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Replacing petroleum based plastic packaging with an environmentally sustainable and economically viable
process is an important step towards the goal of displacing oil as a petrochemical feedstock. Here we report
the preparation of thin films consisting only of cellulose and lignin, using a recyclable ionic liquid. A co-
solvent, DMSO, was used to decrease the viscosity of the dope solutions and facilitate the dissolution of
the lignin. The films exhibit high mechanical properties with the tensile strength ranging between 65.44
and 93.15 MPa, comparable to those of commercial counterparts, while the presence of lignin increases
the viscosity of the dope solutions, adds UV blockage to the films and decreases the wettability of the
films with the water contact angle increasing up to 48.6%. The films are stable in various solvents and
when immersed in agueous solutions can swell and double in mass. The research also confirms that the

Received 17th March 2025
Accepted 24th March 2025

DOI: 10.1039/d55u00197h ionic liquid can be retrieved and reused for at least five cycles without hindering its chemical
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Sustainability spotlight

The growing demand for sustainable materials necessitates alternatives to petroleum-based plastics and non-recyclable materials, which contribute to pollution
and climate change. This study presents a methodology to create films solely from abundant biomass, often regarded as waste, resulting in biodegradable, non-
toxic materials with excellent properties. The use of harsh chemicals is avoided by using a non-volatile and recyclable ionic liquid, a non-hazardous co-solvent
and water as the antisolvent, aligning with the principle of waste prevention and circular economy. This work aims to reduce plastic pollution, lower envi-
ronmental impact, and promote a sustainable manufacturing process, thus supporting UN SDGs 9 (industry, innovation, and infrastructure), 12 (responsible
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consumption and production), 13 (climate action) and 14 (life below water).

Introduction

Undeniably, plastic remains an integral part of our lives. Official
data indicates that 400 Mt of plastic are produced annually, with
a significant portion of 39% dedicated to the packaging industry
in Europe.' Alarmingly, plastic production is not decreasing,
even though guidelines such as the European Directives on the
reduction of the impact of certain plastic products on the
environment® and on packaging and packaging waste® aim to
reduce it. Instead, production is rising at an annual rate of
approximately 3% and each citizen in the European Union
generates an average of 34.5 kg of plastic waste per year,* while
plastic films made up 34% of total packaging waste in the UK in
2014.° This growing reliance on plastic has exacerbated envi-
ronmental pollution, with far-reaching chemical, geophysical,

“Department of Aeronautics, Imperial College London, London, UK

*Department of Chemistry, Imperial College London, London, UK. E-mail: t.welton@
imperial.ac.uk

“Centre for Environmental Policy, Imperial College London, London, SW7 2AZ, UK
(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d55u00197h

© 2025 The Author(s). Published by the Royal Society of Chemistry

and biological consequences that are expected to worsen.’
Plastic packaging films pose a particularly acute problem, as
only a small fraction can be recycled. Effective recycling requires
these materials to be free of organic matter and other contam-
inants, an especially challenging task for food packaging.>®
Transitioning towards sustainable alternatives and a circular
economy is imperative in order to mitigate the environmental
impact of plastic pollution, aligning with global initiatives
towards environmental responsibility.”*

Cellulose has been a promising candidate as a packaging
material for many years - this abundant polymer of natural
origin can be transformed into transparent, colourless films
with excellent mechanical and thermal properties.®'® One major
challenge in processing cellulose is its inherent insolubility in
common organic solvents due to the strong intermolecular
hydrogen bonding of the hydroxyl groups within the polymer.
Although cellulosic films, such as cellophane, have been
produced since 1924," only a few molecular solvents such as
sodium hydroxide and carbon disulfide, N-methylmorpholine-
N-oxide (NMMO)* and LiCl-N,N-dimethylacetamide (DMAc),*
are effective for this polymer. Recent advances in sustainable
chemistry have led to the use of ionic liquids to dissolve
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cellulose, with the 1-ethyl-3-methylimidazolium acetate
([C2C4im][OAc]) emerging as one of the most effective solvents,
as it has demonstrated the ability to dissolve cellulose at
concentrations up to 27%."* The mechanism of the dissolution
of the polymer has been identified - the anion breaks the
intermolecular hydrogen bonds of the polymer, forming new
bonds, while the cation forms hydrophobic interactions.™
Then, for the regeneration of the cellulosic material, an anti-
solvent, such as water, is added which interrupts the IL/polymer
hydrogen bonds.

Cellulose is compatible with a wide range of materials,
enabling the enhancement of the final material's properties and
broadening its potential applications. Lignin can serve as an
excellent additive. Abundantly available and often regarded as
waste, lignin is a complex aromatic polymer that can provide
antimicrobial, antioxidant and UV-blocking activity, properties
that could be useful for many applications, such as food
packaging.'* The combination of these two polymers could
lead to the formation of non-toxic and biodegradable films.

This study explores the dissolution of cellulose and lignin in
an [C,C,im][OAc]/DMSO solution and follows the process of
fabricating films with different ratios of the two polymers while
the main properties of the films are monitored. The recycling
potential of the ionic liquid is also explored, aiming to develop
a sustainable process for the fabrication of bio-plastic films.

Results and discussion
Preparation of the dope solutions

During the preparation of the dope solutions, a major challenge
encountered using pure [C,C;im][OAc] was the rapid and
significant increase of the samples’ viscosity, due to the
formation of hydrogen bonds between the polymers and the
solvent,”**> which impeded the dissolution of the polymers in
high concentrations. On the other hand, preliminary experi-
ments indicated that films fabricated from dope solutions with
low concentration of cellulose were excessively thin and fragile,
rendering their use very difficult.

To address this challenge and to increase the concentration
of the polymers that can be dissolved, an aprotic solvent, DMSO,
was added as co-solvent.”® Although DMSO cannot dissolve
cellulose, it effectively reduced the viscosity of the sample.
Furthermore, it has been found that when DMSO is added as
a cosolvent to ionic liquids, it successfully solvates the anions
and cations of the [C,C;im][OAc],"*** facilitating further the
dispersion and dissolution of the polymer. An additional
advantage of using DMSO as the co-solvent is that it dissolves
lignin at relatively high concentrations (Fig. 1a). Therefore, the
lignin was pre-dissolved in DMSO before being mixed with the
ionic liquid, allowing homogenous solubilisation in the dope
solutions.

The lignin used in this study, is an organosolv, sulphur-free
pine lignin. *'P NMR (Fig. S1t) revealed that it contains high
concentration of aliphatic and phenolic hydroxyl groups
(1.88 mmol g~ 1).>

Another critical factor impeding cellulose dissolution is
moisture content, as water acts as an anti-solvent for the
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Fig. 1 (a) Schematic representation of the dissolution system of the
polymers (b) picture of the five films prepared.

polymer. To mitigate this issue, all reagents were dried before
use. In particular, the hygroscopic ionic liquid was dried on
a Schlenk line at 45 °C until its relative water content was less
than 1% w/w, measured by Karl Fischer titration.

Thus, to ensure successful sample preparation for film
fabrication, the concentration of the polymers must be suffi-
ciently high while the relative water content of all the reagents
must be very low. Finally, immediately after adding the cellulose
and lignin solution in DMSO to the ionic liquid, the mixtures
were mixed by vortex for 2 minutes to achieve homogeneity and
then heated to 70 °C until complete dissolution.

Rheological properties of the dope solutions

Creep and recovery testing was employed to calculate the
viscosity of the ionic liquid and the mixture of the ionic liquid
with DMSO (xpmso = 0.4) at 70 °C (Fig. S21). The viscosity of the
solvent decreased from 17.8 mPa s to 9.2 mPa s when DMSO was
added (Table 1).

Then, the viscosity of five dope solutions (DS) was measured.
The dope solutions were composed of a different ratio of
cellulose and lignin dissolved in the [C,C;im][OAc]/DMSO
mixture. The mass of cellulose is constant for all samples,
while the concentration of lignin ranges between 0 and 3.40%
w/w. All dope solutions exhibited viscoelastic behaviour leading
to an elastic recovery upon removal of the stress, but the
deformation was not fully reversible. The viscosity of the
samples ranged from 780.6 Pa s for the non-lignin-containing
dope solution (DS-0) to 2246.9 Pa s for DS-4 with the highest
concentration of lignin.

The calculated specific viscosity (1), describes the contri-
bution of the polymers in the total viscosity, excluding the
solvent. The results show that, although cellulose is the main

Table 1 Rheological parameters of the dope solutions

n nsp Mo
Sample (Pas) (x10°Pas) G =G" f(Hz)atG =G’ (Pas)
DS-0 780.6 8.5 467.6 0.8348 853.5
DS-1 1626.0 17.7 226.1 0.3837 1393.4
DS-2 1707.9 18.6 494.2 0.3885 1837.9
DS-3 1818.3 19.8 293.3 0.2193 2050.7
DS-4 2246.9 24.4 409.1 0.2297 2430.8

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contributor,* the presence of lignin also has an effect on the
viscosity. Hart” has also reported that at high concentrations of
lignin the sample reached a critical viscosity, limiting its further
dissolution. Therefore, lignin can be seen as a thickening agent.

Next, the samples were subjected to oscillatory measure-
ments at frequencies from 0.1-10 Hz to calculate the storage
modulus (G') representing the elastic, solid-like behaviour of
the sample, the loss modulus (G”) representing the viscous,
liquid-like behaviour of the sample and their crossover point
(G =a").

Above the crossover point, G’ is lower than G” and the
material behaves more like a liquid, while below this point, the
sample behaves more like a solid as G’ > G”. Within the
frequency range tested, all five dope solutions exhibited an
elastic-dominant behaviour, with the crossover point occurring
at low but decreasing frequencies, between 0.8 and 0.2 Hz, as
the concentration of the lignin increases (Table 1 and Fig. S3at),
attributed to increased relaxation times being required.

The solvent exhibited an almost constant viscosity regardless
of the shear rate applied, confirming a Newtonian fluid (Fig. S3b
and ct). On the contrary, the dope solutions exhibited a non-
Newtonian fluid profile, and the results fitted well the cross
model’**® (R* > 0.993). The zero-shear viscosity (1,) was calcu-
lated and is presented on Table 1. This value confirms that the
higher concentration of lignin leads to a higher entanglement
of the polymeric chains.

Film preparation and characterisation

For the preparation of the films, firstly we aimed to determine
the minimum amount of water and the number of coagulation
baths required to completely remove the ionic liquid and obtain
films composed only of cellulose and lignin. To do so, casted
samples of the dope solutions were immersed in different
amounts of water. After each coagulation bath, the water was
collected and analysed with "H NMR to detect any remaining
ionic liquid. Our findings indicated that washing with a water-
to-ionic liquid ratio of 99:1 in four consecutive coagulation
baths were required. The regenerated films produced under
these conditions were thin and transparent, as illustrated in
Fig. 1b. The concentration of the two polymers present in each
film is detailed in Table 2.

The film F-0, which consisted only of cellulose, is a trans-
parent and colourless thin film. As the concentration of lignin
gradually increases, the films become progressively darker
while still retaining their transparency. The water contact angle
(WCA) is a critical property of films for applications such as food
packaging. It measures surface wettability and indicates the
hydrophobicity of the tested surfaces, which is vital for pro-
longing the shelf life of packaged goods.** Cellulose films are
typically hydrophilic, with film F-0 exhibiting a WCA of
approximately 45°. The addition of lignin increases the WCA,
and the film F-1 reaches a WCA of 62° increasing to 65° for film
F-2. Beyond this concentration, further increases in lignin do
not significantly affect the WCA, which plateaus at around 65°.
This indicates that while lignin enhances the hydrophobicity of

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 2 Composition of the films and mechanical and thermal properties

Ratio of polymers

(Wt%)

WVP (x10° g

Mass residue (%)

Tq (°C)

Tonset (OC)

Crystallinity (%)

Efailure (0/0)

E (GPa)

Umax (Mpa)

per (m day Pa))

Thickness (um)  WCA (°)

Lignin

Cellulose

Sample

17.7

353.7
353.8
355.7
305.8

298

68

2.80 + 0.7
2.73 £ 0.8
3.07 £ 0.7
2.88 = 0.4
3.18 £ 0.5

7.06 £ 1.2
6.32 + 1.0
8.54 £ 0.6
6.55 + 0.5
5.83 £ 0.3

80.03 £9.9

8.01 =14
12.33 £ 0.4

45.63 + 1.7

194 + 4

100

F-0
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16.3
19

23.9
25.3

354.1
304.4
349.0

296
302
28

280

8
59
51

93.15 £ 6.6

65.44 + 8.4
76.75 £ 5.5
72.31 £ 4.3

10.55 £ 1.7
11.62 £ 1.2
12.17 £ 2.2

65.00 £ 10.2

62.48 £ 0.8
65.36 £ 7.0
67.78 £ 8.1

244+ 3
244 +5
25.6 +3
28.5+ 3

4
8
20
2

96
92
80
71

F-1
F-2
F-3
F-4
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the films, it is not inherently a strongly hydrophobic polymer
due to its hydrophilic hydroxyl groups (Fig. S17).

Cellulose films naturally exhibit high water vapour perme-
ability (WVP) values, which is a critical property for food pack-
aging.'® The WVP increased from 8.00 x 10~°® g per m per day
per Pa to 12.17 x 10~ ° g per m per day per Pa with the addition
of lignin, resulting in a more permeable film. This change is
attributed to the disruption of cellulose-cellulose intermolec-
ular interactions with cellulose-lignin interactions which lead
to a more open structure.

All the films are brittle and break at relatively low strains
(Fig. S41). The maximum tensile stress (omay) required to frac-
ture the films ranges between 65-93 MPa while the Young's
modulus (E) is between 5.8 and 8.5 GPa (Table 2).

These values are comparable to the values reported in liter-
ature for commercial cellophane, a widely used cellulose film
that contains plasticisers and other additives, with a opnax
between 40 and 125 MPa and the E ranging from 0.9 to
3 GPpa.?>*

The maximum tensile stress and the Young's modulus
exhibited fluctuations with the increase of the lignin concen-
tration. A trend is observed in the elongation values, indicating
a correlation between the increase of the lignin concentration
and the elongation at break.

The tensile properties of cellulose films are influenced by
various factors including the type of cellulose, the polymer
concentration, the final composition, and preparation process.
Su* reported that microcrystalline cellulose dissolved in cryo-
genic aqueous phosphoric acid exhibited a tensile strength of
707 MPa and elongation of 4.12%. For cellulose films regen-
erated from ionic liquids, tensile strength ranged from 62 to
160 MPa, with elongation between 3% and 20%. Yang®
compared the tensile properties of lignocellulosic films
prepared with a DMACc/LiCl solvent system and found that both
the concentration and the type of lignin had an impact on the
mechanical properties of the films. They reported a tensile
strength of 78.5 MPa for the cellulose film but with the addition
of lignin, tensile strength values ranged from 74.3 to 79.2 MPa
for 2% lignin and from 74.0 MPa to 94.5 MPa for 4% loading
while the elongation at break decreased, although no clear
trend was observed in relation to the lignin concentration. This
effect was attributed to the chemical composition of the
different lignin samples: higher concentration of hydroxyl
groups led to the formation of additional hydrogen bonds
between the two polymers, restricting their movement. The
overall conclusion though was that adding lignin into the films,
hinders the flexibility but not the tensile properties.

A commercial cellophane was also tested at the same
conditions. It was found that the mechanical properties of the
lignocellulosic films are comparable to the commercial coun-
terpart (Fig. S51). Interestingly, the lignocellulosic films require
higher maximum strength to break than cellophane, while the
Young's modulus is comparable. The significantly higher
elongation before break that cellophane exhibits is attributed to
the presence of plasticiser in its composition.*®

In this study, the tensile strength and the Young's modulus
obtained experimentally are very high but the elongation at

2304 | RSC Sustainability, 2025, 3, 2301-2310

View Article Online

Paper

Counts

Transmittance (%)

iy
bbdiS

00 w0 s o0 ™
Wavelength (nm)

Fig. 2 (a) Optical properties: light transmittance through the films (b)
XRD diffractograms.

break is very low. The rigidity of the films is attributed to the low
degree of polymerisation and the high concentration of amor-
phous cellulose.

To assess how the films interact with incident light, the light
transmittance through the films and the haze were measured
(Fig. 2a and S6%). The F-0 film, consisted only of cellulose,
exhibited a high light transmittance in the visible spectrum
(400-700 nm), ranging from 87% to 91% and very low haze, less
than 6%, confirming that the light can pass through the film
without scattering.

Lignin-containing films also exhibit low haze but reduced
light transmission, particularly in the UV spectrum. Specifically,
films F-1, F-2, F-3 and F-4 almost completely block the trans-
mittance of light in the UVC region (200-280 nm). For the F-1
film, with only 4% lignin, transmittance decreased to 5-15%
for the UVB and 15-65% for the UVA range. At higher wave-
lengths, light transmittance decreases further as the lignin
concentration increases. As the lignin concentration increases,
light transmittance further decreases, and at the highest lignin
concentrations shows no light transmittance in the UVC and
UVB regions, and most of the UVA region (320-370 nm). This
confirms that lignin acts as an effective UV-blocking agent, as it
is rich in UV-absorbing aromatic functional groups, such as
phenols (Fig. S1t).7%

Sigmacell cellulose exhibits three diffraction peaks at 15°,
17°, 22° and 34° attributed to the (1 —1 0), (1 1 0), and (0 2 0)
crystal planes of the cellulose I allomorph (Fig. S71). On the
other hand, the XRD patterns of the films exhibited diffraction
peaks at 26 values of 12°, 20° and 22°, corresponding to the
crystal planes (1 —1 0), (1 1 0) and (0 2 0) of cellulose II.

Analysis of the XRD results with Ritveld refinement
confirmed that the regenerated cellulose consisted of cellulose
II and amorphous cellulose. The dissolution of the cellulose in
the ionic liquid along with the use of moderately elevated
temperature,* the presence of DMSO* for the dissolution of the
polymer and the use of water as the coagulation antisolvent
facilitated the transition from cellulose Iy to cellulose II. Riet-
veld refinement calculated that the crystallinity of the F-0 film is
the highest at 68% while for the lignin-containing films the
crystallinity ranged from 51-59% due to the presence of the
amorphous lignin.

The same crystallinity (68%) was also reported by El-Wakil*’
for the cellulose obtained from dissolving Egyptian bleached
bagasse pulp fibres in N-methylmorpholine N-oxide (NMMO)

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00197h

Open Access Article. Published on 01 April 2025. Downloaded on 12/4/2025 9:58:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and regeneration with water. In the study of Wang,** regen-
erated cellulose from 1-ethyl-3-methylimidazolium dieth-
ylphosphate ([C,C;im][DEP]) with water exhibited a crystallinity
index of 59.67%. On the other hand, Wang® dissolved dissolv-
ing wood pulp in the superbase-derived ionic liquid 1,8-
diazabicyclo[5.4.0Jundec-7-enium ethoxyacetate and the crys-
tallinity index of the regenerated cellulose ranged from 36.2% to
38.8% depending on the antisolvent used. The discrepancy
between the reported values of the crystallinity of regenerated
cellulose can be attributed to various influencing factors. For
instance, Rana** demonstrated that the duration of cellulose
treatment with an ionic liquid significantly impacts crystal-
linity. Additionally, the crystallinity of the native cellulose also
affects the final result.*® Therefore, while there are many vari-
ables to be considered, the transformation of cellulose I to
cellulose 1II is confirmed.

The main results from the thermogravimetric analysis (TGA)
of the samples are summarised in Table 2. All samples exhibited
a sharp mass drop within the temperature range 200 and 400 °C
(Fig. S8t). For the films F-0, F-1 and F-2 a single step drop was
observed at around 355 °C, while for the films F-3 and F-4, it
appears that there is another step at 305 °C. This is attributed to
the presence of the lignin, as it constitutes the 20% or 29% of
the film respectively.

There are some differences observed between the TGA curves
of the films and the lignin and cellulose. The degradation
temperature of the cellulose is found to be 350.3 °C, which is
almost the same as the Ty of the films. However, the mass
residue after the thermal decomposition of the polymer is less
than 10% of the initial mass, which is significantly lower than
the remaining mass of F-0 film. This is attributed to the
different crystallinity of the two cellulosic samples. The regen-
erated cellulose (F-0) is constituted manly of the cellulose II
allomorph, which is thermodynamically more stable than
cellulose Ip.**

A clear trend exists between the lignin concentration in the
films and the mass residue at 700 °C. The remaining ash from
the thermal treatment of the lignin at the same temperature is
approximately 36%, while for the regenerated cellulose, as dis-
cussed above, it is significantly lower. Therefore, as the
concentration of the lignin increases, so does the remaining
mass.

The FTIR spectra of the films exhibited the characteristic
peaks of cellulose II (Fig. S9t). For films F-3 and F-4 two more
small peaks were present, one at 1511 cm ' and one at
1269 cm™ " both of which are attributed to C-C stretch (in-ring)
of aromatic compounds of lignin. The lack of peaks at around
1560 cm ™%, 1376 em ™' and 1178 cm ™ confirms the absence of
C=N stretch, C-H bending and C=O0 stretch,* and as a result it
confirms that the ionic liquid has been washed out of the films.
Similarly, no peaks characteristic of DMSO are present in the
films. The complete wash-out of the ionic liquid from the films
was also confirmed via elemental analysis, with the absence
of N in the films (Fig. S97).

The swelling behaviour of the films in a range of solvents was
examined to assess the interaction with different chemical
environments (Fig. S107). The solvents tested comprised of four

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aqueous solutions, namely water, a 5 wt% acetic acid solution to
simulate vinegar, a 1 wt% NaOH solution to evaluate the effect
of a strongly basic medium, and brine with a salt concentration
of 3.5%, commonly found in food.

In all the aqueous solutions, the films exhibited significant
swelling. When immersed in water or the acetic acid solution,
the films swelled over 200%. The swelling was even more
notable in brine and NaOH, where the mass of the films more
than doubled. For all the samples and all the solvents, the
swelling occurred within the first 30 minutes of immersion.
After that time, the mass remained stable for the duration of the
test. Additionally, it was observed that the films with the lowest
concentration of lignin exhibited the highest swelling as lignin
is less hydrophilic than cellulose, which restricts water
absorption and swelling.

Furthermore, three organic solvents were also examined:
ethanol, hexane (a non-polar solvent mimicking oil-like
behaviour), and dichloromethane (a polar aprotic solvent with
poor plastic compatibility). For none of those solvents did the
mass of the films change significantly. This suggests that the
films do not interact substantially with these organic solvents,
highlighting their hydrophilic nature and the limited affinity for
non-polar or plastic-incompatible environments.

The films with varying lignin content were immersed in the
solutions for 72 h, before recovery and drying to assess the
stability in each solvent. The lignocellulose films showed
excellent stability for the solvents except for the NaOH solution
and the brine solution (Table S1t). In NaOH(aq), rapid dis-
colouration of the films was observed (Fig. S127). This is likely
due to the leaching of the lignin, as supported by the signifi-
cant mass loss roughly corresponding to the mass ratio of
lignin in the films. This result aligns with expectations, as an
alkali treatment is the industrial standard for the delignifica-
tion process of wood. A weaker base such as sodium hydrogen
carbonate (baking soda) was unable to bleach the lignin-
containing films. For films soaked in brine, a mass increase
was observed, likely due to the trapped salt crystals on the
films.

Recycling of ionic liquid

After the regeneration of the F-2 film, the coagulation solution
was collected for recovery of the ionic liquid and subsequent
reuse for the preparation of new films with the same concen-
tration of polymers. The solution primarily consisted of water,
but also contained ionic liquid, DMSO, and small concentra-
tions of the two polymers, resulting in a light brown solution.
Following the purification step, the recovered ionic liquid was
colourless and transparent, similar to the freshly synthesised
ionic liquid.

After each recycling cycle, no reduction in the ability of the
ionic liquid to dissolve the two polymers was observed. Addi-
tionally, the yield of the conversion of the polymers into films
was consistently high for all the cycles studied and ranged
between 93-96% (Table 3). The yield of recycling of the ionic
liquid was around 90% for each of the first two cycles. There-
after, a decrease of the recycling yield was observed, which was

RSC Sustainability, 2025, 3, 2301-2310 | 2305
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Table 3 Yield of conversion of the polymers into films, recycling yield and thermal properties of the ionic liquid after each recycling cycle

Polymer conversion Recycling yield Cumulative recycling Tonset T4 Mass residue
Cycle (%) (%) yield (%) (°C) (°C) (%)
0 — — — 207 243 0.8
1st 96.0 + 4 89.3 6 89.3 219 248 0
2nd 92.4 +2 933 %5 83.3 213 244 0.6
3rd 949+ 0 86.4 + 11 72.0 221 247 0.3
4th 95.8 +2 839 +1 60.4 209 245 2.5

Dope solution

Film
Regeneration

lonic liquid e, Dope solution —— Film casting —— Coagulation bath

Cellulose

Film
Lignin/DMSO

45°C

Drying Purification

Recycling

Fig. 3 Simplified process flow diagram of the process developed in
this study for the preparation of the lignocellulosic films and the
recycling of the ionic liquid.

vacuum

found to be 86.4% for the third cycle and almost 84% for the
fourth cycle. Although the yield lies within the reported values
for recycling the ionic liquid via vacuum evaporation of the
antisolvent,*® it is considered to be very low for industrial use as
the cumulative yield of recovery after the 5th cycle is only 60.4%.
The low solvent recovery yield is attributed primarily to the
selected isolation method which may not be the optimal for this
system, and mechanical losses inherent in the multistep
process. The solvent losses may occur during the collection of
the coagulation bath, the purification step as well as the
recovery phase. Therefore, optimisation would be required as
part of the scaling-up process.

Spectroscopically, it was confirmed that the ionic liquid
remained structurally stable throughout the recycling process.
The "H NMR and "*C NMR spectra of the freshly synthesised
ionic liquid (IL-0) and the recycled ionic liquids (IL-1, IL-2, IL-3,
IL-4) revealed that the acid-to-base ratio remained the same,
and that no major impurities nor either of the polymers accu-
mulated in the ionic liquid (Fig. S13 and S14t). No significant
differences in the chemical shift peaks were observed, with the
exception of the peak of the proton in the 2-position of the
imidazolium ring, attributed to the different concentration of
the ionic liquid in the NMR solvent”” and not to structural
changes of the sample occurring after recycling. The FTIR
analysis verified that the structure of the ionic liquid remained
stable through the recycling process (Fig. S157).

These results suggest that the recycled ionic liquid could be
reused for the fabrication of cellulose films for at least four
cycles of recycling, indicating that recycling could be the key
component for an economically and environmentally friendly
process. The process developed in this study is depicted in
Fig. 3.
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To assess the thermal and structural stability of the ionic
liquid throughout the recycling cycles, the TGA, "H NMR, **C
NMR and FTIR was measured for all samples, details of which
are provided in the ESL{

TGA analysis confirmed that the thermal properties of the
ionic liquid remained practically unchanged throughout the
recycling process. For all samples measured, the decomposition
temperature ranged between 243 and 248 °C, confirming the
stability of the ionic liquid (Fig. S16%).

Comparison with other bioplastics

The growing environmental impact of petroleum-based plastics
has become a critical concern. The official data are alarming:
the annual production of plastic in Europe alone is nearly 26
million tonnes*® while, according to calculations, around 36%
of the plastic produced worldwide is used in packaging.*

A potential solution could be the adoption of more sustain-
able plastics, such as the use of bioplastics, which are biode-
gradable and compostable. However, bioplastics currently
represent a mere 0.5% of total plastic production® - a figure that
must increase significantly to make a meaningful difference. If
current trends persist, research shows that the rate of plastic
waste production could triple, reaching 155 to 265 Mt per year.>
This increase will only worsen the already critical issue of
microplastics, which harm ecosystems and pose risks to human
health.”*

The most commonly used bioplastic is cellophane, which
was discovered about 100 years ago'* and is primarily composed
of cellulose.*® Despite its potential as a sustainable alternative,
cellophane has several significant drawbacks related to its
production and use. One major issue is the harmful chemicals
involved in its manufacturing process - a mixture of strong
alkali, carbon disulfide, a bath of sulfuric acid and sodium
sulfate."** Some of those chemicals are considered to be
hazardous,* with risks including flammability, acute toxicity,
reproductive toxicity, specific organ toxicity from repeated
exposure, and skin corrosion, while harmful by-products may
also occur, posing additional risks to human health and the
environment. Another disadvantage is that the composition of
cellophane does not consist only of cellulose, but always
contains additives and plasticisers at a ratio of approximately
10%, used to enhance properties such as elasticity and stability.
However, these additives make recycling more challenging,
reducing the overall sustainability of the material. Additionally,
cellophane films are often coated with other materials to further
enhance their properties. These coatings frequently include

© 2025 The Author(s). Published by the Royal Society of Chemistry
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non-biodegradable plastics, which severely compromise the
biodegradability of the final product.**

Even when considering the second strongest alternative
bioplastic - polylactic acid (PLA) - there are two significant
drawbacks that hinder its broader production and adoption.
First, while PLA's ability to be produced biologically is an
important factor in its sustainability, its production relies
heavily on large quantities of edible crops such as corn and
sugarcane, competing with the global demand for food. Second,
despite being derived from biological sources, PLA is not truly
biodegradable under natural conditions. It requires industrial
composting facilities to break down effectively - facilities that
are often unavailable. Without access to such infrastructure,
PLA degrades very slowly in the environment, undermining its
sustainability benefits.*

Therefore, the process and the films presented in this work
constitute a highly promising approach to addressing envi-
ronmental concerns associated with plastics. The process
involves the use of 1-ethyl-3-methylimidazolium acetate an
ionic liquid that is widely known and used, commercially
available, and can also be synthesised from relatively safe raw
materials. This ionic liquid can lead to skin irritation (H315)
and an allergic skin reaction (H317) but no other hazards have
been reported, while like all ionic liquids, it has negligible
vapour pressure and high stability, minimising its environ-
mental impact. A key advantage of this ionic liquid is its
recyclability, which allows it to be reused multiple times,
significantly reducing both the environmental footprint and
the overall cost of the process. Furthermore, the final product
is composed solely of cellulose and lignin; two biocompatible,
inherently non-toxic, biodegradable, and compostable poly-
mers of natural origin. Therefore, their use would require
nothing more than their disposal in the organic waste bin,
making the end-of-life phase simple and sustainable.>*>*

In terms of performance, the non-lignin containing cellulose
films exhibit high transparency with low haze. The addition of
lignin results in darker films that allow less light to pass
through, with the UV protection increasing as lignin concen-
tration increases, without significantly affecting the haze.
Complete UV protection is achieved when the films are con-
sisted of at least 29% lignin, although some UV protection is
provided even when the concentration of lignin is as low as 4%.
The tensile strength of the lignocellulosic films measured
ranged between 65 and 93 MPa with an elongation at break of
around 3%. Furthermore, cellulose films have a WVP of
approximately 8 x 10~° g per m per day per Pa, which increased
t0 10.5-12.3 x 10~ °® g per m per day per Pa when lignin is added.
Finally, cellulose is a hydrophilic polymer. Therefore, the
cellulose films exhibited water contact angle of around 46° and
with the addition of lignin the value raised to 62°-65°.

A comparison of the properties of the lignocellulosic films
prepared in this study with the data available in the literature
regarding other biogenic films and conventional films reveals
that these films exhibit excellent performance, that is compa-
rable and often surpassing available alternatives (Table S27).
For instance, the tensile strength of lignin/cellulose films is
higher than PLA's (TS = 20-69.1 MPa, E = 2.24 GPa) or

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chitosan's (TS = 6.64-64.3 MPa, E = 0.445-3.0 GPa) and
significantly higher than starch (TS = 3 MPa). Biopolymers
exhibit significant variations in their properties. Many factors
can affect the final properties of films, such as the polymers
molecular weight, or its purity or the fabrication method
employed.

Non-biodegradable films from HDPE and LDPE also exhibit
lower tensile strength of around 23-30 and 10-40 MPa respec-
tively. Interestingly PVA, PVC, PBAT, PP and PET also present
lower tensile strength and Young's modulus. Additionally, the
tested films exhibit good water vapour permeability, compa-
rable to PLA (3.45 x 107 ° g d ' m™ ' Pa ") and chitosan films
(4.74 £0.05 x 10 °gd ' m~" Pa ). In contrast, PVA and PCL
films are slightly less permeable (60.4 x 10 ®gm™"d " Pa™"
and 1.54 4+ 0.04 x 10°° g m~" d~' Pa~"' respectively), while
cellophane films are reported to be slightly more permeable (14
x 10" °gd ' m ' Pa'). PET remains significantly less perme-
able (9.5 £ 0.8 x 107 °gd ' m™ " Pa ).

The primary drawback of the process lies in its energy-
intensive stage, the isolation of the ionic liquid from the
washings, as substantial amount of water is required to fully
remove the solvent from the film. However, this challenge is
amenable to optimisation during scale-up, which fell out the
scope of the current study. Importantly, all solvents and
antisolvents used in the production of lignocellulosic films
can be recycled and reused without compromising their
effectiveness, further enhancing the sustainability of the
process. The resulting films exhibit excellent properties
comparable to those of other bioplastics, yet the
manufacturing process is safer and greener. Additionally, the
final product is free of undesirable components, aligning it
closely with the principles of sustainability.

Experimental
Materials and methods

Materials. For the synthesis of 1-ethyl-3-methylimidazolium
acetate ([C,C;im][OAc]), 1-ethylimidazole (Fluorochem) was
purified before use by overnight stirring with KOH and vacuum
distillation. Acetic acid glacial (99.8-100.5%, VWR), dimethyl
carbonate (Fluorochem) and methanol (isocratic grade, VWR)
were used as received without further purification. For the
preparation of the films, Sigmacell Cellulose Type 101, highly
purified and fibrous from Sigma Aldrich and an organosolv soft
wood lignin were used along with dimethylsulfoxide (DMSO,
BioServUK). Activated charcoal Norit® and C18 column were
used for the purification step. Ethanol, NaOH, NaCl were
purchased with VWR, hexane was purchased from Sigma-
Aldrich, DCM was purchased from Alfa Aesar.

Synthesis of the ionic liquid. 100 g of purified 1-ethyl-
imidazole (1 eq.) were diluted in 330 mL methanol and 350 g of
dimethyl carbonate (2.5 eq.) were added. The reaction took
place in a high-pressure Parr reactor at 140 °C for two days. The
solution was then cooled down to room temperature and acetic
acid (1 eq.) was slowly added. The sample was left stirring for 2-
3 hours in room temperature, until no more CO, was produced.
Activated charcoal was added and the mixture was left stirring
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overnight. Finally, three consecutive filtrations were performed
with filter paper, syringe filter and a C18 column to purify the
ionic liquid, before fully removing the remaining methanol
under vacuum conditions at 45 °C.>®

Preparation of the lignocellulosic films and recycling of the
ionic liquid. 1-Ethyl-3-methylimidazolium acetate was mixed
with DMSO at a ratio 77 : 23 w/w, equivalent to a molar ratio of
0.6: 0.4. For each film, in 1.3 g of the aforementioned mixture,
0.12 g of cellulose and 0, 0.005, 0.01, 0.03 or 0.05 g of lignin were
added to form five different dope solutions (DS). The samples
left at 70 °C overnight, to ensure complete polymer dissolution.

The resulting dope solutions were casted into films using
a 250 pm casting knife and an Elcometer 4340 Automatic film
applicator. Each film was promptly immersed into a water
coagulation bath to regenerate the cellulose. After 15 minutes,
the film was transferred to a fresh coagulation bath. This
process was repeated two more times to thoroughly remove the
solvent. The films were secured on a glass surface and left to air
dry at 22 + 2 °C for 24 hours.

The collected water from the coagulation baths was purified
via overnight stirring with activated charcoal, followed by
filtration and evaporation to retrieve the ionic liquid.

Characterisation of lignin

Chemical properties. The elemental composition of lignin
was analysed via elemental analysis of previously dried samples.
The measurement was repeated two times, and the mean value
is presented. *'P NMR on a Bruker Avance 500 MHz NMR
spectrometer was performed for the analysis of the hydroxyl
groups of the lignin, via the methodology previously reported.>”
Briefly, 10 mg of vacuum dried lignin were dissolved in an
anhydrous pyridine/deuterated chloroform solution in a 1.6: 1
v/v ratio and transferred in a Shigemi NMR microtube. 50 uL of
an internal standard and a relaxation reagent solution were
added (20.5 mg mL™" of cyclohexanol and 5.6 mg mL ™' of
chromium(m) acetylacetonate solution in anhydrous pyridine/
deuterated chloroform respectively). Finally, 50 uL of chro-
mium(u) 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP) were added and the sample was filled up to 300 pL.
The NMR experiments were held at 298 K, for 1000 scans and an
inverse gated decoupling pulse with a relaxation delay of 11 s
was used between 30° pulses.

Characterisation of dope solutions

Rheological measurements. The rheological measurements
were carried out at a HAAKE MARS 60 Rheometer with a 2° cone
measuring geometry made of titanium of 60 mm diameter. The
instrument was equipped with a MARS Temperature Module
Controller and a circulating bath to control and adjust the
temperature. Effort was made to avoid exposure of the sample
in open air to avoid any uptake of moisture from the environ-
ment. An equilibration period of 15 minutes at the testing
temperature was used and all measurements were held at 70 °C.
Firstly, creep and recovery testing was carried out for all
samples. A total shear stress (r) of 10 Pa was applied for 60
seconds, followed by a recovery phase of 60 seconds where no
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stress was applied. The viscosity () was calculated as the ratio
of the shear stress (t) applied to the shear rate (). The specific
viscosity (n5p) of each dope solution was calculated with regards
to the solvent (n;) according to eqn (1):

n—1s
Ny = —— 1
= (1)

Linear viscoelastic moduli (G’ and G”) as a function of
frequency between 0.1 to 100 Hz at a 0.01 strain (y) were
calculated via oscillatory measurements. Finally, the solvent
and the dope solutions were subjected to a rotational stress with
increasing shear rate and the viscosity was monitored to assess
the rheological profile of the samples.>®*

Characterisation of films

Composition and structure. The crystallinity of the films was
measured with a Bruker D2 Phaser X-ray diffractometer at the
scanning angle range of 26 from 5° to 50° with step size of 0.05°
and a slit of 0.2 mm.* The results were analysed via the Rietveld
method using the XRD refinement software Maud (version
2.998), based on the work of French.®* The infrared spectra were
obtained with a PerkinElmer Spectrum 100 FTIR Spectrometer
equipped with a Universal ATR Sampling Accessory in the range
of 4000 ecm™" to 700 cm™' measuring 4 scans per sample at
a resolution of 0.5 cm™".

Mechanical properties. The thickness of the films was
measured using a Mitutoyo 0-1” Digital Micrometre. For each
film, measurements were taken in ten different positions of the
film. For the tensile testing, five dogbone shaped specimens
were cut for each sample and were conditioned for 2 days in 22
£ 2 °C and 50% relative humidity prior to testing. The speci-
mens had overall length of 35 mm and gage width of 2 mm.
Then the samples were mounted horizontally on a Deben
Microtest 200 N and tested at an extension rate of 1 mm min ™"
until fracture. The elongation of the films was monitored using
an iMetrum camera equipped with a general-purpose lens with
focal length 50 mm and the Video Gauge Software.

Thermal properties. A Pyris 1 TGA, PerkinElmer was used to
determine the thermal properties of the films. The temperature
was initially set at 40 °C for 15 min, after which, the sample was
heated to 700 °C at a rate of 5 °C min~" under nitrogen gas flow
of 20 mL min . The onset temperature (Topsc¢) Was identified as
the temperature at which the mass was decreased by 10% after
the moisture loss, while the temperature at which the degra-
dation rate was the highest is the degradation temperature
(Trmax)-

Water contact angle and water vapour permeability. The
water contact angle (WCA) of the films surface was measured to
assess their hydrophilicity/hydrophobicity. To that end, each
sample was secured to a smooth glass surface by a double-sided
tape. 10 puL of water were carefully dropped on the specimens
using a pipette and the contact angle was monitored for 60 s.
Ten measurements were obtained and averaged using the
sessile drop method with a Kriiss Drop Shape Analyser and
Advance software.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The water vapour permeability (WVP) of the films was
measured according to the wet cup method as described in the
ASTM D1653 method. More specifically, the permeability cups
with a surface area of 10 cm” were filled with 10 mL of water and
the film was used to seal the opening. The test set up was then
placed in a conditioning chamber with temperature of 22 + 2 °C
and relative humidity of 50 + 2%. The evaporation rate was
measured by regularly recording the weight of the samples over
a period of two days. The samples were measured in triplicate
for both analyses.

Optical parameters. The optical parameters of the films were
measured with a Lambda 356 double-beam UV-Vis Spectro-
photometer (PerkinElmer LAS Ltd, Beaconsfield, UK) equipped
with an integrating sphere of 50 mm diameter. A scan speed of
240 nm min~" was used for the measurements and the slit
width was set to 5 nm. The light transmittance is calculated by
the ratio of the transmitted light to the incident light and the
haze by the ratio of the sample diffused transmittance by the
total transmittance.

Swelling and stability of films in different solvents. Film
specimens of approximately 2 x 2 cm (ca. 15 mg) were
submerged in various solvents (15 mL) to study their swelling
behavior. At predetermined time intervals, the films were
removed, gently patted with filter paper to remove excess
solvent, and their masses were recorded.

For the stability test, the films were immersed in the solvents
for 72 hours and then were dried on the Schlenk line. Films
tested with aquaous NaOH or brine were thoroughly rinsed with
distilled water to remove any residual salts. Once dried, the
films were exposed to open air to reach equilibrium, and their
final masses were recorded. Infrared spectroscopy (IR)
confirmed the absence of any residual solvent in the films.

Conclusions

Here we report the preparation of lignocellulosic films regen-
erated from a 1-ethyl-3-methylimidazolium acetate and DMSO
mixtures with excellent mechanical and optical properties. The
rheological measurements of the dope solutions revealed that
the lignin is a thickening agent, as is the cellulose, and thus,
increasing their concentration would make the dissolution
process and the handling of the dope solutions challenging.

The cellulosic films prepared are very robust, exhibiting
a high tensile strength and Young's modulus. The addition of
lignin did not drastically alter the mechanical properties, but it
did improve the optical and barrier properties. The addition of
even the smallest amount of lignin blocks the UV light to pass
through the film. Furthermore, the wettability of the films was
improved with the addition of the second polymer while the
swelling ratio when immersed in various aqueous solvents was
decreased.

The use of an ionic liquid as the medium for the dissolution
of cellulose, ensures the recyclability of the process. It was
confirmed that the entire process could be repeated five times,
without and thermal or structural impact on the [C,C;im][OAc]
which retained the capability to dissolve cellulose at high
concentrations.
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Future research should focus on optimising ionic liquid
recycling to enhance the sustainability of the production
process. This method constitutes a proof of concept that the
lignocellulosic films exhibit excellent properties and that the
ionic liquid can be recovered and reused multiple times. As the
global effort to combat plastic pollution intensifies, the use of
lignocellulosic films offers a viable and environmentally
responsible solution. This process represents a proposal
grounded in sustainable practices and holds great potential for
reducing the environmental impact of plastics.
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