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The excessive use and disposal of plastic packaging materials have drawn increasing
concerns from the society because of the detrimental effect on environment and
ecosystems. As the most widely used fruit packing material, polyethylene (PE) film
is not suitable for long-term preservation of some tropical fruits, such as mangos,
due to its inferior gas permeability. Cellulose based film can be made from renewable
resources and is biodegradable and environmental-friendly, which makes it a promising
alternative to PE as a packaging material. In this study, cellulose film synthesized from
delignified banana stem fibers via an ionic liquid 1-Allyl-3-methylimidazolium chloride
([AMIm][Cl]) were evaluated as packing material for mangos preservation. The moisture
vapor transmission rate and gas transmission rate of the synthesized cellulose film were
1,969.1 g/(m2

·24 h) and 10,015.4 ml/(m2
·24 h), respectively, which are significantly

higher than those of commercial PE films. The high permeability is beneficial to the
release of ethylene so that contribute to extend fruit ripening period. As a result, cellulose
film packaging significantly decreased the disease and color indexes of mangos, while
prolonged the storage and shelf life of marketable fruits. In addition, the cellulose
film was decomposed in soils in 4 weeks, indicating an excellent biodegradability as
compared to the PE plastic film.

Keywords: cellulose film, ionic liquid, banana stem fiber, mango preservation, soil burial test, biodegradability

INTRODUCTION

Plastics are widely used in food packaging applications primarily for its low costs (Kirwan et al.,
2011; Mandal, 2015). Macarthur Foundation estimated in 2016 that 78 million tons of plastic
packaging is produced worldwide (Axelsson and van Sebille, 2017), and an estimated 69% of which
is contributed by food industry (Geueke et al., 2018). After short use (mostly single-use) as food
packaging, 40% of the plastics packing materials, corresponding to 22 million tons, ends up in
landfill and amasses in soil, which is a huge threat to underground water resources; while another
32%, corresponding to 17 million tons, leaks out of the collecting and sorting systems, becomes
trashes and litters all over cities and oceans, and finally enters into ecosystems and food chain
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that is fatal to human and animal health (Guillard et al.,
2018). The growing concerns on health and environment
call for immediate acts worldwide to develop a sustainable
and biodegradable alternative to replace plastics as
packaging materials.

Additionally, as the most commonly used food packing
material, polyethylene (PE) film is actually detrimental to long-
term shortage of some fruits. Mango is a kind of tropical
fruit, which is climacteric and ethylene-sensitive. Mangoes are
typically under-ripe at harvest and ripen quite rapidly after
harvest. The ripening of mangos usually takes 6–7 days at
room temperature, after which the fruit quality decreases,
gradually becomes diseased and rotted afterward (Su et al.,
2001). Furthermore, the natural harvest season of mango is
usually wet and rainy with temperatures of up to 35◦C, which
accelerates the deterioration and decay of mangos. Packaging
is a necessary and vital step for fruit preservation, which not
only provides protection from physical damage, but also keeps
fruits from diseases and chemical contamination so that retains
freshness and nutritional quality for long-distance transportation
and prolonged storage (Mangaraj et al., 2009; Guillard et al.,
2018). Film packaging with an modified atmosphere has been
widely used in fruit and vegetable storage (Wilson et al., 2019).
Modified atmosphere packaging maintains a balance between
fruit respiration and the air permeability of packaging films,
which forms a microenvironment with high CO2 but low O2 so
that inhibits the metabolism of fruits and vegetables and retains
freshness for extended shelf life (Dhalsamant et al., 2017; Chen
et al., 2019). However, as the primary packaging materials, gas
permeability of PE films is limited. Therefore, from perspective
of fruit preservation, it is also necessary looking for an alternative
material with enhanced moisture and vapor transmission to
replace PE films for some fruits.

As one of the primary components of lignocellulosic
biomass, cellulose is biodegradable and readily available,
which makes it a promising alternative to plastics for food
packaging applications. However, owing to strong hydrogen
bonds interactions, natural cellulose possesses high orientation
and crystallinity, which makes it nearly insoluble in ordinary
solvents so that limits its applications. Regenerated cellulose
can be obtained by chemically modifying cellulose into
carboxymethyl cellulose, cellulose xanthate (Weißl et al., 2018)
or a cuprammonium cellulose complex (Sayyed et al., 2019).
Ionic liquids are a new category of molten salts at room
temperature and certain of them have good capability for
dissolving cellulose. By formation of strong hydrogen bonds with
hydrogen atoms of hydroxyls in cellulose, cellulose dissolves
in ionic liquids (Zhang et al., 2017). The dissolved cellulose
can be easily regenerated from ionic liquid solutions via
addition of water, ethanol or acetone (Zhu et al., 2006).
After its regeneration, the ionic liquids can be recovered
simply by vacuum evaporation and reused for several times
without significant deterioration in the performance (Mai
et al., 2014). Ionic liquids have been extensively investigated
as cellulose-dissolving solvents to synthesize cellulose-based
materials, including blends (Mundsinger et al., 2015), composites
(Mahmood et al., 2017), fibers (Hummel et al., 2015), hydrogels

(Xu et al., 2015), and other cellulosic materials (Isik et al., 2014;
Zhang et al., 2017). Zheng et al. (2019) used ionic liquids
[Bmim][Cl], [Amim][Cl] and [Emim][Ac] for dissolution of
coniferous pulp and it was found that the regenerated films
from [Amim][Cl] had the highest crystallinity, transparency,
and tensile strength. Xu et al. (2020) reported a [Amim][Cl]
based dissolution system for producing cellulose films from waste
cardboard and the regenerated films had a smooth and uniform
surface and high transmittance.

Banana stalk is a waste biomass after fruit harvesting
produced in large volume due to each plant bearing fruit
only once. The inedible parts, including pseudo-stems and
leaves, representing about 88% of the weight of the whole
plant (Reddy and Yang, 2015), are discarded as wastes.
China alone will generate about 29.0 million tons per year
of banana stalk residues (Li et al., 2016). The banana
pseudo-stem has a high cellulose fiber content (Guimarães
et al., 2009). Therefore, banana stem is an important yet
underutilized cellulose resource, which is available to be
converted into a variety of value-added products. In this study,
regenerated cellulose films synthesized from delignified banana
stem fibers using ionic liquid [AMIm][Cl] were evaluated as
packaging material for mangos preservation. Furthermore, the
biodegradation properties of the cellulose films were evaluated
using a compost soil burial test. The study demonstrates a
promising environmental-friendly solution to the problematic
plastic packaging.

MATERIALS AND METHODS

Materials
Banana stem fibers were obtained by scraping banana pseudo-
stems, which was collected from a local banana plantation in
Haikou, China. Figure 1 shows photographs of banana trees,
banana pseudo-stems, banana stem fibers, and extracted
cellulose by following the delignification procedure in
“Delignification of Banana Stem Fibers” section. 1-Allyl-3-
methylimidazolium chloride ([AMIm][Cl], purity ≥ 96%) used
to dissolve extracted banana stem cellulose was purchased
from Chemer Chemical Co., Ltd. (Shandong, China). Mango
fruits (Mangifera Indica L. cv. “Xiaotainong”) were purchased
from a local fruit market in Haikou, China. The fruits were
just picked within a few hours and did not undergo any
fresh-keeping treatment.

Delignification of Banana Stem Fibers
The banana stem fibers (shown in Figure 1c) were soaked
in H2SO4 solution (2 g/L) at 50◦C for 2 h without agitation
at a solid loading of 5% (w/v) to remove pectin and free
sugars. The solid residue was separated by filtration and washed
thoroughly with DI water until the pH value of the filtrate is
neutral. The washed solid residue was then soaked in NaOH
solution (200 g/L) at 30◦C for 30 min to remove lignin (Shang
et al., 2016). The delignified residue was thoroughly washed
with DI water, squeezed to remove excess water and dried in
an oven (Figure 1d). The cellulose, hemicellulose and lignin
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FIGURE 1 | Photographs of of (a) banana trees with fruits and leaf sheaths,
(b) banana stems, (c) banana stem fibers, and (d) extracted banana stem
cellulose.

contents were measured according to detergent fiber method
(Soest and Wine, 1967). Briefly, by boiling in deionized water and
extracting with a neutral detergent solution the soluble fraction
was removed and the neutral detergent fiber residue (NDF) was
obtained. Followed by the extraction with the Van Soest acid
detergent, the acid detergent fiber residue (ADF) was obtained.
By extracting the ADF by sulfuric acid, the acid detergent lignin
residue (ADL) was obtained. The cellulose, hemicelluloses and
lignin contents are calculated as ADF–ADL, NDF–ADF, and
ADL, respectively. The raw banana stem fiber contains 48.0%
of cellulose, 21.1% of hemicellulose and 15.7% of lignin and the
delignified residue 79.1% of cellulose, 7.6% of hemicellulose and
3.2% of lignin.

Preparation of Cellulose Films
Extracted banana stem cellulose (1 g) and [AMIm][Cl] (19 mL)
were loaded into a 50 mL round-bottom flask, and then heated
in a heating mantle at 80–90◦C with agitation at 200 rpm for
3–4 h. Once a transparent appearance was obtained, the mixture
of dissolved cellulose and ionic liquid was cast onto a glass
plate and spread with a spreader to obtain a 0.5 mm-thick layer,
which was then immediately immersed in a coagulation bath
(aqueous ethanol solution, 20%) to form a cellulose hydrogel. The
regenerated cellulose hydrogel was then washed at least five times
with distilled water to remove residual [AMIm][Cl]. The cellulose
film was obtained by drying at room temperature.

Mechanical Testing of Cellulose Films
Mechanical testing was conducting following procedures
recommended in the Chinese National Standards. According
to GB/T 6672-2001 (adopted from ISO 4593-1993), cellulose
film thickness was determined by using a thickness gauge
(CH-10-AT, Liuling Instrument, Shanghai, China) to the nearest
0.001 mm at 13 positions, and the mean values was reported.
Tensile properties tests were conducted using a universal testing
machine (WDT20, KQL Testing Instruments, Shenzhen, China)
at a crosshead speed of 1 mm/min in accordance with the
procedure specified in GB/T 1040.3-2006 (adopted from ISO
527-3:1995). Water vapor transmission were determined by
sheet-cup method using a tester (W3/031, Labthink Instrument,
Jinan, China) in accordance with GB/T 1037-1988 (adopted from
ASTM E96-1980). The water vapor transmission (WVT) of the
films was calculated by Eq. 1.

WVT =
24×4m

A × t
(1)

where WVT (g/m2
·24 h) is the water vapor transmission rate; t

(h) is the time required to reach an equilibrium (the increased
weight of permeability cup is less than 5%); 1m (g) is the weight
gain during the time t; A (m2) is the test area of the film sample.

The gas permeability was determined using an oxygen
permeation analyzer (VAC-V1, Labthink Instrument, Jinan,
China) in accordance with GB/T 1038-2000 (adopted from ISO
2556-1974). The gas permeability rate (GP) of the films was
calculated by Eq. 2.

GP =
4p
4t
×

V
S
×

T0

p0T
×

24
P1−p2

(2)

Where GP (ml/m2
·24 h) is the oxygen permeability rate;

1p/1t (Pa/h) is the average value of the pressure change of
low-pressure chamber in unit time after oxygen permeation is
stable; V (cm3) is the volume of the low-pressure chamber; T0
is standard temperature (273.15 K); S (m2) is the test area of the
film sample; p0 is standard pressure (1.01 × 105 Pa); T (K) is the
test temperature; p1–p2 (Pa) is the pressure difference between
the two sides of film sample.

Characterization Analysis of Cellulose
Films
The morphology of cellulosic materials was monitored using
a scanning electron microscope (SEM) (S-3000N, Hitachi).
Fourier-transform infrared (FTIR) spectra were obtained using
an FTIR spectrophotometer (Tensor27, Bruker) by mixing
ground samples with KBr to prepare pellets. FTIR spectra
were recorded in the spectral range of 400–4,000 cm−1.
Thermogravimetric analysis (TGA) was performed using a
thermal analyzer (SDT Q600, TA Instruments) under a nitrogen
atmosphere by increasing the heating temperature up to
800◦C at a linear rate of 10◦C/min. X-ray diffraction (XRD)
analysis was performed using X-ray powder diffractometer (D8-
Advance, Bruker). Samples were scanned in the 2q range
of 10–30◦.
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Preservation of Mango Using Cellulose
Films
Two sheets of cellulose film were glued together to fabricate
a packaging bag (approximately 10 × 10 cm in size). Plastic
packaging bags of the same size were also prepared from
commercially available polyethylene wrap. The mango fruits were
purchased from a local fruit market without any preservation
treatment. Fruits of similar shape and size, and without
visible mechanical and pathological damage, were selected for
preservation experiments. The selected fruits were washed with
tap water for 1 min, dried with absorbent paper, and then
individually packed into cellulose or polyethylene film bags, and
stored at room temperature or kept in an incubator at 11◦C. Each
group consisted of at least 10 fruits. The color index, disease
index, diseased fruit rate, marketable fruit rate, and weight loss
ratio were calculated on days 7 and 14.

The color index for recording the process of fruit peel
degreening was calculated using equation (3) (Gong et al., 1994).

Color index

=

∑ color score× Fruit number
The highest color score×Total number of fruits

× 100 (3)

where the following scoring system was adopted: 0 points for
all green; 1 point for a yellow fruit pedicel; 2 point for localized
parts turning yellow; 3 points for most parts turning yellow; 4
points for all yellow.

The disease index was evaluated by assessing the total decayed
area using Eq. (4) (Gong et al., 1994).

Disease index

=

∑ Disease score× Fruit number
The highest Disease score× Total number of fruits

×100 (4)

where the following scoring system was adopted: 0 points for no
visible decay; 1 point for less than 1% decay spots; 2 points for less
than 20% decay spots; 3 points for more than 20%, but less than
50% decay spots; 4 points for more than 50% decay spots.

Fruits with disease scores of 0 and 1 have commercial value.
The total percentage of fruits with these scores was defined as
the marketable fruit rate. The total percentage of fruits with
scores of 1–4 is defined as the diseased fruit rate. The percentage
cumulative weight loss of fruits is defined as the weight loss ratio.

Biodegradability Evaluation of Cellulose
Films
The soil burial test was conducted with reference to similar
methods (Rudnik and Briassoulis, 2011; Gautam and Kaur, 2013;
Maran et al., 2014). This degradation test was conducted using
natural microorganisms, which better reflected the degradation
of biomaterials in natural environments. To facilitate the removal
of samples from the soil, the polyethylene film, cellulose film,
and quantitative filter paper (Xinxing 202, Hangzhou Special
Paper Factory, Hangzhou, China) were clamped between two

pieces of nylon mesh. A container was filled with a 10 cm-thick
soil layer, samples were tiled with nylon mesh on the soil layer,
and then covered with another 10 cm-thick soil layer. The soil
moisture was maintained at approximate 50%. Samples were
taken each week, and the attached soils were carefully rinsed
with deionized water. The constant weight of each sample was
measured before and after degradation and the weight loss of each
sample was calculated.

Statistical Analysis
Tests for statistical significance were performed using Statistical
Product and Service Solutions (IBM SPSS Statistics for Windows,
Version 19.0, IBM Corp., New York, United States).

RESULTS AND DISCUSSION

Mechanical and Physicochemical
Properties of Cellulose Films
The intensity of ionic liquid processing significantly affects the
properties of the banana stem-derived cellulose film. When the
banana stem fiber-derived cellulose was treated in [AMIm][Cl]
at 90◦C for 3 h, the resulting cellulose film was transparent
and exhibited a tensile strength of 32.8 MPa. As the intensity
of treatment decrease to 80◦C for 4 h, the prepared cellulose
film had an obviously improved tensile strength of 77.0 MPa.
However, it turns to be translucent, probably due to incomplete
dissolution of cellulose. The mechanical properties of cellulose
films acquired through [AMIm][Cl] treatment under different
operation conditions are shown in Table 1.

The prepared cellulose films possess an enhanced
permeability. The moisture vapor transmission rate and gas
transmission rate are measured to be 1,969.1 g/(m2

·24 h) and
10,015.4 ml/(m2

·24 h), respectively, which were significantly
higher than those of traditional polyethylene films (Yaptenco
et al., 2007; Table 1). The high permeability of cellulose film
is beneficial to ethylene release in the modified atmosphere
packaging of fruits and vegetables, which can delay the
postharvest ripening of climacteric fruits, such as mango,
resulting in an extended storage period.

The morphology changes associated with the banana stem
fiber derived cellulose film can be observed from SEM images,
as shown in Figure 2. Fiber bundles were separated from the
banana pseudo-stem by mechanical scraping (Figure 2a) to
obtain banana pseudo-stem fiber (Figure 2b). The images show
that no obvious change was observed in the fiber morphology
during mechanical scraping, but the fiber bundles became loose
and irregular (Figure 2c) after removing lignin fraction. Cellulose
film (Figure 2d) prepared from alkaline-delignified cellulose fiber
by ionic liquid dissolution (at 90◦C for 3 h) had a smooth surface
without obvious fibrous structure. While in the translucent
cellulose film, as can be seen from Figure 2e, the cellulose
fibers were not completely dissolved, and the tiny fibers were
intertwined in a network structure. As mentioned above, the
mechanical strength of the translucent cellulose films was higher
than that of the transparent cellulose films, probably due to
the incomplete dissolution of cellulose fibers that resulted in a
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TABLE 1 | Mechanical properties of cellulose films.

Test items Transparent cellulose film
(90◦C, 3 h)

Translucent cellulose film
(80◦C, 4 h)

Polyethylene film (Yaptenco
et al., 2007)

Thickness, µm 21.1 ± 2.4 A# 23.1 ± 0.5 A 25.1 ± 0.6

Tensile strength, MPa 32.8 ± 7.2 A 77.0 ± 2.5 B N/A

Extension at break, % 4.0 ± 0.5 A 3.1 ± 0.4 A N/A

Water vapor transmission rate,
g/(m2

·24 h)
1,969.1 ± 88.5 A 1,765.9 ± 23.4 A N/A

Gas permeability rate, g/(m2
·24 h) 10,015.4 ± 1,117.1 A 9,325.8 ± 526.9 A 5,703.9–8,526.1

#Values are expressed as mean ± SEM (n = 3). Values in the same row followed by the same uppercase letter are not significantly different at P = 0.05, according to
Duncan’s multiple range test.

homogeneous mixture of microfibers and nanofibers. In a micro-
and nano-hybrid cellulose film, nanofibers fill the voids among
neighboring microfibers, making the hybrid film densely packed,
and hence a higher mechanical strength (Wang et al., 2020).

The XRD profiles of banana stem, stem fiber and extracted
cellulose show well-defined diffraction peaks at 16.4◦ and 22.6◦,
while, clearly, that of transparent cellulose film exhibits only a
broad peak at 20.3◦ (Figure 3). This broad peak is considered
an overlapped peak of two peaks at 20.1◦ and 21.9◦ and the
peak of amorphous cellulose at 17.3◦ (Xia et al., 2016), indicating
that after ionic liquid dissolution and regeneration, type I
cellulose was transformed into type II cellulose along with a

FIGURE 2 | SEM images of (a) untreated banana stem, (b) banana stem fiber,
(c) extracted banana stem cellulose, (d) transparent cellulose film (90◦C, 3 h),
and (e) translucent cellulose film (80◦C, 4 h).

large number of amorphous cellulose structures (Cheng et al.,
2012). The XRD profile of translucent cellulose film is quite
different from that of transparent film. The translucent cellulose
film maintained the crystal structure of type I cellulose, but the
diffraction peak at 22.6◦ had a relatively low value, indicating
that part of type I cellulose transformed to type II cellulose
and amorphous cellulose. This XRD result is in conformity
with the SEM observation that only part of cellulose fibers was
dissolved by ionic liquid when preparing translucent cellulose
films. Transparency is a necessary characteristic of cellulose film,
so, unless otherwise specified, the cellulose film mentioned below
refers to a transparent cellulose film.

Application of Cellulose Films in Mango
Fresh-Keeping
Freshness is one of the most important qualities of fruits.
Fresh-keeping packaging requires good moisture-resistance,
mechanical strength, and heat and mass transfer properties,
which are necessary to keep the fruits hydrated and intact, and
transfer heat and gas produced by the physiological activities of
fruits (Soltani et al., 2015; Zhang et al., 2016). The cellulose film

FIGURE 3 | X-ray diffraction profiles of banana stem, banana stem fiber,
extracted banana stem cellulose, transparent cellulose film (90◦C, 3 h), and
translucent cellulose film (80◦C, 4 h).
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has high moisture vapor transmission rate and gas transmission
rate, which is good for humidity diffusion, heat dissipation and
ethylene release. A high humidity results in water condensation
on the surface of both film and fruits, and the in-pack
condensation leads to a rapid decay (Aharoni et al., 2007). The
internal heat generation from respiration and accumulation of
ethylene produced by autocatalytic ethylene synthesis accelerate
the ripening and even decay of fruits (Blanke, 2014). Therefore,
cellulose film with high permeability could be suitable for mango
preservation and storage.

Figure 4 and Supplementary Table S1 demonstrates the
effectiveness of cellulose film on mongo fresh-keeping compared
to PE film. As shown in Figure 4, polyethylene film packaging
accelerated the deterioration and decay of mangoes. At room
temperature, the disease indexes of mango packaged with
polyethylene film was 8.5 at 7 days, which was higher than
that without packaging (5.25). At 11◦C, the disease indexes of
mango packaged with polyethylene film was 3.5 at 14 days, which
was higher than that without packaging (2.75). When cellulose
film packaging was used, the disease index was significantly
reduced, and the marketable fruit rate significantly increased.
When stored at room temperature for 7 days, the marketable
fruit rate of cellulose film packaging was 80%, while those of
polyethylene film-packaged and unpackaged samples were 0
and 10%, respectively. Cellulose film packaging also slowed the

pericarp yellowing rate. When stored at room temperature for
7 days, the color index of cellulose film-packaged pericarp was
0.5, while those of polyethylene film-packaged and unpackaged
pericarp were higher, at 8.5 and 5.25, respectively. Polyethylene is
the most dominant packaging material used in fruit preservation,
but not in mango preservation. Owing to the low tolerance of
mango to CO2, sealed preservation using polyethylene film can
accelerate mango fruit deterioration. For example, when the CO2
concentration was higher than 8% and the O2 concentration was
less than 2%, the color of mango pericarp turned gray and the
flavor was lost (Zong, 2007).

An appropriate low temperature can effectively inhibit the
respiration intensity and delay the occurrence of fruit ripening
and disease (Coates and Johnson, 1997). Mango as a climacteric
fruit has a very short shelf life. The shelf life ranges from 4
to 8 days at room temperature, while it can be extended to
2–3 weeks in cold storage at 13◦C (Carrillo-Lopez et al., 2000).
As can be seen from Figure 4, low temperature storage can
significantly inhibit the occurrence of diseases and pericarp
yellowing, increase the marketable fruit rate, and extend the
storage life. When stored at 11◦C, the effect of packaging
materials on mango preservation was consistent with that of
storage at room temperature, with cellulose film packaging able
to further improve the fruit commodity rate and extend the
storage period. However, lower temperatures cannot further

FIGURE 4 | Comparison of fresh-keeping effects of cellulose film and polyethylene film on mango storage at room temperature (left) and 11◦C (right).
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extend the storage life, on the contrary, it will cause chilling injury
(Phakawatmongkol et al., 2004). The chilling injury symptoms
include skin browning and pulp discoloration. The minimum
tolerance temperatures of mango varied among cultivars, ranging
from 10 to 13◦C (Phakawatmongkol et al., 2004; Yan et al., 2014).

According to Liu et al., in China the annual loss of fresh fruits
and vegetables in transportation is 10–20%, that is, every year
nearly 14 million tons of fruits and 100 million tons of vegetables
are wasted in transit from farm to market (Liu, 2014). The loss
rate of fruits and vegetables in developed countries is controlled
within 5% (Hailu and Derbew, 2015), because of the well-
established cold chain facilities and infrastructure. The overall
coverage rate of cold chain logistics of fruits and vegetables in
Europe and US has reached more than 95%, while that in China
in 2015 is merely 19% (Hu et al., 2019). Cold chain management
is a key player in the maintenance of the quality and minimization
of the loss of fresh fruits and vegetables (Mercier et al., 2017).
As the results shown in Figure 4, low-temperature storage
effectively maintained mango quality and significantly reduced
the loss, which has a greater impact than packaging materials.
However, at room temperature storage conditions, where cold
storage infrastructure is scare, cellulose film packaging can help to
improve the fruit commodity rate and extend the storage period.

Biodegradability of Cellulose Films
Disposable plastics are widely used in fruit packaging, but it
might take hundreds of years to be decomposed in landfills.
Andrady (1998) calculated that only 0.1% per year of the carbon
of PE polymer is converted into CO2 by biodegradation under
best laboratory exposure condition. In natural environment the
degradation processes are even slower, as the conditions are not
optimized for polymer degradation (Gewert et al., 2015).

As a biomass-based material, the cellulose film exhibited an
excellent degradation property (Figure 5 and Supplementary
Table S2). The mass loss of cellulose film and filter paper in the
early stage of degradation was low, while the mass loss rate in

FIGURE 5 | Weight changes during 4 weeks periods in soil-buried cellulose
film, polyethylene film, and filter paper.

the later stage were accelerated. In the first week, about 4 and
6% by weight of filter paper and cellulose film was lost; in the
following 2 weeks, filter paper lost 17 and 22% of its weight each
week, respectively, and cellulose film 25 and 31%, respectively.
After 4 weeks of simulated natural degradation in soil, the mass
residual rates of the cellulose film and filter paper were 7 and 15%,
respectively. Cellulose had a higher crystallinity in the filter paper,
while the crystallinity of the cellulose film was decreased during
ionic liquid dissolution. Moreover, the specific surface area and
number of hydrophilic groups increased. These factors make the
cellulose film more vulnerable to soil microorganisms (Mohan,
2011), resulting in the fast degradation of cellulose film when
compared with filter paper.

As shown by the morphological characteristics of the soil-
buried samples (Figure 6), yellow/brown spots appeared on the
surface of the filter paper and cellulose film after the first week
of burying in soil, as characterized by microbial infection (Zorec
et al., 2014). After the second week of burying, obvious etches,
holes, and cracks appeared on the filter paper surface, while
the cellulose film degraded faster and became fragmented. After
the third week of burying, the holes on the filter paper surface
were further expanded, while the cellulose film was completely
fragmented. After the fourth week of burying in soil, the filter
paper was completely fragmented, while the cellulose film showed
only flocculent residues.

FIGURE 6 | Morphology changes of polyethylene film, filter paper, and
cellulose film at different soil-burying stages.
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The soil burial method and activated sludge method for
testing biodegradability of biomaterials use microorganisms
existing in the natural environment to degrade tested polymers.
The advantage of these methods is that they simulate
in situ condition (Itävaara and Vikman, 1996). However,
they have poor repeatability caused by soil and activated
sludge sources, season, environmental conditions, and are not
suitable for determining decomposition products. The methods
using specific microorganisms and enzymes are designed
to determine the inherent biodegradability of biopolymers
under optimal controlled conditions. These methods may not
be necessarily representative of any specific environmental
conditions but they ensure repeatability (Briassoulis and Degli
Innocenti, 2017). Good methods reflecting the actual process of
polymer biodegradation in nature with good repeatability and
reproducibility still need to be investigated.

Biodegradable films for fruits and vegetables packaging have
been commercially available, derived from various biopolymers
including poly(lactic acid), starch, and polyhydroxyalkanoates
(Abdul Khalil et al., 2018). In present study, commercial
implementation of cellulose-based film are facing many
challenges. Cellulose film possesses poor mechanical properties
as compared to its commercial competitors. Various additives has
been proposed to use to improve the film characteristics (Abdul
Khalil et al., 2018). Also, the benefits gained from the low cost of
lignocellulosic feedstock is completely counteracted by the cost
of ILs. Moreover, harsh solvents such as H2SO4 and NaOH were
used in the processes of lignin removal and cellulose extraction,
which would cause secondary pollution. Still much work is
needed to be done to make the manufacturing process green.
Although it is just impossible to completely replace synthetic
plastics with biomaterials and it may be even unnecessary, the
use of biodegradable packaging materials should be the future
(Tharanathan, 2003; Siracusa et al., 2008).

CONCLUSION

Cellulose films were prepared from banana stem fibers by
ionic liquid dissolution. The moisture vapor transmission rate
and gas transmission rate were 1,969.1 g/(m2

·24 h) and
10,015.4 ml/(m2

·24 h), respectively, which were significantly
higher than those of commercial polyethylene films. The high
permeability of cellulose film was beneficial to ethylene release,
resulting in delayed fruit ripening. Cellulose film packaging
decreased the disease indexes of mango, increased the marketable
fruit rates, and decreased the color indexes, which could extend

the storage and shelf life at room temperature. The mass residual
rate of cellulose film was 7.0% after 4 weeks of burying in soil,
indicating that cellulose film has excellent biodegradability. This
study provides a method for preparing cellulose films from low-
grade cellulosic resources as promising packaging materials for
fresh-keeping tropical fruits.
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