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Abstract 
 
This thesis deals with the wetting by oil mixtures of two different model cellulose surfaces. 
The surfaces studied were a regenerated cellulose (RG) surface prepared by spin-coating, and 
a film consisting of polyelectrolyte multilayers (PEM) of Poly(ethyleneimine) (PEI) and a 
carboxymethylated Microfibrillated Cellulose (MFC). After coating or covalently modifying 
the cellulose surfaces with various amounts of fluorosurfactants, the fluorinated cellulose 
films were used to follow the spreading mechanisms of the different oil mixtures. The 
viscosity and surface tension of the oil, as well as the dispersive surface energy of the 
cellulose surface, are essential parameters governing the spreading kinetics. X-ray 
Photoelectron Spectroscopy (XPS) and dispersive surface energy measurements were made 
on the cellulose films treated with fluorosurfactants. A strong correlation between the surface 
coverage of fluorine, the dispersive surface energy and the measured contact angle of the oil 
mixtures was found. For example, a dispersive surface energy less than 18 mN/m was 
required in order for the cellulose surface to be non-wetting (θe > 90º) by castor oil. 
 
Significant parts of this work were devoted to the development of cellulose surfaces for the 
wetting studies. The formation of a PEM consisting of PEI and MFC was studied and the total 
layer thickness and adsorbed amount were optimized by combining Dual Polarization 
Interferometry (DPI) with a Quartz Crystal Microbalance with Dissipation (QCM-D). The 
adsorption behaviour as well as the influence of the charge density, pH and electrolyte 
concentration of PEI, and electrolyte concentration of the MFC dispersion on the adsorbed 
amount of MFC were investigated. Results indicate that a combination of a high pH, a fairly 
high electrolyte concentration for PEI solution together with low or zero electrolyte 
concentration for the MFC resulted in the largest possible adsorbed amounts of the individual 
PEI and MFC layers.  
The structures of the two cellulose surfaces were characterised with atomic force microscopy 
measurements and a difference in terms of surface structure and roughness were observed. 
Both surfaces were however very smooth with calculated RMS roughness values in the range 
of a few nanometers.  
 
The adsorption behaviour of water-dispersible fluorosurfactants physically adsorbed at 
various concentrations onto the two model cellulose surfaces was investigated using DPI. The 
aggregate structure of an anionic fluorosurfactant, perfluorooctadecanoic acid, dispersed in 
water was studied by Cryo Transmission Electron Microscopy (Cryo-TEM). The 
fluorosurfactants had an adsorption and desorption behaviour in water which was dependent 
on the fluorinated chain length and the aggregation form of the fluorosurfactant. 
Perfluorooctanoic acid and a commercial cationic fluorosurfactant with a formal composition 
of CF3(CF2)nSO2NH(CH2)3-4N(CH3)3

+I- was found to desorb from the MFC and RG surfaces 
upon rinsing with water, whereas perfluorooctadecanoic acid was strongly adsorbed to the 
surfaces. It is essential for a fluorosurfacatant to be strongly adsorbed to the cellulose surface 
even after rinsing to yield hydrophobic and lipophobic (oleophobic) properties with a large 
contact angle for oils and water. 
 



 
 
 



Sammanfattning 
 
Denna licentiatavhandling behandlar vätning av två olika cellulosa modellytor med olika 
oljeblandningar. De undersökta ytorna var dels en regenererad cellulosayta (RG) framställd 
genom spin-coating, samt en yta bestående av polyetylenimin (PEI) och karboxymetylerad 
mikrofibrillär cellulosa (MFC). Genom att elektrostatiskt adsorbera eller kovalent modifiera 
cellulosaytorna med fluortensider i varierande mängd skapades lämpliga substrat för att 
studera oljors växelverkan med ytorna. Viskositet och ytspänning för oljorna samt den 
dispersiva ytenergin för cellulosaytorna är exempel på viktiga faktorer som bestämmer 
spridningskinetiken hos oljorna. Vidare utfördes X-Ray Photoelectron spectroscopy (XPS) 
och dispersiva ytenergimätningar för de fluorerade cellulosaytorna, och samband 
konstaterades mellan yttäckning av fluor, dispersiva ytenergier och de uppmätta 
kontaktvinklarna hos oljor på ytorna. Till exempel, krävdes ytenergier under 18 mN/m för att 
motverka spridning av ricinolja på en cellulosayta. 
 
En stor del av arbetet ägnades åt utveckling av cellulosaytor som substrat för att studera 
oljevätning. Flerskiktstekniken, dvs. när en laddad yta behandlas omväxlande med motsatt 
laddade polyelektrolyter, har använts för att bygga upp modellytor bestående av PEI och 
MFC. Filmens tjocklek samt den adsorberade mängden PEI och MFC optimerades och 
karaktäriserades med hjälp av en ny teknik där Dual Polarization Interferometry (DPI) 
kombinerades med Quartz Microbalance with Dissipation (QCM-D). Adsorptionskinetiken 
för de individuella polyelektrolytlagren undersöktes samtidigt som det klarlades hur den 
adsorberade mängden av MFC beror av laddningstäthet, pH, elektrolytkoncentration hos PEI 
och elektrolytkoncentration hos MFC. Resultaten visade att största möjliga adsorberade 
mängd av de individuella skikten erhölls med högt pH och hög elektrolythalt hos PEI i 
kombination med MFC dispersioner utan elektrolyt. 
Atomic Force Microscopy (AFM) användes för att karaktärisera cellulosaytornas struktur och 
ytråhet. Båda ytorna är mycket jämna med en beräknad ytråhet av ett par nanometer. 
 
Vidare undersöktes adsorptionen av dispergerade fluortensider till den mikrofibrillära 
cellulosaytan. Aggregeringsegenskaperna hos en anjonisk fluortensid, perfluorerad 
oktadekansyra, studerades med Cryo Transmission Electron Microscopy (Cryo-TEM). 
Beroende på den fluorerade kedjans längd, har fluortensiderna olika adsorptions- och 
desorptions egenskaper till cellulosa i vatten. Perfluorerad oktansyra samt en kommersiell 
fluortensid, CF3(CF2)nSO2NH(CH2)3-4N(CH3)3

+I-, kunde desorberas från MFC- och RG 
ytorna genom tvätt med vatten, medan den perfluorerade oktadekansyran fortfarande var 
adsorberad till ytorna efter tvätt. För att erhålla en hydrofob eller lipofob celluosayta med hög 
kontakt vinkel mot olja är det av yttersta vikt att fluortensiderna inte desorberas från ytan. 
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Objective 
 
The primary objective of this work was to obtain a detailed description of the factors 
controlling the wetting of cellulosic materials by different types of oil mixtures. These factors 
are of great importance, since several paper products, such as paper/board for pet, bakery and 
fast foods, are exposed to different types of oil/grease. By gaining fundamental knowledge of 
the factors controlling oil and grease resistance, this work aims at forming a potential base for 
the development of future paper products with a controlled degree of grease resistance. 
The main purpose of paper 1 was to characterise the contact angle and wetting kinetics of oil 
mixtures of fluorinated cellulose surfaces, and to relate these results to the surface 
concentration of fluorine and dispersive surface energy of the surfaces. Atomic Force 
Microscopy (AFM) and X-ray Photoelectron Spectroscopy (XPS) were used to characterise 
the surface roughness and the amount of fluorine on the cellulose surfaces, respectively.  
The primary aim of paper 2 was to develop suitable model cellulose surfaces to be used as 
substrates in order to study the spreading of oil mixtures by contact angle measurements. The 
build-up of a polyelectrolyte multilayer (PEM) consisting of polyethylenimine (PEI) and 
microfibrillated cellulose (MFC) was investigated using two different techniques; Dual 
Polarization Interferometry (DPI) and Quartz Crystal Microbalance with Dissipation (QCM-
D) measurements. 
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Background 
 
General overview 
 
In recent years, there has been an increasing demand for grease resistant/proof paper and 
paperboards. The demand is attributed to the continuously growing packaging markets for 
food items such as bakery products, pet foods, instant and fast foods [1].  
Greaseproof paper was invented 100 years ago by the Norweigan engineer Otto Munthe 
Tobiesen as a replacement for vegetable parchment as a wrapping material for butter and 
margarine. Today, the concept “greaseproof” implies a paper which in some respects is grease 
proof and it includes a wide variety of papers used for the packaging of fatty products [2]. The 
special properties of greaseproof paper are due mainly to the high degree of beating which 
creates a large joint forming ability of the fibres, which in turn creates a paper of high density. 
Greaseproof papers have a closed surface structure with a small number of pores as seen in 
figure 1. 
 

                                          
Figure 1. E-SEM picture of a greaseproof paper structure. It clearly shows the tightly sealed surface of the paper. 
The absence of macroscopic pores is due to extensive beating, which produces large amounts of highly hydrated 
fines and very collapsed fibre walls. Illustration courtesy of Prof. Christer Fellers.     
 
This suggests that greaseproof paper can be an excellent substrate for barrier coating [3]. Most 
fatty substances used in packaging applications have a very low surface tension, typically in 
the range of 27 to 32 mN/m [4], and tend to spread on the paper surface and even penetrate 
the very fine pores. The speed of penetration is dependent on the viscosity and surface tension 
of the grease. Most fats, even solid ones, may contain components of low viscosity, which 
leave fat stains on the reverse side of the porous paper. 
Because the grease resistance is achieved by a high degree of beating, this treatment involves 
high costs in terms of energy for the beating process. In addition, an increased degree of 
beating of the pulp leads to a slower dewatering of the furnish on the wire, and thus a higher 
moisture content after the press section which requires a large amount of energy for its 
removal in the dryer section. Another, and even more important consequence of the beating, is 
that the capacity in the drying section can be a limitation on the machine speed [3].  
Several coating technologies exist which provide paper and paperboard with grease/oil barrier 
properties for packaging and non-packaging purposes. Commercially, there are a number of 
different barrier coatings for paper which give oil/grease resistance. They include waxes and 
wax-metal emulsions [5], styrene-acrylic copolymers [6], talc-filled water-based polyacrylate 
[7], pigment-filled poly(styrene-butadiene) dispersions [8], polyvinyl alcohols [9] and 
montmorillonite/polyethylene-coatings [10]. Although these substances provide a barrier 
against oil and fat, these papers will not become grease resistant or repellent and the fatty 
substances will spread over the film because the surface has a high surface energy. 
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In order to create an oil/grease resistant or repellent paper/board, fluororochemicals such as 
fluorosurfactants or fluoropolymers can be added to the pulp slurry, applied to the paper 
surface or included in pigment coatings. These types of fluorochemicals have the potential to 
resist wetting by oils due to their low surface energy (preferably lower than 20 mN/m). They 
have therefore been widely applied to paper and paperboard [4, 11-16]. Surface treatment is 
the most efficient way to apply a fluorinated surfactant and it is easier to control than internal 
application. In pigment coatings on the outside of boxes or bags, fluorinated surfactants are 
used to prevent soiling and to maintain the appearance of the package. Grease-resistant (or 
oleophobic) paper products are most often used where short contact times between the fatty 
substances and the paper are involved, such as in fast-food packaging. Greaseproof papers on 
the other hand are often used for the long-term storage of products such as butter and 
margarine. However, the use of fluorochemicals as oil repellent components, especially for 
food contact applications, has been heavily debated for years, due to their known toxicity with 
the risk that low molecular weight fluorocompounds can accumulate in human tissue and have 
low biodegrability. The treatment of paper or paperboard used for food and pet food 
packaging requires Food and Drug Administration (FDA) approval. 
 
Wettability of surfaces by oils. 
 
Because oil repellency is a condition of limited wettability, it is not possible to discuss 
repellency without reviewing the principles of wetting. Wetting of fibres by oils involves the 
displacement of a fiber-air (vapour) interface with a fiber-oil interface. Wetting of a fibrous 
assembly, such as paper, is a complex process. Various wetting mechanisms, such as 
spreading, immersion, adhesion and capillary penetration, may operate simultaneously. When 
a drop of oil is placed on a paper surface, the drop assumes a shape that appears to be constant 
and exhibits a certain angle, θ (figure 2). This angle θ is called the contact angle and is 
considered to be a characteristic of the particular liquid-solid interaction. The equilibrium 
contact angle therefore serves as an indication of the wettability of the fiber or paper by the 
oil. Many years ago, Young proposed that a liquid drop on a plane solid surface (figure 2) is 
subject to the following equbrilium [17]: 
 
γsv = γsl + γlvcosθ          (1) 
 

 
Figure 2. Equilibrium contact angle and involved surfaces forces in spreading. The figure is reproduced with 
permission from KSV Instruments Ltd. 
 
where θ is the contact angle in the liquid at the solid-liquid-vapour boundary, γS is the surface 
tension of the solid, γL is the surface tension of the liquid and γSL is the interfacial tension 
between the solid and the liquid. The surface has to be smooth, homogeneous, impermeable 
and non-deformable. However, because wood fibers are not ideal, wetting is complicated by 
the surface roughness and the surface heterogeneity. The experimentally observed contact 

 3



angle is thus an apparent contact angle and a substitution of an apparent contact angle into the 
equation will give only an approximate results. The spreading coefficient S is defined as: 
 
S = γs – γsl – γl           (2) 
 
and a positive spreading coefficient predicts that the liquid spreads spontaneously over the 
fibre surface and wets it. Qualitatively, the fibre surface tension γS should be made as small as 
possible if spreading and wetting are to be discouraged 
The phenomenon of liquid penetration into a porous medium such as paper is complex and 
modelling of the nonuniform pore structure in the paper is difficult.  
Assuming that the liquid exists in a cylindrical capillary with a constant radius r and the 
attraction forces are such that a defined contact angle θ exists between the liquid and the 
capillary wall, the liquid surface becomes part of a sphere and r1 = r2 = r. The capillary 
pressure PC is then given by the Young-Laplace equation: 
 

r
LPC

θγ cos2
=           (3) 

where γL is the surface tension of the liquid, r is the capillary radius and θ is the contact angle 
between the liquid and the capillary wall. 
The capillary pressure is counteracted by the pressure drop due to the flow resistance, PF, 
which can be calculated according to the Hagen-Poiseulle law: 
 

2

8
r
vlPF

η
=            (4) 

 
where l is the penetration length, ν = dl/dt is the rate of penetration and η is the viscosity of 
the liquid. The pressure equilibrium at the liquid front is thus: 
 
PE + PC = PF           (5) 
 
where PE is the external pressure. Substitutions of the expressions for PC and PF in equation 
yields: 
 

2

)/(8cos2
r
dtdll

r
PE

ηθγ
=+          (6) 

 
The solution to this differential equation is an expression in which the penetration distance is 
proportional to the square root of time, t  
 

trPrl E

η
θγ
4

cos2 2+
=          (7) 

 
This equation is known as the Lucas-Washburn equation [18]. Assuming that the paper 
consists of a bundle of capillaries of a certain size, this equation can be used to understand the 
critical parameters that affect the wetting and liquid penetration phenomena. Among these 
parameters, γ and η are properties of the penetrating liquid. To slow down penetration, a low γ 
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value and a large θ are desirable. The interaction between a porous substrate and a liquid is 
shown in figure 3. 
 

 
 
Figure 3. Repellency of a porous substrate toward a liquid. The figure is reproduced with permission from Ciba 
Specialty Chemicals Inc. 
 
There are several standardised methods for testing oil repellency. Some of them, such as DIN 
53116 or ISO 5634, measure the time taken for a standardised grease to penetrate through a 
paper, while TAPPI T 454 uses turpentine. These tests measure the time which elapses 
between placing a fatty substance on a paper until grease spots appear on the reverse side of 
the paper. The advantage of the DIN and ISO methods is that they are realistic; they also use 
actual fatty substances. Their disadvantage is the time which the testing requires, sometimes 
several days. The TAPPI method is quicker but it is also less realistic since it measures a 
substitute substance and involves no pressure [2].  
Another fast indirect method has been developed by the 3M company. This method is 
published as TAPPI UM 557 and is often referred to as the Kit-test. The test uses a series of 
mixtures of castor oil, toluene and heptane. As the ratio of oil to solvent is decreased, the 
viscosity and surface tension also decrease, making successive mixtures more difficult to 
holdout. The performance is rated by the highest numbered solution which does not darken 
the paper after 15 seconds. The method is useful for fluorochemical-treated papers [12, 14, 
15, 19], but it is not applicable to pure greaseproof papers.  
A great deal of fundamental work has been performed in the area of water interactions with 
paper and paperboard e.g. sizing (hydrophobicity). However, in the area of grease resistance 
of paper and board, despite the fact that there are many applications, little fundamental 
research work has been done. By starting with materials that are known to give good grease 
resistance like fluorochemicals deposited on cellulose substrates (as models for paper), the 
factors controlling the wetting of oil can be studied in detail e.g. the surface coverage of 
fluorine and surface energy of the surfaces. Thus, more detailed practice knowledge and 
experience will be gained that may in the long term be used to develop new products where 
grease resistance can be controlled/adjusted to different degrees.   
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Experimental 
 
Materials 
 
This chapter presents the polyelectrolyte, a surfactant and model surfaces used, together with 
the methods of preparation and characterisation details for those materials. For more thorough 
descriptions, the reader is referred to the individual papers. 
 
Polished silicon wafers 
Polished silicon wafers (p-doped with boron) were obtained from MEMC Electronic 
Materials SpA (Novara, Italy) and were used as the bare substrate for the cellulose films. 
Prior to use, the wafers were cleaned by rinsing with a Milli-Q water/ethanol (99%)/Milli-Q 
water sequence. The surface was then hydrophilised and contaminations were removed by 3 
min treatment in a plasma oven (PDC-002, Harrick Scientific Incorp, US) operating at 30 W 
under reduced air pressure. 
 
Silicon oxynitride chips 
The waveguide chips, made of nitrogen doped-silica, Si2N2O, used for the DPI measurements 
were provided by Farfield Ltd. (Salford, UK). The unmodified silicon oxynitride has a 
hydrophilic nature with hydroxyl groups carrying a negative charge. The chips were used as 
received, but were cleaned inside the instrument by injection of deconex® (liquid cleaning 
concentrate, Borer Chemie, Germany) and ethanol (80 %) prior to calibration and adsorption. 
 
QCM crystals 
AT-cut crystals (5 MHz resonant frequency), with an active surface of sputtered silica, were 
supplied by Q-Sense AB. Immediately before use, the active surface was cleaned by rinsing 
with a Milli-Q water/ethanol (99%)/Milli-Q water sequence. The surface was then 
hydrophilised by 3 min treatment in a plasma oven (PDC-002, Harrick Scientific Incorp, US) 
operating at 30 W under reduced air pressure. 
 
Chemicals 
 
Polyethyleneimine 
Polyethlyleneimine (PEI) with a mean molecular weight of 60000 g/mol (according to the 
supplier) was purchased from Acros Organics in the form of a 50 wt % aqueous solution. This 
PEI material is a branched cationic polymer containing primary, secondary and tertiary groups 
in a 1:2:1 ratio. The molecular monomer structure and a representative 3D crosslinked 
segment of PEI are presented in figure 4. Because of the weak polyelectrolyte nature of the 
PEI, its charge density depends on the pH and ionic strength. The PEI is practically neutral at 
pH > 10.5, whereas it possesses a considerable charge density in the neutral and acidic pH 
range [20, 21]. In these work, different pH strategies and different electrolyte concentrations 
in the PEI solutions were used during the polyelectrolyte formation on the model surfaces. 
The molecular weight of PEI was determined to ca. 40500 g/mol using gel permeation 
chromatography according to a previously described method [22]. The refractive index was 
measured for PEI as a function of polyelectrolyte concentration using an Optilab DSP 
interference refractometer (Wyatt Technology, Santa Barbara, CA) to obtain the refractive 
index increments (dn/dc).  
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Figure 4. a) Chemical structure of a monomer segment in PEI. b) Representative structure of a branched PEI 
section. Illustration courtesy of Dr. Imre Varga. 
 
Microfibrillated cellulose 
The MFC used was prepared at STFI Packforsk, Stockholm, with the aid of a high-pressure 
homogenization technique similar to an earlier described procedure [23, 24] but with a 
different high-pressure homogenizer and a new pre-treatment of the wood fibres [25]. The 
pulp used to produce the MFC was a bleached softwood sulphite pulp from Norwegian 
Spruce (Domsjö ECO Bright) Domsjö, Sweden. The pulp was used in its never-dried form 
and, before use in the homogenizer, it was thoroughly washed and subjected to 
carboxymethylation to introduce more anionic charges without degrading the properties of the 
cellulose molecules in the fibers. The fibrils from the homogenisation were dispersed with 
sonication using a titanium microtip probe followed by centrifugation for two hours at 8000 g 
[25]. The surface charge density of MFC at pH = 6.5 was found to be ca. 426 μeq/g using 
polyelectrolyte titration [26]. The anionic MFC was used together with PEI to create a 
polyelectrolyte multilayer on boron-doped and nitrogen-doped silica. 
 
Pulp fibres 
A dissolving-grade pulp from Domsjö Fabriker (Domsjö, Sweden) was used as raw material 
for preparing regenerated cellulose films. The pulp was extracted with acetone before use.  
 
Solvents 
N-methylmorpholine oxide (NMMO), 50 wt. % solution in water, supplied by Sigma Aldrich, 
Germany, was used to dissolve the pulp. Dimethyl sulfoxide, DMSO (99.9 %, 
spectrophotometric grade, Sigma Aldrich, Germany) was used to dilute and adjust the 
viscosity of the NMMO cellulose solution to produce the right thickness of the formed 
cellulose film. 
 
Model cellulose surfaces 
The regenerated cellulose surfaces were prepared by anchoring a cationic polymer, PEI, on a 
silica surface. The cellulose dissolved in NMMO and diluted by DMSO, was then spin-coated 
on top of this layer. The temperature and concentration determine the viscosity of the 
dissolved cellulose solution and thus the film thickness and the surface roughness upon spin 
coating [27, 28]. 
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The multilayer films of MFC were formed by simple alternate dipping. All films were 
deposited on a precursor layer of PEI. The dipping time for MFC was 20 minutes, the 
dispersed MFC being used without further dilution. The MFC dipping was followed by two 
consecutive five minute dips in two separate vessels with Milli-Q water in order to rinse off 
the excess MFC. The dipping time for PEI was ten minutes and the rinsing procedure was the 
same. The sequence used in these experiments was thus: formation of an initial layer of PEI 
and then a MFC layer followed by alternating PEI and MFC dipping [25]. 
 
Fluorosurfactants 
An anionic fluorosurfactant, perfluorooctadecanoic acid (95 %), C17F35COOH (Fluorochem 
Ltd, UK), was used. The flurosurfactant was dispersed in Milli-Q water during stirring and 
made up to a stock solution with a concentration of 200 mg/l. The pH of the dispersion was 
adjusted to 7 with 0.1 M NaOH. A theoretical CMC (critical micelle concentration) of ca. 
0.02 mg/l was obtained for perfluorooctadecanoic acid by extrapolating the CMC values 
associated with lower aliphatic perfluorinated organic acids (CXFXCOOH) [17]. However, the 
CMC was here determined at 80º C to be 8 x 10-5 M (~73 mg/l) [29].  
 
Kit test oil mixtures 
Three different kit test mixtures, namely 1, 3 and 6, were prepared from castor oil (Sigma 
Aldrich, Germany), toluene (99%, Baker, Holland) and n-heptane (analytical grade, Baker, 
Holland) according to Tappi 559 pm-96. The viscosities of the liquids were measured using a 
StressTech Rheometer (Reologica Instruments AB, Sweden), at a shear rate of 2000 s-1 at 25 
ºC. The properties of the three liquids are presented in Table 1. 
Castor oil is a vegetable oil obtained from castor bean and has an unusual composition and 
chemistry; ninety percent of the fatty acids in castor oil are ricinoleic acid. Ricinoleic acid, a 
monosaturated, 18-carbon fatty acid, has a hydroxyl functional group at the twelfth carbon, a 
very uncommon property for a biological fatty acid. The chemical structure of ricinoleic acid 
is shown in figure 5. 
 

 
 
Figure 5. Chemical structure of ricinoleic acid, the main component of castor oil. 
 
 
Table 1. Properties of oil mixtures used in the investigation. 
Kit 
number: 

Volume castor 
oil (ml): 

Volume 
toluene (ml): 

Volume 
heptane (ml): 

γ η 

Kit 1 200 0 0 35.8[4] 0.48 
Kit 3 160 20 20 29.3[4] 0.12 
Kit 6 100  50 50 24.1[4] 0.02 
γ = surface energy of the liquid in mN/m 
η = viscosity of the liquid in Ns/m2

 
Methods 
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In this chapter, the instruments and methods used are presented. Most of these techniques, 
except DPI, have been thoroughly described in the literature and hence they are only briefly 
described here. For more detailed information regarding the experiments, the reader is 
referred to Papers 1 and 2. 
 
XPS 
In order to understand phenomena related to the surface chemistry of any material, knowledge 
of the properties of the surface is required. X-ray photoelectron spectroscopy (XPS), also 
known as ESCA (electron spectroscopy for chemical analysis) provides both elemental and 
chemical state information relative to surfaces almost without restriction as to the type of 
material which can be analysed. The analysis depth is ca. 10 nm and all elements except 
hydrogen can be detected. This makes XPS an appropriate tool for study of e.g. thin films 
deposited on silicon substrates. A brief description of the technique can be found elsewhere 
[30]. 
In this work, XPS was used to measure the atomic surface concentrations of the elements on 
pure and fluorinated model cellulose surfaces. The peak intensities and hence the relative 
amounts of the elements on the surface were determined by integrating the areas under the 
peaks. Assuming that the fluorocompounds are located on the cellulose surfaces in patches 
with a thickness exceeding the depth of analysis, ca. 10 nm, and by using the O/C ratio of the 
cellulose surfaces, fluorosurfactants and the fluorinated cellulose surfaces, the surface 
coverage of the fluorocompounds (Φsurf) can be estimated from the relation: 
 
(O/C)fluorosurfactantΦ + (1-Φ)O/Ccellulose = O/Csample      (8) 
 
Angular-dependent XPS would however enable the surfactant thickness and orientation of the 
molecules to be determined and would show whether the surfactant layers are continuous 
[31]. This method should be considered for forthcoming investigations  
 
Atomic Force Microscopy (AFM) – imaging 
The function of the Atomic Force Microscope for imaging can be described as follows: A 
cantilever, with a sharp tip, is brought into contact with a substrate mounted on a piezo 
electric tube, which expands and retracts in response to the applied voltage. A laser beam is 
focused on the cantilever and reflected via a mirror to a photo-sensitive detector, and the 
cantilever is deflected to a predetermined value of the detector. The substrate is then moved in 
the x-y direction and the cantilever follows the surface topography through a z-direction 
movement of the piezo-electric tube. A feed-back loop ensures that the cantilever is kept at 
constant deflection and the movement of the piezo-electric tube in the z-direction is recorded. 
At the same time as a topography image is recorded, information about properties such as 
surface chemistry, stiffness and friction can be obtained [32, 33].  
In this study, the AFM technique was used to examine the surface morphology and surface 
roughness of the pure and fluorinated MFC and RG cellulose films. A MFC-saturated silicon 
oxynitride chip from a DPI measurement was also imaged by the AFM. For further details 
about the AFM measurements, the reader is referred to Papers 1 and 2. 
 
Contact angle goniometry 
The wetting of surfaces by oil mixtures, as well as by methylene iodide and n-hexadecane, 
was studied on the pure and fluorinated MFC and RG cellulose surfaces using a Contact 
Angle Meter, CAM 200 (KSV, Finland). The heart of the instrument is a high-performance 
digital camera (CCD-camera), capable of taking 100 pictures per second, and optimized 
background illumination, providing accurate distortion-free imaging of the drop and surface 
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morphology. The base diameter, height, projected area, and drop contour are determined from 
the images. The drop contour is used to calculate the average contact angle and drop volume. 
For further details about the contact angle measurements, the reader is referred to the Paper 1. 
 
Dual polarization interferometry (DPI) 
The DPI is a new technique that has been used to measure the adsorption of 
polyethyleneimine, MFC and surfactants. DPI is a technique which, like ellipsometry, is able 
to measure changes in both thickness and refractive index in situ. It has previously been used 
to measure the adsorption of proteins [34-38], surfactants [39] and polypeptide multilayer 
build-up [40]. A detailed description of the instrument is given by Cross et al. [39] and 
Halthur et al. [40]. 
The heart of the instrument is the substrate surface, which is a sandwich chip structure of two 
horizontally-stacked waveguides, made of nitrogen-doped silicon, separated by an insulating 
layer (figure 6).  
 

 
 
Figure 6. Schematic drawing of the DPI setup and the waveguide chip structure. The figure is reproduced with 
permission from Farfield Sensors Ltd. 
  
The laser beam light source can be switched, using a fast liquid crystal switch, between the 
two plane polarized states, transverse electric (TE) and transverse magnetic (TM) (one 
parallel and one perpendicular to the surface). The plane polarized laser light is focused on the 
short end of the surface, where it splits and travels separately through the two waveguides 
(sensing and reference). As it emerges on the other side of the chip, the two signals diffract 
and interfere with each other, and this interference can be detected by a CCD-camera as a 
fringe pattern in the Farfield. The evanescent field emitted by the sensing waveguide into the 
solution to be measured is affected by changes in the index of refraction in close proximity to 
the surface, and therefore also by adsorption onto the surface. Hence the light propagating 
through the sensing waveguide is altered, usually retarded, in relation to the light travelling 
through the reference waveguide, and this create a phase difference between the two signals. 
The phase difference can be determined from the shift in the fringe pattern in the Farfield. 
Since the effective refractive index for the reference waveguide remains unchanged, the 
change in effective refractive index relates only to the regime close to the sensing waveguide. 
Shifts in the fringe pattern are recorded continuously for both polarizations, and for both 
states the calculated effective refractive index can satisfy a continuous range of thickness and 
refractive indices for an adsorbed film. By combining the results from both polarizations, a 
unique solution for the thickness and the refractive index can be obtained. The adsorbed mass 
of the adsorbed film can than be calculated using de Feijter formula (Eq. 9) [41]: 
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Γ = 
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          (9) 

 
where Γ is the adsorbed mass (mg/m2), df the film thickness (nm), nf the refractive index of 
the film and nbuffer the refractive index of the buffer.  
 
Quartz crystal microbalance with dissipation measurements (QCM-D) 
Polyelectrolyte, MFC and surfactant adsorption were studied using QCM-D equipment 
supplied by Q-Sense (Göteborg, Sweden), with the capacity to measure simultaneously the 
resonant frequency shift (∆f) and the change in energy dissipation (∆D). The instrument is 
described in detail by Rodahl et al. [42]. The QCM-D measures the real-time kinetics of 
adsorption, and the frequency change, ∆f, is directly proportional to the mass oscillating with 
the crystal, ∆m, according to the Sauerbrey equation (Eq. 10) [43]: 
 
∆m = -∆f/(nC)           (10) 
 
where C is the mass-sensitivity constant (5.72 m2 Hz mg-1 at f0 = 5 MHz) and n is the 
overtone. The dissipation factor (D) is defined (Eq. 11): 
 

stored

dissipated

E
E

D
π2

=            (11) 

 
where Estored is the energy stored in the oscillating system and Edissipated is the energy dissipated 
during one oscillation period [40]. The dissipation factor (D) provides a measure of the energy 
losses in the system. Adsorption and desorption as well as structural changes may lead to 
changes in dissipation. Generally, flat or/and rigid structures have little effect on the 
dissipation, whereas thick and/or flexible structures increase the dissipation [42]. 
 
Cryo-TEM 
 
The application of TEM to direct visualization of colloidal fluid nanostructures requires rapid 
vitrification of the samples in the form of thin films and is referred to as cryogenic TEM or 
cryo-TEM. The key step in cryo-TEM sample preparation is the high-speed cooling that 
involves mechanical plunging of the specimen into a reservoir of cryogen, typically liquid 
ethane (or less preferably propane) cooled by liquid nitrogen 
In order for the thin samples to be vitrified at a chosen equilibrium condition, the preparation 
environments have to be carefully controlled throughout the procedures for the thin film 
formation. For this reason, the sample preparation is usually performed in an insulated 
chamber. The fluid sample in the form of a 5 µl droplet is placed on the micro-perforated 
cryo-TEM grid. It is then blotted by a filter paper, resulting in the formation of thin liquid 
films of normally 10 to 250 nm thickness, freely spanning across the micropores in a carbon 
vapour-deposited polymer layer supported by a metal TEM grid. After a period of 
equilibration, the sample grid assembly is plunged into a reservoir of liquid ethane at its 
melting temperature (90K). 
Defocusing of the objective lens induces a phase shift of the scattered electrons. The intensity 
of the image depends on the phase shift and on the size of the object being probed. Images are 
usually recorded on a digital charge-couple device (CCD) camera [44]. 
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In this study, Cryo-TEM made it possible to visualize the aggregation behaviour and structure 
of perfluorooctadecanoic acid in aqueous solution and to relate the information obtained to the 
adsorption of the surfactant to the cellulose surfaces.  
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Results and discussion 
 
The following section is a summary of the results from the different papers. Due to their close 
relationship, the individual papers are here presented together. 
 
Preparation and characterization of MFC and RG cellulose surfaces 
 
MFC surfaces 
 
Polyelectrolyte adsorption and particularly the polyelectrolyte multilayer (PEM) technique 
have proven to be useful for modifying the properties of surfaces [45-57]. In this work, the 
PEM technique has been used for the build-up of a cellulose model film, with PEI and MFC 
as cationic and anionic polyelectrolyte/colloid components, respectively. The build-up of 
PEI/MFC films was first studied on silicon substrates [25], which are ideal for ellipsometry 
measurements. 
It is valuable to study in more detail how each polyelectrolyte is adsorbed in order to obtain a 
better control of the build-up process. Attempts were made to better understand how PEI 
charge density and concentration, pH, and electrolyte concentration affected the 
polyelectrolyte adsorption, and in turn the properties of the multilayer. Multilayer build-up 
was followed in situ with DPI and QCM-D, and each new layer resulted in a clear change in 
total layer thickness and refractive index, and in frequency and dissipation. 
The adsorbed amount of PEI, and hence the structure of the adsorbed layer, was altered by 
changing the electrolyte concentration and pH. A higher pH and higher electrolyte 
concentration was found to promote the adsorption of PEI onto silicon or nitrogen doped 
silicon. This observation is similar to the PEI adsorption onto silicon measured by 
reflectometry as reported by Mészáros et al [20, 21]. Figure 7a shows that the optical layer 
thickness increased with increasing pH at a given ionic strength and with increasing ionic 
strength at a given pH as measured by DPI. However, the DPI measurements further indicate 
that, as the adsorbed amount increased the refractive index of the adsorption layer decreased. 
The influence of the sensed mass of the pre-adsorbed PEI layers (i.e. pH and electrolyte 
concentration of PEI) on the total sensed mass of one bilayer of PEI/MFC was also 
investigated using QCM-D (figure 7b). In agreement with the DPI measurements, an increase 
in the sensed mass of PEI is accompanied by an increase in the sensed mass of the PEI/MFC 
bilayer.  
As shown in figure 7b, the adsorption of PEI and MFC is associated with an increase in 
energy dissipation in the layers. The increase in energy dissipation is due to the non-rigid 
structure of the adsorbed layer of PEI and MFC on the sensor crystal. The dissipation is 
monitored simultaneously with the decrease in frequency throughout the adsorption steps. The 
change in dissipation is proportional to the adsorbed mass of PEI and MFC and the result is 
interpreted as indicating that PEI at higher pH and higher electrolyte concentration exhibits a 
more extended conformation on the surface, contributing with free charges which act as 
bridging sites for MFC and yielding a higher adsorbed amount of MFC.  
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Figure 7. (a) Layer thickness, d, and refractive index (nPEI) of PEI adsorption layers as a function of the adsorbed 
amount. The data points have been determined by adsorbing PEI at pH 4, 6, 7, 8, 10 at an ionic strength of 10 
mM (from left to right) and at pH 10 at an ionic strength of 100 mM (the last data point on the right). (b) Total 
adsorption and change in energy dissipation of a PEI/MFC bilayer as a function of pre-adsorbed PEI. 
 
Experiments were also conducted in which the electrolyte concentration (NaI) of the MFC 
dispersions (100 mg/l) was varied in the range from 1 to 100 mM. The same experimental 
conditions were applied as in the earlier experiments (see the previous paragraph). The bilayer 
thickness was found to decrease with increasing electrolyte concentration, while the refractive 
index (adsorption layer density) dropped to a small extent at the beginning, and then became 
constant at a rather high value, as seen in figure 8. It should be noted that there was still a 
significant adsorption at the highest electrolyte concentration investigated (100 mM). 
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Figure 8. The layer thickness, d, of one bilayer of PEI/MFC as a function of ionic strength of the MFC 
dispersion. The adsorption of the PEI was performed at a concentration of 100 mg/l, an ionic strength of 10 mM 
and pH = 7.  
 
Finally PEI/MFC multilayer films were formed. All the experiments were conducted using 
100 mg/l PEI at pH 10 and 100 mg/l MFC at pH 6.5 (neutral pH). In these experiments, 
silicon and nitrogen-doped silicon surfaces were used as substrates for the DPI and QCM-D 
measurements, respectively. Overall, the general trends were similar for the studied systems, 
which exhibited a reproducible multilayer build-up in terms of adsorption kinetics and 
adsorbed amounts of the individual layers, as shown in figure 9a. The results obtained by DPI 
showed that there were differences in the growth of the multilayer thickness depending on 
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which polyelectrolyte was used. A larger increase in thickness was associated with the 
adsorption of MFC. The increase in thickness was smaller for the first two MFC layers but it 
then reached a steady build-up, with a larger increase in thickness for the MFC layers and a 
much smaller increase for the PEI layers. A total thickness of about 30 nm was obtained for 5 
PEI/MFC bilayers. This value was lower than that previously reported by Wågberg et al. [25], 
who reported a thickness of about 70 nm for 5 dry bilayers measured by ellipsometry. A 
similar difference has been previously reported by Halthur et al. [40], who investigated the 
multilayer build-up of biodegradable polypeptides using ellipsometry and DPI. The difference 
in thickness is probably due to the different substrates used.  
The refractive index is shown as a function of layer number of PEI and MFC in figure 9b. The 
decrease in refractive index during multilayer build-up indicates that the average surface 
density of the layers decreased, which could be interpreted as a more open structure of the 
multilayer being created by the stiff microfibrils. The average refractive index with five 
bilayers was ca. 1.475. 
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Figure 9. (a) the calculated total thickness d, and (b) the refractive index n, as a function of multilayer build-up. 
The PEI concentration was 100 mg/l at pH 10 and MFC concentration was 100 mg/l at pH 6.5. 
 
The viscoelastic properties of the formed PEM were examined from the changes in energy 
dissipation recorded by the QCM-D as the multilayers formed on the silica surface (figure 
10a). There was a large increase in dissipation associated with the adsorption of the MFC 
layers, which indicates a more open and thick structure compared to the PEI layer. This result 
agrees well with the decrease in average refractive index measured by DPI (figure 9b), which 
also indicate that the average surface density of the layers decreased.  
Additional information about the mass uptake was obtained in the decrease in frequency of 
the 3rd, 5th and 7th overtones as shown in figure 10b. The adsorption kinetics of the 
individual layers was similar to that measured with DPI. The adsorption phases could be 
distinguished as follows: a rapid and low adsorption associated with the injection of PEI 
followed by a slower and larger adsorption associated with the injection of MFC. The 
adsorption was slower for each new layer of MFC adsorbed. 
The DPI and QCM-D data have so far been presented in their original form, but it is also 
interesting to interpret the data in terms of adsorbed amounts. The de Feijter equation: 
 

Γ = 
dcdn

nn
d bufferf

f
−

          (9) 
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where Γ is the adsorbed mass (mg/m2), df is the film thickness (nm), nf is the refractive index 
of the film and nbuffer is the refractive index of the buffer, and the Sauerbrey equation is: 
 
∆m = -∆f/(nC)           (10) 
 
where C is the mass-sensitivity constant (5.72 m2⋅Hz⋅mg-1 at f0 = 5 MHz) and n is the 
overtone number, was applied to estimate the adsorbed amount mass from the DPI and QCM-
D measurement data. The DPI and QCM-D gave a total PEM mass of 32.6 mg/m2 and 55.4 
mg/m2, respectively. The calculations indicate that the solvent contributed as a large part, i.e. 
ca. 41 %, of the adsorbed polyelectrolyte layers, which may be due to mechanically trapped 
water in the pores among the MFC fibers and/or significant hydration of the heavily 
carboxymethylated microfibrils, and water associated with the PEI. 
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Figure 10. (a) QCM-D data showing the change in energy dissipation as a function of the adsorption and build-
up of polyelectrolyte multilayers of PEI and MFC. The PEI concentration was 100 mg/l at pH 10 and MFC 
concentration was 100 mg/l at pH 6.5. These data are from the third overtone (15 MHz). (b) Change in 
frequency, ∆f (proportional to adsorbed mass) through the multilayer build-up.  
 
Regenerated (RG) cellulose surfaces 
 
A regenerated cellulose film was also prepared. Much effort has been devoted to the 
development of these surfaces [27, 28], and the reader is referred to those publications for 
further details of the preparation and characterisation of these surfaces. 
AFM was used to image and characterize the surface roughness of the MFC and RG cellulose 
films and values of 6 and 7 nm, respectively, were obtained. The tapping-mode phase images 
of a PEM film consisting of 7 PEI/MFC bilayers and a RG cellulose film are shown in figure 
11. 
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Figure 11. AFM tapping mode images of (a) 7 PEI/MFC bilayers surface and (b) a RG cellulose surface in phase 
imaging mode. The scanned surface area was 1 μm2. 
 
The surface compositions of the RG and MFC cellulose films were also characterized using 
XPS. The survey spectrum of the RG cellulose films showed carbon, oxygen (and very small 
amount of silicon) on the surface (figure 12a). Taking into account the fact that the depth of 
analysis by XPS is about 10 nm, this may indicate that there are some pinholes in the film 
with a thickness close to 10 nm. 
The survey spectrum of the MFC film showed that carbon, oxygen and nitrogen were present 
on the surface (figure 12b). The total concentrations of carbon and oxygen on MFC films, 
compared with RG cellulose films, increased from 58.0 to 59.9 % and decreased from 40.7 to 
36.8 %, respectively. This is probably due to the large amount of PEI incorporated in the 
microfibrils in the MFC films. 
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Figure 12. XPS spectra of a (a) spin-coated RG cellulose film and (b) 7 bilayer MFC film 
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Fluorination of MFC and RG cellulose surfaces and determination of the concentration 
of fluorine on these surfaces 
 
In order to create cellulose surfaces exhibiting oleophobicity and suitable for spreading 
studies of low surface energy oil mixtures, the substrates were modified by coating with an 
anionic fluorosurfactant, perfluorooctadecanoic acid, or covalently modified with 
pentadecafluorooctanyl chloride. 
Adsorption of fluorosurfactant at the cellulose surface depends on several factors. Probably, 
one of the most important is the structure of the surfactant molecule, including its length. A 
cationic fluorosurfactant, CF3(CF2)nSO2NH(CH2)3-4N(CH3)3

+I-, and perfluorooctaoic acid 
was found to be desorbed from the MFC and RG cellulose surfaces upon rinsing with Milli-Q 
water, whereas a dispersion of perfluorooctadecanoic acid remained completely attached to 
the surface after rinsing. This latter driving force for perfluorooctadecanoic acid adhesion is 
related to the surfactant structure and length, hence the solubility characteristics of the 
surfactant in water.  
The aggregation of perfluorooctadecanoic acid at a concentration of 100 mg/l in aqueous 
solution has here been studied using Cryo-transmission electron microscopy. The experiments 
indicated that self-assembly of the surfactant into large polydisperse lamellar structures in the 
range of 50 to 1000 nm occurred. The coexistence of lamellar phases of different sizes and the 
growth of larger structures indicates that the solution is in a non-equilibrium state. Figure 13 
shows micrographs of large asymmetrical lamellar aggregates and smaller polydisperse round 
shaped structures. As perfluorooctadecanoic acid is very hydrophobic in nature, exhibiting 
low solubility in water as indicated by Cryo-TEM, a rather large hydrophobic driving force 
for adsorption is expected, and this surfactant dispersion was hence found suitable for 
modifying the cellulose surfaces. 
  

 

a b

 
Figure 13. Lamellar phases and small disc-like micelles formed in an aqueous solution of 100 mg/l 
perfluorooctadecanoic acid at pH 7. Bar = 200 nm.  
 
Figure 14a shows the influence of the perfluorooctadecanoic acid concentration after 20 min 
adsorption on the atomic surface fluorine concentration of the RG films as measured by XPS. 
As the perfluorooctadecanoic acid concentration increased, the surface concentration of 
fluorine increased until a saturation plateau was reached at approximately 150 mg/l. The 
atomic concentration of fluorine on the surface of MFC films is shown as a function of the 
concentration of perfluorooctadecanoic acid in figure 14b. The intensity of the CF2 group 
increased with increasing surfactant concentration, up to a concentration of 60 mg/l. With 
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more concentrated samples, a plateau in the surface concentration was observed. This is 
similar to what was observed for RG cellulose surfaces. 
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Figure 14. (a) Atomic surface fluorine concentration on a) RG cellulose and b) MFC films as a function of 
fluorosurfactant concentration during adsorption (20 min). 
 
XPS and dispersive surface energy characterization of fluorinated MFC and RG 
cellulose films 
In order to determine the dispersive surface energy of the MFC and RG cellulose surfaces, 
contact angles were measured with methylene iodide and n-hexadecane. The calculations 
were based on the equation:  
 

)cos1(2 e
d
l

d
s θγγγ +=          (12) 

 
where γs

d is the dispersive surface energy of the cellulose surface, γl
d the dispersive surface 

tension of the liquid, γ the surface tension of the liquid and θe the equilibrium contact angle 
between the liquid and the cellulose surface. This is valid when the interactions between the 
liquid and the surface are dominated by dispersive interactions [58].  
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Figure 15 shows the calculated dispersive surface energy vs. atomic fluorine surface 
concentration for the MFC and RG cellulose surfaces. At zero surfactant concentration, i.e. 
pure RG cellulose and a pure MFC surface, the dispersive surface energies were 45.1 mN/m 
and 42.8 mN/m, respectively. When the surface concentration of fluorine was increased 
slightly, the dispersive surface energy decreased drastically. A further increase in the atomic 
fluorine surface concentration led to a decrease in the dispersive surface energy until 
saturation was reached at a dispersive surface energy of about 12 mN/m. Our interpretation of 
figure 15 is that the surfactant coverage on the RG and MFC cellulose is incomplete at a very 
low surface concentration of fluorine as the fluorosurfactant molecules are probably lying flat 
on the surface. As the fluorine surface concentration increases, there is a decrease in 
dispersive surface energy, perhaps due to a reorientation of the surfactant molecules from a 
flat position, via an intermediate position, to a position where the fluorocarbon tails are 
oriented more or less perpendicular to the surface. A further increase in atomic concentration 
of fluorine may lead to the formation of multiple surfactant layers, and the measured 
dispersive surface energy levels off and is relatively constant for high fluorine coverage (F > 
45 at.%). 
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Figure 15. Dispersive surface energy of fluorinated (a) RG cellulose and (b) MFC surfaces vs. atomic fluorine 
concentration.  
 
The values obtained for the pure RG cellulose and MFC surfaces indicated that the dispersive 
part of the cellulose surface energy is dominating since the surface energy of cellulose 
determined by contact angle measurements is known to be ca. 54.5 mN/m [58]. Reported 
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values for the dispersive part of the surface energy of cellulose are 40 mN/m and 44 mN/m, 
[58, 59]. These values are similar to the values, 45.1 and 42.8 mN/m, obtained in the present 
work. For the RG and MFC cellulose surfaces with the highest surfactant coverage, the 
dispersive surface energy was determined to be about 12 mN/m. Amongst the numerous 
molecular structures investigated, a close-packed uniform CF3 surface has been found to 
possess the lowest surface tension (6 mN/m) [60]. The critical surface tension for CF2-CF2 
groups was determined by Zisman et al. to be 18 mN/m [61], which indicates that the 
surfactant-coated surfaces are strongly enriched by CF3 groups. 
 
Effects on the wetting kinetics of oil mixtures of the amount of fluorosurfactants 
absorbed on cellulose films 
The adsorption of fluorocompounds on cellulose has been shown to improve the repellence of 
lipophobic components such as oil and grease. To clarify the importance of dispersive surface 
energy and fluorine surface concentration on the wetting of oil mixtures on cellulose surfaces, 
the MFC and RG cellulose surfaces were coated at different concentrations of 
perfluorooctadecanoic acid. Figure 16 shows the spreading of castor oil on the RG cellulose 
models with different amounts of adsorbed fluorosurfactant. There is a large difference with 
regard to the spreading kinetics of castor oil between fluorinated RG surfaces and uncoated 
RG surfaces. The contact angle is greater and the approach to a fixed contact angle with 
increasing concentration of perfluorooctadecanoic acid is much more rapid. 
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Figure 16. Cos θ vs. time for castor oil on regenerated cellulose models with different amounts of adsorbed 
fluorosurfactant. Open triangles: 0 mg/l (uncoated), open diamonds: 10 mg/l, open squares: 20 mg/l, filled 
triangles: 30 mg/l, filled diamonds: 40 mg/l and filled squares: 50 mg/l. 
 
Figure 17 shows cos θ plotted versus the contact time for Kit mixtures 1, 3 and 6 on 
perfluorooctanoyl-chloride-grafted and pure MFC surfaces. A logarithmic time scale has been 
chosen. For the wetting of Kit 1 and 3 on perfluorooctanoyl-chloride-modified MFC surfaces, 
the spreading process can be subdivided into two stages. In both cases, the dynamic contact 
angle decreases very rapidly over the first stage of spreading until a constant value is reached, 
here referred to as θe. The spreading rate in the first stage is greater for Kit 1 than for Kit 3 
due to the greater driving force for the spreading θ/θe. The dynamic contact angle, θe, 
remained constant, over most of the second stage and the mixtures were found to be non-
wetting with θe > 90º. The spreading behavior for Kit 6 was different from that of Kit 1 and 3. 
No significant spreading regimes could be observed. No equilibrium state with constant θ was 
reached for Kit 6 during the time of the measurements. 
The dynamic contact angle evolution with time of the Kit mixtures on pure MFC surfaces is 
also presented in figure 17. For all three oil mixtures, the spreading was almost continuous 
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until cos θ = 1 is reached, and it is hard to define any spreading regime exhibiting a distinct 
difference in velocity of spreading during the time of the experiments. The three curves 
almost condense to a single curve at the end of the experimental time.  
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Figure 17. Cos θ vs. time for Kit mixtures 1, 3 and 6 on perfluorooctanoyl-chloride-grafted MFC surfaces (Kit 1, 
3 and 6: filled squares, diamonds and triangles, respectively) and on pure MFC surfaces (Kit 1, 3 and 6: open 
squares, diamonds and triangles, respectively). 
 
 
It is clear in figure 17 that the change in the contact angle with time is quite different for the 
different mixtures. As discussed by Zosel [62], the spreading may be totally controlled by the 
surface tension and viscosity of the liquids. In order to test this hypothesis, cos θ was plotted 
as a function of reduced time, where the influence of the properties of the mixtures has been 
taken into account. In order to obtain a dimensionless time, the time is multiplied by the 
factor, γ/(η*r), where γ and η are, respectively, the surface tension and viscosity of the 
mixture and r is the radius of the original drop. The results are presented in figure 18. The 
results almost fall on two master curves for the pure MFC and fluorinated MFC surfaces. This 
indicates that the initial spreading is almost entirely determined by the properties of the 
liquids, i.e. the viscosity and surface tension. Kit 6 deviates from the master curve for 
fluorinated MFC surfaces, and this deviation can be explained in terms of Marangoni flow 
enhancing the spreading of Kit 6, since both heptane and toluene exhibit higher evaporation 
rates and lower surface tensions than castor oil. The Marangoni flow will be induced from 
regions of low evaporation rate to regions of high evaporation rate and, in the case of the 
spreading of the oil mixture, such a combination of volatilities and surface tensions leads to a 
Marangoni flow in the same direction as the spreading, i.e. away from the center of the drop, 
enhancing the spreading. 
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Figure 18. Cos θ vs. reduced time for Kit mixtures 1, 3 and 6 on perfluorooctanoyl-chloride-grafted and pure 
MFC surfaces. Symbols as in figure 17. 
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Conclusions 
 
A large part of this work was devoted to the development of the cellulose surfaces for the 
studies of wetting by oil mixtures. Two different model cellulose surfaces have been studied; 
a regenerated (RG) cellulose surface prepared by spin-coating, and a multilayer film of 
poly(ethyleneimine) and a carboxymethylated microfibrillated cellulose (MFC). 
The build-up of the multilayer films formed by layer-by-layer deposition of PEI and MFC 
was studied in situ by DPI and QCM-D, complementary information being obained by the 
two techniques. The adsorption behaviour, as well as the influence of charge density, pH and 
electrolyte concentration of PEI, and electrolyte concentration of the MFC dispersion on the 
adsorbed amount of MFC was investigated. The results indicate that high pH and fairly large 
electrolyte concentration of PEI together with low or zero electrolyte concentration of the 
MFC yielded the greatest possible adsorbed amount of the individual layers within the PEM. 
A large increase in dissipation associated with the adsorption of MFC was observed by QCM-
D. This, together with a decrease in refractive index according to the DPI measurments, 
indicates that a thick and viscous PEM has been formed, with a decrease in average film 
density for each new layer of MFC adsorbed. 
The MFC and RG cellulose films were characterized in detail using atomic force microscopy 
(AFM) and X-ray photoelectron spectroscopy (XPS). AFM indicates that smooth and 
continuous films has been achieved on a nanometer scale and the RMS roughness of the RG 
cellulose and MFC surfaces was determined to be 3 and 6 nm, respectively. 
In order to obtain lipophobic cellulose films suitable for wetting studies, the surfaces were 
modified by coating with various amounts of anionic perfluorooctadecanoic acid or covalently 
modified with pentadecafluorooctanyl chloride. X-ray photoelectron spectroscopy (XPS) and 
dispersive surface energy measurements were made for the cellulose films treated with these 
fluorosurfactants. An increase in the atomic fluorine surface concentration yielded an increase 
in dispersive surface energy and thereby an increase in the measured contact angle of the oil 
mixtures. The viscosity and surface tension of the oils, as well as the dispersive surface 
energy of the cellulose surfaces, were found to greatly influence the spreading kinetics of the 
oil mixtures.  
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