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Abstract
Nanocellulose is envisioned as one of the key product innovations of future biorefineries, since it
can potentially function in numerous high-end applications and replace many current petroleumbased products due to its superior properties, abundance and renewable nature. The main difficulty
hindering the industrial upscaling of nanocellulose is the lack of feasible techniques for processing
cellulose fibres on a nanoscale. At the same time, ongoing research efforts have concentrated on
charting the suitability of nanocellulose for various novel applications. The chemical
functionalization of cellulose is currently regarded as a significant step for both enhancing
nanocellulose fabrication and increasing its value as a product by virtue of its adjustable surface
properties.
This thesis reports on the surface functionalization of cellulosic fibres by means of two new
chemical pre-treatments based on periodate oxidation and sequential chlorite oxidation or
reductive amination for use in the fabrication of nanocelluloses. The properties of the resulting
nanocelluloses were characterized and their applicability to novel film structures was investigated.
Both nanoporous thin films for composite membranes and self-standing barrier films were
manufactured and studied for their suitability in water purification and packaging applications,
respectively.
The oxidation of cellulose to 2,3-dicarboxylic acid cellulose (DCC) significantly enhanced the
nanofibril production as only 1-4 passes through the homogenizer were required for disintegration
of the fibres down to nano-scale. The fabricated DCC-nanofibrils had both high optical
transmittance and viscosity comparable to that of TEMPO-oxidized cellulose nanofibrils. DCCnanofibrils with a carboxyl content of 1.75 mmol/g showed a potential for functioning as a
nanoporous thin-film membrane layer in ultrafiltration tests. The second pre-treatment introduced
an acid-free fabrication of amphiphilic cellulose nanocrystals (CNCs) with uniform width and
length into nanocellulose production for the first time. Reaction conditions of periodate oxidation
were presumed to be one of the key factors to impact the formation of either CNCs or cellulose
nanofibrils. The butylamino-functionalized CNCs were used to fabricate barrier films that showed
good mechanical strength and high resistance to permeation by oxygen even at elevated relative
humidity.

Keywords: Barrier film, cellulose, cellulose nanocrystal, chemical pre-treatment,
nanocellulose, nanofibril, ultrafiltration
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Tiivistelmä
Yksi metsäteollisuuden viimeisimmistä tuoteinnovaatiosta on nanoselluloosa, jolle on esitetty
lukuisia uusia sovellusmahdollisuuksia sekä potentiaalia toimia korvaavana raaka-aineena öljypohjaisille tuotteille sen erinomaisten materiaaliominaisuuksien sekä globaalin saatavuuden ja
uusiutuvuuden takia. Nanoselluloosan teollista hyödyntämistä on kuitenkin hidastanut kustannustehokkaiden valmistusmenetelmien puuttuminen. Samanaikaisesti on tehty laaja-alaista tutkimustyötä nanoselluloosan soveltuvuudesta uusiin käyttökohteisiin. Selluloosan kemiallista funktionalisointia pidetään tällä hetkellä yhtenä lupaavimpana menetelmänä tehostamaan sekä nanoselluloosan valmistusta että tuomaan lisäarvoa nanokuiduille, joiden pintaominaisuuksia voidaan muokata.
Tässä työssä tutkittiin selluloosakuitujen funktionalisointia perjodaattihapetukseen sekä kloriittihapetukseen tai pelkistävään aminointiin perustuen ja nanoselluloosan valmistusta esikäsitellystä selluloosasta. Työssä tutkittiin erityisesti valmistettujen nanoselluloosien ominaisuuksia
ja selvitettiin niiden soveltuvuutta uudentyyppisiin filmirakenteisiin. Filmirakenteita muokkaamalla tehtiin nanohuokoisia komposiittimembraaneita vedenpuhdistukseen sekä barrier-filmejä
pakkausmateriaaleihin.
Selluloosan hapetus 2,3-dikarboksyylihapposelluloosaksi tehosti nanoselluloosan valmistusta huomattavasti ja kuidut saatiin hajotettua 1-4 läpäisyllä homogenisaattorissa. Valmistetut
DCC-nanofibrillit olivat optisesti läpinäkyviä sekä niiden viskositeetti oli yhtä korkea kuin
aiemmin raportoiduilla TEMPO-hapetettuilla nanofibrilleillä. Ultrasuodatuskokeissa DCC-nanofibrilleistä pystyttiin muodostamaan nanohuokoinen kerros membraaninpinnalle, jota on mahdollista käyttää vedenpuhdistuksessa. Pelkistävällä aminointiesikäsittelyllä selluloosakuiduista
onnistuttiin ensimmäistä kertaa valmistamaan kooltaan yhdenmukaisia amfifiilisiä selluloosananokiteitä ilman yleisesti käytettyä happohydrolyysiä. Siten työssä nanoselluloosien valmistukseen käytetyn perjodaattihapetuksen havaittiin soveltuvan sekä selluloosananokiteiden että selluloosananofibrillien valmistukseen. Butyyliamino-funktionalisoiduista selluloosananokiteistä valmistetut barrier-filmit olivat mekaanisesti vahvoja ja ne ehkäisivät hapenläpäisyä jopa korkeassa ilmankosteudessa.

Asiasanat: Barrier filmi, kemiallinen esikäsittely, nanofibrilli, nanoselluloosa,
selluloosa, selluloosananokide, ultrasuodatus
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1

Introduction

1.1

Background

Lignocellulosic raw materials are characteristically recognized for their
renewability and global availability. These materials are amongst the most
promising ones for creating alternative solutions to compete with petroleumbased products. Many of our current oil-derived plastic materials, for instance,
could ideally be replaced with cellulosic products in order to reduce global
dependence on fossil sources and promote the product recycling (Brinchi et al.
2013).
Depending on its processing, cellulose can be used in numerous applications
aimed at cornering business segments with high market potential, but its
feasibility for use in novel bioproducts needs to be further enhanced through the
discovery of functional processing routes. The processing of cellulosic materials
down to a nano-scale, i.e. to nanocellulose, offers new potential materials with
high performance. The production of nanocellulose is based on breaking down the
highly hydrogen-bonded cellulose fibres to their elemental nano-sized
constituents. The elongated cellulose nanofibrils or shorter rigid cellulose
nanocrystals liberated in this way will then possess superior mechanical and
chemical properties than their macro-sized counterparts, including high strength
(Chakraborty et al. 2006; Sehaqui et al. 2011), low density (Bledzki et al. 1996),
high viscosity (Turbak et al. 1983) and high water retention capacity (Herrick et
al. 1983).
In order to make nanocellulose viable as a product it is still necessary to
overcome the high cost of production, thereby allowing its use in everyday bulk
products instead of solely high-end applications. The major obstacles hindering
its industrial up scaling are the high energy consumption and low capacity
entailed in its production, and the use of environmentally hazardous and
expensive chemicals in the pre-treatment of the cellulose. Thus various
innovations have been proposed for modifying cellulose by sustainable and
economically feasible methods in order to promote nanocellulose production.
New chemical pre-treatments have also added extra value by introducing
functional groups onto nanocellulose surfaces (Ho et al. 2011; Liimatainen et al.
2013c). The resulting functionalized nanocelluloses have already been shown to
perform well, e.g. as chemicals used in the purification of wastewater (Suopajärvi
17

et al. 2013; Suopajärvi et al. 2014), for colloid aggregation (Liimatainen et al.
2014) and for the flotation of haematite and quartz (Laitinen et al. 2014).
One characteristic feature of nanocellulose is its ability to form strong thinfilm structures which have numerous applications. These structures have been
investigated especially for use as barrier layers, as the high level of crystallinity of
nanocellulose (Aulin et al. 2009) and its dense network structure help protect the
materials against gasses and vapour (Chinga-Carrasco and Syverud 2012). These
nanocellulosic barrier films could in turn function in a variety of applications e.g.
for packaging (Nair et al. 2014), in organic light-emitting diodes (Charton et al.
2006) or in organic solar cells (Hu et al. 2013). Thin films of nanocellulose could
potentially be used as ultrafiltration membranes, since the hydroxyl group-rich
surfaces of cellulose nanofibrils make them hydrophilic and a nanoporous
structure is achievable with proper modification of the material. Also, fouling of
the membrane surface can be reduced as nanocellulose forms smooth thin films
with low affinity for adsorbing hydrophobic particles (Ma et al. 2011).
In the work reported in this thesis two novel chemical pre-treatments for
functionalizing cellulose fibres, based on regioselective periodate oxidation and
sequential oxidative or reductive treatment, respectively, were investigated as
enhancing methods to facilitate the production of functionalized nanocelluloses.
The resulting cellulose nanofibrils and nanocrystals were characterized in terms
of their morphology, viscosity and residual transmission, and were further tested
in novel bioproducts in the form of divergent thin-film structures. The potential of
2,3-dicarboxylic acid cellulose nanofibrils for acting as a selective nanoporous
top layer in ultrafiltration membranes was studied and compared with that of
commercial reference membranes. Finally, functionalized cellulose nanocrystals
were investigated for their suitability to perform as an effective barrier layer
against oxygen and water vapour at elevated humidity levels. Dynamic vapour
sorption (DVS), mechanical strength, surface roughness and time-dependent
contact angles were also measured.
1.2

Nanofibrillated cellulose

1.2.1 Hierarchical structure of cellulose
Cellulose is a biopolymer known as one of the most abundant raw materials in the
world, occurring in higher plants, fungi, bacteria and animals, where it serves as a
18

crucial component in maintaining the structure of cell walls or provides
mechanical support for the body of tunicins (Habibi et al. 2010). Its globally
diverse availability, biodegradability and superior properties make cellulose an
attractive choice for use in multiple applications ranging from traditional paper to
high-end products. The annual production of cellulose is estimated to be 7.5 x
1010 tons (Kroschwitz and Seidel 2004), which guarantees its continuing
availability due to its renewable nature. Cellulose has a repeating unit comprising
two anhydroglucose rings (Fig. 1) and a flat ribbon-like conformation (Moon et
al. 2011). Each monomer has three hydroxyl groups, which can form hydrogen
bonds that govern the physical properties of cellulose by creating its characteristic
fibrillar and semicrystalline packaging (Nishiyama et al. 2002; Habibi 2014).

Fig. 1. Chemical structure of cellulose.

Parallel stacks of cellulose chains form the smallest fibril constituents of cellulose
fibres, known as elementary fibrils or cellulose nanofibrils (preferred terminology
from here on). Wood cellulose nanofibrils have a typical width of 3-5 nm and
length of several micrometres and wrap around each other with strong hydrogen
bonds, forming aggregates of larger microfibrils. Microfibrils have a typical width
of 5-50 nm, which in turn aggregate to larger cellulose fibrils. The microfibrils
reinforce the wood structure with an intra-chain and inter-chain hydrogen bond
network (Fig. 2) (Moon et al. 2011). The majority of the cellulose microfibrils in
wood and plants occur in the thickest cell wall of the secondary layer (S2), where
they are held together mainly by lignin, hemicellulose and pectin.

19

Fig. 2. Structural characterization of the components of wood (Moon et al. 2011).
Reprinted by permission of the Royal Society of Chemistry.

An individual cellulose nanofibril consists of both amorphous and crystal
structural domains (Fig. 2). In the amorphous region the cellulose chains are
dislocated and have a disordered arrangement, whereas the crystalline regions are
tightly arranged, uniform structures in which the cellulose chains are stacked in
parallel to produce strong, stiff crystal domains. Different polymorphs or
allomorphs of the cellulose crystalline structure can be identified depending on
the hydrogen bonding and molecular orientation. Native cellulose occurs in the
crystalline structure of cellulose I, which appears in two suballomorphs Iα and Iβ
(Atalla and Vanderhart 1984). Iα is produced by primitive organisms such as algae
or bacteria, whilst Iβ is found mainly in cellulose produced by higher plants and
animals (Habibi et al. 2010). When the crystalline regions of cellulose nanofibrils
are isolated, a nanocellulosic material referred to as cellulose nanocrystals
(CNCs) is produced. The properties and fabrication principles of CNCs will be
discussed in section 1.3 below. The term “nanocellulose” will be used in this
thesis to refer to both rigid CNCs and the elongated cellulose nanofibrils
produced by the nanofibrillation of cellulose (i.e. cellulose nanofibres, CNF). The
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various chemical, enzymatic or mechanical treatments or combinations of these
that are available for producing CNFs will be discussed in the next sections.
1.2.2 Mechanical nanofibrillation of cellulose
Turbak et al. (1983) and Herrick et al. (1983) were the first to report a new
concept for the fabrication of nanofibrillated cellulose by disintegrating cellulose
fibres mechanically using high-pressure homogenization. Later, the disintegration
of cellulose to nano-sized constituents was found to result in materials with
improved mechanical properties (Yano and Nakahara 2004; De Mesquita et al.
2010), so that a mean strengths of 1.6-3 GPa and 3-6 GPa have been reported for
wood cellulose nanofibrils and nanofibrils isolated from tunicins, respectively
(Saito et al. 2013). This mechanical disintegration, i.e. nanofibrillation, is based
on high-energy intense treatment of the cellulosic fibres, subjecting them to
strong shear, impact and cutting forces at high velocity, which causes both
internal and external damage and breaks down the strong hydrogen bond network
that exists between the nanofibrils. The mechanical nanofibrillation of cellulose
fibres requires a very large amount of energy, with a typical consumption of 20
000-30 000 kW/ton (Siró et al. 2011), and even up to 70 000 kW/ton has been
reported (Eriksen et al. 2008). This high energy consumption has been one of the
crucial obstacles to the industrial-scale production of CNF up to now.
High-pressure homogenization
High-pressure homogenization consists of the insertion of a dilute cellulose
suspension into a feeding tank, from where it is pumped to a spring-loaded valve
through a narrow nozzle at high velocity (Fig. 3). The valve opens and closes at a
rapid rate, causing a large pressure drop when the fibres pass through.
Simultaneously a high degree of fibrillation occurs (Nakagaito and Yano 2004) as
the strong shear and impact forces fibrillate the fibres to a nano-scale (Frone et al.
2011) as they hit the surrounding impact ring of the valve. Any increase in the
operating pressure (up to 2000 bar) and use of additional passes will raise the
intensity of the treatment. The addition of more passes will also narrow the
particle size distribution, but it will simultaneously cause more defects in the
crystalline structure, resulting in lower crystallinity. Also, an increase in the
number of passes will lead ultimately to cutting of the nanofibrils and overheating
of the suspension. When the temperature rises above 90°C cavitation can occur
21

and the operation has to be stopped to allow the machinery and suspension to cool
down. Even more troublesome is clogging of the spring-loaded valve, which
usually occurs at a high solids content, and fibre flocculation (Herrick et al. 1983)
or the presence of long fibres can also such increase the probability of plugging
the valve. The construction of the machinery is designed in such a way that
unclogging the valve requires dismantling the whole valve assembly, which is a
time-consuming process. Thus several pre-treatments have been suggested for
reducing the initial fibre size and thereby overcoming the clogging problem and
achieving more efficient nanofibrillation of the fibres.

Fig. 3. Operating principle of a spring-loaded homogenizer valve.

Microfluidizer
The disintegration of cellulose fibres in a microfluidizer is based on a highvelocity flow of suspension in microchannels where the fibres are subjected to
high shear and impact forces. An intensifier pump transports the suspension from
the feed tank to the auxiliary processing module (APM) and interaction chamber
(IXC). After passing through the chambers the suspension is circulated through a
heat exchanger for cooling prior to exiting into the collecting tank (Fig. 4). In the
first chamber (APM) the fibre suspension is dispersed and pre-fibrillated. The
22

majority of the nanofibrillation then occurs in the second chamber (IXC), where
the feed stream is divided into microchannels, the design of which can be Z or Yshaped (Fig. 4). The Z-shaped design has more channels than a Y-shaped
chamber, making it more suitable for cellulose fibres. The highest forces
accelerating the nanofibrillation are achieved when streams collide and the wear
resistant chamber walls when exceptionally high impact and shear forces occur
(Microfluidics 2013). A higher degree of nanofibrillation can be produced by
increasing the number of passes and switching the chamber assembly to narrower
microchannels.

Fig. 4. A microfluidizer and a close-up of the interaction chambers and their z-shaped
geometry.

A microfluidizer is considered to be a more efficient and practical alternative for
cellulose nanofibrillation than a high-pressure homogenizer. The chamber
assembly is easy to dismantle and any clogs can be effortlessly removed by
engaging a counter-flow to clear the channels. The probability of clogging is also
lower as there are no moving parts in the chambers and it is not uncommon to use
a solids content of up to 2% for chemically pre-treated celluloses. The notably
higher shear forces produce a smaller average particle size with fewer passes and
the total particle size distribution is narrower than with the homogenizer
(Microfluidics 2013). This allows a high degree of nanofibrillation to be achieved
with a lower energy consumption and better repeatability.
23

Grinding
Grinding between static and rotating ceramic discs has been used for the pretreatment of cellulose fibres and direct preparation of cellulose nanofibrils. In this
treatment cellulose fibres are fed between fixed discs with characteristic bars and
grooves in their surfaces (Abe et al. 2007). The distance between the discs, their
geometry and the rotating speed of the lower disc can be modified to affect the
flow pattern between discs and to adjust the intensity of the treatment (Spence et
al. 2011). In the pre-treatment of cellulosic fibres the strong shear forces
introduced between the grinding discs initiate internal and external fibrillation.
The loosening of the fibrils, the breakage of the hydrogen bonds and the defects
in the cell wall structure caused by internal fibrillation all aid the liberation of
nanofibrils (Iwamoto et al. 2007), while the external fibrillation exposes the fibre
surface to possible chemical attacks, increases the water intake and thus promotes
swelling of the fibres. The use of other types of grinder such as PFI mills has been
reported as a sufficient pre-treatment to produce microfibres (Chakraborty et al.
2007) and to enhance the penetration of enzymes into the fibre structure
(Janardhnan and Sain 2011b). Other mechanical methods reported to have been
used for the production of cellulose nanofibrils are cryocrushing (Wang and Sain
2007), high intensity ultrasonication (Cheng et al. 2009) and high speed blending
(Uetani and Yano 2011), usually in combination with other pre-treatments or
mechanical treatments (Henriksson et al. 2008).
Since the commercially feasible production of nanocellulose still requires
alternative methods capable of reducing the high costs, various chemical and
enzymatic pre-treatments for cellulose fibres have been developed to enhance the
liberation of nanofibrils (Saito et al. 2007; Henriksson et al. 2007). The use of
pre-treatments is economically viable since less passes in the homogenizer are
required and it has proved possible to reduce the energy consumption to as little
as 1000-2000 kWh/ton (Isogai 2009; Siró and Plackett 2010). These chemical and
enzymatic pre-treatments will be discussed in the sections below.
1.2.3 Chemical and enzymatic pre-treatments for cellulose
Several chemical and enzymatic pre-treatments have been proposed for loosening
the rigid structure of cellulose in order to enable efficient production of CNFs.
These pre-treatments affect the properties of the fibres by loosening the hydrogen
bonds, typically adding a repulsive charge between the nanofibrils and lowering
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the degree of polymerization (Lavoine et al. 2012). Some of the most effective
pre-treatments can modify the fibre structure in such a manner that only mild
mechanical treatment, or scarcely any at all, is needed to liberate the individual
nanofibrils.
Enzymatic pre-treatment
Enzyme treatments of various lignocellulosic materials have been used for the
degradation of cellulose to glucose in the production of bioethanol (El-Naggar et
al. 2014), the pre-bleaching of kraft pulp in the pulp and paper industry (Bajpai
1999) and the recycling of paper (Kenealy and Jeffries 2003). Recently an
enzyme pre-treatment for cellulose fibres was also applied to the production of
CNFs (Pääkkö et al. 2007), a process in which the enzymes degrade and modify
the hemicellulose and lignin while retaining the original form of the cellulose
(Janardhnan and Sain 2007). However, due to the complex composition of
cellulose, different enzymes with individual degradation functions are required to
facilitate nanofibrillation (Abdul Khalil et al. 2014). The enzymatic pre-treatment
can be enhanced by using hemicellulose-rich sulphite pulp (Pääkko et al. 2007)
and by pre-milling the fibres. This grinding fibrillates and increases the fibre
surface-area making the cellulose structure more accessible to enzyme attack
(Henriksson and Berglund 2007) .
As no single enzyme is sufficient to modify the cellulose fibres, different
types of cellulase have been used. Cellobiohydralases of types A and B are
capable of degrading crystalline cellulose, whereas endoglucanases C and D
attack the more disordered regions of the cellulose (Henriksson et al. 2007; Abdul
Khalil et al. 2014). Enzymes isolated from trees infected with Dutch elm disease,
often the OS1 fungus, have been used at the pre-treatment stage in the production
of CNFs (Janardhnan and Sain 2007; Janardhnan and Sain 2011a; Janardhnan and
Sain 2011b). The use of enzymes alone instead of chemicals is said to provide a
more environmentally friendly method of pre-treating cellulose fibres.
TEMPO-oxidation and carboxymethylation
The most intensively studied chemical pre-treatment for the functionalization of
cellulose has indisputably been 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
oxidation. This introduces carboxyl groups on the surfaces of the fibres at the C6
position in the glucose unit. The two routes used for TEMPO oxidation
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(TEMPO/NaBr/NaClO and TEMPO/NaClO/NaClO2) have been described in
detail elsewhere (Isogai et al. 2011). The main difference between them lies in the
more stable cellulose nanofibrils formed by TEMPO/NaClO/NaClO2 oxidation,
which produces oxidized cellulose with a higher molecular weight without the
formation of aldehyde groups, so that the pulp does not become stained even if it
is heated above 100°C (Saito et al. 2009). TEMPO-oxidation reduces the
hydrogen bonding between the cellulose nanofibrils and introduces a negative
surface charge via carboxyl groups (Saito et al. 2009). This anionic surface charge
in turn creates repelling forces between the nanofibrils, which further enhance the
nanofibrillation of the cellulose fibres (Iwamoto et al. 2010). Oxidation occurs at
the surface of the nanofibril aggregates and results in high product yields (Rattaz
et al. 2011). Bleached kraft and sulphite pulps have been suggested as being the
most suitable materials for the expeditious production of TEMPO-oxidized CNFs,
as they contain advantageous residual hemicellulose which the oxidizing TEMPO
molecules can easily penetrate (Isogai et al. 2011).
The liberation of individual cellulose nanofibrils after TEMPO oxidation has
been highly effective when using various mechanical methods ranging from
simple magnetic stirring (Isogai et al. 2011) to high-pressure homogenization
(Saito et al. 2007), and the large quantity of individual nanofibrils formed results
in gel-like viscous, transparent suspensions. The main obstacle to the industrialscale production of TEMPO-oxidized CNFs is the high cost of the chemicals and
the use of halogen-based toxic reagents, which raise environmental concerns
(Rattaz et al. 2011). Thus, other methodologies for the chemical promotion of
nanofibrillation in celluloses have been investigated.
The introduction of anionic carboxyl groups into cellulose fibres via
carboxymethylation has been shown to function as an efficient route for the
fabrication of cellulose nanofibrils (Wågberg et al. 1987). Carboxymethyl
cellulose (CMC) can be produced in a two-stage reaction based on mercerization
and etherification. The properties of the resulting CMCs are then dependent on
the degree of substitution (DS), which indicates the number of carboxymethyl
groups attached per anhydroglucose unit. A CMC is said to have good water
solubility when its DS is over 0.6, while the fibrous state of the fibres is attained
when the DS is below 0.2 (Ambjörnsson et al. 2013). As with TEMPO oxidation,
the increase in the repellent charge between the nanofibrils reduces the
mechanical stress required for disintegration of the fibres. Carboxymethylated
cellulose fibres with a DS of 0.087 were reported to disintegrate to nanofibrils
with an estimated width of 5-15 nm with just one pass through a microfluidizer
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(Wågberg et al. 2008). CMC-modified cellulose pulp was reported to be an
energy efficient method to produce CNF with acceptable costs relative to other
currently known procedures (Naderi et al. 2015).
Cellulose functionalization through periodate oxidation
Periodate oxidation has previously been used on an industrial scale for the
oxidation of starch and the structural analysis of carbohydrates (Kim et al. 2000).
It can also be used to introduce aldehyde functionalities into cellulose and for its
further derivatization, e.g. to add anionic carboxylic groups. It can thus provide a
potential pre-treatment route for promoting nanocellulose fabrication.
Regioselective periodate oxidation effectively introduces reactive aldehyde
groups into cellulose, which can further be converted to functional groups with
sequential chemical treatments for added value. The oxidation is conducted in an
aqueous environment in which sodium metaperiodate (NaIO4) selectively
oxidizes vicinal hydroxyl groups of cellulose at positions 2 and 3 to form two
aldehyde groups and breaks the carbon-carbon bond between carbon atoms 2 and
3 (Fig. 5) (Sirvio et al. 2011). Due to the specific oxidation capability of
periodate, cutting of the cellulose chains is not as harsh a procedure as with other
non-selective methodologies, e.g. hydrogen peroxide (H2O2), and no significant
side reactions occur (Kim et al. 2000).

Fig. 5. Periodate oxidation of cellulose.

The periodate oxidation of cellulose has typically been conducted at room
temperature with elongated reaction times (up to 190 h) (Kim et al. 2000) and a
high excess of oxidant, in order to reach a sufficient aldehyde content (Kim et al.
2000; Kim and Kuga 2000; Chavan et al. 2002; Tejado et al. 2012; Yang et al.
2013; Larsson et al. 2014). The conversion of hydroxyl groups to aldehyde
groups can be , however, intensified by using elevated reaction temperatures and
by adding metallic salt activators (Sirvio et al. 2011) or inert electrolytes (Alam et
al. 2012). This reduces the reaction time required for oxidation from several days
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to a few hours and reduces the amount of iodine-containing waste, as less
periodate is required for the oxidation (Sirvio et al. 2011). The aldehyde groups
formed in this way do not increase the surface charge density of the nanofibrils,
which has been shown to act as one of the auxiliary mechanisms in the
comminution of cellulose fibres to nanofibrils (Tejado et al. 2012). It is therefore
advantageous to convert the aldehyde groups to other functional groups which do
increase the surface charge density and thereby reduce the hydrogen bonding
between the nanofibrils. The functional groups can also bring added value to the
product through direct surface modifications, e.g. anionic or cationic, hydrophilic
or hydrophobic.
1.3

Cellulose nanocrystals

The production of CNCs is based on the dissolving of amorphous regions from
cellulose fibres while leaving the strong, stiff rod-like crystals intact. The
morphology of CNCs varies greatly depending on the raw material, as each plant,
wood and animal has its own unique crystal properties (Table 1) (BeckCandanedo et al. 2005; Brinchi et al. 2013). Native cellulosic raw materials
traditionally require a two-stage chemical treatment to remove non-cellulosic
components prior to hydrolysis of the cellulose fibres. In the first stage the
cellulose fibres are isolated by removal of the matrix material (lignin,
hemicellulose, etc.) by means of alkaline treatment and subsequent bleaching.
The isolated cellulose fibres are then hydrolysed using concentrated sulphuric
acid (Elazzouzi-Hafraoui et al. 2008) or hydrochloric acid (Araki et al. 1998)
under controlled conditions of temperature, agitation and time (Habibi et al.
2010). The acids hydrolyse the disordered regions of cellulose, while the
organized crystal domains resist the acid attack and are left undamaged (Habibi
2014). The morphology of CNCs has nevertheless been shown to be affected by
temperature, excessive hydrolysis (Dong et al. 1998) and the acid concentration
(Samir et al. 2004).
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Table 1. Morphologies

of

various

CNCs

measured

on

transmission

electron

microscopy images.
Source

Length [nm]

Width [nm]

Cotton

100-150

5-10

Reference
(Araki & Kuga 2001)
(Garcia de Rodriguez et al. 2006)

Sisal

100-500

3-5

Bacteria

100-1000

10-50

(Araki & Kuga 2001)

15-30

(Kimura et al. 2005)

Tunicate

1000-3000

The quenching of the hydrolysis and removal of the residual acid is a multi-stage
process involving repeated washings with water, centrifugation and dialysis
against distilled water (Habibi et al. 2010), and the properties of the resulting
CNCs are dependent on the acid used. Hydrochloric acid causes aggregation of
the CNCs (Araki et al. 1998), while sulphuric acid prevents the formation of
aggregates by introducing charged sulphate groups onto the CNC surfaces. These
affect the thermostability of the CNCs, however (Roman and Winter 2004).
Among the new methods adopting a more straightforward and practical approach
that have been introduced lately, both ultrasonic-assisted TEMPO oxidation (Qin
et al. 2011) and ammonium persulphate oxidation (Cheng et al. 2014) have
shown a potential for fabricating CNCs without the use of strong acids.
1.4

Nanocellulosic films

Both CNFs and CNCs have many superior properties compared with the
corresponding macroscale materials, so that the high specific surface area, high
aspect ratio, light weight, transparency and strength of the individual
nanocellulosic particles makes them attractive choices for use in various
reinforcing or protective layered structures. Among the many outstanding
properties of nanocelluloses is their ability to form film structures in which
properties such as density, strength and porosity can be adjusted by selecting the
appropriate fabrication method. These films have been referred to as nanopaper,
since only long, flexible cellulose nanofibrils with an aspect ratio of over 100
have been employed for fabricating them by methods resembling paper web
formation (Sehaqui et al. 2010; Abdul Khalil et al. 2014).
Strong nanocellulosic films with low porosity can be fabricated when the
suspension is dried in a water-based medium (Henriksson et al. 2008). The high
surface area and hydroxyl group-rich surface will then allow strong, tight
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compaction (Chun et al. 2011) to form structures of high strength (Aulin et al.
2012), good transparency (Nogi et al. 2009), low thermal expansion (Fukuzumi et
al. 2009) and dense form (Fig. 6) with enhanced barrier properties (Sirviö et al.
2014a). Moreover, the long, flexible cellulose nanofibrils are mechanically
entangled with each other, resulting in films of higher mechanical strength
(Sehaqui et al. 2012a) than can be obtained from the shorter, stiffer CNCs. The
use of CNCs alone for producing nanopaper-like films has rarely been studied and
their barrier properties have been characterized in only a few studies (Yang et al.
2012a), but it is clear that the high degree of crystallinity of CNCs can potentially
be used to enhance the barrier performance of nanopapers (Siró et al. 2011).

Fig. 6. Transparent, flexible nanocellulosic film fabricated from dicarboxylic acid
cellulose nanofibrils.

When nanocellulose dispersion with added inorganic-organic fillers is used to
form barrier films the products are referred to as hybrid films (Fig. 7). These have
been inspired by natural structures in which added fillers combine with the
nanocellulose network to form a bio-mimicking nacre-like structure (Podsiadlo et
al. 2007). A CNF fibre matrix replaces the traditional polymer matrix in the
composite film structure and carries the mineral particles in a tangled CNF
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network that functions as the major load-carrying component, adding ductility to
the structure and helping to transfer stresses between the mineral particles (Liu et
al. 2011). The barrier properties of hybrid films can be significantly improved by
adding fillers of varying content.

Fig. 7. A hybrid cellulose nanofibril-talc film and a cross-sectional view of the layered
structure (Liimatainen et al. 2013a).

The fabrication of nanocellulosic films is most often based on a simple vacuum
filtration method analogous to papermaking, in which sufficient suction is applied
to remove the majority of the water from the underside of the film. The
nanocellulose suspension having been diluted to a low consistency (0.1-0.5%) and
dispersed prior to film formation. If mineral fillers are added they are mixed with
the nanocellulose for up to 24 h. After mixing sonication for 30 min (Liu et al.
2011) or a high-pressure homogenizer (Aulin et al. 2012) has been used to ensure
full mixing of the components and to prevent aggregation of the fillers. Degassing
is usually performed to remove residual air trapped within the dispersed
suspension, as unwanted air bubbles may detract from the barrier and strength
properties of the film when they burst, leaving cavities. Under laboratory
conditions a glass filter funnel (Fig. 8) or corresponding device has been used in
the vacuum filtration of nanocellulosic suspensions.
Various filter papers (Nogi et al. 2009; Chun et al. 2011) or commercial
membranes (Henriksson et al. 2008; Sehaqui et al. 2010; Liu et al. 2011) of a
sufficient pore size to trap the nanocelluloses during the filtration process have
been used to ensure the formation of smooth films. When majority of the water
has been removed by suction, a wet gel-like hydrogel film is formed (Fig. 8)
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which can then be moved to the selected drying environment. A far more timeconsuming alternative for the vacuum filtration method is the casting of
nanocellulose suspensions on a petri dish (Wu et al. 2012) or glass plate (Sirviö et
al. 2014a). The eventual formation of the films takes several days depending on
the drying temperature and residual water present in the casting suspension.

Fig. 8. Use of a laboratory glass filter funnel for the preparation of nanocellulosebased thin films.

The drying of the films has sometimes been accelerated by oven drying at an
elevated temperature (Wu et al. 2012), hot pressing (Yousefi et al. 2013) or the
use of a semiautomatic sheet former (Rapid-Köthen) (Sehaqui et al. 2010). In a
comparative study between different drying methods the use of a semiautomatic
sheet former was shown to yield the best mechanical properties due to wrinklefree formation of the films, rapid moisture removal and good in-plane orientation
of the nanofibrils (Sehaqui et al. 2010). By controlling the parameters in the
drying environment of nanocellulosic films and using different solvents it is
possible to alter the formation of the network, leading to ultra-porous or highly
compact barrier structures, as discussed in detail in the following sections.
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1.4.1 Barrier films
Barrier film can generally be regarded as a material with the ability to block
unwanted substances such as gasses and liquids or to act as a protective material
e.g. against fire (Liu et al. 2011; Liu and Berglund 2013). Such barrier properties
are especially desirable in food packaging applications, as strict regulations call
for the use of materials that can provide sufficient protection against external
gasses, light or impurities (Duncan 2011). Rising petroleum costs and increasing
consumer demands for the use of naturally occurring recyclable raw materials in
packaging have increased the need to find new cost-effective materials (Khan et
al. 2014). In addition to adequate barrier properties, high strength (Wu et al.
2012; Liimatainen et al. 2013a) and flexibility (Larsson et al. 2014) are also
expected, e.g. in electronic devices such as organic solar cells (Hu et al. 2013)
and organic light emitting diodes (OLED) (Charton et al. 2006).
Cellulose-based films can offer excellent protection against oxygen
permeability under dry conditions (Fukuzumi et al. 2009; Aulin et al. 2010),
although the hydroxyl group-rich surface of cellulose makes the material highly
hydrophilic, thus restricting its use under highly humid or wet conditions. Due to
these hydrophilic characteristics, cellulose has a strong tendency to adsorb
moisture, poor resistance to water and rapidly increasing oxygen permeability in
circumstances involving high humidity (Yang et al. 2012b). This decline in the
properties of cellulose-based film is caused by the weakening of the interfibrillar
bonds upon the intercalation of water molecules between the cellulose chains
(Sehaqui et al. 2014). The phenomenon has previously been avoided by
introducing additional nano-sized mineral particles (Aulin et al. 2012), by surface
modification (Sehaqui et al. 2014) or by the integration of a polymer matrix (Lee
et al. 2014), all of which have been shown to maintain the barrier performance of
a film even at high humidity levels. Oxygen permeability at a relative humidity of
80%, for instance, decreased from an initial value of 25.5 to 1.5
cc•µm/(m2•d•kPa) when carboxymethylated CNF was mixed with vermiculite in
a 80/20% ratio (Aulin et al. 2012).
CNCs are known for their high stiffness and strength, and thus they have
more often been introduced into a polymer matrix to act as a reinforcing additive
in the fabrication of polymer nanocomposites rather than for self-standing films.
When well-dispersed CNCs are added to a polymer matrix its mechanical
performance can be improved. The CNCs do not create high-stress
concentrations, due to their nano-scale size, and will therefore not cause any loss
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of ductility relative to conventional high modulus reinforcements (Dufresne
2012). It is the size and shape of the CNCs that govern their reinforcing effect, as
rod-like crystals with the highest aspect ratio will produce the strongest materials
(Dufresne 2012). Favourable interaction with the hydrophobic matrix while
retaining the three-dimensional network of individually occurring CNCs tends to
be challenging, however, (Hubbe et al. 2008; Dufresne 2012), but interaction with
various matrices can be made more effective by means of surface chemical
treatments that affect the polarity of the CNCs (Andresen et al. 2006; Bulota et al.
2012). Other drawbacks of CNCs use include limited processing temperature
(around ~200°C) as cellulose starts to degrade at around 230°C when O2 is
present, and the effects of moisture absorption by the hydrophilic cellulose
nanoparticles on the mechanical and barrier performance of nanocomposites
(Azizi Samir et al. 2005).
Cellulose nanofibrils and CNCs can form dense, highly compact nanopaper
structures due to the intense hydrogen bonding between the hydroxyl groups. As
water evaporates from the film the cellulose nanofibrils collapse through capillary
action, but the malformation is fixed with hydrogen bonds (Nogi et al. 2009). The
abundant hydrogen bonding between the hydroxyl groups will reduce any free
space and larger cavities that may occur within the network structure of the film
and create a higher resistance to permeating gasses and water vapour. The
enhanced barrier performance of hybrid films and polymer nanocomposites is
based on the increased tortuosity created by the addition of fillers or matrix, i.e.
gas molecules have to diffuse around these (Fig. 9), which requires a longer path
and increases the total time needed for permeation (Duncan 2011; Edlund et al.
2012). Since the permeation speed is also dependent on the thickness of the film,
the introduction of impermeable fillers become advantageous as thinner films can
achieve a performance comparable to that of reference materials without fillers.
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Fig. 9. Tortuosity increases as impermeable nano-sized particles (fillers) become
embedded in barrier films, creating a longer path required for gasses to pass through.

1.4.2 Porous films
In order to create porous nanocellulose-based films, the network structure has to
be modified under conditions of controlled drying. An increase in porosity within
the nanofibril network will leave more open cavities in the form of tortuous nanosized pores and result in a less compact structure. The porosity of films can be
increased by solvent exchanging water for a less hydrophilic liquid, which will
reduce the capillary forces (Sehaqui et al. 2012b). Solvent exchange has so far
been performed in nanopaper fabrication after the forming of a nanocellulose
network structure by filtration. The resulting hydrogel film is subsequently dipped
into the desired liquid to exchange the residual free water within the network and
the water bound in the nanofibrils. The exchange procedure can contain several
stages during which the film is switched to a fresh batch of solvent prior to
drying. This exchange of water for less polar liquids has been reported to increase
the porosity from 19% to 28, 38 and 40% for methanol, ethanol and acetone,
respectively, clearly reducing the tensile strength and modulus (Henriksson et al.
2008). The technique has also been combined with supercritical CO2 drying
(Sehaqui et al. 2012b), liquid CO2 evaporation, or tert-butanol freeze-drying
(Sehaqui et al. 2011) to further increase the porosity of a film to levels up to 86%.
The porous films were softer than conventional nanopaper dried in water, their
deformation behaviour was different and high specific surface areas of up to 480
m2/g were recorded (Sehaqui et al. 2011).
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1.4.3 Thin films in membrane filtration
The uneven global distribution of water resources and the constant pressure on
supplies of clean water have made the purification of wastewater and the study
efficient methods such as filtration for purifying seawater matters of the utmost
importance (Gillberg et al. 2003). Thus it is clear that membrane filtration
technology could offer innovative solutions for the production of clean water
without intensive chemical treatments (Shannon et al. 2008). Asymmetric thinfilm composite membranes consist of a dense, selective top layer and a
mechanically supporting porous sublayer, which is often fabricated by the phase
inversion method (Wrasidlo and Mysels 1984). A new concept based on a threetier thin-film nanocomposite (TFNC) structure has been introduced to achieve a
notable improvement in the filtration performance compared with conventional
ultrafiltration membranes (Ma et al. 2011).
In TFNC membranes the selective top layer is fabricated from ultra-fine
TEMPO-oxidized cellulose nanofibrils (Ma et al. 2011), which means that it can
be formed with a thickness of only ~0.1 µm and an average pore size of ~24.4 nm
(Yoon et al. 2006; Ma et al. 2014). The cellulose nanofibrils form a smooth,
hydrophilic layer, which significantly reduces fouling of the surface without
particulate clogging or the adsorption of hydrophobic materials (Ma et al. 2011).
The asymmetric membrane structure has been replaced with a middle layer
fabricated from electrospun nanofibres to create a fibrous support with high
porosity and low resistance to fluid flow (Yoon et al. 2006; Ma et al. 2010; Wang
et al. 2014). The synthetic electrospun layer was formed on top of a polyethylene
terephthalate (PET) non-woven substrate, which provided the membrane with its
overall mechanical strength (Ma et al. 2010). TFNC membranes outperform the
current commercial reference membranes, achieving notably higher fluxes while
maintaining high rejection percentages (Ma et al. 2011). In a recent experiment, a
TFNC formed from TEMPO-oxidized cellulose nanofibrils was surrounded with
polyamide by interfacial polymerization, thus enabling the formation of a tighter
and narrower pore size distribution with a potential for use in nanofiltration
applications (Wang et al. 2014).
1.5

Aims of the thesis

The work carried out for this thesis had two main aims: firstly to investigate new
chemical pre-treatments for producing functionalized nanocelluloses (nanofibrils
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and nanocrystals) and secondly to use these to fabricate novel barrier and
membrane thin films. The work consists of Papers I-IV, which addressed the
following problems:
Paper I:
–
–

Does the oxidation of cellulose fibres to 2,3-dicarboxylic acid cellulose
(DCC) enable the fabrication of nanofibrillated celluloses?
How do differing oxidation times affect the efficiency of nanofibrillation and
the resulting nanofibril properties?

Paper II:
–
–
–

Can a chemical pre-treatment based on sequential periodate oxidation and
reductive amination be used to produce CNCs?
Is it possible to produce amphiphilic CNCs directly without additional posttreatments?
How does chemico-mechanical processing affect the final product
characteristics?

Paper III:
–
–

How do highly anionized cross-linked DCC nanofibrils perform as a top layer
in thin-film composite ultrafiltration membranes?
Can the performance achieved compete with that of commercial ultrafiltration
membranes?

Paper IV:
–
–
–

Can butylamino-functionalized CNCs be used to fabricate high-performance
barrier films?
What are the barrier properties of CNC films with respect to permeating
gasses and water vapour?
Is the barrier performance comparable to that of other reported platforms
based on pure CNF or hybrid films?
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2

Materials and methods

2.1

Materials

Bleached birch (Betula pendula) chemical wood pulp obtained in dry sheets was
used as the raw material for the fabrication of chemically modified
nanocelluloses. High-performance anion-exchange chromatography (HPAECPAD) (Zuluaga et al. 2009) showed the material to contain 74.8% cellulose,
23.6% xylan, and 1.1% glucomannan. The lignin (TAPPI-T Method 222 om-02)
and the extractive (SCAN-CM 49:03 standard) content of the pulp amounted to
0.4 and 0.08%, respectively.
NaIO4 (Papers I-IV), and LiCl (Papers II, IV) for the oxidation of cellulose to
dialdehyde cellulose (DAC) and NaClO2 and CH3COOH for the further oxidation
of DAC to dicarboxylic acid cellulose (Papers I, III) were acquired from Sigma
Aldrich. Three butylamine isomers, isobutylamine hydrochloride (Tokyo
Chemical Industry), n-butylamine hydrochloride (Tokyo Chemical Industry) and
tert-butylamine hydrochloride (Sigma-Aldrich), together with 2-picoline borane
(Sigma-Aldrich) were used for the reductive amination of DAC (Papers II, IV).
NH2OHHCl, CH3COONa2H2O, NaCl and NaOH were bought from Sigma
Aldrich for the determination of the aldehyde and carboxyl content of the
oxidized cellulose (Paper I).
Dextrans (from Leuconostoc mesenteroides) with molecular weights of 9–11
kDa, 35–45 kDa, 64–76 kDa, 150 kDa, and 2000 kDa were purchased from
Sigma-Aldrich to measure the molecular weight cut-offs of the nanoporous
membranes and cellulose-based reference membranes UC030 and UC100 (Paper
III), which were donated by Microdyn Nadir. Both the nanoporous membrane
(Paper III) and the barrier film (Paper IV) were fabricated on top of a Durapore
polyvinylidene fluoride (PVDF) membrane obtained from Millipore. Finally,
ethanol (96 %, VWR) was acquired to wash the functionalized celluloses (Papers
II, IV) and for the solvent exchange procedure used to produce nanoporous
membranes (Paper III). All the chemicals were used as received, with no further
purification.
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2.2

Functionalized nanocelluloses (Papers I-II)

A two-step chemical modification based on periodate oxidation was used to
fabricate the functionalized nanocelluloses. First the pulp was oxidized to
dialdehyde cellulose (DAC) according to the parameters shown in Table 2. All the
oxidations were conducted at a consistency of 1% in an aqueous environment.
After the fabrication of DAC, sodium chlorite oxidation (Papers I, III) or
reductive amination (Papers II, IV) was performed to convert the aldehyde groups
to dicarboxylic acid or amino groups. Finally the chemically pre-treated
celluloses were subjected to mechanical homogenization to produce cellulose
nanofibrils (Papers I, III) or nanocrystals (Papers II, IV).
Table 2. Reaction parameters used for the periodate oxidation of cellulose.
Sample

Paper(s)

Temperature [C]

Reaction time

Metal salt

[min]

Aldehyde
content [mmol/g]

1

I (CNF)

55

15

-

0,36

2

I (CNF)

55

30

-

0,61

3

I (CNF)

55

60

-

0,95

4

I (CNF)

55

120

-

1,31

5

I, III (CNF)

55

180

-

1,68

6

II, IV (CNCs)

75

180

LiCl

3,79

2.2.1 Fabrication of 2,3-dicarboxylic acid cellulose (DCC) nanofibrils
For the production of 2,3-dicarboxylic acid cellulose (DCC), the aldehyde groups
of DAC were further oxidized to carboxylic acid groups with sodium chlorite
(NaClO2) as shown in Fig. 10. Samples with variable aldehyde content (samples
1-5 in Table 2, referred to below as DCC 1-5) were used to produce celluloses
that differed in their carboxyl content.
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Fig. 10. Chlorite oxidation of DAC to dicarboxylic acid cellulose (DCC).

All the chlorite oxidations were conducted in a 1M aqueous solution of acetic
acid for 48 hours to fully convert all the aldehydes to carboxylic acid groups. The
reaction was stopped by first filtering the chemicals off the pulp and then washing
several times with deionized water until the conductivity of the filtrate was < 10
µS/cm. The washed DCCs were diluted to 0.5% consistency with deionized water
and the pH was adjusted to 7.5 with mild NaOH. An Ultra-Turrax mixer (IKA
T25, Germany) operating at 10,000 rpm for 1 min was used to break the larger
fibre flocs from the suspensions in order to prevent clogging of the homogenizer
during nanofibrillation. The suspensions were nanofibrillated using a twochamber high-pressure homogenizer (APV-2000, Denmark) with pressures of
250−950 bar. The suspensions were passed through the homogenizer one (DCC
5), three (DCC 2-4), or four times (DCC 1) until clear, gel-like samples were
obtained (Fig. 11).

Fig. 11. From left to right: DCC 1-5 (0.5%) after mechanical homogenization. Modified
from Paper I, published by permission of the American Chemical Society.
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2.2.2 Fabrication of butylamino functionalized cellulose nanocrystals
An acid-free methodology based on the reductive amination of DAC with
butylamino isomers was used as a pretreatment for the production of
functionalized cellulose nanocrystals. The DAC (Table 2, sample 6) was treated
with iso-, n- or tert-butylamine hydrochloride to attach hydrophobic alkyl groups
to the cellulose backbone (Fig. 12). The aqueous reductive amination was
conducted by adding a 10-fold excess of iso-, n-, or tert-butylamine hydrochloride
relative to the aldehyde groups of the DAC, and the pH of the solution was set at
4.5 with dilute HCl. A 2-fold excess of 2-picoline borane reducing agent was then
added to the suspension together with the DAC fibres. The reaction was
continued for 72 h with magnetic stirring in a closed container at room
temperature.

Fig. 12. Reductive amination of DAC with butylamine isomers. From Paper II,
published by permission of the American Chemical Society.

Vacuum filtration was used to stop the reaction by filtering the reactive chemicals
from the solution. The product was washed first with ethanol and then with
deionized water. The washed pulp was diluted (0.3% w/w) and dispersed with an
Ultra-Turrax mixer (IKA T25, Germany) at 10,000 rpm for 1 min. The CNCs
were individualized from the amphiphilic cellulose fibres using a two-chamber
high-pressure homogenizer (APV-2000, Denmark). Three passes, at pressures of
220, 480 and 600 bars, resulted in clear, non-viscose CNC suspensions (Fig. 13).
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Fig. 13. From left to right: iso-, n- and tert-butylamino-functionalized CNCs (0.3%).

2.3

Characterization of nanocelluloses (Papers I-II)

2.3.1 Morphology and size
The average dimensions and shapes of the fabricated nanocelluloses were
measured by transmission and field emission scanning electron microscopy (TEM
and FESEM).
Field-emission scanning electron microscopy (FESEM)
FESEM (Zeiss ULTRA plus) images were taken of samples DCC 1-5, which were
diluted and gently filtered on a membrane of pore size 0.2 µm, freeze-dried to
minimize the aggregation of cellulose nanofibrils, sputter coated with Pd and
imaged at an accelerating voltage of 5 kV. The average width was determined
from the images by measuring fifty individual nanofibrils.
Transmission electron microscope (TEM)
A Tecnai G2 Spirit transmission electron microscope (FEI Europe, Eindhoven,
Netherlands) was used to analyse the morphological features of the butylaminofunctionalized CNCs. The samples were diluted with Milli-Q water and a small
droplet of the solution was dosed onto a carbon-coated, glow-discharged copper
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grid. Any excess sample was removed from the grid by touching the droplet with
the corner of a filter paper. The samples were negatively stained by placing a
droplet of uranyl acetate (2% w/v) on top of each specimen and removing any
excess amount of uranyl acetate with a filter paper in the same way. The grids
were dried at room temperature and analysed at 100 kV under standard
conditions. Images were captured with a Quemesa CCD camera, and the iTEM
image analysis software (Olympus Soft Imaging Solutions GMBH, Munster,
Germany) was used to measure the widths and lengths of individual CNCs. Fifty
crystals of each CNC grade were measured and the final results averaged, and
standard deviations calculated.
2.3.2 Crystallinity
The crystallinity of the original cellulose fibres, the DCC samples before and after
mechanical nanofibrillation (Paper I) and the butylamino-functionalized CNCs
after mechanical individualization (Paper II) was measured by wide-angle X-ray
diffraction (WAXD) using a Siemens D5000 diffractometer (Germany) equipped
with a Cu Kα radiation source (λ = 0.1542 nm). The specimens were prepared by
pressing freeze-dried samples into tablets of thickness 1 mm, and these were
scanned over a 2θ (Bragg angle) range from 5°to 50°at a scanning speed of 0.02°
s-1 (Paper I) or 0.1° s-1 (Paper II) using a step time of 1 s (Paper I) or 5 s (Paper
II). The peak intensity of the main crystalline plane diffraction (I002) was located
at 22.8º (Paper I) or 22.5° (Paper II), and that associated with the amorphous
fraction of cellulose (Iam) was observed at 18.0°. The degree of crystallinity in
terms of the crystallinity index (CrI) was calculated according to the following
Equation (1):
CrI

–

100%

(1)

2.3.3 Analysis of functional groups
Conductometric titration
The carboxyl content of the periodate-chlorite oxidized samples (DCC 1-5) before
nanofibrillation (Paper I) was analysed by conductometric titration as described
by Katz et al. (1984).
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Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of the untreated cellulose and the periodate-chlorite oxidized
cellulose samples (Paper I) were recorded using a Bruker FT-IR spectrometer
(USA). The specimens were prepared by pressing 2 mg of dry sample into a pellet
with 200 mg of KBr.
Elemental analysis
The amino content of the butylamino-functionalized CNCs (Paper II) was
determined by measuring the nitrogen content of a dried sample using an
elemental analyzer (Thermo Scientific FLASH 2000 Series CHNS/O Analyzer,
USA).
2.3.4 Optical transmittance of the aqueous nanocellulose
suspensions
The transmittance of the dilute nanocellulose suspensions (0.1% w/w) was
measured with a Hach DR 2800 spectrophotometer (USA). The measurements
were performed in duplicate at wavelengths ranging from 340 (Paper I) or 350
(Paper II) to 800 nm, and the results were averaged.
2.3.5 Rheology of the aqueous nanocellulose suspensions
The rheological behaviour of the various nanocelluloses was studied using a lowshear rotational viscometer. An increase in viscosity usually occurs after
mechanical disintegration of the cellulosic fibres (Bruce et al. 2005) and this can
be used to evaluate the progression of nanofibrillation. The viscosities of the
DCC-nanofibrillated cellulose samples (Paper I) were recorded at a consistency of
0.3%, but that of the butylamino-functionalized CNC suspensions at the same
consistency was below the detection limit of the viscometer (Paper II), so that
their viscosities had to be recorded at elevated consistencies (0.6–2.9%) in order
to study the behaviour of CNCs and to achieve a sufficient shear resistance in the
suspensions. The measurements were conducted with a Brookfield DV-II+ Pro
EXTRA viscometer (USA) at a temperature of 20°C using a vane-shaped spindle
(V-73) and rotational speeds of 10, 20, 50 and 100 rpm.
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2.4

Fabrication of membrane and barrier thin films from
functionalized nanocelluloses (Papers III-IV)

The functionalized nanocelluloses were tested for the fabrication of a variety of
thin-film structures, employing a methodology in which dilute nanocellulose
suspensions were filtered on top of commercial microfiltration membranes. The
fabrication of the nanoporous membranes or tightly packed barrier layers was
adjusted by selecting an appropriate drying method as described below.
2.4.1 Preparation of nanoporous ultrafiltration membranes from DCC
nanofibrils (Paper III)
Two-layer membrane structures with DCC-nanofibril (DCC 5) surface layers
were prepared on a commercial support membrane, and three top layer
thicknesses were tested. First, the nanofibril suspension was diluted to a
concentration of 0.3% by mixing with deionized water in an UltraTurrax mixer
(IKA T25, Germany) at 10,000 rpm for 3 min. The suspension was then vacuumfiltered in a glass filter funnel (7.2 cm in diameter) using a commercial support
membrane (pore size 0.65 µm) at the bottom. The overall filtration time was less
than 10 minutes, and was dependent on the amount of nanofibrils used. After
filtration, a wet thin-film was formed on top of the bottom layer. The remaining
water from the wet layer was solvent-exchanged for ethanol (96%) by placing the
sample in an ethanol bath overnight. The solvent-exchanged samples were dried
in a desiccator until all the remaining ethanol had evaporated. The wet strength of
the top layer was improved by placing the dried sample in a 10% CaCl2 solution
for 30 min, followed by washing with deionized water to eliminate the remaining
CaCl2. This CaCl2 treatment is assumed to crosslink carboxylic acid groups via
Ca2+ ions, which enhances the strength of the nanofibril layer. All the
manufactured membranes were tested immediately without drying or storage.
2.4.2 Preparation of barrier films from butylamino-functionalized
cellulose nanocrystals (Paper IV)
Self-standing films were manufactured from the butylamino-functionalized (iso-,
n- and tert-butylamino-functionalized) CNCs using a vacuum filtration method.
First, each butylamino-functionalized CNC suspension (200 mg abs.) was diluted
to a concentration of 0.25% by mixing with deionized water in an UltraTurrax
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mixer (IKA T25, Germany) at 10,000 rpm for 3 min. The mixed sample was then
degassed under pressurized vacuum suction in combination with gentle magnetic
stirring. Finally, the degassed suspension was filtered on top of a polyvinylidene
fluoride (PVDF) membrane (pore size 0.65 µm) using a glass filter funnel (7.2 cm
in diameter). A low pressure was used at the beginning of the filtration to
establish an effective CNC network that would retain the remaining CNCs
without passing them through the pores of the bottom membrane. The wet, gellike film that formed after filtration was left to dry in a desiccator overnight. The
film was carefully peeled away from the PVDF membrane prior to any further
analysis.
2.5

Characterization of nanoporous ultrafiltration membranes
(Paper III)

2.5.1 Membrane properties and structure
FESEM
Images of the sputter-coated (Pd) freeze-dried nanoporous composite membrane
were taken with FESEM (Zeiss ULTRA plus, Germany) at an accelerating voltage
of 5 kV in order to evaluate the average pore size of the nanofibrous top layer.
Cross-sectional images were also taken of samples cracked in a frozen state prior
to freeze-drying for estimation of their thickness.
Measurement of the water contact angle
The hydrophilicity of the DCC-nanofibril-based nanoporous composite
membrane and commercial reference membranes (UC030 and UC100) was
investigated by means of a static sessile-drop contact-angle measurement method,
using Milli-Q water as a probe liquid with a Krüss DSA100 (Germany) system at
room temperature. The instrument was equipped with a high-speed camera (360
fps) and analysis software. The contact angles, determined immediately after the
formation of the drop on the film surface, were extracted by the height-width
method, in which a rectangle enclosed by a contour line is regarded as being the
segment of a circle, allowing the contact angle to be calculated from the heightwidth relationship of the enclosing rectangle. For each sample, three droplets at
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different points were studied, the results were averaged and standard deviations
calculated.
FTIR spectroscopy
The crosslinking between Ca2+ ions and carboxylic acid groups in nanoporous
composite membranes was studied by FTIR spectroscopy of two membrane
samples and a non-cross-linked sample made directly in water without CaCl2
treatment for reference purposes. The samples were freeze-dried and the
nanofibrous top layers were carefully peeled away from the bottom layer and
pressed into KBr pellets. Transmission mode FT-IR spectra in the 400–4,000 cm-1
range were collected with a Bruker FT-IR spectrometer (USA), a total of 32 scans
at a resolution of 4 cm-1 were taken for each sample.
2.5.2 Ultrafiltration performance
The ultrafiltration performance of the nanoporous composite membranes was
evaluated in terms of pure water flux and molecular weight cut-offs and compared
with that of commercial reference membranes (UC030, UC100).
Pure water flux
Pure water fluxes were measured using a stirred ultrafiltration dead-end cell
(Millipore, model 8050, France) at 700 rpm at room temperature. Each
measurement was carried out by pressurizing a dispensing pressure vessel with
nitrogen and deionized water was used as a filtrate. Measurements were carried
out at pressures of 1, 2, and 3 bars after the initial pre-wetting and conditioning of
the membrane. Pure water flux was calculated according to the weight of
permeate after 30 minutes of filtration.
Molecular weight cut-off (MWCO)
A series of dextrans of different molecular weights were used to test the MWCO
of the DCC-nanofibril-based composite membrane and commercial reference
membranes. Feed solutions of 1000 ppm were produced by dissolving dextrans in
Milli-Q water under vigorous agitation with a magnetic stirrer. All the membranes
were pre-wetted with Milli-Q water for 10 minutes prior to testing. A stirred UF
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cell (Millipore, model 8050, France) was used for filtering the feed solutions. The
DCC-nanofibril-based membrane was equilibrated by filtering Milli-Q water at a
pressure of 1 bar for 30 min, while the reference membranes (UC030 and UC100)
were equilibrated by filtering 50 ml of Milli-Q water at 1 bar.
For the MWCO test, 50 ml of dextran feed solution was added to the stirred
UF cell at room temperature. First 5 ml of the permeate was discarded and then
the next 5 ml was collected, diluted to < 20 ppm and used for the analysis of total
organic carbon (TOC, Sievers 900, USA). The TOC measurement was repeated
twice for each data point. The rejection percentage (R%) was calculated from the
averaged results of the TOC analysis according to Equation (2):
%

100%

(2)

where R% is the rejection percentage, Cf is the carbon content of the feed and Cp
is the carbon content of the permeate.
2.6

Characterization of butylamino-functionalized cellulose
nanocrystal films (Paper IV)

2.6.1 Surface morphology and mechanical strength
Surface roughness
The roughness measurements were performed by vertical scanning interferometry
using an optical profilometer (Bruker ContourGT, USA) with a broadband
(normally white) light source. The area inspected was 0.3 mm2 in size (0.634 x
0.475 mm) and was determined by the optics used in the measurement setup.
Morphological images were taken in three locations for each sample, and average
(Ra) and root square (Rq) roughnesses were determined. The values obtained for
each sample were averaged and standard deviations calculated.
Optical transmittance of self-standing films
The transmittance of the self-standing butylamino-functionalized films was
measured with an UV-Vis-NIR spectrophotometer (Carry 500 Scan, Varian Inc.,
USA) at wavelengths progressing from 350 to 800 nm with a step size of 1 nm. In
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addition, the visual appearance of the butylamino-functionalized films was
portrayed against a background image.
Measurement of the water contact angle
Time-dependent contact angles were ascertained from the films by means of static
sessile-drop contact-angle measurements carried out with a Krüss DSA100
(Germany) system. The instrument was equipped with a high-speed camera (360
fps) and analytical software. The contact angle was determined immediately after
an appropriate drop (< 2µl) formed on the film surface, and time-dependent
contact angles were defined every 60 seconds for a period of ten minutes. The
measuring technique was the same as described in section 2.5.1.
Mechanical properties
The tensile tests were performed with a universal material-testing machine
(Instron 5544, USA) equipped with a 100 N load cell. The films were cut into thin
strips with a width of 5 mm and a thickness of ~ 34 µm. For the tensile testing a
40 mm gauge length was applied under a strain rate of 4 mm/min, with six
specimens measured in total. The thickness of each specimen was measured to a
precision of 1µm at three points within the gauge length with a Lorentzen &
Wettre micrometer (Sweden) and the results were averaged. The tests were
conducted at a relative humidity of 50% and a temperature of 23˚C, with a prestrain of 0.05–0.1 N. Prior to testing, the specimens were conditioned for one day
in the same environment. Young’s modulus was calculated from the initial linear
part of the stress-strain curve, and the ultimate tensile strength was defined as the
stress at specimen breakage.
2.6.2 Oxygen permeability
The oxygen transmission rate (OTR) of the films was measured using an oxygen
permeability (OP) analyser with a coulometric sensor (M8001; Systech Illinois,
Oxfordshire, UK). The film was exposed to 100% oxygen on one side and to
oxygen-free nitrogen on the other. The OP was calculated by multiplying the OTR
by the thickness of the film and dividing it by the difference in oxygen gas partial
pressure between the two sides of the film. The measurements were carried out at
23°C with normal atmospheric pressure and relative humidities (RHs) of 50% and
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80%, i.e. after measuring the performance at a 50% RH the humidity was raised
to 80% and measurement was continued for the same sample until the OTR
reached an equilibrium. The specimen area was 5 cm2 and the thickness of the
film was measured to 1 µm precision at four points before the analysis with a
micrometer. All the films were preconditioned in the same environment for at
least one day prior to measurement (OTR, WVTR). The OP determinations were
performed in duplicate.
2.6.3 Water vapour permeability
Water vapour permeability (WVP) was determined using an RH gradient of
0/52%. The films were sealed in aluminium cups containing 43 g CaCl2 as a
desiccant. There was an air gap of 6 mm between the salt and the underside of the
film. The cups were placed in a desiccator cabinet equipped with a fan to circulate
the air above the samples at a speed of 0.15 m/s. The cabinet was kept at 22°C
and its RH was maintained at 52% using a saturated Mg(NO3)2 solution.
The cups were weighed five times in the course of five days. The temperature
and RH of the cabinet were measured using a Rotronic RH meter (Bassersdorf,
Switzerland) prior to each weighing. The water vapour transmission rate (WVTR)
was calculated from the linear regression of the slope of weight gain vs. time by
dividing the slope by the film area. The water vapour partial pressure on the
underside of the film was calculated using the correction method (Gennadios et
al. 1994). The water vapour permeability (WVP) was then obtained by
multiplying the WVTR by the thickness of the film and dividing it by the
difference in water vapour partial pressure between the two sides of the film.
Each film type was tested in duplicate and the thicknesses of the specimens were
measured to 1 µm precision at 4 points prior to testing.
2.6.4 Dynamic vapour sorption
A DVS intrinsic sorption microbalance (Surface Measurement Systems, Alperton,
Middlesex, UK) was used to collect water sorption isotherms for the films. The
experiments were carried out in duplicate at 25°C with RH varying from 0 to
90%. The sample was hydrated stepwise in 10% RH steps, equilibrating the
sample weight at each step. The moisture uptake was calculated according to
Equation (3):
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%

100%

(3)

where M% is the moisture uptake, Wmoist is the sample weight equilibrated at the
chosen RH and Wdry is the weight of the dry sample.
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3

Results and discussion

3.1

Functionalized nanocelluloses (Papers I-II)

Two new chemical pre-treatments for modifying cellulose fibres were introduced
to produce functionalized nanocelluloses of high quality and broad applicability
in barrier and nanoporous films. The fabrication of butylamino-functionalized
CNCs was amongst the first attempts at producing CNCs without the use of
traditional acid hydrolysis. The chlorite oxidation of DAC enhanced the
mechanical nanofibrillation of the cellulose fibres, resulting in finely
individualized DCC nanofibrils with varying carboxyl content.
3.1.1 Feasibility of the chemical pre-treatments in conjunction with
nanocellulose fabrication
Sequential periodate-chlorite oxidation averted clogging of the homogenizer, as
only a few passes through the homogenizer were needed to obtain nanofibrils of
different fibrillation degrees. The prevention of clogging of the homogenizer with
functionalized celluloses (Wågberg et al. 1987) had previously been attributed to
decreased flocculation of the fibres, and consequently to their better dispersion.
As stated by Liimatainen et al. (2009), the increased surface charge density of the
fibres improves fibre dispersal because of the increase in charge repulsion.
Moreover, the increased surface charge density causes the fibre cell wall to swell,
thus promoting the liberation of cellulose nanofibrils and most likely also the
formation of a water-rich gel layer on the fibre surfaces, which reduces both fibreto-fibre friction at contact points and fibre entanglement. Mechanical fibre
crowding also diminished, as the fibres decreased in length during the periodate
oxidation and subsequent oxidative or reductive treatment.
The effect of periodate oxidation to both the morphology of the DCCs and
nanofibrillation efficiency was demonstrated in Paper I, while in Paper II
periodate oxidation was observed to be a potential route for both dissolving and
degrading the amorphous regions of cellulose in order to aid the production of
CNCs. The mechanism behind the individualization of CNCs is assumed to be a
result of multiple factors, since periodate oxidation begins to shorten the aspect
ratio of the cellulose fibres (Chavan et al. 2002). The conversion of the hydroxyl
groups to aldehyde groups in the vicinal positions 2 and 3 is thought to occur
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preferentially in the disordered and more reactive amorphous parts and less
profusely in the crystalline regions (Tejado et al. 2012). It can be hypothesized
that the amorphous regions are exposed to more strenuous chemical attack,
initially causing them to dissolve away from the surface of the cellulose fibrils. As
the surface dissolves, the chemicals react further towards the core of the
amorphous region, rendering it frailer.
The major issue impeding the production of nanocelluloses on an industrial
scale has been cost. The majority of the expense entailed in the production of
nanofibrillated cellulose comes from the energy-intensive mechanical
disintegration of cellulosic fibres, which means that enhancing pre-treatments are
required. Almost all the currently known effective chemical pre-treatments have
one major drawback in common, however: they involve the use of
environmentally harmful and expensive chemicals which are often hard to recycle
and regenerate. The periodate (IO4) on which the chemistry employed here was
based (Kim et al. 2000), for example, is a toxic and an expensive chemical which
ideally would require regeneration for feasible use in the oxidation process. The
regeneration of periodate with hypochlorite has so far been shown to be effective
when short oxidation times (10-15 min) are used (Liimatainen et al. 2013b), so
that 100% conversion was achieved when 1.2–1.4 times the stoichiometric
amount of hypochlorite was used and the regenerated solutions maintained good
oxidation performance, but regeneration with longer oxidation times is currently a
more challenging task due to soluble impurities which consume the hypochlorite
in side-reactions (Liimatainen et al. 2013b).
The yields of DCCs obtained after periodate and chlorite oxidation are
presented in Table 3. The use of a longer periodate oxidation time was thought to
increase the dissolving of the amorphous regions and thus to reduce the yield.
This lower yield, especially for DCC 5 after chlorite oxidation, is partially related
to difficulties in the washing of the oxidized pulp. The pulp transformed from a
fibrous mass to a more gel-like suspension, which was more difficult to process,
so that losses occurred. The use of lithium chlorite aided periodate oxidation at
75˚C gave a yield of ~75% due to the more advanced dissolving of the amorphous
regions than with the periodate oxidations used in the fabrication of DCC. The
reaction yield (relative to the original cellulose) after reductive amination of DAC
was 50% for iso- and n-butylamino-functionalized CNCs and 45% for the tertbutylamino variant. The partial destruction of the amorphous regions and the
reduction in crystallinity can be expected to increase when a higher degree of
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periodate oxidation takes place, and the amount of energy to which the fibres are
subjected in the mechanical disintegration stage is intensified.
Table 3. Reaction yields after periodate and chlorite oxidation.
Specimen

Periodate oxidation [%]

Chlorite oxidation [%]

DCC 1

100

100

DCC 2

100

84

DCC 3

97

83

DCC 4

91

73

DCC 5

91

66

3.1.2 Morphology and physicochemical characteristics of
nanocelluloses
Functional groups
In the chlorite oxidation of DAC to dicarboxyl acid cellulose all the aldehyde
groups were converted to carboxylic acid groups, as shown in the FTIR spectra
and by conductometric titration of the DCC fibres. Comparison of the DAC and
DCC spectra (Paper I, Fig. 2) showed the characteristic aldehyde bands to have
disappeared from the latter and new bands at 1735 and 1620 cm-1 to have
appeared. These new bands were associated with the protonated and dissociated
forms of carboxyl groups, indicating the formation of dicarboxyl-containing
celluloses.
The total carboxyl content (Table 4) was similar to the initial aldehyde
content of the DAC samples. Under the conditions that applied here, a 48h
reaction time was adequate to produce DCC with no residual aldehydes. Also, the
washed pulp remained more fibrous when the specimen had a low aldehyde
content, while that with the highest aldehyde content (DCC 5) became very slimy
and gel-like.
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Table 4. Aldehyde content of DAC (from the oxime reaction) and carboxyl content of
DCC (from conductometric titration).
Specimen

Aldehyde content [mmol/g]

Carboxyl content [mmol/g]

DCC 1

0.36

0.38

DCC 2

0.61

0.69

DCC 3

0.95

0.75

DCC 4

1.31

1.20

DCC 5

1.68

1.75

The reactivity of the butylamines with aldehyde groups in the reductive stage of
the fabrication of butylamino-functionalized CNCs was more restrained than in
chlorite oxidation. Elemental analysis showed that the substituent content of the
CNC samples after reacting with the butylamine isomers was 0.567 mmol/g,
0.562 mmol/g and 0.072 mmol/g for iso-, n-, and tert-butylamine, respectively.
These values corresponded to conversion percentages of 15.0%, 14.8%, and
1.9%, since the aldehyde content of the DAC fibres was 3.79 mmol/g. The lower
reactivity obtained with tert-butylamine may be linked to steric effects, since the
iso- and n-butylamino groups are sterically less hindered (see Fig. 12).
Size and shape
When the freeze-dried, sputter-coated DCC nanofibrils were imaged with
FESEM, samples DCC 1-4 were seen to consist of both nanofibril aggregates and
individual nanofibrils, whereas DCC 5 was considered to be mainly individual
nanofibrils. 50 nanofibrils were analysed (DCC 2) to measure the average width,
which was reported to be approximately 25 ± 6 nm. These values are probably too
high, however, due to the nature of FESEM image preparation, as freeze-drying
has been shown to cause nanofibril aggregation (Olszewska et al. 2011; Jiang and
Hsieh 2014), which together with sputter coating results in larger lateral
dimensions than with other measuring techniques (transmission electron
microscopy, TEM or atomic force microscopy, AFM). This deduction is supported
by the (transmittance) results discussed later. Furthermore, our later AFM analysis
of DCC 5 after mechanical nanofibrillation indicated that the nanofibrils had a
typical width of 3–5 nm (Postek et al. 2013). Images taken with TEM (Fig. 14)
also showed an approximate width of 3 nm. The results for DCC 5 are in good
agreement with those reported previously for TEMPO-oxidized nanofibrils
(Isogai et al. 2011) and the other DCCs (1-4) correspond to the dimensions
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reported for cellulose nanofibrils produced via enzymatic pre-treatment (Pääkko
et al. 2007). Due to the complex, tangled network structure, it was not possible to
determine the average length, which was estimated to be several µm.

Fig. 14. TEM image of DCC 5 nanofibrils.

TEM imaging of the morphology of the aminated CNCs and evaluation of the
average width, length and aspect ratio with iTEM image analysis software
showed that all the butylamino-functionalized CNCs were similar, having the
appearance of individual crystals rather than aggregates, as shown in Fig. 15. The
results of the image analysis are presented in Table 5, in which it can be seen that
all the samples had similar physical dimensions.
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Fig. 15. TEM image of n-butylamino-functionalized CNCs. From Paper II, published by
permission of the American Chemical Society.
Table 5. Average dimensions of the butylamino-functionalized CNCs, as obtained by
iTEM image analysis. From Paper II, published by permission of the American
Chemical Society.
Sample

Width [nm]

Length [nm]

L/d

iso

3.7 ± 0.8

135 ±32

37.2

n

3.6 ± 0.7

115 ± 26

32.2

tert

3.4 ± 0.6

129 ± 31

37.4

Crystallinity
Changes in the crystalline structure of chemically modified celluloses before and
after nanocellulose fabrication were studied using WAXD. The X-ray
diffractograms measured from the DCC nanofibrils and butylaminofunctionalized CNCs presented peaks typical of cellulose I, indicating that no
rearrangement of the cellulose structure in another crystalline form had occurred.
The CrI for the DCC nanofibrils showed a linear decrease (14-21%) relative to
cellulose pulp after sequential periodate-chlorite oxidation before homogenization
(Fig 16). After the mechanical homogenization a 21-28% decrease in CrI was
measured relative to the corresponding oxidized samples. The CrI’s of the iso-, n-,
and tert-butylamino-functionalized CNCs were 52.7%, 56.4% and 57.0%,
respectively. The higher crystallinity relative to the DCC nanofibrils is due to the
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dissolving of the amorphous regions and the occurrence of mainly crystalline
regions of cellulose, even though freeze-drying has been shown to reduce the
crystallinity of CNCs (Voronova et al. 2012).

Fig. 16. Crystallinity indices for DCCs 1-5 after chemical pre-treatment and mechanical
homogenization. The reference (Ref.) is untreated birch cellulose pulp. Modified from
Paper I, published by permission of the American Chemical Society.

Both the chemical and mechanical treatment of cellulose fibres affects the
crystallinity and morphological properties of cellulose. The reduction in
crystallinity is thought to be caused by the periodate oxidation, in which opening
of the glucopyranose rings and disruption of their ordered packing occur (Kim
and Kuga 2000). This latter effect combined with conversion to aldehyde groups
facilitate the oxidation of neighbouring groups next to the opened glucopyranose
rings, causing the oxidation to proceed unevenly alongside the crystals (Kim and
Kuga 2000). The strong shear forces applied during nanofibrillation reduce the
crystallinity by causing defects in the crystalline regions, resulting in peeling of
the cellulose chains from the crystallites (Besbes et al. 2011).
3.1.3 Transmittance
The optical transmittances, measured here in 0.1% nanocellulose suspensions,
have been observed to be closely associated with the number of larger light59

scattering particles (Carr et al. 1977), and exhibited a similar behaviour here with
DCC nanofibrils (1-4) having a carboxyl content of 0.38 to 1.20 mmol/g (Fig.
17a), whereas very much higher transmittance values, comparable to those
previously reported for individual TEMPO-oxidized nanofibrils, were measured
for the oxidized celluloses with a carboxyl content of 1.75 mmol/g (DCC 5). The
results indicated that the nanofibril suspensions (DCC 1-4) consisted of both
nanofibril aggregates and individual nanofibrils. The transmittance of the
butylamino-functionalized CNCs ranged from 28% to 78% (Fig. 17b), which
suggested that there were still larger fractions present. We did not use a
fractionation method here to separate larger particles out from the CNC
suspensions, although this can probably be done by centrifugation, as shown
previously (Habibi et al. 2010). The low content of tert-butylamino groups also
resulted in the lowest transmission values, i.e. lower than in the iso- and nbutylamino-functionalized CNCs. Imposition of a mechanical stress on the CNC
suspension would improve the transmittance by disintegrating the residual larger
light-scattering particles.

Fig. 17. Transmittance in (A) DCC nanofibrils and (B) butylamino-functionalized CNCs.
Modified from Papers I and II, published by permission of the American Chemical
Society.

3.1.4 Viscosity
The viscosities of the 0.3% DCC-nanofibril suspensions pointed to typical shear
thinning behaviour (Pääkkö et al. 2007; Lasseuguette et al. 2008) and increased
as a function of the carboxyl content (DCC 1-4), except in the case of the sample
with the highest carboxyl content (DCC 5) (Fig. 18). The viscosity of nanofibril
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suspensions is assumed to reflect the strength of the network (Besbes et al. 2011),
which is affected by the aspect ratio of the nanofibrils. The results therefore
suggest that the increased viscosity and network strength of the suspensions as a
function of the carboxyl content was due to an increased aspect ratio in the
nanofibrils (i.e. mainly because of a reduction in the width of the individualized
nanofibrils). The high charge density of the sample with a carboxyl content of
1.75 mmol/g (DCC 5) increased the charge repulsion between the nanofibrils
(Besbes et al. 2011) and the reduction in the length of the nanofibrils through the
action of oxidation agents resulted in a decrease in viscosity. The increased
transmittance also suggested that the nanofibrils in this suspension were shorter in
length, i.e. they exhibited a lower aspect ratio.

Fig. 18. Viscosity of DCC-nanofibril suspensions at a 0.3% consistency. Modified from
Paper I, published by permission of the American Chemical Society.

The viscosity of the butylamino-functionalized CNCs at lower consistencies was
below the detection limit of the viscometer, as their aspect ratio was much smaller
than that of the long, flexible cellulose nanofibrils. The dissolving of the
amorphous regions in the chemical pre-treatment left the stiff, relatively short
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crystalline cellulose sections intact, and thus the CNCs were unable to form
resistant network structures. In the consequent rheological investigations
conducted at elevated consistencies from 0.6 to 2.9%, all the CNC suspensions
started to show similar shear thinning behaviour to that of the DCC nanofibrils at
0.6% consistency (Fig. 19a) but with a several times lower viscosity. It was only
when the dry matter content was greatly increased that a higher viscosity was
achieved. Similar observations have been reported recently for the rheological
behaviour of CNCs when studied at different concentrations (Wu et al. 2014). The
viscosities of the CNCs at elevated consistencies and with low rotational speeds
of 10 rpm and 20 rpm are presented in Fig. 19b and 19c. The tert-butylaminofunctionalized CNCs had the lowest viscosity throughout the measurement range.

Fig. 19. Viscosity of aqueous CNC suspensions a) at 0.6 % consistency with different
rotational speeds, b) at elevated consistencies with a rotational speed of 10 rpm, and
c) at elevated consistencies with a rotational speed of 20 rpm. Modified from Paper II,
published by permission of the American Chemical Society.
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3.2

Nanoporous ultrafiltration composite membranes (Paper III)

A two-layered membrane based on a nanoporous DCC-nanofibril layer and a
commercial support layer (pore size 0.65 µm) was manufactured by vacuum
filtration and solvent exchange procedures. The porosity of the DCC-nanofibril
layer was increased after the vacuum filtration by exchanging the remaining water
from the moist gel cake for ethanol. The use of a less polar liquid such as ethanol
has been previously been shown to increase the porosity of nanofibril-based films
(Henriksson et al. 2008).
3.2.1 Surface layer characterization
The structure of the DCC-nanofibril-based membranes was analysed by surface
and cross-sectional imaging of the samples with FESEM. The nanoporous
structure that had formed as a result of the solvent-exchange treatment can be
seen in Fig. 20a. The pore size of the nanoporous layer is not uniform, as the
estimated pore sizes (Fig. 20a) range from roughly 17 to 51 nm. The thicknesses
of the nanoporous layers as measured from the cross-sectional images (Fig. 20b)
were 3.35 µm, 1.65 µm, and 0.85 µm, and the initial mass fractions were
100/75/50%, respectively. Thus the top layer thickness doubled when the mass
fraction of the added nanofibrils was increased by 25%. A nanoporous layer of
thickness 0.85 µm was the minimum that could be achieved without losing
surface uniformity, and the use of smaller amounts of nanofibrils resulted in
visible defects on the surface of the top layer. The supporting bottom layer had a
thickness of 125 µm.
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Fig. 20. (a) Surface and (b) cross-sectional images of fabricated DCC-nanofibril
membranes with a top layer thickness of ∼1.65 µm. From Paper III, published by
permission of Elsevier.

The mechanical properties of the nanoporous layers were promoted by the ionic
cross-linking of the DCC nanofibrils brought about by the CaCl2 treatment. The
formation of cross-links was shown with FTIR, where the spectrum of a noncross-linked membrane showed characteristic band caused by the C=O stretch of
deprotonated carboxylic acid in sodium form at 1616 cm-1 (Fig. 4, Paper III).
After calcium crosslinking this band shifted to a higher wavenumber (1621 cm-1),
probably due to the difference in interaction between monovalent sodium and
divalent calcium ions with the carboxylic acid groups of DCC, indicating the
formation of an ionically cross-linked structure (Fig. 21) between the calcium and
DCC.

Fig. 21. Mechanism of the association of DCC with CaCl2.
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3.2.2 Ultrafiltration performance
The pore size and rejection performance of both the DCC-nanofibril and
commercial cellulose-based membranes were evaluated by means of MWCO
measurements performed using a series of aqueous dextrans of various molecular
weights. The DCC-nanofibril nanoporous layer reached MWCO values above
90% when a 2000 kDa dextran solution was used with the two thickest layers,
while the thinnest layer had a lower MWCO with the 2000 kDa dextran (74%),
possibly on account of the larger defects on the surface of the thinner layer. The
whole dextran series was applied to the two structures with the highest potential,
those with top layer thicknesses of 0.85 µm and 1.65 µm (Fig. 22). An operating
pressure of 1 bar was selected to minimize compression of the membranes.

Fig. 22. Rejection percentage of dextrans of different molecular weights and
corresponding particle diameters of the dextrans for DCC-nanofibril membranes and
commercial references. From Paper III, published by permission of Elsevier.

The DCC-nanofibril layer seemed to be tighter in structure than the commercial
reference membranes, as higher rejection percentages were achieved. The DCCnanofibril layers maintained a high rejection percentage of around 74–80% in
dextran solutions of up to 35–45 kDa, which was twice as high as the most
effective reference membrane (UC030). The MWCO test results were higher than
for previously reported thin-film nanofibrous composite (TFNC) membrane
materials (Ma et al. 2011), where the top layer was fabricated from ultrafine
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TEMPO-oxidized cellulose nanofibrils. The TEMPO nanofibril layer had a high
rejection percentage (~80%) only with dextrans up to 425–575 kDa, after which
the rejection rate dropped significantly to ~30% with a 100–150 kDa dextran
solution.
The ultrafiltration capacity of the DCC-nanofibril membranes was evaluated
by measuring pure water fluxes at different top layer thicknesses while adjusting
the operating pressure to 1–3 bars in increments of 1 bar. The results of the 30minute filtration tests are presented for both the DCC-nanofibril and commercial
reference membranes in Fig. 23. According to the MWCO test results the DCCnanofibril membranes had a distinctly higher rejection percentage than the
commercial reference membranes, suggesting that they had a smaller pore size
and narrower pore size distribution, which would partly explain the lower water
flux values.

Fig. 23. Pure water fluxes for (a) DCC-nanofibril-based membranes with different top
layer thicknesses, and (b) commercial reference membranes. From Paper III,
published by permission of Elsevier.

The thickness of the DCC-nanofibril membrane top layers clearly conformed to
D´Arcy’s law (4) for the dependence of the flux on the top layer thickness:
∙
∙

(4)

where J is the flux, K is the hydraulic permeability of the membrane, P is the
pressure, η is the viscosity of the liquid, and L is the thickness of the membrane.
The pure water flux measurements showed clearly that the flux practically
doubled when the layer thickness was reduced from 1.65 µm to 0.85 µm, and the
same trend could be seen when the two thickest layers were compared. If an even
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thinner layer were to be fabricated and the trend were to continue, a ~0.20 µm top
layer thickness would attain flux values of around 570 kg/m2 h with a pressure of
3 bar, assuming the mechanical integrity of the thinner film would still withstand
the strain.
The commercial reference membranes had a slightly higher affinity for water,
as the water contact angles were 35.8 ± 6.9˚ and 27.4 ± 12.0˚ for UC030 and
UC100, respectively. The DCC-nanofibril membranes had an average water
contact angle of 45.0 ± 4.7˚, similar to the contact angles observed in selfstanding TEMPO-oxidized cellulose nanofibril films (Rodionova et al. 2012), and
the DCC-nanofibril layer was still clearly hydrophilic, as chlorite oxidation
created hydrophilic, highly anionically charged carboxylic acid groups on the
surface of the cellulose nanofibrils.
3.3

Butylamino-functionalized cellulose nanocrystal films (Paper IV)

3.3.1 Surface morphology and mechanical strength
Optically transparent self-standing films were obtained from all the butylaminated
CNCs after drying and removal of the filter membrane (Fig. 24). When the films
were placed against a background image, the printed text was seen sharply
although the transmittance of the films was below 30%. The films had lower
transmittances than previously reported for CNF-based films (Aulin et al. 2012),
but the choice of fabrication method affects the surface roughness and both this
and the thickness of the film can influence the optical properties of CNC films.
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Fig. 24. Appearance of self-standing films fabricated from butylamino-functionalized
CNCs and optical transmittance at visual light wavelengths. From Paper IV, published
by permission of the Royal Society of Chemistry.

All the films exhibited fairly smooth surfaces, as illustrated in Fig. 25, the most
uneven surface structure being that of the tert-butylamino film, evidently on
account of the residual larger particles such as microfibril bundles, as stated in
Paper II. We did not use a fractionation method here to separate larger particles
from the CNC suspensions, but this can probably be done by centrifugation, as
shown previously (Habibi et al. 2010), although the fabrication method based on
vacuum filtration on top of a microporous membrane can in part lead to the
formation of an uneven surface. In addition, the pressure from the vacuum will
create marks from both the glass filter funnel and the bottom membrane on the
surface of the CNC film. Thin films fabricated from pure CNCs have been
reported on the basis of atomic force microscopy (AFM) measurements to have a
surface roughness (Rq) of 2.3 nm (Edgar and Gray 2003; Eriksson et al. 2007)
when spin coating or casting on smooth glass was employed. Thus an alternative
fabrication method could reduce the surface roughness and improve the
transmittance of the films.
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Fig. 25. Surface roughness of butylamino-functionalized CNC films. From Paper IV,
published by permission of the Royal Society of Chemistry.

The surface characteristics of self-standing butylamino-functionalized CNC films
were studied by measuring time-dependent water contact angles in the constant
presence of a water droplet. As the films were not fully impermeable, the droplet
started to infiltrate and spread on their surfaces, as can be seen in the decline in
contact angles with time (Fig. 26). The small increase in the contact angle during
the first minute recorded for the n- and tert-butylamino-functionalized films was
caused by initial swelling of the film surface, after which the values started to
decline. This behaviour was not observed with the isobutylamino-functionalized
CNC film. The drop in the rate during the time period was slowest for the tertbutylamino-functionalized film. Crystalline cellulose should not swell in water,
but the results suggest that water is absorbed inside butylamino-functionalized
CNC films, as has been reported previously for other CNC films (Aulin et al.
2009). Sorption of water and film swelling have been assumed to occur in small
pore cavities located between the crystals (Dankovich and Gray 2011), and
similar behaviour can be assumed to occur in butylamino-functionalized films.
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Fig. 26. Time-dependent water contact angles for butylamino-functionalized CNC
films. The error bars represent the standard deviations of three measurements. From
Paper IV, published by permission of the Royal Society of Chemistry.

Tensile testing of the butylamino-functionalized CNC films revealed the effect of
the reductive amination on their mechanical properties (Table 6). Presumably the
hydrogen bonding between the CNCs was reduced by the attachment of alkyl
groups to their surfaces, and the existence of fewer hydrogen bonds between the
CNCs allowed greater slippage within the network and thus increased the strain
before film breakage. The lower strain at break, slightly higher tensile strength
and Young’s modulus observed in tert-butylamino-functionalized film with a
lower alkyl group content support these findings. Structural changes due to
consolidation differences during drying could have occurred, which in turn may
have affected the mechanical strength of the films. Overall, the lack of longer and
more flexible filaments in the network structure is likely to affect the properties of
butylamino-functionalized films, as higher tensile strengths are commonly seen
when cellulose nanofibrils have been used for film fabrication (Sehaqui et al.
2010). The bulk densities of oven-dried butylamino-functionalized CNC films
indicate the formation of a compact structure, as the density of a cellulose
nanocrystal has been reported to be 1600 kg/m3 (Sugiyama et al. 1991).

70

Table 6. Mechanical properties (RH 50%) and density of butylaminated CNC films, with
standard deviations based on six measurements. From Paper IV, published by
permission of the Royal Society of Chemistry.
Sample
iso

Tensile strength

Young’s modulus

[MPa]

[GPa]

Strain at break [%]

Density [kg/m3]
1420

96 ± 8.0

5.7 ± 0.3

5.6 ± 0.4

n

105.7 ± 9.7

5.8 ± 0.8

6.4 ± 0.6

1410

tert

113.7 ± 4.9

6.3 ± 0.6

3.4 ± 0.2

1400

3.3.2 Barrier against oxygen
Although the oxygen permeability of nanocellulosic films is typically
significantly increased at elevated RH (Aulin et al. 2012; Galland et al. 2014;
Lozhechnikova et al. 2014), the tert-butylamino-functionalized film maintained
its low OP even at an RH of 80% (Table 7). Films fabricated from cellulose
nanofibrils that were partly converted to dialcohol cellulose have recently been
reported to attain similar values (5.5 ± 0.8 cc•µm/(m2•d•kPa; Larsson et al. 2014),
but they were mechanically pressed during drying, which aids the formation of a
denser structure and thus reduces the OP.
Table 7. Oxygen transmission rate (OTR) and oxygen permeability (OP) of butylaminofunctionalized CNC films (means ± standard deviations in duplicate measurements).
From Paper IV, published by permission of the Royal Society of Chemistry.
Sample

OTR ÷ sd [cc/(m3d)]

OP ± sd [ccμm/(m3dkPa)]

RH 50%

RH 80%

RH 50%

iso

2.3 ± 0.2

39 ± 5

0.78 ± 0.02

RH 80%
13 ± 0.8

n

2.4 ± 0.02

41 ± 3

0.79 ± 0.01

14 ± 0.6

tert

0.76 ± 0.2

18 ± 1

0.25 ± 0.07

5.9 ± 0.2

The iso- and n-butylamino-functionalized CNC films had twice as high an OP at
an RH of 80% as did the tert-butylamino-functionalized CNC film, an effect that
is probably related to structural differences between the films, which might in
turn be linked to consolidation within the film network. Reduced hydrogen
bonding caused by cellulose hydrophobization has been shown previously to
impair the barrier properties of CNF films (Lozhechnikova et al. 2014), while it
was found here that the reactivity and amount of substitution were much lower
with tert-butylamine than with iso- or n-butylamine (Paper II). It is therefore
likely that the level of hydrogen bonding was higher with the tert-butylamino71

functionalized CNC film, as there were fewer alkyl groups attached to the
cellulose backbone. This higher level of hydrogen bonding will have reduced the
occurrence of nano-sized cavities in the film and thus resulted in a more compact
structure that offered greater resistance to gas molecules. Moreover, the
conformational differences between butylamino-functionalized CNCs may have
affected their packing and the permeability of the resulting films.
All the films possessed low OP values, indicating their good barrier potential
against oxygen, and the OP of the tert-butylamino-functionalized film in
particular was very low at elevated RHs, being similar at RH 50% to the values
reported earlier for films composed of periodate oxidation-based α-hydroxy
sulphonic acid cellulose nanofibrils (0.2 cc•µm/(m2•d•kPa); Sirviö et al. 2014a),
TEMPO-oxidized cellulose nanofibrils (0.2 cc•µm/(m2•d•kPa); Wu et al. 2012),
mechanically fabricated microfibrillated cellulose (0.2 cc•µm/(m2•d•kPa);
Österberg et al. 2013) and enzymatically modified CNF (0.26 cc•µm/(m2•d•kPa);
Galland et al. 2014) and lower than for films manufactured from
carboxymethylated CNF (0.85, 0.52 cc•µm/( m2•d•kPa); Aulin et al. 2010; Aulin
et al. 2012). In a previous study of ours, values twice as low were reported in the
same environment when DCC nanofibrils were used for film formation (0.12
cc•µm/(m2•d•kPa); Sirviö et al. 2014a)).
3.3.3 Barrier against water vapour and water vapour sorption
The measurements of WVP performed on the butylamino-functionalized films
were similar throughout, with no significant differences in the results (Table 8),
while the DVS measurements showed that all the films steadily adsorbed water up
to 60% RH (Fig. 27), after which adsorption increased more rapidly as a function
of RH. The tert-butylamino-functionalized CNC film nevertheless had a slightly
lower tendency for moisture adsorption at higher RH than did the iso- and nbutylamino-functionalized films.
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Table 8. Water vapour transmission rate (WVTR) and water vapour permeability (WVP)
of butylamino-functionalized films (means ± standard deviations in duplicate
measurements). From Paper IV, published by permission of the Royal Society of
Chemistry.
Sample
iso

WVTR ± sd [g/(m2·d)]

WVP ± sd [g·mm/(m2·d·kPa)]

(RH 0/52%)

(RH 0/52%)

103 ± 2

2.8 ± 0.1

n

123 ± 0.9

3.3 ± 0.1

tert

136 ± 35

3.3 ± 0.9

Fig. 27. Dynamic vapour sorption of butylamino-functionalized CNC films at RH values
of 0-90%. From Paper IV, published by permission of the Royal Society of Chemistry.

3.4

Future prospects

The new oxidative and reductive pre-treatments for cellulose modification
introduced here served as efficient methods of producing functionalized
nanocelluloses. The reactions were not optimized in this connection, however,
and the costs of fabrication using these methodologies could be reduced, as both
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chemical pre-treatments (Papers I, II) were conducted under experimental
conditions, with excess chemicals and prolonged reaction times, for instance.
Optimization of the treatments will be necessary if commercially viable products
are to be fabricated on an industrial scale. Thus we have recently conducted a
study focusing on the optimization and deeper understanding of chlorite oxidation
(Sirviö et al. 2014b), the results suggest that this oxidation can be performed with
a reaction time of just 0.5h, leading to a DCC 5 with a carboxylic content of 1.41
mmol/g. This correlates with a conversion of 84% relative to the initial aldehyde
content (1.68 mmol/g). In any case, a reduction in the dosing of chemicals from a
5-fold excess (Paper I, III) to a 2.5-fold excess was sufficient to achieve a
conversion rate of 71% (DCC 5) with a reaction time of only 8 minutes. This
would greatly increase the economic profitability of DCC production, as only
short oxidation time is required and the amount of NaClO2 can be reduced to half.
Short oxidation times are desirable at the industrial level, as the use of large-batch
reactors with long delays can be considered impractical. The reduction reaction
based on the use of butylamino isomers also needs further testing, as the amino
content of the CNCs could be improved by using different chemicals and possibly
shorter reaction times. Replacing the reducing agent, 2-picoline borane, with
sodium cyanoborohydride (NaBH3CN), for instance, might enhance the
conversion of aldehydes to amino groups.
Aldehyde groups could also be used to form powerful cross-links for
ensuring improved strength qualities in aerogels or cellulose-based membrane
structures, and an optimized DCC reaction could be used to attach functional
carboxyl groups whilst leaving free aldehydes available for cross-linking. In
addition, current membrane fabrication concepts could be improved and
alternatives such as roll-to-roll coating or casting could be explored. The search
for the most appropriate bottom layer platform is already under way, and the
outcome will ultimately be dependent on the fabrication method that is selected.
The ideal would be to achieve high adhesion between the bottom layer and the
nanoporous top layer, and here cross-linking between the interfaces could offer a
potential for fabricating a stronger membrane structure with a longer lifespan.
Lastly, the properties of butylamino-functionalized CNCs could be utilized in
other composite and barrier applications in which improved quality can be
attained by embedding the CNCs in a supporting matrix structure or mixing them
with additional fillers.
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4

Conclusions

The first two papers included in this thesis introduced the use of novel chemical
pre-treatments for the fabrication of functionalized cellulose nanofibrils and
nanocrystals. In addition to loosening the hydrogen bonding in the cellulose fibre
structure, functional carboxylic or amino groups were successfully attached to the
cellulose backbone with sequential chemical pre-treatments. These pre-treatments
did not cause any changes to the original crystalline structure of cellulose I. Wideangle X-ray diffraction measurements showed that the crystallinity indices after
mechanical homogenization were approximately 40% and 55% for DCC
nanofibrils and butylamino-functionalized CNCs, respectively.
The chemical pre-treatments consisted of two sequential steps in which
periodate was used in the first stage to oxidize vicinal hydroxyl groups of
cellulose at positions 2 and 3 to two reactive aldehyde groups. Prolongation of the
reaction time was seen to cause more defects in the cellulose fibres and to reduce
the average fibril length (Paper I). The use of higher temperatures and the
addition of a metallic salt increased the defects in the fibres and ultimately led to
the partial dissolving and loss of the amorphous regions (Paper II). Thus periodate
oxidation was assumed to have a qualified effect on the formation of long,
flexible nanofibrils or stiff, short CNCs, depending on the oxidation parameters.
The production of DCC via chlorite oxidation of DAC was tested at five
degrees of oxidation. In all cases the oxidation was adequate to convert all the
resulting aldehyde groups to carboxylic acid groups (0.38-1.75 mmol/g), and the
nanofibrillation efficiency of the cellulose fibres increased significantly, as only
one to four passes with a mechanical homogenizer sufficed to produce a clear,
gel-like suspension of high viscosity. It was observed that the higher carboxyl
content accelerated the liberation of cellulose nanofibrils due to the increased
anionic surface charge and loosening of the interfibrillar hydrogen bonding.
FESEM images and transmittance measurements indicated that the DCC
nanofibrils 1-4 consisted of both nanofibril aggregates and individual nanofibrils,
while DCC 5, with the highest carboxyl content (1.75 mmol/g), had a
transmittance comparable to that previously reported for TEMPO-oxidized
cellulose nanofibrils, indicating the occurrence of finely individualized DCC
nanofibrils.
The butylamino-functionalized CNCs were produced by reductive amination
of DAC. Independently occurring highly uniform CNCs were manufactured from
chemically pre-treated pulp by mechanical homogenization. The average width
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and length corresponded to the dimensions reported for the ordered region in
elementary wood microfibrils. Attachment of the butylamino groups to the
cellulose fibres was confirmed by elemental analysis. Out of the three butylamine
isomers considered here, iso- and n-butylamine reacted most efficiently with the
dialdehyde groups, whereas tert-butylamine had the lowest rate of conversion to
butylamino groups. TEM images showed all the CNCs to be rod-like and to occur
individually, without coalescence.
The last two papers in the thesis addressed potential usage of the fabricated
nanocelluloses in thin-film structures. Significant manipulation was shown to
occur in terms of porosity when the films were dried in a less polar solvent. The
drying of butylamino-functionalized CNC-based thin films in a water medium led
to powerful hydrogen bonding between the network filaments and resulted in
dense barrier structures, which possessed a substantial resistance to permeating
gasses. DCC nanofibrils were tested as a potential raw material for use in water
purification, in the form of cellulose-based membranes, and the DCC 5
nanofibrils with a high anionic surface charge showed a potential for functioning
as a thin-film top layer in nanoporous ultrafiltration membranes. MWCO tests
indicated that the DCC-nanofibril layers produced here had an ideal pore size for
ultrafiltration applications, as the rejection percentages remained high (74–80%)
when tested with dextran solutions of up to 35–45 kDa. The pore size distribution
as demonstrated in FESEM images and MWCO was uneven, as a consequence of
both the irregular diameter of the DCC nanofibrils and the random structure of the
nanofibril network. The functionality of the nanoporous thin-film structure was
the result of a successful combination of a solvent exchange procedure and wet
strength improvement by means of cross-linking with CaCl2. The permeation flux
values were clearly correlated with the thickness of the DCC-nanofibril layer, as
the thinnest top layer (0.85 μm) had the highest flux. Thus the fabrication of
thinner top layers would be advisable to achieve an added improvement in the
effectiveness of the membrane. Overall, the DCC nanofibrils showed promising
results as an environmentally friendly cellulose-based alternative form of
ultrafiltration membrane.
Testing of the barrier performance and mechanical strength of the
butylamino-functionalized CNC films showed that, overall, tert-butylaminofunctionalized films had the best barrier resistance against oxygen and vapour
sorption. The introduction of hydrophobic alkyl groups was seen to increase the
oxygen permeability of the films and reduce their tensile strength, as the
hydrogen bonding between the CNCs was believed to decrease as the alkyl group
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content rises. As tert-butylamino-functionalized CNCs had the least numbers of
attached alkyl groups, it was hypothesized that they would form a denser structure
than in the iso- or n-butylamino case, with greater barrier resistance. Valuable
results were obtained regarding ways of using CNCs to produce environmentally
friendly barrier films that can compete with current petrochemical-based
products.
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