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Abstract

The use of cellulose nanopapers as reinforcement to produce high performance
polymer composites is investigated in this thesis. Cellulose nanopapers are dense
networks of nanofibrils that uses the hydrogen bonding ability of cellulose nanofibres.
Both microbially synthesised cellulose nanofibres (known as bacterial cellulose or BC)
and wood derived cellulose nanofibrils (CNF), were used in this work.

This thesis starts with the investigation of the influence of test specimen
geometries on the measured tensile properties of both CNF and BC nanopapers is
investigated. Miniaturised specimens are often used for the tensile testing of cellulose
nanopapers as there are no standardised test geometries to evaluate their tensile
properties Four test specimen geometries were studied: (i) miniaturised dog bone
specimen with 2 mm width, (i1) miniaturised rectangular specimen with 5 mm width, (ii1)
standard dog bone specimen with 5 mm width and (iv) standard rectangular specimen
with 15 mm width. It was found that the tensile moduli of both CNF and BC nanopapers
were not significantly influenced by the test specimen geometries if an independent strain
measurement system (video extensometer) was employed. The average tensile strength
of the cellulose nanopapers is also influenced by test specimen geometries. It was
observed that the smaller the test specimen width, the higher the average tensile strength
of the cellulose nanopapers. This can be described by the weakest link theory, whereby
the probability of defects present in the cellulose nanopapers increases with increasing
test specimen width. The Poisson’s ratio and fracture resistance of nanopapers are also
discussed.

The use of (ultra-)low grammage nanopaper as polymer reinforcement is also
investigated. Bacterial cellulose (BC) nanopapers of 5, 10, 25 and 50 g m? were
manufactured. Vacuum filtration to produce a 5 g m nanopaper was found to be 3 times
faster than that of a 50 g m?. Low grammage nanopapers possessed a tensile modulus
and strength as low as 2.4 GPa and 31 MPa respectively, against 11.8 GPa and 111 MPa
for the 50 g m2. Laminated composites containing 10, 5, 2 and 1 layer(s) of 5, 10, 25 and
50 g m™ nanopapers were produced using a polylactide (PLLA) matrix. With a fibre

loading fractions of vy > 39%, the manufactured composites all possessed a tensile



modulus and strength of ~10 GPa and ~100 MPa, respectively. The porosity of the
nanopapers increased from 48% to 78% from 50 g m2 to 5 g m2. The porosity of the
composites was ~10% independently of the layup. Finally, SEM images of the fracture
surfaces of the composites revealed a layered morphology with little or no impregnation.

The mechanical response of PLLA reinforced with multiple layers of BC
nanopaper is then discussed. Laminated composites consisting of 1, 3, 6 and 12 sheet(s)
of BC nanopaper were produced. It was observed that increasing the number of BC
nanopaper led to an increase in the porosity of the resulting BC nanopaper-reinforced
PLLA laminated composites. The tensile moduli of the laminated composites were found
to be ~12.5 — 13.5 GPa, insensitive to the number of sheets of BC nanopaper in the
composites but the tensile strength of the laminated composites decreased by up to 25%
(from 121 MPa to 95 MPa) when the number of reinforcing BC nanopaper increased
from 1 to 12 sheets. This was attributed to the presence and severity of the scale-induced
defects increased with increasing number of sheets of BC nanopaper in the PLLA
laminated composites.

Finally, the environmental impacts of BC- and CNF-reinforced epoxy composites
were evaluated using life cycle assessment (LCA). Neat polylactide (PLA) and 30%
randomly oriented glass fibre-reinforced polypropylene (GF/PP) composites were used
as benchmark materials for comparison. A cradle-to-gate LCA showed that BC- and
CNF-reinforced epoxy composites have higher global warming potential (GWP) and
abiotic depletion potential of fossil fuels (ADf) compared to neat PLA and GF/PP even
though the specific tensile moduli of the nanocellulose-reinforced epoxy composites are
higher than neat PLA and GF/PP. However, when the use phase and the end-of-life of
nanocellulose-reinforced epoxy composites are considered, their “green credentials™ are
comparable to that of neat PLA and GF/PP composites. The life cycle scenario analysis
showed that the cradle-to-grave GWP and ADf of BC- and CNF-reinforced epoxy
composites could be lower than neat PLA when the composites contains more than 60
vol.-% nanocellulose. The LCA model suggests that nanocellulose-reinforced epoxy
composites with high nanocellulose loading is desired to produce materials with “greener

credentials” than the best performing commercially available bio-derived polymer.
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1 Introduction

Nanometre scale cellulose fibres, or nanocellulose, are emerging nano-
reinforcement for polymers. The major driver for utilising nanocellulose as
reinforcement is the possibility of exploiting the high tensile stiffness and strength of
cellulose crystals [1]. Raman spectroscopy and X-ray diffraction have estimated the
tensile moduli of a single nanocellulose fibre to be between 100-160 GPa [2-5]. The
tensile strength of a single nanocellulose fibre was estimated to be 900 MPa based on
experiments conducted on single elementary flax and hemp fibres [6]. More recently,
Saito et al. [7] used ultrasound-induced fragmentation of nanocellulose fibres to estimate
the tensile strength of a single 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) oxidised
nanocellulose fibre. The authors estimated the tensile strength of single wood- and
tunicate-derived nanocellulose fibre to be 1.6 GPa and 3.2 GPa, respectively based on
this method.

Nanocellulose can be produced via two approaches: top-down or bottom-up. In
the top-down approach, lignocellulosic biomass such as wood pulp can be exposed to
high intensity ultrasound [8] to isolate the cellulose nanofibres from fibre bundles or
passed through stone grinders [9,10] and high pressure homogenisers or microfluidisers
[11,12] to fibrillate these fibres to the nanometre scale. This lignocellulosic biomass-
derived nanocellulose is more commonly known as cellulose nanofibres® (CNF). In the
bottom-up approach, nanocellulose is produced by the fermentation of low molecular

weight sugars using cellulose-producing bacteria, such as from the Acetobacter species

* The term microfibrillated cellulose and nanofibrillated cellulose are also often used in
literature.
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[13]. Microbially synthesised cellulose, more commonly known as bacterial cellulose
(BC), is secreted by the bacteria in the form of wet pellicles (thick biofilm). BC is
synthesised directly as nanofibres of approximately ~50 nm in diameter and several
micrometres in length [13]. Nanocellulose can also be extracted from certain algae and
tunicates [14].

A pre-requisite to producing high performance CNF- and BC-reinforced polymer
composites is to incorporate high loadings of nanocellulose (typically > 30 vol.-%) into
the polymer matrix [15]. In this context, high performance cellulose networks or
nanopapers can be used directly as reinforcement for polymers. Cellulose network in the
form of cellulose nanopapers represents a conceptually important material structure [16]
for various applications, including filtration membranes [17], packaging [18], electronics
[19] and as nano-reinforcement for polymers [15]. Whilst cellulose nanopapers are dense
and difficult to impregnate with resin, using nanopapers is the only feasible and
economically viable manufacturing technology to achieve high nanocellulose loading
fractions within composites, which is also a prerequisite to producing high performance

nanocomposites.

1.1  Aim and objectives

The aim of this thesis is to make use of cellulose nanopapers to produce truly
green, high-performance cellulose nanopaper-reinforced polymer composites. The
specific objectives are:

¢ To produce high performance nanopaper-reinforced polymer composites
¢ To manufacture (ultra-)low grammage nanopapers that can be impregnated with a

polymer at the single nanofibre level
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s To assess and quantify the green credentials of cellulose nanopaper-reinforced

polymer composites.

1.2 Structure of the thesis

This thesis is split into 8 chapters. Chapter 2 contains a state of the art of neat
cellulose nanopaper-reinforced polymer composites. Chapter 3 describes the influence of
sample geometry on the measured tensile properties of cellulose nanopapers. Chapter 4
discusses the use of (ultra-)low grammage BC nanopaper as reinforcement for
polylactide (PLLA) composite laminates. Chapter 5 investigates the influence of the
number of reinforcing BC nanopapers on the tensile properties of BC nanopaper-
reinforced PLLA composite. The life cycle assessment of cellulose nanopaper-reinforced
polymer composites is discussed in chapter 6. Finally, chapter 7 summarises the
conclusions from this thesis and chapter 8 discusses possible directions for future work in

the continuation of this thesis.
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2 Literature review

2.1 Nanocellulose in polymer composites

2.1.1 Nanocellulose-reinforced polymer composites

The first use of nanocellulose as reinforcement for polymer, namely
polypropylene (PP), polystyrene (PS) and polyethylene (PE) was reported by Boldizar et
al. [20]. The authors reported that the incorporation of 40 wt.-% nanofibrillated cellulose
in PS by melt compounding increased the tensile modulus of their injection moulded
sample from 2.4 GPa to 5.2 GPa. This experimentally obtained tensile modulus was
more than what they calculated theoretically using the Halpin-Tsai equation and was
interpreted as a direct result of the high aspect ratio, modulus and strength of the
nanofibrils.

Since then, many authors have produced nanocellulose-reinforced composites
using different polymers, different nanocellulose contents as well as multiple
manufacturing techniques. Figure 1 and Figure 2 show the tensile modulus and strength,
respectively, of BC- and CNF-reinforced polymer composites found in the literature in
function of their nanocellulose volume fraction. From Figure 1 and Figure 2, it can be
concluded that high nanocellulose loading fractions must be achieved in order to produce
composites with high mechanical performance [15]. Lee et al. [15] recommended fibre
volume fractions of >30 vol.-% should be reached in order to surpass the tensile

properties of PLLA (polylactide), a commercially available green polymer.
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Figure 1: Tensile modulus of BC- and CNF-reinforced polymer composites found in the
literature in function of their fibre volume fraction. Data obtained from [15] with the
addition of recent relevant cellulose nanopaper-reinforced polymer composite data.
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Figure 2: Tensile strength of BC- and CNF-reinforced polymer composites found in the
literature in function of their fibre volume fraction. Data obtained from [15] with the
addition of recent relevant cellulose nanopaper-reinforced polymer composite data.
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The same group of authors also showed that the tensile properties of cellulose
nanopaper-reinforced polymer composites are governed predominantly by the tensile
properties of the cellulose nanopaper used [15]. Cellulose nanopapers are typically
produced by vacuum filtration of a dilute nanocellulose-in-water suspension followed by
water removal and heat consolidation. The tensile properties of the resulting cellulose
nanopaper-reinforced polymer composites follow closely the prediction of the volume-
weighted average between the tensile properties of the cellulose nanopaper and the

polymer matrix:

Ecomposite = Enanopapervf + Ematrix X (1 - Uf) (21)

cfcomposite = cfnanopapervf + Omatrix X (1 - Uf) (22)

where  Ecomposite> Enanopaper a0d Epaerix denote the tensile moduli of the cellulose

nanopaper-reinforced polymer composites, cellulose nanopaper and matrix, respectively.
Onanocomposites Onanopaper aNd Tmairix are the tensile strengths of the composites, cellulose
nanopaper and the matrix, respectively. v; is the volume fraction of cellulose nanopaper
in the composites.
2.1.2 BC nanopaper-reinforced polymer composites

Yano et al. [21] reported in 2005 among the highest tensile properties for a BC-
reinforced polymer composite. In this work, the authors produced a 65 wt.-% BC-
reinforced epoxy composite by the infusion of BC nanopaper under vacuum (vacuum
assisted resin infusion or VARI). The tensile strength of the resulting composite was

measured to be around 325 MPa, improving upon the 260 MPa measured for the BC
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sheet alone. The tensile modulus of the BC nanopaper-reinforced epoxy composite was
found to be around 20-21 GPa. Despite the high BC volume fraction, the transparency of
the neat epoxy resin was well retained in the resulting BC-reinforced composite (Figure
3) with a light transmittance of >80% in the 500-800 nm range. This was attributed to the
size of the BC nanofibres (~50 nm) which is postulated to be small enough not to induce
light scattering, which is usually associated with the presence of a reinforcing phase in a

polymer.

(a) (b) (c)

Figure 3: (a) BC nanopaper (b) 62 wt.-% with acrylic resin and (c) 65 wt.-% with epoxy
resin taken from Yano et al. [21].

Contrarily to VARI, lamination constitutes a very simple and quick way to
produce cellulose nanopaper-reinforced polymer composites. Quero et al. [22] used
compression moulding to produce a laminated composite consisting of a dried and well
consolidated sheet of BC (at vf = 18 vol.-%) between sheets of PLLA. A tensile modulus
and strength of 4 GPa modulus and 115 MPa, respectively, was obtained for the resulting
BC nanopaper-reinforced PLLA composite. In this work, the differences induced by

different cultivation time of BC was also studied. Higher mechanical properties of the
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resulting dried and well consolidated BC network were positively correlated with longer
cultivation times. However, the BC nanopaper-reinforced laminated composite
containing the BC that was cultivated for the shortest time was found to possess the
highest tensile properties. The authors further used Raman spectroscopy to demonstrate
that stress transfer efficiency between the BC network and the matrix was better for BC
network that were cultivated for the shortest time. Because no impregnation of the PLLA
in the BC network was observed, it was postulated the thinner and less laminated
morphology of these BC networks were the factors leading to better stress transfer.
Following up upon this work, high BC loading fraction and high performance BC
nanopaper-reinforced PLLA composites with a laminated composite architecture (as
observed in the SEM images in Figure 4) was produced by stacking and compression-
moulding BC nanopaper between two thin PLA films [23]. A BC nanopaper loading of
65 vol.-% was achieved by producing extremely thin PLLA films using solvent casting.
The resulting composites possessed a tensile modulus and strength of 6.9 GPa and 125
MPa, respectively, improving upon the work of Quero et al. [22]. Nevertheless, it was
found that the tensile properties of the BC nanopaper-reinforced PLLA composite were
closer to the prediction of equation 2.1 and 2.2 than prediction from micromechanical
models relying on the single BC nanofibre properties. This led to the conclusion that the
tensile properties of BC nanopaper-reinforced laminated composites are dominated by
the tensile properties of the reinforcing cellulose nanopaper instead of that of the single

BC nanofibre.

24



Figure 4: Fractured surface of a BC nanopaper-reinforced polylactide (vi=65 vol.-%)
produced by lamination observed by SEM [23]. The inset shows a photo of the produced
laminated composite.

Cellulose nanopaper-reinforced polymer composites can also be produced by
immersing nanopaper(s) in a liquid resin, followed by a consolidation/crosslinking step.
This method has been used to reinforce polydiethylene glycol bis(allyl carbonate)
(DEAC) [24], a castor oil based polyurethane [25] and a photocurable polyurethane [26],
with BC nanopaper. In [24], the authors obtained a transparent composite with 88% light
transmittance at 550 nm at 63 vol.-% BC. This was attributed to complete filling of the
pores of the BC network. These results are comparable to the results obtained by Yano et
al. [21]. It was also noted the photocuring of the DEAC was much quicker than the
thermal curing of more traditional resins. The tensile modulus and strength measured for
this composite was of 6.4 GPa and 130 MPa respectively.

In [25], a light transmittance of 82% at 700 nm was achieved for the BC
nanopaper-reinforced PU composites with a BC loading of 79 vol.-%, which is also
comparable to the two previous studies [21,24]. For this work, the tensile modulus and

strength obtained for the BC nanopaper-reinforced composite were of 6 GPa and 70
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MPa, respectively. This demonstrates the potential of BC nanopaper as reinforcement to
produce transparent composites. In [26], the authors produced BC nanopaper-reinforced
polyurethane composite by immersing the nanopaper in the resin for 1 min, followed by
3 min of photocuring. A tensile modulus and strength of 11.6 GPa and 151 MPa,
respectively, were reported at a BC loading fraction of 51 vol.-%. The higher tensile
properties obtained by these authors with PU compared to [25] can be attributed to the
stronger polymer matrix used (0.19 GPa and 16 MPa modulus and strength respectively
vs 0.016 GPa and 2 MPa in [25]). The authors also produced composites with more
porous BC nanopapers by either using less pressure during consolidation or by drying the
BC nanopaper from ethanol. The tensile properties of these composites, however, were
not as high as those obtained with a well consolidated BC nanopaper.
2.1.3 CNF nanopaper-reinforced polymer composites

Wang et al. [27] also used an immersion technique to produce CNF-reinforced
polyvinyl alcohol (PVA). The CNF nanopaper was immersed in a PVA solution for 12 h,
followed by drying at 40°C overnight. The resulting composite (CNF loading fraction of
76 vol.-%) possessed a light transmittance of 84% at a wavelength of 600 nm,
demonstrating that CNF nanopapers can also be used to produce optically transparent
composites. The composite also possessed a tensile modulus and strength of 6 GPa and
123 MPa respectively (Figure 5b), which followed closely tensile properties predicted by
equation 2.1 and equation 2.2. The strain at break of the composite, however, was limited
to the strain-at-break of the CNF nanopaper (8.6%) and thus did not benefit to the high

strain-at-break of PVA (Figure 5a).
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Figure 5: Stress/strain curves and tensile strength and modulus of the CNF nanopaper,
neat PVA and CNF nanopaper-reinforced PVA composite obtained by Wang et al. [27].

Optically transparent composites were also produced using CNF nanopapers as
the reinforcement for acrylic resin (Tricyclodecane dimethanol dimethacrylate
TCDDMA) [28]. After immersing the CNF nanopaper for 24 h in the acrylic resin, the
composites were cured using UV light, followed by drying for 2 h at 105 °C. In this
work, the number of passes of the starting pulp through a grinder to produce CNF was
studied to understand the influence of the degree of fibrillation on the properties of the
resulting composites. A higher number of passes led to denser CNF nanopapers which
ultimately increased light transmittance in the resulting composites (up to 85%
transmittance for a composite containing 88 wt.-% CNF passed 30 times in the grinder).
However, it was found that a large number of passes degraded the CNF and led to lower
mechanical properties of the resulting CNF nanopaper-reinforced composites. The CNF
nanopaper-reinforced composite resulting from the CNF that was passed 5 times in the

grinder was found to possess the highest tensile properties. At 86 wt.-% CNF, this
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composite possessed a tensile modulus and strength of 8.1 GPa and 94 MPa,
respectively.

Henriksson et al. [29] produced CNF nanopaper-reinforced melamine
formaldehyde (MF) composite by immersing CNF nanopaper in a water/MF solution.
After a drying step to evaporate the water, the impregnated CNF nanopaper was pressed
for 10 min at 160°C under a pressure of 30 MPa to cure the resin and produce a rigid and
semi-transparent CNF nanopaper-reinforced composite. The authors produced a CNF
nanopaper-reinforced composites at CNF loading fractions of 87, 91 and 95 vol.-%. No
significant variation of the tensile modulus of the composites was observed (~16 GPa).
However, the highest tensile strength of the CNF nanopaper-reinforced composite was
obtained for composites reinforced with 95 vol.-% CNF (142 MPa). The authors also
noted the higher transparency of the composites compared to neat CNF nanopapers
suggested that porosity of the neat nanopapers decreased due to impregnation of MF.

CNF nanopaper-reinforced epoxy composites were also produced by immersing
CNF nanopaper in epoxy diluted using acetone, followed by a curing cycle [30]. The
CNF nanopaper-reinforced composites possessed a CNF loading fraction of ~20 vol.-%.
In this study, an in-house made bio epoxy that possessed a high toughness (or work of
fracture) was added to a commercial epoxy in order to increase toughness. Additionally,
neat CNF nanopaper was also compared with acetone dried nanopaper. The neat CNF
nanopaper reinforcing commercial epoxy possessed the highest tensile modulus at 7.7
GPa but a strength of only 81 MPa while acetone dried CNF nanopapers lead to
composites with a modulus of 4.2 GPa and strength of 112 MPa. The addition of 10 wt.-

% toughened bio epoxy in the composite reinforced with neat CNF nanopaper did not
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result in a statistically significant increase in toughness. The authors also showed their
experimental results were extremely close to predictions made using equation 2.1 and
equation 2.2.

Aitomidki et al. [31] studied the impregnation of different types of CNF
nanopapers by a low viscosity epoxy resin using vacuum assisted resin infusion (VARI).
The authors produced CNF nanopapers with different porosities by drying them from
acetone, methanol or using freeze drying and observed that higher network porosity
caused faster impregnation by the resin. At v, = 40 vol.-%, the water dried CNF
nanopaper-reinforced epoxy composite possessed a tensile modulus and strength of 7.0
GPa and 114 MPa, respectively. However, higher porosity networks (80% for a freeze
dried nanopaper) possessed lower tensile properties. It was observed that the lower
porosity nanopaper (23% when dried from water) led to the highest tensile properties for
the resulting composite.

2.1.4 BC nanopaper vs CNF nanopaper as reinforcement for polymers

Recently, both BC nanopaper- and CNF nanopaper-reinforced laminated
composites were fabricated and compared [32]. In this study, two cellulose nanopapers
with an intercalated layer of epoxy were hot-pressed at 120°C for 2 h. Both the BC- and
CNF-reinforced epoxy composites possessed a loading fraction of ~80 vol.-%. The BC
nanopaper-reinforced epoxy composite was found to possess a tensile modulus and
strength of 9 GPa and 151 MPa, respectively, while the CNF nanopaper-reinforced
epoxy composite possessed a higher tensile modulus 12.2 GPa but lower tensile strength
(85 MPa). A brief comparison of the reinforcing ability of BC and CNF was given by the

authors who linked the higher tensile modulus of the CNF nanopaper-reinforced
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composite to better packing efficiency of the thinner CNF nanofibrils. The authors
indicated the higher tensile strength of BC nanopaper-reinforced composites could be
due to higher purity and better homogeneity of the fibrils.

Two other studies comparing the reinforcing abilities of CNF and BC nanopapers
show slightly different results. In the work of Lee et al. [33], both CNF and BC
nanopapers were manufactured (Figure 6). To produce, both CNF and BC nanopaper-
reinforced composite, 11 sheets of cellulose nanopapers were stacked and infused with
an epoxy resin using VARI. Very similar tensile mechanical performances were reported
for both CNF and BC nanopaper-reinforced composites. At 49 vol.-% BC, the BC
nanopaper-reinforced epoxy composite possessed a tensile modulus and strength of 102
MPa and 7.1 GPa, respectively. At 58 vol.-% CNF, the CNF nanopaper-reinforced epoxy
composite possessed a tensile strength and modulus of 96 MPa and 8.5 GPa,
respectively. When the tensile modulus and strength of the fabricated composites was
normalised for 60 vol.-%, the tensile modulus of both BC and CNF composites was ~8.8
GPa. However, the authors reported a degree of crystallinity of 41% for CNF against
72% for BC, which was explained by the presence of impurities in the CNF. This led to a

higher thermal degradation temperature for BC.
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Figure 6: BC nanopaper (left) and CNF nanopaper (vight). Taken from Lee et al. [33]

In the work of Nakagaito et al. [34], CNF and BC nanopapers were immersed in
diluted phenol formaldehyde under vacuum before drying at ambient temperature and
finally being cured at 50 °C for 6 h . At a nanocellulose loading fraction of ~79 vol.-%,
the BC nanopaper-reinforced composite possessed a tensile modulus of 28 GPa when the
modulus of the CNF nanopaper-reinforced composite was measured to be 19 GPa. While
for both nanocellulose type, satisfying reinforcement was obtained, the authors explained
the BC nanopaper-reinforced composite possessed a much higher Young’s modulus than
the CNF one because of “extremely fine, pure, and dimensionally uniform ribbon-like
cellulose microfibril bundles”.

The tensile modulus and tensile strength of (unmodified) cellulose nanopaper-
reinforced composites found in the literature are summarised along their fibre volume
fractions in Table 1. The tensile properties reported in Table 1 demonstrate that cellulose
nanopaper-reinforced polymer composites can surpass a widely use biopolymer such as

PLLA. However, the green credentials of these composites need to be verified.
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Table 1: Tensile modulus (E) and strength (omay) of (unmodified) cellulose nanopaper-
reinforced polymer composites found in the literature. The column labelled ‘#’ indicates
the number of BC nanopaper(s) in the composite.

Ref. # Type  Matrix Method vy (%)  E (GPa) Omax (MPa)
[35] 1 BC Epoxy VARI! ~50 20.5+0.5 325

[36] 1 BC PLLA Lamination 18 40+£04 115+£10
[33] 11 BC Epoxy VARI! 49 7.1+0.1 102

[23] 1 BC PLLA Lamination 65 69+0.5 125+12
[25] 1 BC Polyurethane Immersion 79 6.0 70

[26] 1 BC Polyurethane Immersion 51 11.6 151

[24] 1 BC DEAC? Immersion 63 64+08 130+9
[32] 2 BC Epoxy Lamination  ~80 9.0+0.1 151+9
[16] 1 CNF  MF? Immersion 87 15.7 108

[28] 1 CNF TCDDMA* Immersion ~83 8.1 94

[33] 11 CNF  Epoxy VARI! 58 85+02 96=+1
[27] 1 CNF PVA Immersion ~76 6.0£02 125+1
[31] 1 CNF  Epoxy VARI! 40 70+1.8 11411
[30] 1 CNF  Epoxy Immersion 20 49+0.3 132+2
[32] 2 CNF  Epoxy Lamination  ~80 122+£0.5 85+4

"'Vacuum assisted resin infusion
Diethylene glycol bis(allyl carbonate)
3Melamine formaldehyde

“Tricyclodecane dimethanol dimethacrylate
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2.2 Life cycle analysis and nanocellulose

2.2.1 Principles of Life Cycle Analysis

The life cycle analysis (LCA) tool has been considerably developed in the last fifteen
years as part of the increasing interest toward environmental performance. An LCA is
divided into 4 main phases [37] described below:
¢ Goal and scope definition: aims and objectives of the study. Definition of the system

boundaries and main hypothesis and assumptions.
¢ Inventory analysis: data collection and allocation of the environmental burdens.
¢ Impact assessment: calculation of the different impacts and understanding of the

significance of the results.
¢ Interpretation and recommendations: sensitivity and consistency check to reach a
conclusion leading to recommendations.

One of the main factors that will vouch for the quality of an LCA is the quality of
the data. Lack of data, to some extent, is part of any LCA. For this reason, imprecision of
data, hypothesis and incompleteness must be described thoroughly to allow discussion.
The separation of a foreground and background system also helps improving the results
of an LCA. The foreground system is defined by the processes of main importance that
are directly impacted by any decisions made for the study and the background system is
defined by the processes used to support the foreground system (supply of energy and
materials) [38]. The description of the assumptions should be based on either engineering
estimates or carefully selected references.

One critical point of an LCA aiming at comparing products is the criterion used

for a fair comparison. This criterion, called the functional unit, expresses the function in
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quantitative terms [37]. For material-related LCA, a mass or volume are common
functional units. However, when the material is destined for targeted applications, the
functional unit should be linked to a performance indicator that considers the desired
properties. A method for materials selection has been developed by Ashby and allows
comparison of materials on a performance basis [39]. Comparing materials in LCA
should be done using performance indicators related to the requirements for the material
and part geometry, whether it is mechanical properties, thermal properties or any other
material property.

The results of an LCA are obtained by applying factors to all the input and
outputs. Different calculation methods exist (i.e. applying different factors) and can lead
to significant results variations. However, Simoes et al. [40] demonstrated that this is not
the case on the following impact categories: climate change, ozone layer depletion,
acidification and eutrophication. For that reason, these four impacts constitute the core of
many studies as they are the most trustworthy and are relatively independent of the
calculation method. Also, it is important in any LCA study to show the results in
different impact categories and not just cumulative energy demand and greenhouse gas
emission as some processes can influence positively on one of these categories while
being a burden in every other category. For example, Lazarevic et al. [41] showed that
landfill at the end of life has smaller impact than incineration on greenhouse gas
emissions but a more important impact in every other category. The impacts categories
that are used in this thesis along with a brief description [42] are listed below:

¢ Global Warming Potential (CO, eq):
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Greenhouse gases (GHG) increase the reflection of heat from sunrays and are responsible
for global warming. An increase in GHG (CO,, CH., N,O and CFCs) will result in more
heat “trapped” in the atmosphere and ultimately, climate change. Industrial activity,
deforestation and pollution are responsible of the increase in GHG. The global warming
effect will eventually lead to increasing sea level and various effects on biodiversity due
to the warmer climate such as species extinctions, spreading of diseases, heavy rains and
floods (as hot air can transport more humidity) or poor air quality.

¢ Acidification Potential (SO, eq):
The emissions of SO,, HCI, HF, NO, and NH, are responsible for the general acidification
of soils and waters that ultimately leads to less available nutrients for plants, the death of
marine animals and a general increase in corrosion.

¢ Abiotic Depletion Fossil (MJ):
This impact accounts for the consumption linked to non-renewable resources: fossil
fuels, metals and minerals unlike CED (cumulative energy demand) that also takes into
accounts the renewable energy consumption. This impact is strongly related to the two
previous impacts described (GWP and AP) as energy demand is usually mostly met by
burning fossil fuel that will result in the emission of CO, and SO..

¢ Photochemical Ozone Creation Potential (ethene eq):
Ozone creation at ground level (known commonly as summer smog) has a negative
impact on both human and animal respiratory systems as well as ecosystems as it
decreases photosynthesis capacity. Photochemical ozone formation occurs with the
exposition to sunlight of volatile organic compounds (VOCs) and NO..

¢ Freshwater ecotoxicity Potential (DCB eq):
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Measured in dichlorobenzene equivalent, the calculation of this impact is based on the
maximum tolerable concentration in water, for aquatic organisms, of certain toxic
substances. This impact category is particularly interesting in systems using large

amounts of water that can become contaminated by chemicals.

2.2.2 LCA of nanocellulose production

Albeit not giving a full environmental report, some works do report the high
energy consumption of the transformation of cellulose to nanocellulose. Spence et al.
[43] compared the energy consumption of using a homogeniser, a microfluidiser and a
micro-grinder with different process parameters (pre-treatment, number of passes and
pressure/speed) to obtain nanocellulose. This study is particularly interesting as the
authors tried to take into account the mechanical, optical and water interaction properties
of the resulting CNF by testing them in network form. The conclusions that can be drawn
of their results is that using a micro-grinder is the less energy consuming mechanical
treatment (requiring only 1.5 kWh kg™') while the microfluidiser requires more energy
but results in slightly higher tensile index for the CNF films as shown in Figure 7.
Additionally, micro-grinding is the only method that does not require refining of the

fibres as pre-treatment making it an overall simpler process.
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Figure 7: Unbleached hardwood films tensile indices based on energy consumption and
processing method. Closed square: neat, closed circle: pre-treated, open square:
homogenizer, open circle: microfluidizer, open triangle: grinder, open inverted triangle
grinder with pre-treatment). Obtained with permission from [43].

In a similar study, Josset et al. [44] used micro-grinding to produce nanocellulose
out of recycled materials (wheat straw and recycled newspaper) and wood pulp
(elemental chlorine free bleached wood-pulp fibres). Only 1.25 kWh kg! were necessary
to improve greatly the tensile modulus and tensile strength of the wood pulp based CNF
but around 5 kWh kg'! were necessary to get the overall best for all the tested properties.
On the other hand, both recycled materials properties improved with increasing micro-
grinding cycles and required around 5 kWh kg'! to reach their best potential. Lee and
Mani [45] used a dry grinding process to successfully extract CNF from cellulose powder
using only 0.894 kWh kg!. However, with an average nanofibre diameter of 119 nm, this

study shows it is difficult to compare raw energy consumption when significant variation
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in the end product, here demonstrated by the relatively high fibre diameter, can be
observed.

Focusing solely on environmental impact, Li et al. [46] used life cycle analysis
(LCA) to study the production of CNF using high pressure homogenisation and high
intensity sonication. TEMPO-oxidised or chloroacetic acid etherified Kraft pulp was
chosen as the starting material for the analysis and the two chemical treatments were thus
also compared. The authors found in their analysis that CNF obtained through the high
pressure homogenisation of tempo-oxidised Kraft pulp presents the lowest environmental
impact compared to all the production routes tested assuming that, no matter the route,
the resulting CNF possesses the same properties. Piccinno et al. [47] conducted their
LCA on CNF produced from carrot waste with the use of an enzymatic treatment. The
energy consumption and CO, emissions were found to be comparable to those of Li et al.
[46] but the authors also highlighted their water-based process had other environmental
advantages over more traditional, chemical-heavy, processes. Arvidsson et al. [48]
showed the environmental impact of CNF production could be much lower than found by
the previous authors as seen in Table 2. The authors modelled a process that includes
microfluidisation and homogenisation and showed that it is by using an enzymatic pre-
treatment that the environmental impact could be greatly reduced. The addition of
solvent recovery in their system also played a major role in the reduced impacts
compared to the study of Li et al. [46]. However, in this study as well, the resulting CNF

is assumed to be the same regardless of the manufacturing route.
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Table 2: Lowest reported CED and GWP for the production of CNF at laboratory scale
and at industrial scale.

Type GWP Method F.U.(kg) CED MJ) GWP (kg CO2eq)
CNF [48] ReCiPe 1 100? 12

CNF [46] IPCC 7 0.01 34.7 1.9

CNF [47] IPCC 7 0.01 25.2 1.5

CNF® [49] IPCC 7 1000 ~8500%¢ 750°

values estimated from a graph
bat industrial scale
‘based on ReCiPe “fossil depletion fossil” in kg oil eq

Another LCA focusing on a nanocellulose product was reported recently by
Hohenthal et al. [49]. In their technical report, the authors found the fossil energy
consumption of producing CNF at industrial scale to be approximately 107.5 MJ kg'.
This is significantly higher than the production of PLA which consumes only 42 MJ kg"!
of fossil energy [50]. However, the global warming potential of the production of 1 kg of
CNF paper was found to be lower than that of PLA with 1 kg CO, equivalent against 1.3
kg CO» equivalent for the production of 1 kg of PLA. This study shows the use of CNF
as a green material is much more relevant than it appears from laboratory scale studies.
To the best of the author’s knowledge no work on the sustainability of BC production

exist to this day.
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3 Sample geometry dependency on the measured tensile
properties of cellulose nanopapers

3.1 Introduction

Various researchers have reported the tensile properties of cellulose nanopapers
(Table 3). It can be seen from Table 3 that the reported density of cellulose nanopapers
varied between 0.72 and 1.61 g cm?. This variation could be attributed to the differences
in the grammage of cellulose nanopapers, as well as the manufacturing process used to
produce these cellulose nanopapers. Furthermore, the tensile moduli of cellulose
nanopapers reported in the literature vary between 1.4 GPa and 22.5 GPa and the tensile
strength of cellulose nanopapers vary between 23 MPa and 515 MPa, with various test
specimen dimensions and geometries used. In addition to this, some studies employed an
independent (video) strain measurement to monitor the strain experienced by the test
specimens whilst others used a compliance correction method to back calculate the strain
experienced by the test specimens. There are currently no standardised test methods for
evaluating the tensile properties of cellulose nanopapers. The most appropriate tensile
test standards for cellulose nanopapers are the test standards for papers and paperboards
(such as BS EN ISO 1924 and TAPPI T494), which recommend rectangular tensile test
specimens with dimensions of 180 mm between clamping lines and 15 mm width.
Nevertheless, miniaturised tensile test specimens are still often used to quantify the
tensile properties of cellulose nanopapers, presumably due to difficulties in producing

larger samples for tensile testing.

Table 3: Tensile properties of CNF and BC nanopapers reported by various authors. p,
[, w,t are the density, overall test specimen length, test specimen width and thickness of
the cellulose nanopapers, respectively. E, Omax and € are the measured tensile moduli,
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tensile strength and strain-to-failure of the cellulose nanopapers. All the reported tensile

properties are measured on rectangular test specimen geometries unless specified.

p

ILxw

t

Testing Speed E

Gmax

€

Nanopaper  Origin (gem?)  (mmxmm) (um) (mm min™) (GPa) (MPa) (%) Ref.
BC A. aceti 18 231 2.1 [51]
A. xylinus 1.1 35x5 50 1 22.5" 515" [52]
G. xylinus 30 x 1 7 0.5 9.7+2.1% 240 + 87 2.6+0.5 [2]
G. xylinus 20 x 1 35 0.5 13+1.8 218 £40 24+03 [22]
0.72 35 x2f 79 1 12+ 1.1% 123+7 7.5+0.6 [33]
1.3 20 x 4 1 173+1.2 185+18 6.5+1.0 [53]
A. xylinus 50 x5 50 17 213" 1.6" [54]
A. aceti 20 %5 40-60 2 93+03 449 +22 10.3+£0.6 [55]
G. xylinus 1.61 35 x2f 1 9.5+0.8¢ 270+ 10 6.2+0.2 [23]
16.9 260 2.1 [56]
K. rhaeticus 35x15 7.4 100 1.5 [57]
G. xylinus 15x5 20 0.6 9.4+03 192 £ 14 3.1+£0.4 [58]
CNF Kraft, Lodge pole pine 0.9 35%5 10 140° [52]
Kraft, Silver birch 0.93 35 x2f 1 128+ 1.4 103+13 42+0.8 [33]
Soda, Canola straw 1.3 20 x 4 13.6£1.0 114 £8 5.7+1.0 [53]
Soda, Spruce 1.07 50 x 15 33 175+ 1.0 154 8.6+1.6 [59]
Kraft, Douglas fir 1.53 20 x 3 60 1 13 223 [60]
Sulfite, Softwood 1.14 60 x5 200 13 180 2.1 [61]
Sulfite, Softwood 1.34 60 x 6 70 14 104 2.6 [29]
Sulfite, Softwood 40 x5 60-80 13.2+£0.6* 2147 10.1+1.4 [16]
Sulfite, Softwood 50 x 15 40 5 13.4+£03% 232+19 5+1.1 [62]
Sulfite, Softwood 1.28 60 x5 60-80 9.9+0.2 175+2 8.5+0.5 [63]
Soda, Palm fruit 0.97 75 x5 60 5 179+1.2 137+7 0.4+0.1 [64]
100 x 10 100 10 10 135° [65]
Kraft, Bagasse 62.5 8.5+0.9 131 +17 [66]
Kraft, Hardwood 320 x5 65 1 11.2+23 230+ 23 7.2+2.1 [67]
Kraft, Softwood 50 x 4f 2 8.5" 95* 4.3" [44]
Kraft, Softwood 1.47 30 x 4f 1 11.5+£0.7 158+ 16 2.1+£0.5 [68]
50 x5 200 2 1.4+£0.2¥% 23+13 2.6+0.3 [69]
Kraft 1.15 35x5 1 149+08% 243+16 6+0.2 [70]
Almond shell 38 x5 70-90 3 53+03 65+3 42+0.2 [71]
Kraft, Spinifex 25 %6 1 32+0.2 84+5 18+ 0.2 [72]
Kraft, 30x5 149+08% 243+16 6+0.2 [73]
Soda, Canola straw 20 x 4 1 14.5" 132" 5.5" [74]
Kraft, Silver birch 50 x 15 5 18+ 1.5 130+12 45+1 [75]
Kraft, Peanut shell 1.39 40 x5 60-90 1 7.1 182 8.5 [27]
Kraft, Carrot 20 x5 80-100 2 123+1.3 243 +£28 8.7+0.7 [76]
Kraft, Jack pinecone 10 x 3f 17" 273" [77]
Kraft, Poplar tree 35x5 60 1 18.3 147 0.9 [78]
Kraft, Maize stalks 20 x w 8.8+0.8 96+ 3 2.3+03 [79]
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* Values estimated from figures.

+ Dog bone shaped tensile test specimens.

§ Tensile modulus determined from engineering strain of the test specimen.

1 Tensile modulus determined from compliance correction.

¥ Tensile modulus determined from strain monitored using a non-contact (optical) extensometer.

Cellulose network in the form of cellulose nanopapers represents a conceptually
important material structure [16] for various applications, including filtration membranes
[17], packaging [18], electronics [19] and as nano-reinforcement for polymers [15].
Therefore, an accurate method for determining the mechanical properties of cellulose
nanopapers is of upmost importance. In this work, tensile tests were conducted on four
different test specimen geometries for both BC and CNF nanopapers to elucidate the
influence of specimen geometry on the measured tensile properties of cellulose
nanopapers (at constant crosshead speed). The importance of an independent strain
measurement of the test specimens is also discussed. An understanding of the influence
of test specimen geometry on the measured tensile properties of cellulose nanopapers is
not only important for the interpretation of the mechanical response but also for the
design and optimisation of the mechanical properties of nanocellulose-reinforced

polymer composites.

3.2 Experimental

3.2.1 Materials

CNF in the form of an aqueous gel with a consistency of 1.5 wt.-% was used in
this work. To produce CNF, once-dried birch Kraft pulp containing approximately 23%
amorphous xylan was soaked at 2.2% consistency overnight and dispersed using a high-
shear mixer (Dispermix, Ystral GmbH) for 10 min at 2000 rpm. This pulp suspension
was then fed into a Masuko supermasscolloider (Masuko Sangyo Co., Kawaguchi,
Japan) and passed through the grinder five times. BC was extracted from commercially
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available nata de coco cubes (Coconut gel in syrup, Xiangsun Ltd, Lugang Township,
Changhua County, Taiwan). These nata de coco cubes contain 2.5 wt.-% BC (dry basis).
Sodium hydroxide pellets (AnalaR NORMAPUR®, purity > 98.5%) were purchased

from VWR International Ltd (Lutterworth, UK).

3.2.2 Extraction and purification of BC

For each batch of 150 g of nata de coco, the cubes were first soaked and dispersed
in 3.5 L of de-ionised water using a magnetic stirrer and heated to 80 °C. Once the
desired temperature was achieved, 14 g of NaOH pellets were added into this dispersion
to produce a 0.1 M NaOH solution. The suspension was left to stir for 2 h at 80 °C to
remove any remaining microorganism or soluble polysaccharides. After this purification
step, the suspension containing nata de coco cubes was poured onto a metal sieve (mesh
size = 300 um) to drain away the NaOH solution. The nata de coco cubes were then
rinsed with 5 L of de-ionised water to remove any residual NaOH on the surface of the
cubes. After rinsing, the cubes were then blended in another 5 L of de-ionised water
using a kitchen blender (Breville VBL065) operating at maximum power output of 800
W for 2 min to produce a homogeneous BC suspension. The BC suspension was then
centrifuged at 7000 x g for 6 min to remove the excess water. The blending-

centrifugation steps were repeated until a neutral pH was attained for the BC suspension.

3.2.3 Manufacturing of cellulose nanopapers

To produce BC and CNF nanopapers with grammage of 50 g m2, homogeneous
nanocellulose suspensions were first produced by blending the nanocellulose for 3 min at
consistency of 0.1 wt.-%, followed by vacuum filtration onto a 125 mm diameter filter

paper (Grade 413, 5-13 pum particle retention, VWR International Ltd). The wet
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nanocellulose filter cake was carefully removed from the wet and used filter paper, and
sandwiched between two fresh filter papers, followed by two more blotting papers
(Grade 3MM CHR, GE Healthcare, Buckinghamshire, UK) and wet pressed between two
metal plates under a weight of 10 kg at room temperature for 10 min. This wet pressing
step was repeated once more with fresh filter and blotting papers to further absorb water
from the wet nanocellulose filter cake. Cellulose nanopapers were produced by
sandwiching the partially dried nanocellulose filter cake from the 2" wet pressing step
between fresh filter and blotting papers, and heat consolidated at 120 °C overnight under
a weight of 10 kg. The BC and CNF nanopapers produced were stored in sealed sample

bags containing dried silica gel.

3.2.4 Morphology characterisation

¢ Porosity
The true density (p) of BC and CNF was obtained using He pycnometry (Accupyc 11
1340, Micromeritics Ltd, Hexton, UK) measured on freeze-dried samples. Freeze-dried
BC and CNF were produced by dispersing the previously prepared BC and CNF
suspensions in Falcon tubes at a consistency of 0.05 wt.-% and flash frozen in liquid
nitrogen prior to freeze-drying (Christ Alpha 1-2 LDplus, Newtown, UK). The envelope
density (p.) of BC and CNF nanopapers was determined using mercury intrusion
porosimetry (Autopore IV 9500, Micromeritics Ltd, Hexton, UK) as it was found to be a
suitable method to determine p, of cellulose nanopapers [80]. Prior to the measurement,
BC and CNF nanopapers were dried at 80 °C overnight. With p and p, known, the

porosity (P) of the cellulose nanopapers can be calculated using the following equation:
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P(%) = (1 —%) x 100 3.1

% Air resistance
The air resistance of BC and CNF nanopapers was determined using a Gurley
densometer equipped with an automated digital timer (Model 4150N & Model 4320,
Gurley Precision Instruments, Troy, NY, USA). Circular test specimens of 1.5 inches in
diameter were cut and clamped between two rubber gasket O-rings located in the
measuring chamber with a cross-sectional area of 1 in?. The air resistance of the cellulose
nanopapers was determined by measuring the time taken for 2.5 ¢cm?® of air to pass
through the nanopapers at a pressure differential of 12.2 inH>O.

% SEM
The fracture surfaces of the test specimens from the fracture toughness test were
characterised using a large chamber scanning electron microscope (S-3700N, Hitachi,
Tokyo, Japan). An accelerating voltage of 15 kV was used. The samples were glued onto
aluminium stubs and Au coated (Agar auto sputter coater, Agar Scientific, Stansted, UK)

using a coating current of 40 mA for 1 min.

3.2.5 Mechanical properties characterisation

¢ Tensile properties
4 different tensile test specimens were studied in this work (Figure 8): (a) miniaturised
dog bone, (b) miniaturised rectangular test specimen, (c) standard dog bone and (d)
standard rectangular test specimen, respectively. The miniaturised dog bone shaped
specimens (type 5B in BS ISO 527: 2012) possessed an overall length of 35 mm. The

gauge length and width of this test specimen are 10 mm and 2 mm, respectively. The
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standard dog bone shaped specimens (type 1BA in BS ISO 527: 2012) used in this study
possessed an overall length of 75 mm, a gauge length of 25 mm and a width of 5 mm.
Miniaturised rectangular test specimens were obtained by removing the ends of the
standard dog bone shaped specimens to produce a rectangular dimension of 35 mm X 5

mm. The standard rectangular test specimen possessed dimensions of 70 mm x 15 mm.

@ ==

(b) ; e

1 1 1
! . 5 mm
| |

70mm

(©)

(d)

15 mm

Figure 8: A schematic showing the 4 tensile test specimen geometries used in this study.
(a) miniaturised dog bone shape, (b) miniaturised rectangular shape, (c) standard dog
bone shape and (d) standard rectangular shape. The green dashed lines are the gauge

length of the sample.

Preliminary results (data not presented here) showed that preparing the test
specimens using a razor or scalpel blade could induce defects on the edges of the test

specimens, leading to lower measured tensile properties of the samples. Therefore, all the
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test specimens were cut using a manual cutting press (ZCP020, Zwick Testing Machines
Ltd, Herefordshire, UK) equipped with the appropriate geometry of cutting die. Prior to
the test, all the test specimens were secured onto paper testing cards (140 g m™) using a
two-part cold curing epoxy resin (Araldite 2011, Huntsman Advanced Materials, UK).
This was to avoid the clamps of the tensile tester from damaging the ends of the test
specimens, potentially leading to earlier onset failure within the gripping zone of the test
specimens. After securing the test specimens onto the testing cards, the exposed length of
miniaturised test specimens and standard test specimens were 25 mm and 50 mm,
respectively. Miniaturised tensile tests were carried out using a micro-tensile tester
(Model MT-200, Deben UK Ltd, Woolpit, UK) equipped with a 200 N load cell. Tensile
tests of the standard test specimens were performed using an Instron universal tester
(Model 5969, Instron, High Wycombe, UK) equipped with a 1 kN load cell. Prior to the
test, two points were marked in the axial and transverse directions on the surface of the
test specimens, respectively. The strain of the test specimens was then monitored and
recorded based on the movements of these marked points using a non-contacting video
extensometer (iMetrum Ltd, Bristol, UK). The tensile tests were conducted at a
crosshead displacement speed of 0.5 mm min’!. Average results of 5 test specimens were
reported for each type of sample geometry.
¢ Fracture toughness of the nanopapers

The fracture toughness (K;.) of BC and CNF nanopapers was obtained from single edge-
notched specimens with dimensions of 25 mm in overall length (L) and 15 mm in width
(w). An initial crack was introduced at the centreline of the test specimen from the

specimen’s edge using a sharp scalpel. This initial crack length (a) was maintained
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between 3.1 and 4.3 mm to ensure that the ratio between initial crack length and test

specimen width (%) remained between 0.2 and 0.29. This was to maximise the efficiency

of the function Y (equation 3.3) [81]. The single edge-notched cellulose nanopapers were
then loaded in tension using a micro-tensile tester equipped with a 200 N load cell at a
crosshead displacement of 0.5 mm min'. The distance between the grips were set to be
15 mm. The fracture toughness K;. of the cellulose nanopapers was calculated from the

maximum stress (0,5 ) When crack propagation occurred using the following equation:
K. = Yoxa® (3.2)

where Y is [81]:

Y =199-0412+187( )2 — 3848 )3 +53.85( )4 (3.3)

a a a
w w w
3.3 Results and Discussion
The morphology (see Figure 9) of BC and CNF nanopapers used in this work
have been reported in another study [33]. Both types of nanocellulose possess rather
uniform fibre diameters of approximately 50 nm. The uniformity of BC nanofibres is not
surprising as the nanofibres are synthesised in a well-controlled manner by the cellulose-
producing bacteria. As for CNF, passing the starting Kraft pulp through a high shear
stone grinder (Masuko supermasscolloider) multiple times ensured that the resulting

CNF possessed a uniform fibre diameter.
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Figure 9: High resolution field emission scanning electron micrographs showing the
morphology of (a) BC and (b) CNF nanofibres. Obtained from [33] with kind
permission from ACS Publications. The scale bar represents 150 nm.

Table 4 summarises the density, porosity and air resistance of cellulose
nanopapers manufactured in this work. The true density of CNF and BC was measured to
be 1.51 gm>. BC nanopapers were also found to possess higher porosity compared to
CNF nanopapers (Table 4). The higher porosity of BC nanopapers is postulated to be due
to the inhomogeneous dispersion of BC in water prior to nanopaper production.
Aggregates or bundles of BC can be observed in the BC suspension (Figure 10). This is a
result of difficulties in disrupting the three-dimensional nano fibrous network of BC
pellicles using a low energy blender. The CNF suspension, on the other hand, is more
homogeneous. This leads to a more uniform formation of nanocellulose network within
the CNF nanopaper compared to BC nanopaper (Figure 10), forming a more densely
packed nanocellulose network in CNF nanopaper compared to BC nanopaper. Even
though both the nanopapers were found to be porous, CNF nanopaper was found to be
impermeable to air whilst 2.5 cm? of air passes through 1 in? of BC nanopaper in ~12000

s at a pressure differential of 12.2 inH>O.
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Table 4: A summary of the true density (p) of CNF and BC, bulk density (pe), porosity
(P) and air resistance of the CNF and BC nanopapers.

Nanopapers p Pe p Air Resistance
(g cm?) (gem?) (%) (s)

CNF 1.51+0.01 1.37 9.2 > 172800

BC 1.51 +£0.02 1.08 28.6 12368 + 4955

Figure 10: (a) 0.1 wt.% CNF and BC dispersed in water and (b) the homogeneity of
produced BC and CNF nanopapers.

3.3.1 Influence of the sample geometry on the tensile modulus of nanopapers

Figure 11 shows the representative stress-strain curves of CNF and BC
nanopapers for each test specimen geometry studied in this work. The stress-strain
behaviour of CNF and BC nanopapers are similar. When a cellulose nanopaper is loaded
under tension, it exhibits an initial elastic behaviour followed by inelastic deformation

with a clear brittle and catastrophic failure.

50



200
| CNF nanopaper q ¢ b 175 BC nanopaper
1s0 [ 150 [ 4 - b
5 - E 125 + a
0 100
s [ (@) Stgnflard‘rectangle Z\_, 75 [ (a) Standard rectangle
i (b) Miniaturised rectangle DS C (b) Miniaturised rectangle
50 | (c) Miniaturised dog bone 50 (c) Miniaturised dog bone
25 [ —— (d) Standard dog bone 25 L ——(d) Standard dog bone
O B 2 | 2 | ' | ' | 1 0 I/ " 1 " | L | L |
0.00 0.01 0.02 0.03 0.04 0.0 0.00 0.01 0.02 0.03 0.04
& &

Figure 11: Representative stress-strain curves of CNF and BC nanopapers for 4 different
test specimen geometries.

The measured tensile properties of the cellulose nanopapers are tabulated in

Table 5. Overall, CNF nanopapers possessed slightly higher tensile moduli and
strengths compared to BC nanopapers. Tensile moduli and strengths as high as 16.1 GPa
and 182 MPa, respectively, were obtained for miniaturised dog bone test specimens of
CNF nanopapers. For the same type of test specimen, the tensile modulus and strength of
BC nanopapers was measured to be 15.2 GPa and 149 MPa, respectively. This slight
difference in the measured tensile modulus and strength of CNF and BC nanopapers of
the same test specimen geometry could be attributed to the higher porosity of BC
nanopapers compared to CNF nanopapers. From Table 5, it can also be seen that the
tensile moduli of both CNF and BC nanopapers do not differ much between different
tensile test specimen geometries. The tensile moduli of CNF and BC nanopapers varied
(within errors) between 14.5-16.1 GPa and 13.4-15.2 GPa, respectively, between
different test specimen geometries. The elastic modulus of conventional paper is a
function of pulp fibre modulus, degree of fibre-fibre bonding, fibre length and fibre
dislocations [82]. Similar concepts can also be applied to cellulose nanopapers. Within
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the same type of nanocellulose (either BC nanopapers or CNF nanopapers), the
aforementioned attributes of the nanocellulose fibres and nanocellulose network are
expected to be the same. As a result, the measured tensile moduli of cellulose nanopapers
are not significantly affected by the different specimen geometries. It is worth
mentioning at this point that the specific tensile moduli of BC nanopapers were found to
be higher than CNF nanopapers. One possibility for this is that the intrinsic modulus of
BC nanofibres could be higher than that of CNF [15].

In this chapter, the strain of the test specimens was determined from a non-
contact video extensometer. Herein, the calculated tensile moduli of the cellulose
nanopapers if an independent strain measurement was not used is also compared (Table
5). In this context, the strain of the test specimens was obtained from the crosshead
displacement recorded by the test machine divided by the initial defined gauge length of
the test specimens. A significant discreprancy can be observed between the tensile
moduli determined from an independent strain measurement and strain calculated from
the crosshead displacement of the test machine. The tensile moduli calculated from the
crosshead displacement of the test machine is consistantly lower than that of the tensile
moduli determined from an independent non-contact video extensometer. These values

are also highly inconsistent, with tensile moduli values ranging between 6 and 13 GPa.
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Table 5: Tensile properties of CNF and BC nanopapers for different specimen geometries. E, Omax and & denote the tensile modulus,
tensile strength and strain-to-failure of the cellulose nanopapers, respectively.

CNF nanopapers

‘ § max
Test specimen E® % Ef O max JT ol £ Vio
geometry (GPa) (GPa cm’ g') (GPa) (MPa) (MPacm®g!) (Nmg') (%)
Miniaturised dogbone 16.1+0.7 11.8+0.7 7.1+£0.7 182+21 133+21 131£7 44+1.7 0.31+0.12
Miniaturised rectangle 153 +2.8 11.2+2.8 10.1+1 162+13  118+13 122+9 4.6+1.7 0.36 +0.05
Standard dogbone 145+0.5 10.6+0.5 58+£0.8 168+10 123+10 129+2 45+0.3 0.29 £ 0.09
Standard rectangle 154+£0.5 11.2+£0.5 134+1.4 157+17 115+£17 1104  2.7+0.6 0.25+0.04
BC nanopapers
. ES Omax
E® = Ef Omax e ol . so Vi2
(GPa) GPaem’ gy (@GP (MPD)  (vpaem’g!) (Nmgh) (%)
Miniaturised dogbone 152+0.7 14.1+0.7 72+07 149+13 138+13 127+3 3.5+£0.2 0.1 £0.06
Miniaturised rectangle  14.3+1.1 13.2+1.1 10.9+0.7 14716 136=+16 116£5 3.6+0.9 0.11+0.07
Standard dogbone 134+1.5 124+1.5 62+06 138+15 128+15 111+£2 27+04 0.14 +£0.08
Standard rectangle 143+14 132+14 11.1+34 120+7 111+7 99 +2 24+04 0.11 £0.02

§ Tensile modulus determined using a non-contact video extensometer
T Tensile modulus determined from the cross-head displacement of the testing machine.
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Any mechanical system will deform, however slightly, when subjected to an
applied force. These could include the frame of the test equipment, the load cell, the grips
used etc. These deformations are known as the system compliance and could potentially
lead to significant error in calculating the deformation of the test specimen. The
crosshead displacement output recorded by the system is the sum of the test equipment

compliance and test specimen deformation:

=t ixke (3.4)

where AA—IZ is the slope of the recorded load-displacement curve, C is the compliance of the

test equipment, [, is the initial gauge length and A is the cross-sectional area of the test
specimen, respectively. The derivation of this equation can be found in Appendix A.
From this equation, it can be inferred that unless the test equipment is infinitely stiff
(Cy > 00), the tensile modulus of a test specimen calculated from the crosshead

displacement of the test equipment is prone to errors.

3.3.2 Influence of the sample geometry on the tensile strength of nanopapers

The tensile strength (0,,,5) of the manufactured CNF and BC nanopapers are also
summarised in Table 5. A tensile strength of 182 MPa was measured for CNF nanopaper
on miniaturised dog bone test specimen. When miniaturised rectangular test specimens or
standard dog bone test specimens were used, the measured tensile strength decreased to
~165 MPa. It should be noted that for both of these geometries, the width of the test

specimens was the same (5 mm). When standard rectangular test specimens with a width
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of 15 mm were used, the measured tensile strength decrease by 15% compared to the
measured tensile strength using a miniaturised dog bone test specimens. Similar results
were also observed for BC nanopapers. When the width of BC nanopaper test specimen
was increased from 2 mm to 15 mm, the measured tensile strength decreased by 20%
from 149 MPa to 120 MPa. The tensile indices of the CNF and BC nanopapers also
followed the same trend as the tensile strengths of CNF and BC nanopapers. The
observed decrease in tensile strength (and tensile index) of cellulose nanopaper when test
specimen width was increased can be explained by the weakest link theory proposed by
Freudenthal [83]. The tensile failure of cellulose nanopapers is a result of local
deformation in a weak spot or an area with lower density within the cellulose
nanopapers. An increase in test specimen width increases the probability of the presence
of a defect, such as the presence of agglomerates of nanofibres or pores, responsible for
lowering the tensile strength of cellulose nanopapers. This is consistant with the lower
strain at failure of both CNF and BC nanopapers when the width of the test specimen
was 15 mm. It should also be noted that decrease in the tensile strength of CNF
nanopaper is within the standard deviation of the measurements but this is not the case
for BC nanopaper. This is postulated to be due to CNF nanopapers possessing lower
porosity and to the better formation of the nanocellulose network compared to BC

nanopapers, which implies that the specimens are less prone to defects.

3.3.3 Influence of test specimen geometry on the Poisson’s ratio of nanopapers

In Table 5, we also report the Poisson’s ratios of cellulose nanopapers tested in
tension. The Poisson’s ratios of CNF and BC nanopapers were found to be ~0.30 and

~0.10, respectively. Poisson’s ratio is a function of the packing of the structural elements
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and is closely related to the ratio between bulk and shear moduli of the nanofibre
network [84]. The higher the ratio between the bulk and shear moduli, the higher the
Poisson’s ratio of the resulting nanofibre network. As a result, the less porous CNF
nanopapers possessed higher Poisson’s ratio compared to the more porous BC
nanopapers. In addition to this, the bulk and shear moduli of the nanofibre network are
expected to be the same within the same type of nanocellulose fibres and nanofibre
network. Therefore, the Poisson’s ratio of the cellulose nanopapers is independent of test

specimen geometry used.

3.3.4 Fracture resistance of cellulose nanopapers

Although defects within a cellulose nanopaper could be minimised, for example,
by improving the processing parameters for nanonopaper manufacturing, it is highly
unlikely that they could be completely eliminated. It is therefore desirable to quantify the
fracture resistance of BC and CNF nanopapers. Single edge-notched BC and CNF
nanopapers were tested in tension and the representative load-displacement curves are
shown in Figure 12. The initial linear part of the load-displacement curves correspond to
the strain potential energy stored in the cellulose nanopaper when a load was applied.
When the applied load was high enough to create a new surface area, the introduced
crack started to propagate and the test specimen failed catastrophically in a brittle

manner.
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Figure 12: Representative load (F) — displacement (d) curves of the single edge notched
BC and CNF nanopaper samples loaded under tension.

The critical stress intensity factors (K;.) of CNF and BC nanopapers are tabulated
in Table 6. The higher K;. value of CNF nanopapers (7.3 MPam!?) compared to BC
nanopapers (6.6 MPam!?) can be attributed to the lower intrinsic porosity of CNF
nanopapers (~10%) compared to BC nanopapers (~30%). It is worth mentioning that the
measured K, values of both BC and CNF nanopapers are comparable to that of the

fracture toughness of single edge-notched aramid fibres [85].

Table 6: The stress intensity factor (Kic¢) and time taken for complete fracture of test
specimens when crack propagated (t) of CNF and BC nanopapers.

Sample K;c (MPam'?) t(s)
CNF nanopaper 7.3+£0.3 0.7+£0.2
BC nanopaper 6.6 0.2 19.8+5

The fracture surfaces of the single edge-notched cellulose nanopapers are shown
in Figure 13. Two very different fracture morpholgies can be observed. Crack propagates

along the path of the least resistance. In the case of CNF nanopaper, the crack is
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hypothesised to propagate along the brittle hemicellulose [86]. The CNF used in this
work contains approximately 23% hemicellulose. As BC nanopaper is pure nanocellulose
without the presence of hemicellulose, crack can only propagate by the defibrillation of
the nanocellulose network. As a result, the fracture surface of the single edge-notched
BC nanopapers showed significant defibrillation, which suggests fibre-fibre debonding
during crack propagation. This was not observed in the fracture surface of single edge-

notched CNF nanopaper.

Figure 13: Fracture surface of single edge notched cellulose nanopapers. (a) CNF
nanopaper and (b) BC nanopaper. The arrow denotes the direction of crack
propagation.

In addition to this, single edge-notched CNF nanopapers failed catastrophically
when maximum load was reached whilst the single edge-notched BC nanopapers showed
a delayed catastrophic failure (see Figure 12). In fact, single edge-notched BC
nanopapers took ~20 s for the complete fracture of the specimens when peak force was
reached (Table 6). CNF nanopapers, on the other hand, fractured immediately when peak
force was reached. This can be attributed to the differences in homogeneity of CNF and

BC nanopapers. When the crack front encounter inhomogeneity in the areal density
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nanocellulose across the through thickness of BC nanopapers locally, it propagates faster
in the region of lower nanocellulose areal density as there are less fibre-fibre bonds in
this region. As a result, the test specimen could still sustain load (albeit lower) as the
displacement of the single edge-notched test specimen increased, delaying the
catastrophic failure of the BC nanopaper. It is also postulated that BC possessed longer
nanofibre length compared to CNF, leading to the observed difference in fracture

behaviour of the cellulose nanopapers.
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4 Low grammage BC nanopaper-reinforced polylactide
composite laminates

4.1 Introduction

While it is evident that high performance cellulose nanopaper-reinforced polymer
composites can be produced (as seen in Table 1), many of the reported tensile properties
of cellulose nanopaper-reinforced polymer composites are still based on composites
reinforced with only a single sheet of CNF or BC nanopaper. A previous study [33] has
shown that cellulose nanopaper-reinforced epoxy composites containing 11 sheets of ~60
g m? reinforcing CNF or BC nanopapers possessed tensile moduli and strengths of ~8
GPa and ~100 MPa at nanocellulose loading fraction of 50-60 vol.-%. To the best of the
author’s knowledge, no studies have been conducted to investigate the reinforcing
potential of cellulose nanopapers at different grammages for polymers.

Furthermore, the rate-limiting step towards the large-scale production of these
composites is the time-consuming dewatering step to produce the cellulose nanopapers.
Similar to conventional papermaking, cellulose nanopaper is typically produced by first
creating a homogenous suspension of nanocellulose-in-water at low consistency (usually
< 0.5 wt.-%), followed by dewatering using vacuum filtration onto a filter medium and
heat consolidation. Dewatering time as high as 4 h have been previously reported to
produce a 38 g m? CNF nanopaper from a 0.1 wt.-% consistency through a filter
membrane with 0.1 um pore size [60]. A new strategy towards reducing the de-watering
time in the production of cellulose nanopapers is needed.

Therefore, in this work, for the first time, the use of (ultra-)low grammage BC
nanopaper as reinforcement for polylactide is demonstrated. By reducing the grammage
of the reinforcing cellulose nanopaper, the dewatering time to produce the cellulose
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nanopaper can be significantly reduced, overcoming the rate-limiting step in the large-
scale production of cellulose nanopaper-reinforced polymer composites. Model BC
nanopapers with grammages of 5, 10, 25 and 50 g m? were produced and the influence
of grammage on the mechanical properties of the resulting model BC nanopapers were
investigated. Model polylactide laminated composites consisting a total BC nanopaper
areal density of 50 g m™ (e.g. laminated composites reinforced with 1 sheet of 50 g m?, 2
sheets of 25 g m?2, 5 sheets of 10 g m?, 10 sheets of 50 g m? BC nanopaper(s),

respectively) were also fabricated and characterised.

4.2 Experimental

Poly(L-lactic acid) (PLLA) (L9000, molecular weight > 150 kDa, D-content =
1.5%) was purchased from Biomer GmbH and used as the matrix for the production of
BC-reinforced PLLA composites. Sodium hydroxide (pellets, purity > 98.5%) was
purchased from VWR International (Lutterworth, UK). 1,4-Dioxane (ACS Reagent,
purity > 99%) was purchased from Sigma-Aldrich (Gillingham, UK). These materials
were used as received without further purification. BC in the form of commercially
available nata de coco (coconut gel in syrup) was purchased from a retailer (Xiangsun
Ltd, Lugang Township, Changhua County, Taiwan).

To obtain purified BC, 150 g of nata de coco cubes were added to 3.5 L of de-
ionised water and heated to 80 °C under stirring. 14 g of NaOH pellets were then added
into this dispersion to form a 0.1 N NaOH aqueous solution and left to stir at 80 °C for 2
h. After this purification step, the dispersion was poured onto a metal sieve (mesh size =
300 um) to recover the purified nata de coco cubes, followed by a rinsing step with 5 L

of de-ionised water. The purified cubes were then blended (Breville VBL065) in another
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5 L of de-ionised water for 2 min to create a homogeneous dispersion of BC-in-water,
followed by centrifugation (SIGMA 4-16S, SciQuip Itd, Newton, UK) at 6800 x g to
remove the excess water. This blending-centrifugation steps were repeated until neutral
pH was attained for the BC-in-water dispersion. The final consistency of the BC-in-water

was adjusted to 2 wt.-% prior to subsequent use.

4.2.1 BC nanopaper manufacturing

For this work, BC nanopapers with 4 different grammages (5 g m2, 10 g m?,
25 gm? and 50 g m?) were produced. To produce the BC nanopaper, the previously
purified BC-in-water was first dispersed in 500 mL of de-ionised water using a blender
(Breville VBL065) for 5 min, followed by filtration at a reduced pressure of 0.1 bar in a
Biichner funnel onto a 12 cm diameter woven nylon fabric (PP180 Economy Peel Ply,
Easy Composites Ltd, Staffordshire, UK) placed on top of a filter paper (Grade 413, 5-13
um particle retention, VWR International Ltd, Lutterworth, UK). In conventional BC
nanopaper production, the BC-in-water dispersion is filtered directly onto a filter paper.
However, it was observed that the wet BC filter cakes to produce low grammage BC
nanopapers were too fragile and difficult to remove directly from the used filter paper.
Therefore, a nylon fabric was placed on top of the filter paper to aid the removal of the
wet BC filter cake before subsequent processing.

After the filtration step, the wet BC filter cake along with the nylon fabric were
carefully separated from the used filter paper and sandwiched between fresh filter and
blotting papers (Grade 3MM CHR, VWR international Ltd, Lutterworth, UK), followed
by a wet pressing step under a weight of 10 kg for 10 min to absorb the excess water

from the wet BC filter cake and nylon fabric. This step was repeated twice, with fresh
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filter and blotting papers used at every step. A final heat consolidation step was then
performed in a hydraulic hot press (4122 CE, Carver Inc., Wabash, IN, USA) under a
weight of 1 t at 120 °C for 30 min to further dry and consolidate the partially dried BC
filter cake into a BC nanopaper. The dried and well-consolidated BC nanopaper was then
carefully separated from the nylon fabric once the BC nanopaper had cooled to room
temperature. All manufactured BC nanopapers were stored in a sealed environment

containing silica gel pouches to keep the BC nanopapers dry.

4.2.2 BC nanopaper-reinforced PLLA laminates manufacturing

BC nanopaper-reinforced PLLA composite laminates were produced using film
stacking method. The stacking sequences of BC nanopaper with different grammages and
PLLA are shown in Figure 14. These stacking sequences were chosen such that the
overall grammage of BC nanopaper within the composite laminates is kept constant at 50
g m~2. Prior to producing the composite laminates, thin PLLA films were produced by
solution casting. Briefly, PLLA pellets were dissolved in 1,4-dioxane at a mass ratio of
1:12 at 65 °C overnight under magnetic stirring. Once the polymer solution is cooled to
room temperature, it was then casted onto a toughened glass plate using an automated
film applicator (Elcometer 4340, Elcometer Ltd., Manchester, UK) and the solvent was
evaporated to produce thin PLLA films. The speed of the casting knife was set to be 5
mm s!. The fabricated BC nanopapers and PLLA films were then stacked according to
the stacking sequence shown in Figure 14 and sandwiched between two heat-resistant
and non-stick polyimide films (UPILEX®, Goodfellow Cambridge Ltd, Huntingdon,

UK). The lay-up was then pre-heated in a hydraulic hot press (4122 CE, Carver Inc.,
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USA) to 180 °C for 3 min, followed by a consolidation step at the same temperature for 2

min under the weight of 1 t.

10x 5 gm? 5% 10 gm? 2x25gm? 1 x50 gm?

YN
U
L\

Laminate 1 Laminate 2 Laminate 3 Laminate 4

PLLA film

1\

BC nanopaper

Figure 14: Stacking sequence of the 4 BC nanopaper-reinforced PLLA composite
laminates.

BC nanopaper-reinforced PLLA laminates reinforced with 10 x 5 gm?,5 x 10 g
m?2, 2 x 25 gm? and 1 x 50 g m? BC nanopaper(s) are herein termed Laminate 1,
Laminate 2, Laminate 3 and Laminate 4, respectively. All composite laminates were
stored in a sealed environment containing silica gel pouches to keep the composite
laminates dry prior to subsequent use. As a control, neat PLLA film was produced by hot
pressing PLLA pellets directly at a temperature of 180 °C under the weight of 1 t for 2

min.

4.2.3 Characterisation of the nanopapers and composites

¢ Scanning electron microscopy (SEM)
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The fracture surfaces of the BC nanopaper and BC nanopaper-reinforced PLLA
composite laminates were investigated using a large chamber SEM (S-3700N, Hitachi,
Tokyo, Japan) operated at an accelerating voltage of 10 kV. Prior to SEM, the tensile
fractured samples were attached onto aluminium stubs using carbon tabs and Au coated
(Agar auto sputter coater, Agar Scientific, Stansted, UK) at 40 mA for 20 s.
¢ Density and porosity of the nanopapers and their PLLA composites

The envelope density of the BC nanopapers and the manufactured composite laminates
(pe) was calculated by taking the ratio between the mass and the envelope volume of the

specimen. The porosity of the BC nanopapers (Pgc nanopaper ) Was then calculated using:
04) = (1 —Pe
P(%) = (1 p) x 100 (4.1)

where p; is the absolute density of BC nanofibres, which was found to be 1.51 £ 0.02 g
cm? using He pycnometry (see chapter 3). To calculate the porosity of the BC
nanopaper-reinforced PLLA composite laminates (Peomposites)> the void free density of
the composite laminates (P yoidfree) Was first calculated from the measured weight

fraction of BC (wg g¢) within the composite laminates:

1
Pc, void free = T=Wr g Wr BC B, ViBC (4.2)
Pm Pf

where p,, is the absolute density of neat PLLA, which was measured to be 1.26 £ 0.01 g
cm? using He pycnometry. The porosity of the BC nanopaper-reinforced PLLA

composite laminates was then calculated from:
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Pcomposites (%) = ( 1- %) x 100 (4.3)

¢ Tensile properties of the different grammage nanopapers and their respective
PLLA laminated composites

Tensile tests of BC nanopapers with different grammages and BC nanopaper-reinforced
PLLA laminates reinforced with different BC nanopaper grammages were conducted in
accordance to BS EN ISO 527: 2012. Prior to the test, dog bone shape test specimens
were cut using a manual cutting press (ZCP020, Zwick Testing Machines Ltd.,
Leominster, UK). The test specimens possessed an overall length of 35 mm, a gauge
length of 10 mm and the narrowest part of the dog bone shape specimen has a width of 2
mm, respectively. To avoid damaging the gripping zone of the test specimens, which
could potentially lead to earlier onset failure of the specimens, all test specimens were
secured onto 140 g m™ paper testing cards using a two-part cold curing epoxy resin
(Araldite 2011).

Tensile tests were carried out using a micro-tensile tester (Model MT-200, Deben
UK Ltd., Woolpit, UK) equipped with a 200 N load cell. A pair of dots were marked on
the surface of each test specimen in the direction of load. The strain of the test specimen
was evaluated by monitoring the movement of these two dots using a non-contact optical
extensometer (iMetrum Ltd., Bristol, UK). Tensile tests were conducted using a
crosshead displacement speed of 0.2 mm min™! (correspond to a strain rate of 0.01 s™).

The reported tensile properties were averaged over 5 test specimens.

4.3 Results and discussion
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4.3.1 Dewatering time of the BC-in-water suspensions

The dewatering time of BC-in-water suspensions to produce BC nanopapers with
grammages of 5, 10, 25 and 50 g m? are shown in Figure 15. At the start of the
dewatering process, BC nanofibres are deposited on the filter medium as a thin layer of
BC network. As the dewatering progresses, the nanofibres deposit one over the other on
top of this thin layer of BC network, forming a layered structure (see Figure 16 for the
SEM images showing the internal morphology of fabricated BC nanopapers). Similar

layered structure has also been observed by numerous researchers [54,56,87].
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Figure 15: Dewatering time of the BC-in-water suspensions to produce BC nanopaper
with different grammages.

The build-up of the BC filter cake leads to an increase in the flow resistance (e.g.
a reduction in the permeability) of water through the filter cake. As a result, the

dewatering time of producing 5 g m™2 nanopaper, which possessed thinner filter cake, is
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significantly lower than the dewatering time to produce 50 g m? BC nanopaper, which

has a thicker filter cake.

Figure 16: Fractured surfaces of (a) 5 g m?, (b) 10 g m?, (c) 25 g m”? and (d) 50 g m™
nanopapers.

It is also worth mentioning that the dewatering time of BC-in-water suspension
reported in this work is significantly lower than the dewatering time of CNF-in-water
suspensions reported by various authors. Nogi et al. [60] reported a dewatering time of 3-
4 h to produce a 38 g m? CNF nanopaper from a CNF-in-water suspension with a
consistency of 0.1 wt.-% through a hydrophilic polytetrafluoroethylene membrane filter
with a pore size of 0.1 um. A dewatering time of 45 min have been reported [62] to
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produce a ~50 g m? CNF nanopaper from a suspension with a consistency of 0.2 wt.-%,
filtered through a nitrocellulose filter membrane with a pore size of 0.65 um. In contrast,
the longest dewatering time in this chapter was approximately 5 min, which was to
produce a 50 g m? BC nanopaper from 0.1 wt.-% BC-in-water suspension. This was
attributed to the homogeneity of the nanocellulose suspensions. It has been previously
reported that CNF forms a homogeneous suspension in water whilst aggregates or
bundles of BC is often observed, due to difficulties in disrupting the three-dimensional
nano fibrous network of BC pellicles using a low energy blender [88]. A combination of
inhomogeneous BC dispersion in water and larger pore size of the hydrophilic filter
medium used in this work (e.g. a filter paper with particle retention of 5-13 um compared
to filter membranes with pore size < 1 um) led to the observed significant discrepancy
between the dewatering time of BC- and CNF-in-water suspension at similar

consistency.

4.3.2 Porosity of the BC nanopapers at different grammages

The thickness and porosity of the fabricated BC nanopapers as a function of
grammage are shown in Figure 17. A 5 g m? BC nanopaper possessed a porosity of
78%. However, increasing the BC nanopaper grammage to 50 g m led to a progressive
reduction in the porosity of the BC nanopaper to 48%. This reduction in BC nanopaper
porosity with increasing BC nanopaper grammage, which suggests better packing
efficiency of BC nano fibrous network as the grammage increases, leads to the non-

linearity of the thickness versus grammage plot (Figure 17).
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Figure 17: Porosity and thickness of BC nanopapers as a function of grammage.

In addition to the dewatering of BC-in-water suspension, another important step
in the production of high load bearing capacity BC nanopaper is the prevention of wet
BC filter cake shrinkage during drying. If a cellulose fibre network is restrained from
shrinkage, the slacks of the free fibre segments (e.g. exposed fibres within two fibre
contact points) in the cellulose fibre network are removed, thereby improving the
mechanical properties of the resulting dried cellulose fibre network [89]. This is also
known as fibre segment activation.

In this chapter, wet BC filter cake was restrained from shrinkage by applying a
weight of 1 t during the heat consolidation step. It is postulated that the application of
such high compaction load led to the slippage and repositioning of BC nanofibres within

the wet BC filter cake. The BC nanofibres could fill the voids within the wet filter cake,
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improving the packing efficiency and leading to a reduction in the porosity of the
resulting dried and well-consolidated BC nanopaper. This also corroborates with the
moisture content of the wet BC filter cakes to produce BC nanopapers with different

grammage at various stages of the nanopaper production (see Table 7).

Table 7: Water content of the wet and partially dried BC filter cake for different
nanopaper grammage after each processing step.

Water content [wt.-%]

50gm? 25gm? 10gm? 5gm?

Wet BC filter cake prior to 1st wet 88 86 85 78
pressing step

Partially dried BC filter cake after the 79 69 27 0
15t wet pressing step prior to the 2"
wet pressing step

Partially dried BC filter cake after the 66 24 0 0
2"d wet pressing step prior to the heat
consolidation step

The wet BC filter cake was found to possess a moisture content of ~80 wt.-%
after the dewatering step, independent of the grammage of nanopapers to be produced.
However, the wet filter cakes to produce 5 g m? and 10 g m2 BC nanopapers dried after
the first and second wet pressing step, respectively, which use an applied compaction
load of only 10 kg. The application of a compaction load of 1 t onto an already-dried 5 g
m~2 and 10 g m? BC nanopaper during the heat consolidation step no longer leads to
nanofibre slippage as the BC nanofibre network has dried, leading to the observed high

porosity for these BC nanopapers. The wet filter cakes to produce 25 g m? and 50 g m™
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BC nanopapers, on the other hand, were found to possess significant higher moisture
content prior to the heat consolidation step. Due to the higher moisture content of filter
cake to produce 50 g m? BC nanopaper compared to 25 g m™ nanopaper, the effect of
BC nanofibre slippage and hence, “void-filling”, is more pronounced. As a result, 50 g
m2 BC nanopaper possessed lower porosity compared to 25 g m BC nanopaper.
4.3.3 Tensile properties of BC nanopapers at different grammages

The representative stress-strain curves of the fabricated BC nanopapers at
different grammages tested in uniaxial tension exhibited an initial elastic deformation,

followed by inelastic deformation prior to catastrophic failure (see Figure 18).
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Figure 18: Representative stress-strain curves of the BC nanopapers under uniaxial
loading.

The tensile modulus and strength of 5 g m? BC nanopaper were measured to be

2.4 GPa and 31 MPa, respectively (see Table 8). Increasing the grammage of BC
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nanopaper led to a progressive increase in tensile modulus and strength of up to 12.2 GPa
and 134 MPa, respectively, for 50 ¢ m? BC nanopaper. Similar trends have been
observed for conventional paper made from micrometre-sized pulp fibres, whereby the
tensile properties of paper increase with increasing grammage [90,91]. It can also be seen
from Table 8 that both the specific tensile modulus and strength of BC nanopapers
increase with increasing nanopaper grammage, suggesting that difference in the porosity

of the nanopapers, is not the sole reason for the observed tensile properties variation.

Table 8: Tensile modulus (E), strength (omax), strain at break (c), specific modulus (E/pe),
specific strength (o/pe) and toughness (Ut) of the BC nanopapers.

Sample F Gmax € E/pe o /pe Ur
[GPa] [MPa] [%] [GPacm’g!] [MPacm?g'] [Jm?3]
5gm? 24+02 31+£3 1.9+0.1 7.3+1.2 91 +18 0.3 +0.1
10gm? 50+02 59+2 23+0.2 10.9+1.8 128 £26 0.7+0.1
25gm? 89+06 1043 32402 13.1+2.2 153 £31 2.1+0.1
50gm? 122+0.5 134+3 3.0+0.1 15.6+2.6 172 £35 2.5+0.1

The stress transfer efficiency of a random fibre network [92] is related to the
mean coverage of a fibre network, (¢), defined as the expected number of fibres covering
a point in the plane of support of the fibre network [93]. Mathematically, ¢ is expressed

as:
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(4.4)

o
Il
>[®

where § denotes the grammage, w denotes the fibre width and & represents the linear
density of the fibre. The higher the value of ¢, the better the stress transfer efficiency
between the fibres of in the random fibre network. It can therefore be inferred from
equation 4.4 that the higher grammage of BC nanopaper, the higher the value of ¢ and
hence, better stress transfer between BC nanofibres within the nanopaper as both w and §
are the same for all fabricated BC nanopapers. Furthermore, a reduction in BC nanopaper
grammage also leads to an increase in the relative amount of BC fibres between the
surface and the bulk of the nanopapers. As the nanofibres on the surface are less efficient
at transferring load [92], the (specific) tensile properties of the BC nanopapers decreases
with decreasing nanopaper grammage.

4.3.4 Tensile properties and internal morphology of the BC nanopaper-reinforced
PLLA composite laminates

Table 9 summarises the tensile properties of BC nanopaper-reinforced PLLA
composite laminates reinforced with 10 sheets of 5 ¢ m? (Laminate 1), 5 sheets of 10 g
m? (Laminate 2), 2 sheets of 25 ¢ m (Laminate 3) and 1 sheet of 50 g m (Laminate 4)
BC nanopaper(s), respectively. It can be seen from Table 9 that all BC nanopapers
possessed excellent reinforcing ability for PLLA to produce high performance BC
nanopaper-reinforced PLLA composite laminates. Tensile moduli of between 10.5 and
11.8 GPa were obtained for the BC nanopaper-reinforced PLLA composite laminates at
Vege = 39 — 53 vol.-%. The tensile strengths of the BC nanopaper-reinforced PLLA

composite laminates were measured to be between 95 and 111 MPa. The slight variation
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of tensile properties between the composite laminates can be attributed to the variation in

Vg gc and porosity of the composites. By contrast, the tensile modulus and strength of

neat PLLA were measured to be only 3.6 GPa and 57.5 MPa, respectively.

Table 9: Fibre volume fraction (vesnre), tensile modulus (E), tensile strength (omax) and
strain at break (¢) Envelop density (pe), theoretical density (pc, void free) and porosity

(Pcampasites) the composites and neat PLLA.

Sample Vefibe — E Omax € Pe Pc, void free Pcomposites
[7] [GPa] [MPa] [%] [g cm™] [g cm™] [%]

PLLA 0 3601 575+10 35+04 126+001 126+0.01 0=+0

Laminate1 39+3 10.7+0.4 950+09 22+0.1 125+007 136+0.01 8=*1

Laminate2 48+2 11.2+04 1024+1.8 25+0.1 123+0.02 138+0.01 11+1

Laminate3 50+3 10.5+0.2 100.7+19 3.0+0.1 1.16+0.01 139+0.01 16+1

Laminate4 53+2 11.8+0.2 111.4+22 24+0.1 128+0.07 139+001 8=+1

loaded under uniaxial tension are shown in Figure 19.

The fracture surfaces of the BC nanopaper-reinforced PLLA composite laminates

The observed internal

morphology of the composite laminates is consistent with the stacking sequence shown

in Figure 19, suggesting minimal bulk impregnation of the BC nanopapers by molten

PLLA even when the grammage of the BC nanopaper is as low as 5 g m?,
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Figure 19: Fractured surfaces of (a) Laminate 1, consisting of 10 x 5 g m? BC
nanopapers, (b) Laminate 2, consisting of 5 x 10 g m? BC nanopapers (c) Laminate 3,
consisting of 2 x 25 g m? BC nanopapers and (d) Laminate 4, consisting of I x 50 g m™
BC nanopaper.

It has been previously shown that the tensile modulus and strength of a cellulose
nanopaper-reinforced polymer composites follow closely the prediction of the volume
weighted average between the tensile properties of the cellulose nanopaper and the
polymer matrix (equation 2.1 and equation 2.2). BC nanopaper-reinforced PLLA
composites reinforced with 5 ¢ m? BC nanopaper should possess a measured tensile

modulus of 3.1 GPa and 47.5 MPa, respectively (see Figure 20).
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Figure 20: Tensile modulus and strength obtained experimentally and using the rule of
mixture prediction for the manufactured composite laminates.

However, the experimentally determined tensile modulus and strength of BC nanopaper-
reinforced PLLA composite laminates reinforced with 10 sheets of 5 g m-2 BC
nanopapers were 10.7 GPa and 95 MPa, respectively. Significant positive deviation can
be observed between the experimentally measured and the “rule-of-mixture” predicted
tensile properties of all BC nanopaper-reinforced PLLA composite laminates fabricated
in this work. This discrepancy between the experimentally determined and “rule-of-
mixture” predicted tensile properties can be ascribed to the porosity of the resulting
composite laminates.

The porosity of Laminates 1 — 4 was found to be ~8-16%. However, the BC
nanopapers fabricated in this work possessed measured porosities of between 48% and
78% (Figure 17). Assuming that BC nanopapers are uniform rectangular slabs that are
incompressible and impermeable to molten PLLA, the theoretical porosity of the
composite laminates (Pyeoretical) 15 €Stimated to be between 33% and 58%. These values
are significantly higher than the experimentally determined porosity values for the BC

nanopaper-reinforced PLLA composite laminates fabricated (see Table 9). Since
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cellulose nanopapers possess a rough surface [94], the porosity of a BC nanopaper can be
categorised into surface porosity (due to roughness) and bulk porosity (due to bubbles,
cracks, etc.). It is postulated that the heat consolidation of molten thin PLLA films and
BC nanopapers led to impregnation of the surface porosity of the BC nanopapers, leading

to composites with porosity lower than Py eoretical -
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5 Mechanical response of multi-layer BC nanopaper-reinforced
polylactide laminated composites

5.1 Introduction

The mechanical response of BC pellicle- or BC nanopaper-reinforced polymer
composites has been studied on composites consisting of only a single sheet of BC
network embedded within a polymer matrix [22,23]. Very few studies have utilised more
than a single sheet of BC network to produce BC nanopaper-reinforced polymer
composites. Lee et al. [33] have previously reported the properties of BC nanopaper-
reinforced epoxy laminated composites consisting of 11 sheets of BC nanopaper but the
focus of that study was to compare the reinforcing effect of BC with wood-derived
cellulose nanofibres. The mechanical response of BC composites with more than one
sheet of BC network embedded within the polymer matrix is still not well understood.
Furthermore, manufacturing process of a composite is a scale-dependent process [95]. It
is hypothesised that scaling up the number of reinforcing BC networks in the composites
might present new challenges to the manufacturing process. Therefore, in this work,
laminated composites consisting of more than a single sheet of BC network in the form
of BC nanopaper are studied to identify limitations in our understanding of the

manufacturing process and mechanical response of BC composites.

5.2 Experimental

5.2.1 Materials
Poly(L-lactic acid) (PLLA) (L9000, molecular weight > 150 kDa, D-content =

1.5%) was purchased from Biomer GmbH and used as the matrix for the production of
BC nanopaper-reinforced PLLA laminated composites. 1,4-Dioxane (ACS Reagent,
purity > 99%) was purchased from Sigma-Aldrich (Gillingham, UK) and used as the
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solvent for PLLA. Sodium hydroxide (pellets, purity > 98.5%) was purchased from
VWR International (Lutterworth, UK). BC was extracted from commercially available
nata de coco (Coconut gel in syrup, Xiangsun Ltd, Lugang Township, Changhua
Country, Taiwan).
¢ Extraction and purification of BC from nata de coco

Briefly, 150 g of nata de coco cubes were first dispersed in 3.5 L of de-ionised water
using a magnetic stirrer and heated to 80 °C. 14 g of NaOH pellets were added into this
dispersion to form a 0.1 M NaOH solution, which was then left to stir at 80 °C for 2 h.
After this step, the suspension containing the nata de coco cubes was poured onto a metal
sieve (mesh size = 300 um) to recover the purified nata de coco cubes. The cubes were
rinsed with 5 L of de-ionised water to remove excess NaOH solution on the surface of
the cubes prior to blending in another 5 L of de-ionised water using a blender (Breville
BVL065) operating at maximum power output of 800 W for 2 min to create a
homogenous BC-in-water suspension. This BC suspension was then centrifuged at 6800
x g for 7 min and the resulting supernatant decanted. The blending-centrifugation step
was repeated until a BC suspension with neutral pH was obtained. The final BC-in-water

suspension has a consistency of 2 wt.-% and it was stored at 5 °C prior to use.

5.2.2 BC nanopapers manufacturing

BC nanopaper with a grammage of 50 g m? was prepared in this work. The
previously purified BC was dispersed in water using a blender (Breville BVL065) to
produce a BC-in-water suspension of 0.1 wt.-% consistency. The suspension was then
vacuum filtered onto a 125 mm diameter filter paper (Grade 413, 5-13 um particle

retention, VWR International Ltd, Lutterworth, UK). The wet BC filter cake was
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carefully removed from the filter paper and sandwiched between two fresh filter papers
and six blotting papers (Grade 3MM CHR, GE Healthcare, Buckinghamshire, UK),
followed by wet pressing under a weight of 10 kg for 10 min at room temperature to
absorb the excess water. This operation was repeated once more with fresh filter papers
and blotting papers to further absorb the water from the BC filter cake. A final pressing
step was then performed under a weight of 1 t at an elevated temperature of 120 °C for
30 min to dry and consolidate the partially dried BC filter cake into BC nanopaper. The

BC nanopapers fabricated possessed a thickness of 46 + 3 um.

5.2.3 Laminated composite manufacturing

In this work, film stacking followed compression moulding of PLLA and BC
nanopaper(s) was used to manufacture composites. BC nanopaper-reinforced PLLA
laminated composites consisting of (i) 1 sheet, (ii) 3 sheets, (iii) 6 sheets and (iv) 12
sheets of BC nanopaper(s), respectively, were fabricated in this work. In order to attain
high volume fraction of BC nanopaper(s) in the laminated composites, it is essential to
use thin PLLA films [23]. To produce these, PLLA pellets were first dissolved in 1,4-
dioxane at a mass ratio of 1:12 at 65 °C overnight under magnetic stirring. The polymer
solution was then left to cool to room temperature prior to solution casting onto a glass
plate using an automatic film applicator (Model 4340, Elcometer Ltd, Manchester, UK).
After casting, 1,4-dioxane was then left to evaporate for at least 24 h prior to subsequent
use. The average thickness of the PLLA films produced was 10 = 3 um.

BC nanopaper-reinforced PLLA laminated composites were fabricated by
sandwiching the previously prepared BC nanopaper(s) with the thin PLLA films

following the stacking sequence shown in Figure 21. A ceramic seam roller was used
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remove any air bubbles trapped between the layers of BC nanopaper(s) and thin PLLA
films. The BC nanopaper(s)-PLLA lay-up was sandwiched between two non-stick 125
um thick polyester release films (Mylar® A, Lohmann Adhesive Tape System, Milton
Keynes, UK) secured onto steel plates using heat-resistant tape (Easy composites,
Staffordshire, UK). The whole set up was then pre-heated without pressing force to 180
°C for 3 min in a hydraulic press (4122CE, Carver Inc., Wabach, IN, USA). The pressing
force of the hydraulic press was then increased to 0.5 t at the same temperature for
another 3 min to consolidate the BC nanopaper(s) and PLLA films into BC nanopaper-
reinforced PLLA laminated composites. BC nanopaper-reinforced PLLA laminated
composites consisting of 1, 3, 6 and 12 sheet(s) of BC nanopaper(s) are herein termed
composite 1, composite 2, composite 3 and composite 4, respectively, with measured
thickness of 60 + 5, 177 £ 8, 382 = 21 and 683 £ 12 um, respectively. These BC
nanopaper-reinforced PLLA laminated composites possessed BC weight fraction (wy) of
69-75 wt.-% based on simple mass gain measurements. All samples produced were

annealed at 120 °C for 30 min prior to characterisation.
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Figure 21: Stacking sequence of BC nanopaper-reinforced PLLA laminated composites
fabricated in this work.

5.2.4 Composite characterisation

¢ Porosity of the BC nanopapers and laminated composites
He pycnometry (Accupyc II 1340, Micromeritics Ltd, Hexton, UK) was used to
determine the true density of BC nanofibres (pf) and neat PLLA (p,,). To determine the
envelope density (p.) of BC nanopapers and BC nanopaper-reinforced PLLA laminated
composites, the thickness of the BC nanopapers and BC nanopaper-reinforced PLLA
laminated composites was first measured using a digital micrometre (Mitutoyo MDC
Lite, RS Components Ltd., Northants, UK) and p, was calculated by taking the ratio
between mass and envelop volume of the specimen. The porosity of the BC nanopapers

(PBC nanopaper) Was then calculated using:

P(%) = ( —%) x 100 (5.1)
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To evaluate the porosity of the BC nanopaper-reinforced PLLA laminated composites,
the theoretical (e.g. void free) density of the laminated composites (p.) was first

calculated from the weight fraction of BC (wf g¢) within the laminated composites:

1
Pc, void free = 1_Wf’BC+Wf’BC (52)

Pm Pf

The porosity of the BC nanopaper-reinforced PLLA laminated composites (Pomposite)

was then calculated using:
Pcomposites (%) = (1 - %) X100 (5.3)

¢ Tensile properties of the BC nanopapers and laminated composites
Tensile testing was conducted in accordance to BS EN ISO 527: 2012. Prior to the test,
neat PLLA film, BC nanopapers and BC nanopaper-reinforced PLLA laminated
composites were cut into miniaturised dog-bone shaped test specimens using a punch die
(ZCP 020, Zwick Testing Machines Ltd, Herefordshire, UK). These miniaturised dog-
bone shaped specimens possessed an overall length of 35 mm, a gauge length of 10 mm
and the narrowest part of the specimen has a width of 2 mm. All test specimens were
secured onto 140 g m™ paper testing cards using a two-part cold curing epoxy resin
(Araldite 2011, Huntsman Advanced Materials, UK) to avoid damages to the gripping
area of the test specimens by the clamps of the tensile tester, potentially leading to an
earlier onset failure within the gripping zone of the test specimens. Tensile testing was
performed using a micro-tensile tester (Model MT-200, Deben UK Ltd, Woolpit, UK)
equipped with a 200 N load cell. Prior to the test, two points were marked on the surface

of the test specimens in the direction of the applied load. The strain of the test specimens
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was evaluated by monitoring the movement of these two marked points using a non-
contact video extensometer (iMetrum Ltd., Bristol, UK). All test specimens were loaded
with a crosshead displacement speed of 0.5 mm min™' (corresponding to a strain rate of
0.05 s™). Average results of 5 test specimens were reported for each sample.
¢ Scanning electron microscopy

The internal morphology and microstructure of the non-fractured BC nanopaper-
reinforced PLLA laminated composites were investigated using SEM. The laminated
composites were first embedded in a two-part polyester resin (KLEER-SET, MetPrep
Ltd., Coventry, UK) and polished (Saphir 550, Advanced Materialography, UK) using
progressively finer sandpapers (P600 and P1200), followed by polishing cloth (first with
polishing suspensions containing 0.3 pum alumina, followed by 0.06 pm silica
suspensions). The polished polyester resin blocks containing the laminated composites
were then mounted onto SEM stubs using carbon tabs, followed by Au coated (Agar
Auto Sputter Coater, Essex, UK) at 40 mA for 40 s prior to SEM (Hitachi S-3700N,
Tokyo, Japan). The fracture surfaces of the BC nanopaper-reinforced PLLA laminated
composites were also investigated using SEM. Prior to SEM, the specimens were
mounted onto aluminium stubs using carbon tabs, followed by Au coating using the

previously described coating current for 20 s.

5.3 Results and discussion

5.3.1 Porosity of the laminated composites

Table 10 summarises the porosity of BC nanopaper-PLLA laminated composites
reinforced with 1, 3, 6 and 12 sheet(s) of BC nanopaper(s), along with the porosity of

neat PLLA and BC nanopapers. The porosity of BC nanopaper fabricated in this work
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was found to be 33%. This is consistent with the values obtained in chapter 3. A trend
could also be observed for the porosity of BC-reinforced PLLA laminated composites
(table 1, composites 1 to 4). When PLLA was reinforced with one sheet of BC
nanopaper, a laminated composite porosity of ~17% was obtained. Increasing the number
of reinforcing BC nanopapers to 3 sheets led to an increase in the porosity of the
resulting laminated composites to 24%. A further increase in the number of reinforcing
BC nanopapers to 6 and 12 sheets, respectively, increased the porosity of the resulting
laminated composites to ~30%. The theoretical porosity of the laminated composites
(Piheoretical) Was also estimated based on the porosity attained for BC nanopapers.
Assuming that BC nanopapers are uniform rectangular slabs that are not compressible

and not permeable to molten PLLA, Py coretical €an be estimated using:

_ PBC nanopaper (1-wp) pstwepym
Ptheoretical =1- (54)

pf (1=wf) PBC nanopaper tWfPm

The Pieoreticat Of laminated composites 1 to 4 was estimated to be ~25% (see
Table 10). Composites 1 and 2 possess porosities lower than, or similar to Pyeqretical
while composites 3 and 4 possessed porosity values higher than Py eoretical- The lower
than Pyeoretical fOr composite 1 could be attributed to the degree of consolidation of a
single sheet of BC nanopaper with PLLA. The higher than Py cqretica; fOr composites 3
and 4, on the other hand, could be attributed to the presence of scale-induced defects as
the number of sheets of BC nanopapers increases to 6 and 12 sheets, respectively. To
further elucidate this deviation of porosity values of the laminated composites from
theoretical values, the internal morphology of the fabricated BC nanopaper-reinforced

PLLA laminated composites was further investigated (see next section).
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Table 10: The density and porosity of neat PLLA, BC nanopaper and laminated
composites. pe, p and P denote the envelope density, true/theoretical density and porosity,

respectively.
Sample pe (gem?®)  p¥(gem?) P (%) Piheoretical (%0)
PLLA 1.26 £0.01 1.26+0.01 0
Composite 1 1.17£0.09 1.42+0.01 17+1 25+1
Composite 2 1.09 £ 0.05 1.43+£0.01 24+1 26+ 1
Composite 3 0.98 £0.05 1.42+0.01 31+2 25+1
Composite 4 1.00 £ 0.02 1.44+0.01 30«1 26 £ 1
BC nanopaper 1.00 £0.07 1.51 +0.01 33+£1

3 p obtained using He pycnometry for neat PLLA and BC nanopaper, and calculated
using equation 5.2 for the laminated composites.

5.3.2 Internal morphology of the laminated composites

The polished cross-sections revealing the internal structure of the BC nanopaper-
reinforced PLLA laminated composites are shown in Figure 22a-d. A multi-layer
structure consisting of alternating layers of PLLA and BC nanopaper that are consistent
with the stacking sequence used (see Figure 21) can be observed, suggesting little or no
impregnation of the BC nanopaper(s). This is attributed to the high viscosity of molten
PLLA (>5000 Pa s at 180 °C) [96] and the small pore size of the nanocellulose network
[80]. In this context, the reinforcing effect of the laminated composites stems from BC

nanopapers instead of individual BC nanofibres [15].
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Figure 22: Polished cross-sections of the BC nanopaper-reinforced PLLA laminated
composites and BC nanopaper. (a) Composite 1, (b) Composite 2, (c) Composite 3, (d)
Composite 4, (e, f) BC nanopaper. The dotted arrows show the presence of micro-cracks
in the reinforcing BC nanopaper. The circles show the voids in composite 4.

Figure 22a-d also show the presence of various defects in the laminated

composites. Three types of defects were observed; thickness inhomogeneity and out-of-
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plane waviness of BC nanopaper(s) in the laminated composites, voids between adjacent
layers of BC nanopapers (see ellipses in Figure 22d) and micro-cracks within the BC
nanopapers (see dotted arrows). The thickness inhomogeneity and out-of-plane waviness
of BC nanopaper can be ascribed to the formation of aggregates/bundles of BC in the
starting BC-in-water suspension, which was due to difficulties in disrupting the 3-
dimensional network of BC pellicles with low energy blending (as described in chapter
3). As a result of the BC aggregates in the suspension, the formation of BC network
within the BC nanopaper is non-uniform, leading to the observed thickness
inhomogeneity and waviness of BC nanopaper.

Voids between adjacent BC nanopapers are also observed in composite 4, which
consists of 12 sheets of reinforcing BC nanopapers. The origin of these voids can be
attributed to air bubbles trapped during the lay-up of composite 4. The large number of
layers in composite 4 (12 sheets of BC nanopaper and 13 layers of PLLA) and the short
consolidation time (to avoid degradation of PLLA) led to difficulties in removing the
trapped air bubbles between the layers of PLLA and BC nanopaper.

To ascertain whether micro-cracks are present in the starting BC nanopapers, the
internal morphology of neat BC nanopaper (Figure 22e-f) was investigated. Micro-crack
could also be observed in the nanopaper (see arrow, Figure 22e and Figure 22¢). The
formation of micro-cracks in neat BC nanopaper is hypothesised to be due to the residual
stress formed during the drying of wet BC filter cake to produce BC nanopaper. When
conventional paper dries, the surface layers contract and the material in the centre
complies. This difference in the response of the neighbouring materials during this

contraction would lead to the formation of residual stress in conventional paper [97]. It is
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postulated a similar effect occurred in the BC nanopaper. In the heat consolidation step,
the partially dried BC filter cake was sandwiched between two filter papers and heat
pressed. This was to prevent the lateral contraction of the filter cake by restraining the
BC filter cake onto filter papers during drying. While lateral contraction of the BC filter
cake was prevented, the contraction and shrinking in the through-thickness direction still
occurred as the moisture ratio of the filter cake decreased. Since the outer layers of the
BC filter cake were restrained onto the filter papers during drying, it is anticipated the
drier outer layers compared to the swollen wet core, coupled with the non-uniform
formation of BC network in the nanopaper led to the formation of micro-cracks in the BC
nanopaper.

It could also be observed from Figure 22a to Figure 22d that the presence and
severity of micro-cracks in the reinforcing BC nanopapers increased with increasing
sheets of BC nanopaper in the laminated composites. As the BC nanopaper-PLLA
laminate consolidates under heat and an external pressing force, the molten PLLA in
between adjacent layers of BC nanopapers or between BC nanopaper and non-stick
release film will start to flow. If the resistance to flow is low (e.g. adjacent to the surface
of non-stick release film), the molten PLLA will flow and conform to the waviness of
BC nanopaper, as observed in composite 1. As a result, the severity and presence of
defects are low for BC nanopaper-PLLA laminate reinforced with one sheet of BC
nanopaper. This is also consistent with the absence of severe micro-cracks in the BC
nanopapers at the top and bottom layers of composites 2 to 4. However, if the resistance
to the flow of molten PLLA is too high (e.g. between two adjacent BC nanopapers, due

to surface roughness and waviness of BC nanopaper), the flow of molten PLLA will lead
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to the delamination of the BC nanopaper. This situation is further accentuated by the
inhomogeneity and waviness of BC nanopaper, with regions of non-uniform areal
density of BC in the nanopaper. As a result, the severity and presence of micro-cracks in
the BC nanopaper at the mid-plane of the laminated composites with > 3 sheets of BC
nanopapers were high and increased with the number of sheets of BC nanopapers in the
laminated composites. Similar effects have also been observed in the consolidation of

carbon fibre-reinforced polymer laminates [98].

5.3.3 Tensile properties of the laminated composites

The tensile properties of neat PLLA, BC nanopaper and their laminated
composites are summarised in Table 11. BC nanopapers was found to possess tensile
modulus (E) and strength (0,,,¢) of ~15 GPa and ~140 MPa, respectively. These values
are consistent with values obtained by various researchers [88]. By reinforcing PLLA
with BC nanopaper at BC volume fraction (v¢ g¢c) of 65 — 72 vol.-%, tensile moduli of
12.4 — 13.6 GPa were obtained. The slight variation in the measured tensile modulus of
the laminated composites is attributed to the slight variations of v gc. Higher v g leads
to higher measured E. The results also suggest that the measured E is relatively
independent of porosity and the number of reinforcing BC nanopapers in the laminated
composites. This could be due to the fact that for elastic modulus, the point-to-point
variations at small scales will be averaged out over the volume of the specimens tested
and the porosity of the composites in this chapter do not differ significantly from each

other [99].
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Table 11: The tensile properties of neat PLLA, BC nanopaper and their laminated
composites. vepe, E, Omax and € denote the fibre volume fraction of BC within the
laminated composites, tensile modulus, tensile strength and strain-to-failure,

respectively.

Sample Vepe (%) E (GPa) Omax (MPa) € (%)

PLLA 0 44+02 625 1.7+0.1
Composite 1 65+ 2 124+15 121 +£8 34+£03
Composite2  70+3 134+0.8 121+5 23+0.2
Composite3 66+ 2 12709 105+3 2.5+0.1
Composite4  72+3 13.6+0.2 95+11 1.6+£0.3
BC nanopaper 1 149+14 142+13 29+0.7

Unlike the measured E of the BC nanopaper-reinforced PLLA laminated
composites, a knockdown effect can be observed for the measured o,,,,, of the laminated
composites. The tensile strength decreases consistently from 121 MPa for laminated
composites reinforced with 1 sheet of BC nanopaper (composite 1) to only 95 MPa for
laminated composites reinforced with 12 sheets of BC nanopapers (composite 4). This
decrease in tensile strength of the laminated composites could be explained by the
weakest link theory: failure initiate from a flaw within the material [83]. As observed in
Figure 22, the severity of the micro-cracks increases with increasing number of sheets of
BC nanopapers in the laminated composites. These micro-cracks acted as flaws, leading
to early onset failure of the laminated composites. As a result, composite 4 possessed the

lowest g,,,,x due to the presence of a large number of micro-cracks.
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The representative stress-strain curves for PLLA, BC nanopaper and each type of
laminated composite fabricated in this work are shown in Figure 23. The stress-strain
curve of BC nanopaper comprised of an initial elastic behaviour, followed by an inelastic
deformation prior to catastrophic fracture at a strain-to-failure (¢) of ~3%. PLLA, on the
other hand, failed in a brittle manner at € = 2%. The stress-strain curves of composites 1
to 3 showed a catastrophic failure when peak loads were reached while composite 4,

which contained 12 sheets of BC nanopapers, showed a progressive failure.
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Figure 23: Representative stress-strain curves obtained for the neat PLLA, BC
nanopaper and the fabricated laminated composites

When peak load was reached for composite 4, one (or more) BC nanopaper(s) fractured
from the micro-cracks present. The load (which was lower than loads sustained by

composites 1 to 3 at the point of fracture) was then transferred locally to surrounding BC
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nanopapers that could still sustain the load exerted on the specimen, leading to the

observed progressive failure of the specimens.

5.3.4 Fracture surfaces of the laminated composites

The fracture surfaces of composites 1 to 4, which provides further information on
the influence of number of sheet(s) of BC nanopaper(s) in the laminated composites, are
shown in Figure 24. In all cases, significant defibrillation was observed for BC
nanopapers and the presence of ribbons and scarps on the fracture surface of the PLLA is
indicative of a brittle fracture [ 100], which also corroborate with the stress-strain curve of
PLLA. Composite 1 exhibited a localised fracture surface while composites 2 to 4
showed more extensive fracturing throughout the specimen. Such extensive fracturing
process is consistent with the presence of micro-cracks in the reinforcing BC nanopapers.

When peak load is reached, micro-cracks within the BC nanopaper will start to
propagate and coalesce forming larger cracks [101], which ultimately led to the fracture
of the BC nanopaper. Composite 1 was reinforced only with one sheet of BC nanopaper.
The fracture of BC nanopaper in composite 1 will lead to the fracture of the composite,
leading to a more localised fracture. Composites 2 to 4 were reinforced with more than
one sheet of BC nanopaper. When a BC nanopaper fractures, the load is transferred to
surrounding intact BC nanopapers, and caused the micro-cracks (which might not be on
the same plane) in the nearby BC nanopapers to start propagating, leading to the

observed extensive fracturing process.
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Figure 24: Fracture surfaces of the laminated composites at low magnification (a, c, e,
g) and high magnification (b, d, f, g), respectively.
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It is also worth noting that the de-bonding of BC nanopaper/PLLA interface was
not observed. Similar observation was also obtained for BC sheet (in the form of
pellicle)-reinforced PLLA composites [36]. Direct wetting measurements showed that the
contact angle of PLLA droplet on a single BC nanofibre was found to be 35.4 + 0.8°.
This results suggest good thermodynamic adhesion between BC and PLLA [102].
Therefore, the fracture process of BC nanopaper-reinforced PLLA laminated composites
is governed by the fracture process of BC nanopaper within the laminated composites

instead of the BC nanopaper/PLLA interface.
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6 LCA of nanocellulose-reinforced polymer composites

6.1 Introduction

It 1s evident that high performance BC- and CNF-reinforced polymer composites
can be produced. However, one major question remains: “Are nanocellulose-reinforced
polymer composites truly environmentally friendly compared to commercially available
renewable polymers and engineering materials?” With increasing demand for
environmental friendlier materials, it is timely to investigate the environmental impact
associated with the manufacturing of nanocellulose-reinforced polymer composites.
Therefore, in this chapter, the environmental impacts associated with the manufacturing
of BC- and CNF-reinforced polymer composites is quantified through a life cycle
assessment approach, starting from the production of nanocellulose (i.e. the cradle) to the

end-of-life (i.e. the grave) of the nanocellulose-reinforced polymer composites.

6.2 Methodology

6.2.1 Goal and scope definition

The aim of this chapter is to evaluate the environmental impacts of high
performance BC- and CNF-reinforced epoxy composites through a cradle-to-grave LCA
including their manufacturing, use phase and end-of-life. Two commercially available
benchmark materials were chosen for comparison: (i) 30 wt.-% randomly oriented glass
fibre-reinforced polypropylene (GF/PP) composites and (ii) polylactide, which is
considered the best performing bio-derived polymer [15]. Both materials were chosen
because of their extensive industrial usage as well as relatively similar mechanical
properties. This translates in their production being done with a process optimised for

large production volumes. The system boundary for the nanocellulose-reinforced epoxy
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composites and the benchmark materials is shown schematically in Figure 25. A
distinction is made between the foreground system, which is defined as the processes of
main importance in regards to the study (direct measurements can often be taken), and
the background system, which is defined as the processes used to support the foreground

system (supply of energy and materials) [103].
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Figure 25: Schematic diagram showing the system boundaries of the model representing
the life cycle of BC- and CNF-reinforced polymer composites (left), and PLA and GF/PP
composite (vight). The red, blue and green arrows represent consumables or raw
materials required, energy input and waste (materials and energy), respectively.

6.2.2 Polymer and composite manufacturing processes

The manufacturing of BC- and CNF-reinforced epoxy composites assumed in this
system is based on another study [33]. This study was chosen as high loading of
nanocellulose, which is a pre-requisite to producing high performance nanocellulose-
reinforced polymer composites [15], was achieved using conventional vacuum assisted

resin infusion, a widely used composite manufacturing technique. Briefly, never-dried
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bleached birch Kraft pulp (Betula pendula) was passed through a Supermass Colloider
(Masuko Sangyo Co., Kawaguchi, Japan) seven times and the final obtained consistency
of CNF in water was approximately 2 wt.-%. The CNF suspension was diluted to 0.4 wt.-
% prior to nanopaper manufacturing. Similarly, BC pellicles were first cut into small
pieces and blended (Breville BL18 glass jug blender, Pulse Home Products Ltd.,
Oldham, UK) for 2 min at a consistency of 0.1 wt.-%. The manufacturing of both BC and
CNF nanopaper closely resembles that of conventional paper manufacturing process,
whereby the BC and CNF suspension were vacuum filtered, wet pressing under a 10 kg
weight, followed by drying at 55 °C to obtain BC and CNF nanopapers. To manufacture
BC- and CNF-reinforced epoxy composites, 11 nanopapers were sandwiched between
two PTFE coated glass fabrics (FFO3PM, Aerovac, West Yorkshire, UK) and placed on
top of a polyester porous flow medium (15087B, Newbury Engineer Textile, Berkshire,
UK). Another polyester porous flow medium was placed on top of the PTFE coated glass
fabric. A heat stabilised Nylon 6 vacuum bag (Capran 519, Aerovac, West Yorkshire,
UK) was then used to cover the whole set up and vacuum sealant tape (SM5127,
Aerovac, West Yorkshire, UK) was used to seal the set up. A vacuum was then applied
(~15 mmHg) and the liquid epoxy resin (PRIME 20ULV, Gurit Ltd, Isle of Wight and
Hamble, UK) was fed at room temperature from the bottom of the flow medium (tooling
side) through the stack of nanopapers and exit through non-tooling side. The resin was
left to cure at room temperature for 24 h, followed by a post-curing step at 50 °C for 16
h. The resulting BC- and CNF-reinforced epoxy composite panels were ~1 mm thick,
containing 49 vol.-% and 58 vol.-% of BC and CNF loadings, respectively. In this LCA

model, a commercially available randomly oriented GF/PP composite consisting of 30
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wt.-% glass fibres (which is equal to 13 vol.-%), known under the trade name of Eurostar
Starpylen MX06050" was modelled. To manufacture the GF/PP composites, the glass
fibres were assumed to be compounded with polypropylene in an extruder prior to
palletisation and injection moulded into the final composite parts. To manufacture neat
PLA parts, the model assumed that dried PLA pellets were injection moulded to produce
the final PLA part.
6.2.3 A comparison criterion: the functional unit

A functional unit (f.u.) quantifies the function provided by the analysed system
and provides a base for comparison with alternative systems. In order to compare the
four different materials with different mechanical performances, a performance indicator
found using Ashby’s method [39] based on the specific tensile stiffness of the materials
is used to calculate the equivalent mass of the material required to reach the same level of

performance. The equivalent mass of material required is expressed as:

m_mref — Eref/pref -1
ref E/p

(6.1)

m

where m, E, p are the mass, tensile modulus and density of BC-reinforced epoxy
composites, GF/PP model composites and neat PLA, respectively. mirer, Erer and prer are
the mass, tensile stiffness and density of a reference material. In this LCA model, mwr =1
kg of CNF-reinforced epoxy composite is arbitrarily chosen as reference. The derivation
of equation 6.1 can be found in Appendix B. The mass of materials compared in this

LCA model along with materials properties are summarised in Table 12.

" Mechanical data obtained from http://www.matweb.com/
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Table 12: The functional unit used in this LCA. E, p and m denote the tensile modulus,
density and equivalent mass of the materials required. E and p of BC- and CNF-
reinforced epoxy composites, as well as neat PLA were obtained from Lee et al. [33] and
Montrikittiphant et al. [23], respectively.

Material E p E/p Miotal Mireinforcement
(GPa) (kgm?) (GPam’kg’)  (kg) (kg)

PLA 39+0.2 1210 3.22 1.96 0

GF/pp* 5.7 1120 5.09 1.24 0.392

CNF/epoxy 8.5+0.2 1350 6.30 1.00 0.650

BC/epoxy 7.1+£0.1 1320 5.38 1.17 0.653

*The properties used in this chapter are based on commercially available randomly oriented GF/PP composites under the trade name
of Eurostar Starpylen MX06050.

6.2.4 Calculation method and impact categories

This LCA model uses the CML 2001 impact assessment method (April 2013
version) developed by the Centre for Environmental Science in Leiden University [104]
using a life cycle engineering software, GaBi (version 6, PE International, Leinfelden-
Echterdingen, Germany). This method uses midpoint indicators to model at an early
stage the effects of substances on the environment at an early stage (also known as
problem-oriented approach) which minimises uncertainties [105]. The chosen impact
indicators for this LCA along with their brief description are summarised in 2.2.1.These
impact categories have been chosen based on their significance to this LCA model and
their link to distinct environmental mechanisms.

6.3 Life cycle inventory
All the data used in this chapter was obtained from: (i) the GaBi databases, (ii)

Ecoinvent version 2.2, (iii) literature values and (iv) the author’s own estimations.
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¢ Foreground data
All the input and output data were scaled to the equivalent of manufacturing the
previously calculated mass of materials to be compared. The electricity usage of the
vacuum pump was measured using P4400 Kill-A-Watt power usage meter (P3
International, New York, USA).

¢ Background data
The electricity production was assumed to be supplied from the electricity grid mix for
Great Britain (45.9% from natural gas, 28.3% from hard coal, 16.3% from nuclear, 1.3%
from heavy fuel oil, 0.3% from coal gases and 8% from renewable energies). Global and
European data averages were used in absence of data from Great Britain. If data was not
available from both Great Britain and Global/European averages, the data from
Switzerland or Germany was then used.

¢ Energy balance

To estimate the energy required in any process steps, the following equation was used:

Q = [, (Zemi X Cp,)dT (6.2)
where Q is the energy required, m; and Cp; are the mass and the heat capacity of
compound i, respectively. For the estimation of the energy required to post cure BC- and
CNF-reinforced epoxy composites, the heat capacity of cellulose and epoxy resin were
taken as 1.55J ¢! K1 [106], and 1 J g! K'' [107], respectively. The energy required to
heat the water for the purification of BC pellicles was also calculated using equation 6.2.

6.3.1 Key assumptions

The following assumptions were made in this LCA model:
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(i)

(iii)

(iv)

™)

The yield of BC is highly dependent on the strain of cellulose-producing bacteria
used, the carbon source, supplement supplied and the culture time [13]. In this
LCA model, BC is assumed to be produced by A4. xylinum (ATCC 53582) using
Hestrin-Schramm medium [108] consisting of 2% (w/v) glucose, 0.5% (w/v) yeast
extract and peptone, 0.27% (w/v) disodium hydrogen phosphate and 0.115% (w/v)
citric acid. The BC yield used in this study was 3.2 g L! based on an in-house
preliminary study.

BC is purified by heating the BC pellicles in 0.1 M NaOH solution to 80 °C for 20
min. In this LCA model, it was assumed that 36 L of 0.1 M NaOH solution is
needed to purify 653 g (dry weight) of BC pellicles.

The manufacturing of nanocellulose-reinforced composite panels will no doubt
require more epoxy resin than what was needed by the final BC- and CNF-
reinforced composite panels as additional epoxy resin was needed to fill the gap in
the vacuum bag and infusion tubes. Nevertheless, it was assumed in this LCA
model that the additional epoxy resin needed exert no significant influence on the
LCA results.

Material losses during Kraft pulp grinding, nanopaper manufacturing, polymer and
glass fibres compounding, injection moulding and (composite) parts finishing were
assumed to be negligible. Heat loss during the post curing of the BC- and CNF-
reinforced epoxy composites was assumed to be insignificant.

A recent study by Josset et al. [44] showed that an energy requirement of 5.25 kWh
kg! was needed to fibrillate Kraft pulp to CNF using a Masuko grinder. This value

was used in this LCA model for the production of CNF from Kraft pulp.
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(vi) An industrial paper manufacturing process was modelled in the life cycle
engineering software, GaBi, to model the manufacturing of BC and CNF
nanopapers. The paper making data associated with paper production from
bleached Kraft pulp was used. The longer water drainage time required by
nanocellulose was omitted.

(vil) The environmental impacts associated with the transportation of materials were
neglected as glass fibres are extremely well industrialised whereas nanocellulose is
only starting to be produced industrially. Including material transportation would
thus masks the environmental differences linked only to the materials.

(viii) The efficiency of all electrical appliances (vacuum oven, resin infusion plates,
vacuum pumps etc.) was assumed to be 100%.

(ix) BC- and CNF-reinforced epoxy composites, GF/PP and PLA were assumed to be
equally durable in this LCA model.

6.3.2 Use phase and end-of-life

A cradle-to-grave LCA was performed in this chapter, whereby the use phase of
the polymer and composite parts in a car (a highly researched application for green
composites) [109] and their end-of-life were considered.

¢ Use phase impact

To evaluate the environmental impact associated with the use phase of the polymer and

composite parts in a car, the fuel consumption was allocated in function of the weight of

the parts in the car using [110]:
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Weightpanel

X X .
Weighto Fuel economy, X ¢ (6.3)

Fuel economyp,ne =

A factor “c” was introduced to account for aerodynamics, as the reduction in fuel
consumption of the polymer and composite parts is not only directly proportional to the
weight reduction of the car [110]. A ¢ value of 0.5, which signifies that a 10% weight
reduction of the car lowers the fuel consumption by 5%, was chosen according to a study
conducted on Peugeot - Citroén cars [111]. The equivalent distance used to model the use
phase of each part was calculated based on an average car weighting 1500 kg driven for
200,000 km with a fuel consumption of 7.3 L km''. This fuel consumption also
corroborates the average fuel consumption of a car in the Ecolnvent database.
¢ End-of-life (EOL)

In 2011, it was estimated that 50% of the plastic waste generated in Switzerland went
into landfills, 30% of the plastic waste were incinerated to recover energy whilst the
remainder were recycled [112]. The process of recycling depends on numerous factors
such as waste flow and the type of plastic. Due to the uncertainty associated with the
recycling process, it was assumed that 60% of composite panels would go into landfill
and 40% of the composite panels were incinerated to recover energy. The process of
recycling was not considered. All the glass fibres in GF/PP were assumed to be
incombustible and sent to landfill as part of the combined ash from the incinerator.
Furthermore, a recent report published by the European Plastics Recyclers Association
showed that less than 15% of polymer waste from the automotive industry is recycled
[113], with approximately 60% of these waste disposed in landfill or incinerated without
energy recovery. Therefore, it was assumed that 60% of PLA was sent to landfill and

40% incinerated to recover energy. A recent study on the anaerobic digestion of PLA in
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landfills showed that no statistically significant biogas (CHsand CO») was
generated [114]. Therefore, this LCA model further assumed that there was no significant
biogas contribution when PLA was landfilled compared to the other materials.

6.4 Results and discussion

6.4.1 Cradle-to-gate analysis

A cradle—to-gate LCA model includes all steps from raw materials extraction to
the finished product at the factory gate. The cradle-to-gate GWP and ADf associated with
the production of PLA, GF/PP, BC- and CNF-reinforced epoxy composites are shown in

Figure 26.
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Figure 26: Global warming potential and fossil energy consumption for the production
(from cradle-to-gate) of the two benchmark materials and two nanocellulose-reinforced
composites.

Even though the equivalent mass of neat PLA is larger, the GWP of neat PLA is
lower than GF/PP. This could be attributed to the 1.9 kg CO: eq kg™!' of environmental

credits of PLA as a result of carbon sequestration associated with corn production [50],
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whereby for 1 kg of PLA, 2.5 kg of corn is needed*. The ADf for PLA however, is higher
than that of GF/PP. As GF/PP possess higher tensile modulus compared to PLA (5.7 GPa
vs 3.9 GPa), the equivalent mass of GF/PP required would be much smaller than that of
PLA to sustain the same tensile load, leading to the observed lower environmental
impact of GF/PP in other impact categories (see Appendix C for a comprehensive
environmental impact of all modelled materials). Nevertheless, both BC- and CNF-
reinforced epoxy composites have higher environmental impacts compared to the
benchmark PLA and GF/PP. The results showed that the GWP of both BC- and CNF-
reinforced epoxy composites are higher than that of PLA and GF/PP. Furthermore, the
ADf of the production of BC-reinforced epoxy composites was found to be 2.4 and 2.6
times higher than neat PLA and GF/PP (see Figure 26), respectively, even though BC-
reinforced epoxy composites possess higher tensile modulus compared to neat PLA and
GF/PP, implying that less BC-reinforced epoxy composites is needed to comply with the
functional unit. Similar observations could also be made for CNF-reinforced epoxy
composite, whereby higher ADf is observed for the manufacturing of these composites
compared to neat PLA and GF/PP. The higher GWP and ADf associated with the
manufacturing of BC- and CNF-reinforced epoxy composites suggest that nanocellulose-
reinforced polymer composites might not be environmental friendlier than commercially
available bio-derived polymer, such as PLA or engineering materials, such as GF/PP

composites.

¥ Value given by NatureWorks on its website: http://www.natureworksllc.com/
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Table 13: Detailed impacts associated with the production of the BC- and CNF-
reinforced epoxy composites.

Consumables used GWP (kg COz eq/fu.)  ADf (MJ/fu.)
Resin feed tube 0.07 1.96

Porous medium 1.30 33.66
Sealants 0.41 11.38
Vacuum bag 0.55 6.29
Consumables end-of-life 0.30 -4.48

From Figure 26, it can be seen that one of the major contributors to the
environment is the manufacturing of BC- and CNF-reinforced epoxy composites based
on the VARI. This is due to the consumables used in the manufacturing processes, many
of which are not eco-friendly. Table 13 further shows the contributions of the
consumables used in the VARI process to the environment. These consumables
constitute to approximately 24% and 45% of the total ADf associated with the VARI
process of BC- and CNF-reinforced epoxy composites, respectively. The production of
the porous flow medium used in the VARI, for example, has almost as high ADf as the
production of the epoxy resin used. Overall, it is the use of fibrous networks that limits
the manufacturing method choices and is thus accountable for these impacts.
Furthermore, it can also be seen from Figure 26 that the GWP and ADf for the
production of BC- and CNF-reinforced epoxy composites stems from the production of
the reinforcing phase, i.e. the production of CNF from wood pulp and the biosynthesis of
BC from low molecular weight sugar. It should also be noted that the equivalent mass of
glass fibres, CNF and BC considered in this chapter are different (see Table 12).
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Therefore, the higher GWP and ADf for the production of CNF can be attributed to the
larger amount of CNF required to reinforce the epoxy matrix (versus the amount of GF
required in the PP). Nonetheless, it is clear that the production process of BC is much
more energy intensive, leading to higher ADf compared to the production of CNF and
GF, even when the differences in the mass of CNF and GF are considered. This is due to

the energy required to produce the chemicals used for the HS medium.
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Figure 27: Detailed hot spot analysis of the production of bacterial cellulose

To further elucidate this, a detailed hot spot analysis of the relative environmental
impacts associated with the synthesis of BC is shown Figure 27. The production of the
glucose used for the HS medium (4.08 kg per functional unit) contributes 61 MJ in the
ADf category. This accounts for half of the ADf in the production of 0.653 kg of BC
(131 MJ) and accounts for 25% of the ADf in production of 1.17 kg of BC-reinforced
epoxy composites (272 MJ). Nevertheless, the production of glucose also provides an

environmental credit in the GWP indicator as glucose is produced from starch, which is
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in turn obtained from corn cultivation where carbon dioxide can be sequestered. In
addition to this, the use of disodium phosphate in HS medium is also a major contributor
to the acidification potential and freshwater ecotoxicity potential of the BC-reinforced
epoxy composite (see appendix C for detailed breakdown in every impact indicator)
accounting for respectively 21% and 37% of these impacts. The environmental burden
associated with BC production also originates from the purification of BC after culturing
in HS medium. The cultured BC pellicles have to be washed and purified to remove any
chemicals and bacteria used in HS medium as highly purified BC pellicles possess better
thermal stability, thermo-mechanical and mechanical properties [115-117]. The LCA
model results show that this purification step, equivalent to 2.6 kg CO> eq, contributes
54% and 19% of the GWP of the BC production (see Figure 27) and the BC-reinforced
epoxy composite manufacturing respectively. In terms of ADf, the 22.7 MJ required for
the purification corresponds to 17% of the BC production.
6.4.2 Cradle-to-grave analysis

A major contributor to the life cycle global warming potential is the use phase
associated with the composite automotive part [118,119]. The heavier the part, the higher
the fuel consumption allocated to the part and thus, more exhaust gas is produced. As
aforementioned, the motivation of using nanocellulose as reinforcement for polymers is
the possibility of exploiting the high tensile stiffness and strength of cellulose crystals
[120], thereby producing high performance lightweight structures, reducing fuel
consumption of the vehicle. The GWP and ADf associated with the manufacturing, use
phase and end of life of PLA and the other composites in the cradle-to-grave scenario is

shown in Figure 27.
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Figure 28: GWP and ADf (from cradle-to-grave) of the two benchmark materials and
two nanocellulose-reinforced composites.

Contrary to the cradle-to-gate results, which show that the environmental burden
associated with the manufacturing of BC- and CNF-reinforced epoxy composites are
higher compared to the production of GF/PP and neat PLA, the cradle-to-grave LCA
showed otherwise. When the use phase of the polymer/composite parts is considered,
neat PLA contributes the highest cradle-to-grave GWP and ADf. On the other hand,
GF/PP composites contribute the lowest cradle-to-grave GWP and ADf compared to the
neat PLA. This can be attributed to the differences in the mass required between the two
materials to reach the same performance (see Table 12). Conversely, even though the
equivalent mass of GF/PP is higher than that of BC- and CNF-reinforced epoxy
composites, the GWP and ADf for the manufacturing of GF/PP composites are lower
than that of the nanocellulose-reinforced epoxy composites, leading to lower cradle-to-
grave GWP and ADf compared to the nanocellulose-reinforced epoxy composites. This

LCA model suggests that whilst the manufacturing of nanocellulose-reinforced epoxy
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composites might not be as environmentally friendly as neat PLA and GF/PP, the “green
credentials” of nanocellulose-reinforced epoxy composites are comparable to that of neat
PLA and GF/PP composites when the use phase and end-of-life of the composites were
considered.

A recent study by Pietrini et al. [121] showed that the non-renewable energy use
for the manufacturing of nanoclay-reinforced polymer composites was a function of the
tensile modulus of the nanocomposites. Lee et al. [4] have also recently showed that the

tensile modulus (Ejanocomposite) Of cellulose nanopaper-reinforced polymer composites

can be predicted using simple rule-of-mixture (equation 2.1). In order to identify the vr at
which BC- and CNF-reinforced epoxy composites will perform environmentally better
compared to neat PLA and GF/PP, the cradle-to-grave GWP and ADf of BC- and CNF-
reinforced epoxy composites as a function of v¢ was plotted using Ecomposites calculated®
from equation 2.1 (see Figure 29). As a comparison, the cradle-to-grave GWP of and
ADf for neat PLA and 30 wt.-% randomly oriented GF/PP composites are also shown on
the same figure. The dotted line shown in Figure 29 represents an imaginary state
whereby cellulose nanopapers can be used to reinforce polymer matrices at such extreme
loadings. It should be mentioned than while reaching v¢ > 60 vol.-% is possible, it is
extremely difficult because of the high density and low permeability of nanopapers. Such
loading fractions will lead to longer resin impregnation times that will increase in return
the environmental impact of the composite. Nevertheless, the analysis of the results

showed that with increasing v, whereby the production of both CNF and BC will place

¢« The input parameters for equation 4 are E,,ix = 3.0 £ 0.1 GPa, E, . op. = 120 = 1.1
GPa and E, .o = 12.8 £ 1.4 GPa, respectively.
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heavier environmental burden, the cradle-to-grave GWP and ADf decrease. This is due to
the increase of the tensile moduli of BC- and CNF-reinforced epoxy composites, thereby
lowering the amount of materials required to comply with the functional unit and
reducing the impacts of the use phase significantly. Whilst both the cradle-to-grave GWP
and ADf for BC- and CNF-reinforced epoxy composites can be lower than that of neat
PLA when vf > 60 vol.-%, both the cradle-to-grave impacts of BC-reinforced epoxy
composites are always higher than the cradle-to-grave impacts of GF/PP, even at high
BC loadings. This can be attributed to the production of BC, whereby the heavy
environmental burden associated with the production of BC is not offset by the weight

reduction of BC-reinforced epoxy composite.
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Figure 29: GWP and ADf of the nanocellulose-reinforced polymer composites for
different nanocellulose loading. The dotted lines represent the hypothetical cases of a
neat epoxy, BC or CNF part.

It is worth noting that the modulus of the nanocellulose sheets considered here match
expectations when considering the lowest tensile modulus (around 30 GPa) predictions

for nanocellulose fibres [122]. However, succeeding in producing nanocellulose

113



networks that fully utilise the tensile properties of cellulose crystals could lead to higher
properties. Hence, more research should be conducted on improving the manufacturing

of nanocellulose sheets.
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7 Concluding remarks

7.1 Sample geometry dependency on the measured tensile properties of cellulose
nanopapers

In chapter 3, the influence of test specimen geometries on the measured tensile
properties of CNF and BC nanopapers was studied. Overall, the tensile moduli (E) and
strengths (o) of CNF nanopapers were found to be higher than that of BC nanopapers
(CNF nanopaper: E = 16.1-14.5 GPa, 0 = 182-157 MPa and BC nanopaper: E = 15.2-
13.4 GPa, o = 149-120 MPa). This is attributed to the lower porosity of CNF nanopaper
(~10%) compared to BC nanopapers (~30%) manufactured in this work. The tensile
moduli (calculated from the strain of the test specimens determined from a non-contact
video extensometer) of both CNF and BC nanopapers were not strongly dependent on the
geometry of the tensile test specimen used. However, if test specimen strain was
calculated from the crosshead displacement of the test machine divided by the initial
gauge length of the test specimen, the tensile moduli was found to be consistantly lower
than that determined from the non-contact video extensometer. This difference is a result
of the compliance of the test equipment and emphasises the importance of using an
independent strain measurment when performing tensile testing of cellulose nanopapers.

The measured tensile strength of cellulose nanopapers was the highest when the
test was conducted on miniaturised dog bone test specimens with 2 mm (CNF nanopaper:
o = 182 MPa, BC nanopaper: ¢ = 149 MPa). The measured tensile strength of CNF and
BC nanopapers decreased by 20% when the tensile test specimen width increased to 15
mm. This is due to wider test specimens being more prone to defects or flaws. CNF
nanopapers was also found to possess higher Poisson’s ratio compared to BC nanopapers

(~0.3 for CNF nanopapers vs ~0.1 for BC nanopapers). This is a result of the lower
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porosity of CNF nanopapers compared to BC nanopapers. Furthermore, it was observed
that the Poisson’s ratio of CNF and BC nanopapers was independent of test specimen
geometries used. Fracture resistance of single edge notched cellulose nanopapers were
conducted. CNF nanopaper possessed higher critical stress intensity factor (K.)
compared to BC nanopapers (CNF nanopaper: K;, = 7.3 MPa m'? , BC nanopaper: K, =
6.6 MPa m'!?). CNF nanopapers fractured catastrophically when peak force was
achieved. The crack on single edge notched BC nanopapers, on the other hand,
propagated for ~20 s before catastrophic fracture. This is due to inhomogeneity in the

aeral density of BC across the through thickness of the BC nanopapers.

7.2 Low grammage BC nanopaper-reinforced PLLA laminated composites

In chapter 4, low grammage BC nanopapers were manufactured and used as
reinforcing phase in BC nanopaper / PLLA composite laminates. It was found a 5 g m™
BC nanopaper was 3 times faster to filter than a 50 g m nanopaper and was fully dried
before the hot-pressing/consolidation step. Due to the slower drying of higher grammage
nanopapers, fibre movement occurred under 1 t pressure leading to better packing while
fibre movement could only occur under 10 kg (before the wet cake was fully dry)
pressure which lead to high porosities. The porosity of the neat BC nanopapers increased
from 48% to 78% for the 50 g m? and 5 g m™ nanopapers, respectively, due to the
slower drying of higher grammage nanopapers which allowed fibre movement under 1 t
pressure. The tensile modulus and strength of the 50 g m™ nanopapers was found to be
11.8 GPa and 111 MPa, respectively. Both properties decreased roughly linearly with
decreasing grammage with the 5 g m? BC nanopaper possessing a tensile modulus and

strength of 2.4 GPa and 31 MPa, respectively. This was ascribed to the lower coverage ¢

116



of the lower grammage nanopapers which translates in lower stress transfer efficiency
between fibres.

Laminated composites containing 10, 5, 2 and 1 layer(s) of 5, 10, 25 and 50 g m™
nanopapers were fabricated. The 4 produced composites possessed comparable tensile
properties with a tensile modulus and strength around 10 GPa and 100 MPa, respectively.
It is postulated that measured properties of the composites remained the same because of
similar porosities of the composite despite large variations of porosities between different
nanopaper grammages. SEM images of the fractures composites revealed a layered

structure with no or little impregnation occurring.

7.3 Mechanical response of multi-layer BC nanopaper-reinforced PLLA composite
laminates

In chapter 5, the mechanical response of BC nanopaper-reinforced PLLA
laminated composites as a function of number of sheets of reinforcing BC nanopaper was
studied. It was found that by scaling up the number of reinforcing BC nanopapers from 1
sheet to 12 sheets, the porosity of the resulting BC nanopaper-reinforced PLLA
laminated composites increased from 17% (laminated composites reinforced with 1 sheet
of BC nanopaper) to ~30% (laminated composites reinforced with 12 sheets of BC
nanopapers). The tensile moduli of the laminated composites were found to be ~12.4 —
13.6 GPa (at vggc = 65 — 72 vol.-%), insensitive to the number of sheets of reinforcing
BC nanopaper in the laminated composites. However, the tensile strength of the
laminated composites decreased by up to 25% from 121 MPa for PLLA laminated
composites reinforced with 1 and 3 sheets of BC nanopaper(s) to only 95 MPa for

laminated composites reinforced with 12 sheets of BC nanopapers. Fractographic
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analysis also showed that laminated composites reinforced with more than > 3 sheets of
BC nanopapers exhibited an extensive fracture of the test specimens while composites
reinforced with only 1 sheet of BC nanopaper showed a localised fracture.

These observations were attributed to the presence of scale-induced defects as the
number of sheets of reinforcing BC nanopapers increases. As the number of sheets of
reinforcing BC nanopaper increased, it was also observed that the presence and severity
of these defects increased. Three types of defects have been observed in the BC
nanopaper-PLLA laminated composites; (i) thickness inhomogeneity and out-of-plane
waviness of BC nanopaper(s) in the laminated composites, which is a result of the
formation of aggregates/bundles in the starting BC-in-water suspension prior to
nanopaper manufacturing, (ii) voids between adjacent layers of BC nanopapers, which
originated from air bubbles trapped during the lay-up of large number of sheets of BC
nanopapers and difficulties in removing them as the lay-up was too thick, and (iii) micro-
cracks within the BC nanopapers, which is attributed to the formation of residual stress
during the drying of BC nanopapers. The presence and severity of these micro-cracks in
the BC nanopapers were hypothesised to be accentuated during the consolidation step to

produce PLLA laminated composites reinforced with multi-layers of BC nanopapers.

7.4 LCA of nanocellulose-reinforced polymer composites

In chapter 6, a cradle-to-grave LCA of BC- and CNF-reinforced epoxy
composites was performed to evaluate their environmental impacts starting from the
production of CNF or BC to the end-of-life of the nanocellulose-reinforced epoxy
composites. Neat PLA and 30% randomly oriented GF/PP were used as benchmark

materials for comparison. To compare the environmental performance of materials with
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different mechanical performance, specific tensile moduli of the materials were used to
evaluate the equivalent mass of the material required to achieve the same uniaxial tensile
load.

For the manufacturing phase, this study showed that amongst the four materials
compared, BC- and CNF-reinforced epoxy composites have higher GWP (13.8 kg CO
eq for BC-reinforced epoxy and 8.6 kg CO;, eq for CNF-reinforced epoxy) and ADf
(271.6 MJ for BC-reinforced epoxy and 149.6 MJ for CNF-reinforced epoxy) compared
to neat PLA and GF/PP even though the specific tensile moduli of the nanocellulose-
reinforced epoxy composites are higher than neat PLA and GF/PP, implying that smaller
equivalent mass for nanocellulose-reinforce epoxy composites is required. In addition to
the production of CNF from Kraft pulp (0.76 kg CO> eq and 28 MJ) and the biosynthesis
of BC (4.8 kg COz eq and 131 MJ), the composite manufacturing process, whereby
numerous environmental unfriendly consumables are required for VARI, also contributes
to the poor environmental performance of nanocellulose-reinforced epoxy composites.

When the use phase and end-of-life of the nanocellulose-reinforced epoxy
composites were taken into account, it was found that neat PLA contributes to a high
cradle-to-grave GWP (26.9 kg CO» eq) and ADf (398 MJ). GF/PP composites has the
lowest cradle-to-grave GWP (18.9 kg CO» eq) and ADf (283.5 MJ) compared to the neat
PLA. This can be attributed to the differences in the equivalent mass required between
the two materials. This LCA model further showed that when the use phase and the end-
of-life of nanocellulose-reinforced epoxy composites were considered, the “green
credentials” of nanocellulose-reinforced epoxy composites are comparable to that of neat

PLA and GF/PP composites. Life cycle scenario analysis also showed that both the
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cradle-to-grave GWP and ADf of BC- and CNF-reinforced epoxy composites can be
lower than that of neat PLA when vf > 60 vol.-%, indicating that high nanocellulose
loading fraction of composites is desired to produce materials with “greener credentials”
than neat PLA.

However, the GWP and ADf of BC-reinforced epoxy composites were found to
be always higher than that of GF/PP, even at high BC loadings. This can be attributed to
the production of BC, whereby the heavy environmental burden associated with the
production of BC is not offset by the weight reduction of BC-reinforced epoxy
composite. To produce “truly green” nanocellulose-reinforced polymer composites, it is
therefore desirable to reduce the energy necessary to produce CNF, synthesise BC at
much higher yields and employ composite manufacturing processes with lower

environmental impact.
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8 Future work
The work conducted in this thesis opens new path of research to further improve

the use of cellulose nanopapers as polymer reinforcement.

8.1 Oncellulose nanopapers

The use of a wet-end additives (cationic starch), like in the paper industry, was
investigated as part of this PhD. The work showed promising results with important
increase in tensile properties of both BC and CNF nanopapers. Further work remains to
be done to understand why this is the case. Another simple step should be the
optimisation of the amount and nature of the additive(s). Korhonen et al. [123] for
example demonstrated that a combination of cationic starch and polyacrylamide (PAM)
was the most effective to increase paper strength. The method of addition can also be
investigated. In the preliminary work previously mentioned, the starch was cooked
“manually” and added in the suspension. However, industrially, it is added by spraying
after jet-cooking which could lead to higher increase in tensile properties of the
nanopapers.

Chapter 4 also briefly identifies dewatering as one of the major area where
progress can be made for the production of cellulose nanopapers. In the present thesis,
only filtration under vacuum was used to produce nanopapers but this technique has
limitations, e.g. the necessity for vacuum that is both complex and energy intensive.
Other nanopaper manufacturing process have already been used to quicken nanopaper

making [62,75] but progress remains to be done, particularly for industrial scaling.

8.2 Oncellulose nanopaper-reinforced polymer composites
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It was observed that cellulose nanopapers retained the pattern of the filtration
membrane that was used to manufacture them. For example, the weaved pattern of a
nylon cloth can be imprinted on the nanopaper as seen in Figure 30. This capacity of the
cellulose nanopaper to possess a shaped surface opens many new possibilities. The
simple creation of a surface roughness could favour adhesion with a polymer and thus

increase the mechanical properties of a laminated composite.

15.0kV 9.8mm x35 SE

Figure 30: Weaved pattern of a nylon cloth imprinted on a cellulose nanopaper

The creation of a specific pattern could also have potential to be used in microfluidics for
medical applications. The ability of nanocellulose to be shaped on a substrate and the
work of Beneventi et al. also demonstrate the existing possibility of producing a 3D
shaped cellulose nanopaper already adopting a finalised product form [75].

In many studies, cellulose nanopapers are used as relatively cheap and
environmental friendly substrate material [19,124]. However, the claims of

inexpensiveness are not verified and are often claimed based on the origin (wood) of the
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nanocellulose. An exhaustive cost study could reveal these claims to be false due to each
application requiring different complex manufacturing processes. Similarly, the
environmental friendly credits given to the cellulose nanopapers as a substrate should be
investigated. The end-of-life of cellulose nanopapers and their composites also needs to
be examined in detail as some questions are left unanswered. It is for example not known
how long would a cellulose nanopaper-reinforced composite need to fully biodegrade
and in which conditions. We also need to acquire knowledge on the possibilities and
advantages of recycling these materials as opposed to recovering energy when
incinerating them.

The optimisation of cellulose nanopaper-reinforced polymer composites should
be continued bearing in mind real applications. This is to better target groups of features
such composites must possess in order to become valid and replace current materials.
The literature review in this work revealed the possibility to produce transparent
cellulose nanopaper-reinforced polymer composites [24,25,35]. Transparent polymers
such as polymethyl methacrylate and polycarbonate are often used in impact resistance
applications. Their reinforcement with nanocellulose could help increase their energy
dissipation ability (due to the high specific surface area of nanocellulose) while

maintaining their transparency.
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Appendix A: derivation of the compliance equation

The total elongation (Al) recorded during tensile test can be expressed as:

AP
Al = Altest specimen + Altest equipment — Altest specimen + C_s

(S1)

Aliest specimen aNd Aljegi equipment T€Present the recorded elongation of test tensile test

speciment and test equipment, respectively. AP and Cg denote the measured load and

compliance of the test equipment (Hooke’s spring constant).

The tensile modulus (E) of the test specimen be written as:

E="0=%x_lo (S2)

Ae A Altest specimen

Ao, Ae, |, and A are the tensile stress, specimen strain, initial gauge length and cross

sectional area of the test specimen, respectively.
Combining equations (S1) and (S2):

111
T=C—S+EX— (S3)

) A
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Appendix B: performance indicator and weight variation
calculation

In tension:

_AF o AF
~ 5,06 OO T E A,

F

Where ¢ is the elongation (¢ = %), F the force (tension applied), S the section of the part

and ¢ and E the tensile strength and modulus, respectively.

pl _Sll
_ (AF.l)
™= PI\E Ae
AF.l
Myer = Pref (E AE)
1-

Because the length 1, the force and the elongation are constraints:

Pi _ Pref

My = Myer E; Eref
mref Zref
ref

The performance indicator PI is defined as the specific tensile modulus such as:

E
Pl =—
p
Thus:
P1 11
Tn1 mref El _ PIl PIT@f _ i _ 1 PI
Meer  Prer =7 1 “\PL, Pl) Y
Eref PI‘r'ef
This gives us:
my — Myer _ Plref 1
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Appendix C: detailed LCA results in all impact categories

Cradle-to-gate:

ADF AP FETP GWP POPC
Material (MJ/fu.) (kg SO2 eq/fu.) (kg DCB eg/fiu.) (kg CO2 eq/fu.) (kg ethene eq/f.u.)
PLA 112.6 0.03 2.9 4.6 0.004
GF/PP 102.9 0.02 1.1 4.9 0.003
CNF/epoxy 149.6 0.03 0.7 8.6 0.004
BC/epoxy 271.6 0.07 2.8 13.8 0.007

Detailed production of the CNF/epoxy composite:

ADF AP FETP GWP POPC
(MJ/f) (kg SO2 (kg DCB (kg CO2 (kg ethene

eq/f.u.) eq/f.u.) eq/f.u.) eq/f.u.)
Porous medium 33.66 0.0045 0.200 1.30 0.00091
Other consumables 32.79 0.0062 0.194 2.89 0.00125
CNF Paper (no grinding) 14.62 0.0056 0.256 -0.39 0.00057
Epoxy Resin 34.13 0.0060 0.001 2.34 0.00064
Epoxy hardener 5.72 0.0003 0.001 0.21 0.00007
Fibrillation by grinding 24.69 0.0062 0.002 1.93 0.00037
Electricity 3.95 0.001 0.0004 0.3 0.00005
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Detailed production of BC:

ADF AP FETP GWP POPC
(MJ/f) (kg SO2 (kg DCB (kg CO2 (kg ethene
eq/f.u.) eq/f.u.) eq/f.u.) eq/f.u.)
Peptone 1.81 0.001 0.01 -0.017 0.0001
Water 1.76 0.001 0.087 0.2 0.0001
Yeast extract 15.19 0.005 0.092 0.757 0.0007
Citric acid 17.15 0.002 0.013 1.113 0.0002
Glucose 60.86 0.01 0.175 -1.443 0.0004
Pellicle washing ~ 22.72 0.008 0.202 2.614 0.0006
Sodium 11.58 0.024 1.655 1.577 0.0012
Phosphate
Cradle-to-grave:
ADF AP FETP GWP POPC
Material (MJ/fu.) (kg SO2 eq/fiu.) (kg DCB eg/fiu.) (kg CO2 eq/fu.) (kg ethene eq/f.u.)
PLA 398.3 0.096 5.74 26.9 0.016
GF/PP 283.5 0.059 2.92 18.9 0.01
CNF/epoxy  295.5 0.061 2.13 19.9 0.097
BC/epoxy 442.2 0.11 4.52 27.1 0.014
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