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1. Introduction 

With regard to persistent grand challenges, such as climate change, food and 
energy security, health, and industrial restructuring, bioeconomy has been ar-
gued to be the key to address these concerns worldwide.1 Regardless of the de-
manding consensus of global bioeconomy,2,3 biomass has been playing a key role 
to address natural resource scarcity by replacing fossil-based materials and in-
dustries on a large scale.4 Importantly, the sustainability, efficiency, and effec-
tiveness of biomass are emphasized within the frame of achieving a low-carbon 
and energy-efficient society. Given that, the use of renewable sources and recy-
cling materials has been focused. Among many others, forestry industries have 
been playing a major role in offering, utilizing, and recycling woody biomass for 
both traditional and emerging sectors, for instance, pulp and paper production, 
chemical, food, and biotechnology industries.4 

Woody biomass-derived materials, such as wood fibers (pulp fibers), cellulose 
nanofibrils (CNF), cellulose nanocrystals (CNC), and non-cellulosics (i.e. hemi-
cellulose, lignin, extractives, etc.) have attracted recent, but rapidly growing in-
terest for their application in multiphase systems, such as foams and emulsions. 
Two main reasons for this interest are the ubiquitous utilization of foams and 
emulsions in both industry and daily life, and the demanding need to substitute 
petroleum-based materials with sustainable and nontoxic bio-colloids. The 
achievement of the latter will also extend the application scope of foams and 
emulsions into pharmaceuticals, cosmetics, and food areas, among others. 

Principally, major research efforts have focused on synthetic hydrophobi-
zation of nanocellulose, and their utilization in (Pickering) foams and emulsions 
with long-term stability. However, this limits the ease of application, and com-
promise the environmental benefits achieved with nanocellulose. Combining 
surfactants with nanocellulose offers simplicity and diversity in engineering ma-
terials derived from multiphase systems. Thus, relevant surfactant-
(ligno)(nano)cellulose interactions and their substantial importance in the for-
mulation of foams and emulsions will be highlighted in the following sections. 

Due to the higher interfacial energy at the gas/liquid interface over the liq-
uid/liquid interface, many more studies relating to the formulation of nanocel-
lulose-stabilized emulsions have been carried out than for foams. The stabiliza-
tion mechanisms involved in nanocellulose-based emulsions have been well es-
tablished, but not for foams. Therefore, this thesis focuses on exploring the uti-
lization of surfactant-(ligno)cellulose interactions for the generation and stabi-
lization of aqueous foams, and the application of aqueous foams as a medium 
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for sustainable production of bio-based nonwovens in industry. Relevant foam 
chemistry and the critical factors in foam generation and stabilization will be 
emphasized. 

1.1 Surface chemistry of (ligno)cellulosic materials 

Typically, lignocellulosic materials refer to the supramolecular constructs of cel-
lulose in the presence of lignin, hemicelluloses, and traces of other minor com-
ponents, such as extractives and pectin. Cellulose is a linear polysaccharide con-
sisting of D-anhydroglucopyranose units in a 4C1 chair conformation linked by 
β–(1→4) glycosidic bonds.5 Each basic unit is corkscrewed 180° with respect to 
the neighbor unit. One end of the cellulose chains corresponds to a non-reduc-
ing end group (i.e. a pendant hydroxyl group) and the other one is a reducing 
end group (i.e. terminal aldehyde group).6 It is widely accepted that during the 
cellulose biosynthesis in plants, cellulose chains (polymerization degree up to 
20000) assemble into larger elementary fibrils with a cross-section diameter of 
few nanometers. The assembly is driven by the van der Waals forces, as well as 
intra- and inter-molecular hydrogen bonds. The elementary fibrils then pack 
into microfibrils that are 2 to 20 nm in width and micrometers in length. Macro-
fibrils are the aggregates of microfibrils with a typical diameter in the microm-
eter scale, constructing the layered fiber cell walls (primary and secondary lay-
ers).7 Additionally, hetero-polysaccharides of low polymerization degree (often 
termed as hemicelluloses) and randomly branched aromatic polyphenols 
(known as lignins) are located between the cellulose microfibrils. Figure 1 
shows the hierarchical structure of wood at different scales of magnification. 
Typically, wood fibers and CNF are reminiscent of the building blocks of wood 
fiber cell walls and elementary fibrils, respectively. Depending on the wood fiber 
degradation method (chemical or mechanical), the amount of non-cellulosics 
(hemicellulose, lignin, extractives, etc.) present in wood fibers or CNF varies. In 
contrast, CNC represents whisker-like building blocks (3-5 nm in width and 50-
100 nm in length) composed of essentially pure cellulose.  

Given that, the general surface chemistry of (ligno)cellulose (wood fibers, 
CNF, and CNC) features numerous hydroxyl groups, a certain amount of nega-
tive charges, and hydrophobic domains. The presence of hydroxyl groups is a 
result of the polymeric structures of cellulose,6 hemicelluloses8 and lignins9 in 
wood. The hydrophobic domains partially derive from the crystalline regions of 
(ligno)cellulosic materials.10,11 In contrast, the source of negative surface charges 
on (ligno)cellulose is different. Wood fibers bear negative charges due to the 
presence of glucuronic acid and carboxylate groups of non-cellulosic compo-
nents including hemicelluloses, extractives, and lignins.12 CNF, obtained by dis-
integrating the cell walls of wood fibers, also carries a certain amount of negative 
charge due to residual non-cellulosics. CNC, principally produced from sulfuric 
acid hydrolysis, has negatively charged sulfate half-ester groups on the surface.13  

Though the surface chemistry, aspect ratio, and crystallinity of (ligno)cellulo-
sic materials vary based on processing methods, these materials exhibit a more 
hydrophilic nature in general which favors their dispersion in water.14 
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Figure 1. 

1.2 Surfactant-(ligno)cellulose interactions and their utilization in 
multiphase systems 

Given the surface chemistry of (ligno)cellulose, surfactants, including anionic, 
cationic, nonionic, and amphoteric surfactants, are expected to interact with 
(ligno)cellulose to alter the surface chemistry and the colloidal stability of 
(ligno)cellulosic materials in water. Moreover, due to the intricate ultrastruc-
ture of (ligno)cellulosics, their interaction with surfactants is a complex 
topic.16,17 Nevertheless, there are three major fundamental forces in tuning the 
surface and colloid chemistry of (ligno)cellulose: electrostatic interaction, hy-
drophobic interaction, and hydrogen bonding. Typically, electrostatic interac-
tion is essential when cationic or amphoteric surfactants are in contact with neg-
atively charged (ligno)cellulose; while the hydrophobic effect and hydrogen 
bonding are of major importance for the self-assembly of anionic and nonionic 
surfactants at the interface and in the bulk of (ligno)cellulose dispersions in wa-
ter. 

Incorporation of (ligno)cellulosic materials in multiphase systems principally 
encompasses the following three aspects: (i) increasing the potential energy of 
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(ligno)cellulosic materials for interfacial stabilization by absorbing unlike-
charged surfactants onto (ligno)cellulose; (ii) strengthening the bulk phase of 
multiphase systems via the interaction between like-charged surfactants and 
(ligno)cellulose; and (iii) taking advantage of the impact of (ligno)cellulose both 
at interface and in bulk. All the above strategies require control of the surface 
chemistry and the colloidal interactions of (ligno)cellulose in the presence of 
surfactants. 

The interaction between negatively charged (ligno)cellulosic materials and 
cationic surfactants has been most adopted, due to the fast hydrophobization 
kinetics for (ligno)cellulose. As a result, the affinity of (ligno)cellulosic materials 
to the gas/liquid18,19 or liquid/liquid20,21 interface can be improved. Additionally, 
due to the anisotropic shape of CNF or CNC, the aggregates/complexes formed 
by cationic surfactants and nanocellulose can pack densely at the interface to 
act against the destabilization of air bubbles in foams or droplets in emul-
sions.16,22 With respect to one of the big sectors in bioeconomy, i.e. food prod-
ucts, food-grade emulsions formed by the synergism between cationic surfac-
tants and negatively charged nanocellulose are appealing, but have rarely been 
reported. The main reason is that most synthetic cationic surfactants are not 
edible, and can even have a negative impact on the environment.23 Ethyl lauroyl 
arginate (N -lauroyl-L-arginine ethyl ester monohydrochloride, LAE) is a food-
grade cationic surfactant. It shows highly potent antimicrobial activity against a 
wide range of food pathogens and spoilage organisms.24 Although its interaction 
with food-grade biopolymers has been studied,25 the interaction between LAE 
and bio-colloidal particles (i.e. CNC) and its performance in Pickering emul-
sions are still missing. Besides, the oils evaluated for CNC-based Pickering 
emulsions are often synthetic oils that are much less viscous than food-grade 
oils. For instance, the viscosity of sunflower oil is about 36 times that of dodec-
ane at room temperature under atmospheric pressure.26,27 Since oils of high vis-
cosity lead to larger and less monodispersed oil droplets than those of low vis-
cosity, Pickering emulsions formulated with highly viscous oils may undergo 
rapid creaming and coalescence, thus showing low stability. Additionally, the 
polarity difference of oils also impacts the wetting of CNC at the oil/water inter-
face, which can influence the assembly of CNC at the droplet surface and the 
stability of such emulsions. Therefore, to fill the knowledge gap of attaining fully 
food-grade Pickering emulsions, the interaction between LAE and CNC, and its 
effect on the long-term stability of Pickering emulsions will be evaluated (Pa-
per V). 

Unlike the prospects developed for (ligno)cellulose-based emulsions, studies 
of aqueous foams by taking advantage of surfactant-(ligno)cellulose interac-
tions are scarce. Thus, a strong focus of this thesis is to explore the aqueous 
foams in the context of relevant surfactant-(ligno)cellulose interactions. There-
fore, the following introduction emphasizes on the aqueous foam related back-
ground. The available publications revealing the reciprocal impact of (ligno)cel-
lulosic (nano)materials and surfactants on aqueous foams are limited. So far, 
three major areas of surfactant-(ligno)cellulose based foams can be summa-
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rized: (i) the hydrophobic nanocellulose-stabilized air/water interface of Pick-
ering foams by utilizing the electrostatic interaction between cationic surfac-
tants and nanocellulose;18,19 (ii) the hydrophilic nanocellulose-stabilized bulk 
phase (continuous phase) of surfactant-based foams by interacting nonionic 
surfactants with nanocellulose;28 and (iii) surfactant-based foams as a medium 
to engineer the networking of lignocellulosic wood fibers for nonwoven prod-
ucts, such as foam-laying.29–32 The first area represents most of the research 
ideas taking advantage of the self-assembly of nanocellulose at interface, which 
requires the utilization of highly-charged nanocellulose, such as carboxylated 
CNF or CNC.33,34 As a consequence, the ionization process of CNF, such as 
TEMPO oxidation of CNF,35 will undermine the environmental impact, leaving 
native or pristine CNF an interesting material to be explored. As such, no dis-
cussions of the influence of unmodified CNF on the dynamic behavior of aque-
ous foams and the utilization of anionic surfactants with nanocellulose have 
been reported. Thus, one focus of this thesis is to discuss the influence of wood 
fibers and CNF on the dynamic behaviors occurring at the interface and in the 
bulk for foams based on an anionic surfactant (sodium dodecyl sulfate, SDS) 
(Papers I and II). The selection of SDS was based on the fact that it is a gener-
ally accepted reference surfactant and its negative charge. Note that the first two 
areas of surfactant-(ligno)cellulose based foams usually aim at attaining solid 
foams for further applications.36 However, aqueous foams as a stand-alone ma-
terial are essential to many applications in nature and industry, such as embryo 
protection,37 materials templating,38 and drug delivery.39 Provided that, another 
focus of this thesis is to generalize foam-laying as a sustainable alternative to 
conventional water/wet-laying for wood fiber-based nonwovens, with respect to 
different surfactant and fiber types (Paper III), and explore the impact of 
wood-derived surface-active substances (i.e. carboxymethylated lignin, CML) as 
a replacement for synthetic surfactants, such as SDS, for foam-laid nonwovens 
(Paper IV). With the adoption of negatively charged CML to engineer materials, 
the work aims to promote a fully bio-based multiphase system. 

1.3 Key parameters in tuning foam chemistry and physics 

Aqueous foam is a thermodynamically unstable system with large volumes of 
gas immobilized in an aqueous phase. Kinetically, the foam properties are often 
characterized within two periods: foam generation and foam (de)stabilization. 
The foam generation period is characterized by foamability or foaming capabil-
ity, which describes the ability of a liquid sample to produce a certain volume of 
foams within a given period. One key feature that influences the foamability of 
surfactant-based foams is the surface activity, which is reflected by the equilib-
rium and dynamic surface tension. Low surface tension is crucial in overcoming 
the surface energy barrier to deform and attain large gas/liquid interfacial ar-
eas.40 The equilibrium surface tension isotherm shows how the interfacial sur-
face tension reduces as a function of surfactant concentration and indicates how 
surfactants self-assemble at the gas/liquid interface. However, in many interfa-
cial processes, for instance, foaming or the high-speed wetting of textiles and 
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paper, the equilibrium state is not attained.41 Instead, the dynamic surface ten-
sion (surface tension as a function of time) reflects more the surface activity of 
a surfactant during foaming.40,42 The fast and large reduction of gas/liquid in-
terfacial tension implies efficient and effective deformation of the gas/liquid in-
terface. Typically, reduction of gas/liquid interfacial energy depends on the sur-
factant concentration and molecular structure (Figure 2, illustration on the 
bottom left).43,44 

 

 

Figure 2. 

The foam destabilization period is often denoted by foam lifetime. Typical 
phenomena responsible for reducing the long foam lifetime are drainage, coa-
lescence and coarsening of bubbles, as illustrated in Figure 2.45–49 Though 
drainage controls the short-term stability of foams, followed by coalescence and 
coarsening,50 these phenomena can be influenced by each other.51 To achieve 
long-lived aqueous foams, these phenomena need to be slowed down. Drainage, 
driven by the gravitational force, can be slowed down by (i) increasing the vis-
cosity of the bulk phase or (ii) adding particles in the foam continuous phase 
which will be trapped in the Plateau borders of foams, thus hindering further 
drainage.52 The latter strategy will lead to a local increase in the viscosity, which 
relates to the first approach. Coalescence, caused by the thinning and rupture of 
foam films, can be mitigated by improving the foam film thickness to act against 
thinning and/or increasing the film viscoelasticity, counterbalancing capillary 
breakup.53 The slowed drainage or high liquid fraction in foams correlates to 
delayed film thinning and thus prevents coalescence. Coarsening in foams is a 
result of the gas transfer from small to big bubbles, which is caused by the La-
place pressure difference between adjacent bubbles.54,55 Generating monodis-
persed bubbles or reducing the gas permeability are typical approaches to retard 
coarsening. A foam templating technique, such as microfluidics, is effective in 
generating monodispersed bubbles or bubbles with small polydispersibility.56–

58 To hinder gas diffusion through foam lamella, improving the interfacial 
and/or bulk rheology is essential in counteracting coarsening.59–62 
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To summarize, the main factors controlling the foam chemistry for the desired 
performance of foam generation and foam stabilization include the gas/liquid 
interfacial tension under dynamic and equilibrium conditions, as well as the in-
terfacial and bulk rheology.63 

• Rationale of (ligno)cellulose to tune foam physics and chemistry 

A large number of surfactants, proteins, and particles have been utilized to mon-
itor the dynamic behaviors of aqueous foams with an emphasis on gas/liquid 
interfacial tension and rheology.44,64,65 However, there is a limited number of 
work on controlling foam kinetics and thermodynamics by complex fluid-tuned 
bulk rheology, which is crucial in stabilizing foams. For example, coarsening 
caused by a gas flux from smaller bubbles to larger ones over time will lead to 
an increase of bubble size. During the bubble growth, continuous bubble rear-
rangement is required to accommodate the change of stress in configuration, 
where the mechanical/rheological properties of the bulk are important. CNF, as 
a sustainable and renewable material, has a large aspect ratio and high flexibil-
ity.66 Consequently, CNF suspensions exhibit both shear-thinning and strain-
hardening behaviors, and gel at relatively low solid content.67 Provided that, it 
is rational to expect that the rheological features of CNF can impact foam gen-
eration, liquid drainage, bubble coalescence and coarsening. The stabilization 
mechanism and colloidal impact of native CNF on Pickering emulsions have 
been discussed.68 Nevertheless, the influence of native CNF on the dynamic be-
havior (foam generation and decay) of surfactant-based foams remains to be 
explored. Concerning the surface charge of CNF, an anionic surfactant (i.e., SDS) 
with the least affinity to CNF was chosen for this fundamental work (Paper II). 
Moreover, concerning the potential presence of residual non-cellulosics in CNF 
and wood fibers, and the bondings between non-cellulosics and cellulose (hy-
drogen bonding and hydrophobic effect),69,70 native CNF and wood fibers are 
hypothesized to impact the self-assembly of SDS and the gas/liquid interfacial 
activity. It has been shown that hemicellulose and lignin have high surface ac-
tivities.71–74 The coexistence of an anionic surfactant and negatively-charged 
polymers, immobilized on a solid substrate, can form complexes or aggregates 
in an aqueous medium, and thus influence the foam properties.52 Provided that, 
the hypothesis of residual non-cellulosics influencing the gas/liquid interfacial 
activity is verified in Paper I. 

1.4 Foam-laying as a strategy for nonwovens engineering 

The application of (ligno)cellulose-based aqueous foams has been developed 
mainly in two directions: (i) aqueous foams as a transient state of nanocellulose-
based solid foams with functionalized properties;36 and (ii) aqueous foams as a 
“tool” to template materials, followed by the consolidation of foamed materials, 
for industrial applications.29,75 Foam-laying is a typical example of the latter and 
will be discussed in this thesis. 

The foam-laying approach was initiated in the 1970s for papermaking to ad-
dress fiber flocculation associated problems.29,76 In brief, the general idea is to 
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use aqueous foams (bubble size around 20-100 m in diameter) to disperse 
wood fibers until the foams collapse under vacuum, leaving fiber webs with im-
proved homogeneity. The additional benefit of foam-laying is the reduction of 
water consumption in papermaking, with 55-75% v/v replacement of water by 
air. Moreover, the air permeability, bulkiness, and porosity of the paper were 
improved.77 The reduced consumption of water and increased porosity of the 
fiber network offer a promising reduction of energy consumption for drying, 
which takes up the largest share ( 50%) of the total energy cost in a paper mill.78 
The main drawback of this technology is the loss of tensile strength of foam-laid 
paper, which can be compensated by wet-pressing and fiber beating (refining).76 
More recently, it has been demonstrated that the addition of micro-fibrillated 
cellulose can regain the strength of foam-laid webs.79 With the demanding con-
cerns of water and energy scarcity worldwide, foam-laying as a sustainable al-
ternative to the conventional papermaking method (i.e. wet-laying) has been 
actively studied in the past few years. The relationships between fiber and sur-
factant types, the fluid dynamics of the foamed fiber slurry, and the foam prop-
erties of fiber-loaded foams (foaming efficiency and effectiveness, bubble size 
distributions, and rheology) have been reported.31,32,80–84 However, due to the 
different foaming methods adopted and various criteria of surfactant addition 
used in the published work, it is difficult to generalize the cause-effect relations 
between the physico-mechanical properties and the processing methods (foam-
laying or wet-laying). To fill this gap, Paper III aims to reveal the structural 
features of fiber networks as a result of different fiber laying methods, and give 
a general picture of the sensitivity of foam-laid paper quality to the fiber or sur-
factant species. To address the loss of tensile strength and achieving a fully sus-
tainable foam-laying production, Paper IV will demonstrate the effect of car-
boxymethylated lignin (CML) as a replacement for a synthetic surfactant, on the 
strength of foam-laid paper. 
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2. Aim of the thesis 

The aim of this thesis is to (i) provide a new understanding of the interaction 
between an anionic surfactant (SDS) and wood-derived materials of different 
constructs (Papers I and II); (ii) gain fundamental insights on the synergism 
between surface/colloidal characteristics and foam/emulsion properties (Pa-
pers II and V); and (iii) introduce foam-laying as a sustainable strategy to en-
gineer and structure fiber networks with improved homogeneity and strength 
(Papers III and IV). Within the scope of the bioeconomy, the integration of 
bio-based sources was addressed in the case of foams stabilized by SDS in the 
presence of plant-derived components (Papers I, II, and IV), and fully 
achieved with a biomass-derived surface-active agent (Paper IV) and a food-
grade surfactant (Paper V). 
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3. Experimental 

This section briefly introduces the main materials and experimental methods 
adopted in the discussion of this thesis. The principles of each methodology will 
be shortly mentioned and the representative articles elaborating the principles 
are referenced. Complete information of all the materials and applied experi-
mental methods are described in Papers I-V attached at the end of this thesis. 

3.1 Materials 

Figure 3 gives an overview of the materials used at different length scales in 
the thesis. The specific information about each material is briefly described in 
the following sections. 
 

 

Figure 3. 

3.1.1 Wood fibers 

Unrefined, never-dried, bleached pine Kraft pulp (BKP) fibers (Papers I and 
IV) were produced and supplied by the Äänekoski Mill of Metsä Fibre, Finland. 
These softwood fibers were extensively purified (conductivity < 1.1 μS/cm) be-
fore use. 

The lignocellulosic fibers (lignin content: 27 wt %) and cellulosic fibers (lignin 
content: 0.8 wt %) in Paper III were obtained from thermomechanically 
pulped spruce and bleached pine Kraft fibers, respectively. The lignocellulosic 
fibers are stiffer than cellulosic fibers. 
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3.1.2 Cellulose nanofibrils (CNF) 

Cellulose nanofibrils (CNF, 1.67 wt %) in Paper II were obtained by passing 
never-dried, bleached birch fibers through a high-pressure microfluidizer six 
times (Microfluidics Crop., USA) with a chamber pair (200 m and 100 m) 
arranged in series, under a pressure of 2000 bar. 

3.1.3 Cellulose nanocrystals (CNC) 

Cellulose nanocrystals (CNC) in Paper V were produced from ashless cotton 
fiber filter paper (Whatman 1) by 64 wt % sulfuric acid hydrolysis at 45 °C for 
45 min. The final CNC suspension (1.08 wt %, pH 2.8, conductivity < 5 μS/cm) 
before use was obtained by rinsing, centrifuging, and dialyzing the hydrolyzed 
precipitates. The content of sulfate half-ester groups on CNC surface was 0.19 
mmol/g, determined by conductometric titration. The dimensions of CNC are 
approximately 174 ± 31 nm in length and 7 ± 2 nm in width. 

3.1.4 Surfactants 

The anionic surfactant (An), sodium dodecyl sulfate (SDS, purity ≥99.0%), in 
Papers I-III and IV was purchased from Sigma-Aldrich. The cationic surfac-
tant (Cat), tetradecyltrimethylammonium bromide, and the nonionic surfactant 
(Non), Tween 20, in Paper III were from Sigma-Aldrich as well. The ampho-
teric surfactant (Amph), sodium cocoamphoacetate, in Paper III was obtained 
from Miranol Ultra. The food-grade cationic surfactant, ethyl lauroyl arginate 
(LAE, Mirenat-G, C20H41N4O3Cl, MW = 421.02 g/mol), containing 10.5% LAE in 
89.5% glycerol, was provided by Vedeqsa Group LAMIRSA (Terrassa, Barce-
lona, Spain) for Paper V. All surfactants were used as received.  

3.1.5 LeachateMQ and SDS-leachate aggregate (LeachateSDS) 

The leachate in Paper I refers to the solution obtained after filtering BKP fiber 
dispersions. Specifically, the LeachateMQ and the LeachateSDS were prepared by 
filtering 0.3 wt % BKP fibers well-dispersed in Milli-Q and 0.7 mM SDS for 1 
min, respectively, through a clean nylon membrane (pore diameter of 1 μm). 

3.1.6 Carboxymethylated lignin (CML) 

The CML in Paper IV was prepared by ionizing technical pine Kraft lignin 
(Domtar Co., Plymouth, NC, USA) in NaOH/ethanol medium followed by reac-
tion with monochloroacetic acid. The CML (Mw 6000, DS of 0.35) was finally 
precipitated by dilute hydrochloric acid. CML aqueous solutions displayed a 
minimum surface tension of 34 mN/m with a critical aggregation concentration 
of 1.5% at room temperature with a pH of 8. 

3.1.7 Other materials 

Poly(ethylene imine) (PEI, Mw = 50000-100000, Paper II), Calcofluor white 
stain ( exc/em = 365/435 nm, Papers II and V), acridine orange (0.1%, Paper 
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III), and Nile red stain ( exc/em = 488/539 nm, Paper V) were purchased from 
Sigma-Aldrich and used as received. Sunflower oil (Paper V) was purchased 
from a local supermarket in Finland without further purification.  

Milli-Q water or double-distilled water was used in Papers I-II and V. To be 
consistent with the industrial aqueous environment, tap water ( 21 °C, pH of 
8.3, water hardness of 3 °dH) was used in Papers III and IV. 

3.2 Methods 

Figure 4 gives an overview of the methodologies used in the thesis. These dif-
ferent methods are used to study the interactions between the raw materials, as 
well as to characterize the raw materials and the products engineered from dif-
ferent multiphase systems. Methods related to the discussed results in this the-
sis are briefed in the following sections. 
 

 

Figure 4. 

3.2.1 Dynamic surface tension 

The dynamic surface tension (γdynamic) was obtained by measuring the maximum 
pressure in a bubble growing at the tip of a capillary immersed in the sample 
using a maximum bubble pressure tensiometer (KSV BPA-800P).85 The γdynamic 
can be calculated from the maximum capillary pressure difference and the ca-
pillary radius according to the Young-Laplace equation (1). 
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    (1) 

 
where pmax is the maximum pressure, p0 is the hydrodynamic pressure, and rc is 
the capillary radius. 

In Paper I, the γdynamic of LeachateMQ and LeachateSDS was measured using a 
capillary of 0.13 mm in radius at 21.8 °C until a surface tension plateau as a 
function of bubble lifetime (tbubble) was reached. Duplicate experiments were 
performed, and the results were averaged. 

3.2.2 Interactions between surfactants and nanocelluloses 

The interaction between surfactants and nanocelluloses (CNF, CNC) was mainly 
characterized from the following two perspectives: (i) the adsorbed mass of the 
surfactant onto a nanocellulose model film (Paper II) via surface plasmon res-
onance (SPR) and quartz crystal microbalance with dissipation monitoring 
(QCM-D); and (ii) the thermodynamic changes in the aqueous system upon 
mixing surfactants with nanocellulose (Papers II and V) by isothermal titra-
tion calorimetry (ITC). 

Specifically, the adsorption behavior of SDS on to CNF model films was mon-
itored with SPR (Model Navi 200, Oy BioNavis Ltd.) or QCM-D (E4 instrument, 
Q-sense AB) by passing 0.7 mM SDS (0.083 cmcSDS) at a flow rate of 100 μL/min 
at 21.0 °C into a flow cell with a CNF-coated gold sensor inserted. The SPR angle 
shift caused by the adsorption of SDS onto CNF was recorded in SPR,86 and used 
to calculate the mass of adsorbed SDS.87 In QCM-D, the changes in resonance 
frequency ( f) and dissipation ( D) due to SDS adsorption were followed.88 The 

f and D were used to calculate the mass of the adsorbed SDS together with 
coupled water with the Voigt viscoelastic model,89 and to describe the viscoelas-
tic behavior of the adsorbed SDS layer on CNF model film ( D- f profile), re-
spectively. 

The CNF model film was prepared by spreading a solution or dispersion in a 
volatile solvent on a solid substrate by high-speed spinning.90 To be specific, the 
CNF-coated gold sensor was prepared by spin-coating a dilute and finely disin-
tegrated CNF suspension (0.148 wt %) onto a PEI-coated gold sensor at 3000 
rpm for 1.5 min at room temperature. The PEI-coated gold sensor was also pre-
pared by spin-coating. The CNF-coated gold sensor was oven-dried at 80 C for 
10 min and immersed in Milli-Q water overnight before SPR or QCM-D experi-
ments. 

The enthalpy changes caused by the interactions between SDS and CNF (Pa-
per II), or between LAE and CNC (Paper V) were derived from integrating the 
heat flows as a function of injection time of surfactant solution recorded by 
ITC.91 
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3.2.3 Interfacial rheology under oscillation 

The rheological behavior at the air/water interface was determined by monitor-
ing the bubble size changes under oscillation driven by a piezo-pump and a 
pulse-modulating electronic unit (Pulsating drop module, PD-200). The pertur-
bation of bubble size is recorded by a high-speed camera equipped with a con-
tact angle meter (Attension Theta, Biolin Scientific, Finland). The differential 
surface area of a bubble can be calculated into the air/water interfacial tension 
based on the Young-Laplace equation, with which the complex dilatational in-
terfacial modulus (Ed) and its elastic component (Ed′) are derived.92 

In Paper II, the interfacial tension measurements started after 20 min of 
equilibration and were conducted for 1 min at an oscillation frequency of 0.5 Hz 
using a volume amplitude of 0.8 μL. Duplicate measurements were performed 
for each freshly prepared sample, i.e. Milli-Q water, SDS solutions (0.7, 8.4, and 
70 mM), as well as 0.3 wt % CNF suspensions in the absence and presence of 
SDS (0.7, 8.4, and 70 mM). 

3.2.4 Bulk rheology under shear, oscillation, and extension 

The bulk rheology of materials was characterized under the following three 
types of deformation: (i) uni-directional shear to characterize the alignment of 
colloids under flow; (ii) oscillatory shear to reflect the true viscoelastic proper-
ties of a colloidal suspension; and (iii) extension under vertical stretching.  

In Paper II, the steady-state and oscillatory rheology were characterized with 
a rheometer (MCR300 Anton Paar) equipped with plate-plate geometry (ser-
rated surface, steel, diameter of 25 mm, gap of 1 mm) at 21.0 ºC. Fresh samples 
were applied for each type of measurement. All samples were pre-sheared at a 
shear rate ( ) of 1 1/s, followed by a resting time of 10 min before data acquisi-
tion. The flow behavior from steady-state rheology was characterized by meas-
uring the apparent viscosity ( ) as a function of  in the range of 0.01-100 1/s. 
For the viscoelastic features from oscillatory rheology, an oscillatory amplitude 
sweep (between 0.01-100%) at 1 Hz was performed to establish a strain ampli-
tude (0.1%) in the linear viscoelastic region. Then, with that strain amplitude 
(0.1%), the angular frequency ( ) was ramped from 100 to 0.1 rad/s to obtain 
the storage (G ) and loss (G ) moduli, as well as the complex viscosity ( ). The 
characterized samples include CNF suspensions (0.3 and 1.5 wt %) in the ab-
sence and in the presence of SDS (0.7, 8.4, and 70 mM), as well as those of pure 
SDS solutions (0.7, 8.4, and 70 mM). 

The effect of CNF on the extensional rheology of SDS solutions was evaluated 
by comparing the extensional viscosity ( ) as a function of Hencky strain 
( , true extensional strain) of the pure SDS solutions (8.4 and 70 mM) to 
that of SDS solutions in the presence of 0.3 wt % CNF. The  and  were 
calculated from the capillary diameter of a sample monitored by a laser beam 
inside a Haake capillary breakup extensional rheometer (Thermo Scientific 
Inc.).93 To monitor the capillary thinning process, the sample was loaded be-
tween two flat faces of solid cylinders (6 mm in diameter) with an initial gap of 
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1.99 mm in the rheometer. After 1 min of relaxation, the sample was rapidly 
lifted by the upper cylinder until a separation gap of 8.98 mm was reached.  

3.2.5 Aqueous foam generation and stability evaluation 

The foaming capability and foam collapse were monitored by recording the 
foam volume (Vfoam) evolution inside a foam column as a function of time with 
one of the two CCD cameras equipped with a FoamScan unit (Teclis, France).50 
A schematic illustration of a FoamScan unit is shown in Figure 5. The foams 
were generated by introducing nitrogen gas into the sample placed inside a 
FoamScan column, at a controlled flow rate through a porous fritted glass disc. 
The porous glass disc (average pore diameter in the range of 41-100 μm) was 
placed at the bottom of the FoamScan column. The initial sample volume and 
the N2 gas flow rate were 60 mL and 84 mL/min, respectively. The time spent 
to generate 120 mL foams was used to evaluate the foamability of a sample. The 
maximum foaming time and the total experimental time (time used to generate 
foam and observe foam decay) were set at 2000 s (~33 min) and 2200 s (~37 
min), respectively. The foam stability was assessed from three aspects after the 
foam generation, i.e. during foam decay: the evolution of Vfoam, liquid fraction 
in foam ( ), and the bubble size changes over time. The  was determined by 
measuring the conductivity in foams from the 2nd pair of electrodes at a height 
of 80 mm along the foam column (~ 23 mm above the initial liquid level). The 
conductivity of each sample was calibrated before foam generation, by the 1st 
pair of electrodes above the porous glass disc in the foam column. The bubble 
size was followed by the other CCD camera positioned at a height of 105 mm (~ 
48 mm above the initial liquid level) facing the prism outside the foam column. 
The bubble images acquired by the camera were then processed (ImageJ, ver-
sion:1.50i) and analyzed (CSA software, cell size analysis) to obtain the number-
averaged bubble sizes (<r>) and the bubble size distributions (PDI, polydisper-
sity index). 

The samples tested in the FoamScan include pure SDS solutions (0.7, 8.4, and 
70 mM, Papers I and II), SDS solutions in the presence of leachate (Paper I) 
or 0.3 wt % BKP wood fibers (Paper I) or 0.3 wt % CNF (Paper II), pure 0.3 
wt % CNF suspension (Paper II), pure 0.3 wt % wood fibers, LeahcateMQ, as 
well as LeachateSDS (Paper I).  
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Figure 5. 

3.2.6 Foam-laid and wet-laid nonwovens preparation 

The preparation of foam-laid nonwovens was started with foamed fiber slurry. 
The foaming of the fiber slurry was prepared differently in Papers III and IV. 
In Paper III, surfactant (An, Cat, Non, and Amph) foams were generated by 
mechanical stirring (4433 rpm) with a slightly edge-bent metal impeller (diam-
eter of 13 cm) for 1 min in a plastic bucket (height of 43 cm, diameter of 30 
cm). The dosage of each surfactant used for foaming was determined by achiev-
ing vortex-closed foams from 3 L of aqueous solution within 1 min. The total air 
volume of foams was kept at around 65% v/v. The concentrations of An, Cat, 
Non, and Amph surfactant were determined to be 0.33, 0.47, 7.17, and 3.7 g/L, 
respectively. Upon generation of thick and stable surfactant-based foams, fiber 
dispersions (1 wt %) were added into the foams and mixed for another 30 s. 

In Paper IV, the fiber dispersions were mixed with CML solutions initially. 
Then, the mixture was foamed by a Netzsch drill pulp agitator (Selb, Germany) 
equipped with a circular mixing plate (diameter of 83 mm) running at 3800 rpm 
in a transparent 5 L cylinder. The foamed fiber slurry was firstly used for foama-
bility and foam stability experiments, and then re-mixed under 3800 rpm for 2 
min, followed by foam-laying. 

The foam-laid nonwovens were prepared by transferring the foamed fiber 
slurry into a specially designed foam-laying mold, followed by consolidation of 
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fibers into a foam-laid web under vacuum suction. During the transfer of 
foamed fiber slurry, an inclined-metal plate inside the foam-laying mold was 
used to allow the foamed fiber slurry to flow from one side of the mold bottom 
to the other side (Figure 6a). 

The consolidation of the wet foam-laid webs was finished with wet-pressing 
(Papers III and IV) or without wet-pressing (Paper IV), followed by drying 
on drying plates in a conditioned room (50% relative humidity (RH), 23 °C, Pa-
per III), or on a rotary drum dryer (Paper IV). The grammage of the fiber 
webs was kept at 100 g/m2 in both papers. 

The wet-laid webs were prepared in a standard wet-laying handsheet mold ac-
cording to standard ISO 5269-1, where valve drainage was applied instead of 
vacuum suction (Figure 6b). The fiber slurry in the absence and presence of 
surfactants was pre-mixed and not foamed before the preparation of wet-laying 
sheets. The wet-pressing method, drying conditions, and the final grammage of 
fiber webs of wet-laid webs were the same as those of foam-laid webs (Papers 
III and IV). 

 

 

Figure 6. 

3.2.7 Physico-mechanical characterization 

To compare the effect of processing method and type of surfactant or fiber, the 
physical and mechanical properties of foam-laid and wet-laid webs were exam-
ined by various methods. The methods of the main results in this thesis include 
web formation examined by Ambertec Beta Formation Tester, air permeability 
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measured under L&W Air Permeance Tester SE 166 according to standard ISO 
5636-3 (Paper III), tensile strength index obtained from an L&W tensile tester 
(TAPPI T494 standard, Paper IV), and Scott bond energy (resistance to out-
of-plane delamination) of the webs tested by an internal bond tester according 
to TAPPI T569 (Papers III and IV). 

3.2.8 Pickering emulsions formation and stability 

The CNC/LAE-stabilized Pickering emulsions were formulated by, firstly, pre-
paring the CNC/LAE complex dispersion; and, secondly, sonicating the mixture 
of sunflower oil and CNC/LAE complex at a volume ratio of 5o% v/v (Paper V). 

Specifically, the CNC/LAE complexes were prepared by mixing CNC suspen-
sions with LAE (diluted with Milli-Q water) under vortex for 20 s, followed by 
sonication (DT 52/H, Sonorex Digitec, Bandelin, Berlin, Germany) for 5 min at 
25 °C. The final concentration of LAE varied from 0 to 0.6 wt %, and the CNC 
concentration was 0.27 wt %. After adding sunflower oil to CNC/LAE complex 
dispersion, the mixture was sonicated by an ultrasonic device (Sonifier 450, 
Branson Ultrasonics, Danbury, CT) with a titanium microtip just below the sur-
face of the mixture at a strength amplitude of 40% for 60 s (alternating 3 s of 
sonication with 2 s off). Emulsions formulated with 0.27 wt % CNC alone were 
also prepared as a reference. The long-term stability of emulsions at ambient 
temperature was assessed with photographs taken after 0 and 30 days of storage 
at room temperature.  

3.2.9 Microscopy 

The presence of CNF in SDS foams (8.4 mM) was detected by a polarization 
microscope (Leica DM 4500, Germany) with an attached fluorescent imaging 
probe (Paper II). CNF was stained with Calcofluor white for 1 min prior to im-
aging. The images were taken from foams after resting (for at least 3 min) on a 
concave glass slide. 

The network porosity of the fiber webs was examined by confocal microscopy 
imaging (Leica TCS SP2) in 24 μm steps from the topmost surface of the fiber 
network (Paper III). The webs were dyed by 30 μL of a fluorescent dye (Acri-
dine orange, 0.1%) and quickly positioned between slide glasses for imaging. 

The morphology of emulsion droplets and the presence of CNC in freshly pre-
pared emulsions (Paper V) were examined under a Zeiss Axio Observer optical 
microscope with a 63× oil immersion objective. The sunflower oil and CNC were 
stained with Nile red and Calcofluor white prior to observation, respectively. 
The fluorescence microscopy images of stained sunflower oil and CNC were ac-
quired separately and then merged using ImageJ. 

 



 

20 

4. Results and discussion 

This section highlights the most relevant results concerning the core of this the-
sis. The more detailed results and discussion can be found in the attached Pa-
pers I-V. 

4.1 Synergism between like-charged surfactant and (nano)cellu-
losic materials 

4.1.1 Reduced dynamic gas/liquid interfacial tension and enhanced 
foamability with SDS-leachate aggregates 

Concerning the negative charge of (ligno)cellulosic materials in general, their 
interactions with surfactants have been mostly studied with cationic or nonionic 
surfactants.17 The interactions with anionic surfactants have been studied to a 
limited extent, and the synergism between surface tension and foaming perfor-
mance is rarely evaluated. Nevertheless, a few studies have demonstrated that 
the microemulsions formulated with SDS improve the fluid penetration into 
wood species due to the adsorption of SDS onto the hydrophobic domains inside 
the wood, thus improving fiber wetting.94–99 Besides, the presence of sodium 
lignosulfonate with SDS in microemulsions can further improve the impregna-
tion into the wood.99 Thus, a few questions may arise: Do the residual non-cel-
lulosic components in wood fibers interact with SDS, and thereafter lead to col-
loidal aggregates or stable species? What is the surface activity (surface tension 
and foamability) of these aggregates? Does the interaction between SDS and 
non-cellulosics result in the improved accessibility of wood fibers by swelling 
and loosening the fiber cell walls? 

To address these questions, Paper I compared the stability of the BKP fiber 
dispersions in Milli-Q water and 0.7 mM (0.083 cmcSDS) SDS solution over time. 
Then the composition of each phase of the fiber dispersions after sedimentation 
was compared. Finally, the surface activity (surface tension, foamability) of the 
filtrate of BKP fiber dispersions in Milli-Q water and 0.7 mM SDS was examined. 
Paper II explored the mechanism of interactions between the SDS unimers and 
cellulosic model surface, made of CNF, via QCM-D, SPR, and ITC. 

Figure 7a shows that the BKP fiber dispersion in the Milli-Q water phase 
separates over time. After examination by carbohydrate analysis and by ATR-
FTIR (Attenuated Total Reflection−Fourier Transform Infrared Spectroscopy), 
the upper phase “i” (LeachateMQ) contained non-cellulosics leached from BKP 
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fibers, and the lower phase “ii” was comprised of fibers and traces of non-cellu-
losics dispersed in the entire aqueous medium. In comparison, the addition of 
SDS unimers into the BKP fiber dispersion enlarges the volume ratio of phase 
“i” (Leachate0.7mMSDS) to “ii” (fibers and Leachate0.7mMSDS) (Figure 7b). More 
non-cellulosics were detached from the BKP fibers after contacting SDS 
unimers, which was verified by analyzing the changes of carbohydrate and ex-
tractive contents of fibers. Before speculating on the role of the SDS unimers, it 
is important to note that the intensified phase separation of fiber dispersions in 
the presence of SDS unimers is not a result of the increased ionic strength. This 
was proven by a similar sedimentation experiment of fiber dispersions in the 
presence of 0.7 mM NaCl, which showed the same phase separation behavior as 
that in Milli-Q water. Thus, it is the SDS unimer that causes further leaching of 
non-cellulosics, leading to the reduced interfiber repulsions with an enlarged 
volume ratio of phase “i” to “ii”.  

 

 

Figure 7. 

i
ii

The intensified release of non-cellulosics from wood fiber in the presence of 
SDS unimers is hypothesized to be a consequence of the following three phe-
nomena: (i) adsorption of SDS unimers onto the fibers’ hydrophobic domains 
caused by hydrophobic effects;94–100 (ii) SDS-induced swelling of the cell walls 
of wood fibers, potentially due to the penetration of SDS into the cellulosic net-
works95,96 and the charge-dipole attraction between the anionic sulfate group of 
SDS and the hydrogens of water molecules;101 and (iii) detachment of non-cel-
lulosics from fiber cell walls which leads to the depletion flocculation of fibers 
under an osmotic pressure gradient generated between the interfiber cell walls 
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and the dispersing medium.102 The first two hypotheses are examined between 
SDS and CNF rather than wood fibers, given the limited applicability of ITC, 
SPR, and QCM-D to wood fibers. It is critical to be aware that the CNF adopted 
in this thesis contains residual non-cellulosics instead of pure cellulose. Thus, 
similar phase separation of CNF suspensions in the presence of SDS was ob-
served in Paper II. 

Figure 8a shows the differential enthalpy isotherms as a function of SDS con-
centration after sequential injection of 175 mM SDS into Milli-Q water (open 
circles) or 0.3 wt % CNF (filled dots) at 21.0 ˚C. Three regimes (I-III) can be 
distinguished from Figure 8a. Typically, concerning the initially high concen-
tration of SDS (175 mM), the enthalpy changes (ΔH) detected by ITC can be 
ascribed to three mechanisms: (i) the dilution of SDS unimers and micelles; (ii) 
the dissociation of SDS micelles; and (iii) the binding of SDS unimers onto 
CNF.103 Thus, the exothermic peak observed in regime I is ascribed to the dilu-
tion and dissociation of micelles.103 With the increasing concentration of SDS, 
more nonpolar tails of SDS get exposed from the interior or core of the micelles 
to the surrounding water molecules, causing enthalpic changes from an exother-
mic peak (< 25 °C) to an endothermic one,103,104 until the critical micelle con-
centration of SDS (cmcSDS) is reached (regime II). According to the ITC inflec-
tion point, the cmcSDS in Milli-Q water is 8.6 mM, which is similar to values re-
ported in Papers I, II and others work.105 When the SDS concentration gradu-
ally exceeds the cmcSDS, the enthalpic changes slow down (regime III), as a result 
of micelle dilution.103 

When SDS is injected into a 0.3 wt % CNF suspension, the exothermic peak in 
regime I turns slightly sharper, possibly indicating hydrophobic associations be-
tween SDS and CNF (Figure 8a, filled symbols). Once SDS saturates the hy-
drophobic domains of CNF surfaces, free SDS micelles start to form in the aque-
ous phase. It is important to consider that the effective mobile volume of SDS in 
the presence of 0.3 wt % CNF is smaller than that of SDS in Milli-Q water. Con-
sequently, when the concentration of SDS is above the SDS micellization con-
centration, the onset concentration of SDS micellization occurs at a lower value 
(7.0 mM) when diluted into 0.3 wt % CNF, and the micelle dilution-induced 
enthalpic changes are reduced. 

The hydrophobic association between SDS and CNF indicated in the ITC ex-
periments was further verified by SPR. Figure 8b displays the adsorption of 
SDS unimers onto CNF model film over time. By comparing the adsorbed 
amount of SDS unimers before SDS injection and after rinsing with Milli-Q wa-
ter, it is noticeable that a certain amount of SDS adsorbed irreversibly onto CNF, 
which is consistent with the reported hydrophobic effects.96,97 Most interestingly, 
the adsorption of SDS unimers onto CNF monitored by QCM-D exhibits a sim-
ilar adsorption sensorgram pattern but of 10 times the adsorbed mass (Figure 
8c). The much higher adsorbed mass detected by QCM-D corresponds to the 
extensive hydration of the CNF model film, which is clearly verified by the D-

f profile (Figure 8d). The f represents the extent of adsorption, while the 
D- f indicates the viscoelasticity of the model film. The hysteresis or loop of 
D- f profile refers to reversible adsorption of SDS onto CNF, and SDS-caused 
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hydration of CNF model film. The extensive hydration of CNF will increase the 
effective volume fraction of CNF in dispersion and decrease the mobile space 
for SDS to dilute, as depicted from the calorimetric titration results (Figure 8a). 

Figure 8.

D f

Given the above results, the hypotheses on (i) the hydrophobic interaction be-
tween like-charged SDS and non-cellulosics containing CNF, and (ii) the SDS-
caused swelling of such CNF are verified. To examine the hypothesis of wood 
fiber flocculation induced by the detachment of non-cellulosics, the fiber dis-
persions were characterized analytically in Paper I. The filtrates from BKP fi-
ber dispersions in Milli-Q (LeachateMQ) and 0.7 mM SDS (Leachate0.7mMSDS) 
were analyzed by UV-vis spectroscopy and with ATR-FTIR. The results from 
AT-FTIR were compared to that of reference hemicellulose and pure SDS. It was 
found that both LeachateMQ and Leachate0.7mMSDS contain lignin, hemicellulose, 
and extractives. In a complementary analysis, the carbohydrate and extractive 
contents of pristine BKP fibers, BKP fiber after removing LeachateMQ, and BKP 
fiber after removing Leachate0.7mMSDS were also analyzed. This confirms that 
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BKP fibers lost negatively charged non-cellulosics (extractive, hemicellulose, 
and lignin) after contacting Milli-Q and 0.7 mM SDS. Thus, one can conclude 
that non-cellulosics (hemicellulose, lignin, and extractives) can detach from 
wood fibers, and disperse into an aqueous medium, termed leachate solutions.  

Since extractives have poor solubility in water, and lignin is often associated 
with hemicellulose in the form of lignin-carbohydrate complexes (LCC)106 which 
are difficult to separate into individual components,15,107–110 the non-cellulosics 
are speculated to be present in associated structures rather than a mixture of 
individual species. Moreover, when the non-cellulosic materials are in contact 
with SDS, aggregates between non-cellulosics and SDS via hydrophobic effects 
and ion/charge-dipole interactions111,112 are postulated. The difference in the as-
sociative structures/aggregates of LeachateMQ and Leachate0.7mMSDS was primar-
ily examined by dynamic light scattering, which indicated that the substances in 
Leachate0.7mMSDS are of larger hydrodynamic size than that in LeachateMQ. 

The complex nature of the non-cellulosics remains an unresolved challenge, 
which requires sophisticated analytical approaches. Instead, the interest here is 
to explore the difference in the air/water interfacial activity (surface tension and 
foamability) of SDS, the obtained LeachateMQ and Leachate0.7mMSDS. Since the 
air/water interfacial tension of LeachateMQ is similar to that of water (72.3 
mN/m) and LeachateMQ does not foam, LeachateMQ is not surface-active. Thus, 
the surface activity is compared only between SDS and Leachate0.7mMSDS. Fig-
ure 9a shows the dynamic surface tension of 0.7 mM SDS and Leachate0.7mMSDS. 
It is apparent that SDS unimers reach an equilibrium in dynamic surface ten-
sion very quickly ( 0.05 s), and its equilibrium value (70.4 mN/m) is close to 
that of water. This can be interpreted as a fast diffusion of SDS unimers to the 
air/water interface but with limited surface activity. In contrast, aggregates in 
Leachate0.7mMSDS take a longer time ( 1 s) to reach an equilibrium value (55.8 
mN/m), which indicates slower diffusion. The slow diffusion in Leachate0.7mMSDS 
is caused by the large hydrodynamic size of aggregates. However, Leach-
ate0.7mMSDS comprising SDS unimers and non-cellulosics shows a much lower 
air/water interfacial tension value than either 0.7 mM SDS or LeachateMQ (con-
taining only non-cellulosics) alone. The lower air/water interfacial tension eases 
the deformation of air/water interface. As expected, the Leachate0.7mMSDS has 
much higher foamability than 0.7 mM SDS, which is indicated by the shorter 
foaming time (tfoaming) of Leachate0.7mMSDS (159 s) than that of 0.7 mM SDS (734 
s), according to Figure 9b. Provided the above results, there is a clear syner-
gism between like-charged SDS and non-cellulosics, which leads to the for-
mation of SDS-non-cellulosics aggregates with significantly decreased air/water 
interfacial tension and enhanced foamability. It is worth noting that the air/wa-
ter interfacial tension and the foamability (tfoaming = 217 s) of Leachate0.7mMSDS in 
the presence of wood fibers are similar to that of Leachate0.7mMSDS alone. Thus, 
one can take advantage of the interactions between SDS and wood fibers for in 
situ generation of foams from fiber dispersions at a sub-micellar concentration. 
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Figure 9. t
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However, due to the low concentration of SDS unimers in 0.7 mM SDS and in 
the surface-active aggregates of Leachate0.7mMSDS, the newly created gas/liquid 
interface cannot be maintained without enough replenishment of surface-active 
substances from the bulk to the interface. Besides, the gas/liquid interface is not 
strong enough to support the capillary suction against drainage. Thus, the gen-
erated foams from 0.7 mM SDS and Leachate0.7mMSDS are highly unstable. Once 
the gas flow stops, the foams collapse immediately. The weak foam stability can 
be overcome by increasing the SDS concentrations, as discussed in Paper I. 
When SDS concentration is above cmcSDS, SDS, instead of the surface-active ag-
gregates, dominates the gas/liquid interfacial activities (surface tension, foama-
bility, and foam stability). No apparent differences between the gas/liquid in-
terfacial activities of SDS, wood fiber dispersions in SDS, and LeachateSDS (fil-
trate from wood fiber dispersions) can be observed. Further improvement of 
foam stability at SDS concentrations above cmcSDS can be achieved by SDS-CNF 
foams. The stabilization mechanism is discussed in the next section. 

4.1.2 Strengthened (interfacial) viscosity and improved foam stability 
with SDS-CNF mixtures 

Figure 10a shows that when the SDS concentration reaches cmcSDS (8.4 mM), 
the foamability of SDS alone, and the mixture of SDS and 0.3 wt % CNF (SDSaq 
+ CNF) is similar (tfoaming = ~72 s). However, the foam stability represented by
the evolution of foam volume (Vfoam) of SDSaq + CNF is rather constant over ~33
min, while the Vfoam of pure SDS solution decreases by ~20 mL. The higher Vfoam

of SDSaq + CNF is a result of several phenomena: (i) the shear-thinning behavior
of CNF-containing samples eases foam forming at high flow rates but prevents
liquid drainage after gas flow stops; (ii) the drainage-induced concentrating ef-
fect of CNF in foams, and SDS-induced CNF aggregation in foam films and Plat-
eau borders, can further increase the bulk viscosity of foams and prevent further
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drainage; and (iii) the predominant elastic behavior, both at the gas/liquid in-
terface and in the bulk, as well as the extension-thickening feature of CNF-con-
taining samples, reduce foam coalescence (capillary thinning and breakup) and 
coarsening (bubble growth via gas transfer). These phenomena are elaborated 
by the following results. 

Figure 10b shows the shear-thinning behavior of CNF-containing samples 
and the Newtonian behavior of SDS solutions. CNF-containing samples have a 
much higher apparent viscosity than SDS solutions even at low CNF concentra-
tion (i.e. 0.3 wt %). Such an apparently increased viscosity of SDSaq + CNF can 
effectively slow down drainage, resulting in a higher liquid fraction in foams of 
SDSaq + CNF than that of SDS during the whole foam lifetime (t > 0 s, Figure 
10a). The higher liquid fraction in foams correlates to thicker foam films be-
tween bubbles. Thicker foam films can effectively counterbalance foam film 
thinning, breakup, and gas diffusion, which are typical phenomena that change 
foam structure and cause foam collapse. The dominant elastic behavior of SDSaq 
+ CNF (Figure 10c) also slows down drainage. It was observed in Paper II
that most CNF was retained in the foams after drainage, leading to the concen-
tration (accumulation) of CNF in foam continuous phase. The maximum CNF
concentration after drainage was approximated to be 1.5 wt % according to the
evolution of the liquid fraction over time. As a result, the SDSaq + 1.5 wt % CNF
exhibits much higher viscosity, as well as storage (G ) and loss (G ) moduli than
SDSaq + 0.3 wt % CNF, which slows down drainage further. It is worth noting
that the G  and G  of SDSaq + CNF at SDS concentrations above cmcSDS are
higher than at SDS concentrations below cmcSDS, which is ascribed to the SDS-
induced aggregation of CNF. The aggregation of CNF was presumably caused by
charge-screening and the depletion attraction of CNF at high SDS concentra-
tions. As a result, CNF aggregates in foam Plateau borders and the foam films
(Figure 10e,f) hinder liquid drainage, reduce coalescence and coarsening with
improved elastic behavior (G  > G  of SDSaq + 1.5 wt % CNF). Additionally, sam-
ples containing transient entanglements, such as CNF dispersions, exhibit both
shear-thinning and extension-thickening.113 The latter can work effectively
against capillary thinning and breakup.114 Figure 10d shows that the presence
of 0.3 wt % CNF significantly increases the extensional viscosity and Hencky
strain of SDS solutions, indicating stronger resilience for SDSaq + 0.3 wt % CNF
than SDS under large three-dimensional deformations. Consequently, bubble
growth is decreased, and foam stability is improved for CNF-containing foams.
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Apart from influencing the foam continuous phase, the extension-thickening 
effect and the predominant elastic behavior of SDSaq + 0.3 wt % CNF also influ-
ence the gas/liquid interface. Table 1 shows the interfacial rheological features 
of pure SDS solutions and SDSaq + 0.3 wt % CNF measured by oscillating bub-
bles. During the oscillation, the gas/liquid interface undergoes periodic exten-
sion and compression. At appropriate oscillation frequencies, the interfacial vis-
coelastic modulus, also known as the complex dilatational interfacial modulus 
(Ed), and its interfacial storage/loss modulus (dilatational elasticity/viscosity) 
can be calculated and used to reflect the resilience of the gas/liquid interface to 
bubble growth (coalescence or coarsening).59 Comparing the Ed and dilatational 
elasticity (Ed') in Table 1, it is apparent that the overall Ed of the air/water in-
terface increases with SDS concentration at submicellar conditions but de-
creases above cmcSDS. The change of Ed is caused by the Gibbs-Marangoni effect. 
The latter refers to the convection flow that results from the gradient in surface 
tension at the interface. At submicellar concentrations of SDS, a large air/water 
interfacial tension exists during the bubble oscillation (Figure 11a to b, and d 
to e), as a result of the concentration gradient of SDS unimers at the air/water 
interface. Thus, Ed increases at a submicellar concentration. At SDS concentra-
tions above cmcSDS, the reduction in air/water interfacial tension gradient dur-
ing bubble oscillation (Figure 11b to c, and e to f) leads to a suppressed Ma-
rangoni flow. Consequently, the samples in the presence of SDS at a concentra-
tion above cmcSDS displays a lower dilatational elasticity. With the presence of 
0.3 wt % CNF, the Ed and Ed' of the air/water interface and the air/SDS solution 
interface get significantly improved. Moreover, the air/liquid interface with the 
presence of 0.3 wt % CNF is dominated by the elastic behavior, indicating an 
improved capability against gas permeability, thus hindering the coarsening in 
foams of SDSaq + CNF.59 

Table 1. E
E '

SDS (mM) 0 0.7 8.4 70 
Dispersing 

medium MQ CNF MQ CNF MQ CNF MQ CNF 

Ed (mN/m) 0.252 15.9 19.4 54.9 1.80 39.5 0.274 15.7 

Ed' (mN/m) 0.250 12.8 19.2 52.6 0.131 39.0 0.001 15.4 
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Figure 11.
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In summary, non-cellulosics containing CNF have been proven to influence 
aqueous foam generation and foam stability by (i) increasing the interfacial elas-
ticity, which is a common principle of other published work on modified CNF-
based Pickering foams; and (ii) playing a key role in tuning the bulk rheology 
under shear, oscillation, and extension. Essentially, the colloidal behavior of 
CNF, affected by its interaction with SDS, influences the properties of aqueous 
foams. The role revealed of native CNF in the dynamic behaviors of aqueous 
foams can be translated into other systems, such as CNF-stabilized emulsions68 
and SDS-stabilized films comprised of CNC,115 facilitating the understanding of 
related phenomena. 

4.2 Toward sustainable production of strong nonwoven networks

As mentioned earlier, in addition to exploring aqueous foams as a material, an-
other major direction currently is to adopt aqueous foams as a technology to 
design materials, such as foam-laying for papermaking. The following results 
will discuss the cause-effect relations between processing methods (foam-laying 
compared to wet-laying) and paper properties (Paper III). Moreover, the ca-
pability of woody biomass-derived and post-modified biomass, i.e. CML, as an 
alternative to synthetic surfactants for foam-laid nonwovens, such as paper, will 
be showed (Paper IV). 
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4.2.1 Improved network homogeneity with felted structures via foam-
laying 

Conventional papermaking structures wood fibers via wet-laying, which yields 
a layered fiber network (Figure 12a) upon drainage. Typically, the wet-laid fi-
ber network is a dense material due to the collapse of fiber lumens, and the mul-
tiple inter- and intra-fiber hydrogen bonding. In contrast, the enrichment of air 
bubbles and high fiber content in foams favor a porous and felted network from 
foam-laying (Figure 12b).116 The dense (Figure 12c1, c2) and porous (Figure 
12c3) structures are confirmed from the true contact area between a dye solu-
tion and a web under confocal laser scanning microscope.117 

As the physico-mechanical properties of a material depend on its intrinsic 
structure, the foam-laid paper with a felted network is expected to exhibit dif-
ferent physico-mechanical features from wet-laid paper with layered structures. 
Paper formation is one of the structural features, which is a critical concern in 
the papermaking industry. Paper formation is commonly evaluated by specific 
formation indices which indicate the spatial variation of areal mass. The lower 
the index value, the better paper formation (higher homogeneity). It is apparent 
in Figure 12c that foam-laid webs have better formation than wet-laid webs 
when utilizing cellulosic fibers (lignin content of 0.8 wt %). However, foam-laid 
and wet-laid webs with lignocellulosic fibers (lignin content of 27 wt %) have 
similar formation, except for the foam-laid web obtained with the cationic sur-
factant. This is possibly a result of extensive adsorption of the cationic surfac-
tant onto fibers. In general, the surfactant type does not determine and influ-
ence the homogeneity of the fiber network. The improved or retained specific 
formation of foam-laid webs depends on the distinctive turbulent flows during 
foam-laying, which is typically explained by a three-dimensional vortex-stretch-
ing mechanism.118 The three-dimensional vortex can break down large flow 
structures at the length scale of fibers. Consequently, fiber flocculation and en-
tanglement are limited, and fiber spreading in the foam continuous phase is fa-
cilitated. This three-dimensional vortex-stretching mechanism is more evident 
for long and flexible fibers, such as cellulosic fibers. In addition, the increased 
concentration of fibers in foam-laying results in a higher viscosity of the contin-
uous phase,83 where single fiber gyration is dampened and “locked”76 preventing 
the formation of poor networks. Note that turbulent flow can also have a nega-
tive impact by causing floc formation in foam lamella, depending on some other 
factors that have not been examined in this study, such as bubble size and dis-
tribution, flow rate, and fiber flexibility.80,81,83,119 These variables can be the rea-
sons for similar homogeneity between foam-laid and wet-laid webs.  
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Figure 12.

The porous, felted network from foam-laying influences fluid transport and 
out-of-plane strength effectively. Figure 12d shows the air permeability of 
webs formed via wet- and foam-laying with different fiber and surfactant spe-
cies. Evidently, air permeability is proportional to the apparent porosity. All 
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foam-laid webs ease airflow (higher air permeability) at larger apparent porosity 
values than wet-laid webs. The capability of fluid transport in webs is dominated 
by both the fiber processing method (wet-laying, foam-laying) and fiber types 
(cellulosic, lignocellulosic fibers). Figure 12e displays the Scott bond energy as 
a function of the apparent density of different webs. The Scott bond energy is a 
parameter used to reflect the out-of-plane strength against delamination. It is 
sensitive to non-uniformity or structural changes in the fiber network. Typically, 
a felted network has higher Scott bond energy than a layered network, due to 
the presence of more load-carrying points in the out-of-plane direction.120 This 
rule applies to the webs of an apparent density below 400 kg/m3, where ligno-
cellulosic fiber-formed webs from foam-laying have a similar Scott bond energy 
to those formed from wet-laying, but a lower apparent density. The loss in Scott 
bond energy of cellulosic fiber-formed webs (apparent density above 400 kg/m3) 
via foam-laying is ascribed to the low moisture content in webs obtained after 
wet-pressing but before drying (Paper III). The low moisture content is a result 
of the increased porosity during foam-laying, the flexibility of fiber, and water 
removal facilitated from a porous network by air bubble streams on fiber sur-
faces.77 The moisture content is very important for interfiber bond formation. 
At very low moisture content, fewer interfiber bonds will form, which can cause 
a loss in both out-of-plane and in-plane strength of the cellulosic fiber-formed 
webs from foam-laying. Besides, the less fibrillated surface of cellulosics fibers 
can also result in fewer interfiber bonds within the network.120 Moreover, the 
presence of surfactants can lower the capillary forces which bring fibers together, 
known as Campbell effect.120,121 Nevertheless, it is important to be aware that the 
decrease in surface tension and in capillary forces help retain the hollow struc-
ture of wood fibers (open lumens), which keeps the fiber rigid and contributes 
to the accumulated number of small pores in webs. The retained Scott bond en-
ergy of lignocellulosic fiber-formed webs from foam-laying may also benefit 
from the preserved hollow structure of fibers. 

4.2.2 Enhanced network strength with CML 

The interfiber bondings are essential to gain paper strength. However, among 
many other reasons, the presence of surfactant, like SDS, and air bubbles can 
lower capillary forces which bring fibers together and lead to the formation of 
multiple interfiber bonds. Additionally, as it is verified in Paper I, SDS induces 
non-cellulosics to leach out from the wood fibers. However, non-cellulosics are 
critical for the formation of interfiber bonding.122,123 Thus, surface-active non-
cellulosic materials may be an alternative for obtaining foam-laid webs with re-
tained strength.  

Carboxymethylated lignin (CML), which is modified from Kraft lignin (a type 
of woody biomass waste), has shown good surface activity with a minimum sur-
face tension of 34 mN/m at pH = 8 at room temperature. Several articles have 
demonstrated the capability of CML for oil-in-water (O/W) emulsions.74,124,125 
Its good foamability and foam stability are demonstrated in Paper IV when 
considered as a replacement for SDS. The potential of CML, as a type of modi-
fied lignin, to improve the strength of foam-laid paper was tested. Figure 13a 
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shows the tensile index (an indication of in-plane strength) of wet-laid (pine) 
and foam-laid (pine-SDS, pine-CML) webs before and after wet-pressing. By 
comparing their tensile indices before wet-pressing (non-pressed), one can see 
that CML effectively increases the in-plane strength of foam-laid nonwovens, 
although the wet-laid ones have a higher tensile index. Without pressing, the 
higher tensile index of wet-laid webs compared to that of webs foam-laid with 
CML and SDS is consistent with the loss of density (an indication of load-carry-
ing points) in webs that were wet-laid with SDS-based foams. The apparent den-
sity of non-pressed webs wet-laid with CML and SDS foams is 591, 540, and 515 
kg/m3, respectively. By applying wet-pressing, fibers can be brought together in 
close proximity which leads to the increased density and strength of wet-laid 
webs. The higher tensile index of webs foam-laid with CML compared to those 
with SDS is also ascribed to a loss of density. The apparent density of webs foam-
laid with CML and SDS is 203 and 196 kg/m3, respectively. Plausibly, the 
pressed webs foam-laid with CML have an even higher in-plane strength than 
the wet-laid ones, regardless of the higher apparent density of the latter (269 
kg/m3). Such an increase in tensile index after pressing is due to the improve-
ment of interfiber bonding in the presence of CML. Similar strengthening effects 
of CML on foam-laid webs also translate to the out-of-plane strength. Figure 
13b shows that, after wet-pressing, webs laid with SDS foams have less Scott 
bond energy compared to wet-laid ones. However, the webs laid with CML 
foams exhibit the highest resistance to delamination compared to wet-laid webs 
after pressing. The similar Scott bond energy of webs that are wet- and foam-
laid before pressing is a result of the felted structure of the latter (Figure 12b), 
which contributes to the load-carrying points in the out-of-plane direction.  

Figure 13.

Thus, in summary, CML, derived from woody biomass waste, is a competitive 
candidate to replace a synthetic surfactant, such as SDS, for foam-laying. The 
CML foam-laid webs obtained not only regain the loss of strength otherwise 
seen in typical foam-laid webs but also display better strength than webs pro-
duced by wet-laying. The results confirm the important role of non-cellulosics, 
such as CML, in securing interfiber bonding, and the critical influence of felted 



Results and discussion

networking on improving out-of-plane strength. Additionally, the results ob-
tained for webs foam-laid with CML points to a fully sustainable process to en-
gineer strong nonwovens. 

4.3 Synergism between opposite-charged surfactant and CNC for 
improved stability of food-grade Pickering emulsions

As presented in the introduction in relation to the enhancement of interfacial 
activity and subsequent stability of multiphase systems, the synergistic effects 
that exist between oppositely charged surfactant and (ligno)cellulosics have 
been widely applied. However, those taking place between like-charged surfac-
tant and (ligno)cellulosics remain largely unexplored. The inherent negative 
charges of (ligno)cellulosic materials make cationic surfactants attractive for 
adoption, however, they should be non-toxic in order to ensure a fully green 
system. A non-toxic, biocompatible, and label-friendly multiphase system is vi-
tal in application areas, such as food, which is a central topic worldwide. In this 
regard, Paper V demonstrates the stabilization of food-grade Pickering emul-
sions by exploiting the interactions between positively charged, food-grade LAE 
(generally recognized as safe for certain foods) and negatively charged CNC. The 
hydrophobization of CNC with LAE via electrostatic interactions depends on the 
relative concentration of the components and influences the corresponding 
properties of the obtained Pickering emulsion. Thus, to understand the interac-
tions between LAE and CNC, as well as the mechanisms of stabilization in Pick-
ering emulsions, ITC was used to follow the changes in heat flow upon adsorp-
tion of LAE onto CNC nanorods. Different Pickering emulsions were formulated 
at corresponding CNC and LAE concentrations. Finally, the synergistic effect of 
CNC/LAE complexes on emulsion properties was evaluated by comparing the 
long-term stability of emulsions stabilized by CNC/LAE complexes and that of 
emulsions stabilized by the single components, either CNC or LAE. 

The emulsifying ability of LAE/CNC complexes and the corresponding emul-
sion stability were tested at different LAE to CNC (0.27 wt %) concentration ra-
tios. The oil-to-liquid volume ratio was kept at 1:1. The concentration of 
LAE was varied within the range tested in the ITC experiments . 
The best Pickering emulsions (that showed no creaming after 30 days) were 
prepared with 0.27 wt % CNC and 0.6 wt % LAE (Figure 14c, right). The poor 
stability of Pickering emulsions at lower LAE concentrations is caused by 
several reasons: at low LAE concentration (Figure 14c, left), CNC is partially 
hydrophobized (incompletely covered) by LAE , as indicated 
by ITC results ( phase i), leading to limited ad-sorption at the 
O/W interface. At intermediate LAE concentrations ( phase ii-iii), 
full coverage of CNC by LAE and complete adsorption of CNC at the O/W 
inter-face is achieved . However, oil droplet clusters 
and large oil domains were formed (Figure 14c, middle), due to the 
inadequate amount of LAE micelles in the dispersed phase of the emulsions 
and the lack of surface charge of CNC/LAE complexes at the O/W interface. 
These large oil droplet clusters and domains leave the corresponding 
Pickering emulsions with low stability against coales-cence. At the high LAE 
concentrations ( phase iv ), increased stability of the 
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CNC/LAE complex-stabilized Pickering emulsion is achieved. The outstanding 
stability of the CNC/LAE (0.6 wt %) complex-stabilized Pickering emulsion is 
attributed to strong electrostatic repulsion between droplets and restricted in-
terfacial breakup under gravity. The oil droplet size at this point is smaller than 
those formed with higher CNC-to-LAE concentration ratios. Besides, the oil 
droplets are found to be stabilized by both CNC/LAE complexes and LAE alone 
(Figure 14c, right). 

Figure 14. H
LAE

LAE   CNC
i iv
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The effect of CNC (0.27 wt %) and LAE (0.6 wt %) on the properties of Picker-
ing emulsions (emulsification and stability) was further evaluated by studying 
the properties of emulsions formulated with the single components, either CNC 
(0.27 wt %) or LAE (0.6 wt %). As seen from Figure 14d, CNC (0.27 wt %) alone 
shows poor surface activity to allow a complete formation of Pickering emul-
sions. The CNC formulated O/W Pickering emulsions have severe creaming af-
ter 30 days of storage. Although LAE (0.6 wt %) allows the formation of emul-
sions, phase separation still happens over 30 days of storage. In contrast, the 
presence of both CNC (0.27 wt %) and LAE (0.6 wt %) facilitates the formation 
of O/W Pickering emulsions with improved long-term stability (no creaming 
after 30 days). The similar emulsifying ability of CNC/LAE (0.6 wt %) com-
plexes and those prepared with LAE (0.6 wt %) is due to the similar oil/water 
interfacial tension (~ 5 mN/m) in the two systems. The improved emulsion sta-
bility is expected and is typical of Pickering emulsions. 

The above results confirm the possibility of formulating fully green Pickering 
emulsions in a simple and controllable way, e.g., by taking advantage of the syn-
ergistic effect between the oppositely charged surfactant and nanocellulose. 
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5. Concluding remarks 

This thesis explores the synergism between surfactant and (ligno)cellulosic 
(nano)materials for multiphase systems, with a strong focus on aqueous foams. 
Importantly, the recognition of the complex nature of (ligno)cellulosic materials 
and their interaction with like-charged surfactants is put forward as an im-
portant consideration.  

In summary, the main findings in this thesis are: 
1. (Paper I) An anionic surfactant, SDS, promotes the release of non-cellu-

losics (lignins, extractives, and hemicelluloses) from wood fibers, due to 
hydrophobic effects and SDS-induced fiber swelling. Such effects were not 
observed when cationic or nonionic surfactants were used. Furthermore, 
SDS unimers and non-cellulosics form surface-active aggregates via non-
electrostatic interactions. These surface-active aggregates exhibit much 
lower surface tension values and much faster foaming capacity than SDS 
unimers or non-cellulosics alone. However, the essential nature of the in-
teractions involved in the SDS-induced leaching of non-cellulosics; and 
the associative structure of the surface-active aggregates are still open and 
challenging questions. Nevertheless, this work furthers the current under-
standing of the interactions between surfactants and lignocellulosics in an 
aqueous medium. It is important to be aware that typical isolation or frac-
tionation of fiber components requires severe chemical treatments, and 
high energy and chemical costs. The leaching phenomenon revealed in 
this study promotes a new idea of extraction from woody biomass. The 
utilization of less processed woody biomass has practical benefits in ap-
plication. This underlined outlook is in line with the objective of bioecon-
omy. 

2. (Paper II) Instead of bringing modified (ligno)cellulosic (nano)materials 
to the interface for the stabilization of multiphase systems, the role of na-
tive CNF in stabilizing aqueous foams was investigated. The large aspect 
ratio and flexibility of CNF endow it with shear-thinning and extension-
thickening behaviors, as well as predominant elastic behavior at the 
air/water interface and in the bulk even at a low concentration, such as 
0.3 wt %. These rheological features of CNF are critical in slowing down 
foam drainage, coalescence, and coarsening. Additionally, CNF stabilizes 
SDSaq + CNF foams with enriched CNF aggregates in foam films and Plat-
eau borders, as a result of the drainage-induced concentrating and the 
SDS-induced colloidal instability of CNF. Overall, this study reveals the 
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capability of native CNF in affecting foam generation and stabilization in 
the presence of an anionic surfactant. The findings are also in line with the 
idea of taking advantage of less processed materials. 

3. (Papers III and IV) The cause-effect relation between processing meth-
ods and fiber network properties was elucidated. Essentially, foam-laying 
results in a felted fiber network, compared to the typical layered fiber net-
work from wet-laying. Such a felted network leads to fiber webs with 
higher homogeneity, higher porosity, lower density and more load-carry-
ing points in the out-of-plane direction than a layered network. Foam-lay-
ing is insensitive to the surfactant types used (anionic, cationic, nonionic, 
or amphoteric). However, the fiber intrinsic characteristics influence the 
final physico-mechanical properties of webs. In general, fiber webs from 
foam-laying with commercial surfactants lose both in-plane and out-of-
plane strength as a result of the low density and low residual water content 
before consolidating the network. This drawback can be overcome by 
adopting CML as a foaming agent for foam-laying. CML exhibits both 
good foamability and foam stability with regard to the foam properties of 
SDS. Importantly, CML foam-laid webs regain both in-plane and out-of-
plane strength, and have even better strength performance than wet-laid 
webs after wet-pressing. Concerning the fact that CML derives from the 
woody biomass waste of the papermaking industry, the utilization of CML 
in foam-laying process extends its boundaries in the application. 

4. (Paper V) Even though Pickering emulsions with good long-term stabil-
ity have been extensively studied by others, food-grade Pickering emul-
sions with longevity have been rarely explored in nanocellulosic systems. 
This study demonstrates an eco-friendly and simple way to modify CNC 
by using a food-grade surfactant, LAE, primarily via electrostatic interac-
tion. The complexation between LAE and CNC offers the potential of ob-
taining fully food-grade Pickering emulsions with good stability for at 
least one month. The findings extend the applicability of CNC-based Pick-
ering emulsions for food manufacture with tunable and functional prop-
erties. However, one needs to be aware that, although LAE has been 
widely applied in the food industry, the strong affinity of LAE to various 
negatively charged biopolymers, and the bitterness or astringency after 
that interaction, limit its practical application. Further research is needed 
for utilizing CNC/LAE-stabilized Pickering emulsions for food purposes.
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