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ABSTRACT: Jute caddis is the waste lignocellulosic biomass
produced from jute fabric (sacking and hessian) production. Jute
caddis cellulose (JCC) is a sustainable source and has high
potential for being used in preparing biodegradable films. In this
research, flexible, semi-transparent, biodegradable, and highly
water-resistant eco-films were developed with cellulose extracted
from JCC. The macroscopic cellulose was isolated from JCC by
alkaline hydrolysis. Flexible and translucent cellulose films were
produced with different amounts of JCC by vacuum filtration.
Biodegradable thermoplastic polyurethane (TPU) was self-
assembled and heat-pressed to fabricate semi-transparent films.
The prepared eco-films were investigated using modern techniques
for their mechanical properties, structural changes, thermal
stability, and water resistance. With full flexibility (folding tolerance >100), the tensile strength of the JCC films was higher than
that of low-density polyethylene (LDPE) films. The tensile strength of the TPU-coated JCC films was about 4 times higher than that
of the pristine uncoated films. The films showed excellent water resistance, indicating a water contact angle higher than 100°, and the
water droplet was found to be stable even after 20 min. A burning test of the JCC films showed that they produced ashes like paper
burning, suggesting easy and clean biodegradation. The fabricated JCC eco-films could be a sustainable approach for replacing fossil-
fuel-based petroleum plastic materials for packaging applications.
KEYWORDS: jute caddis cellulose, thermoplastic polyurethane, contact angle, biodegradability, eco-films, functional coating

■ INTRODUCTION
The growing interest in edible plastics reflects a strong
inclination toward sustainable alternatives, seeking to replace
traditional non-environmentally friendly polymer packaging
with environmentally friendly options. This alternative has the
potential for widespread use and could significantly contribute
to preventing climate change and fostering a healthier
environment. Despite the affordability and versatile utility of
non-environmentally friendly polymer film materials, such as
thin polyethylene, there is a pressing issue of mismanagement,
with an estimated 60−99 million metric tons of mismanaged
plastic waste being produced globally per year, which is
projected to increase to 155−265 million metric tons per year
in the future.1 This poses a serious threat to nature. In 2015,
the world generated a staggering 6.3 billion metric tons of
plastic waste. If this production rate persists without proper
supervision, it could escalate to 12 billion metric tons by 2050,
resulting in an annual economic loss of $80 billion (about $250
per person in the U.S.).2,3 Notably, environmentally harmful,
unfriendly polymer packaging remains widely used due to its
flexibility and comparatively low cost in contrast to eco-film
polymer packaging, which, despite its flexibility, comes at a
higher price. This cost disparity is a major impediment to its
widespread adoption.4 Historically, researchers have tried to

reduce the cost of bioplastics by incorporating thermoplastic
polyurethane (TPU)5 or carboxymethyl cellulose (CMC)6

with natural resources such as starch,7 lignocellulose,8 and
cellulose.9 However, an innovative approach involving the
combination of CMC, TPU, and jute fiber caddis has not been
explored to enhance biodegradability and reduce costs.

Jute caddis, the predominant industrial waste in the jute
sector, constitutes 6−8% of the total jute consumption in the
mills. Annually, Bangladesh produces 1.6 million t of jute fiber,
and India produces 1.968 million t, with jute caddis accounting
for approximately 0.3 million t in jute mills. Unfortunately,
these caddis are commonly discarded, used as fuel in boilers, or
treated as waste material, contributing to severe environmental
damage.10 Proximate analysis of jute caddis reveals volatile
matter at 58.6−65.0%, cellulose at 13.5−21.5%, hemicellulose
at 11.5−14.0%, lignin at 11.5−14.0%, pectin at 0.2−0.4%, wax
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at 0.5−0.9%, moisture at 12.0−14.0%, and JBO and starch at
0.5−1.0%.11−16 Cellulose, a ubiquitous organic compound, is
abundantly found worldwide. As the most prevalent biopol-
ymer, it is natural and sustainable, derived from cultivated bast
fiber and forest biomass remnants. Cellulose is an essential
component of plant cell walls, playing a crucial role in
maintaining the rigidity and strength of plants over time.17

Approximately 33% of all plant material is cellulose (cotton
comprises 95%, and jute comprises 60−72%). Jute, cotton, and
wood are the primary sources of cellulose used in industrial
applications, notably in producing fabrics, sacking bags,
paperboard, and paper.18

Mechanically, cellulose can be transformed into micro-
crystalline cellulose (MCC), which, when combined with
CMC/TPU, becomes particularly valuable for creating water-
resistant packaging in the food, cosmetic, and medical
industries.19 The structure known as carboxymethyl cellulose
(CMC) is the most significant configuration of polysacchar-
ides. One of cellulose’s crucial derivatives is CMC.20 In CMC,
carboxymethyl groups (−CH2−COOH) or sodium carbox-
ymethyl groups (−CH2COONa) replace some of the hydroxyl
(OH) groups of the glucopyranose units, typically at C2 > C6
> C3, resulting in a global output of 583.782 tons each year.21

CMC, a semi-crystalline chemical, can produce highly water-
soluble, non-toxic, affordable, and biodegradable films with
excellent film-building capabilities.8 Additionally, CMC finds
diverse applications in food packaging,22 personal care
products,23 medicines, textiles,24 fabrications,25 papers,26

adhesives, and ceramics.27 It is in high demand in the
scientific, industrial, and commercial sectors.26 However, a
drawback of CMC is its limited protection against deterio-
ration, microbes, or sunlight.28

The key properties of TPU include outstanding abrasion
resistance, good mechanical properties with rubber-like
flexibility, tear resistance, biodegradability, widespread avail-
ability, low cost, and super-transparency.5,29−31 Polyols and
isocyanates constitute the main elements of polyurethane,
where the isocyanate active group (NCO) reacts with the
hydroxyl group (OH) present in jute caddis cellulose (JCC)
through heat and pressure.32 TPU has been reinforced with
natural fibers such as hemp, kenaf, sugar palm, oil palm empty
fruit bunch, rice husk, hardwood core, and sisal.33−35 Synthetic
fibers like glass, aramid, and carbon fibers have also been used
for TPU reinforcement.35−37 In recent laboratory research,
TPU has been reinforced exclusively with eco-friendly fibers.38

Various attempts have been made to combine CMC, TPU, and
polyvinyl alcohol (PVA) individually with jute fiber to create
eco-friendly plastic packaging. These efforts have taken
different approaches, including composites based on various
TPU or CMC molecular weights and degrees of hydrol-
ysis,21,39 composites using exceptionally fine jute and natural
cellulose powder,6,40 and comparisons between composites
prepared from both fine and coarse jute and natural cellulose
powder.

However, none of these applications fully replicate the
flexibility and transparency offered by non-environmentally
friendly plastics, crucial attributes for real-world applications,
such as malleable packaging for food, household items, and
papers. The issues of hydrophobicity and the eco-friendliness
of packaging made of TPU or CMC remain unanswered in the
mentioned applications. While two recent studies have shown
some improvements in the water resistance and eco-friend-
liness of films made with CMC and TPU, there have been no

sustained reports over time.20 To bring JCC/TPU closer to
commercial viability in eco-friendly flexible packaging, this
research addressed four key questions: total flexibility, water
resistance, transparency, and eco-friendliness. This study
focused on four main aspects: (a) investigating the features
of eco-friendly JCC/TPU packaging to achieve complete
flexibility; (b) examining the influence of a water-resistant
coating on the features of flexible JCC/TPU eco-friendly
packaging; (c) analyzing transparency concerning the features
of flexibility and water resistance in JCC/TPU eco-friendly
packaging; and (d) studying eco-friendliness concerning the
features of flexibility, water resistance, and transparency of
JCC/TPU eco-friendly packaging.

Moreover, adhering to eco-friendly fabrication, this research
employed a pure fabrication approach to minimize the waste
produced throughout the procedure. Consequently, an eco-
friendly packaging film was developed in this work using
different ratios of JCC/TPU. The study observed and
discussed modifications in the morphology, chemical structure,
elemental analysis, thermal properties, mechanical properties,
contact angle, air permeability, optical transmittance, and
biodegradability of the eco-packaging film.

■ MATERIALS AND METHODS
Materials. Jute caddis (JC) was obtained from Bangladesh Jute

Mills Ltd. (Ghorashal, Palash, Narsingdi, Bangladesh). Carboxymethyl
cellulose (Grade P62), a sodium salt commonly known as sodium
carboxymethyl cellulose (CMC), was procured from USK Kimya A.S.
(Turkey). TPU granules and film were acquired from Xingxia
Polymer Ltd. (Suzhou, China). Strong alkali (NaOH), hydrogen
peroxide (H2O2), Rheopol BMW, Suntex XPA, Suntex UFB, Croaks
NF, and acetic acid were purchased from Dysin-Chem Ltd. in Dhaka.
All chemicals were of commercial grade, and acetic acid was utilized
for neutralization.

Extraction of Jute Caddis Cellulose (JCC). Initially, jute caddis
(2−3 mm) was cut into pieces using a jute cutter machine (model:
GM800C) from Shandong Province, China, at Latif Bawany Jute
Mills Ltd. (BJML), Bangladesh Jute Mills Corporation (BJMC),
Bangladesh.41 Subsequently, the 1 kg JC pieces were boiled in a
sample dyeing machine (Sclavos, Greece) for 3 h at 110 °C. The
material-to-liquor ratio was maintained at 1:20 with 4.5 M strong
alkali (NaOH), 0.5 M hydrogen peroxide (H2O2), 1 g/L Rheopol
BMW, 1 g/L Suntex XPA, and 1 g/L Suntex UFB, and the pH was
controlled at 10−11.42

Following this treatment, the temperature was raised to 80 °C, and
the pieces were boiled for 15 min with 0.25 g/L Croaks NF to
neutralize the action of H2O2. The resulting JCC was thoroughly
washed in cold water.43 Neutralization was achieved with 1 g/L acetic
acid, followed by a second wash with cold water. The last step
involved drying the washed JCC. It is worth noting that the ETP of BJ
Mills Ltd. purified the water used in this process, which could be
reused repeatedly.

Fabrication of JCC Powder. The JCC powder was produced by
crushing the JCC at 35,000 rpm using an industrial herb powder
pulverizer machine (ZT-1000, China) for 20 min to achieve a fine
powder.44 Subsequently, the JCC powder underwent sieving to attain
a particle size of 0.2 mm (about 0.01 in.), as illustrated in Figure 1.

Fabrication of JCC Non-Woven Eco-Film. First, 1 g of CMC
powder was stirred in a mixture of 0.2 L of distilled water at 500 rpm
using a digital magnetic stirrer for 3 h at room temperature (20 °C) to
achieve a homogeneous paste. Second, 6, 8, and 10 g of fabricated
JCC powder was blended in a mixture of 1.8 L distilled water at
21,000 rpm using a Kiam mixer grinder (BL-1000, Bangladesh) for 10
min at room temperature (20 °C) to create a homogeneous pasting
solution (see Table 1). Subsequently, the 0.2 L CMC paste was added
to this solution, and it was remixed for 5 min at the same temperature
to achieve a homogeneous cross-linking pasting solution. The JCC6/
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CMC, JCC8/CMC, and JCC10/CMC pasting solutions were poured
into a vacuum filtration system with overflow protection (see Figure
2) using nylon filter paper (diameter = 120 mm). The maximum

CMC and total water were collected in the bottom beaker, while a
white JCC film formed on the filter paper.45 The films were then dried
overnight in a vacuum oven (LabTech, Korea, model: LVO-2050) at
room temperature. Finally, the films were peeled off of the filter paper.

Coating of JCC Non-Woven Fabricated Eco-Films by TPU.
Initially, 2 g of TPU was dissolved in a 250 mL beaker containing 200
mL of acetone, and the mixture was covered with a Petri dish for 4 h.
Subsequently, non-woven JCC6, JCC8, and JCC10 films were cut
into 80 mm × 40 mm dimensions. These specimens were immersed
in the TPU solution for 30 s, removed, and then hung to dry for 10
min at a temperature of 30 °C with 65% humidity. This immersion
and drying process was repeated five times for each specimen. The
resulting dried films were created from the TPU-coated transparent
films by pressing them under 1 ton of pressure at 160 °C for 5 min
using an Auto Series Plus press (Carver Inc., U.S., model:
4533.4FL1000). After this procedure, the remaining TPU was
collected, and its weight was determined. In these specimens,

JCC6/TPU, JCC8/TPU, and JCC10/TPU contain 95%, 92.5%,
and 90.5% JCC and 5%, 7.5%, and 9.5% TPU, respectively.

Characterizations. Morphology. The morphology of the JCC
powder and the JCC/TPU-coated and uncoated JCC non-woven
fabric films was examined using a scanning electron microscope
(SEM) with a Zeiss Sigma 300 FEG instrument from Germany at an
accelerating voltage of 15 kV. Before imaging, all fabricated films were
coated with a 10 nm layer of gold using a Quorum Q150R S Plus
sputter coater.46 Subsequently, the films were analyzed by scanning
electron microscopy, and images were collected for further analysis.

Fourier Transform Infrared Spectra. The chemical structure of the
JCC powder and the JCC/TPU-coated and uncoated JCC non-woven
fabric films was analyzed using Fourier transform infrared (FT-IR)
spectroscopy. The measurements were obtained with a Spectrum Two
spectrometer (PerkinElmer Inc., U.K.) over the 400−4000 cm−1

wavenumber range. The spectrometer had a scanning resolution of
4 cm−1, and each specimen underwent four scans. For the analysis, the
JCC powder, coated JCC/TPU films, and uncoated JCC non-woven
fabric films were prepared into sheets measuring (10 × 10) mm. The
sampling plate was cleaned with isopropyl alcohol, and the specimen
was placed on the specimen plate. After the compression clamp was
tightened, the scan was initiated using the software. The collected
data were then analyzed, and graphs were generated using Igor Pro
6.04.

Thermal Properties. A thermogravimetric analyzer (model: TGA
4000, brand: PerkinElmer) was employed to assess the thermal
properties of all specimens. Before testing, the specimens were dried
in an oven at 60 °C for 8 h, and each specimen was then crushed into
pieces weighing between 6 and 8 mg. Initially, the temperature was
held at 50 °C for 1 min and then increased from 50 to 800 °C at a
scanning rate of 10 °C/min. All experiments were conducted under a
nitrogen flow of 20 mL/min.

Elemental Analysis of the Coated and Uncoated Eco-Films. The
elements in the coated and uncoated films were analyzed by using an
energy dispersive X-ray spectroscopy (EDS) system. Considering the
chemical treatment applied to the specimens, the coated and
uncoated films were selected as representatives for the elemental
analysis. Before imaging, a 2 nm thick gold layer was coated onto the
films by using a (Quorum Q150R S Plus) sputter coater. The results
were then observed using a field emission scanning electron
microscope (FESEM) with a Zeiss Sigma 300 FEG instrument
from Germany, equipped with a detector operating at 10 kV. Images
were collected for further analysis.

Mechanical Properties. The elongation at break, tensile strength,
tensile index, and Young’s modulus of both the coated JCC/TPU and
uncoated JCC non-woven fabric films were determined using a
universal tensile testing system (Fanyuan Instrument (HF) Co. Ltd.,
China). The testing system was equipped with a 1 N load cell, and the
TAPPI/ANSI T494 standard testing method was followed. A
constant elongation rate (10 mm/min) was applied during the
measurements, maintaining a gauge length of 1 mm, and specimens
were prepared with dimensions of 90 mm × 30 mm. A commercial,
non-environmentally friendly packaging bag made of 60 μm of low-
density polyethylene (LDPE) was also tested using the same method.
Before measurement, all specimens were conditioned at 25 °C and
65% relative humidity. Three tests were conducted for each coated
JCC/TPU and uncoated JCC non-woven fabric film, and the means
with standard deviations were reported.

Thickness and GSM. The thickness of both the coated JCC/TPU
and uncoated JCC non-woven fabric films was measured using a
digital thickness meter (Sylvac, model: ISP091201D, Switzerland)
with a measuring range of 150 mm, a contact point of Ø2/M2.5 or 4-
48-UNF, and an accuracy of 0.001 mm. Initially, the specimen was
positioned on the plate of the thickness meter, and a reading was
taken. Five readings were recorded for each specimen, and the average
was calculated. Following this, the weight of each specimen was
measured using a digital electric balance (model: JJ324BC, China)
with a reading accuracy of 0.0001 g. The diameter of the specimen
was determined using a scale, and the result was recorded. The GSM

Figure 1. Fabrication of powder from jute caddis cellulose (JCC)
using an industrial herb powder pulverizer machine.

Table 1. Sampling for the JCC and JCC/TPU Films

sample descriptions identification

6 g of jute caddis cellulose (JCC) JCC6
8 g of JCC JCC8
10 g of JCC JCC10
6 g of JCC + 0.30 g of thermoplastic polyurethane (TPU) JCC6/TPU
8 g of JCC + 0.60 g of TPU JCC8/TPU
10 g of JCC + 0.95 g of TPU JCC10/TPU

Figure 2. Method of fabricating jute caddis cellulose (JCC) non-
woven fabricated film from the combination of JCC/CMC using a
vacuum filtration arrangement.

ACS Sustainable Resource Management pubs.acs.org/acssrm Article

https://doi.org/10.1021/acssusresmgt.3c00123
ACS Sustainable Resour. Manage. 2024, 1, 517−529

519

https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssusresmgt.3c00123?fig=fig2&ref=pdf
pubs.acs.org/acssrm?ref=pdf
https://doi.org/10.1021/acssusresmgt.3c00123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(grams per square meter) of the specimen was then calculated using
eq 1:

x
d

GSM
4

2=
(1)

where x and d are the weight and diameter of the sample, respectively.
Each specimen was tested five times, and their mean and standard
deviation values were recorded.

Sessile Water Drop Contact Angle. A Theta Lite optical
tensiometer (Finland, model: Theta Lite-24830-05) was employed
to evaluate the sessile water drop contact angle of both the coated
JCC/TPU and uncoated JCC non-woven fabric films, along with the
LDPE and TPU films. A sessile water droplet with a volume of 5.0 μL
was applied to the film surface, and the mean value of the contact
angles (both right and left) was automatically measured at intervals of
1, 15, 30 s, and 1, 5, 10, and 20 min at 10% (14 frames per second
(FPS)). A common technique in analyzing film contact angles
involves measuring the drop angle twice, once when the film is placed
on the surface and again after 1 min;47 this is considered the most
accurate method. However, for this investigation, the test duration
was extended to 20 min due to the need to assess water resistance.
The results were presented at various time intervals, including those
commonly used in practice (e.g., 1 s or 1 min)41 and those
documented for water-resistant films (e.g., 10 min).41 This study

displayed the results at intervals of 1, 15, 30 s, and 1, 5, 10, and 20
min. The process was repeated three times for each film, and the
mean values were utilized to generate the graph.

Air Permeability. The air permeability of the coated JCC/TPU and
uncoated JCC non-woven fabric films was determined using an air
permeability testing machine (Fanyuan Instrument (HF) Co. Ltd.,
China, model: YG461E). To ensure reliable results, the machine was
calibrated before conducting the tests. In this evaluation, a circular
specimen container with an area of 5 cm2 was used, and the pressure
was set at 100 Pa.32 Pressure drops across the specimen varied from
50 to 500 Pa. Wrinkles in the specimen were smoothed by applying
adequate stress. The experiment was conducted at least five times in
different areas of the specimen, and the results, including the mean
and standard deviation, are presented here.

Biodegradability of Eco-Films. The biodegradation of the coated
JCC/TPU and uncoated JCC non-woven fabric films was investigated
in loamy soil within a flower garden at LBJML in Bangladesh. The
films were cut into square shapes and buried in the garden soil with a
pH of 7 (measured using a Hanna multi-parameter probe, U.S.,
model: HI7629829) for 120 days. At intervals of 20 days, the
specimens were carefully retrieved, cleaned with water, dried, and
weighed to assess weight loss (%) attributed to degradation.
Additionally, another analysis involved a burning system.

Figure 3. Scanning electronic microscopic (SEM) images of (left) the surface of JCC6, JCC8, and JCC10 uncoated films and JCC powder and of
(right) the surface of JCC6/TPU, JCC8/TPU, and JCC10/TPU-coated films and ash of all corresponding coated films.
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■ RESULTS AND DISCUSSION
Morphology. SEM images of the ash from all correspond-

ing coated films, JCC powder, and surfaces of both the coated
and uncoated fabric films are presented in Figure 3. In this
analysis, the JCC powder exhibited an almost spherical shape,
resulting from cutting or grinding with a sharp, rounded steel
knife, displaying a rough surface. The particle size of the ash
obtained after the coated films were burned as fuel was <1 μm,
with very few particles measuring 3 μm, featuring rough
surfaces. The non-woven fabric films produced from JCC
contained large particles, notably rayon, which were entangled
and ranged in width from 5 to 10 μm. Despite differences in
the thickness of the uncoated films for JCC6, JCC8, and
JCC10, the surface roughness of these films was identical.
Conversely, the coated film JCC10/TPU exhibited a smoother
surface compared to JCC6/TPU. This difference may be
attributed to the film thickness or the amount of JCC,

impacting other film properties like air permeability, contact
angle, eco-friendliness, and light transmission, as discussed
later. The TPU film displayed a comparatively smooth surface
without any porosity.31 The influence of the TPU coating was
evident on the surface of all coated films. This could result
from the additional TPU coating covering the non-woven film,
reducing the overall unevenness from JCC accumulation and
increasing transparency. The morphology suggests that the
adhesion and miscibility of JCC and TPU improve with heat
and pressure, resulting in a smoother surface and higher
transparency. Similar enhancements in the quality of CMC or
starch-based films, such as the reduction of rough surfaces and
improved smoothness48 using TPU, have been extensively
reported in the literature.

Chemical Structure. In the case of both the coated
(JCC6/TPU, JCC8/TPU, and JCC10/TPU) and uncoated
(JCC6, JCC8, and JCC10) fabricated films as well as JC and

Figure 4. FT-IR spectra: (a) JC, JCC, and TPU; (b) uncoated JCC6, JCC8, and JCC10 fabricated eco-films; and (c) coated JCC6/TPU, JCC8/
TPU, and JCC10/TPU fabricated eco-films.
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Table 2. Characteristic Bands in FT-IR Spectra and Their Assignments and Functional Groups According to Literature Data

wavelength (cm−1)

TPU JC JCC JCC6 JCC8 JCC10 JCC6/TPU JCC8/TPU JCC10/TPU functional group and assignments ref

3346 3342 3340 3342 3335 3336 3334 3339 3335 intermolecular hydrogen bond and free OH groups
and N−H vibration

49
3306 3284 3290 3290 3289 3292 3296 3296 3296
2960 - - - - - - - - symmetric CH stretching 49
2920 - - - - - 2919 29120 2919 asymmetric CH stretching 49
- 2898 2898 2896 2895 2896 2899 2899 2899 symmetric CH stretching 49
2875 - - - - - - - - symmetric CH stretching 49
2851 - - - 2853 2851 2852 asymmetric CH stretching 49
1729 1736 - - - - 1734 1737 1734 carboxylic groups (C�O) (ester or associated

urethane)
50, 51

1643 1643 1643 1643 1643 1643 1643 163 1643 O−H (water absorption) 49
1598 - - - - - 1597 1597 1598 benzene group 51
- 1594 - - - - - - lignin components 49
1531 - - - - - 1535 1340 1535 N−H bending 51

1507 - - - - - - - lignin components 49
1465 - - - - - - - - benzene group 51
- 1461 - - - - - - - lignin components 49
- 1427 1428 1428 1428 1425 1426 1429 1428 −CH2 bending of pyranose ring 49, 52
1369 1371 1371 1371 1371 1370 1369 1371 1369 −CH bending and phenolic −OH 50
- 1317 1316 1317 1317 1315 1315 1316 1316 −CH2 bending in cellulose 49
- 1246 - - - - - - - C−O stretching in lignin 49
1221 - - - - - - - - C−O−C stretching 51
1169 - - - - - - - - C−O−C stretching 51
- 1162 1162 1161 1161 1161 1160 1161 1161 C−O−C asymmetric stretching 49, 52
- 1106 1107 1107 1107 1107 1106 1105 1106 −CH in-plane deformation in aromatic ring 49, 52
- 1053 1053 1053 1053 1053 1053 1053 1053 C−O stretching in cellulose 49, 52
- 1031 1031 1030 1030 1030 1031 1030 1031 C−O/C−C stretching 50
- 895 896 894 899 898 896 898 890 BD-cellulose 50
770 - - - - - - - - C−O−O stretching 51

Figure 5. Thermal properties: (a) TGA and (b) DTG curves of JC, JCC, TPU, and the uncoated (JCC6, JCC8, and JCC10) and coated (JCC6/
TPU, JCC8/TPU, and JCC10/TPU) eco-films.

Table 3. Thermal Properties of TPU, JC, JCC, and Coated and Uncoated Fabricated Films

weight (%) at temperature

specimen T5% (°C) Tonset (°C) Tmax (°C) 300 °C 350 °C 400 °C 450 °C 500 °C
TPU 300 290 390 85.0 68.9 28.42 21.69 10.2
JC 150 250 370 85.6 67.5 28.9 21.7 13.34
JCC 230 270 370 90.5 74.2 27.4 22.1 13.53
JCC6 260 260 360 89.1 59.8 31.0 24.5 13.63
JCC8 260 260 360 89.5 61.0 30.5 23.7 11.92
JCC10 260 260 360 89.5 61.0 29.8 22.8 12.45
JCC6/TPU 310 280 400 96.7 83.9 42.0 13.9 15.2
JCC8/TPU 310 280 400 94.5 81.3 38.8 10.8 15.8
JCC10/TPU 290 280 400 92.43 73.99 36.96 19.45 15.28
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JCC, similar peaks were observed, although different to those
of TPU (see Figure 4). In TPU and the coated films, the peaks
at 2960 and 2875 cm−1 for symmetric stretching vibrations and
those at 2920 and 2851 cm−1 for asymmetric stretching
vibrations are associated with functional groups from the C−H
groups.5 The C−H stretching vibrations in JC, JCC, and the
coated and uncoated films appear as sharp peaks around
2896−2899 cm−1, confirming the presence of cellulose and
hemicellulose.49

Peaks near 1736−1729 cm−1 for C−O stretching indicate
ester carboxylic groups in TPU for urethane or JC for
hemicellulose, which disappear completely in JCC.50 Peaks
around 1643 cm−1 arise due to absorbed water in all
specimens. Peaks at 1529 cm−1 are attributed to the stretching
and bending of N−H bonds in urethane bonds, and the 1596
and 1470 cm−1 peaks are associated with a benzene group in
TPU. Lignin components contribute to peaks in JC near 1594,
1507, and 1461 cm−1, which disappear in JCC, indicating
lignin removal. Peaks near 1429−1425 cm−1 can be attributed

to the CH2 bending of the pyranose rings. The peak around
1316 cm−1 for CH2 bending also indicates the presence of
cellulose in JC, JCC, and the coated and uncoated films. Peaks
around 1371−1369 cm−1 represent CH bending and phenolic
OH stretching vibrations in all specimens. In JC, there is an
intermediate peak near 1246 cm−1 due to C−O stretching in
the ether linkage for lignin, but this peak disappears completely
in JCC.51 Peaks around 1162−1160 cm−1 in JC and JCC are
due to C−O−C stretching, confirming the presence of
cellulose.52 Peaks around 1109−1107 and 1053 cm−1 represent
vibrational C−O stretching and in-plane C−H deformation in
all samples without TPU, and sharp peaks around 1031−1030
cm−1 correspond to C−O or C−C stretching.50 The stretching
vibrated in cellulose peaks near 1031−1030, 1053, 1107−1105,
and 1162−1160 cm−1.

Peaks near 898−890 cm−1 confirm the presence of the β-
glycosidic linkage. The band near 1221 cm−1 is responsible for
the C−O−C stretching of the urethane group,51 while the peak
around 1169 cm−1 represents the C−O−C stretching of the
ester group. Furthermore, the C−O−O stretching represents
the urethane group for the peak at 770 cm−1 in TPU. In this
investigation, the assignments of the FT-IR peaks for each
sample are listed, and their respective functional groups,
according to research, are presented in Table 2.

Thermal Stability of Coated and Uncoated Fabri-
cated Films. The thermogravimetric analysis (TGA) and
derivative thermogravimetric (DTG) curves of TPU, JC, JCC,
and the coated and uncoated fabricated films are depicted in
panels a and b of Figure 5, respectively. In this study, the
thermal stability of TPU, JC, JCC, and the coated and
uncoated films was analyzed through TGA, and the thermal
resistance properties are presented in Table 3. Due to the
presence of different functional groups, including carboxylic
groups (C�O) in jute caddis (JC) and isocyanate active
groups (NCO) in TPU, they contribute equally to

Table 4. Distinct Phases of Weight Loss of JCC and Coated
and Uncoated Fabricated Films Regarding Temperature
Increase

weight loss (%) residue (%)

specimen 50−250 °C 250−420 °C 420−500 °C 500 °C
TPU 2.93 79.36 7.56 10.2
JC 5.57 63.44 17.65 13.34
JCC 5.57 65.63 15.27 13.53
JCC6 4.39 66.71 15.27 13.63
JCC8 4.30 67.39 16.39 11.92
JCC10 4.79 67.39 15.37 12.45
JCC6/TPU 4.5 74.35 5.95 15.2
JCC8/TPU 4.94 73.07 6.19 15.8
JCC10/TPU 4.82 72.62 6.52 15.28

Figure 6. (a) Elongation at break, (b) tensile strength, (c) tensile index, and (d) modulus of elasticity of coated films JCC6/TPU, JCC8/TPU, and
JCC10/TPU and uncoated films JCC6, JCC8, and JCC10 (different plots display data sets were different than others, i.e., p ≤ 0.5).
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decomposition. Usually, cellulose degradation is accompanied
by depolymerization dehydration followed by the analogous
decomposition of the glycosyl units of the cellulose chain, and
this phenomenon can also occur in the case of JCC and the
coated and uncoated films.41 Initially, moisture or oligomer
evaporation was responsible for the first-stage degradation of
all specimens at around 150 °C.53 The decomposition of TPU,
JC, JCC, and the uncoated and coated films began at 290, 250,
270, 260, and 280 °C, respectively. Similarly, the maximum
decomposition temperature of the coated and uncoated films
(respectively, 400 °C and 360 °C) was higher and lower than
that of JC (370 °C), respectively, which may be due to them
being coated with TPU and treated with NaOH. However, the
temperature at a weight loss of 5% for JCC and the coated and
uncoated films is about 100−150 °C higher than JC because
JC contains low molecular weight non-cellulosic materials,
which undergo faster decomposition.41

The DTG curves exhibited the three main flashpoints of
weight change (%), as noted in Table 4. The first flashpoint
was around 50−250 °C, associated with changes in moisture or
oligomer evaporation,54 for which none of the specimens
showed a significant weight change (%). The second flashpoint
was responsible for the decrease of most of the weight, which

occurred between 250 and 420 °C. This point of degradation
in JC, JCC, and the coated and uncoated films can be related
to the decomposition of hemicellulose and lignin55 followed by
cellulose. This could be explained by devolatilization reactions
in which most of the organic component of all specimens was
reduced as volatile matter. The proportion of the final phase
weight change was found to be lower for all coated films and
TPU compared to that of JC, JCC, and the uncoated films,
which may be due the coated films being coated with TPU.
This could be related to the excellent adhesion attribute of the
coated films and better chemical cross-linking, which
controlled the overall degradation ratio. This step of
decomposition was completed at temperatures of around
420−500 °C. However, the residual weight change of the three
different JCC/TPU-coated films was 15.2%, 15.8%, and
15.28%, respectively; these values were higher than those of
their original elements, such as TPU, JC, and JCC, at the
elevated temperature (>500 °C). The higher mass at the
elevated temperature suggested the char formation ability of
the coated films, which is one of the significant characteristics
of the flame retardancy of the element.

Elemental Analysis of the Coated and Uncoated Eco-
Films. The results of the EDS experiment for the coated and

Figure 7. Sessile water droplet (a) images for 1 s and (b) contact angles up to 1200 s on the coated JCC6/TPU, JCC8/TPU, and JCC10/TPU and
uncoated JCC6, JCC8, and JCC10 non-woven fabricated eco-films, TPU film, and low-density polyethylene (LDPE).

Figure 8. Weight loss of the coated JCC/TPU and uncoated JCC non-woven fabricated eco-films (a) prepared from jute caddis cellulose (JCC)
due to biodegradation in soil, and (b) analysis by burning of the coated JCC/TPU eco-films and LDPE plastic.
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uncoated eco-films represent that both the coated and
uncoated fabricated eco-films exhibited ten distinct elements,
including carbon (C), oxygen (O), nitrogen (N), silicon (Si),
potassium (K), calcium (Ca), aluminum (Al), sulphur (S),
magnesium (Mg), phosphorus (P), and chlorine (Cl), except
for gold (Au) due to the gold coating.44 The amounts of these
components slightly varied when analyzed in films of the two
different properties (see Figure S5).

As the coated and uncoated films are lignocellulosic
elements, in this investigation, C was found to be the major
component in the coated films at 54.12%, with O as the second
highest at 29.07%. In contrast, the uncoated films had C as the
main component, closely followed by that with O (45.19% and
43.34%, respectively). The amounts of the other elements were
low. This result provides further evidence that eco-films, both
coated and uncoated, contain inorganic mineral matter. It also
highlights the highly heterogeneous nature of the specimens,
consistent with the findings of previous research on eco-
films.44

Mechanical Properties. The elongation at break, tensile
strength, tensile index, and modulus of elasticity of the coated
JCC/TPU and uncoated JCC fabricated eco-films are
presented in Figure 6. The results indicated that the elongation
at break, tensile strength, tensile index, and modulus of
elasticity of the eco-films increased significantly with the
amount of JCC, and these properties were higher in the coated
films than in the uncoated films. This increase can be
attributed to higher breaking elongation properties and higher
modulus of elasticity or increased film thickness. Overall, the
uncoated films (JCC6, JCC8, and JCC10) exhibited tensile
strength around 4.8−10.7 MPa, elongation at break around
66.7−77.1%, modulus of elasticity around 62.4−141.6 MPa,
and tensile index around 38.07−39.6 N m/g. In contrast, the
coated films (JCC6/TPU, JCC8/TPU, and JCC10/TPU)
coated with TPU showed higher values for tensile strength
(16.1−30.2 MPa), elongation at break (119.4−124.0%),
modulus of elasticity (96.0−148.6 MPa), and tensile index
(47.66−62.87 N m/g). For the coated JCC/TPU or uncoated
JCC films, the elongation at break, tensile strength, tensile
index, and modulus of elasticity all increased significantly (p ≤
0.5) with different thicknesses. According to previous
research,56 a higher amount of JCC was included to increase
the strength, leading to improved strength properties of the
fabricated films. The thickness of the film is not immediately
considered in the tensile index calculation, even though film
thickness affects the strength. If the density of the film is
constant and the tensile index is related to the mass per unit
area of the film and indirectly to the thickness, then the weight
increases as the thickness increases. However, it was found that
the eco-films created in this study had a higher tensile strength
than standard LDPE (12.6−14.3 MPa).57 An LDPE film was
also analyzed for tensile strength, although the results are not
displayed in Figure 6. The changes in elongation at break were
consistently upward, suggesting that the isocyanate groups
(NCO) in TPU and the (−OH) groups in cellulose contribute
to local stabilization, leading to better mechanical properties.

Thickness and GSM. The eco-friendly non-woven films
were manufactured using varying amounts of JCC (i.e., 6 g
denoted as JCC6, 8 g as JCC8, and 10 g as JCC10), and all
films were coated with TPU. The GSM of the coated and
uncoated non-woven films increased with increasing JCC
amounts, and thickness also increased proportionally with the
increasing GSM of the films with the same diameter (i.e., GSMT
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and thickness exhibited a direct relationship; see Figure S4).
However, due to heat-pressing, the thickness of the coated
films decreased significantly compared to that of the uncoated
ones. On the other hand, the thickness increase was consistent
with increasing GSM (e.g., thickness = 0.15 mm at GSM =
101.58 for JCC6/TPU, thickness = 0.18 mm at GSM = 134.03
for JCC8/TPU, and thickness = 0.21 mm at GSM = 144.18 for
JCC10/TPU). Nevertheless, the experiments on the films
revealed that increased GSM thickness led to elevated tensile
strength and biodegradability but decreased transparency and
contact angle. This is because the higher amount of JCC
confirmed the incorporation of numerous fibers into the
matrix, which ultimately showed a good level of biodegrad-
ability, as pristine JCC is completely biodegradable.

Sessile Water Drop Contact Angle. The sessile water
droplet contact angles on the surface of coated JCC6/TPU,
JCC8/TPU, and JCC10/TPU and uncoated JCC6, JCC8, and
JCC10 non-woven fabricated eco-films, TPU film, and an
LDPE bag are presented in Figure 7. Figure 7a excellently
illustrates the contact angle of sessile water droplets on coated
JCC6/TPU, JCC8/TPU, and JCC10/TPU and uncoated
JCC6, JCC8, and JCC10 films after 1 s, while Figure 7b
displays the same for up to 20 min. The contact angle volume,
indicative of the barrier to sessile water droplet penetration,
increases with a higher contact angle. The coated non-woven
fabricated films exhibited superior water resistance compared
to the TPU film and the very thin LDPE bag. This
enhancement is attributed to the increased crystallinity or
thickness of the coated non-woven fabricated films, particularly
in comparison to the exceedingly thin LDPE bag. The
heightened crystallinity results from the reaction between the
hydroxyl group (OH) of JCC and the isocyanate active group
(NCO) in TPU under heat and pressure. Additionally, the
thickness of the coated fabricated eco-films increased with the
JCC content.

The uncoated fabricated eco-films (JCC6, JCC8, and
JCC10) exhibited contact angles of 34.9°, 38.0°, and 40.2°
(hydrophilic region), respectively, within the first second.
However, after 1 s, the sessile water droplet was readily
absorbed. In contrast, the coated JCC6/TPU, JCC8/TPU, and
JCC10/TPU films initially had contact angles higher than 100°
(e.g., 119.2°, 114.3°, and 108.4°), which gradually increased up
to 30 s, stabilized (e.g., 121.9°, 115.8°, and 114.2°), and then
slowly decreased. The coated films remained hydrophobic for
about 600 s, after which the sessile water droplets gradually
settled on the films’ surface due to their thickness-dependent
characteristics (e.g., 105.7°, 98.1°, and 68.6°). The hydro-
phobic or hydrophilic behavior of the films is influenced by an
esterification reaction between the isocyanate active group
(NCO) and the hydroxyl group of JCC, confirmed by FT-IR
spectra, and influenced by the films’ thickness properties.

The films were classified as hydrophilic (contact angle
volumes between 0° and 90° ±), hydrophobic (contact angle
volumes between 90°−180° ±), and lipophilic.47 After 10 min,
the contact angles of the coated films JCC6/TPU, JCC8/TPU,
and JCC10/TPU (e.g., 106.4°, 104.8°, and 103.4°) were
higher than 90° ±, indicating hydrophobic behavior. These
values surpassed those of other coating films, such as CGT/
PVA-EC (65°),57 BP1-EC and WH1-EC (83.6°, 72.4°),58 and
7% CGT film (46°).54 Notably, the contact angle values for the
JCC6/TPU and JCC8/TPU films remained above the
hydrophobic level (i.e., 105.7° and 98.1°) up to 20 min,
while that of the JCC10/TPU film dropped below the

hydrophilic level (i.e., 68.6°), indicating biodegradability.
However, beyond 1200 s, the contact angles for the JCC6/
TPU and JCC8/TPU films exceeded 90° ±, while that of the
JCC10/TPU film remained below 90° ±. The hydrophobic or
hydrophilic behavior is attributed to an esterification reaction
between the isocyanate active group (NCO) and the hydroxyl
group of JCC, as confirmed by FT-IR spectra, and is influenced
by the film’s thickness properties.54 Therefore, the TPU
coating on JCC non-woven eco-films provides resistance to
sessile water droplets throughout the lifespan of the
biopolymer films, making them suitable for specific packaging
applications.

Air Permeability. Air permeability, defined as the air
movement through uncoated and coated non-woven fabricated
eco-films under specific air pressure conditions, was assessed in
this study. In the uncoated JCC6, JCC8, and JCC10 non-
woven fabricated eco-films, air permeability reduces with an
increase in GSM and thickness (see Figure S6a). The CV%
remains low despite an increase in CV% being attributed to the
loose bonding of these films. Conversely, the air permeability
of the coated JCC6/TPU, JCC8/TPU, and JCC10/TPU non-
woven fabricated eco-films steadily decreases, reaching near-
zero levels with increasing GSM and thickness (see Figure
S6b). The CV% of air permeability, driven by high air pressure,
exhibits an upward trend compared to uncoated films and
decreases consistently depending on the GSM and thickness.
The interlocking of JCC components in fabricating non-woven
eco-packaging contributes to the film’s ability to resist air
pressure.59 Therefore, GSM and thickness are crucial in
determining air pressure levels in coated and uncoated eco-
films. The investigation into air permeability variation reveals
significant numerical impacts of GSM and thickness within the
studied ratio of values for the coated JCC6/TPU, JCC8/TPU,
and JCC10/TPU and uncoated JCC6, JCC8, and JCC10 non-
woven fabricated eco-films.

Biodegradability of Eco-Films. The weight loss resulting
from the biodegradation of the coated JCC/TPU and
uncoated JCC non-woven fabricated films over 120 days is
depicted in Figure 8a. According to published data,59

substituting OH groups may negatively impact the biode-
gradation duration of the coated and uncoated fabricated films.
While some OH group replacement occurred in the coated
JCC/TPU non-woven fabricated films, this study found an
insignificant effect on the films’ biodegradation period.
Conversely, OH group replacement did not occur in the
uncoated JCC non-woven fabricated films.

After a few days, the weight loss ratio increased for both the
coated and uncoated fabricated films. In the case of the coated
fabricated films, the investigation revealed weight loss
percentages ranging from 7.62% to 14% after 20 days,
16.39% to 23.33% after 40 days, 21.44% to 29.18% after 60
days, 37.15% to 39.21% after 80 days, 47.13% to 56.91% after
100 days, and 51.78% to 62.35% after 120 days. For the
uncoated fabricated films, weight loss percentages were
between 28.44% and 37.45% after 20 days, between 83.59%
and 90.01% after 40 days, and 100% around 60 days, indicating
complete weight loss during the biodegradation period. An
increase in the amount of JCC corresponds to an increase in
the weight loss of the suppressed fabricated films. This
outcome aligns with the biodegradation observed in ref 54,
where fabricated films from cotton gin trash lost 43−46% of
their weight in 30 days. Due to the hydrophilic nature of JCC,
it attracts water molecules from the soil, which, in turn, attract
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degrading enzymes. This cycle continues until the bonds of
JCC, CMC, and TPU are torn, leading to the breakdown of
the films, as cellulosic materials absorb water.

Another aspect of the experiment, illustrated in Figure 8b,
demonstrated that LDPE, when burned, transformed into
harmful solid particles without being destroyed. In contrast,
the coated fabricated films burned to ashes, potentially
enhancing soil fertility. The fabricated films have the potential
to be converted into conventional fuel after use, posing a
minimal burden on the environment and offering a threefold
benefit.

Table 5 shows the comparison among different eco-films
made with cellulose-based materials. The overall mechanical
properties of the JC films were better than those of the other
films except for the Young’s modulus. On the other hand, the
biodegradability of the JC eco-films was slightly lower than that
of other films like hemp and seaweed. This is because the JC
films are made with waste materials and possess lower strength
than the others. But the overall properties compared to the
others are in an acceptable limit to claim the JC films as eco-
films for packing materials.

■ CONCLUSIONS
This study introduces a groundbreaking example of an
exceptionally water-resistant and environmentally friendly
film crafted from pure jute caddis cellulose (JCC). The
JCC/TPU eco-film emerges as a promising alternative to
ecologically harmful plastics commonly employed in flexible
packaging, spanning applications such as in the food industry,
medicine, household items, and more. The film’s biodegrad-
ability, solubility restriction, and molecular weight and the
linearity of the coating’s chemical structure collectively
influenced the polymerization process. The film properties
investigated in this study were notably affected by the quantity
of JCC incorporated into the film. Total flexibility,
demonstrated by a folding tolerance exceeding 100, was
achieved by blending 5%, 7.5%, and 9.5% TPU with 6, 8, and
10 g of JCC, respectively. While the modulus of the coated
films (148.6 MPa) was lower than that of LDPE (213.5 MPa),
the tensile strength (ranging from 16.1 to 32.2 MPa) surpassed
that of LDPE (12.6−14.3 MPa). The air permeability of the
coated film exhibited a substantial decrease, ranging from
95.95% to 99.38%, compared to that of the uncoated film. The
presence of TPU positively contributed to this decrease. After
being coated with TPU, the films (JCC6/TPU, JCC8/TPU,
and JCC10/TPU) demonstrated resistance to sessile water
droplets for at least 20 min, maintaining minimum contact
angles of 105.7°, 98.1°, and 68.6°, respectively. In the visible
light region, these films exhibited light transmission ranging
from 51.99% to 60.05%. In conclusion, the JCC/TPU eco-film
explored in this research holds significant potential for diverse
everyday applications. Future endeavors will focus on
monitoring research and implementing extrusion equipment
to enhance the consistency and efficiency of the bulk
production of JCC/TPU eco-films.
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