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Abstract

Synthetic packaging has excellent performance, but most of them becomes a waste after their use and thus, poses serious
concerns to the environment and consumer health. Considering current circumstances, the demand for sustainable packaging
that is either recyclable or biodegradable if discarded has increased tremendously in last few years. Cellulose nanofibril (CNF)
films are emerging as a sustainable packaging; however, their high energy consumption associated with the production of
fibres and reduced properties on recycling are serious concerns. The aim of this study is to assess the recycling characteristics
of spray deposited CNF films. For this purpose, the CNFs were recycled at different revolutions (75 x 10° to 999 x 10%) in a
laboratory disintegrator, followed by screening and their physical, barrier and environmental characteristics were evaluated.
Results showed that recycled CNF films at 300 x 10° revolutions had identical barrier performance as compared with the non-
recycled films. Additionally, the films after first recycling have maintained their mechanical properties without compromising
their dimensional stability. However, the mechanical performance and transmittance of these films after the 2nd recycling
have slightly reduced due to the agglomeration of the fibres as affirmed by the SEM images. The CNF films showed slightly
higher environmental impact in terms of their embodied energies than conventional packaging; however, these impacts are
expected to be lower on possibly further recycling of these films. The ease of recycling of these films without compromising
the dimensional stability is an excellent route to contribute towards global sustainability.

<l Warren Batchelor
Warren.Batchelor@monash.edu

Department of Chemical and Biological Engineering,
Bioresource Processing Research Institute of Australia
(BioPRIA), Monash University, Clayton, VIC 3800,
Australia

Banaszak Holl Group, Department of Chemical
and Biological Engineering, Monash University, Clayton,
VIC 3800, Australia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12649-023-02137-0&domain=pdf
http://orcid.org/0000-0001-6880-7765

4022

Waste and Biomass Valorization (2023) 14:4021-4034

Graphical Abstract

25

™ ~

WVP (g/Pa.s.mx 10

0.8+

14
o
1

Embodied Energy per Film (MJ)
o
S

o
~N

o
o
1

Keywords Cellulose nanofibrils - Embodied energy - Moisture barrier performance - Packaging - Recycling - Spray

deposition

Statement of Novelty

Synthetic packaging poses serious environmental concerns
via generating a significant amount of waste. Biomass derived
cellulose nanofibril (CNF) based films are emerging as sus-
tainable packaging as they are renewable, reprocessable, and
biodegradable; however, one of the main concerns is their lim-
ited properties on recycling. The published studies report that
these films have shown significant reduction in properties on
recycling and the dimensional stability was not guaranteed.
For this purpose, the CNF suspensions were subjected to siev-
ing followed by disintegrating at higher revolutions (< 150 K),
spraying and heat drying respectively. The resultant films were
easily recyclable while the properties and dimensional stability
didn’t compromise considerably.

@ Springer

Introduction

Owing to the transition of natural polymers to synthetic pol-
ymers in the last century, the use of plastics has increased
substantially and now considered as an indispensable part of
our lives [1]. Plastic is the first choice as packaging material
owing to their exceptional characteristics such as durability,
resistance to erosion, low cost and ease of processing [2].
According to one estimate by United Nations, the produced
synthetic packaging was around 299 million tons in 2013,
but only 43% was recycled or incinerated [3, 4]. However,
due to the extremely extended durability, this material
persists in the environment as plastic waste. According to
one estimate, around 25 million tons of packaging waste is
accumulating in the environment each year and resulting
in water, air, and soil pollution [5]. Considering the recy-
cling of plastic, different synthetic polymers result in reduc-
tion in properties and quality of the recycled material [6].
Additionally, chemical constituents from packaging could
possibly cause food contamination and consequently poses
risk to human health and aquatic environment. Due to these
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concerns with synthetic plastic produced from petrochemi-
cals, there is a significant interest in transferring to biomass
feedstock to produce plant-based packaging [7].

In this regard, substituting the synthetic plastic with
biobased polymers made from renewable natural resources
has widespread acceptance. These plant-based polymers can
be used as biodegradable and sustainable packaging [8, 9];
however, unfortunately few of the characteristics such as
mechanical and barrier properties of biopolymers are some-
how limited in comparison with petrochemical-based syn-
thetic plastic [10]. Additionally, the production and energy
costs for most biopolymers are considerably high and thus
limiting their commercialization [11]. Producing laminates
with a combination of biopolymer and synthetic polymers
could result in a product with improved barrier performance;
however, limiting the recyclability and biodegradability of
the material [12].

One class of biopolymers is cellulose, regarded as one
of the most abundant organic polymers on earth. Packaging
materials based on cellulose are biodegradable, renewable,
and recyclable but have poor moisture and oxygen barrier
properties. Cellulose can be fibrillated into nanocellulose
that possess several distinguishing features such as high
surface to volume ratio and strength, reasonable moisture,
and excellent oxygen barrier performance [13, 14]. Nano-
cellulose can be categorized into three main types namely
CNF, nanocrystalline cellulose and bacterial cellulose [15].
However, among all these cellulose nanomaterial’s types,
only CNFs could be produced at a competitive cost as com-
pared with the synthetic polymers [16]. The CNFs can easily
be transformed into films and these exhibit translucency,
strength, and reasonable oxygen barrier characteristics [10,
17-19]. CNF films can be produced on a laboratory scale
either by casting or vacuum filtration [20]. The casting pro-
cess suffers major limitations such as lacking dimensional
stability and requiring a large timeframe for production of
CNF films [21]. The later process i.e. vacuum filtration has
certain advantages such as producing a strong and uniform
films; however, separating the films from the filter paper is a
tedious work [22]. Recently, spray deposition has emerged as
a prospective alternative to conventional methods owing to
rapidity and simplicity of the process [20, 23]. This process
works by spraying the NC suspension onto a base surface
(templates, stainless steel plates etc.), while the magnitude
of coating can be controlled either by suspension concentra-
tion or via the velocity of the conveyor [10].

CNFs have many applications but one of the major
limitations is the high-energy consumption, mainly asso-
ciated with their treatment process. The CNFs require up
to 25,000-75,000 kWh/tons to fibrillate the cellulose via
mechanical treatment [24]. Pre-treatment methods (enzy-
matic hydrolysis and TEMPO-mediated oxidation etc.) can
reduce these emissions to a significant extent, but all have

several limitations such as corrosiveness, toxicity, and cost
[25, 26]. The huge energy emissions can be significantly
reduced by a number of ways such as employing alterna-
tive processes that are energy-efficient, recycling the films
and by integrating NC with environmentally friendly mate-
rials and forming composites [27]. Recycling the films is
regarded as the most viable solution to overcome the energy
emissions associated with the production of CNFs; how-
ever, detailed research on this area is yet to be investigated.
Shanmugam et al. sprayed NC suspension and recycled the
resultant films via vacuum filtration and investigated that
the recycled films retained 70% of their strength, while the
moisture barrier performance reduced to almost half as com-
pared with the non-recycled films [10]. Additionally, two
different processes were used to conduct the recycling of
the films limiting the feasibility of comparing the proper-
ties of the resultant films. The focus of the research was to
prove the concept that NC films could be recycled, while
no attempt was made to further improving the properties
of recycled films. Similarly, there are reports available with
successful recycling of CNF films, but no data is presented
regarding their mechanical and barrier properties [28]. In
one study, cellulose nanocrystals were extracted from the
waste denim fabrics and the resultant composites produced
via recycled fibres showed excellent mechanical properties.
However, there is a huge energy consumption associated
with the production of fibres and resultant composites, and
thus limiting the implementation of this process for a large-
scale production [29].

Considering the CNF-based composites, recently, Liu
et al. produced the CNF reinforced poly viny alcohol films,
and they showed excellent mechanical and barrier proper-
ties prior to recycling. However, when these films were sub-
jected to recycling, the mechanical properties were reduced
to approximately half, while the authors did not report any
data regarding their barrier performance [30]. Similarly,
Lei et al. produced the cellulose bioplastic films composed
of chemically and physically dual-crosslinked carboxym-
ethylated cellulose fibres and found that the resultant films
has slightly reduced mechanical properties, while the bar-
rier properties of the recycled films were not reported [31].
Additionally, few other studies also reported the recycling of
CNF composites but did not investigate the mechanical and
barrier properties of the resultant films [32-35].

As observed, most of the studies available in the literature
were mainly focussed on the recycling of nanocellulose and
CNF films, but no research was conducted to determine the
barrier properties of the recycled films, which is considered
as an important property for food packaging. The determina-
tion of moisture barrier properties for nanocellulose films
is a critical parameter considering the hydrophilic nature
of cellulose. Moreover, no attempts were made to further
improve the recycling characteristics of the films in the
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available literature to date. Additionally, the environmental
impacts of the processes used in recycling of nanocellulose
films has not been reported yet. To our best of knowledge,
no research has been conducted to produce recycled films
using a continuous process with considerations of dimen-
sional stability. Reducing the environmental impacts of the
CNF films via recycling could be a huge step forward for
their future use in different applications.

The main aim of this study is to evaluate the recyclabil-
ity of CNF films via spray deposition with the considera-
tion of their dimensional stability. The study also considers
other important properties and the embodied energy dur-
ing the recycling. The non-recycled films were subjected to
disintegration, followed by sieving, spraying, and drying to
produce recycled CNF films, and their mechanical and bar-
rier properties were determined and compared with the non-
recycled films. The results here will provide a building block
for large-scale production of easily reprocessable, and fully
recyclable CNF films. Finally, the embodied energy of the
CNF films was also conducted, and results were compared
with the conventional packaging materials.

Materials and Methods
Film Preparation

Nanocellulose has been routinely named in the literature by
different terminologies. Commonly reported terminologies
for this material are cellulose micro-fibrils, cellulose nano-
fibrils, micro fibrillated cellulose and nano-fibrillated cellu-
lose etc. [20]. However, we are using fibrous nanocellulose
or cellulose nanofibrils (CNFs) for this research study. CNFs
having KY-100S grade, and 25 wt% solid content was pur-
chased from DAICEL Chemical Industries Limited (Japan).
This type of cellulose fibre is produced from very refined
and pure form of fibre-based raw materials. The fibres are
untangled into tens of thousands of strands, while their
thickness is refined to between several pm and 0.01 pm.
Additionally, these fibres are refined by physical processing
only without the use of chemical treatment. It is speculated
that the procured fibres were obtained from cotton source
and treated by high pressure homogenization [36, 37]. The
commercial grade CNFs has a calculated mean diameter of
~ 73 nm [38], while its suspension showed a zeta poten-
tial value of approximately — 22.3 mV [39]. Additionally,
the calculated crystallinity index of this material was about
78%, while these fibres has an average aspect ratio in the
range of 142+ 28 [14]. The CNFs was added to water (1.5
wt% solid content) and form a suspension (pH 7.3) via dis-
integrating for 15,000 revolutions at 3000 rpm in a 0.5 kW
Messmer disintegrator Model MK III C (Netherlands).
CNF suspension was then sprayed using a spray system
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[14, 20], constituting of a Wagner airless Model number
117 spray pump (Australia), Wagner 317 nozzle, and a
Schroder custom conveyor (Australia) having dimensions
of 3198 mm X 728 mm X 839 mm. The sprayed wet films
were collected onto circular stainless-steel plates and carried
away by a moving conveyor belt. The circular stainless-steel
plates had a diameter of 160 mm, while the distance of the
nozzle tip from these plates was around 30 cm. The speed
of conveyor belt was set at 0.65 cm/s while the spray nozzle
had an orifice of 0.38 mm. The sprayed plates were then
finally transferred to an oven (S.E.M Equipment, Australia)
for drying at 50 °C for 4 h [40] and peeled off manually
from the plates.

After drying, the non-recycled CNF films were recycled
in accordance with the TAPPI standard T205 SP-02. The
non-recycled CNF films were torn into pieces with approxi-
mate dimensions of 1 cm X 1 cm and soaked in water (1.5
wt% solid content) for at least 1 day. The soaked films
were then disintegrated for different number of revolutions
(75x10%, 150 103, 300x 103, 600 x 10 and 999 x 10%) at
3000 rpm in a same disintegrator as mentioned above. The
suspensions were then screened using a 1 mm mesh screen
to remove any large chunks in order to avoid blockage in
the spraying system. The percentage of fibres retained on
top of screen was approximately 1.8% for samples recycled
at lower revolutions (75 X 103), while it reduced to 0.4%
for 999 x 10? revolutions. After screening, the suspensions
were sprayed using the same procedure as mentioned above
and finally the wet recycled films obtained on stainless steel
plates were transferred to an oven and dried at 50 °C for 4 h.
After first recycling, the same number of revolutions of a
disintegrator and similar method as mentioned for first recy-
cling is repeated to produce CNF films for 2nd recycling i.e.,
75x 10? films produced via st recycling will be recycled at
75%10? in 2nd time recycling and so on.

Testing Procedure
Basis Weight and Thickness

Dividing the weight to surface area of the films gives basis
weight. The films were oven-dried at 105 °C for 4 h to
remove any traces of moisture prior to basis weight deter-
mination. The thickness of the films was measured using a
Lorentzen & Wettre AB (Sweden) Thickness Tester follow-
ing the Australian/New Zealand standard method 426 [41].

Mechanical Properties

The mechanical properties of the non-recycled and recy-
cled films were determined by means of their tensile index
values. Tensile index, which is normalized by sheet basis
weight, was chosen to report the mechanical properties
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rather than tensile strength, which is normalized by sheet
cross-sectional area. This avoids the problem of defining the
thickness of nanocellulose films, which have rough, com-
pressible surfaces. Additionally, for ease of comparison,
mechanical properties in terms of tensile index are reported
in this work. The films were cut into strips having dimen-
sions of 100 mm X 15 mm and tested via an Instron universal
testing machine (Model 5566, USA). The test was carried
out in accordance with the ASTM D 882-02, while the con-
ditions were kept at 23 °C and 50% relative humidity (RH)
[42]. The tensile index of the films was then calculated using
the following equation:

/
Tensile Index(kN - m/ g) = TE, (D

where T and R represents the tensile strength (kN/m) and
basis weight (g/m?).

Moisture Barrier Characteristics

Moisture barrier performance of the non-recycled and recy-
cled films were determined as water vapour permeability
(WVP) following the ASTM E96/E96M-05 [43]. At first,
the films were cut into circles (76 mm diameter) and dried
at 105 °C for 4 h to ensure complete moisture removal. The
five non-corroding cups were used for each sample, while
three of them were filled with anhydrous calcium chloride
(=~ 40 g) and the remaining two kept as blank. The open side
of the cups were then sealed with circular films and forming
an airtight assembly. Each assembly was weighed before
transferring to a humidity control chamber set at 23 °C and
50% RH. The weight of assemblies was recorded at regu-
lar time intervals and the water vapour transmission rate
(WVTR) can be calculated using the slope of line between
weight and time. Lastly, the WVTR can be normalized with
the thickness of the films to calculate the water vapour per-
meability (WVP). The WVP of all the films can be calcu-
lated using the following equations:
G

WVTR = XA’ )
where % is the slope of a straight line (g/h), while A refers
to the surface area of the films (m?). The WVTR can be
converted to WVP (g/Pa s m) of the films by using the fol-
lowing equation:

WVTR

WVP = ———
S(R1 -R2)

X Thickness, 3)
where S refers to the saturation vapor pressure per mm Hg
(1.333 x 10? Pa) at the tested temperature, R1 and R2 repre-

sent the relative humidities of the source and the vapor sink,
expressed as a fraction.

Characterizations

The microscopic morphology of all non-recycled and recy-
cled CNF films was determined using scanning electron
microscopy (Magellan FEGSEM 400, FEI, USA) at an
accelerating voltage of 5 kV and the magnifications ranging
from % 10,000 to X80,000. The optimized samples were also
diluted to a 0.001 wt% suspension concentration and a single
drop of each sample was completely dried on a silicon chip.
The samples were then iridium coated and observed under
a Magellan FEGSEM 400, FEI, USA operating at a 3.0 kV
spot size and 6.3 pA current. The macroscopic morphology
of the films was also determined via an optical profilometer
(OLS5000, Olympus, Japan) with a 5Xx objective.

Additionally, the sedimentation method by Varanasi et al.
for the estimation of CNFs aspect ratio was used in this
study [38]. In brief, after disintegrating CNF suspensions,
approximately 250 g of samples were prepared, while gradu-
ally decreasing the fibre concentrations (0.1-0.01 wt%). The
height of suspensions (H,) at the start were recorded in the
measuring cylinders, while the final height of the sediments
(H,) in were recorded after 3 days. Finally, a graph was plot-
ted between the initial solid concentration and the relative
sediment height (H/H,)). The gel point of the suspensions
can then be determined by using linear coefficient of the
quadratic fit from which the aspect ratios of non-recycled
and 1st and 2nd recycled suspensions at 300 K were calcu-
lated via the effective medium theory following the method
published by Varanasi et al. [38].

The effects of recycling on the optical properties were
determined by transmission spectra of the non-recycled and
recycled CNF films using an Agilent Cary 60 UV—-Vis Spec-
trophotometer in the wavelength range of 200-700 nm.

Embodied Energy

The embodied energies of the CNF films were evaluated and
compared with the conventional packaging material (PET) in
order to certify the environmental viability of this product.
As CNFs are still in developing stages; hence, many uncer-
tainties are associated with their technical system. Assessing
the life cycle assessment of relatively new materials is quite
a challenging task due to number of reasons such as limited
or no data availability, unavailability of comparable existing
materials or system and factors effecting the scale-up etc.
[44]. The information used in this study for the calculations
of embodied energy values in producing non-recycled and
recycled CNF films was attained from existing sources. The
main information was acquired from the Ecoinvent data-
base [45] (version 3.6), while the publications from Nadeem
et al. [16, 40] and Arviddson et al. [46] were the other use-
ful sources used in conducting the life cycle assessment of
CNF films. The data for embodied energy values for a PET
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film was obtained from a published report at Cambridge
University [47]. Cradle-to-gate analysis was conducted to
evaluate the embodied energy values of the CNF films and
the assumptions used in this study are enlisted in Table 1.

Results and Discussion
Production
Basis Weight and Thickness

A batch of 80 CNF films were sprayed via a spray system
each time and 25 of these films at random were tested for
basis weight and thickness. The optimized speed of the con-
veyor (0.65 cm/s) and pressure of the pump (1500 psi) were
set to produce 60 g/m* non-recycled films, while the same
settings were used for subsequent recycled samples. Fig-
ure la represents the average basis weight and thickness of
non-recycled and recycled CNF films. As can been seen, the
average basis weight of non-recycled and 1st time recycled
CNF films was approximately 60 + 3 g/m?, while its average
thickness varied between 101.5+9.5 um. Additionally, the
basis weight of the films was also found to be directly pro-
portional to the thickness of the films. The effect of 2nd time
reprocessing of the fibres can be clearly observed in terms of
decreasing basis weight and thickness of the films (Fig. 1a).
The disintegration to produce 2nd time recycled films has
changed the flow characteristics, resulting in a low basis
weight. The average basis weight and thickness of 2nd time
recycled CNF films was approximately 53 +2.5 g/m? and
86.5 £ 8.5 um respectively. The reduced basis weight and
thickness for the 2nd time recycled CNF films was due to
the removal of large aggregates (remained unbroken in a dis-
integrator) during the sieving process. The sieving process
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Fig. 1 Effect of recycling on the basis weight, thickness, and density
of CNF films. a No. of revolutions vs basis weigh & thickness, b No.
of revolutions vs density

Table 1 Assumptions in determining embodied energy of non-recycled and recycled CNF films

Process Assumptions

Materials
fibres

1. The embodied energy of pulp used in producing CNFs was 50-70 MJ/kg [46], while the pulp was homogenized to produce the

2. The CNFs used in producing films were speculated to be from cotton pulp via no pre-treatment route

3. The overall embodied energies of polyethene terephthalate (PET), polystyrene (PS) and polypropylene (PP) films were 100 MJ/
kg [47], 86 MJ/kg [48] and 34 MJ/kg [49] respectively, while their recycling required 90 MJ/kg [47], 50 MJ/kg [48] and 23.8 MJ/

kg [50] respectively

4. The embodied energy for transportation is assumed to be negligible as the material was transferred in bulks

Production 1. Negligible heat loses

2. All films (CNF, recycled CNF and PET films) weighed 2 g and had a diameter of approximately 16 cm
3. 300 films could be produced via spray deposition in 1 h, while on average, 12 films could be produced with 1 L of suspension

4. A 2-kW oven was used to dry 200 films in one batch, requiring approximately 4 h for the films to dry at 50 °C

Other

1. The energy emissions for transportation of CNFs were considered negligible. This is due to the reasons that CNFs are emerging

materials and also considering the fact that these fibres were shipped in bulks

2. The electricity source was assumed to be from biogas [45]
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has reduced the overall solid contents for 2nd recycling and
consequently decreasing their basis weight (~ 13%) and
thickness (=~ 15%) as compared with the non-recycled and
Ist recycled CNF films respectively. The change in density
with varying number of revolutions for 1st and 2nd time
recycling of CNF films is shown in Fig. 1b. The density of
non-recycled and 1st time recycled CNF films were higher,
owing to the less compact structure formed after 2nd recy-
cling of fibres [10]. The formation of larger aggregates in
the CNFs network might have reduced the compactness of
the fibres network, thus, decreasing the density of recycled
CNF films. Nevertheless, the drying and fibre hornification
of recycled CNFs might have reduced the swelling capac-
ity, that resulted in conformability of the recycled fibres and
therefore, reducing the recycled films’ density [10].

Characterization
Morphology

The impact of recycling the CNFs on the formation of CNF
films was determined by means of morphological changes
via scanning electron microscopy (SEM) and the results are
displayed in Fig. 2. As illustrated in Fig. 2, the non-recycled
CNF films dried at 50 °C possesses fibres compacted in the
matrix, formed by the combining of fibres [40]. The recy-
cled films retained their morphology without any significant
damage to the fibres. For the first recycling, slight agglom-
eration of the fibres in CNF films has not been fully broken
down at lower levels of disintegration (75 X 10°, 150 % 10%)
resulting in the formation of small flakes. This might result
in reduced mechanical and moisture barrier properties of
these films. No agglomeration of the fibres was observed
when the number of revolutions increased to 300 103 or
more, indicating that the levels of disintegration were suffi-
cient to breakdown the flakes (Fig. 2). The second recycling
of CNF films followed the similar trend to first recycling as
seen in Fig. 2. Additional SEM images of both non-recycled
and recycled films (10x) are included in the supplementary
information.

Surface Roughness

Figure 3 shows the optical profilometry images of the
smooth side of non-recycled and recycled films, while the
surface roughness results for all the films are illustrated in
Fig. 4. There were no signs of shrinkage in the majority of
the films (either non-recycled or after 1st and 2nd recycling)
as 50 °C was considered as a suitable temperature for drying
[40]. Additionally, all films were quite similar in physical
appearance; hence, these facts guarantee the dimensional
stability of these CNF films.

As Fig. 4 illustrates, the average areal roughness (S,) of
non-recycled CNF films was approximately 817 nm at an
inspection area of 2.5 mm. When the films were recycled for
the first time, the average S, values of the films increased to
1303 nm and 1129 nm for 75 x 10° and 150 x 10* samples.
These results are consistent with their being some agglomer-
ation of the fibres that is translating through into an increase
in the surface roughness. Increasing the disintegration time
(300 10%) has reduced the average S, of the CNF films to
a significant extent (986 nm). However, the average S, for
300 10° samples was approximately 25% higher as com-
pared with the non-recycled CNF films. Additionally, further
increasing the levels of disintegration did not change the S,
values considerably (Fig. 4).

The same pattern was observed for surface roughness
when the films were recycled for second time; however,
these CNF films showed higher average S, values as com-
pared with the 1st time recycling. The agglomeration of the
CNFs enhanced the surface roughness of the films from one
cycle to another. However, these effects are not seen in the
WYVP, but are seen somewhat in the tensile strength values.

Properties
Moisture Barrier Characteristics

Moisture barrier performance of the films are determined
in terms of WVP. The WVP values of non-recycled, one-
and two-times recycled CNF films at different levels of dis-
integrations were determined and the results are shown in
Fig. 5. The average WVP values for non-recycled films were
approximately 1.5x 1071° g/Pa s m, which are quite close to
the values reported in the literature [27, 40]. However, when
the films were subjected to recycling, a quite interesting
trend was observed. The WVP of the CNF films increased to
approximately 50-60%, when disintegrated at 75 x 10° and
150 10? respectively. This might be due to the reason that
these number of revolutions were insufficient to breakdown
the agglomerates into separated nanofibers. This finding is in
accordance with the results achieved by Shanmugam et al.,
where the barrier performance of the recycled CNF films
has reduced to approximately half [10]. Agglomerates would
reduce the total surface area available for bonding and might
create larger pores. These factors limited the non-uniformity
and compactness of the fibril network, while increasing the
size of both the surface and bulk pores and consequently
elevating water vapour permeability [10].

Increasing the number of disintegrations for recycled
films beyond 150 x 10* has reduced the WVP to a significant
extent (Fig. 5). For instance, when the films were recycled
at 300 x 10° revolutions, the average WVP was approxi-
mately 1.4x107!° g/Pa s m, slightly lower than the WVP
of the non-recycled films. Further increasing the number

@ Springer



4028 Waste and Biomass Valorization (2023) 14:4021-4034

Non-

Recycled

(a)

(b)

()

(@

(€)

Fig.2 Morphological characteristics of non-recycled and recycled CNF films at a 75x 10%, b 150 x 10°, ¢ 300x 10%, d 600x 10%, e 999 x 10°
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Non-Recycled

) d

Fig. 3 Optical profilometry images of non-recycled and recycled CNF films (K =10°)

of revolutions of a disintegrator (600 X 10° & 999 x 103),
resulted in elevated WVP to a slight extent; however, the
changes were not statistically significant. Thus, number of
revolutions at 300 x 10° were sufficient to break the agglom-
erates and thus lowering the WVP values of recycled CNF
films. Additionally, the WVP of the recycled films pro-
duced via disintegration at 300 x 10 revolutions followed
by screening was quite like the non-recycled CNF films. The
2nd time recycling of the films has shown quite similar trend
as the WVP values were increased at 75 x 10° and 150 x 10
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Fig.4 Average areal roughness for non-recycled and recycled CNF
films

number of revolutions and then eventually becomes compa-
rable with the non-recycled films for the number of revolu-
tions beyond 150 10°. This is an important finding as it
shows moisture barrier performance of recycled CNF films
can be restored via increasing the number of revolutions of
a disintegrator.
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Fig.5 WVP of non-recycled and recycled CNF films
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Mechanical Properties

Mechanical properties of non-recycled and recycled CNF
films are evaluated in terms of tensile index and the results
are illustrated in Fig. 6. This is an important property as
conventional packaging materials usually requiring reason-
able strength [27]. The average tensile index of the non-
recycled CNF films was 52 +7 Nm/g, which is quite close
to the values reported by Shanmugam et al. and Nadeem
et al. [14, 27]. When the films were recycled for a first time,
the average tensile index has reduced to approximately 20%
and 30% for 75 x 10% and 150 x 10* samples. The reduction
in mechanical strength is expected in recycling of cellulose
fibres owing to hornification, which weakens the hydrogen
bonding between the fibres [10]. Additionally, the lower
tensile index values of CNF recycled films might be due
to formation of flakes causing a reduced conformability
of CNFs [51]. When the samples were disintegrated at
300 % 10? to produce recycled CNF films, the average tensile
index calculated was 51 +6 Nm/g. Interestingly, the aver-
age tensile index for the recycled 300x 10 samples were
quite like the non-recycled CNF films. This might be due
to the reason that 300 x 10* number of revolutions were suf-
ficient to breakdown the flakes and consequently enhancing
the strength of the films. Further increasing the number of
revolutions reduced the average tensile index to a consid-
erable extent as seen for 600 x 10* and 999 x 10 samples
respectively (Fig. 6). Excessive disintegration might have
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Fig.6 Tensile index of the CNF films a Ist recycling, b 2nd recycling
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weakened the fibres and consequently reducing the tensile
index of the CNF films. According to the studies available
in the literature, the mechanical properties of the recycled
CNF and CNF composite films has reduced to 50-70% [30,
31]. This might be due to the reason that insufficient number
of revolutions were used to break down the agglomerations
in these studies.

The 2nd time recycling of CNF films showed quite simi-
lar trend as the average tensile index values dropped sig-
nificantly for 75 x 10% and 150 x 10° samples, increased and
reaching its ultimate value at 300 x 10° and then reduced
again for 600 x 10° and 999 x 10° (Fig. 6). It is an indica-
tion that 300 x 10> number of revolutions were sufficient
to break down all the flakes; however, the fibres started to
break at 600 x 10°. The breaking of fibres did not impact
the barrier properties but reduced the strength of the films.
Moreover, the average tensile index values for CNF films
produced via 2nd recycling were 15-20% lower than the
1st recycling. Additionally, no statistically significant differ-
ence was observed between the average tensile index values
of non-recycled CNF films and the films produced via 1st
recycling at 300 x 10°.

Gel Point Analysis
The gel point of non-recycled and recycled CNF suspen-

sions was calculated using the method followed by Varanasi
et al. [38]. The lowest concentration at which the suspension
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tends to form a continuous network is referred to as a gel
point or connectivity threshold [38, 52]. The gel point and
aspect ratio values for the non-recycled and recycled fibres
(at 300 10%) in suspensions are displayed in Table 2. The
gel point of fibre suspensions increased to approximately
83% and 115%, when the CNF films were subjected to 1st
and 2nd recycling respectively. Similarly, the non-recycled
CNF suspensions had the highest aspect ratio followed by
1st recycled and 2nd recycled CNF films respectively. It is
noteworthy that the higher aspect ratio of the CNFs requires
lower concentrations to reach a gel point due to more con-
nections within the network [53]. Once this continuous net-
work is reached within a reduced volume, no further changes
will take place with time [54]. A decrease in aspect ratio
after recycling suggests that there is some agglomeration at
the fibre level, which has not been fully broken down.

Figure 7 shows the SEM images of the fibres in a sus-
pension at low concentration (0.001 wt%). There was no
agglomeration of the CNFs for non-recycled fibres; how-
ever, when the fibres were subjected to 1st recycling, a slight
agglomeration was observed. This agglomeration was due to
the presence of small flakes that remained unbroken during
disintegration [10]. The effects of agglomeration of CNFs
are not observed in WVP values but can be seen in terms
of reduction in strength owing to lower aspect ratio of the
recycled fibres. The 2nd time recycling of fibres has wors-
ened the agglomeration (Fig. 7) and this effect is indicative
of lower tensile index values.

Figure 8 exhibits the transparency of the non-recycled and
recycled CNF films (at 300 x 10*) measured using a UV—vis
spectrophotometer. Generally, owing to their larger size, the
CNF fibres tend to tangle together and form clumps, and
thus causing it difficult for the transmission of light through
the films. The transmittance for the 1st time recycled CNF
films (at 300 x 10%) was slightly lower than non-recycled
films dried at a 50 °C. This might be due to the reason that
agglomeration of the fibres when subjected to 1st recycling
has resulted in a dense structure and thus reducing the trans-
mittance of the films to a slight extent [21]. However, the
agglomeration of CNF fibres has worsened after 2nd recy-
cling and thus resulted in reducing the transmittance of the
films to more than half.

Table2 Aspect ratio and gel point of non-recycled and recycled
CNFs in suspensions

Fibre type Aspect ratio Gel point (wt%)
Non-recycled 120.85 0.00189
Ist recycled (300 % 10%) 85.19 0.00347
2nd recycled (300x 10%) 77.55 0.00408

Environmental Characteristics

The use of excessive energy in producing a material is
an alarming environmental issue that needs to be consid-
ered seriously. Considering this point, the environmental
aspects of the CNF films were determined by calculating
their embodied energies. The embodied energies of non-
recycled and recycled CNF films at optimized revolutions
(300 x 10%) were calculated and compared with packaging
films, and the results are illustrated in Fig. 9. Calculations
of the embodied energy values of the CNF films are incor-
porated in the supplementary information. The embodied
energy requirements in producing a non-recycled CNF film
were approximately 25%, 47% and 67% higher as compared
with the non-recycled PET, PS and PP films. The energy
consumption for a recycled CNF films was lower than the
PET films, but the overall embodied energy values were still
higher as compared with the synthetic packaging. These
high-energy emissions of a non-recycled CNF film is attrib-
uted to the production and extraction of CNFs. However,
these environmental impacts would expect to reduce via
increasing the production capacity of CNF fibres [55], pro-
ducing the CNFs from green routes such as producing them
from waste and using less environmental impact processes
for their production [56], forming composites of CNF with
low environmental impact materials [27] and recycling of
these films [16].

In comparison to synthetic polymers, CNFs possess quite
distinguishing features such as their ease of recyclability
and biodegradability. On the contrary, synthetic packaging
is either difficult or not completely recyclable or consuming
a quite high energy on recycling [47, 48]. For example, only
70% of the PP is recyclable and therefore, the rest accumu-
lates in the environment and thus causing serious concerns
[48]. The production of synthetic packaging is a developed
technology and looks attractive at this stage. However,
considering the sustainability and prospects of this planet,
switching to bio-based packaging is the viable solution.

Conclusion

This research examines the recycling characteristics of
CNF films produced via a spray deposition technique and
results showed that CNFs could easily be transformed
into films again. However, the dimensional stability of
the recycled films is only guaranteed if the CNFs were
subjected to sieving followed by disintegrating at high
revolutions (> 150 x 10%). The recycled CNF films has
shown mechanical and barrier properties quite like non-
recycled ones at 300 x 10°. However, there is some evi-
dence of agglomeration from gel point and transmittance
measurements, and SEM images. The agglomeration of
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the fibres has worsened for the 2nd recycling and impacted
the mechanical and optical properties of the CNF films
to a considerable extent. Moreover, recycled CNF films
produced at 300 x 10° revolutions had a higher embodied
energy as compared with the conventional synthetic pack-
aging materials; however, the impact could possibly be
reduced via different ways. The production of the recycled
CNF films without compromising the dimensional stabil-
ity is an excellent route towards global sustainability and
green packaging by substituting synthetic plastic packag-
ing with a recyclable and biodegradable product.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12649-023-02137-0.
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