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Modern technology requires sustainable solutions for future new applica-
tions. Different types of cellulose such as cellulose nanocrystals (CNCs) 
and microfibrillated cellulose (MFC) are of particular interest as renewable, 
highly functionalizable and widely available raw materials. In this thesis, 
various novel methods for the production of cellulose-based materials were 
explored. The main findings of this study can be divided into two parts: (i) 
introducing a method for assessing the reactivity of cellulose in chemical 
pulps and bacterial cellulose (BC) under mild conditions (RT and pH 9) 
(Paper I) and ii) investgating several approaches for the chemical func-
tionalization of cellulose as an easy way to adjust the properties of the mac-
romolecule for various purposes. Esterification of cellulose with long-chain 
aliphatic acid chloride is an effective technique for enhancing the hydro-
phobicity of cellulose, which can then be used as a coating (Paper II).  
 
Another crucial route of cellular functionalization is TEMPO-mediated oxi-
dation, which forms carboxyl groups on the surface of MFC. Crosslinking 
of these carboxyl groups with metal ions under specific conditions leads to 
increased tensile strength of the cellulosic film (Paper III and IV). 
 
The results yield different approaches to the cellulose reactivity and to im-
prove the water-resistance and tensile strength of the paper and Films, re-
spectively, which may create many renewable options in various applica-
tions to replace fossil raw materials. 
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1. Introduction 

Bio-based materials have got attraction worldwide due to their ever increasing 
commercial and environmental importance1–3. The driving forces behind the 
special attention are the concern about the amount of the plastic waste produced 
and the realization of the limits and impacts of using the global fossile carbon 
resources. Though, modern industry requires sustainable solutions for provid-
ing high-performance alternatives based on renewable resources. Substituting 
non-renewables with renewable bioresources reduces pollution and ecotoxico-
logical impact, and contributes to the transition towards resource-efficiency in 
different areas. Bio-based polymers not only replace existing polymers but also 
provide new properties for various applications. In fact, in order to support the 
growing demand for materials, we need to develop new products in an eco-effi-
cient manner from bio-renewable feedstocks.  

 
Cellulose is one of the most fascinating natural resources because of its abun-

dance, renewability and non-toxicity. Additionally celluose can be extracted 
from different sources such as tunicate or algae and plant cell walls which con-
stitute the largest source of the polymer. It can even be grown by bacteria (Fig-
ure 1). In practice, lignocellulosic feedstocks can be chemically treated to make 
cellulosic pulps and their products. In the Nordic countries, wood-based mate-
rials have been recognized as a major cellulose source due to the large boreal 
forest regions.  
 

 
 
Figure 1. Exemplary sources used for cellulose extraction. a) birch trees, b) cotton fibers, 
c) marine animal, tunicate, d) bacterial cellulose pellicle, e) marine algae4. 

Chemical modification of cellulose can enable the production of novel bio-
materials with tailored properties5. Cellulose fibers are hydrophilic in nature, 
which is attributed mainly to the hydroxyl groups of the anhydroglucopyranosyl 
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unit. Its C-2, C-3, and C-6 hydroxyl groups have different reactivity. On the 
other hand, for the production of composite materials, the hydrophilicity of the 
cellulose fibrils creates compatibility challenges with hydrophobic matrices. Ad-
ditionally, the mechanical and barrier properties of films made of such fibers 
significantly deteriorate in high relative humidity or in liquid water. Therefore, 
this thesis considers different approaches to explore cellulose reactivity and to 
improve the water-resistance and the mechanical properties of cellulosic mate-
rials, which may create many novel applications.  

 
The production of paper products has been studied for generations. The focus 

has mostly been on the improvement of production efficiency and development 
of new fiber products and their properties. During the last years, most promis-
ing materials have been produced and studied in this area of research after in-
troduction of micro- and nanofibrillated celluloses (MFC, NFC). Several denom-
inations such as NFC/MFC exist for describing such fibrillated cellulose mate-
rial6, and term MFC has used in this thesis. The unique properties of MFC and 
NFC make them suitable to be utilized in a variety of novel products like smart 
packaging, electronic and biomedical materials and energy storage devices. The 
specific properties of cellulose, such as its high strength, stiffness and reactivity, 
may well impart useful properties to polymer materials reinforced with these 
fibrils7. 

 
 
In Paper I, we developed a method to assess the chemical reactivity of cellu-

lose in chemical pulps and bacterial cellulose (BC) under mild conditions. This 
method can measure the absolute amount (mmol/g) of hydroxymethyl groups 
that react easily with 4-acetamido-2,2,6,6-tetramethylpiperidine-1-oxo-piperi-
dinium cation (4-AcNH-TEMPO+). Moreover, we reported how the drying his-
tory and pretreatments of the pulps can affect their reactivity. This method com-
plements more traditional, indirect methods, such as water retention value 
(WRV), fiber saturation point (FSP), and specific surface area (SSA), in charac-
terization of various never dried and dried pulps.  

 
In another study (Paper II), superhydrophobic materials were produced by 

spin-coating a paper substrate with dispersions of nanostructured fluorinated 
cellulose esters. Cellulose nanocrystals (CNCs) were modified by using 
2H,2H,3H,3H-perfluorononanoyl chloride and 2H,2H,3H,3H-per-
fluoroundecanoyl chloride separately through heterogeneous reactions (in the 
mixure of pyridine and toluene). Such heterogeneous processes are promising 
for further optimization and typically has much more favorable economics than 
homogeneous processes, for example, those involving ionic liquids. Nanospher-
ical fluorinated cellulose esters were formed via a nanoprecipitation technique 
prior to their application on the paper. 

 



Introduction 

13 

As a part of this thesis, other studies were opted in correspondence to the im-
provement of mechanical strength of cellulosic films via cross-linking of anion-
ically modified cellulose with divalent cations. In the first method (Paper III), 
we report on fixing of wet films of hardwood kraft pulps and anionic MFC (Na+ 
form) with calcium and magnesium salts as a means to improve the strength of 
the sheets.  Thus, the sodium ions originally present in the MFC of wet film were 
exchanged for the divalent metal cations. We assumed that the electrostatic 
bonding between the anionic pulp fibers and the fibril networks would promote 
internal bonding that would then reflect positively on the film strength proper-
ties.  Scanning electron microscopy (SEM) images of the fracture surface of the 
films in Ca2+ and Mg2+ form showed a consolidated structure with horizontal 
lamella. The new knowledge obtained could be utilized in tailoring cellulosic 
film properties for specific uses.   

 
The aim of the last study (Paper IV) was to design a method to improve the 

mechanical properties of the cellulose films by crosslinking Ca2+/anionic MFC 
using precipitated CaCO3 on bleached hardwood (birch) kraft pulp without floc 
formation. Thin sheets were produced after adding acetic anhydride (Ac2O) into 
a suspension of precipitated calcium carbon (PCC) on-pulp and MFC. In this 
novel procedure, adding Ac2O led to liberation of acetic acid and reduction in 
pH with time and, subsequently, to release of Ca2+ ions. The free Ca2+ formed 
interfibrillar bonds with the carboxyl groups on MFC, and solidified the cellu-
lose films. We succeeded in preventing the formation of undesirable floc during 
the acid hydrolysis, thereby accelerating the production process and making it 
more suitable for possible use in industrial scale.  
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2. Background 

2.1 Cellulose 

Cellulose is a natural organic polymer that forms the supporting structure of 
most plants together with lignin and hemicelluloses. Delignified cellulosic 
pulps, typically made of wood, are commonly used for the production of paper 
and paperboard8. Biodegradable and renewable cellulose is also a promising 
substance to replace oil-based plastic polymers9. Cellulose consists of -D-glu-
copyranosyl units linked together by 1,4-glycosidic bonds. Each repeating unit 
possesses three hydroxyl groups at C2, C3, and C6 positions. These three hy-
droxyl groups contribute to the properties of cellulose, such as its morphology, 
solubility, and reactivity.  

 
The hydroxyl groups of cellulose have different reactivity towards its chemical 

modification, depending on the chemical reaction. Moreover, the three hydroxyl 
groups are responsible for the extensive hydrogen-bonding network of cellu-
lose10. The networking of hydrogen bonds is one of the most important form of 
interaction occurring intra- and intermolecularly (Figure 2)11. The specific hy-
drogen-bonding pattern causes the strong tendency of cellulose to form highly 
ordered structures12.  

 

 
Figure 2. Cellulose molecular structure and hydrogen bonding. Cellulose molecule with repeating 
cellobiose units. Every second sugar unit is rotated 180 degrees compared to the neighboring 
rings (marked by an arrow). The non-reducing end for the cellulose chain is shown as the left end 
for the polymer and the reducing end is on the right side (a). Hydrogen bonding between two 
cellulose chains (intrachain red, interchain black and green) (b) (adapted from Nishiyama et al. 
2008)12. 

 
 

Hearle (1958) proposed a two-phase structure of cellulose; including less or-
dered (amorphous) and highly ordered (crystalline) regions (Figure 3)13. Vari-
ous cellulose samples have wide range of degree of crystallinity depending on 
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their origin and pretreatment. The degree of crystallinity can be determined by 
different technniques, such as X-ray diffraction (XRD), wide-angle X-ray scat-
tering (WAXS) and solid state 13C nuclear magnetic resonance (NMR) spectros-
copy utilizing cross polarization and magic angle spinning (CP-MAS)14,15.  

 
 

 
 

Figure 3. The crystalline and amorphous regions of cellulose microfilm (adapted from Moon et al. 
2011)11. 

 
In the 1980s, CP-MAS 13C NMR spectroscopy was utilized to initially discover 

that native cellulose is present in two different crystalline cellulose I modifica-
tions, i.e. cellulose Iα and Iβ. The Iα/Iβ ratio depends on the origin of the cellu-
lose8. The cellulose I structure is thermodynamically metastable and it can be 
converted into either cellulose II or cellulose III16. Cellulose II is the most stable 
structure8. It can be produced by two processes: regeneration (solubilization 
and recrystallization) and mercerization (aqueous sodium hydroxide treat-
ments), as it has been applied in the production of regenerated cellulose fibers 
and films8. Cellulose III can be obtained from cellulose I or II through liquid 
ammonia treatments, and subsequent thermal treatments can then be applied 
to form cellulose IV17. The reorganization of cellulose chains creates these crys-
talline allomorphs, which have significant effects on the accessibility and reac-
tivity of cellulose18.  

 
The natural structure of cellulose is characterized by assembly of elementary 

fibrils (EFs) and their crystalline regions stabilized by intramolecular and inter-
molecular hydrogen-bonds. Several EFs may aggregate to form microfibrils. De-
pending on the cellulose origin, the size of the microfibrils varies between 10 to 
50 nm19. Fibrillar entities are organized in layers by differing fibrillar textures20. 
The orientation of microfibrils varies between the different cell wall layers as the 
layers have different functions. However, in regenerated cellulose fibers, dis-
tinct layers no longer exist. EFs of the fibers are placed quite randomly in the 
structures20. The present study utilizes SEM to investigate the morphological 
structures of modified cellulose. 
 

2.2 Chemical modification of cellulose 

The reactive hydroxyl group of cellulose are suitable for a variety of chemical 
modifications. Chemical functionalization can improve the properties of the cel-
lulose for different purposes, e.g. tailoring advanced cellulosic materials for a 
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variety of applications. The accessibility of the hydroxyl groups in the anhy-
droglucopyranose unit (AGU) strongly affect the rate and the degree of substi-
tution (DS), which quantifies the average number of hydroxyl groups substi-
tuted in each AGU (the maximum is 3). For instance, the primary hydroxyl 
group (OH-6) is more accessible towards bulky reactants than the secondary 
hydroxyl groups that are sterically more hindered. In addition, the hydroxyl 
groups located in amorphous regions are more available, whereas those in the 
crystalline regions can be inaccessible due to the close packing and strong inter-
chain bonding. The reaction of cellulose nearly always takes place under heter-
ogeneous conditions21. The reactivity of cellulose differs depending on the rea-
gents and the reaction medium where the modification occurs. The various 
chemical modifications range from esterification to aliphatic nucleophilic sub-
stitution that can also form a basis for further modification of the polymer. In 
this section, esterification and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
mediated oxidation of cellulose are discussed, since they were the methods used 
in this work (Papers I and II).  

2.2.1 Cellulose esterification  

In general, cellulose esterification techniques can be carried out under heter-
ogeneous reaction conditions by using carboxylic acid anhydrides or chlorides 
as esterifying reagents. A comprehensive review about esterification of polysac-
charides, has been provided by Heinze and coauthors22. Cellulose esters have 
various potential applications in modern coating, controlled released drugs, bi-
odegradable polymers, composites, membranes and optical films23.  

 
Cellulose esters can be synthesized in laboratoty with organic and inorganic 

acids with the route of esterification of alcoholic hydroxyl groups. Among the 
numerous acid esters of cellulose known today, cellulose nitrate, cellulose ace-
tate and cellulose xanthate are already produced at industrial scale. Simple and 
mixed cellulose esters of short-chain carboxylic acids (C2-C4) can be produced 
in an industrial context from the corresponding carboxylic acids and their an-
hydrides. However, the preparation of cellulose esters from more complex car-
boxylic acid moieties, such as long-chain aliphatic or aromatic acids, are difficult 
due to the lack of anhydride reactivity and their solubility in organic media22. 
One possible method is acylation with anhydrides or chlorides under basic ca-
talysis. In contrast to acidic conditions, no chain degradation of cellulose occurs 
in the presence of a tertiary base, commonly triethylamine or pyridine24,25. An 
acylium salt is formed during the reaction, which may play an important role in 
the catalytic cycle22. The DS of cellulose esters can be controlled by varying the 
reaction conditions, such as the reaction time, temperature and/or molar ratio 
of the reagent per AGU. For example, Malm et al. have shown that acylation is 
more efficient if a diluting solvent, such as toluene, dioxane, or chlorobenzene, 
is used in combination with the base24. Conversion of cellulose with long-chain 
aliphatic and aromatic acid chlorides is still limited. The preparation of these 
kinds of esters in pyridine and their properties has not been thoroughly studied. 
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Therefore, investigations for new synthetic pathways for more effective acyla-
tion and introduction of new functional groups into cellulose esters are interest-
ing topics to proceed further.    
 

Cellulose esters of higher aliphatic acids can be synthesized to improve the 
hydrophobicity of the cellulose. As mentioned above, an employing the acid an-
hydride with a suitable catalyst, or acid chloride in the presence of tertiary base, 
are commonly used as acylating agents. The cellulose reactivity differs depend-
ing on the various chemical modification. For example, the order of reactivity in 
an alkaline medium of etherification is OH-2  OH-6  OH-3; while OH-6 has 
the highest reactivity in the esterification reactions26,27.  

 

2.2.2 TEMPO-oxidized microfibrillated cellulose  

 

TEMPO-mediated oxidation of pulp is specifically based on the utilization of 
TEMPO, or a TEMPO derivative, as a catalyst for the selective oxidation of the 
cellulose hydroxymethyl groups28. TEMPO is a stable red-orange heterocycle, 
which can be used as radical trap, structural probe for biological systems, rea-
gent in organic synthesis, catalyst, or mediator in controlled free radical 
polymerization29. TEMPO+, as an active form of TEMPO, is used to convert the 
C6 primary alcohols selectively to aldehydes and further, to carboxylates30. 

 
The oxidation rate of both primary and secondary hydroxyl groups with oxo-

ammonium cations increases with increasing pH of the reaction medium31.  Sev-
eral studies show that, under basic conditions, primary hydroxyl groups are ox-
idized more rapidly than secondary hydroxyl groups; whereas the relative rates 
are reversed in acidic and neutral media.  

 
The alkaline TEMPO/NaBr/NaOCl process is widely utilized (pH 9-11) in the 

oxidation of cellulose. Moreover, the TEMPO oxidation is mostly used because 
of its high reaction rate, yield and selectivity28,31–38. The typical reaction of 
TEMPO/NaBr/NaOCl process can be varied from minutes to few hours depend-
ing on dosage of NaOCl35.  
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Figure 4. Schematic model for the oxidation of primary hydroxyl groups on cellulose microfibril 
surfaces to carboxylates (Adapted from Isogai et al. 2011)39. 

 
 
Almost all of the C6 primary hydroxyls exposed on the surfaces of cellulose 

crystallites or microfibrils are converted to sodium carboxylate groups during 
the TEMPO-mediated oxidation (Figure 4)40.  

 
Applying bromide-free oxidation is significantly slower than the conventional 

method41–43. However, there is a serious concern in the TEMPO-oxidation pro-
cess arising from utilizing halide-based reagents, e.g. sodium hypochlorite and 
sodium bromide. Bromide as a co-catalyst is reported to be undesirable in the 
wastewater stream of the pulp mill, due to environmental and corrosion con-
cerns40,44. Therefore, the bromide-free TEMPO-oxidation process should be 
more desirable from the environmental point of view.  

 
A simple mechanical treatments can be applied after the TEMPO-catalyzed 

oxidation to quickly disintegrate the wood pulp or cotton into individual micro-
fibrils to obtain the so-called MFC35. Typically, cellulosic materials need to run 
through mechanical treatments several times (e.g. number of passes). After each 
pass, the particles get smaller and more uniform in diameter. However, exten-
sive mechanical treatment may cause some damage to the crystal structure of 
cellulose. Filtering steps are usually applied to remove the larger unfibrillated 
and partially fibrillated fractions. In addition to these mechanical processes, 
chemical treatments can be performed to either remove amorphous material or 
to chemically functionalize cellulose. In most cases, chemical functionalizations 
are used to introduce negative charge on the surface of MFC to create strong 
electrostatic repulsion between cellulose microfibrils in water. This chemical 
functionalization may enhance the electrostatic interaction between anionic 
MFC and cationic materials (e.g. polyamideamine-epichlorohydrin), which are 
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added as wet-strength agents. MFC yields transparent and highly viscous sus-
pensions, which can be treated to obtain more products, such as cellulose-based 
films40,45. 

2.3 Cellulose reactivity 

The reactivity of cellulose has been considered as an important research topic 
in the conversion of cellulose into various products, such as cellulose deriva-
tives, regenerated textile fibers and monosaccharides for biofuel production46. 
There are many definitions of chemical reactivity, which depends on the appli-
cations of cellulose. For example, in textile fiber production, the reactivity of 
dissolving pulps from different raw materials and their processes has been de-
termined47–50. The accessibility of the hydroxyl groups of cellulose for the rea-
gents or solvent determines the concepts of reactivity and accessibility of cellu-
lose. 

 
The highly ordered crystalline regions of EFs in the natural structure of cellu-

lose limit its reactivity. EFs in the wood cell assemble into helicoidal bundles of 
several intertwined fibril. This structure can have a significant impact on the 
accessibility and reactivity of wood biomass51. Beyond the crystal surfaces, 
amorphous regions of EFs are more accessible to the solvents and chemical re-
agents52. The partial crystalline structure of cellulosic materials has been stud-
ied by several direct and indirect techniques, like XRD, NMR spectroscopy, dif-
ferential scanning calorimetry, deuterium exchange, and adsorption of water 
vapour, iodine and dyes46,53–57.  

 
Low porosity and small pore size may also restrict the accessibility of the cell 

wall towards solvents and reagents, especially macromolecules like proteins. 
The FSP approximates the inaccessible pore volume of the cell wall. The FSP 
measurement is based on the solute exclusion technique, commonly using a very 
large macromolecule (dextran  of 2000 kDa with a spherical diameter of 54 nm 
in solution) that is unable to penetrate the cell wall58,59. In contrast, WRV 
measures the amount of water bound by the wet cell wall under standard cen-
trifugal forces. Mechanical fibrillation of cellulosic pulps enhances their WRV, 
because the externally fibrillated structure may swell and bind even more water. 
In general, WRV is higher than FSP and the difference between the values can 
be shown by thermoporosimetry60,61. The chemical composition of the cell wall 
affects the amount of the bound water, hemicellulose especially associate 
strongly with water62. 

 
Various hydrothermal treatments may aggregate or hornify EFs, which re-

duces the reactivity of cellulose60. The hornification term originally referred to 
a decrease in WRV of chemical pulps after their drying. Hemicelluloses seem to 
hinder EF aggregation and thus WRV may decrease less during drying of hemi-
cellulose-rich pulps. In addition to dehydration, various chemical and hydro-
thermal treatments also cause hornification of lignocellulosic materials63–69. 
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Although the drying-induced collapse of the cell wall can be suppressed by crit-
ical point drying, SSA measured by N2 adsorption on dried pulp is still lower 
than would be estimated from the pore size distribution of wet pulp70–72. 

 
In addition to the above-mentioned methods for the evaluation of cellulose 

accessibility, electron microscopy can be utilized to evaluate changes at the mi-
crofibril level. For example, changes can be detected with SEM and transmis-
sion electron microscopy (TEM) by staining the cell wall polysaccharides with 
uranyl acetate73. Moreover, NMR spectroscopy and atomic force microscopy 
(AFM) with quantitative imaging have been widely used to measure the dimen-
sions of the cellulose microfibril aggregates. Therefore, all these indirect meth-
ods are currently able to provide qualitative and quantitative information on the 
changes in cellulose accessibility. Further, the reactivity of cellulose can be di-
rectly quantified by applying the iodometric titration method during the oxida-
tion of the primary hydroxyl groups of cellulose, to monitor the TEMPO+ con-
tent. This method will be described in following sections (Paper I).   

2.4 Superhydrophobic cellulose 

Superhydrophobic surfaces have drawn great scientific and industrial interests 
due to their relevance in self-cleaning, water repellency, corrosion resistance, 
friction reduction, and antifouling74–76. The wetting status of a solid surface is 
characterized by static and dynamic contact angle measurements. Water drop-
lets roll off easily from superhydrophobic surfaces, which are characterized by 
high contact angles ( 150 ) and low contact hysteresis (Figure 5)76–84. Contact 
angle hysteresis is the difference between the advancing and receding contact 
angle. The hysteresis is small for superhydrophobic surfaces, which leads to very 
low adhesion of water droplets and causes them to roll off easily over the sur-
face. Lotus leaf is a primary example of superhydrophobic surface found in na-
ture85. The surface of lotus leaf consists of microscale papillae that are coated 
with hydrophobic wax nanocrystals (Figure 6).  
 

 
 

Figure 5. Schematic of a water droplet on a hydrophilic, hydrophobic, and superhydrophobic sur-
face (Adapted from Oberli et al. 2013)86.  
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Figure 6. The superhydrophobic surface of lotus leaves (a). SEM images present the hierarchical 
surface structure (b) and wax tubules on the upper leaf side (c). (Adapted from Ensikat et al. 
2011)85. 

The structure of natural superhydrophobic surface can be mimicked to create 
artificial hydrophobic and superhydrophobic materials. Despite its inherent hy-
drophilicity, cellulose has advantages to be used as a substrate for the produc-
tion of superhydrophobic materials. Cellulose is a renewable and sustainable  
raw material  and it has unique physical, chemical and mechanical properties 
compared to the non-renewable materials, including minerals and synthetic 
polymers, that have been typically used. Therefore, the effort to develop the hy-
drophobicity of bio-based materials, including lignocellulose, are growing and 
it has been the subject of active research during the last decades. Applications 
such as printing, food storage, packaging and others that require certain barrier 
properties are at the center of interest87. Wettability and liquid repellency are 
important properties of solid surfaces from both fundamental and practical as-
pects and these properties depend strongly on both the surface chemistry and 
roughness of the materials applied75,88–92.  

 
Many physical and chemical techniques have been studied for the production 

of hydrophobic/superhydrophobic paper surfaces93,94, e.g. plasma treatment95, 
constructing a microstructured surface by microsized CaCO3 and fatty acid96, 
rapid spraying of alkyl ketene dimer (AKD) dissolved in supercritical carbon di-
oxide (CO2)97,98, chemical vapor deposition of silica particles and polymers99, 
dip-coating with AKD100, or surface coating by in-situ grafting of co-poly-
mers101,102. Among these techniques, cellulose esterification is an efficient and 
simple technique for fabricating superhydrophobic paper without using any 
special equipment103. The hydrophilicity and dispersibility of cellulose can easily 
be modified by substitution of the hydroxyl groups with different functional 
groups8,104,105. Superhydrophobic surfaces on paper103 and on glass106 has been 
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constructed with nanostructured cellulose stearoyl ester107. Research on super-
hydrophobic paper utilizing bio-polymers and sustainable raw materials, such 
as cellulose, is a fairly new area, and only a limited number of publications are 
available in the literature103.  
 

2.4.1 Micro and nanofabrication of superhydrophobic paper  

The superhydrophobic property arises from nano- and/or microstructures on 
surfaces that can trap air pockets beneath the water drops, leading to water con-
tact angles larger than 150108–110. Nanoprecipitation is an efficient technique to 
convert cellulose derivative into nanoparticles (NPs). Nanoprecipitation is 
based on the addition of nonsolvents to dispersions of cellulose, which then 
form nanostructured aggregates. This production of modified cellulose NPs can 
be applied to the surface of different substrates by three different methods: 
spray-coating, spin-coating, and solvent casting. 

 
The superhydrophobicity of cellulosic materials can be classified into catego-

ries based on generated roughness87,111. First, cellulosic substrates can be coated 
with nano/microstructures using chemical grafting, sol-gel processing, NP dep-
osition, and chemical vapor deposition. Second, regeneration and fragmenta-
tion of cellulosic materials create roughness, such as in electrospinning or elec-
trospraying of cellulose materials, CNCs and composites.  

 
All the above-mentioned techniques deal with the first category to attain su-

perhydrophobicity. However, in most methods, complicated manufacturing 
processes (high temperature or/and pressure, requirement of cleaning room), 
costs and surface compatibility, may restrict their use in the industrial applica-
tions. However, nanoprecipitation offers some flexibility if fluorinated material 
can be prepared economically and environmentally benign (Paper II). 

 
 

2.5 Production of cellulose-based films 

The modified cellulose, like oxidized cellulose, can be fully disintegrated into 
individual microfibrils in water under mild mechanical treatment, because the 
carboxylate group formed on the microfibril surfaces causes the electrostatic re-
pulsion between the microfibrils35. In general, MFC with high mechanical 
strength and low density can be formed into hydrogels, aerogels, films, etc., de-
pending on the targeted applications, and ranging from biomedicine, tissue en-
gineering, pharmaceuticals and electronics/optoelectronics to textiles, food, 
membranes and wood products112–115.  

 
The MFC suspensions have been converted into films by several methods, like 

casting, vacuum filtration, solvent exchange, spraying, and spin-coating116–121. 
Producing cellulose-based composites with polyvinyl alcohol, polylactic acid, 
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polyurethane, chitosan, starch or carboxymethyl can improve the tensile 
strength of cellulose films as final products122,123,132,124–131. The functionality of 
cellulose products can be also enhanced by using them in combination with 
other ingredients such as plasticizers and additives133–135. 

 
Chemical modifications of the hydroxyl groups in cellulose, such as esterifica-

tion and etherification, is another technique to develop the hydrophobicity of 
cellulose films. However, these modifications often decrease the mechanical 
performance by reducing the crystallinity of the materials. On the other hand, 
carboxylate groups of anionic MFC are well-known to strongly bind metal cati-
ons, forming MFC film/paper with good mechanical properties without damag-
ing the crystallinity of the cellulose (Papers III and IV).  
 

2.5.1 Bond formation by cross-linking  

Cellulose networks in films and papers are formed by strong inter- and intra-
molecular interactions via physical and chemical cross-linking136,137. A cross-
linked cellulose network can be prepared via light-induced ligation138, glyoxali-
sation139, through maleic acid and sodium hypophosphite140, or with polymers 
such as tetraethyl orthosilicate or polyurethane141,142 as cross-linking agents. 

 
Oxidation promotes fibrillation without changing the crystallinity of cellulose, 

which has the basis for high quality MFC film formation. Recently, Dong et al. 
investigated the hydrogelation of carboxylated cellulose nanofibrils with diva-
lent and trivalent cations143. They also presented a molecular model for the in-
teraction between divalent cations and carboxylate groups from two adjacent 
chains on one fibril (Figure 7)143. Saito et al. reported an ion-exchange treatment 
of divalent metals (barium, nickel and calcium) for TEMPO-oxidized cellulose 
at different pH values144. They showed that the cation exchange was less efficient 
below pH 2.5–2.7 because the carboxylates was protonated into acids at such 
low pH values. Additionally, Shimizu et al. fabricated water-resistant films by 
the formation of interfibrillar cross-linkages with multivalent metal salts145. 
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Figure 7. Cellulose intrafibril (a) and interfibril bonding (b, c) with metal cations. Green spheres 
are divlent, M2+ = Ca2+, Zn2+, and Cu2+. Purple spheres are Fe3+. Dashed red lines indicate Mn+−O 
bonds (Adapted from Dong et al. 2013)143. 

The tensile strength of paper can be enhanced by refining the pulp and wet 
pressing of sheets, which advances their inter-fiber bonding. However, the wet 
tensile strength of paper varies depending on the swelling ability of pulps from 
different sources. For example, the wet tensile strength of anionic MFC can be 
influenced by its carboxylate content; a higher carboxylate content (0.60 vs. 0.11 
mmol/g) leads to a lower wet tensile stength144.  

 
 
Calcium carbonate precipitation  
 
In addition to polymers, inorganic fillers from natural minerals can improve 

specific properties of the final cellulose-based products. By adding fillers, many 
benefits can be achieved, including cost and energy savings and improvements 
in optical properties, printability, and the appearance of paper products (e.g. 
brightness and smoothness)146,147. However, the use of such fillers, especially at 
high loading levels, have certain disadvantages, e.g. they cause poor filler reten-
tion, decreased sizing efficiency and lower bending stiffness148.  Some of draw-
backs have been overcome by methods reported in various industrial prac-
tices148.  

One method is to precipitate filler particle onto the fines/fibrils149–151. Indeed, 
intensive efforts have recently been made to control the nucleation and subse-
quent aggregation, growth and crystallization of CaCO3 as a filler152. Depending 
on the technique, the size of precipitated CaCO3 on cellulose surfaces can be con-
trolled. CaCO3 remains poorly soluble in neutral and basic media, while it rap-
idly dissolves in acidic conditions, releasing CO2 gas.  An attractive feature of 
CaCO3 allow us to create a new system in which released calcium cations can 
react with the carboxylate groups of MFC under acidic conditions. While the 
approaches help to enhance the mechanical properties of cellulose materials, 
finding a way to avoid uncontrollable aggregation and entanglement during the 
processing of cellulose materials has been a challenge (Paper IV). 
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3. Materials and methods 

3.1 Materials 

Never-dried and dried bleached hardwood (birch) kraft, prehydrolysis kraft 
and softwood (mixed pine and spruce) kraft pulps were used in Paper I. They 
were obtained from Finnish pulp mills. Nata de coco was used as the raw mate-
rial for BC. 1-Propanol, maltose, potassium iodide (KI) and 4-AcNH-TEMPO+ 
tetrafluoroborate were purchased from Sigma-Aldrich. A pH 9 buffer solution 
was prepared by dissolving 185 mg boric acid (VWR) and 80 mg of NaOH 
(VWR) in 500 ml of distilled water. The pH 2 citrate buffer solution (AVS TI-
TRINORM) was purchased from VWR. Suspensions of the pulps in buffer solu-
tion were prepared with 10 min ultrasonic treatment. Research quality dextran 
(T2000, 2,000 kDa) and acetone (99.8%) were provided by Pharmacosmos A/S 
and WVR International, respectively. CO2 (99.8%) was delivered by Oy Aga AB 
(Paper I). All chemical reagents were used as delivered. 

 
CNCs used in Paper II were prepared from ground Whatman 541 ashless fil-

ter paper, using a published method153. The nanocrystals were recovered by 
freeze-drying from water dispersions. Typical dimensions of CNCs are in the 
range of 50–500 nm in length and 5–8 nm in diameter154. This leads to high 
aspect ratios (diameter/length) around 10–100 and a large reactive surface 
area. 2H,2H,3H,3H-perfluoroundecanoyl chloride (97%), 2H,2H,3H,3H-per-
fluorononanoic acid (96%), thionyl chloride, toluene, and pyridine were pur-
chased from Sigma-Aldrich and used as received (Paper II). 

 
Never-dried (ND) and dried bleached hardwood (birch) kraft pulps (BHKP) 

were obtained from Finnish pulp mill and were used without any further treat-
ment. Heat treated bleached hardwood kraft pulp (HT BHKP) and oxidized 
MFC155 were made of BHKP. The oxidized MFC was made of BHKP  by UPM156. 
The consistency of MFC dispersion was 2.5% and its sodium carboxylate content 
was 0.8 mmol/g and pH 5.5 recorded. The properties of all the pulp samples 
used in Paper III are presented in Table 1. The average width of the fibrils was 
ca. 7 nm measured by TEM (Papers III and IV). Magnesium chloride (MgCl2) 
and calcium chloride (CaCl2) were purchased from Sigma-Aldrich and used as 
received (Paper III). Lime from Lhoist, Ltd. (France) and Ac2O from VWR 
were utilized without further purification. Pure CO2 gas was supplied from AGA 
(Finland) (Paper IV). 
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Table 1. Properties of pulp samples.  

Pulp Fiber length (mm) Curl index (%) Kinks (m-1) 
ND BHKP 1.09 8.7 550 
BHKP 1.05 10.9 810 
HT BHKP 0.91 41.3 4160 
 
 

3.2 Sample preparation methods 

3.2.1 Synthesis of fluorinated cellulose ester 

 
In Paper II, dispersion of 200 mg freeze-dried CNCs in 10 ml pyridine was 
heated at 80 °C. 1.5 g of 2H,2H,3H,3H-perfluorononanoyl chloride (3.65 mmol) 
was dissolved in 10 ml toluene and then added dropwise into the hot cellulose 
dispersion under nitrogen (N2) atmosphere. After 24 h, the reaction mixture was 
allowed to cool down to RT and poured into 100 ml toluene. The precipitate was 
purified through repeated dispersion in dichloromethane, precipitation with 
ethanol and centrifugation cycles. Yield: 600 mg. The dried reaction products 
were characterized by fourier-transform infrared spectroscopy (FT-IR) and 
NMR spectroscopy. The structure of the esterified cellulose is presented in Fig-
ure 8. 

 
 

 
 

Figure 8. Proposed structure of the 2H,2H,3H,3H-perfluorononanoyl cellulose formed under het-
erogeneous reaction conditions in toluene/pyridine, by reaction with acid chloride. 

 

3.2.2 Nanoparticle preparation 

CNCs were first dispersed into tetrahydrofuran (THF) at concentration of 25 
mg/ml. The dispersions were filtered through a filter paper (pore size of 1 μm) 
in a Büchner funnel under vacuum107. After filtration, 10 ml of solution was pre-
cipitated drop by drop into 250 ml of deionized water at RT. The dispersion was 
then stirred for 30 min at RT and then heated to 75 °C for 30 min to evaporate 
most of the THF and promote nanoprecipitation.  
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3.2.3 Superhydrophobic film preparation 

Superhydrophobic surfaces were obtained by dispersing fluorinated cellulose 
ester in THF, at concentration of 25 mg/ml. 50 ml of the cellulose dispersion 
was then precipitated into 250 ml ethanol at RT with vigorous stirring, for a 
further 30 min, leading to a white dispersion. Then spin-coating was carried out 
on the Staples A4 80 gsm multipurpose paper surface at 4000 rpm for 1 min 
using a Laurell spin-coater,  WS-650SX-6NPP-Lite (Laurell Technologies Corp., 
North Wales, PA). Thereafter, spin-coating was repeated for 10 min and the 
coated paper was dried at 80 °C.  

 

3.2.4 Precipitation of calcium carbonate onto pulp fibers  

Calcium carbonate (CaCO3) can be produced by carbonation in two steps. 
First, water is added to calcium oxide (lime) to obtain calcium hydroxide 
(Ca(OH)2). This process is called lime slaking. Then second, the slaked lime re-
acts with carbon dioxide and forms PCC.  

 
For this study, slaked lime (Ca(OH)2) was produced by mixing lime and water 

with a high-shear mixer for 10 min at 50 oC. Then, the solid content of HT BHKP 
was adjusted to around 25 ± 2% and mixed at moderate rotational speed in a 
KM098 Kenwood mixer. After 5 min mixing, slaked lime was added to the pulp 
in a proportion of 1:9. Then, the suspension was mixed again at moderate speed 
for 10 min. After mixing, the homogeneity of Ca(OH)2 was tested by measuring 
pH from 4 different samples. An acceptable homogeneity was achieved with a 
pH of 12.6 ± 0.2. PCC co-precipitation was accomplished feeding CO2 gas into 
the sealed mixing chamber at a flow rate of 0.3 L/min (NTP). The CO2 dissolves 
in the aqueous phase and forms carbonic acid, which reacts with the Ca(OH)2 to 
form CaCO3. The end of reaction was considered to occur when the pH reached 
7.7 ± 0.1. The gas flow was stopped and mixing continued for another 30 min. 
The final pH was 8.3 ± 0.1. The PCC content determined by standard ISO 
2144:1997(E) was 7.59 ± 0.13 wt%.  

 

3.2.5 Preparation of paper films   

A mixture of anionic MFC (15 g), pulp (15 g of ND BHKP, BHKP or HT BHKP) 
and water was homogenized for 20 min at 3% overall consistency using an Ultra 
Turrax mixer (D125 Basic, IKA) to obtain a uniform hydrogel. Then 25 g cellu-
lose hydrogel was applied over a Teflon mold (60 mm x 140 mm) by a rod coat-
ing setup (RK Print Coat Instruments Ltd, Herts, UK). The mold was transferred 
into 1000 ml bath of 0.3 M salt solution (MgCl2 or CaCl2) that was gently mixed 
for 3 h. With time the hydrogel solidified and the film separated from support. 
The solid film was then transferred into water bath (1000 ml) and kept there, 
under gentle mixing, for 15 min or 1 h to remove the excess of salt. Thereafter, 
film was dried at 23 °C and 50% relative humidity (RH) for 24 h. The air-dry 
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film was soaked again in the water bath for 15 min or 1 h, after which the drying 
at 23 °C and 50% RH was repeated (Paper III). 
 
 

In Paper IV, the mixture of MFC and HT BHKP (containing PCC), with a 
consistency of 2.3%, was mechanically disintegrated by using an Ultra Turrax 
mixer (IKA, D125 Basic) for 20 min to obtain a uniform hydrogel. The films were 
made by varying the ratio of the pulp and MFC (30:70, 50:50, 60:40, 70:30). 
After adding Ac2O (0.54-2.15 %) the hydrogel was mixed for additional few sec-
onds. Then 35 g of the cellulose hydrogel was applied over a Teflon mold (60 
mm x 140 mm) by a rod coating setup, K101 Control Coater, RK Print Coat In-
struments Ltd, Herts, UK. The hydrogel was dried in the mold without any fur-
ther treatment at 23 °C and 50% RH for 24 h. Reference samples were prepared 
similarly without the addition of Ac2O.   
 
 

3.3 Chemical reactivity 

In Paper I, the oxidations were carried out at RT (23 oC) in a borate buffer 
solution (pH 9). The initial concentration of 4-AcNH-TEMPO+ was 2.5 mM. The 
substrates and their concentrations were: 1-propanol (0.5 mM); maltose (0.2 
mM); pulps (0.5 g/l); and BC (0.5 g/l).  

 
The change in concentration of 4-AcNH-TEMPO+ was monitored by its reac-

tion with KI 156. 1 ml of the reaction solution and 1 ml of 10% KI were diluted to 
40 ml with a pH 2 buffer solution. The formed I2 was quantified by absorption 
spectrophotometry at the absorption maximum of I3  at 288 nm (Figure 9a) 157. 
4-AcNH-TEMPO+ was found to consume an equivalent amount of I- and to pro-
duce half an equivalent of I3- (I2) (Eq. 1). Therefore, iodide reduced 4-AcNH-
TEMPO+ to 4-AcNH-TEMPO radical 158.  

 

 
 
 

It was found that TEMPO+ consumed an equivalent amount of I- to produce 
TEMPO and I2 in a 2:1 ratio156. The same stoichiometric ratio was also found for 
the reaction between 4-AcNH-TEMPO+ and I-. In order to increase the accuracy 
of the quantification of 4-AcNH-TEMPO+, I2 formed was determined by spec-
trophotometry by utilizing the absorption of I3- at 288 nm (Figure 9).   
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Figure 9. (a) UV-Vis spectra for iodometric analysis of 4-AcNH-TEMPO+ from the reaction mixture 
with never-dried softwood kraft pulp and (b) consumption of 4-AcNH-TEMPO+ during oxidation of 
never-dried and dried softwood kraft pulp at pH 9 at RT. 

 
 

Figure 10b shows the consumption of 4-AcNH-TEMPO+ (2.5 mM) in the pres-
ence of never-dried and dried softwood kraft pulp. Cellulosic pulps reacted more 
slowly with 4-AcNH-TEMPO+ in comparison to soluable substrates such as 1-
propanol and maltose (Figure 10). 

 
The values of reactivity (mmol/g) and initial reaction rate (min-1) were ob-

tained by nonlinear fitting to the oxidant decay data according to Eq. 2.  
 

                                                          (2) 
 

where c0 and c refer to the concentration of 4-AcNH-TEMPO+ after reaction 
time 0 (2.5 mM) and t, respectively, and are first-order rate constants for 
the oxidation of primary and secondary hydroxyl groups, respectively, and α de-
notes the fraction of 4-AcNH-TEMPO+ that reacts with the accessible primary 
hydroxyl groups of cellulose. The constant α is assumed for the same oxidation 
of accessible secondary alcohol groups, although this assumption is not neces-
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sarily correct in spite of satisfactory fitting with the experimental data. The sig-
nificantly higher reactivity of primary alcohols over more resilient secondary 
ones (  ) was observed as a fast consumption of 4-AcNH-TEMPO+ in the 
beginning of the reaction.  The nonlinear fit was performed by using the Non-
linear Fit tool of Wolfram Mathematica 11.1 with the default algorithm. 

 
 

3.4 Chemical analyzes 

3.4.1 Carbohydrate composition  

 
The carbohydrate composition of pulps in Paper I was determined through 

acid hydrolysis of the samples followed by the study of Sluiter et al.159. The mon-
osaccharides were quantified by high-pressure anion exchange chromatography 
with pulsed amperometric detection (HPAEC-PAD) using a Dionex ICS-3000 
system (Sunnyvale (CA), USA). The contents of cellulose, glucomannan and xy-
lan were calculated from the monosaccharide composition according to the 
study of Janson160.  

 

3.4.2 NMR analysis 

 
Solid-state cross-polarization magic-angle spinning (CP MAS) 13C NMR spec-

troscopy was used in Paper II to determine the crystallinity of the cellulose 
ester. The experiments were recorded by using Bruker Avance 400 spectrome-
ter. Quantitative 13C NMR experiments were run by using 5 mm broad-band 
probe head. The details of the preparation of reagents, NMR solutions and other 
experimental procedures are given in the supporting information of Paper II.  

 

3.4.3 Elemental analysis  

 
For the analysis of their metal content (Ca, Mg, Na) in Paper III, 150 mg 

samples of MFC/pulp films were mixed with 10 ml nitric acid in Teflon vessels. 
The vessels were heated in microwave oven (Milestone, Ethos) for 1 h at 200 °C. 
After cooling down the vessels, the samples were diluted with 50 ml Milli-Q wa-
ter. The content of sodium was determined by using F-AAS (AA240, Varian). 
The calcium and magnesium contents were analysed with ICP-OES (DV7100, 
Perkin Elmer). 

3.4.4 Fourier-transform infrared spectroscopy  
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In Paper II, transmission FTIR spectra were recorded on a Nicolet Magna 
750 spectrometer using an attenuated total reflection (ATR) setup. Air back-
ground spectra were acquired before each set of measurements. 

 

3.4.5 X-ray diffraction 

 
XRD analysis of the samples in Paper II was carried out by using PANalytical 

X'Pert Pro MPD with Cu Kα radiation. The spectra were collected in a 2   steps 

in the range of 2-70°. 
 

3.4.6 X-ray photoelectron spectroscopy  

 
The surface composition of fluorinated cellulose ester in Paper II was evalu-

ated by using an AXIS Ultra instrument (Kratos Analytical, U.K.). The sample, 
deposited on paper, was mounted on a sample holder by using UHV compatible 
carbon tape and followed by pre-evacuated overnight. A fresh piece of pure cel-
lulosic filter paper (Whatman) was analyzed as an in-situ reference. The meas-
urements were carried out by using monochromated Al Kα irradiation at 100 W 
under neutralization. Wide scans, as well as high resolution regions of C 1s, O 1s 
and F 1s, were recorded at several locations, with a nominal analysis area of 400 
× 800 μm2. The analysis depth of the method is less than 5 nm. Data analysis 
was performed with CasaXPS and all binding energies were charged and cor-
rected by using the main cellulosic C−O component at 286.7 eV as reference. 
 

3.5 Structural analyzes 

 
Cellulosic materials were characterized by using analytical techniques such as 

SEM and dynamic light scattering (DLS) (e.g. measuring the size and morphol-
ogy of cellulose NPs after the nanoprecipitation and coating techniques in Pa-
per II. Additionally, the changes in the structure of cell wall such as porosity 
and affinity of cellulose in water was determined by various methods like FSP, 
SSA by N2 adsorption and WRV (Paper I). The details of the techniques men-
tioned are described in this section.  

 

3.5.1 Scanning electron microscopy 

 
For the imaging of samples, SEM was used with magnifications of 10 300x and 

35 490x (Zeiss Sigma VP Field-Emission Scanning Electron Microscope, FE-
SEM). The operating voltage in Paper II was 1 kV and in Papers III and IV 
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3 kV and the working distance was approximately 2.5 mm. Prior to imaging, the 
samples were sputtered with gold and palladium. 

 
In Paper II, the initial concentration of fluorinated cellulose esters for 

providing cellulose NPs was 25 mg/ml in THF. 10 ml of each dispersion was 
precipitated drop by drop into 250 ml deionized water separately. Then the THF 
was removed by evaporation. 600 l of each sample were mixed into deionized 
water and dropped onto a mica substrate. After drying the samples at RT, all the 
samples were coated with a thin Au layer for 40 seconds before SEM measure-
mets. 

 
In Paper III, wet films of HT BHKP/MFC (50:50) were immersed in 0.3 M 

MgCl2 or 0.3 M CaCl2 solutions for 3 h before freeze drying of the films. The 
corresponding films were also imaged after immersing in water and drying in 
air. In this case the dry films were immersed in liquid N2 and ruptured to reveal 
the inside structure of the films.   

3.5.2 Dynamic light scattering  

 
Nanostructured fluorinated cellulose esters (Paper II) in deionized water 

was measured on Nanosizer (Malvern Instrument Ltd., U.K.) after filtering with 
a pore size of 1 μm. One ml of the filtered solution was utilized for the measure-
ment. 

3.5.3 Water retention value 

 
The bleached never-dried and dried birch kraft, birch prehydrolysis kraft pulp, 

softwood kraft pulps of Paper I were immersed in deionized water at 23 °C for 
24 h, and then centrifuged at 3000 g for 15 min with a Thermo Scientific SL 40 
FR centrifuge (SCAN-C 102 XE). Finally, the samples were dried to constant 
mass at 105 °C. The WRV was calculated from the masses of the wet (m0) and 
dry (m1) pulps according to Eq. 3.  

 
 

 (3) 

 

3.5.4 Fiber saturation point (FSP) 

 
FSP of a wet pulp was determined by the pore volume that is inaccessible to a 

very large dextran polymer58,161. T2000 dextran (hydrodynamic diameter 
54 nm) probe solution (2% w/v) was mixed thoroughly with the pulp at 20% 
consistency and allowed to equilibrate for 1 h under mild mixing conditions. Af-
ter equilibration, the pulp samples in Paper I were centrifuged for 10 min at 
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3500 g. The supernatant was collected and passed through a 0.8 μm syringe 
filter. The concentration of the probe solution before and after addition to the 
pulp was determined with an Autopol IV polarimeter at 436 nm (Rudolph re-
search). The FSP value was calculated as reported in recent article by Grönqvist 
et al.162. 

 

3.5.5 Solvent exchange and critical point drying of pulps 

 
Dry pulp samples with the pore structures almost similar to wet pulp can be 

prepared with sequential solvent exchange followed by evaporation of the final 
solvent (CO2) above its critical point. The surface tension of supercritical CO2 is 
nearly zero which minimizes pore collapse and shrinkage of the cell wall.  The 
aqueous suspensions of pulp samples were solvent exchanged with acetone by 
placing them in a 99.5 % acetone bath for 45 h. The pulps in Paper I were then 
placed separately in a critical point dryer (Leica EM CPD300), the chamber was 
closed and liquid carbon dioxide was injected under a pressure of ca. 50 bar for 
solvent exchange. The chamber was then brought to supercritical CO2 condi-
tions (ca. 75 bar and 35 °C). Finally, the chamber was vented and CO2 evapo-
rated as a fluid phase. 
 

3.5.6 Specific surface area by N2 sorption 

 
In Paper I, the Brunauer−Emmett−Teller SSA was determined by N2 phy-

sisorption using a Micromeritics Tristar 3020 system. Dry pulp (50 mg) was 
placed in a sample holder tube which was first degassed for 1 h. The isotherms 
were collected at 77 K by increasing the relative pressure of N2 from 0 to 0.99. 
SSA analysis was carried out for a relative vapor pressure range of 0.05−0.35. 

 

3.6 Materials properties 

The characterization of cellulose-based materials such hydrophobicity in Pa-
per II, moisture content and tensile strength properties (tensile index and 
strain)  in Papers III and IV are described separately in the following sections.   

 

3.6.1 Contact angle measurement 

Advancing and receding contact angles in Paper II were measured by using 
the sessile droplet method (Attension Theta optical tensiometer, Espoo, Fin-
land)163. 
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3.6.2 Mechanical properties of cellulose films 

The tensile strength test on films was carried out at 23 °C and 50% RH using 
an Instron 4204 Universal Tensile Tester equipped with a 50 N load cell, at a 
gauge length of 40 mm. The speed of the cross-head speed was 1 mm/min. The 
film specimens were 10 mm x 50 mm in size and they were equilibrated for at 
least 3 h at 23 °C and 50% RH before mechanical testing. The film thickness was 
estimated by a thickness gauge under a low and constant pressure, according to 
the international standard regarding thickness of paper and board (ISO 534).  

3.6.3 Density and moisture content measurements 

The film density was calculated from the actual dimensions and weights of the 
dry films after conditioning them at 23 °C and 50% RH. The apparent density 
measurement was repeated at least three times for each sample. The moisture 
content of the conditioned films was calculated from the weight before and after 
heating at 100 °C for 3 h.  
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4. Results and discussion 

4.1 Assessing cellulose reactivity 

In Paper I, the objective was to introduce a method to measure the chemical 
reactivity of cellulose under mild conditions. 4-AcNH-TEMPO+ was used as a 
stoichiometric oxidant of primary hydroxyl groups that are converted into the 
corresponding carboxylic acid groups in ca. 15 min. This method gives an abso-
lute amount (mmol/g) or fraction (on theoretical maximum) of hydroxymethyl 
groups. The direct chemical reactivity of BC as well as bleached hardwood and 
softwood kraft pulp were analyzed. Indirect reactivity measures (WRV, FSP and 
SSA) of these samples were also analyzed and correlated with the reactivity of 
pulps with 4-AcNH-TEMPO+.  

 

4.1.1 Oxidation of cellulose with 4-AcNH-TEMPO+  

Recently, Pääkkönen et al.  showed that iodometric titration can be used to 
quantify the reactivity of cellulose in various pulps with TEMPO+ (active reagent 
in TEMPO-mediated oxidation) in the catalytic system156. In our study, for the 
iodometric titration, KI was added during the oxidation reaction of the primary 
hydroxyl groups of cellulose. Consumption of 4-AcNH-TEMPO+ as a reactant 
was monitored by iodometric quantification of the residual 4-AcNH-TEMPO+. 
 
 

The rate-determining step of TEMPO-mediated oxidation of cellulose is the 
reaction between TEMPO+ and the hydroxymethyl group156. Bromide-free 
TEMPO-catalysed oxidation has been reported to be fastest at pH 9, where the 
oxidation of substrate by TEMPO+ and its regeneration by hypochlorous acid 
(HOCl) were recorded balanced164. The oxidation of cellulose and other sub-
strates by 4-AcNH-TEMPO+ was carried out at the same pH. Lower pH (pH 8) 
was also examined but rejected due to the slower and somewhat less extensive 
oxidation of cellulose. The hydroxyl ion accelerated the rate-determining step 
by abstracting a proton from the hydroxymethyl group, therefore explaining the 
pH dependence of the oxidation under weekly alkaline conditions165. 

 
The mixing of 4-AcNH-TEMPO+ (2.5 mM) with 1-propanol (0.5 mM) led to an 

immediate 4 equivalents decrease in the concentration of 4-AcNH-TEMPO+ 
(Figure 11a).  This stoichiometry corresponds to quantitative oxidation of 1-pro-
panol to 1-propionate and one-electron reduction of 4-AcNH-TEMPO+ to 4-
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AcNH-TEMPO. Similarly, maltose (0.2 mM) rapidly consumed 10 equivalents 
of 4-AcNH-TEMPO+ corresponding to complete oxidation of two hydroxyme-
thyl groups and terminal aldehyde group of the reducing disaccharide to car-
boxylate groups (Figure 10b). After fast-initial oxidation, the oxidation of sec-
ondary alcohol groups in maltose probably continued slowly. Figure 10c also 
presents the consumption of 4-AcNH-TEMPO+ during oxidation of 0.5 g/l BC. 

 
 
 

 

 
 

Figure 10. Consumption of 4-AcNH-TEMPO+ during oxidation of 0.5 mM 1- propanol (a), 0.2 mM 
maltose (b) and 0.5 g/l bacterial cellulose (c) at pH 9 at RT. 

 
Similarly, the oxidation of pulps included two reactions; first fast initially 

dominating reaction occurs and then it continues in a slower and persisting sec-
ondary reaction. Computational fitting of the experimental data with two-com-
ponent first-order reaction system (Eq. 2) made it possible to quantify the extent 
of the faster conversion. Ca. 2-3 mmol/g 4-AcNH-TEMPO+ was consumed in 
the fast reaction which corresponded to ca. 0.5-0.75 mmol/g reactive hy-
droxymethyl groups in cellulose (Table 2).  
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 Table 2. Characteristics of the chemical pulps and BC studied and their indirect and direct 
measures of reactivity.  

 

 a Industrially dried. 
 b Content of carboxylate groups introduced by 4-AcNH-TEMPO+. 
 c Computational degree of oxidation of hexopyranosyl units by 4-AcNH-TEMPO+. 

4.1.2 Effect of morphology and hornification 

Drying, especially at high temperature, causes hornification in chemical pulps. 
In Paper I, the effect of drying on the amount of easily reactive hydroxymethyl 
groups was also reported. Both industrial drying and drying in the laboratory 
significantly decreases the initial reaction rate of all pulps (Table 2). In general, 
drying also reduces the extent of oxidation of pulps. These results were expected 
due to the hornification that lowers the accessibility of pulp fibers166. In addition 
to drying, any acidic, neutral or alkaline hydrothermal treatment at high tem-
perature may lead to hornification of the cell wall60. That is why the birch pre-
hydrolysis kraft pulp was chemically less reactive than the birch kraft pulp. The 
lower reactivity of softwood kraft pulps over the birch kraft pulps could be sim-
ilarly understood by harsher and more hornifying conditions applied in soft-
wood delignification. 

 
 The reactivity of pulps with high xylan content decreases. Because the xylopy-

ranose units of xylan lack the hydroxymethyl group that could react with 4-
AcNH-TEMPO+. Table 2 shows the degree of oxidation of cellulose and gluco-
mannan as the fraction hydroxymethyl groups that reacted easily with 4-AcNH-
TEMPO+. 
  

 
 

Sample Pulp 
 
 

BC 

Raw material Birch Birch Softwood Softwood  
Process Prehydrolysis kraft Kraft Kraft Kraft  
Cellulose (%) 94 74 81 89 100 
Xylan (%) 6 26 10 3 0 
Glucomannan 
(%) 

<1 <1 9 8 0 

Drying No IDa 100oC No 40oC 100oC No IDa IDa No 
WRV (ml/g) 1.50 0.91 0.85 1.67 1.30 1.15 1.53 1.09 1.01 - 
FSP (ml/g) 0.99 0.54 0.50 1.33 1.00 0.87 1.20 0.78 0.69 - 
SSA (m2/g) 199 104 85 225 173 150 282 148 136 259 
Reactivityb 
(mmol/g) 

0.54 0.53 0.50 0.73 0.55 0.54 0.59 0.57 0.55 0.22 

Initial reaction 
rate (min-1) 

0.92 0.24 0.47 1.03 0.64 0.28 0.80 0.26 0.41 0.35 

Degree of oxi-
dationc 

0.09 0.09 0.08 0.16 0.12 0.12 0.12 0.11 0.10 0.03 
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 Figure 11. Correlation between degree of oxidation of cellulosic pulps with 4-AcNH-TEMPO+-
cation and (a) water retention value (●), fiber saturation point (■) and (b) specific surface area of 
the pulps. 

 
 
Figure 11a shows, the degree of oxidation of chemical pulps by 4-AcNH-

TEMPO+ correlated with their WRV and FSP values. However, large deviation 
of individual data points from the trend lines indicates that chemical reactivity 
cannot be solely explained by the amount of bound water or by the pore volume 
of the cell wall that WRV and FSP measure, respectively. 

 
The SSA of the pulps, dried with supercritical CO2 before the N2 adsorption 

measurement, also correlated with the degree of oxidation of chemical pulps by 
4-AcNH-TEMPO+, although individual data points sometime deviated signifi-
cantly from the trend line (Figure 11b). BC, however, was an outlier that had low 
chemical reactivity despite its large SSA. Taking into account the dimensions of 
the AGU in cellulose I (0.5 nm x 0.8 nm)167, it is possible to estimate that the 
fraction of AGUs on the surface of BC was 0.17 of all cellulose. This provides that 
the oxidation would take place on the fibril surfaces only, and the observed de-
gree of oxidation (0.03, Table 2) corresponds to the partial oxidation of AGU on 
the surface (every second AGU has been reported  to react in extensive TEMPO-
mediated oxidation of cellulose)155.  
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Figure 11b shows that the chemical pulps were more reactive both in absolute 
terms and at constant SSA, in comparison with BC. In fact, the relationship be-
tween the degree of oxidation and the surface area of pulps related to oxidation 
of all AGUs on the surfaces. This, of course, is not possible due to the regular 
inwards-outwards orientation of hydroxymethyl groups in cellulose. Therefore, 
SSA measured for supercritical CO2 dried pulps may not present the actual SSA 
of hydrated pulps before and/or after oxidation. Alternatively, the extensive ox-
idation might result from more complete oxidation in regions of amorphous cel-
lulose that are often claimed to be present. To explore this explanation, the oxi-
dized cellulose (after the faster oxidation period) was converted separately into 
Cs+- or Pb2+-form and then fibrillated. TEM imaging of these samples did not 
reveal the alternating regions of higher and lower contrast along with the fibrils, 
which was interpreted as an evidence against more extensively oxidized amor-
phous regions (Figure 12). The slowness of the initial oxidation of cellulose com-
pared with the fast oxidation of 1-propanol and maltose is also striking and does 
not support the concept of especially reactive amorphous cellulose. The low re-
activity of BC can possibly be explained by its higher crystallinity and/or larger 
fibril dimensions compared to the plant cellulose168,169.  

 

  
Figure 12. TEM image of oxidized cellulose observed negatively stained with cesium chloride. 

4.2 Fabrication of superhydrophobic surfaces 

Paper II aimed to achieve the hydrophobic and superhydrophobic coating of 
paper through the heterogeneous synthesis of fluorinated cellulose esters from 
unmodified CNCs. Our target was to form the nanospherical fluorinated cellu-
lose ester prior to coating the obtained materials on the substrates such as paper 
and textile (Figure 13).  

 

 
Figure 13. SEM image of superhydrophobic paper made by spin-coating of NPs of fluorinated 
cellulose ester (Paper II). 
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4.2.1 Characterization of the florinated cellulose ester 

The reaction was heterogeneous as a homogeneous solution in the solvents 
(toluene and pyridine) was not obtained at any point during the reaction, i.e. 
CNCs were modified on the surface but never reaching complete conversion to 
soluble cellulose ester. The presence of both modified and unmodified cellulose 
C2,3,6 positions were confirmed by FT-IR and NMR spectroscopy (Paper II). 
 

Besides the IR analysis, both liquid- and solid-state 13C NMR spectroscopy 
were used to study the chemical structure of the fluorinated cellulose esters (Pa-
per II). The solid-state spectra (Figure 14b) include resonance peaks in the 
range of 55 to 110 ppm, corresponding to the cellulose backbone carbon atoms 
(C1 -C6). The region from 105 ppm (just downfield from cellulose C1 at 100 
ppm) to 120 ppm closely corresponds to the fluorinated carbon region, expected 
for the CF2 & CF3 functionalities on the proposed cellulose ester. Finally, the 
cellulose ester samples reveal additional broad resonances, one near 173 ppm, 
which was characteristic for the carbonyl group and one in the range of 20 to 35 
ppm, which was characteristic for the  and  carbons in the proposed unfluor-
inated ester methylene units. It was obvious that both the unmodified and mod-
ified CNCs (Figure 14a and b) show pronounced signals at 82 ppm, which were 
characteristic of the crystalline and amorphous conformers of cellulose C4.  

 
 

 

 
Figure 14. Solid-state 13C NMR spectra of native CNCs (a), cellulose 2H,2H,3H,3H-perfluoronon-
anoyl ester (b) and liquid-state 13C NMR spectrum of cellulose 2H,2H,3H,3H-perfluorononanoyl 
ester dissolved in the electrolyte [P4444][OAc]:DMSO-d6 (1:4 w/w) (c). 
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The crystallinity of fluorinated cellulose esters was also investigated by solid-

state 13C CP MAS NMR spectroscopy and XRD. Figures 15 and S4 (supporting 
information of paper II) show X-ray diffraction patterns of native CNCs, fluori-
nated cellulose esters, and also nanostructured fluorinated cellulose esters sam-
ples. The reduced intensity of the peak at 200-plane demonstrates the reduction 
of crystalline-ordered scattering units. However, this may not result from sig-
nificant destruction of the crystalline structure but rather a reduction in scatter-
ing intensity of the crystalline regions, due to reduced cellulose content but also 
an adsorption and inelastic beam of the incident by the high fluorine content. 
An increased intensity was found in the amorphous region of cellulose esters 
around 2 =18˚, which could be attributed to the less ordered region of cellulose 

chains170 but it was also equally attributable to other amorphous materials. The 
X-ray diffraction peaks of nanostructure cellulose esters acquires broader peaks 
at lower angles. These peaks may come from the smaller size of the cellulose 
crystallites. However, it has to be pointed out that an amorphous region of dis-
ordered cellulose esters or an amorphous ester can be emerged at 2θ angles 
around 18˚‒20˚171. Nevertheless, the diffractograms for cellulose 
2H,2H,3H,3H-perfluorononanoyl ester immediately suggests an increase in an 
amorphous structure in the absence or strong reduction of all peaks correspond-
ing to the 1 0, 110, and 200 planes.  

 
There is stronger evidence from the deconvulation of 13C CP MAS NMR spec-

tra. In particular, the C4 peaks of solid-state 13C NMR on cellulose are particu-
larly appropriate to determine the relative crystalline allomorph and amor-
phous content in solid cellulose. When applying deconvolution of C4 region, ac-
cording to Wickholm et al.172 (supporting information of paper II) the reference, 
unmodified CNC, gives a crystallinity index (CI) of 78.9 %. When applying the 
deconvolution to the cellulose 2H,2H,3H,3H-perfluorononanoyl ester, a CI of 
66.5 % was obtained for the cellulosic portion of the sample, i.e. not included 
the mass associated with the fluorinated ester functionalities. This was not such 
a significant reduction in crystallinity for the cellulosic portion and most likely 
close to the margin of error, considering that there were additional broad reso-
nances unaccounted for. Considering a DS of 1.15, the crystallinity of the mate-
rial reduces to 18.2 %. In other words, there was nanocellulose remained in the 
sample. The reaction was clearly heterogeneous but it yielded most likely solu-
ble, co-precipitated amorphous cellulose ester with the nanocellulose.  

 
According to the X-ray diffractograms, cellulose crystallinity was completely 

missing after nanoprecipitation. The sharp peak that is located at 2θ = 28˚ in 
Figure 15b corresponds to the Si substrate173. This indicates that the actual DS 
of the soluble (during the modification reaction) cellulose ester is actually 
higher than 1.15.  This also indicates that insoluble cellulose nanocrystals were 
filtered out during the filter-paper filtration step and the colloidal disper-
sion/solution of the modified cellulose passes through it. As the cellulose ester-
ification was carried out under heterogeneous conditions, it was not required to 
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use of expensive ionic liquids, the low molecular weight and high surface area 
CNCs which offer an increase in reactivity.  
 
 

 
 

Figure 15. XRD of native CNCs (black curves) (a, b), cellulose 2H,2H,3H,3H-perfluorononanoyl 
ester before the nanoprecipitation dropping technique (red curve) (a) and NPs of cellulose 
2H,2H,3H,3H-perfluorononanoyl ester after nanoprecipitation (red curves) (b). 

4.2.2 Nanoprecipitation and paper hydrophobization 

CNCs are difficult to dissolve into most of the organic solvents, due to their 
strong hydrogen-bonding network. However, the solubility or dispersibility of 
cellulose can be improved by surface functionalization. In Paper II, we tried to 
increase the solubiliy of CNCs via cellulose esterification and to provide a stable 
dispersion of nanostructured cellulose esters, which are crucial factors in order 
to obtain more uniform coatings on different surfaces. There are two different 
techniques that can be applied to produce polymeric NPs, namely dialysis and 
the dropping technique174. We used the nanoprecipitation dropping technique 
(Paper II). Nanoprecipitation is useful for preparing colloids for stabilizing 
pigments175, and also industrially important component in paints, lacquers, and 
other coatings176.  

 
It has been shown that DS and the chain length of acyl chlorides affect solu-

bility of cellulose177. THF is a pretty good solvent for dispersion for cellulose es-
ters also reported in this section, compared to other nonpolar solvents such as 
hexane, pentane, benzene, and toluene. Therefore, THF was selected for provid-
ing the initial dispersion of cellulose ester into deionized water, using the nano-
precipitation dropping technique. 

 
The size and shape of the nanostructured fluorinated cellulose esters were ob-

tained by analyzing with SEM and DLS. SEM indicates that the NPs of cellulose 
2H,2H,3H,3H-perfluorononanoyl ester have a spherical shape with an average 
diameter of 83 nm by imageJ program (n= 50) (Figure 16). The nanostructured 
fluorinated cellulose esters measured with DLS had an average diameter of 184 
nm (Figure 17). 
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Figure 16. SEM images of NPs of cellulose 2H,2H,3H,3H-perfluorononanoyl ester with the scale 
bar of 2 μm (a) and 200 nm (b).  

 
The difference between average diameters obtained from SEM and DLS may 

be related to the different techniques for sample preparation. In the SEM meas-
urement, the fluorinated cellulose ester NPs were dried, but in DLS, the NPs 
were measured in deionized water and may be slightly swollen. Thus, they show 
larger hydrodynamic diameters103.  

 

 
Figure 17. Size distribution of cellulose 2H,2H,3H,3H-perfluorononanoyl ester NPs based on DLS 
measurement. 

 
Figure 15 also shows the nanoprecipitation technique led to the formation of 

nanospheres with holes in their surfaces (less than 25 nm in diameter). In fact, 
evaporation of THF created a hole in the surface of each NP, similarly as Xia et 
al. had observed for polystyrene spheres178. These cellulose NPs with holes may 
open new pathways to selective encapsulation and delivery.  

 
The formation of NPs was based on the aggregation of cellulose esters chains 

during the diffusion of drops of cellulose dispersed into deionized water, be-
cause cellulose esters interact poorly with water107. In this fast process, there 
was a large contact area between the drops of fluorinated cellulose esters and 
water, which promotes the diffusion of THF and then the aggregation of cellu-
lose esters chains107. After evaporation of THF, the cellulose esters start shrink-
ing and eventually form nanospherical shapes. 
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The fluorinated cellulose ester NPs were spin-coated on office paper. The con-
tact angle of the coated paper was larger than 150°, while the uncoated hydro-
philic paper absorbed water droplets easily after few seconds. More homogene-
ous hydrophobized paper was obtained by using highly diluted nanostructured 
fluorinated cellulose ester dispersion. 

 
Geissler et al. indicated that the initial concentration of the cellulose ester dis-

persion and the fabrication method affects the size of the cellulose ester NPs107. 
In Paper II, we found that the minimum concentration of fluorinated cellulose 
ester dispersion should be at least 5 mg/ml to make the superhydrophobic pa-
per. The contact angle hysteresis was 40 ± 2ᵒ (Figure 18). 
 
 

 
 

Figure 18. Advancing (a) and receding (b) contact angles of surface with cellulose 2H,2H,3H,3H-
perfluorononanoyl ester. 

 

Obviously, fluoro groups enhance the hydrophobicity of the final nanostruc-
tured fluorinated cellulose esters. However, the requirement for using nano-
scaled starting material, such as CNCs was unclear. Lower cost substrates may 
be possible, in particular if an economical heterogeneous reaction is to be ap-
plied. Clearly, superhydrophobicity can be improved using the high DS of cellu-
lose esters. The ratio of acyl chloride-to-cellulose hydroxyl groups, degree of 
polymerization, solvent temperature and molar ratio of the reagent per AGU are 
known to affect the DS of cellulose esters. However, for heterogeneous reac-
tions, the highest achievable DS may also be dictated by the solubility of the 
modified polymer in the reaction media. In this case, formation phases partly 
controlled by fluorous interactions (in pyridine/toluene or THF), may be critical 
in controlling both DS and the formation of nanospheres.  

 
Environmental and (eco) toxicological considerations 
 
 Per- and polyfluorinated substances and their respective polymers have been 

utilized in a wide variety of applications179,87,180,181 because of their superior per-
formance and stability181–184. However, many concerns related to their environ-
mental and toxicological effects have recently arisen185,186. Long-chain com-
pounds with seven or more perfluorinated carbons, such as perfluorooctanoic 
acid or perfluorooctanesulfonic acid and their respective salts have already been 
taken off from the market or they are currently undergoing phase-out proce-
dures181,187. In general, it is presumed that using the longer perfluorinated chains 
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is more problematic because of their bioaccumulation and toxicity.  Conse-
quently, shorter-chain (six carbons or less) perfluorinated compounds are, for 
now, allowed to remain in use, and are currently experiencing unprecedented 
scientific interest. 

 
The aforementioned points make it more noteworthy that we found the 

2H,2H,3H,3H-perfluorononanoyl-functionalised cellulose to exhibit higher hy-
drophobicity (demonstrated by its superior dispersibility) than its 
2H,2H,3H,3H-perfluoroundecanoyl-derived counterpart. This may be, of 
course, due to the ability of the heterogeneous procedure to derivatize the CNCs 
to higher DS using the 2H,2H,3H,3H-perfluorononanoyl reagent, presumably 
as a function of the reagent solubility in the reaction media. While CNCs modi-
fied with 2H,2H,3H,3H-perfluoroheptanoyl groups would arguably be even 
more environmentally benign, it is as yet unknown if they will form NPs through 
this nanodispersion method. This may depend on the reachable DS under the 
reaction conditions. However, it may also depend on the factors such as propen-
sity to form crystalline phases due to side-chain interaction, which diminishes 
as perfluorinated chain-length decreases188. More approximately, when the 
fluorous content decreases, it gives way to preferential hydrophilic interactions 
between the water droplet and hydrophilic cellulosic backbone.  

 

4.3 Interfibrillar cross-linking through divalent metals  

In this section, two different approaches were investigated for the production 
of cellulose-based films via interfibrillar cross-linking through divalent cations 
such as Ca2+. The first method was based on immersion of a layer of cellulose 
gel (mixing 50% of pulp and 50% of MFC) directly in solutions of CaCl2 and 
MgCl2 to exchange the sodium ions originally present in the film to divalent 
metal cations (Paper III). The second method mainly involved designing a 
method to improve the mechanical properties of the cellulose films by crosslink-
ing Ca2+/ anionic MFC  using precipitated CaCO3 on bleached HW (birch) kraft 
pulp without floc formation (Paper VI).  We assumed that the electrostatic 
bonding between the divalent cations and anionic pulp fiber and fibril network 
would promote internal bonding that may then reflect positively on the film 
properties. In both methods, the mechanical properties of paper-like films were 
improved after bridging with divalent cations in comparison with films pre-
pared without the crosslinking.   
 

4.3.1 Immersion of fibril/fiber films in salt solutions 

We reported in Paper III that the fixing of wet films of HWKP and anionic 
MFC (Na+ form) with calcium and magnesium salts were onsidered as a means 
to improve the strength of the sheets. A homogeneous suspension of MFC (Na+ 
form) and pulp was first spread on a Teflon support and then immersed in an 
aqueous solution of a divalent metal salt, such as CaCl2 or MgCl2 (Figure 19). 
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The sodium counter ions in MFC/pulp exchanged with Ca2+ or Mg2+ by the ac-
tions of diffusion, ion exchange and the Donnan effect that favors the bonding 
of divalent cations on an anionic MFC/pulp. A 300 mM salt solution was applied 
to provide a cellulose-based film with a thickness of ca. 100 μm (after drying). 
The lateral dimensions of the cellulose films remained unchanged during the 
drying process.  

  
Figure 19. The principle of preparing MFC/pulp films in Ca2+ form. (a) The MFC/pulp mixture is 

spread on a support at 3% consistency. (b) The wet film on the support is immersed in aqueous 

CaCl2 and kept there for 3 h to complete the ion exchange and solidification of the film before its 

drying. 
 

When a wet MFC/pulp film on a support was immersed in water, it dispersed 
the MFC/pulp mixture. On the contrary, the film was sodified immediately after 
soaking in aqueous CaCl2 or MgCl2.  Typically 3 h were required to complete the 
solidification depending on several factors, such as the film thickness and the 
concentration of the salt solution. The appearance of the wet solidified film did 
not change after the second water treatment for 15 min or 60 min. Drying of the 
films in air left them moist, elastic and skin-like material (Figure 20). Typically 
softeners, like glycerol or other polyalcohols, are needed to provide a similar 
elasticity of MFC/pulp films. Obviously, some chloride was still present in the 
structure since rewetting and redrying of the films made them drier and more 
paper-like. After a short rewetting (15 min) the calcium/magnesium content of 
the CaCl2/MgCl2 treated films was 210-330 mmol/kg in comparison with their 
carboxylate content of ca. 450 mmol/kg, approaching the expected 1:2 stoichi-
ometric ration between Ca2+/Mg2+ and the carboxylate groups (Table 3). On the 
contrary, 60 min water treatment removed most of Mg2+ (MgCl2 treated films) 
and Na+ (untreated films) from the films whereas Ca2+ mostly remained in the 
CaCl2 treated films. In the presence of an excess of the divalent metal salt, such 
as CaCl2 or MgCl2, drying of the film forms an elastic, skin-like material. Re-
moval of the excess of the salt before drying leads to a paper-like film the prop-
erties of which depend also on the type of the pulp used. Curly pulp fibers pro-
vide films with high elongation at break. Although soaking of the films in aque-
ous solutions, and water, may be impractical to accomplish in large scale, the 
approach could be applied in tailoring the material properties of cellulosic films 
for specific uses.  
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Figure 20. Skin-like cellulose film containing calcium cations.  

 

 
Table 3. Metal contents of dried MFC/pulp films after 15 min and 60 min treatments in water 

Pulp 
Time (min) 

Na (mmol/kg) 
     15               60  

Ca (mmol/kg) 
  15               60  

Mg (mmol/kg) 
15                 60  

ND BHKP (Na+) 352 13 - - - - 
ND BHKP (Ca2+) 4 4 329 240 - - 
ND BHKP (Mg2+) 4 4 - - 263 82 

BHKP (Na+) 448 13 - - - - 
BHKP (Ca2+) 4 4 267 204 - - 
BHKP (Mg2+) 4 4 - - 234 70 

HT BHKP (Na+) 457 14 - - - - 
HT BHKP (Ca2+) 4 9 284 299 - - 
HT BHKP (Mg2+) 4 13 - - 210 90 

 

The binding of metal cations of the treated MFC/pulp depends on several fac-
tors, such as the original carboxylate content, the ion-exchange and washing 
procedures, and the strength of the metal carboxylate interaction144,189. The pKa 
value of the C6-carboxyl group of oxidized cellulose has been reported to be 2.8 
– 3.7190, and therefore, at the pH 5.5 applied, most of the carboxyl groups were 
dissociated and associated with the metal cations (Na+, Ca2+ or Mg2+). On the 
other hand, as the data of Table 3 shows, prolonged soaking the films in a large 
excess of water, shifted the equilibrium to favour the undissociated carboxylic 
acid form, depending on the metal salt used. Earlier, Isogai et al. demonstrated 
that the sorption of Ca2+ on oxidized NFC is stronger than that of Mg2+ after 
soaking in aqueous nitric acid (HNO3) or aqueous sodium nitrate (NaNO3)144.  
 

Figure 21a shows the porous, fibrillar and membrane-type structures of 
freeze-dried of wet MFC/pulp films in Na+ form. These MFC structures domi-
nated the images over the pulp fibers that were hardly visible. In contrast, when 
the films were freeze dried right after their solidification in aqueous CaCl2 or 
MgCl2, the pulp fibers dominated the images (Figure 21b and c). Obviously, 
MFC was attached on the surfaces of the pulp fibers that formed a porous net-
work in this case.  
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Figure 21. SEM images of freeze-dried HT BHKP/MFC films (surfaces) before (a) and after soak-
ing in aqueous CaCl2 (b) and MgCl2 (c). 

 
Another set of SEM images were collected from the solidified MFC/pulp films 

after immersing in water, drying, rewetting and redrying (Figure 22). The films 
were freeze-fractured and the images were taken on the cross sections of the 
films. The cross sections of the films in Ca2+ and Mg2+ form revealed a consoli-
dated structure with repeating < 0.5 m thick horizontal lamella (Figure 22 b 
and c). The delamination of the film in Na+ form during the freeze-fracture 
demonstrates a lower internal strength (Figure 22a). In contrast, no fiber sepa-
ration was observed at the fracture surfaces of the films in Ca2+ and Mg2+ forms 
(Figure 22 b and c). The consolidation of the sheets occurred only in the vertical 
direction as their lateral dimensions remained practically constant during the 
drying. 

 

   
 

Figure 22. SEM images of the freeze-fractured surface of HT BHKP/MFC films in Na+ (a), Ca2+ 

(b), and Mg2+ (c) forms. 

In addition to their lower density, the films in Ca2+ and Mg2+ form had higher 
tensile indexes than the films in Na+ form, which demonstrates again the posi-
tive effect of the divalent cations on internal strength of the material (Figure 23). 
Obviously, the bond formation of the MFC/pulp gel was initiated and fixed al-
ready during 3 h solidification process in the presence of the divalent salts. Alt-
hough drying of the wet films naturally increased their strength, the network 
structure was fixed already before the drying. Therefore, releasing more Mg2+ 
cations from cellulose sheets by 60 min water treatment did not change the ten-
sile index values of the dried cellulose films.  

 



Results and discussion 

49 

The treatment of the films with CaCl2 and MgCl2 also enhanced their strain at 
break (Figure 23). The increase was largest with HT BHKP, because the fibers 
were curlier than those of the untreated kraft pulps. Washing time of the solid-
ified film did not clearly affect the strain at the break.  
 

 
Figure 23. Effect of the counter ion (Na+, Ca2+, Mg2+) and water immersion time (15 or 60 min) 

on the properties of MFC/pulp films. Tensile index against strain at break (left) and density (right) 

of films of MFC with ND BHKP (a, b), BHKP (c, d) and HT BHKP (e, f). 

4.3.2 Time-triggered bridging by divalent cations 

In our previous studies (Paper III) we showed that diffusion aided bridging 
of the carboxylate groups in wet, anionic MFC /pulp films positively affect the 
strength of the films after drying them. However, the diffusion times are rela-
tively long over wet films with thickness of > 1 mm. To overcome this problem, 
we introduced an alternative time-triggered bridging in Paper IV. In this 
method, the multivalent cations dissolve with time from there insoluble salts 
that are originally mixed with MFC/pulp gel prior to the film formation. We 
used PCC as the insoluble multivalent cation salt and Ac2O as an additive that 
lowers pH with time due to liberation of acetic acid and solubilizes PCC.  
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Figure 24 illustrates the principle of the time-triggered bridging of anionic 
MFC/pulp with Ca2+ ion. CaCO3 is first precipitated on the pulp. The pulp with 
PCC is then mixed with the anionic MFC. Afterwards Ac2O is directly mixed with 
the hydrogel in a short time. Then the hydrogel is spread on a Teflon support as 
a 2-3 mm thick layer in this case. Ac2O releases two equivalents of acetic acid 
(AcOH) with time, which lowers the pH and and allows CaCO3 to solubilize as 
Ca2+ and HCO3- ions. Due to Donnan phemenon, the liberated Ca2+ replaces Na+ 
as the counter ion of the hydrogel, forms ionic bridges between the carboxylate 
groups in MFC and pulp and solidifies the gel.   

Figure 24. The principle of preparing MFC/pulp films. (a) CaCO3 is precipitated on pulp, which is 
then mixed with anionic MFC and Ac2O under neutral pH and the hydrogel is spread on a support. 
(b) Ac2O hydrolyzes with time to form AcOH which releases Ca2+ that forms ionic bridges between
the carboxylate groups in the hydrogel.

The dosage of the added Ac2O was varied depending on the dry content of cel-
lulose fibers that contained CaCO3. Adding Ac2O into the MFC/pulp suspension 
lowered its pH from 7.3 to 4.8 in 15 min due to the formation of AcOH. SEM 
images of the prepared MFC/pulp films showed that the addition of Ac2O solu-
bilized the precipitated CaCO3 particles (< 1 μm) on the fiber surfaces in part or 
completely depending on the amount of added Ac2O (Figure 25). 
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Figure 25. SEM images of MFC/pulp films (30% MFC, 70% pulp with 7.6% PCC on it) prepared 

without (a, b) and with addition of 1.1 % Ac2O (c, d). CaCO3 particles (< 1 mm) were initially pre-

sent (b) but the addition of Ac2O mostly removed them. 

MFC/pulp films were prepared by mixing MFC and pulp (containing PCC) in 
different ratios (Table 4). It was noted that films containing more than 70% of 
MFC shrank remarkably during drying and became very brittle (the mechanical 
properties of these low quality films were not measured). In contrast, the films 
formed with ≤ 70% MFC kept their lateral dimensions during drying. Thus, the 
hydrogels shrank only in thickness depending on the addition of Ac2O (Table 4). 
Thus the film density was, in average, 16 % lower when Ac2O was added. This 
difference might indicate that the electrostatic bridging partially prevented con-
solidation of the films. The SEM images of freeze-fractured cross sections 
showed a layered structure of the films independent of how the films were pre-
pared (Figure 26).   

 

 

Figure 26. SEM images of the freeze-fractured surfaces of MFC/pulp films (30% MFC, 70% pulp 

with 7.6% PCC on it) without (a, b) and with addition of 1.1% Ac2O (c, d). 

Even though the Ac2O treatment lowered the film density, the tensile index 
and the breaking strain seemed to increase by the treatment while the elastic 
modulus remained practically unchanged (Figure 27, Table 4). The only excep-
tion was the film with the highest MFC content (70 %) which was very brittle, 
i.e. the strain at break was very low, when Ac2O was not added. The increase in 
tensile strength was especially high in the case of the film with the highest pulp 
content. It is very evident from these changes that the bridging by Ca2+ occurred 
and that affected positively the internal strength of the films. 
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 Figure 27. Tensile index against strain at break (a) and density (b) for cellulose films, prepared 
by different molar ratio of PCC-on-pulp and MFC at 23 C and 50% RH. 

 Table 4. Mechanical properties of the cellulose films, their moisture contents and densities at 23 
C and 50 RH. 

 

a Amount of released calcium ions 
 
Overall, the results show that adding Ac2O solubilized the insoluble CaCO3 

with time and the liberated Ca2+ ions crosslinked with the carboxylate groups 
present in MFC, especially. Thus, the delay in the release of the divalent cations 
prevented fibril aggregation and subsequent during the initial mixing of the 
components and enabled the beneficial crosslinking after the mixing and film 
formation. In the future, the delay time could be adjusted with the selection of 
the ester component, temperature and initial pH. In our experiments the effect 
of the time-triggered Ca2+ ion bridging was largest with the lowest MFC/pulp 
mixing ratio (30:70). In theory, a molar ratio of 1:2 between Ca2+ and carbox-
ylates would be needed for complete bridging between the ionic sites of MFC 
(the carboxylate groups were in the calcium form after the precipitation of 
CaCO3). However, comparable results were obtained also with lower molar ra-
tios between the calcium and carboxylate ions (70:30 MFC/pulp ratio, 0.54 vs. 
2.15 % Ac2O)  (Table 4).  

 
Figure 28 shows data from tensile tests of the cellulose films that obtained 

from applying two different methods (methods 1 and 2 applied in paper III and 
IV, respectively). The tensile index of cellulose film in method 2 was improved 
slightly, while its density reduction was higher in comparison with the first 
method.   

MFC/pulp Ac2O 
(%) 

RCO2
-  

(mol/kg) 
Ca2+ 
(mol/kg)a  

Tensile in-
dex 
(Nm/g) 

Strain 
(%) 

Young’s 
modulus 
(GPa) 

Moisture 
content, 
% 

Thick-
ness 
(μm) 

Density 
(g/cm3) 

 70:30 - 0.58 - 43.3 ± 4.5 1.2 ± 0.1 5.8 ± 0.7 7.1 ± 0.7 100 ± 8 1.02 ± 0.0 
70:30   0.54 0.58 0.11 54.7 ± 6.4 3.2 ± 0.1 5.5 ± 1.2 9.1 ± 0.6 89 ± 9 0.79 ± 0.1 
70:30 2.15 0.58 0.44 52.1 ± 5.2 3.2 ± 0.6 5.1 ± 2.2 7.1 ± 1.7 100 ± 22 0.79 ± 0.1 
50:50 - 0.42 - 51.1 ± 1.3 3.5 ± 0.1 5.2 ± 0.4 7.6 ± 0.5 113 ± 4 1.04 ± 0.1 
50:50 0.80 0.42 0.16 55.6 ± 6.9 3.8 ± 0.5 3.4 ± 0.9 8.1 ± 1.1 145 ± 4 0.88 ± 0.0 
40:60 - 0.34 - 50.3 ± 4.5 3.2 ± 0.1 3.4 ± 0.9 7.9 ± 0.8 107 ± 8 1.02 ± 0.1 
40:60 0.94 0.34 0.19 59.2 ± 2.0 4.4 ± 0.2 3.9 ± 0.6 7.5 ± 1.1 133 ± 1 0.88 ± 0.1 
30:70 - 0.26 - 44.7 ± 6.0 3.5 ± 0.8 2.5 ± 0.0 6.7 ± 1.3 137 ± 8 0.99 ± 0.2 
30:70 1.07 0.26 0.22 72.9 ± 

11.0 
4.3 ± 0.5 3.5 ± 1.7 7.8 ± 2.5 145 ± 9 0.85 ± 0.1 
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Figure 28. Tensile index against strain at break (a) and density of 50 % MFC and 50 % HT 

BHKP cellulose films (b) using two different methods presented in paper III and IV.  
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5. Concluding remarks  

This work focused on developing several methods to improve the properties, 
such as hydrophobicity, tensile strength, etc., of cellulose-based materials. On 
the other hand, an important topic in conversion of these cellulosic materials 
into various products is cellulose reactivity. In fact, the definition of the chemi-
cal reactivity of cellulose depends on its applications. As an example, the reac-
tivity of dissolving pulps from different raw materials and with different pro-
cesses has been studied in textile fiber production47,49,50,191. The main findings of 
the current work can be divided into two parts: (i) introducing a method to as-
sess the chemical reactivity of cellulose under mild conditions (RT and pH 9) 
(Paper I) and (ii) verifying several approaches for chemical functionalization 
of cellulose as a facile way to adjust the properties of the macromolecule for var-
ious purposes. Esterification of cellulose with long-chain aliphatic acid chloride 
is an efficient technique to improve the hydrophobicity of cellulose prior to coat-
ing a substrate. Another important route of cellulose functionalization is 
TEMPO-mediated oxidation of cellulose, which forms carboxyl groups on the 
surface of MFC. Crosslinking of these carboxyl groups with metal ions under 
specific conditions lead to improve the tensile strength of the cellulosic film. 

  
This thesis demonstrates thatthe active reagents of TEMPO+ can be applied 

for rapid oidiation of both pulp and BC. We present the effect of drying history, 
hemicellulose content, and pulp processing on the chemical reactivity of cellu-
lose. In general, drying also reduces the extent of oxidation of the pulps, since 
drying at elevated temperature is known to hornify the pulp fibers and decrease 
their accessibility166. The lower reactivity of BC can be possibly explained by its 
higher crystallinity and/or longer fibril dimensions compared to plant cellu-
lose168,192. 

 
The treatment methods presented in this work are capable of successfully im-

proving the water-resistance and tensile strength of the paper and films, respec-
tively. Cellulose esterification of CNCs was carried out under heterogeneous 
conditions which mitigates the use of expensive direct-dissolution solvents, but 
more work is required to understand and optimize this chemistry. Such an es-
terification reaction yields an amorphous nanodispersible fluorinated cellulose 
ester. This material was characterized by both liquid and solid-state NMR tech-
niques. Second, spin-coating was applied to translate the superhydrophobic 



Concluding remarks 

56 

property of the modified cellulose to the surface of several substrates. Paper 
with a superhydrophobic surface may find applications in packaging materials, 
textiles, outdoor clothing, and microfluidic devices. As a future work, it would 
be highly interesting to develop a way, such as optimization of DS, to achieve a 
more stable and uniform superhydrophobic surface on varous substrates such 
as glass or textiles.  

 
The last part of thesis discusses two different methods to improve the strength 

of the films by crosslinking cellulose gel (HWKP and anionic MFC) with divalent 
metals. In the first method (i), the cellulose gels were immered directly in a salt 
solution of CaCl2 or MgCl2. We found out that the binding of the divalent metal 
cations in the treated MFC/pulp depends on several factors, such as the origin 
of carboxylate content, the ion-exchange and washing procedure, and the 
strength of the metal carboxylate interaction144,189. Addition of divalent salt cat-
ions increased the tensile index and strain values of film in comparison with the 
films prepared without divalent cation salts. SEM imaging of the fracture sur-
faces provided support for the increased internal film strength by the divalent 
cations. The time needed to exchange the sodium ions with the divalent ions 
was 3 h. Although soaking of the films in aqueous solutions, and water, may be 
impractical to accomplish in large scale, the approach could be applied in tai-
loring the material properties of cellulosic films for specific uses. In the second 
method (ii), the time for exchanging the ions was reduced to a few seconds by 
using pulp with PCC and anionic MFC as an initial gel and adding Ac2O directly 
into the cellulose gel, which led to reduce pH from 7.3 to 4.8. This mixture would 
solubilize the divalent cations from normally insoluble CaCO3 with time. The 
liberated calcium cations would then crosslink with carboxylate groups present 
on MFC and the pulp. Different ratios of pulp and MFC were applied to produce 
the films, and films made by 70% pulp with PCC and 30% anionic MFC showed 
the highest tensile index and strain value. We believe that our novel concept will 
open a spectrum of different approaches to tailor the properties of cellulose fi-
ber/fibril based materials for different applications, such as packaging, in the 
future.   
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