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Abstract: Disposable paper cups are usually composed of high-grade paper board and an inner
polyethylene coatings and are extensively used in daily life. However, most disposable paper cups
are only used for a short time and then incinerated or accumulated in landfill at the end of their
service due to the difficulty in separating the components, leading to a serious threat to our ecosystem.
Therefore, developing a facile and green method to recycle and reuse disposable paper cups is vital.
By using ionic liquid 1-allyl-3-methylimidazolium chloride (AmimCl) as a solvent, transparent and
homogenous cellulose/polyethylene composite films were successfully prepared from used bamboo-
based disposable paper cups through the “one-pot method”, without any pre-treatment. It was found
that there was a transformation of cellulose I to II after the dissolution and regeneration processes,
and the crystallinity degree of the regenerated cellulose-based materials decreased significantly,
resulting in a change in thermal properties. Meanwhile, compared to traditional pure cellulose films,
the composite films possessed good UV-shielding properties and hydrophobicity. Moreover, they also
displayed good mechanical properties. Additionally, the size of the ground PE coatings displayed
obvious effects on the structures and properties of the composite films, where the CPE100 (sieved with
100–200 mesh) possessed the most homogeneous texture and the highest tensile strength (82 Mpa),
higher than that of commercial polyethylene film (9–12 MPa), showing superiority as packaging or
wrapping materials. Consequently, the goals to fabricate uniform cellulose/polyethylene composite
films and valorize the solid waste from disposable paper cups were simultaneously achieved by a
facile and green “one-pot method”.

Keywords: disposable paper cups; recycle; cellulose; polyethylene composite films

1. Introduction

With the development of the economy and the continuous growth of the global popu-
lation, disposable products are widely used and promoted [1–4]. Disposable paper cups
(DPCs) have many advantages, such as relative sanitation, low price, convenient use, and
huge output, and they are extensively employed in many families, enterprises, and public
places [5]. According to statistics, the global consumption of disposable paper cups has
exceeded 220 billion and reached 32 per capita in 2018 [6]. Additionally, it is reported that
the amount of annually consumed disposable paper cups in the UK and China has reached
more than 2.5 billion and 10 billion, respectively [6,7]. It is known that paper cups consist
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of approximately 95% high-degree cellulose paper board, indicating that a large quantity
of trees have been cut down for their manufacture, leading to ecosystem destruction [8–10].
Meanwhile, the production process of paper cups consumes large quantities of natural
resources and discharges vast volumes of carbon dioxide, resulting in a significant waste of
energy and an increased greenhouse effect [11–13]. Therefore, recycling and reusing dis-
posable paper cups is important and meaningful, and is essential for the protection of our
ecosystem and to make full use of natural resources. As their name suggested, it is difficult
to reuse disposable paper cups, and they are usually abandoned as waste after use because
they are employed by many people for occasional, brief use [10,14]. It was found that the
United States throw away 50 billion paper cups each year [6,7]. Meanwhile, more than
7000 t of non-recyclable disposable paper cup waste has been generated due to Australia’s
obsession with coffee [10]. Consequently, large quantities of used disposable paper cups
(UDPCs) are incinerated or landfilled in the environment [6,12,15]. Nevertheless, these two
processes are recognized as ecologically unfriendly due to the emission of toxic gases or the
un-degradability of the inner thin polyethylene (PE) coatings [5,16,17]. It has been reported
that non-degradable petrochemical materials have migrated from inland to the ocean,
where they accumulate. Unfortunately, some of them have amassed in the food chain,
posing a serious threat to animals and human [9]. Furthermore, it will take many years for
them to decay, which poses a potential disaster for the natural environment. Hence, waste
recovery is urgent and meaningful, and developing an environmentally-friendly processes
to recycle and reuse these used paper cups is vital.

Up to now, several attempts have been made to recycle and reuse UDPCs [17–20].
After peeling off the PE coatings from used disposable paper cups, Chen et al. [19] and
Nagarajan et al. [18] fabricated cellulose derivative carboxymethylcellulose and cellulose
nanomaterials. Generally, disposable paper cups are composed of 5% inner polyethylene
(PE) coatings to prevent leakage [20]. However, the outer cellulose paper board and the
inner PE coatings are bonded tightly, and separating them economically and thoroughly
is difficult. Hence, Mitchell et al. [21] prepared novel paper–plastic composites (PPCs) by
employing un-peeled shredded paper cups and polypropylene as additive and matrix, re-
spectively. Meanwhile, Zhao et al. prepared graphene sheets directly from disposable paper
cups by using Fe2+ as a catalyst [22], and P-carbon was also achieved by using wastepaper
cups as the raw material [17]. Additionally, vermicomposting is an eco-friendly method to
dispose of used paper cups, but it takes a long time for paper cups to degrade [8,11]. As
discussed, most processes have the disadvantages of being environmentally unfriendly or
energy- or time-intensive, requiring harsh conditions, thus limiting the simultaneous up-
cycling of both paper board and PE coatings within one process. Therefore, investigations
into exploiting facile and green methods to completely utilize and valorize used disposable
paper cups within one process need to be initiated.

With the depletion of fossil resources and global catastrophic climate change, biomass
resources with renewability, biodegradability, and eco-friendliness have gained extensive
attention over the last decade [23–25]. As the most abundant component in biomass,
cellulose is ubiquitous on earth and has been widely transformed into various functional
materials and applied in packaging and wrapping [26–28], fluorescent smart materials [29],
energy storage materials [30,31], and so on. However, high-cost wood pulp and cotton
pulp are usually two major sources of cellulose, limiting the development of renewable
resources [32,33]. By contrast, low-coat solid wastes such as used disposable paper cups
can be a good resource for cellulose.

With the development of science and technology, it is known that materials with
single components cannot always meet social needs, and composite materials now play an
important role in our daily life [34,35]. Bio-composites, natural fiber-reinforced polymer
composites, are now recognized as being significant composite competitor materials to
conventional composite due to their attractive features, which include being lightweight,
having high strength, and possessing a specific stiffness, and they have been widely in-
vestigated and used in various construction and building fields [36,37]. However, more
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efforts should be made in developing new bio-composites and optimizing these materials
for new applications [35]. Generally, cellulose cannot be processed by the melting method
or dissolved in most organic solvents because of their copious hydrogen bonds [38–40].
Fortunately, room ionic liquids (ILs) have been proven to show superior dissolving capac-
ity for cellulose [39–41]. In our previous studies, by using 1-allyl-3-methylimidazolium
chloride (AmimCl) ionic liquid, solid wastes such as waste newspapers [32], cotton tex-
tile wastes [27,42], corrugated cartons [43], and wood-based disposable paper cups [44]
have been used as raw materials to obtain value-added cellulose materials. In this work,
transparent and uniform cellulose/polyethylene composite films with good mechanical
properties were successfully fabricated from used bamboo-based disposable paper cups
by a “one-pot method”, without any pretreatment. In this current work, compared to the
previous study, used disposable paper cups can be fully utilized and valorized within
one process by a facile and green method, where the preparation process is environment-
friendly and conducted in mild conditions [42]. Meanwhile, the structures and properties
of the cellulose/polyethylene composite films were investigated by a series of character-
izations. The results showed that the cellulose/polyethylene composite films had good
hydrophobicity, UV-shielding, and mechanical and thermal properties, thus displaying
great potential to be used in the packaging and wrapping fields.

2. Materials and Methods
2.1. Materials and Reagents

The high degree cotton pulps (CPs) and ionic liquid (1-allyl-3-methylimidazole chlo-
ride, AmimCl, Shandong, China) were kindly supplied by Shandong Henglian New Materi-
als Co., Ltd. The degree of polymerization of CPs was 530 and AmimCl was synthesized by
the method reported in our previous work [40]. Both bamboo-based disposable paper cups
and commercial polyethylene (PE) film were bought from Jinan Hengyou New Material
Technology Co., Ltd. All materials were dried in a vacuum oven at 80 ◦C for 48 h before use.
The disposable paper cups containing 95% bamboo paper board and 5% PE coatings had
only been used once for hot drinks. Deionized water was self-provided in the laboratory
by ultra-pure water equipment.

2.2. Dissolution of UDPCs and Fabrication of Cellulose/Polyethylene Composite Films

The processes for the dissolution of used bamboo-based disposable paper cups
(UDPCs) and the preparation of cellulose/polyethylene composite gels and films are
briefly depicted in Figure 1. Firstly, the used bamboo-based disposable paper cups
(UDPCs) were ground into powder using a grinder and then sieved through four dif-
ferent standard mesh screens before use: 20–40 mesh (UDPCs 20), 40–60 mesh (UDPCs 40),
60–100 mesh (UDPCs 60), 100–200 mesh (UDPCs 100). Subsequently, 1.0 g of UDPCs and
49 g of AmimCl ionic liquid were added into a 100 mL three-necked flask, and the mixtures
were mechanically stirring at 660 r/min until homogeneous solutions was obtained after
4 h at 80 ◦C. Finally, four kinds of cellulose/PE/AmimCl solution mixtures were obtained.
The four resultant solution mixtures were then cast onto a glass plate to form a 1 mm thick
liquid film controlled by a film spreader. The glass plate with 1 mm thick liquid film was
then immediately placed into a deionized water coagulating bath to form cellulose/PE
composite gels by the sol-gel method. To completely dispose of AmimCl, the water coag-
ulating baths were changed at least five times until no Cl− anion was detected by silver
nitrate titration. Four kinds of brown and transparent gel were fabricated, and they were
named Gel-CPE20, Gel-CPE40, Gel-CPE60, and Gel-CPE100. These four gels were dried at
98 ◦C for 12 min using a Kessel paper dryer to obtain cellulose/PE composite films (named
CPE20, CPE40, CPE60, and CPE100). Because ionic liquids can be recycled completely and
reused to dissolve cellulose again, the valorization of used bamboo-based disposable paper
cups to prepare cellulose composite films via AmimCl is a relatively green process [42].
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Figure 1. The processes for the dissolution of used bamboo-based disposable paper cups and the
preparation of cellulose/polyethylene composite gels and films.

Additionally, cellulose gel (CP-gel) and cellulose film (CP-film) prepared from high-
grade cotton pulps were also obtained under the same conditions as discussed above
for comparison.

2.3. Characterization
2.3.1. The Chemical Components in UDPCs

To assess the mass fraction of lignin, hemicelluloses, and cellulose in UDPCs, the GB/T
2677.8-1994, GB/T 10337-1989, GB/T 2677.10-1995, and Nitric acid-ethanol methods were
employed, where the mass fractions of lignin, hemicelluloses, and cellulose were 12.53%,
13.74%, and 69.68%, respectively.

2.3.2. The Degree of Polymerization (DP) of Cellulose in UDPCs

The degree of polymerization (DP) of cellulose in UDPCs was characterized according
to the Standard Test Method for Intrinsic Viscosity of Cellulose (ASTM D795-13), where
Ubbelodhe viscometry and cupriethylenediamine solution were employed, and the DP of
cellulose in UDPCs was approximately 304.

2.3.3. Polarized Optical Microscopy of UDPCs/AmimCl Solution

To show the dissolution process of UDPCs in AmimCl, a polarizing microscope
(PM6000, Jiangnan Yongxin, Nanjing, China), purchased from Jiangnan Yongxin Optical
Co., Ltd., was employed. The solution mixture was dropped onto the clean glass slide and
sandwiched with a clean cover slip. The dissolution state of the UDPCs/AmimCl mixture
was observed, and the pictures were recorded at 0 h, 0.5 h, 3 h, and 4 h.

2.3.4. Ultraviolet and Visible (UV-Vis) Spectra of the Cellulose/Polyethylene Composite Films

The UV-Vis spectra of cellulose/PE composite films were recorded by Ultraviolet
spectrophotometer (UV 2600, Shimadzu, Tokyo, Japan), in which the wavelength ranged
from 200 nm to 800 nm and both the transmittance and absorbance modes were adopted.
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2.3.5. The Surface Hydrophilicity of the Cellulose/Polyethylene Composite Films

An OCA 50 machine (Dataphysics, Filderstadt, Germany) was used to characterize the
surface hydrophilicity of the cellulose/PE composite films, where seven or eight spots were
written for each film, and the average value was displayed. The water contact angles of
cellulose/polyethylene composite films CPE20, CPE40, CPE60, and CPE100 were recorded.

2.3.6. Wide-Angle X-ray Diffraction (WAXD) of the CPs, UDPCs, Commercial PE film, and
Cellulose/Polyethylene Composite Films

The X-ray diffraction spectra of the raw materials and the composite films were
recorded via X-ray diffractometer (D8 AD-VANCE, Bruker, Rheinstetten, Germany), where
40 kV, 40 mA, and CuKa Radiation (λ = 1.5406 Å) were adopted. Additionally, the scan
speed and 2θ span were set at 8◦/min and 5–60◦, respectively.

2.3.7. Fourier Transform Infrared (FTIR) Spectra of the CPs, UDPCs, Commercial PE film,
and Cellulose/Polyethylene Composite Films

The chemical structures of the CPs, UDPCs (the PE side and after peeling off PE
coatings), commercial PE film, and cellulose/PE composite films were investigated by
attenuated total reflectance Fourier transform infrared spectrometer (ATR-FTIR ALPHA,
Bruker, Rheinstetten, Germany), in which the resolutions were 32 scans and 4 cm−1, and
three spots were assessed. The Germanium (Ge) crystal had to be washed between samples
by ethanol. Finally, OPUS software was used to analyze the results.

2.3.8. Mechanical Tests of the Cellulose/polyethylene Composite Films

According to the ASTM D-882 standard, the mechanical properties of the cellulose/PE
composite films were measured by TA.XT Plus C texture Analyzer (StableMicroSystem,
Surrey, UK), where the films were cut into samples 1 cm in width and 5 cm in length.
Meanwhile, the drawing speed and gauge length were set at 2 cm and 5.0 mm/min,
respectively. At least five strips were measured for each film, and then the average value
was displayed.

2.3.9. Thermogravimetric Analysis (TGA) of the CPs, UDPCs, Commercial PE Film, and
Cellulose/Polyethylene Composite Films

The thermal decomposition behavior of the CPs, UDPCs, commercial PE film, and
cellulose/polyethylene composite films was investigated using a thermogravimetric ana-
lyzer (TA Q50, New Castle, DE, USA). There was a ceramic pan inside the furnace of the
TA Q50, which had a precision balance. The films needed to be cut into small pieces, and
approximately 5 mg of the samples was placed in the crucible pot. The test was conducted
at a heating rate of 10 ◦C/min in nitrogen atmosphere, where the temperature ranged
from 50 ◦C to 800 ◦C.

2.3.10. Morphology of Cellulose/Polyethylene Composite Films

The morphology pictures of cellulose/polyethylene composite films were character-
ized using a scanning electron microscopy (SEM, EM-30 Plus, COXEM, Daejeon, Korea).
To obtain the cross-section images of the composites films, the sample had to be quenched
in liquid nitrogen. All samples were sputter-coated with platinum before testing.

3. Results
3.1. Dissolution of Bamboo-Based Used Disposable Paper Cups

Rogers et al. [39] reported that ionic liquids displayed excellent dissolving ability
for cellulose. Subsequently, it was found that ionic liquids were also a good solvent for
lignocellulose, and AmimCl showed the most effective capacity for dissolving lignocel-
lulose [40,41]. As characterized, the bamboo-based paper board contained 12.53% lignin,
13.74% hemicellulose, and 69.68% cellulose. In this work, AmimCl was employed to
dissolve the bamboo-based UDPCs.
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As displayed in Figure 2a–p, the dissolution process of UDPCs with four different
sizes in AmimCl at 0 h, 0.5 h, 3 h, and 4 h was recorded. It is obvious that UDPCs were
composed of paper–plastic complex and copious microfibers. Meanwhile, the diameters of
the microfibers ranged from 10 to 50 µm [32]. The flexible PE coatings can be ground into
pieces with the brittle paper board because they were tightly bonded. It can be seen that the
size of the paper–plastic complex in UDPCs 20 (sieved with 20–40 mesh) solution was larger
than that of the others. Furthermore, the paper fibers became shorter, and the number of
them increased as the mesh became smaller. It can be concluded that the quantity of paper
fibers in UDPCs 100 (sieved with 100–200 mesh) solution was significantly higher than
the others. Initially, the paper–plastic complex and microfibers entangled and distributed
randomly in the solution. As time went by, the paper fibers became swollen and their
profiles became vague after 0.5 h, implying that the dissolution process involved swelling
and dissolution, and AmimCl was a powerful solvent for lignocellulose. However, the
paper–plastic complex was still clearly presented in the solution for CPE20 and CPE40,
which was attributed to the larger size of the ground PE coatings, which prevented the stuck
paper fibers from dissolving. The solution states for UDPCs of different sizes displayed
by the POM pictures after 3 h and 4 h were similar, indicating that most fibers of UDPCs
can be dissolved in AmimCl under mild conditions after 3 h. Additionally, the digital
picture of the cellulose/PE solution mixtures after 4 h is shown in Figure 2q. As presented,
the solution was opaque and was dark yellow, ascribed to the lignin, ground PE coatings,
and other additives in the raw materials. Meanwhile, the viscosity of the CPE100 solution
was higher than that of the CPE20 solution due to there being more fibers dissolved in
the CPE100 solution. Consequently, UDPCs can be dissolved in AmimCl to achieve a
homogeneous and stable mixed solution.

The dissolution mechanism of cellulose in ionic liquids has been studied systematically,
and it is known that cellulose is dissolved effectively by the synergistic effect of both
anions and cations [45,46]. Nevertheless, more studies need to be conducted to clarify the
dissolution mechanism of lignocellulose in ionic liquids [43].

3.2. Transparency of Cellulose/PE Composite Films

The transparency of packaging and wrapping materials is important in relation to
their application field, and optical photographs and UV-Vis spectra of the cellulose/PE
composite films are shown in Figure 3. Generally, the cellulose gels and films prepared
from the pure cotton or wood pulp have a colorless transparency. Conversely, it can be seen
that the cellulose/PE composite gels (Figure 3a–d) and films (Figure 3e–h) were brown,
but they were still in high transmittance. Moreover, the UV-vis curves in the visible region
(400–800 nm) can be used to quantifiably describe the difference between the traditional
cellulose film (CP-film) and the composite films (CPE20, CPE40, CPE60, and CPE100), in
which the transmittance of the CP-film was a little higher than that of the composite films
(Figure 3i), because lignin, ground PE coatings, and other additives originating from the
UDPCs were still embodied in the composite films. It is worth noting that the white ground
PE coatings were obviously exhibited in the composite gels and films due to the insolubility
of PE in AmimCl. However, the texture of the cellulose/PE composite is homogeneous,
and the differences in transmittance between CPE20, CPE40, CPE60, and CPE100 were
minor, indicating that the size of un-dissolved PE pieces showed no obvious effect on
the transmittance of the composite films. Additionally, as demonstrated in Figure 3j, the
cellulose/PE composite films displayed obvious absorption peaks at around 205 nm and
270 nm and possessed better UV-shielding property than that of the traditional cellulose
film (CP-film), because lignin contains numerous phenolic groups and is a kind of natural
absorbing ultraviolet light substance [43,47]. Consequently, the cellulose/PE composite
films fabricated from the bamboo-based disposable paper cups by the “one-pot method”
showed good transmittance in the visible region and UV-shielding properties, which is
favorable for their uses as packaging and wrapping materials.
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(d) Gel-CPE100) and films (e) CPE20; (f) CPE40; (e,g) CPE60; (h) CPE100; UV-Vis spectra (i,j) of CP-film
and cellulose/PE composite films.

3.3. Structure and Crystallinity

Both X-ray diffraction and ATR-FTIR were carried out to investigate the crystallization,
components, and structural changes of the cellulose/PE composite films and raw materials.
Detailed information of the components and crystalline phase changes of CPs, UDPCs
(the PE side and after peeling off the PE coatings), PE film, and cellulose/polyethylene
composite films are clarified by the X-ray diffraction patterns in Figure 4a,b. It is clear that
the commercial PE film showed obvious peaks at approximately 2θ = 9.5◦, 14.0◦, 16.8◦, 21.5◦,
23.8◦, 28.6◦, and 36.2◦ [44], which can be used as reference. Generally, the raw materials of
cellulose possessed typical cellulose I, which exhibited peaks at approximately 2θ = 15.1◦,
16.8◦, 22.8◦, and 34.5◦, corresponding to (1–10), (110), (200), and (004) crystal planes [27,32].
Hence, all the raw material CP, UDPC+PE (the PE coatings side), and UDPC-PE (after
peeling off PE coatings) demonstrated prominent peaks of cellulose I (Figure 4a). However,
compared with CP, the peaks of UDPC+PE (the PE coatings side) at 2θ = 15.1◦ and 22.8◦

shifted to the lower degree, due to the existence of the PE coatings. Meanwhile, the peaks
of UDPC-PE (after peeling off PE coatings) at 2θ = 22.8◦ repositioned and 2θ = 15.1◦ and
16.8◦ merged, implying that most PE coatings can be removed by the peeling process.
Additionally, removing PE coatings completely and thoroughly is impossible, because
the melted PE liquid easily permeates into the paper board voids during the production
process of paper cups. Consequently, recycling or reusing the UDPCs is a challenging task
in the industry, and the “one-pot method” in this work is therefore feasible and meaningful.
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It is worth noting that the cellulose phase is usually transformed from I to II after the
dissolution and regeneration. Herein, the regenerated cellulose film (CP-film) and the
cellulose/polyethylene composite films displayed obviously different patterns from those
of the raw materials. Meanwhile, all the composite films demonstrated obvious peaks
at 9.5◦, 14.0◦, 21.5◦, and 28.6◦, which were attributed to the peaks of the PE coatings,
combined with the fact that the PE coatings were still confined in the composite films.
Compared with the raw materials, the densities of CP-film and cellulose/polyethylene
composite films decreased sharply, meaning that the cellulose crystallinity index decreased
prominently after the dissolution and regeneration processes. Thus, the characteristic peaks
of PE coatings were obviously enhanced. It is worth noting that CPE20, CPE40, CPE60,
and CPE100 exhibited similar profiles, suggesting that the size of the PE pieces had no
obvious influence on the crystalline structure of cellulose films, which is consistent with
the Ultraviolet and Visible (UV-Vis) spectra results.
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FTIR can provide information on the components and structures of the raw materials
and the products. Figure 4c,d present the spectra of CPs, UDPCs, commercial PE film, and
cellulose/polyethylene composite films. It can be concluded that CPs, UDPCs (the PE side
and after peeling off the PE coatings), CP-films, and cellulose/polyethylene composite
films showed similar spectra, indicating that the main component in the raw materials
and the products was cellulose and no chemical reactions occurred between AmimCl
and cellulose during the UDPCs dissolution and regeneration processes. In other words,
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AmimCl was the non-derivative solvent for UDPCs. However, UDPC+PE (the PE coatings
side) displayed similar peaks at approximately 2910 cm−1, 2850 cm−1, 1460 cm−1, and
720 cm−1 to those of commercial PE film, which was obviously different from those of CP
and UDPC-PE (after peeling off PE coatings), suggesting that there was a dense and homo-
geneous PE coating inside the paper cups to prevent liquid leakage, and most PE coatings
can be removed from paper board by a simple peeling process. Additionally, compared to
CP, the UDPC-PE (after peeling off PE coatings) exhibited broad peaks that ranged from
1720 cm−1 to 1510 cm−1, due to the existence of lignin and hemicellulose [32,48]. Generally,
the O-H stretching band, ranging from 3200 to 3700 cm−1, and the C-H stretching band,
ranging from 2700 to 3000 cm−1, are sensitive to the structure change of cellulose [27,32].
It can be seen that the CP and UDPC-PE demonstrate O-H stretching peaks at 3275 cm−1

and 3280 cm−1, respectively. However, these peaks exhibited a prominent blue shift and
moved to 3334 cm−1 for CP-film and 3324 cm−1, 3330 cm−1, 3335 cm−1, and 3344 cm−1 for
cellulose/polyethylene composite films. It was a little difficult to use the C-H stretching
peak (2700–3000 cm−1) for analysis because it merged with those of PE. Additionally, the
absorption peaks at 899 cm−1 and 1110 cm−1 are also used to characterize the changes
of cellulose structure [32,49]. As shown in Figure 4d, CPs and UDPCs had an obvious
1110 cm−1 absorption peak, while it weakened in the CP-film and the cellulose/polyethylene
composite films. Meanwhile, the peak at 899 cm−1 was not prominent in the spectra of
CPs and UDPCs (the PE coatings side and after peeling off PE coatings), but it was weakly
enhanced in the CP-film and cellulose/polyethylene composite films. Additionally, the
spectra of the composite films prepared directly from UDPCs in different sizes are almost
the same. These results suggest that the hydrogen bonding or crystal structure changed
significantly after the dissolution and regeneration of UDPCs, and the size of ground PE
showed no prominent impact on the crystal structure of films, which was also in correspon-
dence with former results.

3.4. Mechanical Property, Hydrophilicity and Thermal Degradation

It is known that mechanical properties are a decisive index for films employed as
packaging or wrapping materials, and the degree of polymerization (DP) directly affects
the tensile strengths of polymer films [32,44]. As measured by Ubbelodhe viscometry,
the DP of cellulose in bamboo-based UDPCs was approximately 304, suggesting that the
cellulose/PE composite films possessed a relatively high tensile strength. As displayed
in Figure 5(a1–a3), under stretching, PE particles and the polymer molecular chains were
stretched along the direction of stretching (Figure 5(a2)). Eventually, the cellulose/PE
composite films fractured at the interfacial defect between the cellulose matrix and the
PE particles (Figure 5(a3)). In fact, the cellulose molecules and PE molecules were dif-
ficult to blend due to their different molecular structures. Generally, pre-treatments are
necessary before the two different components are mixed together to fabricate composites.
However, in this work, cellulose/PE composite film with a uniform structure could be
achieved by the “one-pot method” without any pretreatment. Differently from previous
works, where the natural fibers were usually used as the reinforced phase [34–37], in this
work the bamboo-based paper board was dissolved and regenerated into a cellulose film
matrix, and the undissolved PE pieces were used as the additives. Hence, transparent
cellulose/polyethylene composite films were achieved. Figure 5b–d demonstrates the
stress-strain curves, the average tensile strength, the elongation at break, and the work of
fracture of the composite films. The tensile strength, elongation at break, and the work
of fracture of CPE100 (sieved with 100–200 mesh) were approximately 82 Mpa, 5.1%, and
0.257 MJ/m3, respectively, while the tensile strength, the elongation at break, and the work
of fracture of the composite films decreased with the increasing size of the PE coatings,
resulting from the decreased interfacial adhesion. The tensile strength and elongation at
break of CPE60, CPE40, and CPE20 were approximately 74 Mpa, 66 Mpa, 53 Mpa, and 4.6%,
3.8%, 2.1%, respectively, while the work of fracture of the composite films were approxi-
mately 0.198 MJ/m3, 0.148 MJ/m3, and 0.055 MJ/m3, respectively. Nevertheless, compared
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to traditional commercial PE film (9–12 MPa) [42,43], the cellulose/PE composite films
possessed higher tensile strength, showing a great potential to be used in the packaging
or wrapping fields. Additionally, it is worth noting that the elongation at break of the
composite films is also below 5%, which is a characteristic of rigid backbone cellulose films,
indicating the low content of PE coatings in the composite films [25,27]. Fortunately, it was
found that adding plasticizers can improve the elongation at break of cellulose-based films,
and glycerol was used in our previous work, where the elongation at break effectively could
be improved 5–10 times by adding 8% glycerol plasticizers [27,42]. Thus, the cellulose/PE
composite films made from bamboo-based disposable paper cups showed good mechanical
properties and can be used as packaging and wrapping materials.
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Generally, cellulose films are hydrophilic due to copious inter-molecular and intra-
molecular hydrogen bonds, limiting their uses as packaging or wrapping materials [43].
As shown in Figure 5e, the water contact angles (WCAs) of pure cellulose film and CP-film
were around 45.6◦, meaning that cellulose films exhibited good hydrophilicity. However,
compared to CP-film, the composite films possessed higher WCAs, 63.3◦, 67.5◦, 60.3◦,
and 68.6◦ for CPE20, CPE40, CPE60, and CPE100, respectively, which is attributed to
hydrophobic lignin, PE coatings, or other additives contained in UDPCs and composite
films. Meanwhile, the composite films showed a much rougher surface than that of neat
cellulose film. Hence, the cellulose/PE composite films fabricated from bamboo-based
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disposable paper cups demonstrated their superiority in the packaging and wrapping
fields due to their relatively good hydrophobicity.

Thermal performance is also an important index to judge the quality of materials.
Both the thermogram curves (TG) and differential thermogram (DTG) curves of CP, UDPC,
commercial PE film, and cellulose/PE composite films were recorded to investigate their
thermal stability. As exhibited in Figure 5f,g, the minor mass loss at temperatures below
200 ◦C was ascribed to the moisture loss [43]. It can be concluded that the hydrophilic
cellulose materials contained more water than that of the hydrophobic PE film. Compared to
other cellulose materials, the CP displayed the highest temperature of maximum weight loss
rates (Tmax) at 395 ◦C and onset decomposition temperature (Tonset) at 280 ◦C, because the
raw material CP possessed the highest DP and degree of crystallinity. Generally, the thermal
properties of the regenerated cellulose-based films declined, due to the decrease of DP
and degree of cellulose crystallinity after the dissolving and regeneration processes [32,50].
Herein, the Tmax of the regenerated cellulose film CP-film was 320 ◦C. Meanwhile, the
Tmax of UDPCs was 360 ◦C, higher than those of cellulose/PE composite films. It is worth
noting that UDPCs and the composite films displayed minor peaks at approximately
485 ◦C, attributed to the Tmax of the PE coatings, which are a common phenomena of
physically mixed composites. Moreover, the Tmax of the commercial PE film was also
approximately 485 ◦C, suggesting that the ground PE coatings still possessed good thermal
stability after the regeneration process. Additionally, the residue weights of composite
films were bigger than that of the CP-film, which is ascribed to the impurities confined in
the composite films. In short, the cellulose/PE composite films had thermal properties that
were good enough to meet industry demands.

3.5. Morphology of Cellulose/Polyethylene Composite Films

To acquire more information regarding the structures of cellulose/PE composite films,
SEM micrograph were recorded. Figure 6(a1–h) displays the surface and cross section mor-
phology of the cellulose composites. It can be seen that all composites possess a relatively
flat surface, although lignin and PE pieces are still confined in the films (Figure 6(a1–d2)).
However, the ground PE coatings are obvious on the surface of films, and the size of them
declined with the increased number of the screen mesh, leading to a more uniform and
homogeneous structure (CPE100, Figure 6(d1,d2)). Meanwhile, the composite films demon-
strated a loose inner texture due to the additives, but CPE100 possessed the densest and
most homogeneous cross section structure due to the smallest size of impurities, leading to
the highest tensile strength of CPE100.
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4. Conclusions

By using 1-allyl-3-methylimidazolium chloride (AmimCl) as a solvent, transparent and
uniform cellulose/polyethylene composite films were obtained from used bamboo-based
disposable paper cups through a “one-pot method” without any pretreatment, where the
dissolved lignocellulose was employed as the matrix and the un-dissolved PE coatings
were used as the additives. Compared to traditional pure cellulose films, it was found that
the composite films displayed a good UV-shielding property and hydrophobicity, showing
superiority as packaging or wrapping materials. Meanwhile, cellulose changed from I
to II after the dissolution and regeneration processes, and the thermal property of the
regenerated cellulose-based materials decreased significantly. Nevertheless, the composite
film still exhibited competitive thermal properties. Additionally, the size of the ground
PE coatings showed obvious impacts on the structures and properties of the composite
films. Owing to the strongest adhesion between the cellulose matrix and the ground PE
coatings, the CPE100 possessed the smoothest, most compact and homogenous texture
and the best mechanical properties: tensile strength, elongation at break, and work of
fracture were approximately 82 Mpa, 5.1%, and 0.257 MJ/m3, respectively. Generally, it
is difficult to recycle and reuse used disposable paper cups (UDPCs) in industry, because
the non-degradable inner PE coatings and the degradable paper board are bonded tightly,
and separating them economically, completely, and efficiently is impossible. In this work, a
facile and green “one-pot method” to realize the complete use of bamboo-based dispos-
able paper cups by fabricating cellulose/polyethylene composite films was developed,
which is significant in terms of environmental protection and the maximum utilization of
natural resources.

Author Contributions: Data curation, H.N.; Formal analysis, J.Z. (Jinming Zhang); Methodology,
Q.Z. and X.J. (Xiaoqian Ji); Resources, X.J. (Xingxiang Ji); Software, J.P.; Supervision, J.Z. (Jun Zhang);
Validation, L.W.; Writing—original draft, L.W.; Writing—review & editing, G.X. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data presented in this study are available on request from the author.

Acknowledgments: The work was supported by the Foundation (No. ZZ20200127) of the State Key
Laboratory of Biobased Material and Green Papermaking, Qilu University of Technology, Shandong
Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. EI Bhilat, H.; Hachim, A.; Salmi, H.; Mabchour, H.; EI Had, K. Characterization and processability of post-consumer, double-

recycled high impact polystyrene from disposable cups. Mater. Today Proc. 2021, 45, 7264–7270. [CrossRef]
2. Liu, G.; Wang, J.; Wang, M.; Ying, R.; Li, X.; Hu, Z.; Zhang, Y. Disposable plastic materials release microplastics and harmful

substances in hot water. Sci Total Environ. 2021, 151685. [CrossRef] [PubMed]
3. Dintcheva, N.T.; Infurna, G.; D’Anna, F. End-of-life and waste management of disposable beverage cups. Sci. Total Environ. 2021,

763, 143044. [CrossRef]
4. Keller, A.; Köhler, J.K.; Eisen, C.; Kleihauer, S.; Hanss, D. Why consumers shift from single-use to reusable drink cups: An

empirical application of the stage model of self-regulated behavioural change. Sustain. Prod. Consump. 2021, 27, 1672–1687.
[CrossRef]

5. Van der Harst, E.; Potting, J. A critical comparison of ten disposable cup LCAs. Environ. Impact Assess. Rev. 2013, 43, 86–96.
[CrossRef]

6. Foteinis, S. How small daily choices play a huge role in climate change: The disposable paper cup environmental bane. J. Clean.
Prod. 2020, 255, 120294. [CrossRef]

7. Bilek, M.A.; Salem, H.J.; Korehei, R.; Olson, J.A. Recycling Paper-Plastic laminate coffee cups using a Single-Disk Refiner: Energy
requirements and recovered fiber quality. Waste Manag. 2021, 136, 104–112. [CrossRef]

8. Karthika, A.; Seenivasagan, R.; Kasimani, R.; Babalola, O.O.; Vasanthy, M. Cellulolytic bacteria isolation, screening and optimiza-
tion of enzyme production from vermicompost of paper cup waste. Waste Manag. 2020, 116, 58–65. [CrossRef]

http://doi.org/10.1016/j.matpr.2020.12.935
http://doi.org/10.1016/j.scitotenv.2021.151685
http://www.ncbi.nlm.nih.gov/pubmed/34785231
http://doi.org/10.1016/j.scitotenv.2020.143044
http://doi.org/10.1016/j.spc.2021.04.001
http://doi.org/10.1016/j.eiar.2013.06.006
http://doi.org/10.1016/j.jclepro.2020.120294
http://doi.org/10.1016/j.wasman.2021.10.008
http://doi.org/10.1016/j.wasman.2020.06.036


Polymers 2022, 14, 1070 14 of 15

9. Ranjan, V.P.; Joseph, A.; Goel, S. Microplastics and other harmful substances released from disposable paper cups into hot water.
J. Hazard. Mater. 2021, 404, 124118. [CrossRef]

10. Ma, Y. Problems and resolutions in dealing with waste disposable paper cups. Sci. Prog. 2018, 101, 1–7.
11. Arumugam, K.; Renganathan, S.; Babalola, O.O.; Muthunarayanan, V. Investigation on paper cup waste degradation by bacterial

consortium and Eudrillus eugeinea through vermicomposting. Waste Manag. 2018, 74, 185–193. [CrossRef] [PubMed]
12. Notaro, S.; Lovera, E.; Paletto, A. Consumers’ preferences for bioplastic products: A discrete choice experiment with a focus on

purchase drivers. J. Clean. Prod. 2022, 330, 129870. [CrossRef]
13. Loschelder, D.D.; Siepelmeyer, H.; Fischer, D.; Rubel, J.A. Dynamic norms drive sustainable consumption: Norm-based nudging

helps café customers to avoid disposable to-go-cups. J. Econ. Psychol. 2019, 75, 102146. [CrossRef]
14. Novoradovskaya, E.; Mullan, B.; Hasking, P.; Uren, H.V. My cup of tea: Behaviour change intervention to promote use of reusable

hot drink cups. J. Clean. Prod. 2021, 284, 124675. [CrossRef]
15. Gill, M.B.; Jensen, K.L.; Lambert, D.M.; Upendram, S.; English, B.C.; Labbé, N.; Jackson, S.W.; Menard, R.J. Consumer preferences

for eco-friendly attributes in disposable dinnerware. Resour. Conserv. Recycl. 2020, 161, 104965. [CrossRef]
16. Sandhu, S.; Lodhia, S.; Potts, A.; Crocker, R. Environment friendly takeaway coffee cup use: Individual and institutional enablers

and barriers. J. Clean. Prod. 2021, 291, 125271. [CrossRef]
17. Ramanathan, S.; Sasikumar, M.; Prince Makarios Paul, S.; Obadiah, A.; Angamuthu, A.; Santhoshkumar, P.; Durairaj, A.;

Vasanthkumar, S. Low cost electrochemical composite material of paper cup waste carbon (P-carbon) and Fluorescein for
supercapacitor application. Mater. Today Proc. 2021, 47, 825–836. [CrossRef]

18. Nagarajan, K.J.; Balaji, A.N.; Kasi Rajan, S.T.; Ramanujam, N.R. Preparation of bio-eco based cellulose nanomaterials from used
disposal paper cups through citric acid hydrolysis. Carbohydr. Polym. 2020, 235, 115997. [CrossRef]

19. Chen, J.; Li, H.; Fang, C.; Cheng, Y.; Tan, T.; Han, H. Synthesis and structure of carboxymethylcellulose with a high degree of
substitution derived from waste disposable paper cups. Carbohydr. Polym. 2020, 237, 116040. [CrossRef]

20. Biswal, B.; Kumar, S.; Singh, R.K. Production of Hydrocarbon Liquid by Thermal Pyrolysis of Paper Cup Waste. Waste Manag.
2013, 2013, 731858. [CrossRef]

21. Mitchell, J.; Vandeperre, L.; Dvorak, R.; Kosior, E.; Tarverdi, K.; Cheeseman, C. Recycling disposable cups into paper plastic
composites. Waste Manag. 2014, 34, 2113–2119. [CrossRef] [PubMed]

22. Ikram, R.; Jan, B.M.; Ahmad, W. Advances in synthesis of graphene derivatives using industrial wastes precursors; prospects and
challenges. J. Mater. Res. Technol. 2020, 9, 15924–15951. [CrossRef]

23. Xia, Q.; Chen, C.; Yao, Y.; Li, J.; He, S.; Zhou, Y.; Li, T.; Pan, X.; Yao, Y.; Hu, L. A strong, biodegradable and recyclable lignocellulosic
bioplastic. Nat. Sustain. 2021, 4, 627–635. [CrossRef]

24. Jiang, B.; Chen, C.; Liang, Z.; He, S.; Kuang, Y.; Song, J.; Mi, R.; Chen, G.; Jiao, M.; Hu, L. Lignin as a Wood-Inspired Binder
Enabled Strong, Water Stable, and Biodegradable Paper for Plastic Replacement. Adv. Funct. Mater. 2019, 30, 1906307. [CrossRef]

25. Zhang, J.; Luo, N.; Wan, J.; Xia, G.; Yu, J.; He, J.; Zhang, J. Directly Converting Agricultural Straw into All-Biomass Nanocomposite
Films Reinforced with Additional in Situ-Retained Cellulose Nanocrystals. Acs. Sustain. Chem. Eng. 2017, 5, 5127–5133. [CrossRef]

26. Liu, Y.; Ahmed, S.; Sameen, D.E.; Wang, Y.; Lu, R.; Dai, J.; Li, S.; Qin, W. A review of cellulose and its derivatives in biopolymer-
based for food packaging application. Trends Food Sci. Tech. 2021, 112, 532–546. [CrossRef]

27. Xia, G.; Zhou, Q.; Xu, Z.; Zhang, J.; Zhang, J.; Wang, J.; You, J.; Wang, Y.; Nawaz, H. Transparent cellulose/aramid nanofibers films
with improved mechanical and ultraviolet shielding performance from waste cotton textiles by in-situ fabrication. Carbohydr.
Polym. 2021, 273, 118569. [CrossRef]

28. Huang, K.; Wang, Y. Recent applications of regenerated cellulose films and hydrogels in food packaging. Curr. Opin. Food Sci.
2022, 43, 7–17. [CrossRef]

29. Nawaz, H.; Zhang, X.; Chen, S.; You, T.; Xu, F. Recent studies on cellulose-based fluorescent smart materials and their applications:
A comprehensive review. Carbohydr. Polym. 2021, 267, 118135. [CrossRef]

30. Li, Y.; Chen, Y.; Huang, X.; Jiang, S.; Wang, G. Anisotropy-functionalized cellulose-based phase change materials with reinforced
solar-thermal energy conversion and storage capacity. Chem. Eng. J. 2021, 415, 129086. [CrossRef]

31. Shen, Z.; Oh, K.; Kwon, S.; Toivakka, M.; Lee, H.L. Use of cellulose nanofibril (CNF)/silver nanoparticles (AgNPs) composite in
salt hydrate phase change material for efficient thermal energy storage. Int. J. Biol. Macromol. 2021, 174, 402–412. [CrossRef]
[PubMed]

32. Xia, G.; Wan, J.; Zhang, J.; Zhang, X.; Xu, L.; Wu, J.; He, J.; Zhang, J. Cellulose-based films prepared directly from waste
newspapers via an ionic liquid. Carbohydr. Polym. 2016, 151, 223–229. [CrossRef] [PubMed]

33. Wong, L.C.; Leh, C.P.; Goh, C.F. Designing cellulose hydrogels from non-woody biomass. Carbohydr. Polym. 2021, 264, 118036.
[CrossRef] [PubMed]

34. Cavalcanti, D.K.K.; Banea, M.D.; Neto, J.S.S.; Lima, R.A.A. Comparative analysis of the mechanical and thermal properties of
polyester and epoxy natural fibre-reinforced hybrid composites. J. Compos. Mater. 2020, 55, 1683–1692. [CrossRef]

35. Neto, J.S.S.; de Queiroz, H.F.M.; Aguiar, R.A.A.; Banea, M.D. A Review on the Thermal Characterisation of Natural and Hybrid
Fiber Composites. Polymers 2021, 13, 4425. [CrossRef]

36. Jawaid, M.; Awad, S.; Fouad, H.; Asim, M.; Saba, N.; Dhakal, H.N. Improvements in the thermal behaviour of date palm/bamboo
fibres reinforced epoxy hybrid composites. Compos. Struct. 2021, 277, 114644. [CrossRef]

http://doi.org/10.1016/j.jhazmat.2020.124118
http://doi.org/10.1016/j.wasman.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29221871
http://doi.org/10.1016/j.jclepro.2021.129870
http://doi.org/10.1016/j.joep.2019.02.002
http://doi.org/10.1016/j.jclepro.2020.124675
http://doi.org/10.1016/j.resconrec.2020.104965
http://doi.org/10.1016/j.jclepro.2020.125271
http://doi.org/10.1016/j.matpr.2020.12.561
http://doi.org/10.1016/j.carbpol.2020.115997
http://doi.org/10.1016/j.carbpol.2020.116040
http://doi.org/10.1155/2013/731858
http://doi.org/10.1016/j.wasman.2014.05.020
http://www.ncbi.nlm.nih.gov/pubmed/24994469
http://doi.org/10.1016/j.jmrt.2020.11.043
http://doi.org/10.1038/s41893-021-00702-w
http://doi.org/10.1002/adfm.201906307
http://doi.org/10.1021/acssuschemeng.7b00488
http://doi.org/10.1016/j.tifs.2021.04.016
http://doi.org/10.1016/j.carbpol.2021.118569
http://doi.org/10.1016/j.cofs.2021.09.003
http://doi.org/10.1016/j.carbpol.2021.118135
http://doi.org/10.1016/j.cej.2021.129086
http://doi.org/10.1016/j.ijbiomac.2021.01.183
http://www.ncbi.nlm.nih.gov/pubmed/33529630
http://doi.org/10.1016/j.carbpol.2016.05.080
http://www.ncbi.nlm.nih.gov/pubmed/27474561
http://doi.org/10.1016/j.carbpol.2021.118036
http://www.ncbi.nlm.nih.gov/pubmed/33910744
http://doi.org/10.1177/0021998320976811
http://doi.org/10.3390/polym13244425
http://doi.org/10.1016/j.compstruct.2021.114644


Polymers 2022, 14, 1070 15 of 15

37. Awad, S.A.; Jawaid, M.; Fouad, H.; Saba, N.; Dhakal, H.N.; Alothman, O.Y.; Khalaf, E.M. A comparative assessment of chemical,
mechanical, and thermal characteristics of treated oil palm/pineapple fiber/bio phenolic composites. Polym. Compos. 2022, 1–14.
[CrossRef]

38. Zhang, L.; Ruan, D.; Gao, S. Dissolution and regeneration of cellulose in NaOH/thiourea aqueous solution. J. Polym. Sci. Pol.
Phys. 2002, 40, 1521–1529. [CrossRef]

39. Swatloski, R.P.; Spear, S.K.; Holbrey, J.D.; Rogers, R.D. Dissolution of Cellose with Ionic Liquids. J. Am. Chem. Soc. 2002, 124,
4974–4975. [CrossRef]

40. Zhang, H.; Wu, J.; Zhang, J.; He, J. 1-Allyl-3-methylimidazolium Chloride Room Temperature Ionic Liquid: A New and Powerful
Nonderivatizing Solvent for Cellulose. Macromolecules 2005, 38, 8272–8277. [CrossRef]

41. Sun, N.; Rahman, M.; Qin, Y.; Maxim, M.L.; Rodríguez, H.; Rogers, R.D. Complete dissolution and partial delignification of wood
in the ionic liquid 1-ethyl-3-methylimidazolium acetate. Green Chem. 2009, 11, 646–655. [CrossRef]

42. Xia, G.; Han, W.; Xu, Z.; Zhang, J.; Kong, F.; Zhang, J.; Zhang, X.; Jia, F. Complete recycling and valorization of waste textiles for
value-added transparent films via an ionic liquid. J. Environ. Chem. Eng. 2021, 9, 106182. [CrossRef]

43. Xia, G.; Zhou, Q.; Xu, Z.; Zhang, J.; Ji, X.; Zhang, J.; Nawaz, H.; Wang, J.; Peng, J. Cellulose-Based Films with Ultraviolet Shielding
Performance Prepared Directly from Waste Corrugated Pulp. Polymers 2021, 13, 3359. [CrossRef] [PubMed]

44. Xu, Z.; Zhou, Q.; Wang, L.; Xia, G.; Ji, X.; Zhang, J.; Zhang, J.; Nawaz, H.; Wang, J.; Peng, J. Transparent Cellulose-Based Films
Prepared from Used Disposable Paper Cups via an Ionic Liquid. Polymers 2021, 13, 4209. [CrossRef] [PubMed]

45. Yao, Y.; Li, Y.; Liu, X.; Zhang, X.; Wang, J.; Yao, X.; Zhang, S. Mechanistic study on the cellulose dissolution in ionic liquids by
density functional theory. Chin. J. Chem. Eng. 2015, 23, 1894–1906. [CrossRef]

46. Luo, N.; Lv, Y.; Wang, D.; Zhang, J.; Wu, J.; He, J.; Zhang, J. Direct visualization of solution morphology of cellulose in ionic
liquids by conventional TEM at room temperature. Chem. Commun. 2012, 48, 6283–6285. [CrossRef]

47. Kaur, R.; Bhardwaj, S.K.; Chandna, S.; Kim, K.H.; Bhaumik, J. Lignin-based metal oxide nanocomposites for UV protection
applications: A review. J. Clean. Prod. 2021, 317, 128300. [CrossRef]

48. Kaparaju, P.; Felby, C. Characterization of lignin during oxidative and hydrothermal pre-treatment processes of wheat straw and
corn stover. Bioresour. Technol. 2010, 101, 3175–3181. [CrossRef]

49. Cao, Y.; Li, H.; Zhang, Y.; Zhang, J.; He, J. Structure and properties of novel regenerated cellulose films prepared from cornhusk
cellulose in room temperature ionic liquids. J. Appl. Polym. Sci. 2010, 116, 547–554. [CrossRef]

50. Cao, Y.; Wu, J.; Meng, T.; Zhang, J.; He, J.; Li, H.; Zhang, Y. Acetone-soluble cellulose acetates prepared by one-step homogeneous
acetylation of cornhusk cellulose in an ionic liquid 1-allyl-3-methylimidazolium chloride (AmimCl). Carbohydr. Polym. 2007, 69,
665–672. [CrossRef]

http://doi.org/10.1002/pc.26525
http://doi.org/10.1002/polb.10215
http://doi.org/10.1021/ja025790m
http://doi.org/10.1021/ma0505676
http://doi.org/10.1039/b822702k
http://doi.org/10.1016/j.jece.2021.106182
http://doi.org/10.3390/polym13193359
http://www.ncbi.nlm.nih.gov/pubmed/34641187
http://doi.org/10.3390/polym13234209
http://www.ncbi.nlm.nih.gov/pubmed/34883712
http://doi.org/10.1016/j.cjche.2015.07.018
http://doi.org/10.1039/c2cc31483e
http://doi.org/10.1016/j.jclepro.2021.128300
http://doi.org/10.1016/j.biortech.2009.12.008
http://doi.org/10.1002/app.31273
http://doi.org/10.1016/j.carbpol.2007.02.001

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Dissolution of UDPCs and Fabrication of Cellulose/Polyethylene Composite Films 
	Characterization 
	The Chemical Components in UDPCs 
	The Degree of Polymerization (DP) of Cellulose in UDPCs 
	Polarized Optical Microscopy of UDPCs/AmimCl Solution 
	Ultraviolet and Visible (UV-Vis) Spectra of the Cellulose/Polyethylene Composite Films 
	The Surface Hydrophilicity of the Cellulose/Polyethylene Composite Films 
	Wide-Angle X-ray Diffraction (WAXD) of the CPs, UDPCs, Commercial PE film, and Cellulose/Polyethylene Composite Films 
	Fourier Transform Infrared (FTIR) Spectra of the CPs, UDPCs, Commercial PE film, and Cellulose/Polyethylene Composite Films 
	Mechanical Tests of the Cellulose/polyethylene Composite Films 
	Thermogravimetric Analysis (TGA) of the CPs, UDPCs, Commercial PE Film, and Cellulose/Polyethylene Composite Films 
	Morphology of Cellulose/Polyethylene Composite Films 


	Results 
	Dissolution of Bamboo-Based Used Disposable Paper Cups 
	Transparency of Cellulose/PE Composite Films 
	Structure and Crystallinity 
	Mechanical Property, Hydrophilicity and Thermal Degradation 
	Morphology of Cellulose/Polyethylene Composite Films 

	Conclusions 
	References

