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Abstract

The feasibility of potato-based bioplastics as food or fresh produce packaging materials was investigated using glycerol and
sorbitol plasticizers at three different concentrations (30, 50, and 70%). The effects of plasticizers on the tensile strength,
water vapour transmission rate, water absorption, and contact angle of the plasticized bioplastic were compared to the pure
potato starch-based bioplastic. At same concentration, glycerol-plasticized bioplastic films were more flexible and stickier
than sorbitol-plasticized bioplastic films. At all concentrations, however, the tensile strength and elongation at break were
consistently lower than the latter. The experimental results revealed that glycerol with a higher hydrophilicity produced bio-
plastic films with higher water vapour transmission (63.68-80.91%), water absorption (252.65-432.71%), and lower contact
angle (36.669°-50.506°) in comparison with sorbitol-plasticized bioplastics. In Fourier transform infrared spectroscopy, the
major absorption bands characteristics of all bioplastics, with or without the presence of plasticizers, were found to be identi-
cal. A weight loss test on strawberries stored at different temperatures was used to investigate the feasibility of plasticized
potato starch-based bioplastics for use as food and fresh produce packaging materials. Increase in the concentration of both
plasticizers from 30 to 70% reduced the weight loss of strawberries kept at 4 °C and room temperature, with no significant
difference in weight loss observed at the same concentration of the plasticizers. It was also found that when strawberries were
wrapped in plasticized bioplastics and kept at 4 °C, water loss was reduced by 4 to 6.8 fold compared to room temperature.
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Introduction

Plastic is one of humanity's greatest inventions (North
and Hladen 2013). It is lightweight, durable, soft, flex-
ible, transparent, corrosion-resistant, and versatile even
at extreme conditions (Sam et al. 2016; Sanyang et al.
2016; Siracusa et al. 2008). These characteristics make it
suitable for a wide range of applications, including pack-
aging, construction, and electronic component manufac-
turing, among others (Phil 2019). According to Geyer
et al. (2017), the amount of plastic waste generated since
1950 has exceeded 8.3 billion tonnes, with the number
expected to rise due to high demand in the market. The
most common plastics on the market today are petroleum-
based plastics, which are made up of synthetic organic
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polymers and derived from natural gas, crude oil, or coal
(Suman et al. 2020). Although petroleum-based plastics
can be disintegrated, they cannot decompose due to the
addition of additives such as UV and thermal stabilizers,
lubricants, photoinitiations, and antioxidants, which give
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them extreme stability. As a result of the massive amount
of plastic waste that is released into the environment each
year, its stability poses serious environmental and health
risks (Ciriminna and Pagliaro 2019).

According to Plastic Oceans International (2021), approx-
imately half of all plastics produced are designed for single-
use purposes in the packaging industry and are discarded as
trash after one use. Plastic bags, in particular, take nearly
10 to 20 years to degrade, which is a very long time (Cha-
mas et al. 2020). Improper plastic waste management will
result in the accumulation of plastic waste as well as plastic
pollution, which will have a number of significant negative
effects on the environment and endanger ecosystems (Prata
et al. 2019). Walker et al. (2018) emphasized this, stating
that if plastic waste is not properly managed and handled,
it will contaminate water sources as it flows into the water
stream or runoff, causing flooding or even leaching of toxic
chemicals such as mercury, lead, and cadmium. As a result,
aquatic food chains will be disrupted as aquatic lives con-
sume the polluted water contaminated with toxic chemicals.
Furthermore, greenhouse gases will be released from buried
plastics, and bacteria that eat nylon, such as pseudomonas
and flavobacteria, will release methane gas when they feed
on plastic waste (nylon and polymer), contributing to global
warming (Hossain et al. 2020).

When producing petroleum-based plastics, hazardous
chemical substances such as bisphenol A (BPA), phthalates,
antiminitroxide, brominated flame retardants, and polyfluori-
nated chemicals are used (Halden 2010). These chemicals
may leach into the environment and harm humans. In the
context of food packaging, harmful chemicals such as BPA
and phthalates may leach out and diffuse into food. Plastic
manufacturing also releases a variety of hazardous gaseous
chemicals into the atmosphere, including hydrogen cyanide,
particulate matter, and carbon monoxide, resulting in air pol-
lution (Proshad et al. 2017). Plastic applications are common
in food and fresh produce packaging and are commonly used
to pack food and beverages in hawker stores. Despite the
fact that its applications benefit human lives, environmental-
ists around the world have highlighted it as one of the most
severe pollutions to the environment in recent years, as well
as the threats that plastic wastes pose to the health of living
organisms and the environment. To address all of the issues
raised by the use and disposal of plastics, much attention has
been paid to the research and development of bioplastics in
the hopes of reducing reliance on petroleum-based plastics.
Alternatives are being investigated, to replace petroleum-
based plastics with other materials that have similar prop-
erties but are degradable, less toxic, and more affordable.
Aside from that, the development and application of bio-
plastics not only helps to reduce environmental problems,
but it also helps to alleviate petroleum oil shortages (Bangar
et al. 2021).
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Bioplastic, in general, is made from renewable raw mate-
rials such as starch and cellulose and can be composted and
degraded after use, reducing the need for landfill. Bioplastic
that is made from plants or starch is deemed as a feasible
solution to this issue. Apart from enhanced properties com-
pared to petroleum-based plastic, biodegradability is the
main contributor to the increasing demand for bioplastic in
various industries nowadays. One of the factors for bioplas-
tic being popular in the food packaging industry is that it
only takes up to three to six months to decompose through
soil burial. Among all, starch-based bioplastic is extensively
studied with starch being utilized as the main raw material
because of its characteristics such as inexpensive, renewable,
non-toxic, versatile, biodegradable, has good film-forming
capabilities and can be found abundantly (Nouraddini et al.
2018; Jafarzadeh et al. 2018; Lopez et al. 2015).

Starch is typically extracted from plant seeds, tubes, and
roots. Many recent studies have been conducted to inves-
tigate the physiochemical properties of starch-based bio-
plastics derived from corn, cassava, yam, potato, and other
sources (Ng et al. 2022; Lim et al. 2021). Native starch,
on the other hand, has some drawbacks, such as a narrow
viscosity range, poor mechanical properties, a high age-
ing temperature, and a high susceptibility to moisture, all
of which limit its application in the packaging industry
(Chen et al. 2017). Therefore, plasticizers like polyols are
frequently used in the synthesis of starch-based bioplastics
to improve mechanical and physicochemical properties like
fragility, modulus of elasticity, and glass transition tempera-
ture (Ng et al. 2022; Vieira et al. 2011). This phenomenon
may be attributed to the incorporation of plasticizer with
starch, which is capable of decreasing the starch-starch inter-
molecular molecular and thus lowering the glass transition
temperature, allowing polymer chain mobility (Ballesteros-
Martinez et al. 2020; Sanyang et al. 2016; Sanyang et al.
2015). As a result, the flexibility and stiffness of starch-
based bioplastics improved, allowing them to be used in a
wider range of applications.

To date, little research has been conducted to determine
the effects of various plasticizers, such as glycerol and sorbi-
tol, on bioplastic for use in food and fresh produce packag-
ing. Glycerol is one of the most commonly used plasticizers
in the production of bioplastics due to its high plasticizing
capacity and ability to remain thermally stable at elevated
temperatures (Bilck et al. 2015). According to Ooi et al.
(2012), sorbitol plasticizer not only improved the overall
water intake capacity of bioplastic film while also demon-
strating improved rigidity, but its ability to biodegrade has
also demonstrated it to be a suitable alternative to conven-
tional petroleum-based plastics. Depending on the applica-
tion, the type and concentration of plasticizer used influ-
ences the properties of starch-based films. Most previous
research focused on the physical properties of the plasticized
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bioplastic, with little information available on the effect of
different plasticizers and their concentrations on bioplas-
tic application. Therefore, the present research also aims
to reveal the potential of a potato starch-based bioplastic
containing different plasticizers for use as a fruit packaging
material.

In this study, potato starch was used as the raw material
for bioplastic synthesis. Potatoes are a popular staple food
around the world. They come in over a hundred species and
thousands of varieties all over the world, with enormous
potential that has yet to be fully realized. The use of potato
starch as a bioplastic raw material is deemed interesting and
worth exploring in the development of bioplastics due to the
high availability of potato as a source of starch extraction.
The effects of different types and concentrations of plas-
ticizer on the mechanical and physicochemical properties
of the synthesized bioplastics were investigated by adding
glycerol and sorbitol to this particular starch at various con-
centrations. Tensile strength and elongation at break tests,
water vapour transmission rate, water absorption test, water
solubility test, Fourier transform infrared (FTIR) spectros-
copy, contact angle measurement, and general appearance
were all part of the characterization study for the compari-
son. Finally, the feasibility of using them as fruits packaging
materials was investigated. The findings of this study should
shed light on the mechanical and physicochemical properties
of potato starch-based bioplastics, as well as their potential
for use as food and fresh produce wrappers when different
types and concentrations of plasticizer are used, which are
not widely reported in the literature at the moment.

The experiments of this work were conducted at the
Chemical Engineering Laboratory of UCSI University,
Kuala Lumpur, Malaysia and Malaysia—Japan International
Institute of Technology, Universiti Teknologi Malaysia from
May to September 2020. The tensile tests and FTIR analy-
sis were performed at GT Instruments Sdn Bhd Malaysia
and Universiti Tunku Abdul Rahman, Perak, Malaysia,
respectively.

Materials and methods

Preparation of bioplastics

Preparation of potato starch-based bioplastics

The preparation of potato starch bioplastics was performed
according to the procedures described by Ng et al. (2022).
First of all, a specific amount of potato starch and distilled

water were mixed together. To obtain a homogeneous starch
suspension, the mixture was heated in a water bath at 95 °C

13705
Table 1 The composition of potato starch/glycerol blends
Samples Starch-glycerol mixture Distilled Glyc-
water (ml) erol
Starch (g) Glycerol (g) (Wt%)
P-100 30 0 300 0
G-30 30 9 300 30
G-50 30 15 300 50
G-70 30 21 300 70
Table 2 The composition of potato starch/sorbitol blends
Samples Starch-sorbitol mixture Distilled Sorbitol
- water (ml) (wWt%)
Starch (g) Sorbitol (g)
S-30 30 9 300 30
S-50 30 15 300 50
S-70 30 21 300 70

for 30 min with constant stirring. The mixture was then poured
onto a baking tray and allowed to cool for about 10 min before
being dried in an oven at 40 °C overnight. The dried bioplastic
film was made entirely of potato starch and was designated as
sample P-100.

Preparation of potato starch/glycerol bioplastics

The synthesis of potato starch bioplastics with glycerol blends
was carried out in accordance with the procedures described
by Sanyang et al. (2016). Thirty grams of starch was mixed
with 300 ml of distilled water and heated in a water bath at
95 °C for 15 min with constant stirring. This was done to allow
the starch granules to disintegrate and provide a uniform dis-
persion. Following that, a specific amount of glycerol plasti-
cizer was added to the mixture, and stirring was continued at
95 °C for another 15 min. The mixture was then poured onto
a baking tray and allowed to cool for about 10 min before
drying. The sample was dried in an oven at 40 °C overnight.
Similar procedures were used to produce potato starch bio-
plastics with varying glycerol concentrations (30%, 50%, and
70%), as shown in Table 1.

Preparation of potato starch/sorbitol bioplastics

The preparation of potato starch bioplastic with sorbitol blends
was similar to that of potato starch bioplastic with glycerol
blends, except that the plasticizer used was sorbitol rather than
glycerol. The composition of the potato starch/sorbitol blends
prepared in this study is given in Table 2.

* @ Springer
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Characterization of bioplastics

General appearance

The general film appearance of synthesized potato starch
bioplastics blended with different types and concentrations
of plasticizer was observed and recorded. Typical physical
appearances such as cracks, bubble formation, and opacity
extent were observed with naked eyes.

Tensile strength/elongation at break

The tensile strength and elongation at break of all bioplastics
were measured according to ASTM D882-97 method using
Universal Testing Machine (TC200200147). Tensile strength
is the maximum stress that a material can withstand while
being stretched at an increasing rate or pull to fail. The unit
measured for the ultimate tensile strength was expressed in
MPa. For elongation, it is defined as the break point of a
material. It represents the elongation or increase in length
of a tensile sample as a result of pulling. The elongation unit
was expressed as a percentage of the original length. In order
to increase the accuracy of the results, average value from 5
measurements was recorded for each bioplastic composition.

Water vapour transmission rate

Seven impermeable plastic cups were filled with desiccant
silica and completely sealed with bioplastic film on top.
There were seven bioplastic samples with varying types and
concentrations of plasticizers, and one plastic sample served
as a control sample. All of the sealed impermeable plastic
cups were placed in the desiccator, along with one additional
plastic cup containing distilled water. For a week, the weight
of each sealed impermeable plastic cup was measured on a
daily basis. The water vapour transmission rate was calcu-
lated by using Eq. (1) (Lim et al. 2021).
o w1

Water Vapour Transmission Rate = — X 1 €))
where W is the weight change of samples (g), ¢ is the dura-
tion in which weight change (W) occurred (day), % is the rate
change of weight of sample (%), and A is the test area (m?).

The water vapour transmission rate measured for each
plasticizer concentration was based on the average of 2
samples.

Water absorption test

All bioplastic samples were prepared in 2 cm X2 cm sizes.
After that, the samples were pre-dried in an oven at 50 °C for
a day. After a day of pre-drying, they were cooled at room
temperature in a desiccator to determine the initial dry weight
(Wy). The samples were then immersed in distilled water for
a day. Following the immersion, the weight of the bioplastic

a
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samples was recorded. To obtain the average value, three
measurements were taken for each sample. The water absorp-
tion percentage was then calculated based on Eq. (2) (Lim
et al. 2021).

W, - W,
Water Absorption (W,) % = ’TO x 100% )

0

where W, is the water absorption capacity (g), W, is the nett
weight after immersion (g), and W, is the initial dry weight

(€92
Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared spectroscopy was performed using
PerkinElmer Spectrum Two FTIR machine to identify the
functional group of the synthesized bioplastics. The spec-
tra were obtained using an FTIR spectrometer in the range
4000400 cm™".

Contact angle measurement

The hydrophilic and hydrophobic properties of the bioplastics
were tested using a tensiometer for the contact angle measure-
ment. All of the bioplastics were cut to a 2 cm? size and laid
out horizontally on an acrylic sheet. The contact angle value
was measured using a water droplet on the bioplastic samples.
To better evaluate the surface properties, each bioplastic film
sample was tested at least 2 times to obtain an average value
for greater accuracy.

Food packaging application

Strawberries were used as fruit samples to investigate the
feasibility of using plasticized potato starch bioplastics as
fruit packaging materials. The initial weight of the synthe-
sized bioplastic film sample and strawberry sample was first
recorded (W,). The strawberry was then wrapped in bioplastic
and stored in the fridge (4 °C) for 7 days. For comparison, a
similar set of strawberries was kept at room temperature. The
weight of the strawberries was recorded on a daily basis in
order to investigate moisture loss or changes in fruit quality as
storage time was extended. The overall weight loss percentage
was calculated using Eq. (3). In addition to this, the physical
appearance of the strawberry was examined with the naked eye
for the presence of mould or decolorization.

. Wo - VVf
Weight Loss = —
Wo

x 100% 3)

where W, is the weight of sample on the last day of study
(g), while W, is the initial weight of sample on the first day
of study (g).

The weight loss measured for each plasticizer concentra-
tion at both 4 °C and room temperature was based on the
average of 2 samples.



International Journal of Environmental Science and Technology (2023) 20:13703-13716

13707

Result and discussion
Characterization of bioplastics
General appearance

All bioplastic films were found to be clear and transparent in
general. In comparison with plasticized bioplastic films, bio-
plastic film made with pure potato starch was found to be the
most brittle, fragile with a hard surface, inflexible, and thus
difficult to remove from the baking tray. Plasticized bioplas-
tic films were less brittle, sticky, and had a smoother surface
than pure potato starch bioplastic films, regardless of the types
of plasticizers used. The flexibility of the resulting bioplastic
films improved as the plasticizer concentration was increased,
making them easier to peel off. According to Ng et al. (2022),
this phenomenon could be attributed to the plasticizers' small
molecular size allowing them to penetrate intermolecular
vacancies on the chain of polymers. As a result of the weak-
ening of the hydrogen bonding between starch molecules, mol-
ecule mobility increased, and bioplastics became more flexible
and easier to peel off the casting surface. Furthermore, Lim
et al. (2021) stated that plasticizers were used to reduce poly-
mer matrix and make starch films more flexible by increasing
intermolecular dispersion between polymer chains, regardless
of the type or concentration of plasticizers used. Hazrati et al.
(2021), Nasir and Othman (2021) and Sanyang et al. (2016)
found similar results in terms of bioplastic appearance when
Dioscorea hispida starch, corn starch and sugar palm starch
were used as the raw materials for the preparation of bioplastic
films.

When comparing the effects of different plasticizers, it was
discovered that glycerol-plasticized bioplastic films were more
flexible and stickier than sorbitol-plasticized bioplastic films
at the same concentration. Furthermore, as the concentration
of plasticizer increases, plasticized films become stickier.
This phenomenon could be caused by phase separation and
plasticizer diffusion to the film's surface (Talja et al. 2007).

Surprisingly, the sorbitol-plasticized bioplastic films were
consistently more transparent than glycerol at all concentra-
tions tested (30%, 50%, and 70%). The summary of the visual
appearance and characteristics of bioplastic films prepared in
this study is presented in Table 3.

Tensile strength/elongation at break

Tensile tests were performed to determine the viability of
potato-based bioplastic films plasticized with glycerol and
sorbitol for future applications such as food and fresh produce
packaging. All of the bioplastic films synthesized in this study
were tested for tensile strength using the ASTM D882 tensile
test. Figure 1 depicts the tensile strength results for the inves-
tigated films. It was clear that the pure potato starch bioplas-
tic demonstrated the highest tensile strength at 34 MPa when
compared to the other plasticized film samples, regardless of
plasticizer type or concentration. This finding was supported
by Sanyang et al. (2016) and Sanyang et al. (2015) who found
that the degree of hydrogen bonding in starch-to-starch inter-
molecular interaction was greater than in starch-to-plasticizer
attraction.

Besides, the concentration of plasticizer added had a
significant impact on the tensile strength of bioplastics.
Based on the results in Fig. 1, the higher the concentration
of each glycerol and sorbitol plasticizer, the lower the tensile
strength of the bioplastic films, indicating an inversely pro-
portional relationship between them. According to Abdul-
lah et al. (2018), the plasticizer composition increased,
resulting in an increase in the tensile strength of bioplastics.
This trend was supported by Ibrahim et al. (2019), Sofiah
et al. (2019), Sanyang et al. (2016); Sanyang et al. (2015),
and Muscat et al. (2012), who stated that as the plasticizer
concentration increased, the strong intramolecular bonding
between polymer chains was reduced, which reinforced the
hydrogen bond formation between the starch and plasticizer
molecules instead. As a result, the flexibility of bioplastics
increased, and thus, the tensile strength decreased.

Table 3 Visual appearance and characteristics of bioplastic films prepared in this study

Sample Plasticizer Plasticizer concentra- Appearance of bioplastic films
tion (%)
P-100 - 0 Brittle, rigid, hard, transparent, cracks on bioplastic surface
G-30 Glycerol 30 No surface cracks, brittle, transparent, sticky, high flexibility
G-50 Glycerol 50 No surface cracks, transparent, stickier than G30, higher flexibility than G30
G-70 Glycerol 70 No surface cracks, transparent, stickier than G50, higher flexibility than G50
S-30 Sorbitol 30 No surface cracks, brittle, transparent, sticky, high flexibility
S-50 Sorbitol 50 No surface cracks, transparent, stickier than S30 but harder than G50, higher
flexibility than S30 but lower flexibility than G50
S-70 Sorbitol 70 No surface cracks, transparent, stickier than S50 but harder than G70, higher

flexibility than S50 but lower flexibility than G70

]
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Fig. 1 Tensile strength of pure 40
potato starch-based bioplas-
tic and plasticized bioplastic 35
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Another interesting observation from Fig. 1 is that bio-
plastic films plasticized with sorbitol had higher tensile
strength than glycerol at the same plasticizer concentration.
Several studies have reported a similar trend, indicating that
glycerol films had lower tensile strength than sorbitol at the
same concentration (Lusiana et al. 2019; Dawam Abdullah
et al. 2018; Sanyang et al. 2016; Sanyang et al. 2015). Haz-
rati et al. (2021) recently demonstrated that sorbitol-plasti-
cized films had higher tensile strength ranging from 11.28
to 4.4 MPa and glycerol-plasticized films had lower tensile
strength ranging from 6.13 to 1.40 MPa at concentrations
ranging from 30 to 60%. Luisana et al. (2019), Tapia-Blacido
et al. (2013) and Aguirre et al. (2013) found that bioplastic
plasticized with sorbitol was stiffer and stronger than bio-
plastic made with glycerol, which required more stress to
achieve the same degree of deformation. According to Ng
et al. (2022) and Hazrati et al. (2021), this could be attrib-
uted to difference in molecular weight between glycerol and
sorbitol. Glycerol and sorbitol have molecular weights of
92.093 g/mol and 182.17 g/mol, respectively, with sorbitol
having nearly twice the molecular weight of glycerol. Based
on this difference, it is possible to conclude that glycerol has
a better plasticizing effect than sorbitol due to its smaller
size, which facilitates interaction with starch.

In addition, the amount of water in a bioplastic film
affects its mechanical properties. This phenomenon, accord-
ing to Luisana et al. (2019), is due to the hydrophilic nature
of glycerol and sorbitol plasticizers. This is because when
higher concentrations of plasticizers are used, the mois-
ture content of bioplastics rises, disrupting starch integrity,
reducing hydrogen bonding, and promoting mobility of
amylose and amylopectin chains, overcoming the recrys-
tallization effect. This claim was supported by Jafarzadeh
et al. (2020), who found that hydroscopic films absorbed
water more quickly at high moisture content, enhancing the

]
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plasticizing effect, lowering tensile strength, and improving
film flexibility.

On the other hand, elongation at break is an important
plastic characterization parameter because it indicates the
maximum length that a bioplastic film can withstand before
rupture (Sofiah et al. 2019). Figure 2 shows the results of the
elongation at break for all the bioplastic samples prepared
in this study. It was discovered that the results of elongation
at break followed the opposite trend of the tensile results,
and that it was directly proportional to plasticizer concentra-
tion. The pure potato starch film had the lowest elongation
at break reading of 5.5%, with an increasing trend as the
concentration of both glycerol and sorbitol was increased.
Ng et al. (2022), Dawam Abdullah et al. (2018) and Luisana
et al. (2013) reported similar findings regarding the increase
in elongation at break of plasticized films.

Figure 2 shows that sorbitol demonstrated a higher vis-
coelastic response than glycerol, resulting in a higher elon-
gation at break value for sorbitol-plasticized bioplastics at
concentrations greater than 30%. When 30% plasticizer was
added to starch-based bioplastics, the elongation at break
value did not differ significantly between glycerol- and
sorbitol-plasticized bioplastics. According to Zavareze et al.
(2012), elongation at break value of a polymeric material
was an indication of the molecular chain's flexibility. When
compared to the pure potato starch-based bioplastic (P-100),
the plasticizers improved polymer chain mobility by weaken-
ing intermolecular bonds between amylose and amylopectin
in the starch matrix, which were replaced by hydrogen bond-
ing between starch and plasticizer. This disruption caused
starch molecular chains to rebuild, resulting in lower rigidity
but higher flexibility of films due to increased chain mobil-
ity, eventually allowing the films to demonstrate higher elon-
gation at break (Ballesteros-Martinez et al. 2020; Lusiana
et al. 2019; Laohakunjit and Noomhorm 2004). The results
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obtained in this study was also supported by Ballesteros-
Martinez et al. (2020) and Lusiana et al. (2019), who found
that bioplastics with sorbitol as the plasticizer had a higher
elongation at break value than those of using glycerol at the
same plasticizer concentration.

Water vapour transmission rate

According to Ghasemlou et al. (2013), the water vapour
transmission analysis on bioplastics for packaging material
is critical because moisture transfer from the inner surface
to the surrounding environment must be minimized. To
maximize the shelf-life of food and fresh produce, water
vapour transmission must be as low as possible (Dehghani
et al. 2018). This is due to the fact that food and fresh pro-
duce necessitate a high water transmission permeability
for respiration and transpiration in order to maintain their

Fig.3 Water vapour transmis- 90
sion rate of pure potato starch-
based bioplastic and plasticized
bioplastic samples

80
70
60
50
40
30
20
10

Water Vapour Transmission Rate (%)

0

Bioplastic Sample

freshness (Zhou 2016). Figure 3 depicts the results of the
water vapour transmission measurement in this study. Based
on the results, it is possible to conclude that the higher the
concentration of plasticizer added to the bioplastic blend,
the greater the water vapour transmission. As the sorbitol
concentration increased from 0 to 70% in sorbitol-plasticized
bioplastics, the water vapour transmission rate increased
from 36.23 to 51.67 g/day m>. Meanwhile, increasing the
glycerol concentration from 0 to 70% increased the water
vapour transmission from 63.68 to 80.91 g/day m?. These
were significantly higher than the pure potato starch-based
bioplastic at 35.62 g/day m>.

Geleta et al. (2020), Ballesteros-Martinez et al. (2020)
and Sanyang et al. (2016) all found a similar increasing trend
in water vapour transmission rate as plasticizer concentration
increased in bioplastics made from enset starch, sweet potato
starch and sugar palm starch, respectively. This observation

P-100

G-30

G-50 G-70 S-30
Bioplastic Sample

S-50 S-70

=
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could be explained by the fact that as plasticizer concentra-
tion increased, starch polymer chains became more mobile
and flexible, resulting in a looser structure and weaker
starch-to-starch molecular interaction. According to Bilck
et al. (2015), who investigated the amount of glycerol plas-
ticizer used in cassava starch-based films, a higher amount of
glycerol added to the film resulted in a higher water vapour
transmission rate. The authors explained that glycerol altered
polymer structure and increased polymer molecular mobil-
ity, promoting water diffusivity. Figure 3 also shows that
plasticized bioplastics had better water vapour transmission
than pure starch film in this study, which could be attrib-
uted to the hygroscopic properties of plasticizers. According
to Isotton et al. (2015), the presence of hydroxyl groups in
plasticizers enhanced the films solubility and hygroscopic
properties, which were related to the hydrophilicity of the
plasticized films. As a result, improved water transmission
across bioplastic films was possible.

It was also discovered that bioplastic films plasticized
with glycerol had a higher rate of water vapour transmission
than bioplastic films plasticized with sorbitol. This could be
due to glycerol's higher hydrophilic nature, which allowed
it to absorb more water than sorbitol. Also, Jost et al. (2014)
explained that glycerol was more effective at increasing
water vapour transmission rate by interfering with molecu-
lar bonding and thus reducing molecular attraction of the
polymer, resulting in more free volume in the matrix. Fur-
thermore, different results among different plasticizers could
be linked to the molecular structure of sorbitol, which was
denser than glycerol and resulted in greater intermolecular
interaction between starch and sorbitol polymer chains (San-
yang et al. 2016). Therefore, the rate of water transmission
in sorbitol-plasticized bioplastics was lower than in glycerol-
plasticized bioplastics.

Water absorption test

Water absorption analysis on bioplastics to be used as food
and fresh produce packaging is critical because the results
can be used to determine the stability of the bioplastics, as
well as to investigate the effect of plasticizer concentrations
on the hydrophilic characteristics of bioplastics in moist
or humid environment. The weight of all bioplastic films
increased after one day of immersion in distilled water, as
shown in Fig. 4, indicating that all samples absorbed water.
This could be due to the presence of unoccupied sites caused
by the bioplastic films' abundant active hydroxyl groups.
Water molecules were expected to diffuse into the starch
polymer. As a result, the bioplastic films began to absorb
water and expand. However, once the active sites of bio-
plastic films were completely filled, they could no longer
absorb water molecules and equilibrium was attained. San-
yang et al. (2016) and Sanyang et al. (2015) explained that
the net movement of water reached equilibrium when all
active sites of the bioplastic matrix lost their ability to hold
more water molecules. The weight of the expanded bioplas-
tic film then remained constant. Nonetheless, it was obvious
that the water absorption percentage decreased when plas-
ticizer was added to the bioplastic blend (Mali et al. 2006).
This was attributed by the substitution reaction from free
hydroxyl groups in plasticized bioplastics. The introduction
of functional groups onto the surface of starch molecules
with free hydroxyl was likely to change some physiochemi-
cal properties of the bioplastics through starch esterification
(Bartz et al. 2012).

The present study revealed that the concentration of plas-
ticizer affected the bioplastic water absorption ability, with
the water absorption percentage being inversely propor-
tional to the concentration of plasticizer. The percentage of
water absorbed decreased as the concentration of plasticizer
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increased. This trend was consistent with the findings of
Hazrati et al. (2021), Maulida et al. (2018) and Sanyang
et al. (2016), who found that increasing the concentration of
plasticizer resulted in a decrease in water uptake. This phe-
nomenon may be explained by the fact that bioplastics with
lower plasticizer concentrations have more vacant active
sites than bioplastics with higher plasticizer concentrations,
allowing water to easily penetrate vacant spaces and result-
ing in high water absorption.

When the results of similar plasticizer concentrations
were compared, it was found that the water absorption of
bioplastic films plasticized with glycerol was higher than
that of bioplastic films plasticized with sorbitol. Ng et al.
(2022) and Lusiana et al. (2019) both reported a similar
trend. This was also supported by Sanyang et al. (2016) and
Sanyang et. al. (2015) who reported that bioplastic films
plasticized with glycerol were found to be more hygroscopic
and could absorb water more quickly than bioplastic films
plasticized with sorbitol. According to the authors, sorbitol
had the ability to restrict water molecules and the interaction
of intermolecular hydrophilic functional groups in starch,
resulting in a reduction in water absorption by plastics. This
was consistent with the results obtained in this study (Fig. 4).

Fourier transform infrared (FTIR) spectroscopy

Figure 5a and b shows the FTIR spectra of all bioplastics
synthesized in this study. The peaks obtained for bioplastic
samples containing different plasticizers and pure potato
starch-based film were found to be similar, indicating the
presence of a similar functional group in all samples. How-
ever, the peak intensity of the pure potato starch-based bio-
plastic sample was significantly lower than that of the plas-
ticized bioplastic samples.

Figure 5 shows that the absorption bands had a wide
range. It was associated with the formation of hydrogen
bonds between O-H groups at the end of starch and plasti-
cizer chains in the 3290 to 3295 cm™' range. The findings
agreed with those of Hazrati et al. (2021), Dawam Abdul-
lah et al. (2018), and Sanyang et al. (2016). According to
Ooi et al. (2012), the higher the concentration of glycerol
and sorbitol plasticizer, the higher the concentration of O—H
functional group in the sample. This was reflected in the pre-
sent findings, which showed that the spectra of pure potato
starch-based bioplastic (without plasticizer) did not reveal
any peak within this wavelength range, but that the peak was
visible in the spectra of glycerol-plasticized sample when
compared to the sorbitol counterpart. Furthermore, the inclu-
sion of plasticizer could have disrupted the intramolecular
and intermolecular hydrogen bonds between the hydroxyl
groups in the starch chains. In place of these interactions,
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Fig.6 The contact angle of a pure potato starch-based bioplastic
film, b bioplastic film plasticized with 30% glycerol, ¢ bioplastic film
plasticized with 50% glycerol, d bioplastic film plasticized with 30%
sorbitol, and e bioplastic film plasticized with 50% sorbitol

more stable hydrogen bonds were formed between the -OH
groups of starch and plasticizer (Paluch et al. 2022).

The next peak in Fig. 5 was in the range of 2923 to
2928 cm™!, which corresponded to the aliphatic absorption
peak for bond stretching of C-H in alkene group in matrix
structure of starch (Nordin et al. 2020; Sanyang et al. 2016).
The following peak was observed in the range of 1361 to
1415 cm™!, indicating the aliphatic absorption peak for O—H
bond bending. The most intense peak for all samples was
identified in the 990 to 1000 cm™! range. According to Ng
et al. (2022), Nordin et al. (2020) and Sanyang et al. (2016),
the presence of C-O bond stretching on the C—O—-C group
in the anhydro-glucose starch rings was attributed to this.

The absorption bands characteristics of all samples were
found to be identical based on the FTIR spectra. Therefore,
the presence or absence of plasticizers in bioplastic films
had no effect on the functional groups when compared to
the pure potato starch-based bioplastic film.

Contact angle measurement

Contact angle measurement was taken to determine whether
the synthesized bioplastics were hydrophilic or hydropho-
bic (Li et al. 2013). Theoretically, when the droplet shape
is more spherical, the film demonstrates higher water bar-
rier properties, implying lower water absorption and less
hydrophilicity of the surface. Bioplastic films with high
hydrophilicity, on the other hand, are unfavourable for use
as food or fresh produce packaging. This is due to the fact
that when the moisture content of the bioplastics is low, it
reduces the possibility of mould growth, which ultimately
improves the mechanical properties and appearance of
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’r @ Springer

the bioplastic films (Azmin et al. 2020). On the contrary,
high moisture content increases the activity of microorgan-
ism metabolism, which is undesirable (Borah et al. 2019).
Depending on the wettability, the contact angle will range
from O to 180°. Low water contact angles of <90° indicate
that the bioplastic film is highly hydrophilic, whereas high
contact angles of >90° indicate that the bioplastic film is
highly hydrophobic (Abdullah and Dong 2019).

In this study, pure potato starch-based bioplastic film had
the highest contact angle reading, with a value of 67.228°
indicating the lowest wettability and the highest hydropho-
bicity when compared to plasticized films. The results of
the contact angle measurement of the bioplastic samples
with plasticizer concentrations up to 50% in this study are
illustrated in Fig. 6. According to Dawam et al. (2018), the
higher the starch concentration, the greater the contact angle
value, indicating an increase in the hydrophobicity of bio-
plastics. In contrast, the high concentration of plasticizer
with hygroscopicity characteristics could be attributed to
the low contact angle, higher wettability, and increased
hydrophilicity of the bioplastic synthesized. Several studies
in the literature found that increasing the glycerol content of
starch-based plastic films resulted in increased hygroscopic
properties, which were attributed to an increase in hydroxyl
groups available to form hydrogen bonds with water (Bilck
et al. 2015).

In the case of plasticized bioplastic films, the contact
angle was found to be slightly higher in sorbitol-based bio-
plastic films than in glycerol-based bioplastic films. Accord-
ing to the findings of Isotton et al. (2015), etherified maize
starch films synthesized with 20% sorbitol and 20% glycerol
resulted in contact angles of 82° and 72°, respectively. The
author attributed this to the fact that glycerol is more hydro-
philic than sorbitol, resulting in a lower contact angle value
and higher wettability when compared to sorbitol. Basiak
et al. (2018) increased the amount of glycerol in the bio-
plastic synthesis from 33 to 50% and thereby observed a
reduction of contact angle value from 103° to 43°. Simi-
larly, Heydari et al. (2013) reported that when the glycerol
concentration was increased to 35%, the contact angle of
bioplastic films plasticized with 25% glycerol at 49° was
reduced to 35°. This could be attributed to an increase in pol-
yol concentration, which increased the polarity of bioplas-
tics, facilitating adhesion and cohesiveness while increasing
water spreading.

In short, the findings of this study showed that the addi-
tion of glycerol and sorbitol plasticizers aided in the promo-
tion of water spreading on plastic surfaces and reduced the
contact angle of the bioplastic film, which was consistent
with the findings of Basiak et al. (2018). The current results
in Fig. 6 also demonstrated that glycerol was more hydro-
philic than sorbitol, which corroborated the earlier results of
water vapour transmission rate and water absorption.
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Food packaging application

Using strawberries as a fruit sample, the feasibility of using
plasticized bioplastic films as food and fresh produce pack-
aging materials was investigated. The strawberries were
wrapped in all bioplastic films and stored at two different
temperatures: 25 °C (room temperature) and 4 °C (fridge).
After one week of storage, the overall appearance and weight
loss of the strawberries were compared and analysed.

Based on visual observation, the general appearance of
strawberries kept in the refrigerator did not differ signifi-
cantly from the appearance on the first day of the experiment.
Strawberries have exceptionally soft flesh and a thin fruit skin,
according to a study conducted by Ikegaya et al. (2020). Straw-
berries typically have a shelf life of 7 days when stored in
the fridge (Ayala-Zavala et al. 2004). However, according to
Ikegaya et al. (2020), the quality of fruits stored in the refrig-
erator with packaging can be preserved better than those stored
without packaging. The authors were successful in providing
solid support for the findings that the general appearance of
strawberries kept in the fridge did not change much and that
there was no significant weight loss.

Ahimbisibwe et al. (2019) stated that high temperatures and
humidity promote the degradation of bioplastics. In this study,
after one week of being kept at room temperature, it was dis-
covered that all strawberries began to decay, and mould growth
could be seen. Based on the study conducted by Maraei et al.
(2017), strawberries were highly perishable, with a shelf-life
of 2 to 3 days if stored at room temperature and were relatively
vulnerable to postharvest. Zhang et al. (2003) described that
the rapid decay rate of strawberries kept at room temperature
was caused by high respiration rates, pathogenic attacks, and
environmental stresses. Food and fresh produce kept in the
refrigerator with relatively low humidity and temperature are
able to inhibit mould and fungus growth and restrict moisture
transfer when compared to room temperature. Temperature,

Fig.7 The weight loss of 60
strawberries wrapped using
plasticized bioplastic films at 50

different storage temperatures

Weight Loss (%)

humidity, and biological activities are the main environmental
factors that influence the decomposition rate of plastic mate-
rial, and food or fresh produce.

From the weight loss results shown in Fig. 7, the overall
weight loss of strawberries stored at 4 °C was significantly
lower than the weight loss of strawberries stored at room
temperature. The weight loss of strawberries was found to be
reduced when the bioplastics contained plasticizer concentra-
tions ranging from 30 to 70% were used as the packaging mate-
rial, regardless of the types of plasticizers used or the tempera-
ture at which the strawberries were stored. This meant that as
the concentration of plasticizer in the bioplastic film increased,
the weight loss of strawberries decreased. It was clear from
Fig. 7 that as the sorbitol concentration increased from 30 to
70%, the weight loss decreased from 7.25 to 5.75% at 4 °C,
whereas the weight loss for strawberries wrapped using glyc-
erol-plasticized bioplastics was 6.14 and 4.00%, respectively.
The overall weight loss for strawberries kept at room tem-
perature, on the other hand, was relatively higher. Similar to
the strawberries kept at 4 °C, the weight loss of strawberries
decreased as the concentration of plasticizers added increased.
It was discovered that as the sorbitol plasticizer concentration
increased from 30 to 70%, the weight loss percentage recorded
was 44.33 and 17.90%, respectively, at room temperature. With
the addition of glycerol plasticizer, the weight loss of strawber-
ries decreased from 42.62 to 23.69%.

The physiological weight loss observed in fruits was due to
water evaporation, degradation, and respiration. It was known
that when fruits were stored in a high-temperature, low-humid-
ity environment, the rate of weight loss was accelerated (Rah-
man et al. 2016). Moreover, Kumar et al. (2012) found that
the longer the fruits were stored, the higher the rate of weight
loss. The weight loss of strawberries in both fridge and room
temperatures was consistent with the results of water vapour
transmission, with the higher the water vapour transmission
rate of bioplastic films (at higher plasticizer concentrations)
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achieved, the lower the weight loss of strawberries recorded.
There was the presence of humidity in the wrapped region
as a result of fruit respiration and evaporation. However, bio-
plastic films with low water permeability will restrict moisture
transfer through the surface, resulting in a relatively optimum
environment for microbial growth and fruit oxidation and dete-
rioration if the films are used. Consequently, food and fresh
produce packaging must have a high water vapour permeability
in order to allow moisture transfer and maintain freshness.

The distinct observation from Fig. 7 was that a higher con-
centration of plasticizer promoted better strawberry preserva-
tion. Despite the fact that glycerol induced better water affinity
than sorbitol due to its hydrophilic nature, as evidenced by the
water vapour transmission test, water absorption analysis, and
contact angle measurement in this study, the weight loss of
strawberries wrapped at the same plasticizer concentrations
was not significantly different, regardless of whether it was
glycerol or sorbitol. This is most likely due to the wrapping
method used in this study, in which the strawberries were not
completely sealed in the plasticized bioplastic. If bioplastics
are to be used as packaging materials, appropriate or better
wrapping methods could be investigated further to better
understand the role and effect of various plasticizers on the
preservation of food or fresh produce.

Another interesting finding in this study is the inability
of the plasticized bioplastics to preserve strawberries kept at
room temperature. Despite the fact that increased plasticizer
concentrations contributed to lower strawberry weight loss at
room temperature, the overall weight loss recorded was still
high, ranging from 20 to 40%. The result necessitates more
research to reinforce the bioplastic with inorganic or organic
fillers, as well as the incorporation of bioactive components
with antimicrobial properties, consistent with the suggestions
by Harnkarnsujarit et al (2021).

Conclusion

In this study, bioplastic films were successfully synthesized
from potato starch and plasticized with different plasticizers
namely glycerol and sorbitol. A number of characterization
studies were conducted, including tensile strength, elonga-
tion at break, water vapour transmission rate, water absorp-
tion, FTIR spectroscopy, and contact angle measurement. The
feasibility of plasticized bioplastics for use as food and fresh
produce packaging materials was investigated using a weight
loss test on strawberries stored at various temperatures. Even
though glycerol was more hydrophilic than sorbitol in the char-
acterization results, the weight loss of strawberries wrapped
in bioplastics with the same plasticizer concentrations was not
significantly different. The higher the concentration of plasti-
cizer, however, the less weight loss of strawberries stored at
both refrigerated and room temperatures. The findings of this
study suggested that bioplastics made from potato starch and

]
* @ Springer

plasticized with either glycerol or sorbitol could be used as
packaging materials for food and fresh produce, though more
research is needed to assess the industrial limitations and eco-
nomic feasibility of its application in food preservation.
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