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Abstract: Due to environmental concerns regarding single-use plastic materials, major efforts are
being made to develop new material concepts based on biodegradable and renewable resources,
e.g., wood pulp. In this study, we assessed two types of wood pulp fibres, i.e., thermomechanical
pulp (TMP) and Kraft pulp fibres, and tested the performance of the fibres in wet-moulding and
thermopressing trials. Kraft pulp fibres appeared to retain more water than TMP, increasing the
dewatering time during wet-moulding and apparently increasing the compression resistance of the
pulp during thermoforming. Additionally, cellulose nanofibres (CNF) were added to the pulps,
which improved the mechanical properties of the final thermopressed specimens. However, the
addition of CNF to the pulps (from 2 to 6%) had a further decrease in the dewatering efficiency
in the wet-moulding process, and this effect was more pronounced in the Kraft pulp specimens.
The mechanical performance of the thermoformed specimens was in the same range as the plas-
tic materials that are conventionally used in food packaging, i.e., modulus 0.6-1.2 GPa, strength
49 MPa and elongation 6-9%. Finally, this study demonstrates the potential of wood pulps to form
three-dimensional thermoformed products.

Keywords: wet-forming; thermoforming; wood pulp; nanocellulose; food packaging; sustainable

1. Introduction

Plastics have become an important part of modern society due to characteristics
such as good mechanical properties, low weight and relatively low cost. However, there
is increasing controversy regarding the environmental impacts of plastic, both in terms
of fossil resources being used as raw material, and plastic litter in nature. In addition,
biobased plastics (also classified as bioplastics) have appeared as an alternative to fossil-
based plastic materials [1], although the production capacity is still limited and relatively
expensive. Bioplastics may also have limitations regarding biodegradability, compostability
and recyclability, and some bioplastics may contribute to marine littering [2].

Wood pulp is a renewable resource and has potential to replace some plastic products.
Hence, the application of wood pulp fibres has expanded beyond the scope of conventional
paper. There are various processes to obtain fibres from woody biomass, some of the
most common are thermomechanical pulping (TMP), chemi-thermomechanical pulping
(CTMP) and chemical pulping. These processes yield pulps with different chemical and
structural characteristics suitable for different applications, e.g., packaging, tissue paper or
printing paper.

The chemical Kraft process (also known as the sulphate process) is the most commonly
used pulping process followed by TMP [3]. The TMP process uses high-temperature
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steam to soften the fibres before the mechanical refining, which yields a stronger pulp
than purely mechanical refinement. Unfortunately, this comes at the cost of increased
energy consumption during the production process. TMP fibre production requires more
electricity, but fewer chemicals and fossil fuels [4]. In addition, the production yield of TMP
fibres (>95%) is higher than that of Kraft pulp fibres (~50%) [5], which implies a reduction
in pulp costs.

During the last decade, cellulose nanofibres (CNF), also called microfibrillated cellu-
lose (MFC), have appeared as a new type of cellulose material that has been proposed as
reinforcement of paper and plastic products [6,7]. The addition of CNF (4% concentration)
to TMP handsheets demonstrated a significant effect on tensile index [8]. Taipale et al. [9]
had the goal of assessing the mechanical properties and drainage times of Kraft pulps
that were mixed with varying amounts of CNF. They found that there were a number of
parameters that affected the drainage time of the pulp mixed with CNF such as pH, salt
content or type of cationic polyelectrolyte. Furthermore, it was found that an increased CNF
content did not only provide significant strength improvements to paper made from the
pulp, but it also caused a significant increase in the drainage time [9]. Water drainage may
also be affected by fibre morphology and chemical composition [10]. Additionally, the effect
of CNF and primary fines was confirmed by Winter et al. [11], i.e., increasing the fraction
of CNF and primary fines in Kraft pulps increased the dewatering resistance. Excessive
drainage resistance is considered a major drawback as this may also lead to difficulties in
industrial upscaling. It is expected that optimisation of the production processes could al-
low CNF to provide increased strength without compromising dewatering. An alternative
approach was tested by Hii et al. [12] where the authors included mineral particles in a
TMP furnish to improve drainability while applying CNF to compensate for the reduction
in strength. The authors demonstrated that CNF contributed to internal bonding of fibres
and mineral fillers and concluded that the approach could improve strength properties
without affecting sheet pressability in the wet-end [12].

Pulp moulding is a technology area with major potential for wood pulp-based prod-
ucts. The earliest known patents for a method for making pulp products is dating back
to 1890 [13] and the first machine for creating such products was patented in 1903 [14].
Pulp-based products have had a remarkable increase in popularity during the last years,
especially due to increased environmental awareness. In recent years, environmental de-
mands from both customers and governmental regulations have put pulp products in focus
as a measure to eliminate the environmental footprint of single-use plastic materials. Their
current use is mostly limited to packaging and various forms of food-related products, e.g.,
food trays. Moulded pulp and thermoforming of more complex three-dimensional objects
is, however, still an area that requires development.

We hypothesized that CNF could improve the mechanical properties of thermoformed
products. However, in order to be cost-efficient and thus industrially relevant, the potential
mechanical strengthening of CNF should not compromise the dewatering resistance of
the pulps during wet-forming. Therefore, the purpose of this study was to: (i) develop
and demonstrate a set-up for making wet/thermoformed specimens for screening the
mechanical performance of pulp furnish, (ii) perform a comparative study between TMP
and Kraft pulp as raw materials for thermoformed products and (iii) reveal the effect of
CNF on the strength and dewatering of thermopressed products.

2. Materials and Methods
2.1. Materials

Two pulps (bleached Kraft pulp and TMP) and a CNF sample (2.7% concentration,
homogenized with 800 bar) were prepared by Norske Skog Saugbrugs (Halden, Norway).
The TMP was produced by Saugbrugs from Norway spruce and the Kraft pulp was a
commercial grade from Sodra based on a Norway Spruce and Scotch Pine blend. The CNF
was produced by Saugbrugs based on the same Kraft pulp.
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2.2. Pulp Fibre Characterization

The characteristics of pulp fibres (length, width and fines) were determined with a
FiberTester Plus device. The pulp fibres were diluted (0.1 g in 300 mL water) before the fibre
measurements. The TMP and Kraft pulp were provided with a dry content of 30 and 90%,
respectively. In order to increase the binding ability between fibres and the corresponding
strength of the formed products, the Kraft pulp was refined in a PFI mill at 3500 revolutions
previous to further processing.

The TMP fibres were prepared with bromine to stain lignin-rich areas on the surface
of the fibres, as described by Reme et al. [15]. Kraft pulp fibres were prepared without
staining for scanning electron microscopy (SEM) assessment. The images were acquired
with a Hitachi SU3500 scanning electron microscope, in secondary electron imaging (SEI)
and backscatter electron imaging (BEI) modes.

2.3. Sheets

Paper sheets (grammage 200 g/m?) of the two pulps were prepared for pressing
trials. A sheet former (sheet dimensions of 19.5 cm x 19.5 cm) was used. Four sheets were
manufactured for each pulp. The process included two distinct parts, i.e., the standardized
sheet-making process in accordance with ISO 5269-1 [16] and the hot-pressing of the sheets
in order to simulate the wet-moulding and thermoforming. The equipment applied for
pressing was a Fontune Press LPB 300, with three adjustable parameters: temperature,
pressure, and time. After preliminary testing, the following parameters were found to
be optimal for pressing: temperature, time and pressure of 135 °C, 3 min and 60 kN,
respectively. These parameters yielded dry and compact samples with good surface finishes.
After being pressed the samples were stored and conditioned overnight in accordance with
ISO 187 [17], i.e., temperature of 23 &+ 1 °C and a relative humidity of 50 £ 2%.

Additional testing of the pulps and sheets of bleached Kraft pulp and TMP included
addition of CNF at 2, 4 and 6 wt%. This was performed to verify the effect of CNF on;
(i) dewatering of the pulp during forming and (ii) reinforcement of wet/thermoformed
sheets. After mixing the pulps and CNF at the given concentrations the sheet-making
process was performed according to ISO 5269-1 [16].

2.4. Thermoformed Test Specimens

The moulds and process used to make the dogbones are exemplified in Figure 1.
Suspensions of the pulps were prepared (concentration 3%). The suspensions were poured
into the dewatering box (Figure 1b) and the water was drained by applying vacuum,
leaving wet-moulded dogbone samples in the mould (Figure 1c). The target thickness of
the dogbones was 3.2 &= 0.4 mm. Preliminary testing revealed that 7.1 g TMP and 6.5 g Kraft
pulp were necessary to produce dogbone samples with the correct sample thickness. The
hot-pressing process consisted of first applying a force of 5 kN to the mould to compress the
sample before the heating process started (Figure 1d). During the heating step, water started
boiling, and the steam was allowed to escape while reducing the force to 0.2 kN to prevent
the sample from expanding. After most of the initial water had evaporated (when no steam
or water was observed) the force was increased to 1 kN for the last phase (Supporting
Information, Figure S1). Five TMP and Kraft dogbone specimens were prepared. After
moulding, the samples were conditioned in accordance with ISO 187 [17].

A similar approach was applied for thermoforming pulp fibre bowls (target thickness
3 mm), from the TMP and Kraft fibres. The pulps (80 g, concentration 2%) were dispersed
(Lorentzen and Wettre pulp disintegrator, Kista, Sweden), posteriorly filtered through a
190 x 190 mm mould under vacuum and dewatered in a sheet press (PTI Austria GmbH,
Laakirchen, Austria). The filtercake was then dried to a moisture content of approx. 20%
before hot-pressing. The hot-pressing process was similar to the process applied for the
dogbones and used 2 MPa (5 min), 0.08 MPa (4 min, release of evaporated moisture) and
finally 0.4 MPa (10 min). The temperature during hot-pressing was 150 °C.
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Wet-moulded dogn

Figure 1. Set-up for wet- and thermoforming. (a) CAD designs of the negative and positive parts of
the mould and the corresponding fabricated steel moulds. (b) Filtering and compression of the pulp.
(c) Wet-moulded dogbone. (d) Thermopressing a dogbone sample.

2.5. Mechanical Testing of Sheets and Dogbone Specimens

Tensile testing of the sheets was performed with a Lorentzen and Wettre Tensile Tester,
using a constant rate of 100 mm/min. The length and width of the testing strips were
100 mm and 15 mm, respectively. Thickness was measured at five different points per sheet,
using a micrometer, in accordance with ISO 534 [18]. Tensile testing of the dogbone samples
was performed on MTS Criterion Model 42 tensile testing unit using a rate of 5 mm/min.

3. Results and Discussion
3.1. Fibre Characteristics

Some morphological characteristics of fibres are provided in Figure 2 and Table 1. The
two fibres differ significantly in morphology, being the TMP fibres shorter, wider and with
a significantly larger fraction of fine materials (Table 1). This is typical for this type of fibres
as TMP is based on mechanical refining where the fibres are exposed to mechanical stresses,
which cause a larger splitting of the fibre wall (see, e.g., [19,20]). Kraft pulping yields
more collapsed fibres, leading to denser sheet structures and thus higher tensile index [21].
Additionally, refining can cause higher water retention and a stronger fibre network due to
the morphological changes in the fibre structure [21]. Kraft pulp fibres contain a relatively
low fraction of fines, which may affect the strength of fibre networks [22].

100pm

Figure 2. SEM analysis. (Left) SEM image of TMP acquired in BEI mode. Note the bright surface
of the middle TMP fibre which corresponds to lignin-rich areas. (Right) A Kraft pulp fibre (middle
area), surrounded by fibrillated material and nanofibers which form a relatively smooth surface.
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Table 1. FiberTester analysis of TMP, Kraft pulp fibres and CNF.

Length (mm) Width (mm) Fibril Area (%) Fibril Perimeter (%) Fines (%)
TMP 1.46 +0.02 328 £0.0 104+ 0.6 333+13 425+0.0
Kraft 2.08 £ 0.02 29.0+0.1 21402 72403 25+1
CNF 0.70 £ 0.02 257+05 23.0 £0.0 56.8 £0.5 61.3£0

3.2. Thermopressed Sheet Samples

The initial quantification of the mechanical properties of the sheets (200 g/m?) pro-
duced in this study revealed that the samples composed of Kraft pulp fibres had a consider-
ably higher strength, stiffness and elongation at max strength (Figure 3 and Supplementary
Information Figure S2). The relatively higher mechanical properties of the Kraft pulp fibres
are due to the additional refining step performed to activate the fibres. A comparison
between TMP and Kraft pulp samples shows that the force applied to the Kraft fibres was
not only greatly exceeding that of the TMP but the elongation was considerably higher.
On the other hand, the TMP and Kraft pulp fibres show similar elastic phases. Visual
observation of the fracture areas revealed clear signs in line with the tensile test data, i.e.,
the TMP samples had a dense and brittle breaking point compared to the Kraft fibres which
had a much more ductile behaviour with more fibres that seemed to have been intertwined
before the break (Figure 3).

Strength 27 MPa Strength 42 MPa
Stiffness 3923 MPa Stiffness 4834 MPa
Elongation 1.5% Elongation 4% S mm

Figure 3. Examples of TMP and Kraft pulp samples and the corresponding mechanical properties.

The tensile strength of each series is presented in Figure 4. Although there are some
variations between the TMP and Kraft samples, the results confirm that the CNF addition
improves the strength of the material, especially in the case of the Kraft pulp samples
(Figure 4b). The increase in strength is approx. 16% and 24% for the TMP and Kraft pulp,
respectively, when adding 2% CNFE. The CNF has been produced from the same Kraft pulp
applied in this study. Hence, the larger increase in strength for the Kraft samples could be
caused by a potentially better compatibility between CNF and the Kraft pulp fibres. On
the other hand, TMP fibres have areas on the fibre surfaces covered by lignin (Figure 2,
Left), which is less hydrophilic than cellulose and may limit the binding ability between
the fibrous components. The increase in strength from the control sample (0% CNF) to
the samples containing increased fractions of CNF (2, 4 and 6%) was consequent and as
expected (see also [9]).

The measured drainage time of the TMP and Kraft pulp samples as a function of CNF
content showed a prolonged drainage time as the CNF content was increased (Figure 5).
This was especially the case for the Kraft pulp, which reveals a major increase with 6%
CNF content. This trend confirmed previous studies where paper sheets containing CNF
or primary fines revealed a higher drainage time [9,11]. It is worth mentioning that the
ability to dewater or drain the pulp is an important characteristic in paper making and
pulp moulding since it directly affects the production efficiency of paper or of moulded
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products. In mass-production applications, it is paramount that the draining time is kept to
a minimum in order to keep production times low, allowing for a more profitable process.
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Figure 4. Tensile strength of TMP (a) and Kraft pulp samples (b).
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Figure 5. Drainage time of TMP and Kraft pulp samples (200 g/m?) as a function of CNF content.

3.3. Assessment of Moulded Dogbone Test Specimens

Testing with relatively thick paper samples (grammage 200 g/m?) demonstrated
that the drainage time increased linearly as the CNF content increased (Figure 5). At the
same time, the addition of >2% CNF did not have a major contribution to the mechanical
properties of the manufactured samples (Figure 4). Hence, we decided to further test 2%
addition of CNF in moulded dogbone samples.

The results revealed that there was a clear tendency for the Kraft pulp to be more
difficult to compress than the TMP. The TMP would usually be fully compressed within a
minute of the initial force being applied (Supporting Information, Figure S1). However,
the Kraft pulp required roughly five minutes of the compression phase before the targeted
thickness was achieved. Considering that the Kraft samples required more time to dewater
(dewatering time ~800 s) than the TMP samples, (dewatering time ~400 s) (Figure 6)
this indicated that the Kraft samples most probably retained more water. This was also
confirmed by visual inspection of the wet-formed samples. The greater retention of water
and relatively excessive water content of the Kraft pulp fibres were probably the causes for
the longer time required for hot-pressing to achieve the targeted thickness of the specimens.
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Figure 6. Dewatering time of wet-moulded dogbones of TMP and Kraft pulp, without and with
addition of 2% CNE. The solid columns correspond to the TMP (red) and Kraft pulp (blue). The pattern
columns correspond to the TMP (red pattern fill) and Kraft (blue pattern fill) with 2% CNF addition.

The addition of 2% CNF caused a significant increase in the dewatering time during
wet-forming of the dogbone specimens (Figure 6). It was thus expected that the prolonged
dewatering time and potential increase in water retention in the Kraft pulp samples could
become a challenge during the production of dogbone specimens. The moulded Kraft
samples showed clear signs of not only smaller wet pockets, but a larger affected area that
covered the entire narrow section of the dogbones specimens (Supporting Information,
Figure S3). This effect seemed to be the result of water not being able to fully escape
during drying. The samples had to air-dry after moulding to get rid of the excess moisture,
which in turn created a wrinkled surface that further deteriorated the corresponding visual
appearance.

The Kraft samples (with 2% CNF) also showed a tendency for the centre of the dog-
bone specimen to be thinner than the edges. This effect created a concave cross-section
which was not desirable as it would make the calculation of mechanical properties more
difficult. These negative effects could potentially have been alleviated with a more efficient
filtering process; however, at this point, it was a challenge to add CNF to the Kraft pulp due
to the increased probability of undesirable defects in the dogbone specimens. Although
the strength of the moulded specimens could benefit from addition of minor amounts of
CNF (Figure 4), the challenges due to dewatering may outweigh the potential benefits
regarding the mechanical properties. Therefore, it was decided to manufacture dogbone
specimens without CNF and perform the corresponding mechanical analysis. In addition,
Negro et al. [23] demonstrated that the dry strength of thermopressed paper sheets was
more affected by hot-pressing settings than by the addition of micro/nanofibrillated cellu-
lose, indicating that CNF may not be necessary to improve the mechanical performance of
thermopressed products.

Figure 7 shows the stress—strain curves of the moulded dogbone samples. Note that
the strength is similar in both samples. On the other hand, the strength of the moulded
dogbones was considerably higher than that of the sheets. The TMP sheet broke in a more
brittle manner than the Kraft samples (Figure 3). The sheets were relatively thin (thickness
of 359-422 mm) compared to the thick dogbone samples (~3.2 mm). The higher strength
of the dogbone samples is most probably due to the higher density of the thermoformed
dogbones which was approx. 0.74 (Kraft) and 0.76 g/cm3 (TMP) compared to the sheet
samples, approx. 0.47 (Kraft) and 0.56 g/cm? (TMP).
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Figure 7. Mechanical testing of dogbones of TMP and Kraft pulp fibres. (a) Intact dogbone samples
before testing. (b) Examples of the fracture area of tested dogbone samples. (c) Stress—strain curves
for TMP and Kraft pulp fibres.

In general, the moulded samples also revealed more linear stress—strain develop-
ment than the paper sheets (Supplementary Information, Figure S2). Additionally, the
stress—strain curves of the Kraft samples were more linear than the TMP samples, which
revealed a more S-shaped curve. The characteristics of the stress—strain curves suggested
that the thicker moulded samples had a much more elastic behaviour compared to the
paper sheets, which showed a very standard elastic-plastic behaviour.

The Young’s modulus for the moulded samples was significantly lower (between
0.6 GPa for the Kraft sample and 1.2 GPa for the TMP sample), compared to the Young's
modulus of the paper sheets, which was between 4 and 5 GPa. The paper sheet curves were
overlapping in the linear elastic region, with minor variation in modulus (Supplementary
Information, Figure 52). The moulded samples, on the other hand, showed a greater degree
of scattering. The difference in modulus suggested that the paper sheets were stiffer than
the moulded samples and, thus, that moulded samples were more inclined to deform
elastically at lower loads. The lower stiffness of the moulded dogbones may be due to
the relatively mild pressing conditions applied in this study. By applying higher pressure
during thermoforming, Ruwoldt and Tanase-Opedal [24] reported Young’s modulus values
between 2.2 and 3.6 GPa for thermopressed CTMP specimens having densities between 0.95
and 1.2 g/m3. This observation exemplifies that the densities and mechanical properties
can be tailored depending on the final product requirements.
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The elongation of the Kraft dogbone specimens was still superior but not to the same
extent as with the paper sheets. In addition to this, the strength of the TMP dogbone
specimen was on the same level as that of the Kraft sample. This feature could allow for
a future material to be made out of either TMP or Kraft depending on the mechanical
requirements of specific applications.

One interesting aspect of this study was in comparing the moulded fibre samples
to different types of plastic. The materials chosen for this comparison were six relevant
plastics used for food packaging, including polyolefins (polyethylene terephthalate (PET),
high- and low-density polyethylene (PE), polypropylene (PP)) and polyester (polylactic
acid (PLA)) (Table 2). For some of these plastics, there were several possible production
methods and structures that require different mechanical properties. Because of this, some
of the data in Table 2 have a relatively large span, especially in terms of elongation. The
comparison demonstrated that despite some differences, the modulus and strength of
the moulded pulp were similar to the selected plastics. Although the elongation of PLA
was similar to that of the pulp fibres, the elongation of the polyolefins was much greater.
Elongation can be tailored by processing variables and drying, but relatively low elongation
(<~10%) is typical for pulp fibre materials [25]. Despite the differences in elongation, the
thermoformed samples comply with the mechanical requirements of some plastic materials
that are applied for food packaging.

Table 2. Mechanical properties of plastics and of the Kraft and TMP thermoformed samples produced
in this study. The mechanical properties and densities of the selected plastic materials were obtained
from [26,27].

. Young’s Modulus Tensile Strength .o . 3
Pulp Fibres (GPa) (MPa) Elongation (%) Density (g/cm®)
T™P 1.2 £0.04 493 £25 56+ 0.3 0.76
Kraft 0.6 = 0.06 492 +438 8.6 £0.9 0.74
Plastic materials
PET 2.95 55 100 1.38
HDPE 1.0 26 590 0.94-0.97
LDPE 0.3 10 625 0.91-0.94
pP 1.3 34 450 0.90-0.92
PLA 3.6 60 6 1.24

3.4. Demonstrators

Taking into consideration that thermoformed pulp products can compete with some
plastic food packaging, we demonstrated in this study the applicability of the pulp fibres
for thermoforming food bowls (Figure 8). Note that in this study the Kraft pulp bowl
has a rougher surface and higher degree of shrinkage compared to the TMP bowl. This
behaviour is explained by the higher drying shrinkage known for bleached Kraft pulp
fibres [28]. Although both types of demonstrators were solid and seemed to be adequate
to be used in contact with relatively dry food, the TMP bowl had a smoother surface
compared to the Kraft pulp bowl. Presently, the demonstrators do not have any surface
modification to provide a liquid barrier. Some strategies have been proposed recently in
this respect, including using lignin in the bulk to reduce hydrophilicity [24] or surface
coatings containing CNF or combinations with chitosan [29-31]. However, such strategies
only seem to reduce the liquid absorption. Hence, it still seems challenging to compete
with the liquid-resistant PE layer applied on some pulp fibre products.
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Figure 8. Thermoformed bowls of TMP (left) and Kraft pulps (right).

It is worth to keep in mind that the migration of substances, in the form of microplastics
and nanoplastics, from packaging materials to food during storage or heating is known to
occur for plastics, e.g., PP and PE [29]. Contrary to wood fibres that do not melt, the melting
of PP and PE starts at approx. 50 °C, with peaks between roughly 110 °C and 165 °C [32].
Wood, fibres and paper in contact with food are regulated under Regulation (EC) No.
1935/2004 [33] and are considered safe for consumers. However, there may be other aspects
that can have negative impact on health when using packaging based on these materials.
For example, during the processing of paper or fibre-based materials, adhesives may be
applied to improve strength and cohesion, and, as stated above, surfaces may be coated
with polymers or waxes to provide a water barrier [34]. Wrona et al. [35] demonstrated
how some dishes made of bamboo, palm leaf, wood and wheat pulp contained volatile
compounds that exceeded the estimated daily intake limits set by the European Union. Due
to the potential negative impact exceeding daily intake limits can have on human health,
as well as nature upon exposure through littering, it would be beneficial to have fully bio-
based packaging solutions as demonstrated in this study, which do not require adhesives
to attain the required strength or barrier properties needed for certain food applications.

4. Conclusions

Fossil-based plastics and some bioplastics have limitations regarding their biodegrad-
ability, compostability and recyclability, and may also contribute to marine littering. Wood
pulp fibres have the potential to replace some single-use plastic materials. Therefore, in this
study we have made efforts to implement a setup for manufacturing dogbone specimens
for screening the mechanical properties of wet/thermoformed pulp fibre specimens. The
protocol implemented in this study contributes to rapidly characterizing wood pulp fibres
in thermoforming trials. Two types of wood pulp fibres were assessed, i.e., TMP and
Kraft pulp fibres. In addition, the pulps were complemented with CNF to improve the
mechanical properties, which was demonstrated. Kraft pulp fibres appeared to retain
more water, which increased the dewatering time during wet-moulding and apparently
increased the resistance of the pulp to be compressed during thermoforming. Additionally,
the increase in CNF from 2 to 6% had a further decrease in the dewatering efficiency in the
wet-moulding process, and this effect was more pronounced in the Kraft pulp specimens.
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Based on these results, the manufacturing of thermoformed bowls made of pulp fibres
without CNF was considered more efficient and demonstrated in this study.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /nano13182511/s1, Figure S1: Force and temperature profile
applied during the moulding process.; Figure S2: Stress—strain curves of thermopressed sheet samples;
Figure S3: Examples of defects in dogbone samples.

Author Contributions: Conceptualization, M.S. and G.C.-C.; methodology, E.U.J. and G.C.-C.; formal
analysis, E.U.J. and G.C.-C.; investigation, E.U.J., S.P.F. and ].B.; resources, S.P.F., D.M., M.S. and
G.C.-C,; data curation, E.U J. and G.C.-C.; writing—original draft preparation, E.U.J. and G.C.-C.;
writing—review and editing, S.P.F, J.B., D.M., M.S. and G.C.-C,; visualization, E.U.J. and G.C.-C;
supervision, M.S. and G.C.-C.; project administration, M.S. and G.C.-C.; funding acquisition, S.P.E,
D.M. and G.C.-C. All authors have read and agreed to the published version of the manuscript.

Funding: The Research Council of Norway is thanked for funding part of this research.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Acknowledgments: Thanks to Steinar Seehuus, Berit Leinsvang, Kenneth Aasared and Johnny K.
Melbg (RISE PFI) for skilful laboratory work.

Conflicts of Interest: Simen Prang Felkner and Dag Molteberg work at Norske Skog Saugbrugs
that produces the thermomechanical pulp and cellulose nanofibers applied in this study. The other
authors declare no conflict of interest.

References

1. Brodin, M.; Vallejos, M.; Opedal, M.T.; Area, M.C.; Chinga-Carrasco, G. Lignocellulosics as sustainable resources for production
of bioplastics—A review. J. Clean. Prod. 2017, 162, 646—664. [CrossRef]

2. Lopez-Ibanez, S.; Beiras, R. Is a compostable plastic biodegradable in the sea? A rapid standard protocol to test mineralization in
marine conditions. Sci. Total Environ. 2022, 831, 154860. [CrossRef] [PubMed]

3.  Sixta, H. Introduction. In Handbook of Pulp; Wiley: Hoboken, NJ, USA, 2006; pp. 2-19.

4. Ghose, A.; Chinga-Carrasco, G. Environmental aspects of Norwegian production of pulp fibres and printing paper. |. Clean. Prod.
2013, 57,293-301. [CrossRef]

5. Hart, PW. Production of high yield bleached hardwood kraft pulp: Breaking the kraft pulp yield barrier. TAPPI J. 2011, 10, 37-41.
[CrossRef]

6. Syverud, K.; Stenius, P. Strength and barrier properties of MFC films. Cellulose 2009, 16, 75-85. [CrossRef]

7. Nakagaito, A.N.; Fujimura, A.; Sakai, T.; Hama, Y.; Yano, H. Production of microfibrillated cellulose (MFC)-reinforced polylactic
acid (PLA) nanocomposites from sheets obtained by a papermaking-like process. Compos. Sci. Technol. 2009, 69, 1293-1297.
[CrossRef]

8.  Eriksen, J.; Syverud, K.; Gregersen, J. The use of microfibrillated cellulose produced from kraft pulp as strength enhancer in
TMP paper. Nord. Pulp Pap. Res. ]. 2008, 23, 299-304. [CrossRef]

9. Taipale, T; Osterberg, M.; Nykénen, A.; Ruokolainen, J.; Laine, J. Effect of microfibrillated cellulose and fines on the drainage of
kraft pulp suspension and paper strength. Cellulose 2010, 17, 1005-1020. [CrossRef]

10. Sjostrand, B.; Deshpande, R.; Thyrel, M.; Henriksson, G. Dewatering properties of pulps made from different parts of a Norway
spruce (Picea abies). Nord. Pulp Pap. Res. J. 2022, 37, 702-711. [CrossRef]

11.  Winter, A.; Gindl-Altmutter, W.; Mandlez, D.; Bauer, W.; Eckhart, R.; Leitner, J.; Veigel, S. Reinforcement effect of pulp fines and
microfibrillated cellulose in highly densified binderless paperboards. J. Clean. Prod. 2021, 281, 125258. [CrossRef]

12.  Hii, C; Gregersen, J.W.; Chinga-Carrasco, G.; Eriksen, &. The effect of MFC on the pressability and paper properties of TMP and
GCC based sheets. Nord. Pulp Pap. Res. |. 2012, 27, 388-396. [CrossRef]

13.  Keyes, EE. Method of Molding Pulp Articles. US424003A, 25 March 1890.

14. Keyes, M.L. Apparatus for Making Pulp Articles. US7400234, 29 September 1903.

15. Reme, P.A,; Johnsen, P.O.; Helle, T. Assessment of fibretransverse dimensions using SEM and image analysis. |. Pulp Pap. Sci.
2002, 28, 122-128.

16. ISO 5269-1; Pulps—Preparing of Laboratory Sheets for Physical Testing—Part 1: Conventional Sheet-Former Method. Interna-
tional Organization for Standardization: Geneva, Switzerland, 2005.

17.  ISO 187; Paper, Board and Pulps—Standard Atmosphere for Conditioning and Testing and Procedure for Monitoring the

Atmosphere and Conditioning of Samples. International Organization for Standardization: Geneva, Switzerland, 1990.


https://www.mdpi.com/article/10.3390/nano13182511/s1
https://doi.org/10.1016/j.jclepro.2017.05.209
https://doi.org/10.1016/j.scitotenv.2022.154860
https://www.ncbi.nlm.nih.gov/pubmed/35351500
https://doi.org/10.1016/j.jclepro.2013.06.019
https://doi.org/10.32964/TJ10.9.37
https://doi.org/10.1007/s10570-008-9244-2
https://doi.org/10.1016/j.compscitech.2009.03.004
https://doi.org/10.3183/npprj-2008-23-03-p299-304
https://doi.org/10.1007/s10570-010-9431-9
https://doi.org/10.1515/npprj-2022-0050
https://doi.org/10.1016/j.jclepro.2020.125258
https://doi.org/10.3183/npprj-2012-27-02-p388-396

Nanomaterials 2023, 13, 2511 12 of 12

18.

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

ISO 534; Paper and Board—Determination of Thickness, Density and Specific Volume. International Organization for Standard-
ization: Geneva, Switzerland, 2011.

Reme, P.A.; Helle, T. Fibre characteristics of some mechanical pulp grades. Nord. Pulp Pap. Res. J. 1998, 13, 263-268. [CrossRef]
Kure, K.-A ; Dahlqvist, G.; Helle, T. Morphological characteristics of TMP fibres as affected by the rotational speed of the refiner.
Nord. Pulp Pap. Res. ]. 1999, 14, 105-110. [CrossRef]

Esteves, C.V,; Sevastyanova, O.; Ostlund, S.; Briannvall, E. Differences and similarities between kraft and oxygen delignification of
softwood fibers: Effects on mechanical properties. Cellulose 2021, 28, 3775-3788. [CrossRef]

Sirvio, J.; Nurminen, I. Systematic changes in paper properties caused by fines. Pulp Pap. Can. Ont. 2004, 105, 39-42.

Negro, C.; Pettersson, G.; Mattsson, A.; Nystrom, S.; Sanchez-Salvador, J.L.; Blanco, A.; Engstrand, P. Synergies between Fibrillated
Nanocellulose and Hot-Pressing of Papers Obtained from High-Yield Pulp. Nanomaterials 2023, 13, 1931. [CrossRef] [PubMed]
Ruwoldt, J.; Tanase Opedal, M. Green materials from added-lignin thermoformed pulps. Ind. Crops Prod. 2022, 185, 115102.
[CrossRef]

Zeng, X.; Vishtal, A.; Retulainen, E.; Sivonen, E.; Fu, S. The elongation potential of paper—How should fibres be deformed to
make paper extensible? BioResources 2013, 8, 472-486. [CrossRef]

Designerdata. Thermo Plastics. Available online: https://designerdata.nl/materials/plastics/thermo-plastics (accessed on
1 August 2023).

NatureWorks. Ingeo Biopolymer 4043D Technical Data Sheet. Available online: https://www.natureworksllc.com/ (accessed on
1 August 2023).

Nanri, Y.; Uesaka, T. Dimensional stability of mechanical pulps—Drying shrinkage and hygroexpansivity. Tappi ]. 1993, 76, 62—66.
Klayya, S.; Tawichai, N.; Intatha, U.; Zhang, H.; Bilotti, E.; Soykeabkaew, N. Sustainable nanocomposite coating for moulded pulp
with enhanced barrier properties for food packaging applications. Polym. Int. 2023, 72, 323-332. [CrossRef]

Lang, C.V.; Jung, J.; Wang, T.; Zhao, Y. Investigation of mechanisms and approaches for improving hydrophobicity of molded
pulp biocomposites produced from apple pomace. Food Bioprod. Process. 2022, 133, 1-15. [CrossRef]

Chi, K.; He, J.; Lin, W.-S,; Bokhari, SM.Q.; Catchmark, ].M. Electrostatically Complexed Natural Polysaccharides as Aqueous
Barrier Coatings for Sustainable and Recyclable Fiber-Based Packaging. ACS Appl. Mater. Interfaces 2023, 15, 12248-12260.
[CrossRef] [PubMed]

Hussain, K.A.; Romanova, S.; Okur, I.; Zhang, D.; Kuebler, J.; Huang, X.; Wang, B.; Fernandez-Ballester, L.; Lu, Y.; Schubert, M.;
et al. Assessing the Release of Microplastics and Nanoplastics from Plastic Containers and Reusable Food Pouches: Implications
for Human Health. Environ. Sci. Technol. 2023, 57, 9782-9792. [CrossRef] [PubMed]

General Information Brief Concerning the Regulation of Materials and Articles Intended to Come into Contact with Food.
Regulation (EC) No. 1935/2004. 2004.

Bradley, E.L.; Stratton, ].S.; Leak, J.; Lister, L.; Castle, L. Printing ink compounds in foods: UK survey results. Food Addit. Contam.
Part B Surveill. 2013, 6, 73-83. [CrossRef] [PubMed]

Wrona, M.; Roman, A.; Song, X.-C.; Nerin, C.; Dreolin, N.; Goshawk, J.; Asensio, E. Ultra-high performance liquid chromatography
coupled to ion mobility quadrupole time-of-flight mass spectrometry for the identification of non-volatile compounds migrating
from nmatural’ dishes. J. Chromatogr. A 2023, 1691, 463836. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3183/npprj-1998-13-04-p263-268
https://doi.org/10.3183/npprj-1999-14-02-p105-110
https://doi.org/10.1007/s10570-021-03781-2
https://doi.org/10.3390/nano13131931
https://www.ncbi.nlm.nih.gov/pubmed/37446447
https://doi.org/10.1016/j.indcrop.2022.115102
https://doi.org/10.15376/biores.8.1.472-486
https://designerdata.nl/materials/plastics/thermo-plastics
https://www.natureworksllc.com/
https://doi.org/10.1002/pi.6469
https://doi.org/10.1016/j.fbp.2022.02.003
https://doi.org/10.1021/acsami.2c17886
https://www.ncbi.nlm.nih.gov/pubmed/36848253
https://doi.org/10.1021/acs.est.3c01942
https://www.ncbi.nlm.nih.gov/pubmed/37343248
https://doi.org/10.1080/19393210.2012.725774
https://www.ncbi.nlm.nih.gov/pubmed/24779870
https://doi.org/10.1016/j.chroma.2023.463836

	Introduction 
	Materials and Methods 
	Materials 
	Pulp Fibre Characterization 
	Sheets 
	Thermoformed Test Specimens 
	Mechanical Testing of Sheets and Dogbone Specimens 

	Results and Discussion 
	Fibre Characteristics 
	Thermopressed Sheet Samples 
	Assessment of Moulded Dogbone Test Specimens 
	Demonstrators 

	Conclusions 
	References

