previously announced on the
starch/oil [30, 52, 53]. The incorporation of GO (Fig. 1e)
to emulsion films also affected the internal structure and
film surfaces. GO (3 wt. %) sheets led to a higher surface
roughness (R: 61.7nm, Fig. 1i) compared to the films
prepared without using GO sheets. Meanwhile, the
surface roughness of composite films increased and
reached a maximum value of 69 nm (Fig. 1g) when
the amount of GO was enhanced from 3 to 9 % wt. This
behavior happened presumably due to the formation
of agglomerates (high loading), which was caused
by a possible elutriation of material to the surface during
the drying process. As mentioned earlier, there is
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a relationship among surface roughness and contact
angle, and as the surface roughness increases, the contact
angle of the films increases. This phenomenon
corroborates with the results observed for hydrophobicity.
A similar demeanor was also discovered by Faradilla et al.
and Lyn et al. [35, 39]. Cross-section images of the composite
samples comprising 9 wt. % GO (Fig. 1f) demonstrate
further uniform and compact structure than the emulsion
composite’s structure. The uniform distribution of olive
oil in the bio-composite network may also be related to
the emulsification effect of GO sheets,[13, 14, 44, 45]
which minimized these pores and made the films
structure denser. This indicate that the prepared film was
stable and ameliorated the TS and EB of the films.

FT-IR analysis

FT-IR tests were carried out to measure the interaction
between different components, and the FT-IR spectra
of olive oil, GO, pure potato starch, emulsion film
and bio-composite sample based on starch loaded
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Potato Starch (PS) film, potato starch film incorporated with
10% olive oil (PS/10% OO) and potato starch/ 10% olive oil
emulsion films loaded with 9% GO (PS/ 10% OO/ 9% GO)

with GO (9 wt. %) were shown in Fig.2. The FT-IR
spectrum of Go showed a broad band at 3443 cm™?,
which was related OH groups. The intense O-H band
present between 3550 and 3000 cm™ gives strong
indicated of intermolecular as well as intramolecular
H-bonding in GO sheets [1]. The presence of peaks
at 1625 cm™, 1717 cmand 1354 cm can be attributed
to the stretching of C=C bond, C=0 bond and the C-O
of stretching bond, respectively. A small peak at 2923 cm?
is assigned to the stretching of C-O bond [1, 21]. For net
starch film, the stretching and bending vibration of O-H
groups occurred at 3442 cm, 1640 cm?, respectively.
The peak at 2923 cm™ was characteristic of the
stretching vibration of the aliphatic C-H groups.
The bands at 1467 cm™ and 857 cm™ were assigned
to the deformation vibrations associated with the CH;
groups. The absorptions at 1376 cm™ and 1011cm™ can
be assigned to deformation vibration of C-O-C groups.
The bonds related to stretching vibration of C-O
and C-C groups appear at 1162 cm™ and 917 cm™ [4,
54]. FT-IR spectrum of olive oil, the band at 3004 cm™!
is due to the CH stretching of cis double bonds. The band
at 29424 cm is due to the antisymmetric of aliphatic
C-H in CH; and terminal CH3 groups. The strong single
peak of the C=0 stretching vibration of carbonyl groups
of triglycerides was observed at 1745 cm™. Bands
in the 1400-1200 cmregion are mainly attributed
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to bending vibrations of CH; and CHjs aliphatic groups
like symmetric HCH bending at 1373 ¢cm™ and CH,
scissoring at 1460 cm™. Peaks at 1163 cm™ and 722cm’?
correspond to the stretching vibration of C-O ester
groups and overlapping of the (CH2), rocking vibration
and the out of-plane vibration of cis-di- substituted
olefins [55]. By adding the olive oil within the starch
network, the position of peak in the region of 3442 cm™,
which refers to OH groups of net starch [54] was shifted
to 3431 cm? in the emulsion film (10 wt. % OO).
This indicates the creation of H-bonds among the starch
film network and olive oil. the peak at 1747 cm
corresponded to the stretching vibration of carbonyl
groups of triglycerides [55, 56] of olive oil appeared
in the emulsion film (10 wt. % OO), indicating the
interaction between the film structure and the C=0
groups of triglycerides of olive oil. By incorporating GO
within emulsion composite, the position of peaks of PS
at 3442 cm* (OH group), 2923 cm™* (the C-H stretching
connected with ring methane hydrogen atoms), 1640 cm-
! (the bending vibration of —OH groups), 1011 cm™ (the
stretching vibration of C-O in C-O-H groups) [21] shifted
to higher wavenumbers of 3445 cm'?, 2927 cm, 1656 cm'?
and 1042 cm, respectively, in the PS/10%00/9%GO. This
represents the hydrogen bond formed in the bio-composite
films. Comparable findings were also realized previous
papers [1, 21]. There were no new peak, which means that
interactions between GO sheets and emulsion components
exhibited physical interaction.

Dynamic Mechanical-Thermal Analysis (DMTA)
Dynamic mechanical-thermal analysis was used to
study changes in phase transitions as temperature
function of PS films containing olive oil and GO sheets
(0, 1, 5, and 9 wt. %). Fig. 3a demonstrates the curve of
Tan & versus temperature. As can be noticed, two
relaxation processes at low (between -25 and -18°C) and
high (95°C) temperatures are related to the glycerol-rich
domains (a, relaxation) and starch-rich domains (o,
relaxation), respectively. It is worth noting that the peak
of loss factor (Tan &) corresponded to the a- relaxation,
which could be ascribed to glass transition (Ty) [57].
Regarding Fig. 3a, theT, temperature in both the

domains declined with incorporation of oil within the
potato starch structure, which was ascribed to the
lubrication theory. In fact, oils behave like lubricants
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Fig. 3: DMTA curve: (a) Loss factor (tand) and (b) Storage
modulus of control film, potato starch film incorporated with
10% olive oil and potato starch/ 10% olive oil emulsion films
loaded with different amounts of GO

and alleviate the friction force among the chains of
polymer and enhance the vacant space, makes decreased
T, of emulsion composite [46]. With the addition of GO
at distinct amounts in the starch-oil network, the
situation of both temperature relaxations (i.e. glass
transition temperature of glycerol- (Tggrp) and starch-
rich (Tgsgrp) domains) enhanced. As shown, the influence
of GO sheets on the position of Tgggp is more significant
than the position of Tggrp, notably with the increase
in the GO content. Thus, it can be mentioned that
the presence of GO in emulsion matrices simplifies
the interaction of PS with oils and diminishes the phase
dissociation event and also the free space inside the film
structure, consequently, hinders the chain movement.
Additionally, GO is dispersed well in the emulsion
matrix. As expected, oils indicate lubrication effect
and caused to diminish in the toughness of emulsion
structure, leading to a decrease he storage modulus
of sample (Fig. 3b). It is clear that by loading GO over
1 wt. % the storage modulus of film decreased. These
may be due to the reduction in the quantity of GO
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participating in 0il-GO sheets interactions, so in low
amounts GO cannot act as reinforcement. Thereby,
at very low amount, it functions highly probably as
an imperfection rather than as a reinforcement. By adding
higher GO contents (up to 5 wt. %) compared to
emulsion film no increase was observed in storage
modulus. This demeanor is obvious in the down
temperature range (i.e. -40 to -10°C). However, at upper
temperatures (i.e. -10 to 180°C), the storage modulus
increased. Presumably because GO (5 wt. %) did not
show the expected reinforcing effect at low
temperatures. By further increasing the GO content
up to 9 wt.%, fiber aggregation becomes more apparent,
as a result a considerable increase in the composite
storage modulus and even greater than the corresponding
unreinforced system (PS film). However, in this case,
the dependence of the storage module on the GO amount
(from 1 to 9 wt. %) is obvious.

XRD analysis

The results of XRD characterization of PS,
PS/10%0IL and PS/10%OIL/GO-n films were
displayed in Fig. 4. As known, starch has a semi-
crystalline nature and the crystal structure of starch can
be classified in 3 forms (A, B and C) [4]. The net starch
film (PS) had a B-type crystalline pattern (usually found
in tuber starch like a potato), which appeared four main
reflections at about 5.4°, 17.1 °, 19.8", and 22.3" [21].
The GO pattern revealed a high and narrow crystallization
peak near 10.87° and also according Bragg equation the
d-spacing was 8.1A°. Similarly, such a result has
previously stated by other researchers [58, 59]. After
integrating with olive oil (PS/10%0IL), the two
diffraction peaks disappeared at 5.4°and 22.3°, and also
the intensity of the peak at 17.1" was remarkably reduced
in contrast to the control film. It is speculated the
inclusion of oil has a destructive effect on the
crystallinity of the emulsion network. This occurrence
corresponded to the new interactions among starch and
olive oil (namely the hydrophobic interactions among
the C=0 group of the fatty acids and the OH groups
of starch), which forms a large complex that prevents
the reorganization of potato starch chains [42]. In other
words, the new inactions between oil and starch destroy
the original crystalline structure of the starch. These new
interactions were confirmed by FT-IR spectroscopy;
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Fig. 4: XRD patterns of graphene oxide (GO), potato starch
(PS) film, potato starch film incorporated with 10% olive oil
(PS/10% OO) and potato starch/ 10% olive oil emulsion films
loaded with different amounts of GO

as reported in related works when different degrees
of unsaturation fatty acid were added into the sweet
potato starch-based films [43]. With adding GO
to the emulsion film (PS/10%0IL/GO-n) the reflections
for these peaks gradually reduced. The decrease of peak
intensity presumably could be owing to were superb
exfoliated and uniformly interspersed of GO in the
emulsion structure, leading to increments number of H-
bonds and the reduce of regular domains, thus led to
notable slowing down of potato starch re-crystallization
[1, 21]. The similar trend has been found in the GO-PVA
composite films [1] and the SA-gelatin-GO composite
films[16]. Hence, the XRD spectrum of the GO sheets
disappeared in the starch-base bio-composite films.

CONCLUSIONS

This study is aimed the development of a bio-
composite film made from an inexpensive source of
polysaccharide (starch), incorporated with olive oil and
GO using the solution casting method. The WVP,
moisture content and solubility results demonstrated that
percolation of moisture can be considerably decreased
by the incorporation of GO and oil. However, applying
oil and GO increased the surface hydrophobicity of the
bio-composite films. The results from UV light shown
strong UV -protection, notably the PS/10%OIL/9%GO
film. The use of oil and GO in the network of the
polymers debilitated and strengthened their mechanical
properties, respectively. The XRD pattern showed
exfoliation of the GO sheets and the FT-IR spectra
demonstrated formation of the physical bonds (hydrogen
bonding) between GO, oil and biopolymer. The
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improvement and deterioration of thermal stability
of composite films by adding GO sheets and oil into
the film matrix by DMTA result were confirmed,
respectively. SEM and AFM micrographs were proved
GO sheets were well compatible with the film system
and also showed the evenness of films without presence
of holes or fractures. In summary, the bio-composites
films with improved performance were produced from
inexpensive and green materials. As well as can also
be contemplated as a prospective packaging substance
for moisture resistance and UV-proof.
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