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The global and European economies, as well as our everyday lives, all revolve 
around the use of natural resources, such as air, water, food, biomass, and fossil 
fuels. However, the continuous growth of global population exerts a lot of pressure 
on our planet and its resources. By 2050, the population is expected to reach 9 
billion people,1 and we have to reduce our over-dependence on fossil resources in 
order to ensure that this increase is not achieved at the expense of a sustainable 
future.2 Substituting non-renewables with renewable bioresources can reduce 
pollution and ecological impact, and help transition towards a resource-efficient, 
low carbon economy. At the same time, in order to support the ever-growing 
demand for materials, we need to develop new high value-added products from 
bio-renewable feedstock. 

Wood is, perhaps, one of the most fascinating of all the bio-based materials, 
thanks to its abundance, availability, and complexity. Humankind has already been 
using it for millennia and most people have a positive attitude towards wood. It is 
generally perceived to be a warm, natural, environmentally friendly, and good-
looking material.3 Due to its strength, thermal insulation, and visual appearance, 
solid timber is widely used in construction of houses, bridges, boats, and furniture. 
Moreover, a wide range of engineered wood products can be produced from 
roundwood, thus increasing its value. Some examples of these include glued 
laminated timber, laminated veneer lumber, particleboard, and plywood.4 
Additionally, when sufficient amounts of wood are used in living spaces, its 
hygroscopic nature allows it to even out large variations in relative humidity. This 
phenomenon, known as moisture buffering, is an efficient way of passively 
moderating the humidity in a living space.5 

Among with solid timber and engineered wood products, another principal use 
of harvested roundwood is conversion into pulp. For the paper grade pulps, the 
fibres can be treated chemically and mechanically.6 After the modification, they are 
used to manufacture various types of paper and board, nonwovens, and liquid-
absorbing products, such as diapers. The dissolving grade pulps, on the other hand, 
are chemically treated, and then dissolved to remove the remaining fibrous 
structure. 6 They can be converted into regenerated cellulose fibres, like Viscose 
and Lyocell, or into various cellulose derivatives, such as cellulose ethers and 
esters. 



Additionally, in the last decades, extensive efforts have been made to transform 
the main wood components, e.g. cellulose, hemicelluloses, and lignin, into 
innovative high value products. Of all the aforementioned components, cellulose is 
especially promising due to its high abundance and already existing refining 
factories, such as pulp mills. The cellulose nanofibrils (CNF) obtained from wood 
offer unique mechanical, barrier, and optical properties. They can be incorporated 
into a variety of novel products for applications like smart packaging, electronics, 
biomedical and energy storage devices.7  Films made of CNF offer high mechanical 
strength with excellent flexibility.8 Moreover, the fibrils can be further modified in 
order to bring additional functionalities, e.g. electrical conductivity,8 
hydrophobicity9 and antibacterial properties.10 

Wood-derived cellulose nanofibrils are inherently hydrophilic. The abundance of 
hydroxyl groups makes them great water absorbents, which might be good for 
some applications, but is a huge drawback for others. For example, when 
incorporated into composite materials, hydrophilicity of cellulosic fibrils creates 
compatibility challenges with hydrophobic matrices.11 Moreover, mechanical and 
barrier properties of the films made of such fibres significantly decrease in water 
or at high relative humidity.9,12,13 Therefore, for many novel applications it would 
be advantageous to make CNF films more resistant towards water, for example, by 
making their surface hydrophobic, super hydrophobic, or even self-cleaning. 

The biodegradability of both wood and CNF is a tremendous advantage, as it 
allows wooden materials to be disposed in the end of their life cycle. In the 
environment, all molecular constituents of timber will be broken down by natural 
processes and returned into nutrient cycles.14 However, it also means that wood is 
susceptible to bio- and UV degradation. This is not at all desirable during the 
service life of wooden products and limits the range of their possible applications. 
Contact with water is another limiting factor for the use of timber-based materials, 
as they become susceptible to fungal and bacterial growth at moisture content 
above 20%.4 Moreover, any excess of water can lead to dimensional instability of 
wood and various deformations, like twisting and cracking.15 In addition, the 
prolonged exposure to UV light is also harmful for timber. It leads to discoloration 
of the wooden surface, and chemical degradation and removal of its components, 
such as lignin.14 Therefore, in order to protect the surface from water and UV light, 
and prolong the service life of timber, a protective coating is often required. 

The overall objective of this work was to improve the surface properties of wood 
and natural macro and nano cellulosic fibres. The modifications should give them 
additional functionalities, allowing these materials to compete with widely used 
synthetic and fossil-based substances. The aim is to make surfaces hydrophobic, 
thus easy to clean and maintain, while retaining their natural moisture buffering 
abilities or breathability. A special emphasis was put on developing approaches 
that are sustainable, by utilising water-based solutions and natural hydrophobising 
agents.  



The main aspects of this study were summarised in four publications, as shown in 
Figure 1. 

 

First of all, the influence of surface structure and chemistry on wettability of wood 
was investigated. For this purpose, a method was developed to produce a 
dispersion of natural wax particles in water, without addition of surfactants. The 
particle dispersion was then applied onto the surface of spruce and an open, non-
film forming coating was formed. The coating increased the hydrophobicity of the 
wooden surface and improved its moisture buffering performance. These changes 
were attributed to the increased roughness of the surface and lowered surface 
energy, due to the presence of hydrophobic wax particles (Publication I).  

Next, the method to produce wax particles was optimised. The ultrasonication 
route was adopted, thus increasing the maximal concentration of the wax 
dispersion and reducing the size of the particles. The increased wax concentration 
made it possible to use the dispersion for the layer-by-layer (LbL) assembly and to 
incorporate other functional components. Therefore, coatings made of several 
bilayers of wax particles and ZnO nanoparticles were formed on spruce via LbL 
deposition. The coatings rendered wood surface superhydrophobic, while retaining 
the moisture buffering property, and increased its colour stability during exposure 
to UV light (Publication II). 

In order to explore the opportunities for modification of natural cellulosic fibers, 
CNF surfaces were modified using amphiphilic galactoglucomannan (GGM) 
derivatives. Several block-copolymer structured derivatives were synthesised 
featuring GGM as hydrophilic part and either fatty acids or polydimethylsiloxane 
(PDMS) as hydrophobic tails. The hydrophobic parts of the molecules did not 



prevent their adsorption onto cellulosic substrates. However, it was found that the 
presence of a hydrophobic tail with sufficiently high molar mass (such as PDMS) 
was required in order to improve hydrophobicity of the CNF. Otherwise, when 
hydrophobic block was smaller (such as fatty acids), hydrophilic nature of the GGM 
still dominated the properties of the modified cellulosic surfaces 
(Publication III). 

The LbL procedure, as explored previously on wood, was then adjusted in order 
to be used for the CNF and cellulosic textile surfaces (cotton and linen). The UV 
degradation is not as important an issue for cellulose, as it is for wood; therefore, 
the UV-absorbing ZnO component was substituted with poly-L-lysine (PLL). The 
coatings consisting of wax particles and PLL were assembled, resulting in highly 
hydrophobic CNF and superhydrophobic cotton fabrics. The inherent woven and 
fibrillal structure of cotton fabric was beneficial in comparison to the relatively 
smooth CNF film surface. This additional texture provided complex surface 
roughness of the coated surface and was probably the reason for the exceptional 
hydrophobicity (Publication IV). 



Hygroscopicity is the ability of various materials to attract, hold, and release water 
molecules.14 Many natural materials are inherently hygroscopic, including wood, 
cellulose fibres, salts, and sugars. In the case of wood and natural cellulosic fibres, 
their hygroscopicity is usually considered to be a drawback. This is due to 
dimensional instability of these materials when in contact with water; and growth 
of various microorganisms on their surface when the moisture content is 
sufficiently high. As a result of degradation by these organisms, the aesthetic 
appeal and even the durability of wood may be greatly reduced, not to mention the 
health concerns related to the presence of mould in living spaces. 

Nevertheless, recent findings suggest that the hygroscopic nature of materials, 
like wood and cellulosic fibres, can be used to our advantage. For example, when 
used indoors, these materials can store and release moisture, thus decreasing 
humidity variations and regulating the indoor climate naturally. This phenomenon 
is called moisture buffering, and it can help to passively moderate the moisture 
level indoors.5,16 Maintaining a constant level of relative humidity will not only 
increase the perceived air quality, but will also enhance the inhabitant’s health and 
comfort.17–19 When used together with a flexible ventilation system, hygroscopic 
cellulosic materials may help reduce the demand for heating, cooling, and air 
conditioning. Therefore, lowering the energy demand and increasing the overall 
energy-efficiency.20,21 

Cellulose nanofibrils are a relatively new form of cellulose.22 CNF can be produced 
from a variety of plant sources by mechanical disintegration of the cellulose fibres. 
The diameter of the CNF particles is within the nanoscale domain. Other types of 
nano-cellulosic materials include cellulose nanocrystals and bacterial cellulose. 
The former is produced by acid hydrolysis of cellulose, while the latter is produced 
by certain bacteria. However, CNF was the only type of nanocellulose used in this 
thesis. Recent developments allow the production of CNF from wood fibres with 
high aspect ratio and specific surface area, as well as competitive strength and 
flexibility.23 Moreover, CNF is non-toxic, biocompatible and biodegradable. These 
properties allow for its use in various applications, including but not limited to 
composite materials, biomedical devices, and smart packaging.24,25 However, the 



hydrophilic nature of CNF is challenging for some applications, and thus 
hydrophobic modification is often required.11,26 

Carnauba is a natural wax that protects the leaves of carnauba palm from damages 
in hot climate. It is one of the hardest natural waxes and is composed of a mixture 
of long-chain esters and straight-chain primary alcohols, and hydroxyl-fatty 
acids.27 The wax has a high melting point of 83-86 °C and is widely used in car 
polishes, protective products for leather and floors, and as a glazing agent for 
paper, food and pharmaceuticals.28 Other areas where carnauba wax is frequently 
used include encapsulation of flavours and controlled release of drugs.28–30 The 
most common techniques to produce carnauba dispersions are rotor-stator 
homogenisation,30 high-pressure homogenisation,31 and ultrasonication.27,29 
During production of these dispersions, the wax is usually combined with various 
surfactants to insure the stability of the final dispersion. As an alternative, the 
emulsification process can be done using organic alcohols as solvents.27 However, 
presence of surfactants might change the surface energy of the particles and reduce 
their hydrophobicity in further applications, while organic solvents are less 
environmentally friendly than water-based systems. 

In order to avoid the aforementioned problems with degradation and durability 
loss after contact with water, and make it easier to maintain, wood is often 
modified. The most commonly used methods for surface hydrophobisation include 
the deposition of metal oxide nanoparticles, grafting of silicone and fluoro-
functionalised compounds, and surface impregnation with various waxes, oils, 
polyelectrolytes and other compounds.32,33 However, contact with water is not the 
only factor capable of deteriorating the surface of wood. Exposure to UV light leads 
to degradation of lignin on the surface, causing changes in colour and chemical 
composition of timber. Therefore, the main groups of methods for surface 
protection from water and UV light are summarised below. 

2.4.1 Protection from water 

The water in native wood comes from either bound water within the cell wall, or 
free water in the porous elements of timber, including the lumen.34 The available 
hydroxyl groups of the wood constituents are considered to be the main sorption 
sites for the bound water.14 

Deposition of nanoparticles 
Wood surfaces already have a micron-sized roughness, but the use of nanoparticles 
can help to create additional degrees of roughness on the micro- and nanoscale. In 
turn, the surfaces with complex roughness often exhibit excellent hydrophobicity, 
due to the pockets of trapped air and minimised area of the actual contact between 
the surface and liquid.35 



Metal oxide nanoparticles, including ZnO and TiO2, have been widely used for 
surface hydrophobisation of wood and other materials.36 The particles can be 
applied through hydrothermal36,37 or sol-gel processes,38 or allowed to grow 
directly on the surface.39 The obtained surfaces exhibit good water repellency,40,41 
sometimes combined with oil-repellency,39 and anti-contamination properties.40 
However, the hygroscopicity of the wood is usually reduced by these treatments, 
leading to remarkable decrease in moisture absorption.37,41  

Treatments with silicon-containing compounds 
A great variety of inorganic and organic silicon compounds have been utilised to 
modify wood surfaces.42,43 Some of the treatments have been found to be promising 
in improving material properties of timber, and introducing new functionalities, 
such as durability, dimensional stability, fire and weathering resistance.44–46 For 
example, by choosing appropriate precursors for coatings or by introducing 
suitable fillers to the sol-gel matrix. It was found that only really small species 
(<2 nm) are able to penetrate inside the cell wall.47 Therefore, to improve 
dimensional stability of timber in humid conditions, silicone species that are highly 
reactive and small should be used.48 

Long-chain alkylsilanes have also been combined with silica nanoparticles, in 
order to reduce the surface energy and introduce additional roughness to wooden 
surface.49 Contact angle (CA) with water reaches 150° on such coated surfaces. A 
self-cleaning wooden surfaces with CA of 153° and sliding angle of 4.6° can also be 
achieved by polymethylsilsesquioxane coating covalently attached to the surface.50 
Another example of super water- and oil-repellent and self-cleaning coating on 
timber can be produced by utilising fluoro-functionalised silica particles.51 For this, 
the commercially available silica nanoparticles are mixed with perfluoroalkyl 
methacrylic copolymer in water and sprayed on a wooden surface. The resulting 
superhydrophobic and oleophobic coating exhibits 168° CA and <10° sliding angle 
with water, and 153° CA with oil. The fluoro-functionalised polymer plays a double 
role in such system, providing a low surface energy for the final coating and 
attaching the silica spheres to the wooden substrate. However, the moisture 
adsorption capacity of the coated surfaces is extremelly low, thus not allowing their 
use for moisture buffering. 

Adsorption of polyelectrolytes and impregnation 
High pressure impregnation with alkyl ketene dimer on wood can improve 
hydrophobicity and dimensional stability of the wooden surface.52 Furthermore, 
impregnation with linseed oil may reduce the moisture content of wood, while 
various wax emulsions have been used in commercial water-repellent products for 
years.53–55 Therefore, natural waxes could be an interesting alternative to synthetic 
polymers in the field of surface modification of wood.  

The surface of timber can also be modified by adsorption of polyelectrolytes.56 
Although modification through polyelectrolyte adsorption is more common for 
cellulosic fibres,57 on wood it allows for better control over the heterogeneous 



surface chemistry.58 Additionally, combination of polyelectrolytes with layers of 
nanoparticles might bring additional functionality to the surface.59 

To conclude, up to now a wide range of modification techniques for surface 
hydrophobisation has been presented in the literature. However, these methods 
often overlook the environmental impact and possible toxicity of the utilised 
compounds and processes. The fluoro-functionalised polymers, for example, have 
extremely low surface energies and, thus, show great water repellency, but the 
potential risk for human health and for the environment when working with them 
should be kept in mind. Another typical issue is the use of expensive reagents and 
equipment for the aforementioned modifications, which suggests that they are not 
likely to be used on a large scale in the near future. Furthermore, little information 
is available on the influence of these finishings or coatings on the moisture 
buffering performance of wood. 

2.4.2 Protection from UV light 

Sensitivity of wood to UV light is mostly attributed to the degradation of lignin, 
followed by the release and removal of wood cells affected by weathering (wind and 
rain).14 The degradation is usually less severe when timber is used indoors, 
comparing to outdoor uses, but it can still cause the deterioration of natural and 
well-appreciated aesthetic appearance of wood. 

Commonly used techniques aiming to protect wood surface from UV degradation 
include application of UV absorbers, like ZnO and TiO2 particles.60–62 They can be 
applied as standalone treatments, or as additives to waterborne and polyurethane 
coatings.60,63–67 In all cases the resistance of coated wood is improved due to these 
UV-absorbing coatings. Threatment with ionic liquids has also been shown to give 
timber high stability against degradation as well as color stability after UV 
exposure.68 Therefore, ionic liquids are suggested to be new alternatives to 
traditional UV stabilisers which are sometimes toxic.68  

Additionally, wax emulsions were found to reduce the photodegradation of 
impregnated wood.69 However, only improvement to a certain extent can be 
reached, thus photodegradation is slowed down but not prevented completely.  

The abundance of hydroxyl groups at the CNF surface is responsible for its high 
natural hydrophilicty. Targeting these groups through chemical reactions like 
silylation, esterification, or acetylation can lead to new cellulose derivatives with 
interesting properties.70–72 The hydroxyl groups can also be used as initiators for 
radical polymerisation, thus resulting in covalently bound polymer chains on the 
cellulose.73 However, these methods, although effective, often require solvent 
exchange of cellulosic fibrils into appropriate organic solvents.  This is not only 
time and solvent consuming, but it often leads to the aggregation of fibils.74 As a 
result, extensive efforts are made to modify nanocellulose in aqueous medium.75 



In order to overcome the problem of solvent exchange, polymers and surfactants 
can be adsorbed on the surface of cellulose, instead of being chemically grafted.76 
The idea of adsorption of polyelectrolytes, is borrowed from the paper industry, 
where they have been extensively used as additives.57,76 These approaches are 
generally easier to perform, because the polymer or surfactant can be synthesised 
beforehand without any solvent restrictions; and then applied onto the cellulose 
substrate in aqueous media. The adsorption of cationic polymers, for example, is 
most commonly used on highly anionic nanocellulose particles, as they have a 
sufficient surface charge.77–79 The unmodified CNF is low-charged, therefore 
modification with hemicelluloses and cellulose-derivatives has been proposed, due 
to their natural affinity towards cellulose. For example, unmodified hemicelluloses 
were found to adsorb well on cellulose. Therefore, their derivatisation is a 
promising platform for the modification of CNF.80,81  

As was metioned before, unmodified hemicelluloses, like GGM, can adsorb on 
CNF in considerable amounts. However, GGM with carboxyl groups in the main 
chain showed a diminished adsorption on cellulose.82 Thus, it can be concluded 
that modifying the main chain of the GGM molecule might reduce its sorption 
capacity. Therefore, when GGM is to be used as a carrier of functional groups for 
CNF modification, it is probably the best if its backbone structure is preserved. The 
synthesis of block-copolymer GGM derivatives through coupling reactions or 
controlled radical polymerisation has been recently reported.83,84 These derivatives 
are of high interest, as the GGM backbone structure is preserved, and thus they are 
likely to exhibit high affinity towards cellulose. 

As was mentioned earlier, when cellulosic materials are designed with packaging 
applications in mind, the good oxygen barrier properties are crucial. However, in 
the textile industry, it is desirable for final products to be waterproof but breathable 
at the same time.85 Currently, most methods to produce such textiles rely on 
synthetic fibres, thus they dominate the textile market.86,87 The most commonly 
used method to produce waterproof and breathable textiles is by controlling the 
porosity of the fabric. Pores should be large enough to let the water vapor pass 
through, but sufficiently small to stop liquid water permeation.88 However, this 
approach can only be used for textiles made of synthetic and inherently 
hydrophobic fibres. Multi-layered fabrics are also commonly produced, usually 
featuring one or several layers with controlled porosity.88 

Natural textiles (e.g. cotton, linen) have several attractive characteristics, such as 
softness, comfort, hygroscopicity. However, their high absorbency means that they 
are not stain- or water-repellent. Therefore, in order for them to compete with 
synthetic fibres in demanding areas like sports clothing or domestic textiles, 
additional finishes are required. 

Polymer grafting on the surface of textiles is an efficient method to change its 
surface chemistry. For example, polyethylene glycol,89 1,1,2,2-



tetrahydroperfluorodecylacrylate,90 and 1H,1H,2H,2H-nonafluorohexyl-1-
acrylate91 have been successfully grafted onto cotton, thus increasing its 
hydrophobicity. Other conventional chemical methods for hydrophobisation 
include acetylation and benozylation. The moisture permeability of the textile is 
usually preserved, if the coating is applied only to the surface of the fibres, thus 
leaving the pores and voids between them not unfilled.92 However, it is rarely 
reported in the literature how the coating affects the moisture transport and 
breathability of the modified textile. Additionally, many of the existing coating 
systems use fluoro-functionalised compounds or require large amounts of 
hazardous solvents, which are expensive and generate a lot of dangerous waste.  

Biomimetic approaches to surface modification of textiles have also been 
proposed.93 In biomimicry, superhydrophobicity and self-cleaning are achieved 
through a combination of complex roughness and low surface energy.94 The 
roughness has been commonly induced by application of nanoparticles, such as 
silica,95–97 ZnO,98,99 and carbon nanotubes.100 While the surface energy has ben 
lowered due to the presence of silane compounds,95,98,99 some of which also had 
fluorine in the structure.96,97 



3.1.1 Cellulose nanofibrils and films 

The CNF dispersion was prepared from never-dried kraft hardwood pulp. First, 
bleached pulp was washed into sodium form in order to control the counterion type 
and the ionic strength.101 Other than that, no chemical or enzymatic pre-treatment 
was done prior to disintegration. Then, the pulp was disintegrated using a high-
pressure fluidiser (Microfluidics, M-110Y, Microfluidics Int. Co., Newton, MA). For 
the quartz crystal microbalance with dissipation monitoring (QCM-D) 
experiments, the pulp was circulated for 12 and 20 passes through the fluidiser, for 
Publications III and IV respectively. For the production of the freestanding 
nanocellulose films, the pulp was disintegrated for six passes. 

The ultrathin CNF films were prepared on silica (Publication III) and gold 
(Publication IV) QCM-D crystals (Q-Sense AB, Gothenburg, Sweden). An 
anchoring layer of polyethylene imine was adsorbed to the crystals prior to spin-
coating with the nano-sized fraction of the CNF dispersion that is obtained by 
centrifugation. 

The freestanding films were prepared by pressurised filtration and then hot-
pressed in a Carver Laboratory press (Fred S. Carver Inc.). Ready films were 
allowed to equilibrate at 23 °C and 50% relative humidity (RH) for at least 48 hours 
before further measurements and modification. The thickness of the films was 
determined using a Lorenz Wetter paper thickness meter. More detailed 
information about the CNF dispersion, coating of the QCM-D crystals, and 
production of the CNF freestanding films can be found in Publication III and 
elsewhere.12,80 

3.1.2 GGM-block-copolymers 

The amphiphilic GGM derivatives were synthesised using fatty acids and 
polydimethylsiloxane as hydrophobic blocks. The fatty acids that were used for the 
synthesis were pelargonic (C9), myristic (C14) and stearic (C18) acid. The acids 
were first converted into amino functional fatty acids, and then reacted with the 
GGM in a reductive amination, resulting in block-copolymer GGM derivatives. 
Similarly, H2N-PDMS-NH2 was used for the reductive amination of the GGM. The 
synthesis of the GGM derivatives is shown schematically in Figure 2. More detailed 



information about the synthesis can be found in the Publication III and in the 
literature.83,84 

 

The GGM derivatives were dissolved in water to 0.5 g/L concentration for the 
QCM-D studies. When used for the modification of freestanding CNF films, the 
7 g/L solutions were spin-coated onto the CNF films and then dried in hot press 
for 30 minutes at 80 °C. Coated in such way CNF films were used for the oxygen 
permeability and contact angle measurements in the Publication III. 

3.1.3 Wax dispersion 

Refined carnauba wax in the form of pellets (Sigma–Aldrich) was used to produce 
aqueous wax dispersions. First, wax was melted in hot water (90 °C), and then 
dispersed using homogeniser (Poltroon PT2000, Kinematica AG) in Publication I 
or ultrasonic probe sonifier with 1/2" extension (S-450, Branson Ultrasonics) in 
Publication II. The final dispersion was cooled down in an ice bath, in order to 
prevent the re-melting of the wax particles. After cooling, the aggregates and solid 
wax pieces that were not well dispersed, were removed by filtration through a filter 
paper or filter funnel. The concentration of the final dispersion obtained through 
homogeniser was roughly 3.5 g/L; while sonication allowed more control over the 
production process and stable dispersions of up to 10 g/L were successfully 
prepared. In this work, the wax dispersion may be further referred to as colloidal 
wax particles. 

The average particle size and electrophoretic mobility of the wax particles were 
determined using Zetasizer Nano-ZS90 (Malvern Instrument Ltd., 
Worcestershire, U.K.). Dynamic light scattering (DLS) size measurements were 
conducted on freshly prepared 1 g/L dispersion, and repeated after seven days, and 
after three months, to investigate the dispersion stability. The operating software 
of the device was employed to calculated the Z-average, the polydispersity index 
(PDI), and the ζ-potential. The latter was calculated using the Smoluchowski 
model. 

In the Publication I, the wax dispersion was applied onto the wooden surface, 
allowed to dry and then buffed with a cotton cloth. In that way, an open and non-
continuous wax coating was formed. A continuous carnauba wax coating was 
obtained by dipping wooden samples into the melted wax. Several immersions 



were used to obtain a thicker coating. Incorporation of wax into the LbL coatings 
in Publications II and IV will be discussed further in Sections 4.2 and 4.4. 

3.1.4 Other materials and chemicals 

Zinc oxide (ZnO) nanoparticle dispersion with <35 nm average size and 50 wt.% 
concentration (Sigma-Aldrich) was diluted to 10 g/L prior to use. The pH of the 
solution was further adjusted with dilute HCl to pH 6.8-6.9, in order to match the 
pH of the colloidal wax particles. This was a precautionary measure in order to 
avoid the flocculation of the ZnO dispersion. ZnO was used for the LbL protective 
coatings on wood in Publication II. Poly-L-lysine (Sigma-Aldrich) with a molecular 
weight of 150,000-300,000 and 0.1 g/L concentration was used in Publication IV. 

Spruce wood was used in Publications I and II. Radial and tangential surfaces 
were coated in Publication I, while in Publication II, due to the water-based nature 
of the LbL coating process, all sides of the wood blocks were coated.  

Commercially available coatings in the Publication I were linseed oil (Pellavaöljy, 
Tikkurila Paints Oy, Finland) and spray lacquer (PROF, Matta spray- lakka, 
Rautakesko Ltd., Finland). The coatings were applied onto the surface of the wood 
according to the instructions from the manufacturers.  

Three different natural textiles (bought from Eurokangas) were used as 
substrates for the LbL coating in Publication IV. One textile was 100% linen, and 
the remaining two were 100% cotton with different grammage. All fabrics were 
washed with ethanol prior to use. However, as they were commercially available 
textile products, the kind of treatment they had been previously subjected to is not 
known. 

3.2.1 Quartz crystal microbalance with dissipation monitoring 

The in situ adsorption of pure GGM and its derivatives (Publication III), as well as, 
PLL and wax particles (Publication IV), on the surface of ultra-thin films of 
cellulose nanofibrils was monitored using a QCM-D device (E4, Q-Sense AB, 
Västra Frölunda, Sweden). At the core of the QCM-D technique is the quartz crystal 
that oscillates at its resonant frequency. Due to changes in mass, the oscillation 
frequency of the crystal increases during adsorption, and the deviation from the 
fundamental frequency (5 MHz) and its overtones (15, 25, 35, 55, and 75 MHz) is 
detected. Moreover, the E4 device allows to monitor changes in frequency ( F) and 
in dissipation energy simultaneously. Changes in dissipation ( D) are caused by 
the frictional losses, and can provide information about the viscoelastic properties 
of the adsorbed layer. Differences in dissipation for rigid and viscoelastic films are 
shown in Figure 3. 



 

For the thin, rigid, and uniform films, the changes in frequency are proportional 
to the adsorbed mass per unit of the surface. In that case, the adsorbed mass can 
be calculated using the Sauerbrey equation102 (Eq. 1): 

   (1) 

where C is the sensitivity constant of the device (in this work C=0.177 mg/m2), and 
n is the overtone number (in this work n=3). 

However, Eq. 1 underestimates the mass of the viscoelastic films. Therefore, 
when D>1, it is more appropriate to use the Johannsmann equation.103 In the 
Publication IV, changes in adsorbed mass were calculated according to the 
Johannsmann equation,104 simplified by Naderi10 Adsorption Properties of 
Polyelectrolyte-Surfactant Complexes on Hydrophobic Surfaces Studied by QCM-D 6 (Eq. 
2): 

  (2) 

where  is the equivalent mass,  is a true sensed mass,  is the complex shear 
compliance assumed independent of frequency, and d is the thickness of the film. 
The true sensed mass was obtained by plotting the equivalent mass as a function 
of the square of the resonance frequency. 

The adsorbed mass of the GGM and its derivatives on cellulosic substrates in the 
Publication III was calculated using Sauerbrey equation and thus, should not be 
used as absolute values. However, it allowed to compare the adsorption of the 
different compounds. 

The solutions for the QCM-D experiments were filtered through a 0.45 μm 
syringe filter, except for the wax dispersion that was filtered with a 1 μm filter. The 
flow rate through the chambers was constant during the measurements and set to 
0.1 mL/min. The adsorption was monitored until a stable plateau in frequency, and 
the rinsing step with water was performed after that. In case of a multilayer build-
up (Publication IV), the consecutive layer was adsorbed after the rinsing step. 



3.2.2 Layer-by-layer deposition 

LbL deposition is an easy and environmentally friendly technique that allows the 
controlled deposition of various functional materials. The method of building up 
multilayers of colloidal particles with opposite charges was developed by Iler in 
1966.106 Later on, Decher adopted the same technique for polyelectrolyte 
multilayers.107 Recently, the incorporation of various nanoparticles into the 
multilayers using the LbL principles became more common.108 

In order to build-up the LbL multilayers, oppositely charged components are 
preferred. The deposition of alternating layers can be achieved by several 
techniques, such as immersion, spraying, and spin-coating. After each deposited 
layer, the excess of material and non-adsorbed molecules are removed with a 
rinsing step. When polyelectrolytes are adsorbed on a charged surface, the entropy 
gain and release of counterions are believed to be the driving forces for adsorption. 
However, other interaction can influence the adsorption as well, for example, 
hydrogen bonding, covalent bonds, and electrostatic attraction. A schematic 
illustration of the LbL with charged components through immersion is shown in 
Figure 4. 

 

In aqueous solutions, the surfaces of wood, CNF, and natural textiles (cotton and 
linen, which were used in this work) have an anionic character due to the 
abundance of carboxyl groups. However, the wax particles in dispersion are also 
negatively charged (will be discussed in the Section 4.1 of this work). Therefore, in 
this work a cationic component was used in order to attach the wax onto any one 
of the aforementioned surfaces.  

ZnO has UV light absorbing properties, which would be beneficial in wood 
coatings. Moreover, the reported isoelectric point of zinc oxide in water is pH 9.5, 
and below this pH the particles have an overall positive charge.109 Therefore, zinc 
oxide nanoparticles were used as the positively charged component of the LbL 



coating for wood in the Publication II. Spruce samples were saturated with water, 
after which zinc oxide and wax particles were consecutively deposited on the 
surface from aqueous dispersions. In order to ensure the hydrophobicity of the 
coated samples, the last deposited layer was always made of wax particles. After 
the coating, the samples were dried in oven for one hour at 65 °C and then kept in 
standard conditions until further tests. Moreover, the effect of annealing on the 
coating was studied through an additional thermal treatment step. 

For the Publication IV, PLL was selected as a natural polycation with promising 
antibacterial properties. Therefore, in addition to enhancing the adsorption of wax 
particles to the cellulose substrates, PLL could also bring additional functionality 
to the freestanding CNF films and textiles. Before LbL, the substrates were soaked 
in water for a few minutes. After LbL, the samples were dried and stored in 
standard conditions at room temperature, until further experiments and 
characterisation. The effect of melting of the wax particles was studied in a similar 
manner to the experiments on wood. Thus, a few coated CNF films and textile 
samples were annealed at 103 °C for one hour. 

Additional information and details about the respective LbL procedures can be 
found in the Publications II and IV. 

3.2.3 Contact angle 

Contact angle of a water droplet on the surface is a direct expression of its 
wettability.35 Surfaces are considered hydrophilic when CA is below 90°, and 
hydrophobic when it is above 90°. Moreover, the CA larger than 150° is required 
for super hydrophobic surface.110 Additionally, if a sliding angle is less than 10° on 
a superhydrophobic surface, the self-cleaning performance can be expected. The 
wettability of a flat surface expressed by the contact angle can be described by the 
Young equation (Eq. 3): 

   (3) 

where , , and  are interfacial surface tension of solid-gas, solid-liquid, and 
liquid-gas respectively. The contact angle (  is a result of a thermodynamic 
equilibrium between the three phases.35 The schematic representation for 
interfacial tensions, contact angle, and surfaces with poor and good wettability are 
shown in Figure 5. 

 

° °



The Young equation (Eq. 3) is only valid for ideal, smooth, and chemicaly 
homogeneous surfaces. However, in practice, additional roughness on the surface 
can enhance or decrease hydrophobicity. Therefore, two models have been 
developed to describe the behaviour of the water drop on a rough hydrophobic 
surface.111 First one, the Wenzel model, suggests that the droplet penetrates 
between the surface structures and wets the surface. According to the second one, 
the Cassie-Baxter model, the droplet is resting on top of a structured surface and 
trapped air, and thus does not wet the surface. The differences between models are 
illustrated in Figure 6. More detailed information and equations describing the 
wetting states can be found in the literature.35,112  

 

In this work, the static contact angle of water was measured with a contact angle 
meter CAM 200 (KSV Instruments Ltd., Finland). 6.5-7 μL water droplets were 
dispensed onto the surface of wood, CNF ultrathin and freestanding films, or 
textiles, and the drop was imaged with a built-in camera. The images of the drops 
were analysed, and the full Young-Laplace equation was employed by the on-board 
software to determine the CA from the shape of the drops. More details about the 
CA measurement on each particular substrate type can found in the Publications I-
IV. 

3.2.4 Moisture buffering measurements 

The moisture buffering experiments on wood in this work (Publications I and II) 
were performed in accordance with the NORDTEST protocol.5 The experimental 
setup for the measurements is schematically presented in the Figure 7.  

 



The hygroscopic behaviour of the samples was tested in a climatic chamber 
(Roomed 4201, Rubarth, Apparate GmbH, Germany), with consecutive cycles of 
low and high relative humidity, provided by ultrasonic humidification system. The 
conditions in the chamber were designed to imitate the RH changes in a living 
space, and thus night was represented by 8 hours of 75% RH, and day by 16 hours 
of 33% RH. Precision balance (New Classic MS 204S, Mettle Toledo, Switzerland) 
was used to monitor the mass of the samples during the measurements. Before the 
measurements, all tested samples were pre-conditioned at 23 ± 5 °C and 50 ± 5% 
RH until the weight was stable. 

The effectiveness of the moisture buffering of wooden surfaces was evaluated 
through the practical moisture buffer value (MBV). MBV represents the amount of 
moisture adsorbed and desorbed by the open surface area of the material, during a 
set period of time and changes in RH. Please note, that for wood, only one side was 
exposed to the changing humidity conditions. The remaining sides were sealed 
with the aluminium adhesive tape to prevent moisture transport. 

The textile samples were thin enough for moisture to pass through, and therefore, 
no MBV was calculated for them. More information about the NORDTEST method 
and the moisture buffering can be found in the Publication I and literature.5,54 

3.2.5 Atomic force microscope (AFM) imaging  

AFM imaging in air was employed to observe changes in morphology of ultrathin 
and freestanding CNF films after adsorption experiments in QCM-D and during 
LbL coating of macroscopic samples (Publications III and IV). Additionally, shape 
and size distribution of the wax particles were assessed from the images taken on 
dried wax dispersion on mica surface. 

The Nanoscope V MultiMode scanning probe microscope (Bruker Corporation, 
MA, USA) was used in tapping mode for the imaging. Silicon cantilevers 
(NSC15/AIBS, MicroMasch, Tallinn, Estonia) with driving frequency around 300–
360 kHz and less than 10 nm tip radius were utilised.  

3.2.6 Additional techniques 

Oxygen transmission rate (OTR).  
The OTR was measured in order to evaluate the oxygen barrier properties of CNF 
freestanding films with and without coatings in the Publications III and IV. The 
Oxygen Permeation Analyser Models 8001 and 8011 (Systech Instruments Ltd., 
UK) were used for the measurements, and tests were performed at 23 °C in dry and 
humid conditions (0 and 80% RH). Oxygen permeability (OP) values were 
calculated by multiplying the OTR values by the thickness of the corresponding 
sample. 

Roughness measurements 
The change in nano-scale roughness of the CNF films after adsorption of PLL and 
wax particles, was determined using the AFM. The AFM height images of the 



coated substrates were analysed using the NanoScope Analysis 1.5 software, and 
the arithmetical mean height (Sa) was calculated for the 25 μm2 images. 

The roughness of the macroscopic samples, such as wood and freestanding CNF 
films, was examined with the scanning white light interference microscope 
(Contour GT-K, Bruker Corporation, USA). The on-board Vision64 software of the 
instrument was employed to calculate the arithmetical mean height (Sa) and the 
area roughness parameter (Sq). The surface roughness of the CNF films 
(Publication IV) and wood (Publications I and II) was then studied in connection 
to their hydrophobicity. 

Scanning electron microscopy (SEM) 
To help characterise changes in morphology after different treatments on wood 
and cellulosic substrates, SEM was used. In order to enhance the signal from the 
sample and avoid charging, a thin (7-15 nm) conductive coating of Au, Pt/Pd, or Pt 
was sputtered onto the samples before the imaging. More details about various 
instruments and setting used in each study can be found in the corresponding 
publications (Publications I and II for wood, Publication IV for CNF and textiles) 

Fourier Transform Infrared Spectroscopy (FTIR) 
The infrared spectroscopy measurements were performed in order to confirm the 
conversion of the GGM into GGM-block-PDMS in Publication III and to follow the 
effect of exposure to UV light on ZnO and wax multilayers in Publication II. For 
more information, the reader is referred to the corresponding publications. 



 

  



 

The wax dispersion was prepared with the intention of applying it either solely to 
wood and cellulosic substrates or as a part of LbL coatings. Carnauba wax was 
chosen as a raw material due to its hardness and high melting point of 83-86 °C, 
which can contribute to the durability of the final coating. The high shear 
homogeniser was initially used for the production of the dispersion (Publication I). 
Later on, the production method was improved by substituting homogenisation 
with ultrasonication (Publication II). Both methods successfully dispersed wax and 
produced a stable dispersion without additional emulsifiers or stabilisers. 
However, the improved route was more efficient and allowed for better control over 
the concentration of the final dispersion.  

The colloidal stability of the 1 g/L dispersion of wax, produced by sonication, was 
tested in the pH range from 4 to 12, as shown in Figure 8a. The initial pH of the 
dispersion was in the neutral range (pH 6.8-6.9) with a ζ-potential value 
of -53 mV. The net negative surface charge of the particles was provided by the 
hydrophilic and functional groups, such as –OH, -COOH, -CHO, which are 
commonly found in natural waxes.113 The negative charge resulted in electrostatic 
double-layer repulsion between particles that stabilised the dispersion.114 The 
absolute value of the ζ-potential decreased with lower pH values, and the 
dispersion rapidly flocculated at pH<4. This indicates that at lower pH, the charged 
groups were protonated and consequently the surface charge was not sufficient to 
achieve electrostatic stabilisation.  
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DLS measurements further confirmed the stability of the dispersion over time. 
The experiments were conducted on the day when the wax particles were prepared, 
then after one week, and after three months. As seen in Figure 8b, the intensity 
distribution did not change even after a prolonged storage period. The DLS 
measurements also revealed the average size and polydispersity of the dispersion, 
with Z-average values of 261 nm and PDI=0.22. These values remained nearly the 
same after three months of storage, with Z-average of 250 nm and PDI=0.23 
(Table 1). Moreover, the AFM images of wax dispersion dried on a clean mica 
surface confirmed its polydispersity and revealed the spherical shape of the 
individual particles (Figure 8c, d). The biggest particles that could be seen in the 
height image (Figure 8c) were 350 nm, while smaller particles were better visible 
in the phase image (Figure 8d) and were in the 50-60 nm range.  

Furthermore, it was found that the concentration of the dispersion has an 
influence on the size of the colloidal particles. The details are summarised in 
Table 1. It can be seen from the table that increasing wax concentration from 1 to 
10 g/L resulted in bigger particles (based on Z-average) with higher polydispersity.  

The wax particles were applied to the surface of wood by impregnation 
(Publication I) or through the LbL assembly (Publication II). In the latter case the 
layers of wax particles were alternated with layers consisting of cationic ZnO 
nanoparticles, and thus multilayer coatings were assembled.  



When the wax dispersion alone was applied onto the surface, a discontinuous 
coating was formed. All the surface features of wood were still visible by SEM, as 
can be seen in Figure 9a. For comparison, wood was also coated with a solid layer 
of the melted wax (Figure 9b). The continuous wax film appeared to be smooth, 
covering completely the wooden surface.  

 

The impregnation technique has the advantage of being a simple and straight-
forward method to apply wax dispersion. However, it provides no means of 
controlling the formation of the coating. Therefore, the LbL technique was adopted 
in the following experiments. The use of LbL deposition with the oppositely 
charged components (wax (-) and ZnO (+) particles) allowed for the controlled 
deposition and gradual build-up of the multilayers. Thus, 16 layers (8 bilayers) of 
ZnO/wax coating were assembled onto the surface of spruce by immersion into the 
corresponding dispersions. The amount of wax particles adsorbed at the surface 
was the highest when 10 g/L dispersion was used for the deposition; therefore, in 
this work only such coatings will be discussed. However, detailed information 
about the influence of wax concentration on layer build-up and hydrophobicity can 
be found in Publication II.  

The change in topography of wood after the coating can be seen in SEM images 
in Figure 10. After depositing eight bilayers of the coating (Figure 10 b1-b3), the 
underlying micro-structure of wood (Figure 10 a1-a3) was mostly preserved. These 
findings are similar to other ZnO-based coatings reported in the literature, where 
the microscopic structures of wood were left apparent.115 Moreover, the deposition 
resulted in a relatively thin coating, which did not affect the natural appearance of 
wood. However, the exact thickness of the coating layer proved difficult to estimate 
accurately and thus is not reported in this work. In the high magnification SEM 
image (Figure 10 b3) the wood surface as well as wax particles were densely coated 
with ZnO particles, which introduced a nanoscale roughness. The wax particles 
were always the last deposited layer of the coating. Such particles were not coated 
with ZnO particles, and thus had a smooth surface appearance (Figure 10 b3). 



 

In addition, it was previously reported in literature that thermal treatment of 
carnauba wax might change its surface energy.27 This is due to the increased 
mobility of the molecules, a shift in crystallinity, and the rearrangement of aliphatic 
and aromatic compounds upon heating. Therefore, the effect of the thermal 
treatment on multilayers was studied, and samples with eight bilayers of ZnO/wax 
coatings were annealed for 30 min in oven at elevated temperatures. The heat 
treatment changed the topography of the coated samples as seen in SEM images in 
Figure 11. The most noticeable changes at the surface occurred between 90 and 
110 °C, as shown in the close-up images in Figure 11b. Thermal treatment resulted 
in the melting of the wax particles and partial film-formation on the surface. 
Moreover, it seems that during the annealing at 110 °C, the ZnO particles became 
partly submerged into the wax matrix, thus resulting in a smoother appearance of 
the surface. Due to the hardness of the carnauba wax layer, the thermally annealed 
coating may be more resistant to scratching and damages, and therefore more 
durable.  



 

4.3.1 Wetting  

The hydrophobicity of the coated wood was studied by the means of water contact 
angle measurements, and results are summarised in Figure 12. When wax particles 
alone were applied to the surface, an open and non-film forming coating was 
formed. This resulted in a CA of 127° on tangential spruce surface and 120° on 
radial surface after two seconds of contact. Moreover, the coating had an effect on 
surface roughness, increasing the area roughness parameter Sq from 14.9 μm on 
unmodified wood to 17.6 μm. The increased CA can probably be attributed to this 
increased surface roughness and reduced surface energy, due to the presence of 
hydrophobic wax particles.35 The coating, however, did not prevent wetting and 
water penetration completely. The CA values were found to slowly decrease over 
time, and after one minute reached 119° and 84° on tangential and radial surface, 
respectively. The lower CA value for radial surface can be explained by the 
microstructure of wood. A higher number of pits exposed to the surface and their 
bigger size might promote water transport and absorption, thus improving wetting. 
Overall, the amount of wax particles deposited on each surface was likely not 
sufficient to dramatically change the complexity of the surface roughness, or to 
significantly increase the surface energy. Nevertheless, the change in CA of wood 
was significant, especially considering the simplicity of the approach used, and the 
fact that unmodified radial surface adsorbed water droplets within 30 seconds. 



 

The film-forming coatings (i.e. continuous wax layer and lacquer), on the other 
hand, prevented the penetration of water into the wood completely. Additionally, 
their effect was quite similar regardless of the grain direction of the wooden 
surface. However, as will be presented in the next section, these coatings also 
decreased the moisture buffering of the surfaces down to limited or even negligible 
levels. Linseed oil is another commercially available and widely used coating for 
wood, and it was included in the tests as a natural alternative to lacquer. However, 
despite the high initial CA ( 80°), after one minute of contact with water, the 
coated tangential surface appeared even more hydrophilic than the unmodified 
reference, with CA of 71° and 90° respectively. Thus, the coating with linseed oil 
could not enhance the resistance of timber to liquid water. More information and 
dynamic contact angle data can be found in Publication I.  

Of all the treatments, ZnO/wax multilayers had the biggest impact on the 
hydrophobicity of spruce (Figure 12). After eight bilayers, the coated surface had a 
CA of 155°, meaning that the coating made the wood superhydrophobic. 
Photographs of the coated wood in contact with water are presented in Figure 13. 
Additionally, sliding angle experiments revealed that small drops of water (7 μL) 
did not roll off and stayed attached to the surface even when it was tilted or turned 
upside down. Bigger drops (13 μL), however, slid off the surface after 23° of 
inclination. These findings indicate that the surface might be in “Cassie 
impregnating” wetting state, which is a transitional state between the Wenzel and 
Cassie-Baxter regimes.110 Unlike the famous Cassie “Lotus” state, where air pockets 
prevent the contact of water with the surface, the transitional state is characterised 
by partial wetting of the surface with liquid.111 In this case, a water drop will roll off 
the surface as soon as the balance between surface tension and weight of the drop 
is reached, thus exhibiting properties similar to the surface of rose petals.116 The 



consecutive thermal annealing of the coated specimens did not have a pronounced 
effect on hydrophobicity, although CA values were overall increasing together with 
the temperature (Table 2).  

    

Furthermore, the surface roughness of wood increased after application of the 
multilayer coating (Table 2). The notably higher roughness was probably one of the 
key reasons for the excellent hydrophobicity of the coated surfaces. Thermally 
treating the coating below 110 °C did not significantly affect the roughness of the 
surface. However, annealing at 110 °C decreased the roughness, likely due to the 
melting of the wax and partial film-formation, as seen previously in SEM images 
(Figure 11 a-b). The fact that the roughness is decreasing while the CA tends to 
increase with temperature of the annealing may confirm the hypothesis that the 
surface energy of wax is changed by the heat treatment. 

° μ °

4.3.2 Moisture buffering 

The moisture buffering performance of untreated and coated wood was quantified 
through the moisture buffer value. The MBV of radial and tangential surfaces was 
rather similar; therefore, for the ease of comparison between publications, only 
results concerning radial surfaces will be presented here. 

The MBV of coated and uncoated wood are presented in Figure 14. As expected, 
the film-forming coatings considerably decreased the MBV of wood. According to 



the NORDTEST5 classification, the moisture buffering was reduced from moderate 
level on unmodified specimen, to limited or even negligible level after lacquer or 
coating with film-forming layer of wax, respectively. Linseed oil also decreased the 
MBV, although less drastically. However, as was mentioned before, it did not 
provide sufficient resistance to liquid water in CA experiments. On the other hand, 
coating with wax particles or multilayers of wax particles and ZnO enhanced the 
moisture buffering performance of wood. Coated in this way samples exhibited a 
good level of humidity buffering (1<MBV<2). Furthermore, wood coated with 
ZnO/wax combination preserved a good level of moisture buffering even after the 
thermal annealing at 110 °C, despite the partial melting and film-formation of wax, 
as previously reported. The high MBV of wood coated with ZnO/wax multilayers 
could be attributed to the hydrophilic nature of ZnO particles, as water molecules 
can adsorb on its surface. Additionally, the increased roughness after the coating 
might also play a role, as it results in higher specific surface area. 

 

°

Thus, it can be concluded that open-structure coatings using particles (wax alone, 
or ZnO/wax combination) for wood modification are more advantageous in 
comparison to film-forming coatings. The former perform better in terms of 
preserving the natural moisture buffering performance of wood. Moreover, the use 
of LbL technique for wood surface modification is more advantageous, comparing 
to one-step impregnation. The LbL allowed incorporating additional materials into 
the coating, and gradually increasing the amount of active components on the 
surface through multilayers. 

Furthermore, combining good moisture buffering and superhydrophobicity, like 
in the case of ZnO/wax coated wood, opens up new opportunities for the use of 
timber indoors. Efficient moisture buffering can help to even out daily fluctuation 
in humidity,5,21 while superhydrophobic surfaces offer the convenience of easy 
cleaning and reduced need for maintenance.  



4.3.3 UV-resistance 

The wood specimens coated with eight bilayers of ZnO/wax with and without 
additional thermal treatment were exposed to UV light for ten days, and their 
colour change was monitored during that time. The photographs of the samples 
before and after UV exposure are shown in Figure 15 a-f. The total colour change 
( E) decreased from 17.6 on reference specimen, to 11.6 and 10.6 on coated 
samples with and without annealing, respectively. 
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Furthermore, samples were analysed by FTIR during UV exposure and spectra 
are shown in Figure 15. FTIR measurements revealed the slow decrease of wax-
related peaks (2916 cm-1 and 2848 cm-1) over time, indicating the degradation of 
the wax. The photocatalytic activity of the ZnO during UV irradiation was likely the 
reason for this degradation. The similar harmful influence of zinc oxide on a 
polymer coating has been also previously reported in the literature.60 Another 
factor indicating the limited protective effect of the coating is the disappearance of 
the typical lignin peak (1510 cm-1) over the time of UV exposure (Figure 16). More 
detailed FTIR results can be found in the Publication II. 

 



 

In conclusion, the protective effect of the ZnO/wax coating was confirmed. 
However, the protection was not extensive and colour changes, although of smaller 
amplitude, appeared even on the coated surfaces. Therefore, more layers of the 
coating would be needed to provide a complete UV shielding. Additionally, wax 
could be protected from the photocatalytic degradation by addition of either HALS 
(Hindered Amine Light Stabilisers) or free radical scavengers.117 

Until now, several ways to hydrophobise the inherently hydrophilic cellulosic 
micro- and nanofibers have been described in the literature.70,73,118 However, they 
often require the use of organic solvents. Additionally, in the case of CNF, the 
presence of organic solvents might lead to severe aggregation of the fibrils.74 
Therefore, a modification in aqueous medium would be most desirable. In this 



work, two different approaches to the surface modification of cellulose nanofibrils 
in aqueous media were investigated; the obtained results are reported in this 
section. The first method was based on surface modification through the 
adsorption of GGM-derived copolymers containing hydrophobic blocks 
(Publication III). The second method involved the layer-by-layer deposition of 
hydrophobic wax particles and poly-L-lysine (Publication IV). The two treatments 
were studied on ultrathin and freestanding CNF films. 

4.4.1 Adsorption on model CNF films 

Amphiphilic GGM derivatives 
Firstly, the use of the GGM molecule as a carrier of hydrophobic functionality for 
cellulose modification was tested. Three fatty acids were used for the synthesis of 
the bio-based GGM derivatives: pelargonic (C9), myristic (C14) and stearic (C18) 
acid. However, the limiting factor for this approach is the chain length of the fatty 
acid, which defines the size of the hydrophobic block of the final derivative. In 
order to overcome this restriction and synthesise a copolymer with a bigger 
hydrophobic tail, a polydimethylsiloxane polymer was also introduced to the GGM 
chain.  

The adsorption of pure GGM and its derivatives was studied using the QCM-D 
technique. The adsorption curves as a function of time are presented in Figure 17 
(larger changes in frequency on the graph indicate higher adsorption). All tested 
compounds were found to adsorb well on the cellulosic surface. During the rinsing 
step, loosely-attached molecules were removed from the surface, as indicated by 
the increase in frequency. However, despite the partial desorption, significant 
amounts of polymers remained adsorbed on the surface. The estimated sensed 
mass amounted to 2.5 mg/m2 for pure GGM, 4 mg/m2 for the three GGM-block-
fatty acids, and 9.8 mg/m2 for GGM-block-PDMS. 

 



The hemicelluloses, including GGM, have a natural affinity towards cellulose.80 
This inherent affinity was probably facilitating the adsorption of the studied GGM-
derivatives, as the GGM backbone in them was preserved. Another factor 
supporting adsorption could have been the reduced solubility of GGM in water 
after the derivatisation. In other words, the hydrophobicity of the fatty acids and 
PDMS also promoted adsorption, with the effect becoming stronger with 
increasing molar mass of the hydrophobic block. This hypothesis correlates well 
with the initial adsorption rates as seen in Figure 17. The schematic illustrations of 
the GGM derivatives, their molar masses, and the proposed mechanism for 
adsorption are presented in Figure 18. It is proposed that during the first few 
minutes, the affinity between cellulose and GGM as well as the decreased solubility 
of the modified GGM molecule are the main driving forces for adsorption. During 
this time, a viscoelastic layer of adsorbed molecules is formed on the surface. After 
that, a small but continuous mass uptake can be attributed to the aggregation of 
hydrophobic blocks and a build-up of bilayer (Figure 18b). 

 

PDMS is not a natural, but a synthetic compound. Thus, its use lies outside of the 
main scope of this thesis. However, as discussed earlier, useful knowledge about 
the influence of the molecular mass on the adsorption was gained when comparing 
the adsorption of the GGM-block-fatty acids and GGM-block-PDMS on cellulose. 
Therefore, future research on the synthesis of bio-based GGM-derivatives can 
benefit from these insights.  

PLL/wax multilayers 
The second approach was comprised of the adsorption of PLL and wax, and the 
influence of pH on adsorption of PLL was investigated. PLL was found to adsorb 
well on CNF in the studied pH range, from 4.5 to 9.5. The subsequent wax 
adsorption was even more rapid and substantial than the PLL one. Furthermore, 
the adsorption of both PLL and wax increased with the increase in the pH of the 
PLL solution, as shown in Figure 19a. These findings are consistent with other 
studies involving PLL, which report that the adsorption is often maximised at 
higher pH.119–121 



The adsorption of PLL onto surfaces is usually controlled by a combination of 
electrostatic and nonelectrostatic interactions.120 In this work it was most likely 
driven by the entropy gain upon release of counterions, due to adsorption on an 
oppositely charged surface. When the second bilayer was adsorbed (inset in 
Figure 19a), hydrophobic interactions between wax and PLL probably also 
influenced adsorption.122 Moreover, the sensed mass was much higher for wax than 
for PLL. This was due to the nature of wax dispersion, which consisted of micro- 
and nanoparticles, as opposed to PLL solution where the polymer was dissolved in 
water. 
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The pH of the solution affects the conformation and the charge of the PLL 
molecule; therefore, the influence of pH on the ζ-potential of the PLL was 
investigated. The absolute charge of the PLL was the smallest at pH 9.5, as 
indicated by the reduced ζ-potential value on Figure 19b. The reduced charge of 
the molecules might have decreased the intermolecular repulsion, leading to the 
higher adsorption. A similar effect of salt on the build-up of polyelectrolyte 
multilayers in dilute polyelectrolyte solutions has been previously reported.79 At 
elevated electrolyte concentration polyelectrolytes have more coiled conformation 
and consequently adsorb as a thicker layer. Since the highest adsorption of both 
PLL and wax particles was achieved when PLL was adsorbed at pH 9.5, this pH was 
used in the following experiments. 

It was possible to build up more than one bilayer of PLL/wax (inset in 
Figure 19a), and in that case the adsorbed mass of wax was even higher. An 
increasing specific surface area with each layer is typical for LbL, and an 
exponential layer growth is often observed.123,124 In the current work, after the first 
bilayer, more hills and valleys and more sites for particles to attach on may have 
been formed. In order to confirm this, the morphology of the QCM-D crystals 
coated with CNF and PLL/wax bilayers was evaluated with AFM. Topographical 
AFM height images are shown in Figure 20. Polyelectrolyte layers have been 



previously noted to be too even and thin to be detected using AFM;125 therefore,  
only changes related to wax particles will be discussed here. After the adsorption 
of one bilayer, the CNF fibrils were still visible (Figure 20b), but after two bilayers 
the substrate was completely covered with particles (Figure 20c). The number of 
particles visible on the substrate increased with each bilayer, which correlates well 
with the QCM-D findings. However, in terms of industrial applications, increasing 
the amound of layers might not be economically feasible. Therefore, only coatings 
consisting of one (1 BL) and two (2 BL) bilayers were studied in this work. 

 

Additionally, the roughness was calculated based on the AFM images. As 
expected, the nano-roughness increased after the deposition of the PLL/wax 
coating. The arithmetical mean height Sa of the surfaces escalated from 4.4 nm on 
pure CNF, to 9.6 and 17.1 nm after one and two bilayers, respectively. 

4.4.2 Coatings on CNF freestanding films 

Freestanding CNF films show excellent oxygen barrier properties at low relative 
humidity.12,126,127 At higher humidity, however, their performance deteriorates due 
to the swelling of the fibrillary network.128 Moreover, the hydrophobisation of 
fibrils before the film formation might result in insufficient interfacial bonding, 
and in the formation of a weak and porous film. Therefore, the modification of the 
CNF films has been proposed in order to decrease their hydrophilicity and improve 
their performance in humid conditions.12,129 Successful hydrophobisation methods 
found in the literature include chemical modification,130–132 coating with synthetic 
wax,12 and adsorption of surfactants.133 

Amphiphilic GGM derivatives 
The adsorption of the polysaccharide derivatives on cellulose was previously 
confirmed on ultrathin films (Section 4.4.1), and thus their use for the surface 
modification of macroscopic CNF films was explored. The GGM-block-copolymers 
were spin-coated from aqueous solutions onto the surface of CNF freestanding 
films, and their oxygen barrier and CA were tested. As expected, in dry conditions 
all films had extremely low oxygen permeability (Table 3). In humid conditions, 
the presence of the hydrophobic groups was expected to limit the oxygen 
permeability. However, when RH was increased to 80%, the improvement in 
barrier properties after the coatings was not significant. 
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As for the contact angle of the surfaces, the values increased notably only after 
coating with the GGM-block-PDMS (Table 3). Importantly, coating with pure GGM 
and GGM-fatty acids derivatives actually made CNF surfaces more hydrophilic and 
the placed water drop was quickly adsorbed by the coated surfaces. Therefore, we 
can conclude that short fatty acid chains were not sufficient to introduce 
hydrophobicity to the cellulosic surface, and the hydrophilic character of GGM still 
dominated the properties. Thus, the water uptake was facilitated on samples coated 
with pure GGM and GGM-block-fatty acids, explaining why no significant 
improvement in oxygen barrier property at elevated humidity was achieved. In 
contrast, the PDMS block appeared to be sufficiently large to increase the 
hydrophobicity of the surface, but the oxygen permeability still did not change 
remarkably. These results suggest that the hydrophobicity of the CNF film can be 
increased with adsorption of amphiphilic GGM derivatives, but only up to a limited 
level. Importantly, the compounds should be selected carefully. Thus, a balance 
should be found between the presence of large enough hydrophobic blocks and the 
solubility of the final compound in water. 

PLL/wax multilayers 
Coating freestanding CNF films with GGM-block-PDMS decreased the wetting of 
the films, but the hydrophobising effect was still insufficient. Therefore, inspired 
by the remarkable results achieved on wood, the LbL procedure was adapted for 
the CNF films. The films were coated with one or two bilayers of PLL/wax. 
Additionally, after the LbL process, some samples were annealed in oven for one 
hour at 103 °C. Thus, the effect of thermal treatment on the coated films was 
investigated. The topography of pure CNF films and films coated with one or two 
bilayers, with and without thermal annealing, is presented in Figure 21. 

 



The topographical changes at the surface of freestanding CNF films were similar 
to the ones on ultrathin CNF films. In a similar manner, after one bilayer of 
PLL/wax (Figure 21b), the fibrils were still visible, while they got fully covered after 
two bilayers (Figure 21d). In both cases, thermal treatment caused the melting of 
the wax and formation of a film at the surface, making it appear smoother 
(Figure 21 c-d). 

It is well established that the combination of complex roughness and low surface 
energy may result in surfaces with exceptional hydrophobicity.134 Therefore, the CA 
of the coated films was examined in connection with their roughness. The PLL/wax 
coatings increased the CA of CNF from 34° on pure film to 94° and 138° after one 
and two bilayers, respectively. However, the microscale roughness increased 
considerably only after the second bilayer of the coating, as can be seen in 
Figure 22. This seems logical, considering that the amount of wax particles on the 
surface was much higher after two bilayers, in comparison to after just one, as seen 
on AFM images (Figure 21).  

 

After one bilayer, the thermal treatment slightly increased the contact angle, but 
did not have a significant effect on the roughness. This was probably due to 
spreading of the wax and better coverage of the hydrophilic fibrils. However, in the 
case of two bilayers, heating decreased the final roughness. It was likely attributed 
to the melting of the coating, similarly to what was seen previously on model CNF 
films. This smoothening and decrease in surface roughness may be the reasons for 
the lower CA value.  

Due to their open structure, both one and two bilayer coatings were not expected 
to improve the oxygen barrier properties of the CNF film before thermal annealing. 
However, the continuous layer of wax, which was formed after thermal treatment 
of the two bilayer coating, could act as an impermeable barrier. Therefore, the 
oxygen transfer rate was measured on this sample and the oxygen permeability was 



calculated. Unfortunately, the oxygen barrier properties were not considerably 
improved. The permeability values at 80% RH reached 8.4 cc μm/m2 day kPa for 
pure CNF and 6.6 cc μm/m2 day kPa for coated samples after two bilayers and 
annealing. Therefore, CNF films coated with the PLL/wax would be best suited for 
applications where the combination of hydrophobicity and breathability are 
required. 

The effectiveness of the various treatments in terms of CNF hydrophobisation 
was compared and can be seen in Figure 23. The CA of the surfaces coated with 
PLL/wax bilayers were found to be higher than those of the GGM-modified films. 
The main reasons for this are the higher surface roughness and the presence of 
high amounts of hydrophobic wax particles on the surface of the PLL/wax modified 
surfaces, compared to adsorption of just one polymer layer. 

 

As discussed in Section 4.4.2, the PLL/wax multilayers did not prevent the oxygen 
transfer through the CNF freestanding films at elevated humidity. Although this 
might limit the applicability of this coating in some areas, like packaging, it also 
suggests its suitability for other fields where breathability is a concern; for instance 
in the textile industry. Therefore, three fabrics were selected in order to test the 
performance of the PLL/wax coating on textiles: light cotton, heavy cotton, and 
linen (flax). Only two bilayer coatings were used on fabrics because they proved 
most effective in freestanding CNF film experiments. The textile samples were 
coated, and in some cases thermally annealed, in a similar way as the CNF films. 
The wetting properties of the untreated, coated, and annealed surfaces can be 
evaluated from the CA data in Table 4.  

 



 
All tested textiles became highly hydrophobic after coating with two bilayers of 

PLL/wax. The thermal treatment further improved the CA of cotton samples, 
making them superhydrophobic (light cotton) or nearly so (heavy cotton); 
howewer, it had the opposite effect on linen. Therefore, SEM images were taken in 
attempt to understand the differences between the textiles, and the effect of the 
annealing on their topography. A clear correlation could be found between the 
surface coverage of the sample and water CA of the corresponding surfaces. As seen 
in Figure 24, the amount of wax particles on the surface was significantly higher on 
linen (Figure 24 c2) than on cotton samples (Figure 24 a2 and b2). The high surface 
coverage with wax and the roughening that these particles provided might be the 
reasons for the excellent hydrophobicity of the coated linen before annealing. 
However, as particles melted during annealing, this additional nano-and micro-
roughness was no longer present, and thus the CA on linen somewhat decreased. 
It is visually clear that the surface coverage was lower for cotton than for linen. In 
this case, the surface coverage with wax probably increased upon annealing due to 
melting, which may explain the increased CA on cotton samples. 

It is important to note that all textiles were commercially available fabrics and 
thus their processing history is unknown. However, the FTIR and X-ray 
photoelectron spectroscopy measurements revealed some differences in the 
chemical nature of the surfaces, which could explain the differences in CA. For the 
details, the reader is reffered to the Publication IV. Nevertheless, the increase in 
CA of all samples was remarkable, especially considering the thin coating layer and 
high hydrophilicity of the raw materials. 



 

Additionally, since the small water droplets used for CA measurements evaporate 
with time, the long-term water-repelling performance of the surfaces was 
evaluated qualitatively. The photographs in Figure 25 show bigger water droplets 
on coated textiles after three hours of contact, illustrating the long lasting water 
resistance of the coated fabrics. 

 

It is also worth noting that the coatings were absolutely invisible to the naked eye, 
as seen on the photographs of untreated and coated light cotton in Figure 26.  



 

The high hydrophobicity achieved on textile samples with this simple approach 
could be useful in many applications, including sport clothing and home or 
furniture textiles. Additionally, the fact that the modification is done in water 
means that it can be easily integrated into the modern textile production lines.135 
However, just hydrophobicity is often not sufficient. In order to provide comfort 
for wearable garments, fabrics are also required to be breathable.88  

As previously reported in this work, PLL/wax coatings on freestanding CNF films 
did not prevent the air flow completely, and thus were expected to allow the 
breathability of textiles. In order to confirm this, the moisture buffering procedure 
as shown previously on wood was simplified and adapted for textiles as an 
approximate measure of breathability and hygroscopicity. Therefore, the samples 
were subjected to changes in relative humidity and their mass was monitored. The 
changes in sample mass were caused by adsorption or desorption of moisture from 
the surrounding air. The average moisture adsorption and desorption upon 
changing the RH between 75 and 33% was 4.5, 7.8, and 8.7 g/m2 for light cotton, 
heavy cotton, and linen, respectively. Table 5 shows the average change in mass for 
unmodified samples and its relative decrease (in %) after the coating.  

Overall, the coatings reduced the moisture buffering ability of textiles to various 
extents. As expected, the highest reduction was observed after thermal annealing, 
due to melting of the coating and the formation of a film. However, the hygroscopic 
nature of all samples was preserved; they were still able to adsorb and release 
moisture as the surrounding humidity changed. Thus, the coated textiles could be 
used in areas where air permeability and water vapour transfer are required.136 For 
home textiles, the coating allows easy maintenance combined with passive 
humidity buffering. Moreover, wearable garments will benefit from its 
breathability, as sweat and excess moisture are transported away from the body. 



This work focused on improving the surface properties of two distinct groups of 
materials: wood and natural fibers. The main aim was to protect the 
aforementioned surfaces from water, thus making them easier to clean and 
maintain, while retaining their natural moisture buffering ability.  

The hydrophobisation of wood was initially achieved through the application of 
wax micro- and nanoparticles dispersed in water. The particles increased the 
roughness of the surface, while forming an open surface coating, thus slowing 
down the penetration of water. In terms of long-term water-repellency, the film-
forming coatings (continuous layer of wax and lacquer) were found to be superior 
to the modification with particles. However, they also reduced the moisture 
sorption down to a limited or even negligible level, thus eliminating any possible 
passive climate control benefits. On the contrary, the moisture buffering 
performance of the wood coated with wax particles was preserved. 

The use of the LbL technique provided more control over the deposition of the 
wax particles onto wood. Additionally, the nature of the LbL method allowed 
adding a complementary component into the system. Therefore, the UV-absorbing 
zinc oxide particles were also incorporated into the coating. Wax particles 
enhanced the natural surface roughness of wood at the microscale, while ZnO 
provided nano-roughening. This complex surface roughness, combined with the 
hydrophobicity of wax, resulted in the superhydrophobicity of the coated wood. 
Moreover, in addition to exceptional hydrophobicity, the moisture buffering was 
enhanced after the modification. This can be attributed to the hydrophilic nature 
of ZnO particles. The multilayers were also found to reduce the color changes of 
timber during UV exposure, but this effect was not extensive, due to 
photodegradation of the wax. The sequential dipping and rinsing steps were 
definitely the bottleneck of the entire approach, meaning that the coating cannot 
be reapplied easily throughout the life cycle of the coated product. In the future this 
issue should be addressed, with focus on formulations that can be applied in one 
step. 

For the CNF hydrophobisation, the PLL/wax multilayers were found to be more 
effective than the adsorption of GGM derivatives. The derivatives were found to 
adsorb irreversibly onto cellulose; therefore, the derivatisation of the GGM is a 
promising pathway for surface functionalisation of cellulose in water. However, the 
hydrophilic nature of the GGM molecule was still dominating the surface 



properties, unless a hydrophobic block with sufficiently high molar mass was 
introduced. The best contact angles on CNF films were achieved with the GGM-
block-PDMS, but the surfaces were still insufficiently hydrophobic. Therefore, the 
studied GGM derivatives might have a positive effect on the compatibility of CNF 
in novel biocomposites, but are not ideal for protecting cellulose from water. The 
PLL/wax multilayers, on the other hand, efficiently hydrophobised the CNF films, 
while still allowing oxygen permeation. However, the best results were achieved 
when PLL/wax multilayers were applied onto cellulosic textiles. The fabrics had 
inherent woven and fibrillar structure, as opposed to relatively smooth surface of 
CNF films, and this was probably the reason for their superior hydrophobicity. Two 
bilayers of coating, followed by thermal annealing, resulted in superhydrophobicity 
of cotton textile. The water contact angle in that case reached up to 156°. 
Furthermore, the moisture buffering ability of the textiles was still preserved even 
after melting of the coating and partial film-formation on the surface. 

To conclude, the treatment methods presented in this work were capable of 
successfully functionalising cellulosic materials. It was possible to obtain 
superhydrophobic, yet moisture buffering wood with better color stability; CNF 
films with higher hydrophobicity; and superhydrophobic yet breathable textiles. 
The developed processes were water-based, relatively simple, and they did not 
require harmful solvents or harsh conditions. The coatings improved the 
properties of natural cellulosic materials, thus making them more competitive 
against the commonly used synthetic and fossil-based materials; and bringing us 
one step closer to a more sustainable future.  
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