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Abstracts
Cellulose nanopapers are the strongest polymeric material known to us, and in the near future, they
are likely to be a backbone of numerous functional materials. Cellulose nanopapers have gained
much attention due to qualities such as their environmentally friendly nature, renewable raw
material source and biodegradability. Additionally, they offer an industrially adaptable, waterbased processing route, which is similar to current paper production. Functionally, besides being
tougher than any known plastic, cellulose nanopapers remain foldable like a paper. Despite their
fascinating properties, cellulose nanopapers are still far from commercialisation – mainly due to
two obstacles. Firstly, it can take up to hours to prepare a nanopaper due to poor draining of
cellulosic nanofibres. Secondly, cellulose nanopapers have extremely poor water and humidity
resistance, as up to 90% of their stiffness is lost in the presence of water.
The purpose of this dissertation is to address both obstacles and suggest an eco-friendly yet
industrially relevant solution. Two approaches are employed: increasing the hydrophobicity of
cellulose nanofibres with lactic acid and ultrasonication (Paper I and II), and combining cellulose
nanofibres with hydrophobic materials, such as polyurethane (Paper III) and lignin-rich entities
(Paper IV). By using these methods, the preparation time was improved by 75% (Paper II) and by
70% (Paper IV) respectively. All reported nanopapers were significantly more tolerant of water
and moisture than the reference nanopaper. The mechanical properties were also improved in
Paper I and IV. Additionally, all reported nanopapers were thermally stable. This thesis also
discusses the importance of quick draining in cellulose nanofibre-reinforced paper products. The
results of this study are likely to aid the commercialisation of cellulose nanopapers in practical
applications and the use of cellulose nanofibres in other materials, such as reinforcing
paperboards. All methods used in this thesis are water-based.

Keywords: cellulose nanopaper, chemical modification, dewatering, mechanical
properties, polymers, water resistance

Sethi, Jatin, Selluloosapohjaiset nanopaperit ja niiden valmistusajan lyhentäminen
sekä mekaanisten ominaisuuksien ja vedenkestävyyden parantaminen.
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Tiivistelmä
Selluloosapohjaiset nanopaperit ovat lujimpia tunnettuja polymeerimateriaaleja ja lähitulevaisuudessa niiden voidaan odottaa luovan perustan useille funktionaalisille materiaaleille. Nanopaperit ovat saaneet paljon huomiota ympäristöystävällisyytensä, uusiutuvan raaka-aineensa ja biohajoavuutensa ansiosta. Lisäksi niiden valmistusprosessi on vesipohjainen ja samankaltainen
kuin tavallisen paperin valmistukseen käytetty teollinen prosessi. Käyttöominaisuuksiltaan ne
ovat erinomaisia, sillä vaikka niiden sitkeys on parempi kuin tunnetuilla muoveilla, ovat ne silti
paperin tavoin taiteltavia. Kiehtovista ominaisuuksistaan huolimatta selluloosapohjaiset nanopaperit ovat kuitenkin vielä kaukana kaupallistamisesta ja tähän vaikuttavat pääosin kaksi tekijää.
Tärkein syy on selluloosananokuitujen kuivattamisen ja näin ollen nanopaperin muodostamisen
vaatima huomattavan pitkä aika. Nykyisillä menetelmillä nanopaperin valmistaminen kestää
useita tunteja. Toinen syy on niiden erittäin huono veden- ja kosteudenkestävyys. Ne menettävät
jopa 90 % jäykkyydestään veden vaikutuksesta, mikä rajoittaa niiden käyttöä kosteissa ja vesiroiskeille alttiissa kohteissa.
Tämän väitöskirjatutkimuksen päätavoitteena on löytää ekologisesti kestävä ja teollisuudessa hyödynnettävissä oleva menetelmä molempien edellä mainittujen ongelmien ratkaisemiseksi.
Työssä noudatetaan kahta eri lähestymistapaa: lisätään selluloosananokuitujen hydrofobisuutta
maitohapon ja ultrasonikoinnin avulla (Artikkelit I ja II), ja yhdistetään selluloosananokuituihin
hydrofobisia materiaaleja, kuten polyuretaania (PU) (Artikkeli III) ja ligniinipitoisia yhdisteitä
(Artikkeli IV). Näitä menetelmiä käyttämällä valmistusaikaa saatiin lyhennettyä 75 % (Artikkeli II) ja 70 % (Artikkeli IV). Kaikki valmistetut nanopaperit olivat huomattavasti veden- ja kosteudenkestävämpiä kuin verrokkinäytteet sekä osoittivat lämpöstabiiliutta. Lisäksi mekaanisia
ominaisuuksia saatiin parannettua Artikkeleissa I ja IV. Tässä työssä käsitellään myös nopean
kuivattamisen tärkeyttä selluloosananokuitulujitteisten paperituotteiden valmistuksessa. Saadut
tulokset todennäköisesti edistävät selluloosapohjaisten nanopaperien kaupallistamista ja selluloosananokuitujen hyödyntämistä esimerkiksi kartongin lujitemateriaalina. Kaikki työssä käytetyt menetelmät ovat vesipohjaisia.

Asiasanat: kemiallinen muokkaus, kuivatus, mekaaniset ominaisuudet, polymeerit,
selluloosapohjainen nanopaperi, vedenkestävyys

So it goes...
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1

Introduction

1.1

Background

The 20th century was an exciting age for technological advances. Exponential
growth was observed in critical sectors, such as transport, housing and industry.
Substantial credit must be given to the development of materials, especially
polymeric materials or plastics. These waterproof, durable and everlasting
materials have given us a comfortable lifestyle that could never have been imagined
before. This age is aptly called a modern age of plastics; however, it has come at
the hefty price of a degraded environment and depleted resources. We are so
dependent on non-renewable petroleum resources for our plastic needs that such
resources are vanishing at an alarming rate, leading the world towards a global
crisis. Furthermore, there is no satisfactory way to get rid of plastic waste, as it
degrades at an extremely slow rate. Due to its slow degradation, plastic waste
currently floats in oceans or accumulates in landfills, causing serious
environmental problems. If burned, it releases massive amounts of greenhouse
gases, contributing to global warming. Such problems caused by our dependence
on plastics have made us ponder about the kind of future we will leave for our
incoming generations. This dependency has created an imminent need for alternate
sources of everyday materials.
One way to address “the plastic problem” is to replace them (partially or
completely) with bio-based materials derived from renewable resources, such as
wood and industrial wastes. The research in this field has grown exponentially in
past couple decades, and industries are investing a large amount of capital in
attempt to commercialise bio-based materials. A whole economy, aptly termed as
bioeconomy, has emerged from such efforts. Few strategies have been employed.
A major one is preparing heavy duty plastic from a plant based material. Polylactic
acid is one of the example that can be industrially produced from corn starch (Lim,
Auras, & Rubino, 2008). Another popular strategy is to use wood derived materials,
such as nanocellulose and lignin to make relevant functional and everyday
materials.
Nanocellulose was first discovered in 1983 when Turbak and his co-workers
reported that highly-crystalline nanocellulosic entities could be separated from
wood (Turbak, Snyder, & Sandberg, 1983). The relevance of nanocellulose as a
green raw material was well established in the 1990s, but the high amount of energy
17

input in their lab-scale production restricted their research. Finally, suitable
preparation methods were reported in the 2000s, and the research on nanocellulose
has since increased exponentially. Researchers found that nanocellulose can be
used for reinforcements in polymers, as aerogels and hydrogels, as raw materials
for air and water filters, as scaffolds and as drug delivery devices. One of the most
exciting uses of nanocellulose is perhaps an extra tough, self-standing film known
as nanopaper.
Mechanically, cellulose nanopaper is one of the strongest non-reinforced
polymeric materials derived from natural or artificial sources. It has a modulus of
tens of GPa and strength of a few hundred MPa (Benítez & Walther, 2017). A
detailed comparison of the elastic modulus of nanopaper with other genres of
materials is shown in Fig. 1. Nanopapers have a higher elastic modulus than
commercial polymeric materials, and they overlap with glass-fibre reinforced
composites, which are known for their mechanical properties. Yet nanopapers are
foldable like paper and can be prepared by the same currently available papermaking methods. Cellulose nanopaper has other advantages too, such as its low
coefficient of thermal expansion and high dielectric constant. Additionally, it can
be a surface or bulk modified for electrical conductivity or thermal stability. All
these advantages make cellulose nanopapers a viable candidate for packaging
(Sehaqui, Zimmermann, & Tingaut, 2014), flexible electronics (Koga et al., 2014),
transparent displays and solar cells (Song et al., 2015) and separators in lithiumion batteries (Chun, Lee, Doh, Lee, & Kim, 2011).

Fig. 1. Comparison of cellulose nanopapers with other materials.
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Cellulose nanopaper, despite garnering praise and showing potential, has failed to
develop into a commercial product. A few challenges are acting as roadblocks in
the successful commercialisation of nanopaper. Major issues arise from the
inherent hydrophilicity of cellulose nanofibres (CNFs), as they have a large number
of pendant hydroxyl (OH) groups, which bind a huge amount of water in a
suspension state and exponentially increasing the preparation time compared to
paper-making. Draining water during nanopaper preparation, depending on the
source and type of CNFs, can take 1–4 hours (Iwamoto, Nakagaito, Yano, & Nogi,
2005; Sehaqui, Liu, Zhou, & Berglund, 2010), which is far too long for many
commercial products, as they are expected to be produced in large numbers in a
short time. The long draining time also restricts using CNFs in other applications,
such as paperboards, where CNFs can be used as reinforcements and rheology
modifiers. Their long draining time is largely ignored by researchers, apart from a
handful of exceptions (Österberg et al., 2013; Rantanen, Dimic-Misic, Kuusisto, &
Maloney, 2015; Sim, Lee, Lee, & Youn, 2015; Varanasi & Batchelor, 2013), but the
industrial adaptability of these studies can be questioned. This issue needs to be
resolved using an eco-friendly and industrially adaptable method.
The vulnerability of cellulose nanopapers to water and humidity is another
issue threatening their commercialisation, which, once again, can be attributed to
the presence of OH groups and their affinity for water molecules. Cellulose
nanopaper loses 90% of its stiffness in a wet state (Sehaqui et al., 2014). Even in
the presence of high humidity, the mechanical properties of cellulose nanopaper are
drastically mitigated (Benítez, Torres-Rendon, Poutanen, & Walther, 2013). This
characteristic is problematic, as water and humidity resistance are bare necessities
for everyday materials. Researchers have attempted to solve the poor water and
humidity resistance by modifying the surface of nanopaper or individual nanofibres.
These modifications usually require the use of an organic solvent medium, which
can be hazardous and causes increases in product costs (Boujemaoui et al., 2012;
Johnson, Zink-Sharp, & Glasser, 2011; Peresin et al., 2017; Sehaqui et al., 2014).
Therefore, there is a need for an eco-friendly method to produce water-resistant
nanopaper.
Finally, the mechanical properties of cellulose nanopaper can be further
improved. Although it has high tensile strength, it yields quite early. A nanopaper
with a tensile strength of 210 MPa yields at 90 MPa. A yielded material needs to
be replaced right away; hence, the yield strength can always be improved.
Additionally, it is a well-known fact that the modulus of crystalline cellulose is 150
GPa. The tens of GPa modulus of nanopaper is a bare fraction of its true potential.
19

1.2

Aim and scope

This thesis aims to address the most relevant problems in the field of cellulose
nanopapers and offer a solution that is commercially feasible and environmentally
friendly. The aims of this thesis can be divided into five major research questions
listed below:
1.
2.
3.
4.
5.

How can the draining characteristics of nanocellulose be improved, and what
are the effects of draining improvement on the properties of nanopaper?
How can the water and humidity resistance of cellulose nanopapers be
improved?
How can the mechanical properties of nanopapers be improved?
How can the thermal stability of the nanopapers be improved?
How can CNF-reinforced paperboards that are faster and mechanically
superior be prepared?

This thesis is a compilation of four articles. The breakdown of research questions
according to published papers is provided in Table 1.
Table 1. Breakdown of research questions as addressed in research papers.
Research question

Paper I

Paper II

Paper III

Paper IV

Mechanical enhancement

x

x

-

x

Water & humidity resistance

x

-

x

x

Dewatering

-

x

-

x

Thermal stability

x

-

x

x

CNF-reinforced paperboards

-

x

-

-

1.3

Dissertation structure

This thesis is organised into five chapters. Chapter 1 introduces the topic and
describes the research gaps in the field of cellulose nanopaper. Additionally, the
research questions answered in this thesis are briefly highlighted. Chapter 2 is the
extended literature review, which highlights developments in the field of
nanocellulose. It also discusses the cellulose nanopapers in detail. Chapter 3
presents the experimental setup and analytical methods that are used in this study.
Chapter 4 addresses the results and discussion, one research question at a time.
Finally, the conclusions are drawn in Chapter 5.
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2

Theoretical foundation

2.1

Wood as a source of green materials

For a material to be considered a green material, the following requirements should
be met: it should be biodegradable, it should be renewable, and it should be
processable using an eco-friendly and energy-efficient method. It seems simple and
straightforward, yet one of the greatest challenges for material scientists is
producing a commercially viable green material. Numerous materials are being
reported in a research capacity, though not many have been commercialised. The
reason is the current industrial setup, which caters to the trends set by petroleumbased materials. Huge investments would be required to overhaul the crude oil
economy. Additionally, green materials do not have a good reputation when it
comes to durability. It perhaps comes from the notion that if a material degrades
easily in nature, it will not last long while working, which is sometimes, if not
always, true (Aston, 2013). However, progress has been optimistic and appears to
be in the right direction. The mindset of the masses is slowly shifting, and
companies are investing in green materials and the bioeconomy (Aston, 2013).
New sources of green materials have been sought, and one of the materials that has
a head start over others is wood.
Wood has been a mandatory stockpile material for our survival and progress.
It is renewable and more abundant than any other biomass available to us. For the
last few millennia, it gave us walls, roofs and fire, thus playing an undeniably
relevant role in our transition from hunters and gatherers to civil society. Later, it
became a source for paper and cardboard, which became instrumental to knowledge
distribution. The primary advantage of wood has been that it can be harnessed
sustainably (given adequate planning). So, it was natural that researchers returned
to explore it further as a source of robust, green materials that can replace plastics.
It has already been predicted that functional, wood-derived materials will be used
in electronics, biomedical devices and energy (Zhu et al., 2016).
Morphologically, wood is an assembly of elongated, hollowed and perforated
microscopic cells called tracheids, which further constitute cellulose, hemicellulose
and lignin (Bowyer, Shmulsky, & Haygreen, 2003). The dimensions are typically
1–50 mm in length and 10–50 µm in diameter (Kargarzadeh, Ahmad, Thomas, &
Dufresne, 2017). The tracheids are divided into three parts: the middle lamella, the
primary wall and the secondary wall. The middle lamella does not have a definite
21

boundary, as it joins two tracheids together. The primary wall is quite thin (100–
200 nm) and contains a loose net of cellulose microfibrils. The secondary wall,
which is thickest of them all, constitutes three different layers: S1, S2 and S3. The
S1 and S3 layers are a few nanometers thick, whereas S2 is 2–5 µm thick. The S2
has attracted the most attention, as the majority of the biomass is concentrated in
this particular region. The hierarchical structure of wood is provided in Fig. 2.

Fig. 2. Hierarchical structure of wood.

The three components of wood (cellulose, hemicellulose and lignin) work with
immaculate synergy to make a structurally stiff material, which is impossible to
replicate artificially. Cellulose, which constitutes of 30–70 wt.% of total wood mass,
is present in semi-crystalline elementary fibrils which act as reinforcements
(Ioelovich, 2015). Cellulose is the most relevant for green materials. Hemicellulose,
an amorphous polysaccharide, covers the elementary cellulose fibrils and
crosslinks them to other fibrils and lignin (Ioelovich, 2015). Lignin is a
hydrophobic polymer that acts as a matrix. The concentration of lignin is between
10–48 wt.% (Ioelovich, 2015).
Based on the strength to density ratio, wood is stronger than steel.
Understanding wood chemistry and structure has led to a completely new branch
22

of material science called lignocellulosic materials. Due to intensive research,
wood has risen above the archaic, simplistic role of fuel and furniture and shown
promising potential as a staple of advanced materials. Wood has become the centre
for the bioeconomy, and countries traditionally based on a forest economy, such as
Finland and Sweden, are investing heavily in the research of lignocellulosic
materials. Cellulose and lignin are major candidates for wood-derived materials.
Together, they are the most abundant and second most abundant polymer on earth.
The literature review primarily focuses on cellulose, as it is central to the idea of
this thesis.
2.2

Cellulose

Cellulose, in different shapes and forms, has been useful since prehistoric times,
though its structure and morphology was unknown until the mid-20th century
(Zugenmaier, 2008). Cellulose was discovered in 1838 by Anselme Payen, who
found that when plant materials, after purification by acid and ammonia treatment
and extraction by water, ethanol and ether, left a fibrous structure with a chemical
composition similar to starch. He wrongly concluded that the properties of starch
are starkly different from cellulose because it is highly agglomerated (Zugenmaier,
2008). After that, cellulose became a technologically relevant material but
remained a controversy until the end of the 19th century (Mark, 1976). It was only
in the 1920s, when Herman Staudinger proposed the macromolecular theory, when
scientific understanding of polymeric materials caught up to allow the proper
research of cellulose. Before that, it was suggested that cellulose could be an
aggregate of micelles, which was backed by the selective interpretation of
experimental data (Hon, 1994). Finally, the structure of cellulose eluded researchers
until the 1960s, when X-Ray crystallographic studies and nuclear magnetic
resonance were used to characterise cellulose. A full detail of the history of
cellulose is provided in a detailed review by Hon (Hon, 1994).
Plants are the primary source of cellulose. The amount of cellulose in plants
varies from species to species. Cotton is almost pure cellulose (94%), whereas bast
has 60–80%, and jute, hemp, sisal and ramie have 40–55% cellulose content
(Zugenmaier, 2008). Cellulose can also be produced from other sources, such as
algae and bacteria, though their discussion is outside the scope of this literature
review. Cellulose is a condensation product of D-glucose with β-1,4 glycosidic
linkages and has a 21 helical symmetry (which means that each glucose unit is
rotated to an angle of 180 ° in the chain). Starch has the same molecular formula,
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but it has α-1,4 glycosidic linkages in which glucose units are not rotated with
respect to each other. The structure of a repeating unit of a cellulose polymeric
chain (also called cellobiose) is presented in Fig. 3. The value of n (Fig. 3) is
between 10 000 and 15 000 (Eichhorn et al., 2010). In brief, 16–36 linear polymeric
chains of cellulose arrange themselves under the influence of hydrogen bonding to
form a thread-like elementary fibril which is 5–15 nm thick. These elementary
fibrils aggregate to form microfibrils (10–40 nm thick), which further form the
fibrillar network in the layer of the cell wall, acting as a structural component.

Fig. 3. Structure of cellulose polymeric chain. Reprinted by permission from Paper III ©
2018 Elsevier.

Fig. 4. Structure of cellulose nanofibrils (modified from Ioelovich, 2015).

The exact structure of cellulose nanofibrils has been a topic of debate for a while.
The most acceptable explanation is that the nanofibrils have a crystalline core
covered by a para-crystalline layer. The crystalline core has two phases: ordered
(crystalline) and amorphous (para-crystalline, non-crystalline) (Ioelovich, 2015).
This model is presented in Fig. 4. It is said that there will always be some disordered
non-crystalline portions in pure cellulose fibrils. The density of 100% crystalline
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cellulose is 1.59 g/cm3, while the density of fibre reaches 1.55 gm/cm3. This
difference of 0.04 gm/cm3 is attributed to the non-crystalline region (Frey-Wyssling,
1954).
2.2.1 Chemistry and properties of cellulose
The three OH groups of glucose (Fig. 3) are responsible for most of the chemical
and physical properties of cellulosic materials. The biggest contribution of OH
groups is perhaps the intermolecular and intramolecular hydrogen bonding, which
influences the cellulose chains to arrange perfectly, leading to their highly
crystalline structure (Kargarzadeh et al., 2017). A hydrogen-bonded cellulose
crystal has a modulus of 150 GPa (Mittal et al., 2018), twice the modulus of
aluminium. After taking density into account, cellulose crystal is stronger than steel
and equivalent to carbon nanotubes (CNTs).
Cellulose materials, on drying, act as thermosets due to a process called
hornification (Fernandes Diniz, Gil, & Castro, 2004; Zugenmaier, 2008). The
fleeting water creates hydrodynamic forces high enough to cause the
interpenetration of chains from one cellulose fibre to another, resulting in
irreversible interfibrillar hydrogen bonding bridged by cellulose chains. Such
bonds are the primary reason for the mechanical strength of cellulosic products
such as paper.
OH groups are also responsible for another popular property of cellulose: the
hydrophilicity. Due to their polar nature, the OH groups of cellulose bind water
molecules through hydrogen bonding. Since OH groups are not in short supply in
cellulose, they absorb a lot of water and swell the cellulosic domains, due to which
the contact angle of cellulosic materials can be as low as 24 ° (Sehaqui et al., 2014).
It is worth mentioning that only amorphous regions are accessible to water; the
crystal is so tightly packed that no water can penetrate it (Cunha, Zhou, Larsson, &
Berglund, 2014).
To change or modify the behaviour of cellulosic materials, chemical
modification can be performed by partially or completely substituting the OH
groups. The OH groups act as sites where functional entities can be chemically
implanted in the form of long/short chain molecules, which can improve the
hydrophobicity (Sehaqui et al., 2014) or act as crosslinking sites (Sethi, Illikainen,
Sain, & Oksman, 2017). A detailed review of the chemical modification of cellulose
is provided by Habibi (2014).
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Its excellent mechanical properties combined with its tailorability makes
cellulose an exciting material. However, the mechanical properties of cellulose on
a macroscale are fairly ordinary, as the number of defects and porosity are too high.
A sheet of standard A4 size printing paper is a good example; it can easily be torn
into pieces and has a modulus of a few MPa. However, the story is entirely different
on a nanoscale. Similar papers form nano-sized fibres are one of the stiffest neat
polymeric materials with a modulus of tens of GPa.
2.3

Nanocellulose

The concept of nanotechnology was first introduced in a lecture by Dr Feynman in
1959 (Feynman, 1959), and since then, it has come a long way. Currently, it is one
of the most researched topics in the field of material science. What makes
nanotechnology interesting is the fact that neither the laws of classical physics nor
the laws of quantum chemistry apply to nanoparticles. This oddity can be explained
by the number of atoms on the surface of a nanoparticle. A nanoparticle with a
diameter of 30 nm has 5% of its atoms on the surface, but if the diameter is reduced
to 3 nm, 50% of its atoms are present on the surface (Klabunde et al., 1996). As a
result, the atoms gain a colossal amount of energy, making them highly reactive.
For cellulose at the nanoscale, the amount of OH groups (and the capability to form
hydrogen bonds) increases exponentially, resulting in stronger and stiffer networks.
Additionally, nanoparticles (like nanocellulose) pack densely. It has been reported
that properly aligned nanocellulose entities can give a modulus of 87 GPa (Mittal
et al., 2018), which in normal paper is only a few MPa.
Nanocellulose was first reported in 1983 (Turbak et al., 1983), eight years
before CNTs, yet the research of nanocellulose did not pick up until the 2000s, as
extracting nanocellulose from the wood was an extremely demanding task. Once
commercially feasible methods were discovered (around the year 2000),
nanocellulose became the centre of attention in the bioeconomy. The number of
publications has been increasing ever since with more than 1500 publications in the
year 2017 alone (Fig. 5).
When examined through the lens of the bioeconomy, nanocellulose has many
distinct advantages over other materials. Apart from being bio-based and renewable,
nanocellulose can be processed into finished products using the available
technology without using harmful chemicals and organic solvents. The most
enticing point about nanocellulose is the water-based production method.
Furthermore, it is relatively less toxic than other nanomaterials, such as CNTs. In
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the future, nanocellulose is likely to be used in many fields, such as biomedicine,
water purification, composites, food additives, medicine and electronics. The
significant potential applications of nanocellulose have garnered ample interest in
the relevant industries, and as a result, nanocellulose has been industrially
manufactured by multiple companies (Rajinipriya, Nagalakshmaiah, Robert, &
Elkoun, 2018).

Fig. 5. Details of publications related to nanocellulose since 1983 (extracted by Scopus
using the phrase (Cellulose AND ["Cellulose microfib*" OR "Cellulose nanofib*" OR
"nanocellulos*" OR "nanoparticle" OR "nanowhisker" OR "nanocrystal*"]).

2.3.1 Classification of nanocellulose
Classifying nanocellulose has been a complex subject as pioneering research
groups have coined different terms for materials with similar characteristics, which
has led to considerable confusion with extracting information and comparing
published research. For example, nanocellulose of the same dimensions may often
be referred to as both cellulose nanofibres and nanocellulosic fibres. In 2014, the
Technical Association of the Pulp and Paper Industry (TAPPI) suggested a standard
to classify it better. According to TAPPI WI 3021, the cellulose nanomaterial can
be divided into two categories: 1) nano-objects and 2) nano-structured. Nanoobjects are comprised of cellulose nanocrystal and cellulose nanofibrils. Nanostructured materials are comprised of cellulose microcrystal and cellulose
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microfibrils (Kargarzadeh et al., 2018). Despite the standard, the terminology is
often interchanged. For example, cellulose microfibres and cellulose nanofibres are
used interchangeably. To avoid confusion, the nanofibres used in this thesis are
referred to as cellulose nanofibres (CNFs).
2.3.2 Production of nanocellulose
Nanocellulose is commonly prepared in a top-down process that involves liberating
nanocellulose from the wood. This separation is not an easy task, as the nanofibrils
are tightly glued to each other with the help of hemicellulose and lignin. Lignin is
removed in a harsh process called chemical pulping, which damages the cellulose
fibres (Ioelovich, 2015). The chemical pulping may use either a Kraft or sulphite
process. Both processes are commonly used to prepare paper, and the industrial
infrastructure is well developed. Due to this, delignified and bleached paper pulp
is now a universally accepted raw material for nanocellulose production. The only
remaining task is reducing the size of the pulp to nanoscale.
Even after the removal of lignin, grinding cellulose to nanoscale is an energyand time-consuming task. The degree of polymerisation of cellulose in the
macrofibres is quite high, and these long cellulose chains can shift from crystalline
regions to amorphous regions and back to crystalline regions. The only way to
release the nanocellulose entities is by breaking some of these chains, which is not
thermodynamically feasible, as glycosidic bonds are extra-strong. In the early years
of cellulose research, no particular energy efficient method was available. One had
to repeatedly grind cellulose for an extensive period of time to reduce the size to
nanoscale. This process was a significant roadblock, as such a method was not
industrially feasible, where the focus is on volume and efficiency. Energy efficient
methods were discovered as the research of nanocellulose developed. The most
common methods are described below.
1. Chemical treatment
The amorphous regions on macrofibres can be degraded or modified with
chemicals. This modification aids the timely separation of nanocellulose entities
during mechanical disintegration (Kargarzadeh et al., 2017). The most common
chemicals used are strong acids and alkalis, capable of hydrolysing the glycosidic
bond. Lately, (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl (TEMPO) oxidation has
gained popularity, which modifies the OH group at the C6 position into carboxyl
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groups (Eichhorn et al., 2010). It has two major impacts: the hydrogen bonding is
reduced, and a negative charge is introduced on cellulose chains, due to which
chains repel each other, making it easier to defibrillate them by mechanical
disintegration. The major disadvantage of TEMPO oxidation is the use of
expensive chemicals and environmental concerns arising from the use of a
halogenated chemical.
Alternatively, treatment with deep eutectic solvents (DES) has been proposed.
The major advantage of DES treatment over TEMPO treatment is the low toxicity
and biodegradability. Additionally, DES reagents are relatively inexpensive and can
be easily regenerated. Moreover, they have a low vapour pressure, so their
concentration in the air during use is relatively safe. DES agents work by swelling
the amorphous regions and disturbing the hydrogen bonding, which aids
disintegration during mechanical extraction. The most common DES treatment is
urea and choline chloride. CNFs prepared with a pre-treatment of DES have the
same degree of polymerisation as untreated cellulose and could be prepared with
low mechanical energy (Sirviö, Visanko, & Liimatainen, 2015).
2. Enzymatic treatment
Enzymes also work by hydrolysing the glycosidic bonds in the amorphous regions,
which makes it easier to defibrillate CNFs with mechanical treatment. Enzymes
offer a more environmentally friendly option than most chemical treatments. The
category of enzymes that attach cellulose is cellulases. A detailed description of
enzymatic modification Karim, Afrin, Husain and Danish (2017).
3. Mechanical treatment
Chemical and enzymatic treatment helps to weaken/break bonds in amorphous
regions, but some sort of mechanical treatment is almost always needed to obtain
nanocellulose. There are four commonly used methods to prepare CNFs with
mechanical treatments:
In homogenisation, the pulp is defibrillated by forcing it through a tiny orifice
(5–20 µm) with a piston. A high pressure of 50–2000 MPa is generated on the
piston side, causing a difference in pressure across the orifice. Liquid leaving the
orifice forms tiny cavities, which implode with a great force, causing the
defibrillation of pulp. The drawbacks of this method are clogging the
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homogenisation gap, high energy consumption and mechanical damage to the
crystalline structure (Kargarzadeh et al., 2017).
In microfluidisation, the cellulose suspension is pumped through a Z-shaped
chamber, where it reaches a high shear force, resulting in defibrillation. The
pressure can reach as high as 276 MPa (Kargarzadeh et al., 2017).
In grinding, the cellulose slurry is defibrillated by passing cellulose slurry
between static and rotating grindstones pressed against each other. The high shear
from the stones degrades the cell wall and amorphous regions to release the
nanoscale fibrils. The loss of water during grinding and the maintenance of grinding
stones are common disadvantages of this method (Kargarzadeh et al., 2017).
In ultrasonication, ultrasonic waves, which create and expand tiny cavities,
are used to release the nanocellulose entities. The minuscule cavity collapses at a
pressure of 1000 bars, which is high enough to liberate the CNFs from macrofibres
(Kargarzadeh et al., 2017). The major disadvantages are that it is very loud and
consumes a lot of energy.
Bottom up method
In the bottom-up approach, nanocellulose can be produced by two strategies. The
first one involves feeding sugars to bacteria culture, which then converts glucose
to cellulose. Alternatively, cellulose and its derivative can also be produced by
recovering cellulose from a solution. Electrospinning is a popular method which
produces CNFs in such a way.
There has been considerable innovation in nanocellulose production in the past
decade, and as a result, nanocellulose is now produced industrially by companies,
such as University of Maine, Paperlogic, Borregaard (Norway), American Process,
Innventia (Sweden), Nippon Paper (Japan), CTP/FCBA (France) and Oji Paper
(Japan) (Rajinipriya et al., 2018).
2.3.3 Advantages and relevance of nanocellulose in the future
The biggest advantage of nanocellulose is that it is derived from wood and other
plants, which are a renewable resource. Nanocellulose can be chemically modified
and tailored according to the requirements of the applications. Additionally, it can
be easily morphed into various materials, such as thin films, aerogels, hydrogels,
long fibres and strong materials like nanopapers. Furthermore, nanocellulose can
be produced with the industrial infrastructure of paper mills, which are looking for
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new sources of revenue as paper is slowly becoming obsolete (Crotogino, 2012).
Nanocellulose is desired by food, medicine, pharmaceutical, electronics, composite
and many more industries. Nanocellulose seems to be the answer to the big question;
how are we going to sustain industries when oil runs out? Despite all the attention
and praise nanocellulose has garnered, its application in everyday products still has
a long road ahead.
2.3.4 Challenges of nanocellulose
The field of nanocellulose offers a lot of promise and hope, but it is not devoid of
challenges. These challenges are mostly non-threatening to its success, but they are
slowing the advancement of the field considerably. The primary challenge is that
the benchmark, petroleum-based materials, against which nanocellulose has to
measure, is a mighty one. Plastics can be produced cheaply, processed easily and
conveniently formed into a variety of shapes. Petroleum-based plastics are used in
every possible popular application, ranging from everyday jars to the parts of space
shuttles. Replacing them requires significant research and infrastructure
investments, especially when there are lots of gaps in the performance of
nanocellulosic materials.
Nanocellulose, due to the presence of numerous OH groups, is highly
hydrophilic, which causes multiple problems in the performance and preparation
of derived materials. Primarily, nanocellulosic materials have poor water and
humidity resistance, which causes problems with their mechanical properties and
dimensional stability (Kargarzadeh et al., 2017). Additionally, draining water from
nanocellulose is an arduous task. It takes hours to drain water from a nanocellulose
suspension, as water is tightly bound to the surface of nanocellulose. This process
causes delays in production and an exponential increase in energy consumption,
consequently leading to losses in capital. Finally, their hydrophilic nature makes it
hard to disperse nanocellulosic materials in polymeric matrices for composite
applications.
Another relevant issue is the lack of a standard method to compare and
characterise the different kinds of nanocellulose, which can have different
characteristics (such as particle size morphology, specific surface area and
crystallinity) and be produced from the same raw materials. In research, the use of
the phrase nanocellulose suspension is adequate. However, for industrial
applications, it is necessary to have a distinction between the various grades so that
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suitable ones can be used for the applications that they support (Desmaisons,
Boutonnet, Rueff, Dufresne, & Bras, 2017).
After production, nanocellulose is stored as a suspension or gel in water. It is
expensive to handle and transport nanocellulose suspensions or gels, as they are
mostly water. A typical nanocellulose suspension or gel can contain up to 95–98
wt.% water. It cannot be dried and transported, as dried nanocellulose agglomerates
and forms irreversible bonds due to hornification (nanocellulose after drying is not
nanocellulose anymore).
While nanocelluloses are considered safer than other nanoparticles, such as
CNTs, there are instances where they have been reported to be hazardous. For
example, in some cases, Cellulose nanocrystals have shown cytotoxic, genotoxic
and inflammatory effects (de Lima et al., 2012), whereas other studies indicate that
they are harmless (Catalán et al., 2015). In contrast, CNFs are relatively safe
(Vartiainen et al., 2011). In conclusion, there is not enough information to ensure
that nanocellulose poses no health risks. A proper life cycle analysis should be
conducted, as the intended applications of nanocellulose include food, medicine
and bio-implants (Kargarzadeh et al., 2018).
Finally, nanocelluloses should be approached with caution. Our aim is to use
them to replace petroleum products. Yearly, 400 million tonnes of plastic are
produced worldwide (Qualman, 2017). If successful, we would need a lot of
nanocellulose to quench that demand. This demand may lead to drastic
deforestation, damaging our already burdened forest resources. If we are not careful,
this quest to save the environment could become an ironic one, causing further
damage to it instead.
2.3.5 Applications of nanocellulose
Various materials can be produced from nanocellulose. Here are a few
examples (Abitbol et al., 2016):
1.
2.
3.
4.
5.
6.
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Aerogels
Hydrogels
Nanocomposites
Food and medicine additives
Light, active cellulose nanocrystal based materials
Cellulose nanopaper

The complete discussion of the applications of nanocellulose is out of the scope of
this dissertation; therefore, only cellulose nanopapers are discussed in detail.
2.4

Cellulose nanopaper

A nanopaper, by definition, is a tightly packed thin film formed by concentrated
nanoparticles, such as CNFs, CNTs, graphene nanoplatelets, carbon nanofibres,
clay nanoplatelets (CNP), or a mixture of any two or more of them (Huang, 2017).
Nanopapers are interesting due to their dense nanostructured morphology, which
gives them extraordinary strength. Additionally, they exhibit functional properties
depending on the raw material used; for example, nanopapers consisting of carbonbased nanomaterials have excellent electrical conductivity (Salajkova, Valentini,
Zhou, & Berglund, 2013); CNPs provide excellent barrier properties and thermal
stability (Sehaqui, Kochumalayil, Liu, Zimmermann, & Berglund, 2013).
Cellulosic nanopapers are known for their mechanical properties and toughness
(Henriksson, Berglund, Isaksson, Lindström, & Nishino, 2008). They can have a
modulus of tens of gigapascals and a tensile strength of a few hundred megapascals
(Henriksson et al., 2008; Sehaqui et al., 2012). They are stronger than any synthetic
polymeric material (Fig. 1). Other notable advantages include a water preparation
processing method and relatively cheap raw materials. Additionally, cellulose
nanopapers are transparent and foldable like paper (Yagyu, Ifuku, & Nogi, 2017)
and easier to print upon than plastics and glass (Huang et al., 2013). Furthermore,
nanopapers have a low coefficient of thermal expansion, similar to glass (Yagyu et
al., 2017). Finally, nanopapers have a higher dielectric constant and thermal
durability than most plastics (Yagyu et al., 2017).
Nanopaper and conventional paper are both based on a chemically identical
raw material, but structurally, they are starkly different. The reason is the difference
in the particle size of the cellulose fibres: paper has macroscale fibres, and
nanopaper has nanoscale fibres. Conventional paper is highly porous due to
inefficient packing (Barhoum, Dufresne, Öhlund, & Samyn, 2017). In contrast,
nanopaper fibres are densely and efficiently packed. Additionally, nanofibres have
fewer defects. The finer the size of the cellulose fibres, the higher the surface area
is and the higher the number of hydrogen bonds, which provides ultra-high strength
to nanopaper.
The increase in surface area and interfacial bonding is a well-known
phenomenon in nanotechnology (explained in Fig. 6). Splitting matter repeatedly
results in the formation of new surfaces, which leads to an increase in the surface
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area. For example, if each edge of a cube (a = 1 cm) is cut into eight equal slices,
it will result in 512 new cubes, each with 0.125 cm edges. While the total volume
of the resultant cubes is constant, the surface area is increased by 700%. This
surface area increase became exponential and is far more prominent when the
matter is split into nanoparticles, such as CNFs. This effect of fibre size on the
mechanical properties of paper and nanopaper is discussed in (Zhu et al., 2015).
The tensile strength of paper prepared from cellulose fibres of 27 µm diameter was
7 MPa. However, when they were ground into a diameter of 11 nm, their tensile
strength increased about 4000% to a value of 275 MPa. The reason is that
nanocellulose packs densely, and particles are strongly bonded with each other with
van der Waals and hydrogen bonding. A lot of energy is required to tear
nanocellulose particles apart; as a result, tensile strength is increased exponentially.

Fig. 6. Picture depicting the increased surface area in nanoscale particles (redrawn from
Boysen, Muir, Dudley, & Peterson, 2018).

This ultra-dense structure with enhanced mechanical properties gives a nanopaper
a variety of versatile properties, as mentioned, which have never been achieved in
normal paper. These properties make nanopaper suitable for multifunctional and
high-end applications, such as electronic displays (Sehaqui et al., 2014), flexible
electronics (Koga et al., 2014), organic solar cells (Yagyu et al., 2017) and lithiumion batteries (Chun et al., 2011).
2.4.1 Preparation of nanopaper
Cellulose nanopapers are usually prepared by filtering a diluted aqueous CNF
suspension to form a wet mat, which is further dried using various methods, such
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as oven drying, compression moulding, air drying and sheet former drying (Sehaqui
et al., 2010). During draining, the CNFs, unable to cross the filtering membrane
barrier, get concentrated towards the bottom and cause concentration-induced
agglomeration, which gives nanopaper its layered structure (Fig. 7) (Benítez &
Walther, 2017). This method can take a few hours to prepare, as CNFs have poor
draining, but due to a lack of a better alternative, it is the most commonly used
method.
Suspension casting is another method to prepare cellulose nanopaper. In this
method, the CNF suspension is poured in a beaker, and the water is evaporated
either at room temperature or by elevated drying. This method takes a few days
(room temperature drying) to a few hours (elevated drying) and produces
nanopaper with inferior mechanical properties compared to those prepared by
filtration with pressing (Benítez & Walther, 2017). Additionally, this method causes
wrinkles in the nanopaper and is therefore not suitable for applications where
dimensional uniformity is a priority.
2.4.2 Structure of nanopaper
A scanning electron microscopy (SEM) image reveals that cellulose nanopapers
have a layered structure (Fig. 7b). This structure can be explained by understanding
the draining mechanism. Under the influence of a vacuum, the water can pass
through the membrane, but CNFs get concentrated on the membrane, resulting in
“concentration induced aggregation and floc formation” and giving cellulose
nanopaper its characteristic layered structure (Benítez et al., 2013). The surface, in
contrast, shows a densely packed structure with no indication of layers underneath
(Fig. 7a).

Fig. 7. (a) Surface and (b) cross-sectional morphology of cellulose nanopaper.
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2.4.3 Mechanical properties of nanopaper
Cellulose nanopaper can be considered a composite of amorphous cellulose
reinforced by crystalline cellulose. Cellulose nanopaper has an excellent modulus
and tensile strength (Fig. 8) because of its tightly glued dense structure (Fig. 7)
preserved by hydrogen bonding and van der Waals forces among the CNFs. This
highly efficient bonding of fibres combined with the high stiffness of crystalline
cellulose results in a tough and strong material. When compared to common
engineering materials (Fig. 1), cellulose nanopaper has as high properties as some
glass fibre-reinforced composites with a considerably lower density.
The importance of hydrogen bonding can be explained by comparing the
mechanical properties of CNF nanopaper and CNT nanopaper. For the same
nanoparticle size, the CNT nanopaper has a significantly lower tensile strength (31
MPa) than CNF nanopaper (275 MPa). The reason for this difference is that in CNT
nanopaper, the bond among the CNTs is a weaker van der Waals bond; in contrast,
CNF nanopaper’s governing forces are strong hydrogen bonds (Zhu et al., 2015).
The result is a staggering 800% improvement in tensile strength.
The stress-strain curve of a cellulose nanopaper is given in Fig. 8. There is an
initial elastic region, in which the deformation is recoverable. In this region, the
hydrogen bonding is strong enough to keep the nanopaper intact under an external
load. Eventually, the increasing load reaches a value that is higher than the cohesive
strength of the nanopaper, and it yields, which can be observed as the kink in the
stress-strain curve (Fig. 8). There have been clear indications that hydrogen
bonding determines the yielding strength (Benítez et al., 2013). After yielding, the
nanopaper enters the inelastic region, which is responsible for the toughness of
nanopaper. In this region, the fibres slip and form new hydrogen bonds in the way,
which eventually break under the load; thus increasing the work of fracture (Zhu et
al., 2015). An interesting observation about the mechanical properties is that they
are anomalous. Usually, smaller particles provide stronger materials, but toughness
decreases as the size of the particle decreases; however, in the case of nanocellulose,
the smaller the particle size, the stronger the material and the higher its toughness
becomes (Zhu et al., 2015).
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Fig. 8. Standard stress-strain curve of a cellulose nanopaper.

There are many factors that affect the mechanical properties of nanopaper. The
most important ones are described on next page.
Processing conditions and preparation method
Nanopapers prepared by suspension casting have inferior mechanical properties. In
contrast, filtration with oven drying improves properties. Filtration with hot
pressing leads to similar mechanical properties to suspension casting (Sehaqui et
al., 2010). In hot pressing, the water leaves the film rapidly, which does not allow
the fibres to form a dense network, leading to decreased mechanical properties
(Mao, 2017). It has been reported that increasing the pressing time improves
mechanical properties significantly (Österberg et al., 2013).
Degree of polymerisation
Nanopapers prepared with the same pulp but with a different degree of
polymerisation of nanocellulose will have the same modulus and yield strength, but
the elongation and yield strength increase with increases in the degree of
polymerisation (Henriksson et al., 2008).
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Porosity
Nanopapers, despite their dense network, have a porosity of 20–40% (Henriksson
et al., 2008), and increased porosity reduces the modulus and strength (Benítez &
Walther, 2017). Porosity can be controlled by various methods, such as the use of
different solvents, supercritical drying and forced flocculation (Benítez & Walther,
2017).
Humidity and moisture content
Water and moisture have a significant effect on the nanopaper, as they weaken the
hydrogen bonding between the fibres and plasticise the amorphous regions. Once
the hydrogen bonding is diminished, the paper starts to lose its mechanical
properties. A nanopaper with a modulus of 17 GPa at 0% relative humidity (RH)
deteriorates to give a modulus of 11 GPa at 42% RH and 2 GPa at 100% RH (10%
of the original). Tensile strength also suffers by the same factor (Benítez et al.,
2013).
2.4.4 Weakness of nanopapers
Despite its excellent properties, CNF nanopaper has some inherent weaknesses
arising primarily from the chemical structure of celluloses. The major one is their
affinity for water (due to the high number of hydrophilic OH groups). The
hydrophilic nature of nanocellulose affects the nanopapers in two ways. Firstly,
CNFs take extra time to drain water since a considerable amount of water is bound
to them. The draining of water can take between 1 hour (Sehaqui et al., 2010) and
3–4 hours (Iwamoto et al., 2005); too long for the commercial success of any
product. Despite its relevance to the success of nanopaper, this issue is rarely
discussed in the literature. A few notable examples include Sim et al., who added a
NaCl suspension to improve the draining properties (2015). Österberg et al. used
overpressure to drain water quickly (2013), and Varanasi and Batchelor combined
filter paper with a larger pore size and increased pressure (2013). All previous
methods utilise physical modifications in the process; meanwhile, the replacement
of OH groups as a draining aid is reported for the first time in this thesis.
The water affinity of nanocellulose also affects the finished nanopaper product.
The mitigation of interfibrillar hydrogen bonding results in CNF sliding at a low
load (Benítez et al., 2013). As a result, nanopaper loses 75% of its modulus when
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stored at 95% RH, which is the humidity of a rainy day (Sehaqui et al., 2014). When
wet, it loses 95% of its modulus (Sehaqui et al., 2014). Fig. 9 presents the stressstrain curves of wet and dry nanopapers for comparison. Furthermore, it can absorb
30 wt.% of moisture at 95% RH, resulting in considerable swelling, which
drastically affects its otherwise excellent barrier properties (Peresin et al., 2017).

Fig. 9. Stress-strain curves of dry and wet nanopaper.

The modulus of cellulose nanopapers is significantly lower compared to cellulose
crystals (10 GPa vs 150 GPa), indicating that there is still room for further
improving the mechanical properties of nanocellulose-based materials. Another
problem is that CNF nanopapers are not dimensionally stable. They are also
flammable and have no electrical conductivity, which is not ideal for some
electronic applications.
These drawbacks are delaying the commercialisation of cellulose nanopapers.
With the available knowledge, it is costly to produce cellulose nanopaper in a wide
scale (Barhoum et al., 2017). Surface modification is a popular way to improve the
properties of CNFs (Habibi, 2014) and CNF nanopaper (Sehaqui et al., 2014). The
nanopapers thus prepared are water resistant (Sehaqui et al., 2014) and have an
improved oxygen barrier (Peresin et al., 2017). Though such methods are effective,
the use of hazardous, expensive reagents and reaction mediums makes it unlikely
for these methods to be commercialised. There is a need for an eco-friendly and
affordable processing method to make improved nanopaper. Paper I and Paper II in
this study provide one such method.
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Another strategy for improving the properties of nanopaper is to combine
nanopaper with polymeric materials. Henriksson and Berglund used water-based
melamine formaldehyde to prepare nanopapers with a higher modulus, improved
yield, and lower density that can be used for loudspeaker membranes (Henriksson
& Berglund, 2007). Nanocomposite films based on water-soluble polysaccharides
were prepared by Lucenius, Parikka & Österberg, to make tougher films and – in
the case of uncharged polysaccharides – improve their wet strength (2014). The
water-based nature of such methods gives them advantages, but there is always the
question of how such polymers affect the long-term degradability of such materials.
This strategy of mixing nanocellulose with other polymers is the underlining idea
for Paper III.
Finally, an important method to improve the properties of nanopapers is to
incorporate other nanoparticles into them. The advantage of this method is its
simplistic approach. Nanopapers containing CNTs are electrically conductive
(Salajkova et al., 2013). CNPs provide fire retardance and barrier properties (Liu,
Walther, Ikkala, Belova, & Berglund, 2011). Paper IV uses this method to prepare
lignin-rich functional nanopapers and improve their draining time.
2.5

Concluding remarks of the literature review

Though the research on nanocellulosic material is optimistic, they have still a long
way to go before commercialisation. The preference for petroleum plastics has been
a setback in the research of nanocellulosic materials. The good news is that the
research of nanocellulose is catching up with the technology, and materials with
real potential are being made. For example, recently macroscale cellulose fibres
have been produced from CNFs with a modulus of 86 GPa and a strength of 1.57
GPa (Mittal et al., 2018), higher values than those of aluminium. Besides the
properties of the materials, a new method to produce nanocellulose economically
has been reported. Mautner et al. suggested using animal waste, which is 40%
cellulose biomass pre-digested with enzymes, which makes it easier to extract
nanocellulose (Nanowerk, 2018). This discovery will be huge for the bioeconomy
and is good news for nanocellulose production. It saves energy, as it is easier to
extract nanocellulose from pre-digested biomass, and the supply of the raw material
is endless from the dairy industry.
Regarding nanopapers, it is almost certain that paper is going to transcend its
traditional role for media print and packaging into a multi-industrial product for
electronics, batteries, displays and biomaterials. In the last decade, nanopapers have
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been researched quite well. Due to which, they have advanced onto the next stage
of development: addressing the issues creating a bottleneck to their
commercialisation. The extended preparation time and poor water resistance are
the biggest problems, and preparation time, especially, has been ignored by
researchers. While water resistance can be improved, finding an eco-friendly yet
cheap method is still a challenge. This thesis addresses both of these roadblocks,
and suggests methods that can be employed industrially, yet follows the ideology
of cellulose nanopaper: an environmentally friendly material.
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3

Materials and methods

3.1

Materials

Cellulose nanofibres (Paper I, II, II, and IV) were prepared by repeatedly grinding
the bleached softwood sulfite pulp suspension (at a consistency of 1.6 wt.%) in the
Masuko Supermasscolloider (MKCA6-2 J CE; Masuko Sangyo, Japan). The pulp
suspension was provided by Stora Enso, (Oulu, Finland). The pulp was processed
once through a disk clearance gap of 0 µm, three times through −20 µm, four times
through −40 µm, five times through −60 µm and seven times through −90 µm.
L-(+)-Lactic acid (80 wt.%) was used to modify cellulose nanofibres (Paper I
and II). It was purchased from Sigma Aldrich, Finland. Bayhydrol UH 240, a
dispersion of polyurethane latex (particle size = 210 nm), was kindly provided by
Covestro, Finland. It was used in Paper III. Stannous chloride, used in Paper I, was
acquired from VWR, Finland.
Wood nanofibres (WNFs; Paper IV) were prepared from unbleached spruce
ground pulp supplied by Stora Enso (Veitsiluoto, Finland). The detailed method
used for preparation is provided in (Visanko et al., 2017). In short, the pulp (1.5
wt.%), heated to 95 °C, was repeatedly ground in the Masuko Supermasscolloider
(MKCA6-2 J CE; Masuko Sangyo, Japan). The output was collected and heated
again to 95 °C and fed back to the grinder. The pulp was processed once through a
disk clearance gap of 0 µm, once through −50 µm and 15 times through −100 µm.
3.2

Lactic acid modification of CNFs

Paper I
The CNF suspension was diluted to a concentration of 0.4 wt.% with deionised
water. Lactic acid (LA; 3.8 and 7.6 wt.%, based on the weight of water) was added
to the CNF suspension. Stannous chloride (0.0002 wt.%) was used as a catalyst.
The LA-CNF suspension was mixed at 9000 rpm with an ultra-turrax homogeniser
for five min. Thereafter, the suspension was sonicated by a Hielscher UP 400s
equipped with a 22 mm titanium probe. The sonication was stopped after the
sonication energy reached 1100 J/s (Equation 1). Sonication energy is defined as:
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= ( × )/

(1)

Where E is the sonication energy in J/ml, P is the power of the sonicator in watts, t
is the time of sonication and V is the volume of liquid. The CNF suspension was
kept in an oven at 100 °C for 36 hours before nanopaper preparation. The samples
were stored at a temperature of 4 °C.
Paper II
The procedure for the LA modification of CNFs was improved in Paper II. It was
later found that the catalyst and oven heating have no significant impact on draining
and mechanical properties. Therefore, these steps were removed. In Paper II, LA
was added to CNF suspensions (0.35 wt.%) according to the dry content of CNFs
(0.5 time, 1 time, 5 times and 10 times). The detailed formulation is presented in
Table 2. The LA-CNF suspensions were mixed with an ultra-turrax homogeniser
(15000 rpm for five min). The samples were sonicated by a Hielscher UP 400s at
various sonication energies (10 J/ml, 30 J/ml, 60 J/ml, 180 J/ml, 300 J/ml and 600
J/ml). For draining experiments, a 0.35 wt.% CNF suspension was used. For the
nanopaper preparation, the suspension was diluted to a concentration of 0.2 wt.%.
Table 2. Formulations of CNF suspensions used in LA modifications for Paper II.
Reprinted by permission from Paper II © 2018 Elsevier.
Materials

CNF(0.5)LA

CNF(1)LA

CNF(5)LA

CNF(10)LA

0.35

0.35

0.35

0.35

21

21

21

21

LA

0.17

0.35

1.75

3.5

Deionised

78.8

78.3

76.9

75.15

100

100

100

100

Masuko ground CNF

CNF

suspension

Water

Water
Total
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3.3

Hybrid CNF suspensions

Paper II CNF-NaCl suspensions
For the CNF-NaCl suspension, 0.395 g of NaCl was added per 100 ml of a 0.35
wt.% CNF suspension and mixed with an ultra-turrax homogeniser. The molarity
of NaCl (0.395 g) was 0.1 M. For draining experiments, a 0.35 wt.% CNF
suspension was used. For nanopaper preparation, the suspension was diluted to a
concentration of 0.2 wt.%. The samples were stored at 4 °C until the nanopapers
were prepared.
Paper III CNF-polyurethane suspensions
A polyurethane (PU) suspension in water (40 wt.%) was added to the diluted CNF
suspension (0.2 wt.%) in ratios (based on the dry weight of CNF and PU) of 95:5,
80:20, 50:50 and 30:70. The CNF-PU suspensions were mixed with a high speed
stirrer (ultra-turrax) at 10000 rpm. The LA modification mentioned in Section 3.2
was used to improve draining time. In short, LA equal to the amount of dry CNF
was added to the CNF-PU suspension and sonicated until the sonication energy ( (1)
reached a value of 300 J/ml. The samples were stored at 4 °C until the nanopapers
were prepared.
Paper IV WNF-CNF suspensions
WNF (2.5 wt.%) and CNF suspensions (1.90 wt.%) were added to a beaker in ratios
(according to the dry content of the nanofibres) of 90:10, 70:30, 50:50 and 30:70.
The mixture was then diluted to a concentration of 0.2 wt.% and mixed with a highspeed disperser (ultra-turrax), rotating at a speed of 10 000 rpm, before preparing
nanopaper. The samples were stored at 4 °C until nanopapers were prepared.
3.4

Preparation of nanopaper and paper board

Before preparing nanopaper, CNF and CNF hybrid suspensions (0.2 wt.%) were
degassed for 30 min under a vacuum of −70 ± 10 kPa. Nanopapers (Paper I, II, III
and IV) were prepared by vacuum filtration through a Polyvinylidene fluoride
(PVDF) membrane (Durapore, 0.65 µm). The setup is presented in Fig. 10. The
draining of water was assumed to be completed when the time difference between
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two consecutive drops falling from the funnel was 30 s. After draining, the wet
cellulosic mat was peeled from the PVDF film and stacked between the steel cloth
mesh of 70 µm and blotting paperboards. The whole wet mat, steel mesh, blotting
paper assembly was compression moulded.

Fig. 10. Schematic diagram explaining the nanopaper preparation process. Reprinted
by permission from Paper I © 2018 Springer Nature.

In Paper I and Paper II, the LA-modified nanopapers, NaCl-CNF and reference
were initially pressed at a temperature of 100 °C and a pressure of 10 MPa for 30
min to remove water. LA-modified nanopapers were further processed for 5 min at
150 °C to polymerise LA. In Paper III, CNF-PU nanopapers were compressed at
100 °C and 5 MPa for 30 min to remove water. In nanopapers with a PU content
higher than 50 wt.%, the PU would stick to the steel mesh; therefore, for these
samples, the pressure was decreased to 0.5 MPa to dry the water and then the
nanopapers were compressed without the steel mesh at 5 MPa for 30 min. In Paper
IV, the wet WNF-CNF nanopaper were compression moulded at 150 °C to fuse the
lignin. First, the pressure was kept at 2 MPa for 3 min and then it was increased to
50 MPa and compressed for 15 min.
Paperboard sheets (Paper II) were prepared by draining water from the CNF
pulp suspension (solid content = 0.2 wt.%). The ratio of CNF pulp to solid basis
was 10:90. Sheet former was used to remove leftover water after draining.
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3.5

Coding of samples

In Paper I, the LA-modified nanopaper was simply referred to as “modified
nanopaper”, and the reference nanopaper was called reference.
In Paper II, the samples were coded according to the concentration of
ingredients. For example, a nanopaper that was prepared from an LA-CNF
suspension in which the LA amount was five times the concentration of CNF was
termed as CNF(5)LA.
In Paper III, the nanopapers were coded according to the amount of PU present
in the nanopaper. For example, if the amount of PU in the nanopaper was 10 wt.%,
the sample was coded as CNF(10)PU.
In Paper IV, the nanopapers were coded according to the concentration of CNF
and WNF in the sample. For example, 70WNF30CNF represents a nanopaper that
had 70 wt.% WNF and 30 wt.% CNF.
3.6

Characterisation

3.6.1 Draining time
In paper II, The draining time was measured by a standard stopwatch. The draining
was assumed to be completed when the time difference between two consecutive
drops falling from funnel was 30 s.
3.6.2 Morphology
In Paper I, II, III and IV, Field emission scanning electron microscopy (FESEM)
was used to analyse the structure-property relationship and morphology of
nanopapers. Zeiss Ultra Plus (Oberkochen, Germany) equipment was used. Two
kinds of imaging were used: surface and cross-section (from samples fractured by
tensile testing). Before imaging, the samples were coated with a thin layer of
platinum by sputtering so that they could dissipate the accumulating electrons. An
acceleration voltage of 5 kV was used, and images were recorded using the in-lens
detector.
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3.6.3 Tensile testing
Tensile testing was used to characterise the mechanical properties of nanopapers.
In Paper I and Paper III, the Instron 5544 universal testing machine (Norwood,
USA) with a 100 N load cell was used, and for Paper II and Paper IV, the Zwick
Roell universal test machine (Ulm, Germany) with a 1 kN load cell was used.
Before any testing, the nanopapers were conditioned for at least 48 hours in a
controlled environment of 23 °C and 50% RH. Rectangular samples (50 mm x
5 mm) were stretched at a speed of 2 mm/minute, and the stress-strain curves were
recorded. The elastic modulus was determined by the slope of the linear region, and
the yield strength was calculated by an intersection point of a 0.2% offset line
parallel to the linear region. The results are reported as an average from minimum
of five samples.
Wet tensile testing (Paper III and Paper IV) was used to characterise the
mechanical properties of wet nanopaper. A method reported by Sehaqui et al. was
used (2014). Briefly, 50 mm x 5 mm rectangular samples were wetted by carefully
placing a 50 μl deionised water droplet halfway across the length of each sample.
The drop was gently wiped by a blotting paper after 60 s, and the stress-strain
curves were recorded according to the parameters described above. The results are
reported as an average of three samples.
3.6.4 Humidity resistance
Humidity resistance was evaluated by a DMA Q800 equipped with an RH
accessory (TA Instruments, New Castle, Delaware, USA). The samples were
periodically stretched at a frequency of 1 Hz, and the RH was gradually increased
from 0% to 95%. Before starting the test, the samples were equilibrated for at least
1 hour to remove the adsorbed moisture. Next, the RH was increased from 0% to
95% at a rate of 1% per minute. Finally, the sample was equilibrated at 95% RH
for 1 hour to determine the equilibrium value of the storage modulus.
3.6.5 Thermogravimetric analysis
Thermogravimetric analysis was used to determine the high-temperature thermal
behaviour and relative thermal stability of the nanopapers. TA-TGA Q500 (New
Castle, Delaware, USA) was used for Paper I and Paper III and Netsch STA 409
PC (Germany) in Paper IV. The 10 mg samples were heated in an inert nitrogen
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atmosphere from room temperature to 700 °C, and the weight per cent loss was
recorded. The heating rate was kept at 10 °C/minute.
3.6.6 Contact angle
In Paper III and IV, contact angle of water with the nanopaper surface was measured
by CAM 200 (KSV Instruments Ltd, Finland). An approximately 6.5 μl drop of
Milli-Q water was placed on nanopaper, and 60 images were taken at a rate of 1/s.
The software provided by the manufacturer was used to determine the contact angle,
and an average was calculated for all 60 images. At least three different
measurements were conducted from the same nanopaper.
3.6.7 X-Ray Diffraction
In Paper I and IV, the crystal structure of nanopaper was determined by X-ray
diffraction. Wide angle X-ray diffraction was conducted using a Rigaku SmartLab
9 kW rotating anode diffractometer (Japan). The samples were bombarded with Co
Kα X-ray radiation (40 kV, 135 mA, and λ = 0.179030 nm). Bragg’s angle was
varied with a step width of 0.02 ° from 10 ° to 50 ° with a scanning speed of
2 °/minute, and the intensity of the reflected X-ray was recorded. The crystallinity
index (CrI) was determined from the peak intensity of the main crystalline plane
(200) and the amorphous fraction according to the following equation.
CrI =

I

−I
I

(2)

Where I200 is the intensity at the main crystalline plane, which occurred at 26.2 °,
and Iam is the intensity of the amorphous phase, which occurred at 22 °.
3.6.8 Fourier transform infrared spectroscopy
In paper I, the surface modification of CNFs was characterised by diffuse
reflectance infrared Fourier transform spectroscopy. LA-modified CNFs were
washed four times in dioxane to remove the unreacted LA. The Bruker Vertex 80
V spectrometer (USA) was used to record the Fourier transform infrared
spectroscopy (FTIR) spectra in the 400–4000 cm-1 range. Precisely 40 scans were
taken at a resolution of 4 cm-1 for each sample. For nanopaper, the wet LA modified
CNF cake was hardened into a ball and kept in the oven overnight at 100 °C to
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remove water. It was further cured at 150 °C for half an hour to mimic the
compression moulding. The hardened mass was ground, and the FTIR spectra were
recorded as mentioned.
3.6.9 Water retention value
In paper II, The water retention value (WRV) of the LA-modified and reference
samples were determined by the following procedure. Firstly, the samples were
prepared according to the formulation presented in Table 2. After that, all the CNF
suspensions were sonicated until the sonication energy reached 250 J/ml. Next, the
suspensions were centrifuged at 3000 g force (corresponding to 6500 rpm) for 10
min. After carefully discarding the supernatant, the CNFs were weighed before and
after drying (100 °C, 24 hours). The following formula was used to calculate the
WRV:
W −W
(3)
WRV =
W
Where W is the weight of the wet sample after centrifuging, and W is the weight
of the dried sample.
3.6.10 X-ray photoelectron spectroscopy
In Paper III, the surface profiles of CNF-PU nanopaper was determined by X-ray
photoelectron spectroscopy using the Thermo Fisher Scientific ESCALAB 250 Xi
X-ray photoelectron spectroscopy system (USA). Monochromatic AL Kα (1486.6
eV) was used to collect the spectra. An initial energy scan of 150 eV using 1 eV
was conducted, followed by a high-resolution scan of 20 eV with 0.1 eV step. A
pressure of 3 x 10-9 mbar was maintained in the chamber during the measurements.
3.6.11 Viscosity measurements
In Paper II, the viscosity was used to confirm the flocculation of modified CNFs.
A Brookfield DV-II + Pro Extra viscometer was used. The viscosity of reference
and modified CNF suspensions (0.35 wt.%) was measured using the vane-shaped
spindle (V-73, diameter 12.7 mm) at rotation speeds of 10, 20, 50, and 100 rpm.

50

4

Results and discussions

4.1

Mechanical enhancement of nanopapers

4.1.1 Elastic modulus and yield strength
The nanopapers prepared from LA-modified CNFs (Paper I and Paper II) had a 32%
higher elastic modulus and a 30% higher yield strength than the reference
nanopaper. The results are presented in Table 3. The reason for this improvement
is polymerisation (oligomerisation) of LA under a high temperature (150 °C) and
pressure (10 MPa) (during compression moulding). It has been reported that high
temperature and pressure advances the esterification (Ballard, Broge, Iler, John, &
McWhorter, 1961). FTIR results confirming the presence of esterification are
presented in Fig. 12, and the reaction scheme is presented in Fig. 13. Two different
kinds of esterification take place. One kind occurs between the OH groups of CNFs
and carboxyl group of LA; another is the self-esterification of LA, which leads to
an increase in the chain length of (P)LA. The (P)LA chain, which is covalently
bonded to the CNFs, entangles with the (P)LA chains attached to other CNFs. The
(P)LA-CNF system acts like glue, holding CNFs tightly together and resisting
deformation under the influence of an external load to prevent fibres from slipping.
Hence, the modulus and yield strength are improved. This premise is supported by
FESEM micrographs of the fractured LA-modified nanopaper and reference (Fig.
11). Both have a layered structure, but in the reference the layers loosely adhere
with protruding fibres, indicating that under a load the CNF layers have
delaminated. In contrast, the LA-modified nanopaper layers are neatly stacked with
well-glued fibres (Fig. 11).
Elastic modulus and yield strength are important characteristics of nanopaper.
An improvement in the modulus indicates a superior ability to resist permanent
deformation under a higher load. Higher yield strength means that a material can
take a larger load before deforming permanently. Yield strength, especially, is one
of the most under-discussed properties of nanopaper. Nanopaper, despite having a
high tensile strength, yields relatively early. A nanopaper with 214 MPa tensile
strength yields at 91 MPa, which is 42% of the maximum strength (Henriksson et
al., 2008). Once a polymeric material yields under an external load, it is
permanently deformed and is no longer suitable for further use. High elongation
and tensile strength do prevent a catastrophic material failure, but a permanently
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deformed material needs to be replaced right away. Therefore, in some applications,
the aim is to increase the maximum load and stress that a polymeric material can
take without yielding. This fact increases the relevance of this research of
nanopaper. The LA-modified nanopaper reported in Paper I has 30% higher yield
strength than reference nanopaper. The reference yielded at 80 MPa; in contrast,
the LA-modified nanopaper yielded at 104 GPa.

Fig. 11. FESEM images of a fractured cross-section of (a) reference nanopaper and (b)
modified nanopaper. Reprinted by permission from Paper I © 2018 Springer Nature.
Table 3. Quantitative data from tensile testing of LA-modified and reference nanopapers.
The number in brackets represents the standard deviation. Reprinted by permission
from Paper I © 2018 Springer Nature.
Materials

E- modulus Elongation (%) Tensile strength Toughness
(GPa)

Reference

(MPa)

Yield strength

Density

(MPa)

(g/cm3)

6.8 (0.6)

8.7 (1.1)

170 (18)

985 (219)

80 (5)

1.34

9 (0.4)

1.7 (0.2)

111 (7)

101 (24)

104 (3)

1.28

(Unsonicated)
Modified
nanopaper
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Fig. 12. A peak at 1750 cm-1 in FTIR spectra of modified nanopaper indicates the
esterification reaction. Reprinted by permission from Paper I © 2018 Springer Nature.

Fig. 13. Reaction scheme of polymerisation (oligomerisation) of LA with CNFs.
Reprinted by permission from Paper I © 2018 Springer Nature.

There is a drawback to LA-modified nanopapers: they do not have a high
elongation (Fig. 14) due to a lack of interfibrillar sliding and their mitigation of
hydrogen bonding among CNFs. The reference has a high elongation because, after
yielding, it deforms inelastically due to slow interfibrillar movements, during
which new hydrogen bonds are made and broken instantly (Benítez et al., 2013),
giving the reference nanopaper its characteristic high work to fracture and
elongation. In LA-modified nanopaper, there is no hydrogen bonding between the
fibres, as (P)LA interphase is present, consisting of intertangled (P)LA chains.
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(P)LA itself has low elongation (Sethi et al., 2017); hence, the modified nanopaper
has low elongation. Henriksson and Berglund reported similar results with
melamine formaldehyde-infused cellulose nanopaper. They reported a higher
modulus and yield strength but lost elongation. (Henriksson & Berglund, 2007)
This result was also observed in Paper IV, which reports on lignin-rich nanopaper.
Lignin is brittle, so the lignin-rich nanopaper was also brittle (Fig. 15). In contrast,
when the brittle polymer is replaced by an elastomeric one, the modified nanopaper
retains a high elongation. In Paper III, PU with very high elongation (>700%) was
incorporated into cellulose nanopapers. The resultant nanopaper had a lower
modulus and yield strength but higher elongation (Fig. 24). Based on these
observations, it can be concluded that the elongation of an interfacial polymer
determines the elongation of polymer-modified nanopaper. If the polymer is brittle
like (P)LA and melamine, it improves the modulus and yield, but decreases the
elongation. If it has high elongation, the elongation is improved, but modulus and
yield are affected (Paper III). The effect of moderately tough plastic needs further
study.

Fig. 14. Stress strain curves of LA-modified and reference nanopaper. Reprinted by
permission from Paper I © 2018 Springer Nature.

The stress-strain analysis reported in Paper I and Paper II implies that the LA
modification of CNF is a good way to improve the mechanical properties of
nanopapers. The primary advantage of this method is the water-based processing.
The chemical modification of CNFs is a common approach for improving the
characteristics of nanopaper. However, usually, chemical modification is done in
an organic solvent medium, which is hazardous and increases manufacturing costs
54

(Peresin et al., 2017; Sehaqui et al., 2014). Using water as a reaction medium has
been restricted by the fact that esterification does not happen to a significant extent
in water, as water itself is an end product (Le Chatelier’s principle). In this study,
the credit should be given to sonication. During sonication, the probe vibrates at a
very high frequency, sending shock waves across the water medium, which causes
the formation of vacuum pockets for a minuscule time period. Eventually, they
implode to form hotspots that have a very high temperature (5000 K) and pressure
(1000 atm). These cavities act as reaction sites where chemical reactions, which
would not happen otherwise, take place (Suslick, 2000). Once grafted to CNFs, the
reaction yield can be further improved by processing nanopapers at a high
temperature and pressure. Apart from improving the mechanical properties of
nanopaper, this method has other advantages, such as better draining, higher
thermal properties and better humidity resistance than reference nanopaper. These
advantages are described in later sections.
4.1.2 Improving the properties of WNF nanopapers
Nanopapers prepared by lignin-rich WNFs were naturally brittle (Paper IV). Their
modulus, tensile strength and elongation were 4.3 GPa, and 68 MPa and 2.6%,
respectively (Table 4). In contrast, CNF nanopaper had much better mechanical
properties with a modulus of 6 GPa (50% higher), a tensile strength of 138 MPa
(100% higher) and a strain of 6.9% (200% higher). Despite having other advantages,
such as quicker draining time and excellent water resistance, the brittleness of WNF
nanopaper remains a problem. The cause of the weaker mechanical properties of
WNF nanopaper is the lack of hydrogen bonding (Horseman, Tajvidi, Diop, &
Gardner, 2017; Rojo et al., 2015). As discussed previously, hydrogen bonding is
the reason for the excellent mechanical properties of cellulose nanopaper. In WNF
nanopaper, the cellulose fibrils are covered by lignin, so they cannot form hydrogen
bonds; therefore, it has inferior mechanical properties. Additionally, lignin is
already brittle with a modulus of 3 GPa and strength of 50 MPa. As explained in
section 4.1.1, a stiff polymer decreases the elongation, and lignin acts similarly.
Furthermore, the lignin tightly glues the nanofibres together, and they are unable to
slide under a load, thus rupturing without elongation (Benítez et al., 2013).
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Fig. 15. Stress-strain curves of wood, cellulose, and hybrid nanopapers. Reprinted by
permission from Paper IV © 2019 Elsevier.

In Paper IV, it was successfully hypothesised that introducing CNFs to WNFs
would improve the mechanical properties of WNF nanopaper. The tensile testing
results of WNF-CNF hybrid nanopapers are presented in Table 4 and stress-strain
curves are presented in Fig. 15. It can be seen that at a comparatively low
concentration of 30 wt.%, CNFs significantly improve the mechanical properties
of WNF nanopaper. The resultant hybrid nanopaper (70WNF30CNF) has a 25%
higher elastic modulus than WNF nanopaper. Additionally, the elongation was
improved by 80% and the tensile strength by 50% compared to 100WNF. An
improvement of 33% in yield strength was also observed. In a CNF concentration
higher than that, the modulus was slightly improved while the elongation and
tensile strength were improved considerably (Fig. 15).
Table 4. Quantitative results from the tensile testing of wood, cellulose and hybrid
nanopaper. Reprinted by permission from Paper IV © 2019 Elsevier.
Sample

Elastic modulus

Tensile Strength

Elongation

Density

(GPa)

(MPa)

(%)

g/cm3

100WNF

4.3 ± 0.1

68 ± 2

2.6 ± 0.1

1.03

90WNF10CNF

4.3 ± 0.1

75 ± 7

2.1 ± 0.3

1.04

70WNF30CNF

5.4 ± 0.2

100 ± 3

4.75 ± 0.3

1.10

50WNF50CNF

5.5 ± 0.2

107 ± 5

5.3 ± 06

1.13

30WNF70CNF

5.8 ± 0.1

131 ± 8

7.4 ± 1

1.18

6 ± 0.1

138 ± 4

6.9 ± 0.6

1.22

100CNF
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Fig. 16. FESEM images of fractured cross-sections. Reprinted by permission from Paper
IV © 2019 Elsevier.

The improved mechanical properties in hybrid nanopaper result from the
hydrogen-bonded network of CNFs within lignin-fused WNFs. The network
formation can be seen in the SEM images of fractured nanopaper surfaces (Fig. 16).
There is no fibrous network in the WNF nanopaper. However, in the hybrid
nanopaper (Fig. 16b, magnified image), a network of interconnected,
individualised CNFs can be seen protruding through the fractured surface. This
hydrogen-bonded network is quite strong, as demonstrated by the mechanical
properties of 100CNF (Fig. 15). Hydrogen bonds are strong bonds, and introducing
them among the lignin-infused nanofibres improves the modulus and yield.
Additionally, it provides high work to fracture, as sliding fibres in the network make
temporary hydrogen bonds, which require considerably more work to break (Zhu
et al., 2015). Another observation supporting the premise that a hydrogen-bonded
network is responsible for improving the mechanical properties is the mechanical
behaviour of 90WNF10CNF. There is no improvement over 100WNF. The
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improvement is only observed at 30 wt.%, which is likely to be above the threshold
concentration at which CNFs form a network.
Mixing WNFs and CNFs to make hybrid nanopaper with improved mechanical
properties is a simplistic method. It has many advantages, such as a water-based
industrially adaptable processing method. Additionally, it does not use any harmful
chemical reagents or solvents and relies on cheap, raw materials. Hybrid
nanopapers prepared in such a way also have other advantages, such as quicker
processing than cellulose nanopaper, significantly improved water and humidity
resistance and improved thermal stability. These are described in detail in section
4.2.2 and section 4.3.2.
4.2

Combating the impact of water and humidity on nanopaper

4.2.1 Dimensional stability
LA-modified nanopaper was dimensionally stable, whereas, reference cellulose
nanopapers were heavily warped (Fig. 17). Dimensional stability is one of the least
discussed challenges of cellulose nanopapers. The reason for the poor dimensional
stability of cellulose nanopaper is, once again, the affinity of CNFs towards
moisture. Water absorbed by a nanopaper from atmospheric moisture, which can
be as much as 30 wt.% at 95% RH (Benítez et al., 2013), causes considerable
changes in the morphology of the nanopaper, as it negates the hydrogen bonding
holding the structure of the nanopaper together. The absorbed water swells the
nanopaper, causing localised stresses, and with weakened interfibrillar hydrogen
bonding, the nanopaper warps under localised stresses (Fig. 17). In contrast, LAmodified nanopaper CNFs are held together by covalently bonded (P)LA chains,
which, unlike hydrogen bonds, are not weakened in the presence of water
molecules. Thus, there is no relative movement among the tightly glued fibres when
the sample absorbs moisture, and as a result, the nanopaper does not warp.
Additionally, LA-modified nanopaper absorbed less moisture (7 wt.%) than the
reference (8.1 wt.%), which also helps maintain the dimensional stability. To the
best of the author’s knowledge, this work is the only instance where this problem
has been indicated, and a solution has been proposed.
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Fig. 17. Photographic images of the nanopapers after storing them in ambient
conditions (50% RH and 23 °C). Reprinted by permission from Paper II © 2018 Elsevier.

4.2.2 Water and humidity resistance
LA-modified nanopapers (Paper I and II)
Nanopapers prepared from LA-modified CNFs (Paper I and II) were more water
and humidity resistant than the reference nanopaper, absorbing 35% less water than
the reference nanopaper when dipped in water for 18 hours. Additionally, the wet
storage modulus of the LA-modified nanopaper, calculated after dipping it in water
for three weeks, was 200% higher than the reference nanopaper (Fig. 18b).
Moreover, the LA-modified nanopaper also had superior humidity resistance, as
shown by the DMA results in humid conditions (Fig. 18a). LA-modified nanopaper
had a higher storage modulus than the reference in the entire range of humidity.
Furthermore, LA-modified nanopaper resisted structural damage under a cyclic
load. A sudden drop in the modulus was observed at 75% RH in the reference
nanopaper; no such drop was observed in LA-modified nanopaper. (P)LA assists in
improving the water and humidity resistance of cellulose nanopaper in a couple of
ways. Firstly, it makes a protective layer on CNFs making them impervious to the
water molecules (as seen by water absorption results). Secondly, the presence of
covalently bonded (P)LA does not let the fibrils slide under external loads. The
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dissipation of hydrogen bonding and interfibrillar slippage is a major reason for
losses in the mechanical properties of nanopapers (Benítez et al., 2013).
This method has a couple of advantages: it is a water-based processing method
and is industrially adaptable. A commonly reported method for improving the water
resistance of nanopaper is surface modification in a hazardous and expensive
solvent medium (Peresin et al., 2017; Sehaqui et al., 2014). The method reported
here satisfies the need for an eco-friendly method to prepare water-resistant
cellulose nanopapers.

Fig. 18. Mechanical properties of LA-modified and reference nanopaper: (a) in humid
conditions and (b) when wet. Reprinted by permission from Paper I © 2018 Springer
Nature.

CNF-PU nanopaper (Paper III)
CNF-PU hybrid nanopapers displayed stereoselective water resistance, waterrepellent on one side and water-affinitive on the other, caused by the gradient
morphology of hybrid nanopaper, as it exhibited PU-rich and CNF-rich sides. This
observation was confirmed by FESEM images (Fig. 19). CNF fibres are clearly
visible on one surface of the hybrid nanopaper; however, on the other surface, no
fibres can be observed, as they are embedded in PU. This difference significantly
changed how nanopaper interacts with water as shown by the water contact angle
images (Fig. 20). On the PU-rich side, the water contact angle was 81 °, and on the
CNF-rich side, it was 36 °. The X-ray photoelectron spectroscopy results confirmed
a stark contrast between the chemistry of the two surfaces (Fig. 21). Surface 1
showed a higher concentration of N-C=O (PU bonds), and Surface 2 showed a high
concentration of C-O (cellulose bonds). Additionally, the spectra of the PU-rich
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surface resembles the neat PU, and the spectra of CNF-rich surface resembles the
neat CNF.

Fig. 19. SEM images of CNF-PU. Reprinted by permission from Paper III © 2018 Elsevier.

Fig. 20. Contact angle of the PU-rich and CNF-rich sides of hybrid nanopaper. Reprinted
by permission from Paper III © 2018 Elsevier.
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Fig. 21. X-ray photoelectron spectroscopy analysis of neat CNF, neat PU and both
surfaces of CNF(10)PU. Reprinted by permission from Paper III © 2018 Elsevier.

Since one surface is significantly more water repellent than other, this causes huge
changes in wet properties. Firstly, the CNF-PU nanopaper were absorbing less
water than the reference (Fig. 23). At 10 wt.% PU concentration, the nanopaper
absorbed 18 wt.% less water than the reference. The difference increased to 57% at
30 wt.% PU, because PU makes a protective layer on CNFs, separating them from
the environment (as clearly observed in Fig. 19)
The preferential migration of PU towards one of the surfaces can be explained
by the stark contrast in the morphology of PU and CNF particles. PU particles are
spherical, and CNFs have elongated fibrous morphology. During the vacuum
draining of water, CNFs form a fibrous network on the surface of the draining
PVDF membrane. Spherical PU particles, under the vacuum gradient, get sucked
through the porous fibrous network along with the water but fail to cross the PVDF
membrane. Thus, they concentrate towards the PVDF membrane, resulting in a PUrich phase. This mechanism is explained in the schematic diagram presented in Fig.
22.
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Fig. 22. Schematic diagram representing the migration of PU particles towards one
surface. Modified from Paper III © 2018 Elsevier.

The CNF-PU hybrid nanopaper had excellent mechanical properties when wetted
from the PU side. The stress-strain curves depicting the dry and wet mechanical
properties are presented in Fig. 24a. The quantitative results are presented in Table
5. CNF(10)PU outperformed all the other samples with a wet modulus of 3.9 GPa,
which is 400% higher than the reference. The reference lost 90% of its modulus
when wet (0.8 GPa wet from 7.8 GPa dry). Other hybrid nanopapers also had
improved wet mechanical properties. The improvement in the wet modulus for
CNF(1)PU, CNF(30)PU and CNF(60)PU was 150%, 300% and 100% higher than
the reference, respectively. Similar trends were observed for tensile and yield
strength, with CNF(10)PU outperforming all others (Fig. 24). Additionally, the
reference nanopaper yielded right away into inelastic deformation, indicating
permanent damage to the sample as soon as the load was applied. All the CNF-PU
nanopapers showed an elastic region, indicating their capability to maintain the
integrity of their networks in the presence of water. This difference is another
advantage of making CNF-PU hybrid nanopapers. The CNF side of the hybrid
nanopaper, however, did not show any significant improvement in water resistance
(Fig. 24b).
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Table 5. Quantitative comparison of wet and dry properties of CNF-PU hybrid
nanopapers. Reprinted by permission from Paper III © 2018 Elsevier.
E (before wetting)

E (after wetting)

Ewet/Edry

Reference

7.8

0.8

0.1

% decrease in E
90

CNF(1)PU

7.1

2

0.3

70

CNF(10)PU

6.2

3.9

0.6

35

CNF(30)PU

4.1

3.3

0.8

20

CNF(60)PU

2.3

1.7

0.75

25

Fig. 23. Water absorption of CNF-PU hybrid nanopapers. Reprinted by permission from
Paper III © 2018 Elsevier.

Fig. 24. (a) Stress-strain curves of wet hybrid CNF-PU nanopaper and (b) comparison of
elastic modulus of wet and dry surfaces of CNF-PU and reference nanopapers.
Reprinted by permission from Paper III © 2018 Elsevier.
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Lignin-rich hybrid nanopaper (Paper IV)
The lignin-rich hybrid nanopapers, reported in Paper IV, were more water repellent
than neat CNF nanopaper, as they had a higher contact angle (Fig. 25). The 100CNF
was hydrophilic with a contact angle of 52 °. In contrast, 100WNF was
hydrophobic with a contact angle of 107 °. The contact angle of 70WNF30CNF
was 95 °, making it hydrophobic, as a material with a contact angle of more than
90 ° is considered hydrophobic (Zaherzadeh, Karimi-Sabet, Mousavian, &
Ghorbanian, 2015). Hybrid nanopapers with other concentrations of CNFs had
higher contact angles than the reference (Fig. 25). Interestingly, the contact angle
increased with the amount of lignin. The swelling studies also confirmed their water
repellency (Fig. 26). The water absorption of 70WNF30CNF was 30% lower
compared to 100CNF.

Fig. 25. Contact angle of lignin-rich nanopapers and CNF nanopapers. Reprinted by
permission from Paper IV © 2019 Elsevier.
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Fig. 26. Water absorption by nanopapers. Reprinted by permission from Paper IV © 2019
Elsevier.

Fig. 27. FESEM of lignin-rich nanopapers and 100CNF. Reprinted by permission from
Paper IV © 2019 Elsevier.

Fig. 28. Effect of humidity on the storage modulus of hybrid and reference nanopapers.
Reprinted by permission from Paper IV © 2019 Elsevier.
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Due to their water repellency, lignin-rich nanopapers have higher mechanical
properties than 100CNF (in the presence of both humidity and water). The results
from the humidity testing are presented in Fig. 28, which provides the evolution of
the storage modulus with the increase in humidity. When the samples were exposed
to high humidity for a long time, 100CNF showed a drastic decrease in storage
modulus and eventually lost 87% of its dry stiffness. Such a drop was not observed
in lignin-rich nanopapers, no matter how long the samples were exposed to
humidity. The humidity resistance of lignin-rich nanopaper comes from the
presence of lignin. In 100CNF, the presence of water molecules weakens the
hydrogen bonding among the CNFs, and they deform easily under an external load.
In hybrid nanopapers, lignin binds the fibres together, causing the fibres to resist
deformation under an external load. Additionally, the presence of lignin makes the
hydrophilic cellulosic entities impervious to the environment by forming a
protective layer (as shown in FESEM images [Fig. 27]). Interestingly, the hybrid
nanopapers (70WNF30CNF and 50WNF50CNF) have better humidity resistance
than both 100CNF and 100WNF. The nanopapers with lignin retained 30–35% of
their storage modulus. Quantitatively, 50WNF50CNF has 130% higher equilibrium
modulus (at 95% RH) than the 100CNF and 50% higher than 100WNF.
The water-soaked lignin-rich nanopapers also had superior mechanical
properties to water-soaked 100CNF. The results from wet tensile testing are
presented in Fig. 29. Predictably, 100CNF behaved poorly; it lost 85% of its
modulus and yielded right away into the inelastic region, which indicates that
nanopaper deforms permanently as soon as a load is applied (due to the mitigation
of hydrogen bonding). In contrast, 100WNF retained 75% of its modulus, an
increase of 220% over wet 100CNF. Similarly, hybrid nanopapers had better water
resistance. Both 50WNF50CNF and 70WNF30CNF had 20% and 25% higher
modulus than 100CNF.
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Fig. 29. Wet mechanical properties of hybrid and reference nanopapers. Reprinted by
permission from Paper IV © 2019 Elsevier.

There are multiple advantages to using lignin-rich WNFs for making hybrid
nanopaper. First of all, lignin is a naturally hydrophobic polymer, and this method
provides a simplistic way to inculcate it into nanopaper. Currently, lignin is
removed during the preparation of CNFs by chemical pulping, which is an
expensive and not environmentally friendly method. The results of this study
strongly indicate that lignin-rich entities can be used to make functional materials,
such as hydrophobic nanopaper, with an eco-friendly method. Usually, making
hydrophobic nanopapers is a tedious and expensive job, involving reagents and
solvents. For example, Paquet, Krouit, Bras, Thielemans, & Belgacem chemically
modified CNFs to obtain a contact angle of 95 ° (2010). They modified CNFs with
isocyanate-mediated polycaprolactone (M.W. = 42 500), grafting in methylene
chloride and anhydrous toluene. Both reagents and solvents are expensive and
hazardous. Paper IV used a water-based method to obtain a 100% bio-based
material with a contact angle of 95 °, with an industrially adaptable method, which
is already known to the pulp and paper industry. This innovation is one of the
biggest benefits of this research.
In summary for this section, water resistance is mandatory for the commercial
success of materials, and it is one of the weakest aspects of cellulose nanopaper, as
water is the most common everyday chemical that has to interact with materials. If
a material loses 85% of its stiffness on a damp day and deforms permanently at a
low load when wet, then it clearly needs some modifications before it can be used
in commercial applications. The research reported in Paper I, II, III, and IV
provides an eco-friendly way to prepare nanopaper with as much as a 200% (Paper
I and II), 400% (Paper III) or 220% (Paper IV) improvement to the wet state
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modulus. Additionally, the reported modified nanopapers were able to maintain the
structural integrity under highly humid conditions. The reported results can be used
as a template to improve the water and humidity resistance with an eco-friendly
method, thus contributing towards achieving the true potential of nanocellulose,
which can only be achieved if the water resistance of nanocellulosic materials, such
as nanopaper, is safeguarded.
4.3

Draining characteristics improvement

The affinity of CNFs for water not only affects the working life of nanopaper but
also delays the production process. With the current methods, nanopapers normally
take up to several hours to prepare (Sehaqui et al., 2010). A product that takes this
much time cannot be successfully commercialised to meet the large volume
demands. In papermaking, the cellulose fibres are macroscale and have less surface
area than nanocellulose, and thus they absorb less water. Hence, the draining is
comparatively swift, and papers are prepared with a combination of vacuum
draining and pressing. However, in the case of nanocellulose, the surface area and
number of water-receptive OH groups is exceedingly high. As a result,
nanocellulose binds a disproportionate amount of water, which takes a long time to
drain under a vacuum. Dewatering is a critical industrial process, and it directly
affects the paper production, as it is an energy demanding process (McGregor &
Knight, 1996). Drying a normal paper during paper manufacturing takes 80% of
the entire energy consumption in the paper-making process (Hakovirta, Aksoy,
Nichols, Farag, & Ashurst, 2014). In nanopaper, this increases exponentially, as
nanocellulose retains far more water than cellulose pulp. It was found that no
particularly suitable method was currently available to address this issue.
Researchers have used precipitated calcium carbonate (Rantanen et al., 2015),
NaCl (Sim et al., 2015) or high pressure and larger filter paper to improve the
properties of nanopaper (Varanasi & Batchelor, 2013), but commercially, this
remains a pressing problem.
4.3.1 LA modification as draining aid
LA-modified CNFs drain water 75% faster than the reference CNFs (Paper II). The
results of the draining experiments are presented in Fig. 30. The reference CNFs
took 45 min to drain; in contrast, the LA-modified CNFs were draining in 10 min
after 600 J/ml ultrasonication treatment (5 min of sonication). The reason behind
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the improved draining time of LA-modified CNFs is the partial substitution of OH
groups of CNFs by LA moieties. This substitution is due to sonication, which
generates minuscule hotspots with temperatures as high as 5000 K, and pressure as
high as 1000 atm (Suslick, 2000). Under such extreme conditions, the carboxylic
group of LA reacts with the OH groups of CNFs to form ester bonds. The reaction
scheme of esterification between LA and CNFs is given in Fig. 13. The
esterification is confirmed by the FTIR (Fig. 31).

Fig. 30. Draining time vs sonication energy for LA modified CNFs. Reprinted by
permission from Paper II © 2018 Elsevier.

Fig. 31. FTIR of LA-modified CNF fibres after repeated washing with dioxane. Reprinted
by permission from Paper I © 2018 Springer Nature.
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The OH groups of CNFs are primarily responsible for high water retention; once
they are replaced, the CNFs lose their capacity to bind to water. This observation
was confirmed by the WRVs of the reference and LA-modified CNFs (Fig. 32a).
The WRV of reference CNFs was 100%, while the WRVs of modified CNFs was,
depending on the amount of LA, between 20–50 wt.%. The amount of water
retained by LA-modified CNFs decreased as LA increased. The stark difference in
the water retention capacity of the reference and modified fibres can be seen in
photographic images after centrifugation (Fig. 32b). It was evident that the LAmodified CNFs had lost their ability to bind to water as the appearance of modified
CNF was coagulated, lumpy and separated; clearly, the water had drained out of
the CNFs. While the reference had a soft gel-like appearance with a high amount
of water still present. Fig. 32b demonstrates the effectiveness of LA modifications
to CNFs.

Fig. 32. (a) WRV of LA-modified CNFs and (b) photographic images of centrifuged
reference and LA-modified CNFs. Reprinted by permission from Paper II © 2018 Elsevier.
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Table 6. Sonication energy vs draining time of reference and LA modified nanopapers.
Reprinted by permission from Paper II © 2018 Elsevier.
Draining time Draining time Draining time Draining time
Sonication time (min) Sonication energy (J/ml)
0

(Min)

(Min)

(Min)

(Min)

CNF(10)LA

CNF(5)LA

CNF(1)LA

CNF(0.5)LA

0

45

45

45

45

0 (control)

29

29

29

29

0.2

10

20

23

23

23

0.5

30

21

21

19

19

1

60

16

18

17

17

3

180

14

13

14

14

0 (control)

5

300

11

13

10

10

10

600

10

7

9

9

It can be observed that sonication energy is a critical parameter in improving
draining time; the higher the sonication energy, the better the draining is (Fig. 30).
Interestingly, even the low sonication energy did an impressive job; with only 5
J/ml of sonication energy, the CNFs were draining in 23 min, which is an
improvement of 50%. The detailed results are presented in Table 6. It was found
that the amount of LA in the solution had no significant effect on draining. A
possible explanation might be that only the LA that is adsorbed on the surface
causes improvements in draining. Additionally, it is worth mentioning that the
sonication treatment of CNFs in the absence of LA increased the draining time to
50 min, making the role of LA obvious. This increase can be attributed to the
fibrillation of CNFs from sonication, which generates more surface area, and as a
result, more water is bound to CNFs, increasing the draining time.
Apart from decreasing the water binding capacity of CNFs, the LA
modification assists water draining with an additional mechanism: making water
channels while draining. It has been reported that hydrophobic fibres make
channels, which makes it easier to drain water (Hakovirta et al., 2014). This report
was confirmed by the settling study of diluted LA-modified and reference CNFs
(0.05 wt.%). The results are presented in Fig. 33. As shown, the reference CNFs
have settled into a dense layer at the bottom of the cylindrical flask (less volume
than the LA-modified CNFs). In contrast, LA-modified CNFs have a higher settling
volume than the reference, indicating a less dense structure with voids (inset Fig.
33). These interconnected voids act as draining channels for water (Hakovirta et al.,
2014). It is also possible that LA-modified CNFs, being hydrophobic, form a loose
flock of nanofibres, increasing the volume and creating voids and channels. The
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flocculation was confirmed by the UV-visible transmittance of diluted suspensions
of the reference and modified CNFs. The suspensions with modified CNFs had
lower transmittance (higher turbidity), indicating flocculation. The UV-visible
results are shown in Fig. 34.

Fig. 33. Settling of reference and LA-modified CNFs diluted at a concentration of
0.05 wt.%. Reprinted by permission from Paper II © 2018 Elsevier.

Fig. 34. UV-visible absorbance diluted reference and LA-modified CNFs. Modified from
Paper II © 2018 Elsevier.

To compare the effectiveness of LA modification with a standard benchmark,
draining time and mechanical properties of nanopapers after LA modification were
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compared to the draining time after using NaCl, which is a popular way to decrease
the draining time. The NaCl addition/modification method was chosen for its
industrial relevance and simple operation; additionally, it gives effective results
(Sim et al., 2015). The LA modification method is superior to NaCl modification
in two ways. LA-modified CNFs drained water faster than NaCl-modified CNF
suspensions, and the nanopapers prepared from LA-modified CNFs were
mechanically superior to NaCl-modified nanopaper. The results are presented in
Fig. 35. The NaCl-modified CNFs drained water in 23 min; an improvement of 50%
over the reference, which took 45 min. However, this time is still 13 min longer
than LA modification, making LA modification 40% better when it comes
dewatering. Additionally, the LA-modified nanopaper had higher mechanical
properties with a 41% higher modulus and a 60% higher yield strength than the
reference nanopaper (Fig. 35, inset). In contrast, NaCl nanopaper exhibited inferior
mechanical properties to the reference with a decrease of 11% in the modulus and
31% in the yield strength. The inferior properties of the NaCl-CNF nanopaper
might be due to the interference of sodium and chloride ions with the hydrogen
bonding of CNFs. Additionally, NaCl is hygroscopic; at 23 °C and 50% RH, it had
8.3 wt.% moisture content, while LA CNF had 7 wt.%. The excess moisture is
likely to diminish the mechanical properties. For a detailed discussion of
mechanically enhanced LA-modified nanopaper, please refer to Section 4.1.1.
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Fig. 35. LA-modified CNFs vs NaCl-modified CNFs. Reprinted by permission from Paper
II © 2018 Elsevier.

In conclusion, LA modification is an effective method to improve draining. It
provides significant improvements to draining properties without using harmful
catalysts or solvents. It is industrially adaptable and can be used at a moderate
vacuum level. Furthermore, it uses a bio-based product (LA) and that, too, in low
concentrations (less than 0.5 wt.% in water). Finally, it leads to mechanically
improved and water-resistant nanopapers (Section 4.1.1).
4.3.2 Using WNFs to improve draining
The draining time of CNFs can also be improved by replacing part of the CNFs in
a water suspension with hydrophobic entities, which have lower draining times.
This hypothesis was proved successful in Paper IV, where WNFs were used to
improve the draining time of CNFs. The CNFs were draining in 120 min. The
draining time decreased when a portion of CNFs was replaced by WNFs. The
results are presented in Fig. 36. For 70WNF30CNF, the draining time was 35 min;
an improvement of 71% over 100CNF. For 50WNF50CNF, it was 55 min, which
is an improvement of 55%. WNFs drained in 15 min. The reason for the quick
draining of WNFs is the high lignin content, which is hydrophobic, so they do not
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bind to water. It is worth mentioning that the results were even better than the
expected results estimated by the rules of mixture. For example, 30WNF70CNF
should have drained in 90 min, but instead drained in 65 min. Combined with the
mechanical properties, water resistance, thermal properties and draining, WNFCNF hybridisation to make nanopaper has a distinct advantage. For discussion
about the mechanical properties and water resistance, please refer to Section 4.1.2
and 4.2.2 respectively.

Fig. 36. Draining time of WNF-CNF suspensions. Reprinted by permission from Paper
IV © 2019 Elsevier.

4.4

Thermal stability

Cellulose nanopaper needs to be thermally stable, as some of the target applications,
such as flexible electronics, are regularly overheated due to the flowing current.
Cellulose by itself has good stability (Yagyu et al., 2017), but its thermal stability
becomes inferior when modified (Eyholzer et al., 2010; Fukuzumi, Saito, Iwata,
Kumamoto, & Isogai, 2009). Even some extraction methods cause decreases in
thermal stability (Habibi, 2014). The functionalisation of nanocellulose is an
important medium for making advanced materials, but it must safeguard the
thermal stability. In this thesis work, all reported nanopapers have higher thermal
stability than the reference.
LA-modified nanopaper (Paper I and II) had a higher onset temperature and
degraded at a slower rate compared to the reference until 310 °C (Fig. 37). The
reference nanopaper lost 5% of its weight at 147 °C. In contrast, LA-modified
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nanopaper took 279 °C to degrade 5 wt.%, which is almost twice the temperature
of the reference due to the stability of polymerised (P)LA. It has also been reported
that esterified CNFs are more thermally stable than the reference (Agustin,
Nakatsubo, & Yano, 2016).

Fig. 37. Thermogravimetric analysis of LA modified and reference nanopapers.
Reprinted by permission from Paper I © 2018 Springer Nature.

Among the CNF-PU nanopapers (Paper III), the nanopapers with a high PU content
(CNF[60]PU and CNF[30]PU) were more stable than the reference. The thermal
properties of CNF(10)PU are comparable to those of the reference. The results are
presented in Fig. 38. Between 0 and 350 °C, the reference is lost 48% of its weight
and CNF(60)PU lost only 22% of its weight. CNF(30)PU lost 41% and CNF(10)PU
lost 42% of its weight. The differential weight thermograms are presented in Fig.
38b, which also indicates the presence of two phases: CNF and PU, and the PU
phase degrades at a higher temperature (410 °C) than CNFs (350 °C). This
observation explains why including PU increases the thermal stability of nanopaper.
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Fig. 38. Thermogravimetric analysis of CNF-PU nanopapers. Reprinted by permission
from Paper III © 2018 Elsevier.

The WNF-CNF hybrid nanopaper (Paper IV) has higher thermal stability than both
100WNF and 100CNF (Fig. 39). By 340 °C, 100WNF and 100CNF were degraded
by 31% and 37% respectively. In contrast, 50WNF50CNF degraded only 29%.
Meanwhile, 100WNF had the poorest thermal properties until 350 °C, which was
due to the presence of lignin and hemicelluloses. These chemicals are known to
intensify degradation (Poletto, Zattera, Forte, & Santana, 2012). At temperatures
higher than 350 °C, 100WNF was more stable. The better thermal properties of
lignin-rich hybrid nanopapers can also be confirmed by Fig. 39b, which presents
the derivative thermograms. As observed, 100WNF has the highest derivative peak
at 362 °C, 50WNF50CNF at 357 °C and 100CNF at 347 °C. The hybrid nanopaper
has improved properties because of its interpenetrating morphology (Fig. 16). The
CNF and WNF are fused, and as a result, the number of interfaces in the materials
is quite high. This characteristic delays the heat transfer, improving the thermal
stability (Fu et al., 2008). The main advantage of this method is that it uses nonfunctionalised fibres which are easily prepared.
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Fig. 39. TGA results of lignin-rich hybrid nanopaper and neat CNF and WNF nanopaper.
Reprinted by permission from Paper IV © 2019 Elsevier.

4.5

Using nanocellulose in paperboards

Nanocellulose is well known for its advantages in papermaking, but it cannot be
used in its current form, as it takes a long time to drain. If its draining is improved,
it can be used as reinforcing agent (Boufi, González, Delgado-Aguilar, Tarrès, &
Mutjé, 2016; Eriksen, Syverud, & Gregersen, 2008) and rheology modifier (Liu et
al., 2017). Since LA-modified CNFs were draining a lot faster, we attempted to
make a 10 wt.% CNF reinforced paperboard and characterise it. The results are
presented in Fig. 40. The reference CNFs and pulp suspension was draining in 23
min, which was 20 min higher than the pulp suspension without CNF. These extra
20 min in preparing the product will be consequential in large-scale manufacturing,
as the added time will decrease the production rate and increase energy
consumption. For a cheap product like paper, this is not feasible. With LA-modified
CNFs, draining was completed in 2 min; even less than the reference pulp. To the
best of the author’s knowledge, these are the best reported results for the draining
of CNFs in papermaking.
Not only was the LA-CNF and pulp suspension draining faster, but it also had
significant mechanical properties (Fig. 40b). The modulus of LA-modified CNFpulp paperboard was 64% higher than the reference, indicating that CNFs have a
huge impact on the mechanical properties of paper. The tensile strength and yield
strength were both improved by 120% and 90% respectively. The tensile testing
curves are presented in Fig. 41. In a brief summary, the LA-modified CNFs not
only prepare robust nanopapers but can also be used in improving the mechanical
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properties and preparing the paper products. The LA modification method is the
industrially adaptive method which answers many questions related to the use of
nanocellulose in commercial materials.

Fig. 40. (a) Draining time of pulp, CNF pulp and LA-CNF pulp; (b) modulus of
paperboards prepared by pulp, CNF pulp and LA-CNF pulp. Reprinted by permission
from Paper II © 2018 Elsevier.

Fig. 41. Stress-strain curves of 10 wt.% CNF-reinforced paperboards. Reprinted by
permission from Paper II © 2018 Elsevier.
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4.6

General discussions

4.6.1 Theoretical and practical implications
This thesis answers some questions related to cellulose nanopapers that have been
seldom discussed until now by researchers. Issues such as low yield strength, poor
water resistance and poor draining are important for safeguarding the commercial
success of nanopaper. Nanopapers have been modified, but the methods usually
require massive capital investment or the use of hazardous chemicals. In this work,
all the methods reported are water-based and compatible with current standards of
papermaking; hence, they require little or no capital investment.
Paper I and II use small quantities of LA, a bio-based material that provides
many advantages, such as improved mechanical properties, water resistance,
draining characteristics, dimensional stability and thermal properties. A waterbased method providing such a wide range of properties is definitely going to
benefit the industry. A patent has already been filed to commercialise this
technology. Additionally, this method should add optimism to the scientific
community by demonstrating that eco-friendly processes can be used to enhance
nanopapers. To improve water draining, this work provides solutions that can be
incorporated along with earlier methods to improve the draining, as it is not
competing with them. For example, combining our method with a method reported
by Varanasi and Batchelor (Varanasi & Batchelor, 2013), which utilises filter paper
with massive pores, the nanopaper will be prepared more quickly. Similarly,
methods by Sehaqui et al. (2010) and Österberg et al. (2013) can also be combined
to prepare nanopapers quickly.
Paper III reports CNF-PU hybrid materials, which combines two different
kinds of water-based materials. PU latexes, which are used commonly in surface
coatings, and CNFs, which can already be mass produced by many companies
worldwide. Therefore, this research suits the industry, making a nanopaper that
does not require a new capital investment towards raw materials. Additionally,
CNF-PU nanopaper can be used in various applications, especially ones that require
CNF-rich surfaces (such as printable electronics) and hydrophobicity at the same
time.
Paper IV attempts to convince the scientific community that lignin can be
easily incorporated into functional materials and states that WNF should be
researched more as a raw material to make robust materials. Industrially, this
material can be prepared using the same methods as the paper industry. Additionally,
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using WNFs makes nanopaper cheaper, as WNF does not need to be chemically
treated to remove lignin as in the case of CNF. WNF just needs to be ground finely
in an energy efficient way, and with the attention of researchers shifting, this can
be done easily. Recently, Herrera et al. used enzymatic modifications to prepare
WNF efficiently (2018).
4.6.2 Limitations of work
This thesis is not devoid of limitations. Paper I and II present a convenient and ecofriendly way to improve the properties of nanopaper or drain water quickly. This
method uses sonication, which is a recent technology; however, sonication makes
a lot of noise during operation. It has been claimed to be industrially adaptable
(Hielscher ultrasonics GmbH, 2017), but it might cause trouble, especially in terms
of soundproofing the environment. Soundproofing is mandatory to make a work
environment comfortable for employees.
Another limitation of LA modification is that it might not be applicable to
already chemically modified CNFs produced by, for example, TEMPO
modification. The dynamics of such systems will be very different, as other
chemical entities are present. Furthermore, only short-chain, water-soluble
molecules like LA can be used for modifying CNFs via sonication. Long-chain
molecules might not have the physical freedom to participate in reaction or the
liberty to be soluble in water. Finally, this method is not suitable for preparing high
concentrations of (P)LA hybrid nanopapers, as only LA that gets adsorbed on the
surface participates in the reaction, which is less than 2 wt.%.
In paper III, only prepared polymers that are available in latex form can be
used. Additionally, though it is water-based, PU is not necessarily environmentally
friendly. This issue can be, however, solved by using natural, rubber-based latex.
In paper IV, only lignin-rich hybrid nanopapers can be prepared from the
proposed method. Due to the nature of the raw materials, it is not possible to
incorporate polymers other than lignin.
4.6.3 Recommendation for further research
The LA modification method is a new discovery, and as with all new discoveries,
many questions need to be answered. The biggest one is determining the
concentration of LA attached to the fibres. It was found that the quantity is not more
than 2 wt.%, but further investigation is needed. We attempted to use simple
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methods such as selective dissolution and TGA to determine the attached LA, but
they were not fruitful. Additionally, the molecular weight of the attached (P)LA
needs to be determined.
One aspect of performance that can be improved in LA-modified nanopapers
is the loss of elongation. Having a water-resistant and stiffer nanopaper is an
advantage, but it should still be foldable like paper if we intend to use it in
applications such as flexible electronics. This property can be achieved by
controlling the parameters like, for example, the crosslink density.
In paper III, stereoselective water-resistant nanopapers can be made by other
polymers which can also give functional advantages. For example, using a
conducting polymer can give water resistance and electrical conductivity
simultaneously. Furthermore, the effect of combining different kinds of latexes can
be studied, such as hard plastic latexes such as PMMA.
Finally, combining various methods to prepare nanopaper faster needs to be
studied. Methods reported by Varanasi and Batchelor (2013) and Österberg et al.
(2013) are based on tweaking the production process, such as using different filters
and pressure conditions. The draining time can be further decreased if these
methods are used in tandem with methods reported in Paper I and Paper IV. We
combined both methods reported in Paper I and Paper IV. We found that
70WNF30CNF can be drained in 17 min instead of 35 min if one uses LA-modified
CNFs instead of unmodified CNFs. This discovery is a huge improvement over the
reference CNFs, which took 120 min to drain, and it is also lower than the draining
time of neat WNFs (19 min).
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5

Conclusions and summary

Cellulose nanopapers are comprised of fibrous nanocellulosic entities that are
tightly bonded together with hydrogen bonding. Cellulose nanopapers are 100%
bio-based and stronger than any known polymeric material, yet they are as foldable
as a paper. They have a low coefficient of thermal expansion and other distinct
advantages, such as a water-based processing route that is industrially adaptable.
In the past decade, a lot of work has been done to understand the science and
technology of nanopapers. Researchers have answered questions explaining their
strong nature, structure-property relationships and toughening mechanisms. There
are yet a few challenges that have been rarely discussed or can be improved from
the current state. The most burning of those questions are how to improve the yield
strength, water resistance and draining time. This thesis answers these questions
and others in the form of three novel materials and processing methods.
Firstly, CNF were modified with a method inspired by sonication chemistry. It
was found that sonicating CNFs in the presence of LA leads to a 75% quicker
draining of CNF suspensions. Furthermore, the nanopapers prepared by LA-CNF
are mechanically enhanced and water resistant. They outperformed the reference in
both humid and wet environments. The improved results can be explained by the
grafting of LA on CNFs. OH groups were replaced by LA, and as a result, CNFs
lost the capability to bind to water. Thus, modified CNFs drain water quickly.
Under high temperatures and pressure, these LA entities polymerised to form an
interpenetrating phase of (P)LA, which provides humidity and water resistance to
nanopapers. Additionally, it improves the modulus and yield strength. This method
is better than adding NaCl, which is a common method among researchers. Finally,
this method was used to prepare CNF-reinforced paper within a few minutes.
Secondly, a water-based method was proposed to prepare CNF-PU hybrid
nanopaper from PU latex and CNFs. The underlying advantage of this hybrid
nanopaper is that it was stereoselectively water-resistant, as it was hydrophobic on
one side and hydrophilic on the other. The PU makes a gradient interpenetrating
network, and the PU concentration varies from one surface to another, making one
surface PU-rich and another CNF-rich. This duality makes the PU-rich surface
water repellent with a water contact angle of 81 °, while the CNF-rich surface had
a water contact angle of only 36 °. With 10 wt.% PU concentration, the CNF(10)PU
nanopaper had a modulus five times higher than the reference when wetted from
the PU-rich side.
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Thirdly, CNFs were mixed with WNFs to make lignin-rich hybrid nanopapers,
which have superior mechanical properties to WNF nanopaper and improved water
and humidity resistance over other CNF nanopapers. This advantage results from
the presence of an interpenetrating network between WNFs and CNFs, which was
fused due to the melting of lignin at a high temperature and pressure. The CNF
network in hybrid nanopaper provided mechanical integrity in the form of a stiff,
hydrogen-bonded network. The fused WNFs provided protection from water, as
lignin is not affected by water as it is devoid of hydrogen bonding. Additionally,
the presence of WNFs improved the draining time of the nanopapers. Finally,
WNF-CNF hybrid nanopapers were thermally more stable than either WNF
nanopaper or CNF nanopaper.
Nanocellulose will be an indispensable material in the future due to its
abundance and sustainability. It will be a building block for many everyday and
functional materials. A basic foundation has been laid which confirms that
nanocellulosic materials have great potential, but challenges, such as the processing
time and water resistance, remain prominent. The results presented here show that
water-resistant and thermally stable nanopapers, which are a commercially
demanded material, can be quickly prepared using simple approaches, including
one that is industrially adaptable and does not require the use of harmful and
hazardous chemicals. The results of this work are likely to act as a foundation for
the discovery of more eco-friendly methods.
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