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Abstract 

In the first part of this work a novel type of low-density, sponge-like material for the 

separation of mixtures of oil and water has been prepared by vapour deposition of 

hydrophobic silanes on ultra-porous nanocellulose aerogels. To achieve this, a highly porous 

(> 99 %) nanocellulose aerogel with high structural flexibility and robustness is first formed 

by freeze-drying an aqueous dispersion of the nanocellulose. The density, pore size 

distribution and wetting properties of the aerogel can be tuned by selecting the concentration 

of the nanocellulose dispersion before freeze-drying. The hydrophobic light-weight aerogels 

are almost instantly filled with the oil phase when they selectively absorb oil from water, with 

a capacity to absorb up to 45 times their own weight. The oil can also be drained from the 

aerogel and the aerogel can then be subjected to a second absorption cycle. 

 In the second part of the work a novel, lightweight and strong porous cellulose material 

has been prepared by drying aqueous foams stabilized with surface-modified NanoFibrillated 

Cellulose (NFC). Confocal microscopy and high-speed video imaging show that the long-

term stability of the wet foams can be attributed to the octylamine-coated, rod-shaped NFC 

nanoparticles residing at the air-liquid interface which prevent the air bubbles from collapsing 

or coalescing. Careful removal of the water yields a porous cellulose-based material with a 

porosity of 98 % and a density of 30 mg cm
-3

. These porous cellulose materials have a higher 

Young’s modulus than other cellulose materials made by freeze drying and a compressive 

energy absorption of 56 kJ m
-3

 at 80 % strain. Measurements with an autoporosimeter reveal 

that most pores are in the range of 300 to 500 µm. 
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Sammanfattning 

I den första delen av arbetet har ett nytt poröst material, med mycket låg densitet, tillverkats 

för att kunna separera polära och opolära vätskor. Det porösa materialet har tillverkats genom 

att behandla ultraporösa aerogeler av cellulosa med hjälp av ångdeponering av hydrofoba 

silaner. Utgångsmaterialet består av aerogeler med hög porositet (> 99 %) där strukturen och 

de mekaniska egenskaperna har varierats genom att frysa och frystorka en nanocellulosa 

dispersion. Densiteten, porstorleksdistributionen och vätningsegenskaperna hos aerogelen 

kunde kontrolleras genom att variera NFC-koncentrationen i dispersionen före frystorkningen. 

När de hydrofoba lätta aerogelerna placeras på en oljetäckt vattenyta har de förmåga att 

samtidigt flyta och snabbt absorbera oljan med en absorptionskapacitet på upp till 45 gånger 

sin egen vikt. Oljan kan sedan dräneras från materialet och aerogelen kan då återanvändas för 

en ny absorptions/desorptions cykel. 

 I den andra delen av arbetet har ett nytt, lätt och starkt cellulosa material tillverkats 

genom att torka ett vattenbaserat skum som stabiliserats mha ytmodifierad fibrillär 

nanocellulosa (NFC). Med hjälp av konfokalmikroskopi och höghastighetsvideo har det varit 

möjligt att kvantifiera att den goda bubbelstabiliteten hos det vattenbaserade skummet beror 

på att de avlånga oktylaminbeklädda fibrillerna koncentreras vid och stabiliserar vatten-luft 

gränsytan. På detta sätt hindras såväl bubbelkollaps som ihopslagning av bubblor. Genom att 

kontrollerat avlägsna vattnet i skummen går det att tillverka ett torrt, poröst cellulosa-material 

med en porositet på 98 % och en densitet på 30 mg cm
-3

. Dessa material har en högre E-

modul än andra porösa cellulosa material gjorda mha frystorkning och de har en 

energiupptagning under kompressionsbelastning på 56 kJ m
-3

 vid 80 % töjning. 

Porstorleksfördelningen uppmätt med hjälp av autoporosimetri (APVD) visar att de flesta 

porerna i materialet återfinns i intervallet 300 till 500 µm. 
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1 Objective 

The purpose of the work in this thesis was to prepare porous cellulose materials i.e. foams and 

aerogels from NanoFibrillated Cellulose (NFC) and to tailor their properties. 

 In paper I, the objective was to tailor the structure and surface properties of aerogels so 

that they could be used as separation media for polar and non-polar liquids. 

 In paper II,  the objective was to use a Pickering emulsion technique to stabilize air 

bubbles with NFC so that stable aqueous foams could be made, and thereafter to dry these wet 

foams to obtain dry porous cellulose materials. 
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2 Introduction 

The use of low-density, resilient materials from renewable resources is highly interesting in a 

range of application areas. For example, in the packaging industry it has long been desired to 

replace polystyrene foam as a shock-absorbent and insulating material. For different types of 

hygiene products it would also be very interesting to prepare foams with high porosity and 

good liquid-spreading properties since it would significantly increase the process efficiency of 

absorption core production that today is dominated by air-forming procedures. With the 

foaming technique it would also be possible to tailor the pore size distribution of the foams by 

controlling the drying procedure. This would add an extra dimension to the preparation of 

absorption cores in hygiene products. In high value added medical applications it would also 

be interesting to prepare porous materials that might be loaded with active substances that can 

be released in contact with destroyed or damaged human tissue. In all these applications, it 

would be interesting to use cellulose materials since they show low interaction with human 

tissue and since cellulose is found in so many living organisms and can be prepared in a free 

form as fibrils or fibres through readily available processes. The recent development of NFC 

and Cellulose Nanocrystals (CNC) has also opened up totally new possibilities of preparing 

nanostructured materials from both NFC and CNC. In this way, the pore structure of the 

network as well as its mechanical properties can be carefully tailored to reach the desired 

properties. However, even though the NFC and CNC are promising raw materials, there is 

still a lack of industrially feasible processes for the preparation of low density foams. The 

purpose of the present work was therefore to prepare porous cellulose materials by stabilizing 

air bubbles in aqueous foams with cellulose nanofibrils and then, in contrast to cellulose 

aerogels, to dry the wet foam under ambient conditions without a total collapse of the porous 

cellulose structure. This technique could be a promising alternative to freeze-drying for 

producing materials in large quantities. It is also shown that porous cellulose aerogels have a 

high liquid-absorption capacity and by changing the surface energy of the material it is 

possible to use them as a separation medium for polar and non-polar liquids. 

2.1 Nanofibrillated cellulose 

Nanofibrillated cellulose (NFC) is a material consisting of cellulose fibrils. A cellulose fibril 

is built up of cellulose chains and it has a width of approximately 4 nm and a length in the 

micrometer range.
1
 The cellulose fibrils consequently have a very high aspect ratio and, 

dispersed in water, they form a gel already at 2 wt% due to their entanglement. 

 The cellulose fibrils formed from highly crystalline cellulose can be found through the 

entire wood fibre where they build up the fibre wall together with other wood polymers. They 

have different orientations in the different fibre wall layers in order to optimize the strength of 

the fibres in the tree. In the S2-layer they are highly oriented in the length direction of the 

fibre in order to increase the stiffness of the fibre and of the overall tree structure.
2
 

 To liberate these cellulose fibrils from the fibre wall, a high energy input was earlier 

used.
3
 To reduce the energy consumption, the fibre wall can be charged with carboxyl groups 

that increase the osmotic pressure within the fibre wall when the fibres are dispersed in water. 

This osmotic pressure assists in the delamination of the fibre wall, and after homogenization, 

where the fibre wall is exposed to high shear forces, a carboxymethylated NFC is produced.
4, 5

 

2.2 Cellulose aerogels 

An aerogel is a material prepared by replacing the liquid solvent in a gel by air without 

substantially altering the network structure or the volume of the gel body.
6
 The first aerogels 

were reported by Kistler in 1931-1932,
7, 8

 but it was not until 40 years later that active 

research started in this area.
6
 Most aerogels reported are inorganic silica aerogels

9-14
 but 
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various types of organic aerogels have also been presented,
15-17

 and among them aerogels 

made from cellulose have been prepared rather recently.
6, 18-25

 

 Aerogels are typically prepared from solvent-swollen gels i.e. a percolating network 

within a solvent medium, where it is essential that the uncontrolled collapse and shrinkage of 

the latter network can be suppressed while the solvent is removed.
22

 It is usually performed by 

supercritical drying
8, 9

 but in order to reduce the cost, ambient-pressure drying has been 

attempted.
26, 27

 Freeze-drying is another method that can be used and the solvent in the gel is 

then first frozen and then sublimated without entering the liquid state.
22-24

 

 Some favorable properties of these porous materials are their low density, high specific 

surface area, low thermal conductivity and low dielectric permittivity.
6
 Because of the high 

porosity, above 90 %, and the interconnected capillary system in the material, it is 

advantageous for liquid absorption, a property dependent on capillary action and capillary 

pressure. 

2.2.1 Capillary action and capillary pressure 

Capillary action and capillary pressure are the reasons why liquid is absorbed in an aerogel. A 

capillary action occurs when the adhesion forces between the liquid and the solid material are 

greater than the cohesive forces within the liquid. Liquid then starts to wet the capillary wall 

to minimize the surface energy and to replace the high-energy surface with a liquid film that 

has a lower surface energy. As a consequence, the liquid surface will become curved and 

there will be a pressure difference just above and below the surface.
28

 

 Capillary pressure makes the water column rise in a capillary that is vertically oriented 

to the horizontal plane, and can be described by Eq. [1]
29

 

 

   
       

 
     

[1] 

 

where    is                    i.e. the capillary pressure minus the height pressure in the 

water column, γ is the surface tension of the liquid, θ is the contact angle between the liquid 

and the material, which for full wetting is assumed to be zero, R is the radius of the capillary, 

ρ is the density of the liquid,   is the acceleration due to gravity and h is the height of the 

liquid column inside the capillary. When water rises in the capillary the height pressure will 

counteract the capillary pressure slowing down the absorption process and it will eventually 

stop the capillary absorption when the height pressure equals the capillary pressure. The 

pressure balance is such that the smaller radius of the capillary the higher the water column.
28

 

2.2.2 Surface energy and super hydrophobicity 

To make the aerogel hydrophobic i.e. water repellent and with a contact angle for water 

greater than 90°, the surface energy between the aerogel and the gas phase has to be lower 

than the surface energy between both the liquid-aerogel and the liquid-gas phase. If     
        the liquid will wet the surface to replace the high-energy surface with a low energy 

surface.
28

 Here     is the interfacial energy between the solid material and the gas phase,     

is the interfacial energy between the solid phase and the liquid phase and     is the interfacial 

energy between the liquid phase and the gas phase. 

 When the surface energy is decreased and has a lower energy than that of the liquid, 

cohesion forces within the liquid become greater than the adhesive forces between the liquid 

and the capillary, resulting in a contact angle greater than 90°. The meniscus will then adopt a 

curvature opposite to the case described above and imbibition is prevented. When the aerogel 

is hydrophobic, it repels water but still absorbs non-polar liquids, assuming that the liquid 
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wets the pore, making it possible for the aerogel to float on water and at the same time absorb 

oil. 

 To make a surface super hydrophobic, the texture of the surface plays an important role 

as stated by the Cassie-Baxter relation, Eq. [2] 

 

                [2] 

 

where    is the apparent contact angle,   is the surface area of the liquid in contact with the 

solid divided by the projected area and    is the surface area of the liquid in contact with the 

air trapped in the pores of the rough surface divided by the projected area (Eq. [3] and Eq. [4]) 

 

   
                          

              
 

[3] 

 

 

   
                        

              
 

[4] 

 

 

As the aerogel has fibrils protruding from the surface, the liquid will have little contact with 

the solid material and    will then be close to zero whilst    will approach unity, as most of 

the projected area will be air.
30

 

2.3 Cellulose foams 

Cellulose foams can exist in both a dry and a wet state. In the dry state, they are like aerogels, 

a porous cellulose material with high porosity and low density. The difference between these 

two materials is in the way they are produced and also in their end properties. In the present, 

work the wet foam consists of air bubbles in water that are stabilized by cellulose fibrils and 

this is also the precursor for the dry foam. The idea of stabilizing air bubbles and to make up a 

stable foam with NFC that does not coalesce has been inspired by the Pickering emulsion and 

particle stabilization of foams.
 31-34

 

2.3.1 Pickering emulsion and particle stabilization of foams 

The concept of a Pickering emulsion was first established by the British chemist Pickering in 

1907.
31

 He observed that, in addition to surfactants and biomolecules, oil droplets in 

emulsions could be stabilized by colloidal particles which prevented the drops from 

coalescing.
31, 33, 34

 This concept has also been applied for many decades in flotation 

technology.
32, 35-37

 However, it was only recently that researchers found that particles could 

attach to the gas-liquid interface and stabilize air bubbles in surfactant-free suspensions.
34, 38-41

 

 By replacing part of the gas-liquid interfacial area with a solid-gas area through particle 

attachment at the gas-liquid interface rather than by reducing the interfacial tension as in the 

case of surfactants, it is possible to reduce the surface energy by several thousands or millions 

of kT units where k is Boltzmann constant and T is the temperature.
32

 This large reduction in 

the overall system free energy for particle attachment or particle stabilization contrasts to the 

much lower adsorption energies of surfactants, typically a few kTs.
32, 34, 42

 

 The position of the particles at the interface is determined by their hydrophobicity when 

the liquid is water. The attachment of the particles at the gas-liquid interface occurs when they 

are not completely wetted by the liquid and ultimately the position is determined by the 

balance between the gas-liquid, gas-solid and solid-liquid interfacial tensions. The free energy 

gain (G) upon adsorption is dependent on the contact angle (θ) between the particle and the 

interface (Eq. [5]) 
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                  [5] 

 

where r is the radius of the particle and    is the gas-liquid interfacial tension. It is realized 

that the contact angle should be close to 90° for maximal energy gain. The high energy of 

attachment explains the outstanding stability exhibited by particle-stabilized foams in 

comparison to surfactant-based systems. In addition to the steric layer provided against 

coalescence (film rupture), particles attached to the air-water interface form a network that 

strongly hinders the shrinkage and expansion of bubbles, minimizing Ostwald ripening for a 

long period of time.
32

 

 The principal results of this study are that aerogels made by freeze-drying, with a 

tailored bulk structure, can absorb up to almost 45 times their own weight in liquid. By a 

surface treatment with a thin adsorbed layer, where the surface tension of the aerogel is 

lowered, it is possible to absorb non-polar liquids e.g. oil and to reject polar liquids such as 

water. Due to the rigidity of the aerogel, it is possible to use it as oil absorbing material 

floating on water or just as a separator for polar and non-polar liquids. The results also show 

that the Pickering emulsion technique can be used to make dry porous cellulose foams and 

this technique appears to be promising in the effort to find new cost-efficient ways of 

producing these materials on a large scale. 

3 Experimental 

3.1 Materials 

3.1.1 NFC 

A commercial sulfite softwood-dissolving pulp (Domsjö Dissolving Pulp; Domsjö Fabriker 

AB, Domsjö, Sweden) made from 60% Norwegian spruce (Picea abies) and 40 % Scots pine 

(Pinus sylvestris), with a hemicellulose content of 4,5% and a lignin content of 0,6% was used 

for the manufacture of Nanofibrillated cellulose (NFC) consisting mainly of cellulose I 

nanofibrils with cross-sectional dimensions of 5-20 nm and lengths in the micrometer 

regime.
23

 

 The NFC was prepared at Innventia AB, Stockholm, Sweden, with the aid of a high-

pressure homogenization technique using a carboxymethylation pretreatment of the fibers.
4
 

The never-dried fibers were first dispersed in deionized water at 10 000 revolutions in an 

ordinary laboratory reslusher. The fibers were then solvent-changed to ethanol by washing the 

fibers in ethanol four times with intermediate filtration and impregnated for 30 min with a 

solution of 10 g of monochloroacetic acid in 500 ml of isopropanol. These fibers were added 

in portions to a solution of NaOH, methanol and isopropanol that had been heated to just 

below its boiling point, and the carboxymethylation reaction was allowed to continue for one 

hour. Following the carboxymethylation step, the fibers were filtered and washed first with 

deionized water, then with acetic acid (0.1 M) and finally with deionized water. The fibers 

were then impregnated with a NaHCO3 solution (4 wt% solution) for 60 min in order to 

convert the carboxyl groups to their sodium form. Finally, the fibers were washed with 

deionized water and drained on a Büchner funnel. After this treatment, the fibers were passed 

through a high-pressure homogenizer (Microfluidizer M-110EH, Microfluidics Corp) 

equipped with two chambers of different sizes connected in series (200 and 100 µm). 

Homogenization was achieved with a single pass at a fiber consistency of 2 wt% in aqueous 

solution and the charge density of the fibers was 647 µeq/g as determined by conductometric 

titration.
43
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3.1.2 Chemicals 

Octyltrichlorosilane was purchased from Sigma Aldrich (Octyltrichlorosilane, 97%) and 

used as delivered by the supplier. 

Hexadecane (Hexadecane, 99%) was purchased from Alfa Aesar and used as delivered by the 

supplier. 

Polyethyleneimine (PEI) was used to anchor the NFC to the silicon wafer (Mw = 60 kDa, 

50% aqueous solution, Acros Organics, US). 

Octylamine (99%) was purchased from Sigma Aldrich and used for modifying the surface 

energy of the NFC. The charge density of octylamine at pH = 9 is 7.7 meq/g calculated 

assuming that octylamine is fully protonated. 

3.2 Methods 

3.2.1 Preparation of NFC aerogels 

NFC dispersions with different contents of nanofibers were prepared by diluting a 2 wt% 

NFC dispersion with deionized water followed by mixing (8000 rpm) in an Ultra Turrax 

mixer (IKA D125 Basic, Germany) for 5 min. Four different consistencies were used, 0.5, 1, 

1.5 and 2 wt% NFC in aqueous solution. The aqueous dispersion was frozen in an aluminum 

mold by submersion in liquid nitrogen. The frozen mold was then transferred to a vacuum 

oven at -90° C (Christ ALPHA 2-4 LD plus) and the sample was kept frozen during drying at 

a pressure of approximately 0,040 mbar. The drying was typically finished within 48 hours. 

3.2.2 Silanization 

In order to make the hydrophilic NFC aerogels hydrophobic, they were treated with 

octyltrichlorosilane through vapor phase deposition. The aerogels were placed on a copper 

grid located above the liquid silane which was then heated to 180 °C, i.e. about 30 °C below 

its boiling point. The aerogels were treated in this way for 30 min. 

3.2.3 Automated Pore Volume Distribution measurement (APVD) 

A TRI/Autoporosimeter version 2008-12 (TRI/Princeton, Princeton, USA)
44

 was used to 

measure the cumulative pore volume distribution using hexadecane as liquid. The membrane 

cut-off radius was 1.2 µm, which effectively limited the smallest measurable pore radius to 

about 5 µm. Cumulative pore volume distributions were recorded using 19 pressure points 

corresponding to pore radii in the range of 500 to 5 µm. The pore radius, r, corresponding to a 

certain gas pressure was calculated using Eq. [6] 

 

  
      

  
 

[6] 

 

where γ is the liquid-gas surface tension of the liquid used, in this case hexadecane (27 

mN/m), θ is the liquid-solid contact angle (cos θ = 1, full wetting is assumed),    is the 

difference between the gas pressure and atmospheric pressure. Three complete APVD 

desorption/sorption cycles were recorded for each material. The mass of liquid contained in 

pores smaller than 5 µm was determined gravimetrically. The APVD is equipped with a valve 

separating the membrane/sample system from the liquid reservoir situated on the analytical 

balance. Closing this valve before depressurising the sample chamber makes it possible to 

gravimetrically determine the amount of liquid present in a sample at any chosen gas pressure. 

The amount of liquid trapped in the pores below 5 µm can also be seen in figure 4 where the 

end point of the desorption curve of cycle 1 corresponds to the gravimetric value. 
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3.2.4 Contact Angle Measurement (CAM) 

A CAM 200 (KSV Instruments Ltd, Helsinki, Finland) contact angle goniometer was used for 

advancing contact angle measurements. The software delivered by the instrument 

manufacturer calculates the contact angle on the basis of a numerical solution from 

measurements of the base and height assuming a spherical drop. Measurements were 

performed at 23 °C and 50 % RH with Milli-Q water. The contact angle was determined at 

three different positions on each sample. The values reported were taken after the contact 

angle had reached a stable value, typically less than 10 s after deposition of the droplet. 

Typical uncertainties in the experiments were ± 4°. 

3.2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS spectra were obtained by irradiating a material with a beam of X-rays while 

simultaneously measuring the kinetic energy and the numbers of electrons that escape from 

the material being analyzed.
45, 46

 The XPS spectra were collected with a Kratos Axis Ultra 

DLD electron spectrometer (UK) using a monochromated A1 Kα source operated at 150 W, 

with a pass energy of 160 eV for wide spectra and a pass energy of 20 eV for individual 

photoelectron lines. The surface potential was stabilized by the spectrometer charge 

neutralization system. Photoelectrons were collected at a take-off angle of 90° relative to the 

sample surface which means a depth of analysis of ca. 10 nm. The binding energy (BE) scale 

was referenced to the C 1 s line of aliphatic carbon, set at 285.0 eV. Three measurements 

were made on the silane-treated NFC aerogel (30 min with octyltrichlorosilane). The first 

measurement was made of the top of the aerogel, the second at the bottom and the third in the 

center of the aerogel after it had been sliced into two halves. The untreated aerogel was 

measured only once in the center. 

3.2.6 Scanning Electron Microscopy (SEM) 

To study the micro-structure of the NFC aerogels, the specimens were studied with a Hitachi 

S-4800 field emission scanning electron microscope (FE-SEM) to obtain secondary electron 

images. The specimens were fixed on a metal stub with colloidal graphite paint and coated 

with a 6 nm thick gold/palladium layer using a Cressington 208HR High Resolution Sputter 

Coater. 

3.2.7 Nitrogen adsorption/desorption measurements 

Specific surface area measurements were carried out at Innventia AB and determined by N2 

adsorption/desorption at the temperature of liquid nitrogen (ASAP 2020, Micromeritics, 

US).
47

 Before measurement, the samples were dried at a temperature of 117 °C until a 

pressure < 10
-5

 mm Hg was reached. Both adsorption and desorption isotherms were 

measured and the surface area was determined from the adsorption results using the Brunauer-

Emmet-Teller (BET) method. The error was less than 0.5 m
2
 g

-1
. 

 

3.2.8 Preparation of NFC-stabilized foams 

NFC-stabilized foams were prepared by adding 30 mL of octylamine (pH = 9) at one of the 

following concentrations (0.8 g L
-1

, 2.4 g L
-1

 and 4.8 g L
-1

) to 46 g of a 2 wt% aqueous 

dispersion of NFC. The dispersion was mixed using an Ultra Turrax mixer for 10 minutes at 

8000 rpm and for another 10 minutes at 13500 rpm. The resulting NFC-octylamine mixture 

was foamed with a stainless steel milk beater (Severin model No. SM 9669) for 10 minutes. 

The aqueous NFC-stabilized foam was poured into a Büchner funnel with a filter paper 

(Munktell grade 3) to drain the excess of water before the foam was allowed to dry at ambient 

atmosphere. 
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Figure 1. Schematic description of the different steps for the preparation of NFC-stabilized 

foams. a) NFC-gel (2 wt% in aqueous solution). b) Octylamine added to the NFC-gel and 

mixed by an Ultra Turrax mixer. c) Octylamine attached to the NFC due to electrostatic 

adsorption. d) Air bubbles created by a beater and covered with the modified NFC. e) 

Aqueous foam stabilized by NFC. f) The wet foam dried at room temperature so that a dry 

porous cellulose foam is formed, as shown in figure 2. 

 

3.2.9 Confocal microscopy 

In order to show the location of NFC at the air-water interphase, a series of experiments were 

conducted where fluorescently labeled NFC and confocal microscopy were used. To label 

NFC, 100 ml of aqueous NFC-dispersion with a concentration of 1.2 g NFC L
-1

 and a pH of 

4-5 was reacted with 4.8 mg of the condensation agent 1-ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC). The dye, 2 mg of 4-(N,N-

Dimethylaminosulfonyl)-7-piperazino-2,1,3-benzoxadiazole (DBD-PZ), was then added and 

the color of the mixture changed to orange. The NFC-dispersion was left to equilibrate 

overnight and then dialyzed. The DBD-PZ-tagged NFC was then used to prepare NFC-

stabilized foams following the procedure described above. 

 An inverted Zeiss Axiovert Observer.Z1 microscope equipped with LSM 5 Exciter 

scanner was used for confocal laser scanning microscopy imaging. A diode 405-25 nm laser 

was used together with a long-pass 420 nm filter to image the bubbles stabilized by the 

(DBD-PZ)-tagged cellulose. A plan-apochromat 10x/0.45 NA objective lens was used for all 

imaging, the pin-hole was fully opened and profiles were stored as eight- or twelve-bit line 

scans with a resolution of 512 pixels x 512 pixels representing an area of 146.2 μm x 146.2 

μm. 

3.2.10 Compression testing 

Samples from different parts of the porous material were extracted with a sharp razor blade. 

The porous material had a circular shape, as can be seen in Figure 2. Three samples were 

extracted; sample 2 was selected from the middle regim of the material and samples 1 and 3 

were selected from opposite sides of sample 2, near the edge of the material (see supporting 
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information). The samples were 10x10 mm in area and the height of samples 1, 2 and 3 was 

15.7, 14.8 and 14.0 mm respectively. 

 The compression test was performed in a conditioned room at 23 °C and 50 % relative 

humidity with an Instron 5566 universal testing machine using Instron compression plates 

(T1223-1021) with a diameter of 50 mm. A 500 N load cell was used with a compression rate 

of 10% of the original sample thickness per min. The final strain was chosen to 80% of the 

original sample height to evaluate the material behavior over a large deformation interval. 

Each sample was conditioned at 23 °C and 50% relative humidity for 24 hours according to 

ISO 844:2007 before being tested. The energy absorbed by the material during compression 

was calculated as the area below the stress – strain curve, between 0 % and 80 % strain for all 

samples. 

4 Results 

4.1 Structure of aerogels and foams 

By altering the concentration of dispersed NFC in the aqueous phase (0.5-2 wt%), it was 

possible to create aerogels with different structures and different porosities. Dry NFC-

stabilized foams were produced from suspension with NFC concentrations ranging from 0.3-

1.5 wt%. These suspensions gave aerogels and foams with various structures and densities 

(figure 2 and table 1). 

 
  

a

) 

b

) 
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Figure 2. a) High-porosity, liqht-weight aerogel (1 wt%) b) SEM image of cross section of 

aerogel (1 wt%) c) dried low-weight NFC-stabilized foam (1 wt%) d) SEM image of cross 

section of dried foam (1 wt%) e) SEM image of a highly dense foam lamella where the 

organized NFC is shown. Scale bar is 100 nm. 

 

Table 1. Properties of aerogels and NFC-stabilized foams made from dispersed NFC of 

different concentrations. 

Concentration NFC (wt%) ρ (g cm
-3

) Porosity (vol%) Specific surface 

area (m
2
 g

-1
) 

0.5 (aerogel) 0.004 99.8 42 

1 (ʺ) 0.008 99.5 16 

1.5 (ʺ) 0.011 99.3 14 

2 (ʺ) 0.014 99.1 11 

0.3 (NFC-stabilized foam) - - - 

0.6 (ʺ) 0.2 86.7 - 

1 (ʺ) 0.05 96.7 - 

1.5 (ʺ) 0.03 98.0 - 

 

The porosity     was calculated from Eq. [7] 

 

        
  

  
  [7] 

 

 

where    is the density of the aerogel or the foam and    is the density of crystalline cellulose 

(1.5 g cm
-3

).
48

 The specific surface area was measured with the BET-method and the foam 

made from 0.3 wt% NFC lost its continuous porosity and was not recordable with the method 

used. 

c

) 

d

) 

e

) 
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 It took approximately two days for a NFC-stabilized aqueous foam (28 cm
3
) to be dried 

in an oven at 60 °C without convection drying and with a perforated aluminum cover over the 

sample to increase the moisture content inside the container, i.e. to decrease the driving force 

for drying of the foam, and to minimize convection. In order to lower the surface energy of 

the NFC, octylamine was adsorbed and this increased the contact angle between water and 

cellulose from approximately 20° to 40°. The pore size determined with APVD (figure 3) 

revealed that the average pore size was in the range of 300-500 µm which agrees well with 

the SEM image in figure 2 d). The advancing and receding curves coincided for each sample 

and this may be interpreted as pores without any bottle necks, which is also supported by the 

SEM images showing spherical pores. 

 APVD measurements on the aerogels revealed a more open pore structure with 

connected pores. The aerogels had an absorption capacity of up to 45 times their own weight 

and the capacity decreases with increasing density. The average pore size was approximately 

10 µm and there were few pores larger than 40 µm. The rigidity was good for the two most 

dense aerogels. They showed no height deformation during liquid absorption. The other two 

aerogels with densities of 0.004 and 0.008 g cm
-3

 showed height reductions of 40 % and 10 % 

respectively after absorbing liquid for the first time. There was no deformation of any of the 

materials during the third absorption cycle (figure 5). 

 The rigidity of the NFC-stabilized foam (1 wt%) was measured by compression testing 

(figure 6). The Young’s modulus, determined as the slope at low strain, was 513, 343 and 456 

kPa for samples 1, 2 and 3 respectively. The energy absorption value was 57, 32 and 56 kJ m
-3

 

for samples 1, 2 and 3 respectively at 80 % strain. 
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Figure 3. Cumulative pore volume of the dry NFC-stabilized foams (0.6-1.5 wt% NFC) using 

hexadecane as absorbed liquid. The graph shows both advancing and receding curves and the 

data based on the total amount of liquid absorbed in the material. 
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Figure 4. Absorption and desorption curves for hexadecane into aerogels prepared from 

suspensions with a solid content of 0.5-2 wt%. 
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Figure 5. Mechanical rigidity of the four aerogels measured as the change in height upon 

liquid absorption and desorption. The thickness has been normalized with respect to the 

initial thickness of the aerogels. 
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Figure 6. Compression stress-strain curves for NFC-stabilized foam (1 wt%). The three 

samples are taken from different regions of the same dry foam. 

 

4.2 Surface modification to alter the surface energy and hydrophobicity 

In order for NFC to attach to the air-water interface, it must have a suitable surface energy. By 

adsorbing octylamine to NFC, the contact angle for water was increased from approximately 

20° to 40°. This was also sufficient to make NFC move to the phase boundary (figure 7). The 

amount of adsorbed octylamine to the NFC is also important for the foam stability (figure 8). 

The foam stability was investigated by adding protonated octylamine corresponding to 10 % 

of the total NFC charge and increasing it up to 100 %. The results show that octylamine 

corresponding to 20 % and 33 % of the total charge of the NFC gave the best result. A 

detailed comparison between these two foams, 33 % and 20 % charge neutralization 

respectively, reveals that the foam volume for the two foams was 37 cm
3
 and 31 cm

3
 

respectively. 

 

 
Figure 7. Confocal microscope images showing air bubbles in water covered with 

fluorescently labeled octylamine-treated NFC. 
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Figure 8. Foam stability as a function of adsorbed octylamine. The added amount of 

octylamine was changed from 10 % up to 100 % of the total NFC charge. 

 

The surface energy of the aerogels was also lowered to make them hydrophobic. By attaching 

octyltrichlorosilane through vapor phase deposition, the aerogels turned from hydrophilic to 

superhydrophobic with a contact angle of approximately 150°. Although water was rejected, 

showing a significant roll-off tendency, from the treated aerogels, non-polar liquids such as 

hexadecane were still fully absorbed (figure 9). This resulted in a material that could rest on 

water and at the same time absorb oil. Figure 10 shows that initially the water is covered with 

a red-colored hexadecane layer on which the aerogel rests and that after some time the aerogel 

had absorbed all the non-polar liquid. The absorption capacity for the aerogel is 

approximately 45 times the aerogel’s own weight (figure 4). 

 

 
Figure 9. Water droplet resting on top of a hydrophobic aerogel and a fully absorbed 

hexadecane drop colored red. 
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Figure 10. A hydrophobic aerogel is able to float on water and simultaneously absorb a non-

polar liquid (hexadecane, colored red) distributed on top of the water phase. The aerogel 

used in these experiments had been prepared from a 1 wt% NFC dispersion and it could be 

removed after the absorption without losing its integrity. 

 

To evaluate whether the entire aerogel was treated with octyltrichlorosilane or whether it was 

only the surface, XPS measurements were performed and the results of these measurements, 

shown in table 2, indicate that it is mainly the surface that is treated and not the entire bulk 

material. 

Table 2. Atomic surface concentrations of non-treated and octyltrichlorosilane-treated NFC 

aerogels. 

 Surface concentration (%) 

 C O Na Si 

Untreated 61.3 38.2 0.6  

Top 86 9  5 

Center 61 37 0.6 1 

Bottom 88 7  5 

 

5 Discussion 

5.1 Aerogels 

The aerogel structure depends on the NFC concentration in the suspension and on the degree 

of supercooling and rate of freezing of the water. Ice crystals will form when the water is 

frozen and separate from the solute. The solute will be confined to the interstitial regions 

between the ice crystals. The separation of solvent and solute takes place because most solutes 

cannot fit into the ice crystal structure formed, in contrast to amorphous ice crystals where the 

structure is not as dense. The aerogel structure is therefore directly related to the size and 

distribution of the ice crystals in the frozen system. As a consequence, a greater degree of 

supercooling and faster freezing rate leads to a smaller average pore size and a more 

homogeneous pore structure.
49, 50

 

 Figure 2 shows a cross section image of the aerogel with the best liquid absorption 

capacity. Images of aerogels with other densities were demonstrated by Sehaqui et al.
24, 25, 51

 

who have made cross-sectional images of cryo-fractured surfaces and by Aulin et al. 
23

. 

Additional work has been reported by Svagan et al.
49, 52, 53

. The pores seem to be 

interconnected into capillaries that run continuously throughout the material and this can 

explain the good liquid absorption capacity. The fact that there seem to be cell walls 

t = 0 t = 2 min 
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consisting of densely packed NFC indicates that crystalline ice was formed and that the 

degree of supercooling and the rate of freezing were not sufficient to create amorphous ice. 

An increased aerogel density will lead to a decrease in the cell size
24

 and this could be the 

explanation for the lower liquid absorbing capacity of the aerogels with the higher densities. 

 The pore size and the shape of the pores were evaluated with the APVD. The hysteresis 

between the absorption and desorption curves, indicates that the pores have a bottle-neck 

shape. It is commonly accepted that a higher pressure is needed when emptying the large 

pores since small pores surrounding the large ones limit the emptying of the large pores. By 

taking an average value between the advancing and receding curves in the APVD graphs in 

figure 4, it is estimated that the average pore radius of the aerogel is about 10 µm. Aerogels 

with the higher densities have less hysteresis and more uniform pores but not as high 

absorption capacity as the ones with the lower densities. 

 The difference in recorded cumulative volume during sorption between the first and the 

third sorption cycle can be due both to the amount of non-polar liquid that is trapped in small 

pores and due to a collapse of the aerogel during sorption and desorption. In order to clarify 

this, the thickness of the aerogel was monitored during the measurements and the results are 

shown in figure 5, where the thickness has been normalized with respect to the initial 

thickness of the aerogels. In the case of the aerogel formed at 0.5 wt% the 

absorption/desorption influences the thickness of the aerogel. As the hexadecane is absorbed, 

the thickness of the aerogel decreases (cycle 1 in figure 5, 0.5 wt%) and during the desorption 

process there is a further decrease in the thickness, especially when the pressure in the 

chamber is increased to empty the smallest pores (cycle 3 in figure 5, 0.5 wt%). A comparison 

between the thickness in the third absorption cycle and the thickness in the first desorption 

cycle shows that there was a permanent loss in thickness for this aerogel. In the case of the 

aerogels formed at higher solids contents, there was virtually no change in thickness during 

absorption and desorption and the volume hysteresis for these aerogels must hence be due to a 

trapping of liquid in small pores. 

5.2 NFC-stabilized foams 

The structure of the NFC-stabilized foam is different from that of the aerogels (figure 2). The 

basic idea of the NFC-stabilized foam was to stabilize the interface of air bubbles in an 

aqueous suspension. This was strongly supported by confocal microscopy (figure 7) where it 

was possible to see the location of the NFC at the interface. SEM studies of the dry foam 

showed circular pores resembling covered air bubbles. 

 The drying method is important for the final pore structure in the dry foam. When the 

wet foam was dried in a fan oven at 60 °C, the porous structure was fully lost, but when the 

wet foam was placed in an oven without a fan and with a perforated aluminum cup on top of 

the foam, the foam structure kept more or less intact and resembled the structure obtained 

after drying at ambient conditions. It is known that a high moisture content and the absence of 

convection drying improve uniform moisture removal and minimize tensions in the material 

upon drying.
54

 The aluminum cup minimizes air flow above the sample and also increases the 

humidity in the vicinity of the foam, and these conditions prevent local moisture gradients. 

 Four suspensions with different concentrations of dispersed NFC were foamed. All four 

suspensions included octylamine corresponding to 1/3 of the total NFC charge that was 

assumed to give the best foam stability according to figure 8. The foam with the lowest 

amount of NFC did not produce a continuous foam structure and it was concluded that this 

concentration was insufficient to produce a dry foam. It was also concluded that a decrease in 

NFC concentration led to an increase in foam density. An explanation of this could be that the 

air bubbles are not stabilized enough and that they break during drying which, leads to less air 

volume in the final dry foam. 
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 The APVD curves show the amount of liquid absorbed in the foams. These results can 

be interpreted with respect to opened and closed pores. The foam made from 1.5 wt% NFC 

absorbed approximately 10 mg hexadecane per mg foam. Knowing the weight (41.5 mg) and 

the density of hexadecane (0.77 g cm
-3

), the volume of absorbed liquid was calculated to be 

539 mm
3
. The density of the foam is 0.03 g cm

-3
 (table 1) and the calculated volume of the 

foam is then 1380 mm
3
 and 98 % porosity gives a volume of 1355 mm

3
. This means that 

approximately 40 % of the volume is filled with liquid and that a large fraction of the pores 

are closed to the liquid. In the foam made from 1 wt% NFC, approximately 80 % of the 

volume was filled with liquid and in foam made from 0.6 wt% the amount of filled liquid in 

the pores is 100 %. The fact that the density of the foam decreases with increasing NFC 

concentration could be explained by the coverage of the air bubbles. It is greater, shown from 

the APVD results, for higher concentrations allowing for a formation of more or less dense 

NFC films as the foam dries and consequently the foam is more stable and less prone to 

collapse giving a greater pore volume and a lower density. For the foams prepared at a lower 

NFC concentration it can be suggested that this film formation is less pronounced and there 

will hence be a lower amount of closed pores for these foams and a higher tendency for cell 

collapse. 

 The results in figure 2, 7 and 8 shows the interesting and intriguing result that a 1 % by 

weight NFC dispersion is able to create a stable foam. A foam that is so stable that relatively 

strong and dry NFC foams can be prepared upon drying. When trying to understand the 

mechanism behind all this it is necessary to estimate the concentration of nanofibrils at the 

air-water interface. To do this the following assumptions, based on the presented results were 

made: 

Concentration of NFC: 10 kg m
-3

 

Volume increase upon foaming: 26 m
3
 air/76 m

3
 dispersion 

Radius of formed bubbles: 400*10
-6

 m 

Size of one fibril: (5*10
-9

)
2
*1*10

-6
 m

3
 

Density of cellulose: 1500 kg/m
3
 

 

Based on this it is possible to calculate that the concentration of NFC at the air-water interface 

was 1.1*10
17

 m
-2

 assuming that all fibrils were concentrated at the interface. Assuming a 

square lattice of nanoparticles at the interface this also means that the average distance 

between the NFC was 3.0 nm showing that the air-water interface is actually crowded with 

NFC in this situation. At these concentrations and at these distances it is also known that the 

NFC, mainly due to their high aspect ratio, are able to form stable gels
55

 and it can be 

suggested that it is the properties of these gels that will preserve the foam during the drying 

process. It is also obvious from these considerations that a NFC modification that will 

increase the interaction of the NFC during drying, i.e. a gel strengthening, will be most 

beneficial for the preparation of even more robust foams. 

 As shown in figure 2 e) the lamellae of the foam are composed of densely packed NFC. 

This is in accordance with the explanation to the good stability of the foam and it can also 

explain the good mechanical properties of the dry foam, naturally in combination with the 

high Young’s modulus of the NFC.
56

 The structure of the lamellae can both be explained by 

an initial dense packing of NFC in the foam and by a further reorganization and packing of 

the NFC during the drying. Since there is a considerable volume decrease of the foam during 

drying and sicne the foam collapse or Ostwald ripening is small it is clear that there will be a 

shrinking of the bubbles and a further packing of the NFC during drying. The reorganization 

of the NFC during drying might also be the reason why the drying rate and the moisture 

content is so important since the packing of the long and slender NFC is a slow process. 

Additives that would speed up this packing process, while maintaining a high gel strength, 
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would be highly desirable and are currently evaluated. The fact that there is a variation in the 

lamellae thickness can be due either to a merging of several bubbles or to an uneven 

distribution of the NFC during the foaming. It is not currently clear which process is 

dominating. 

6 Conclusions 

A low-density and highly porous material (>99%) for the effective separation of mixtures of 

non-polar and polar liquids has been prepared by chemical modification of NFC aerogels 

prepared by the freeze-drying of NFC dispersions. In order to render the porous materials 

hydrophobic, they were exposed to vapor-phase deposition of octyltrichlorosilane which 

resulted in an aerogel with an advancing contact angle for water of 150˚. Non-polar liquids 

could be imbibed into the aerogels, and the absorption capacity of the material was up to 45 

times its own weight. The aerogels can be reused several times and they show no significant 

change in volume upon sorption/desorption. The material is superhydrophobic and can 

therefore float on water and at the same time absorb non-polar liquids to function as a 

separation medium. 

 It has also been shown that it is possible to prepare dry NFC foams by a novel foam 

stabilization procedure that has the potential of being a practical process for preparing low-

density NFC foams. In this procedure, NFC is used as stabilizing particles to stabilize air 

bubbles in a water suspension. The lifetime of the aqueous foam is significantly longer than 

that of a non-stabilized foam and the stability of the air bubbles is such that the foam upon 

drying has a porous structure with an average pore size of 500 µm. These foams have a 

density of 0.03-0.2 g L
-1

 and a porosity of 87-98 %. 

7 Future work 

1. Clarification of the mechanism behind foam stabilization using surface modified NFC and 

equipment for the determination of surface pressure. 

2. Evaluation of different additives on stability of the foams during drying including gelling 

chemicals and sterically stabilizing additives such as xyloglucan and different cationic 

polyelectrolytes. 

3. Tailoring of the structure of the NFC foams and determination of their liquid spreading 

ability. 

4. Identification of a technique to prepare demonstrators of foamed NFC. 
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