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Abstract 
An amphiphilic polymer is expected to adsorb at the oil-water interface and 
be capable of stabilizing emulsions. Cellulose derivatives, cellulose 
nanoparticles and regenerated cellulose particles show an intrinsic 
amphiphilic character by self-assembling at oil-water interfaces and 
stabilizing emulsions without the aid of surfactants or any other co-stabilizers. 
In its polymeric form, the native cellulose chains could be expected to share 
similar emulsifying abilities. However, cellulose dissolution is the main issue 
when it comes to its direct application in emulsion technology and, therefore, 
there is a lack of knowledge when it comes to this type of approach on making 
emulsions. Cellulose does not dissolve in either oil or water, but it can be 
dissolved in water based-solvents at extreme pH's. In this thesis, the 
interfacial behaviour of cellulose was studied at oil-water interfaces by having 
cellulose dissolved in aqueous solutions of H3PO4 (very low pH) and 
NaOH/NaOH-urea and TBAH (very high pH).  

In its dissolved state, cellulose was seen to substantially decrease the 
interfacial tension (IFT) between the oil phase and the aqueous media, which 
was a consequence of the adsorption of cellulose at oil-water interfaces. The 
extent of the IFT reduction was shown to be dependent on the solvent quality. 
The optimal solvency conditions for cellulose were found for the alkaline 
solvent with an intermediate polarity (NaOH-urea), which is in line with the 
favourable conditions for adsorption of an amphiphilic polymer. However, in 
stabilizing oil-in-water emulsions (O/W), to achieve long-term stability and 
prevent oil separation from the emulsions, further reduction in cellulose's 
solvency was needed. This was achieved by a change in the pH of the 
emulsions that induced the regeneration of cellulose on the surface of the oil 
droplets (in-situ regeneration) in the form of a continuous film, which was 
revealed by cryogenic scanning electron microscopy (cryo-SEM). The 
topography of the droplets surface was found to be very different from what 
has been reported for cellulose Pickering emulsions. Upon in-situ 
regeneration, the rate of droplets coalescence was dramatically reduced and 
emulsions showed a remarkable stability against oil-separation. Finally, the 
combination of cellulose with lignin as an amphiphilic natural co-stabilizer 
was studied regarding their compatibility in solution. Lignin was found to 
improve cellulose dissolution in NaOH (aq.) and delay the gelation kinetics 
upon ageing or temperature increase in the solutions. Data suggests lignin as 
an amphiphilic additive able to weaken the hydrophobic interactions among 
cellulose molecules.  



 

x 

 
  



 

xi 

Sammanfattning 
Cellulosaderivat, cellulosananopartiklar och regenererade cellulosa partiklar 
har inneboende amfifil karaktär; de självassocierar vid gränsytan mellan olja 
och vatten och kan stabilisera emulsioner utan hjälp av surfaktanter eller 
andra ytaktiva ämnen. I upplöst form förväntas naturliga (oderivatiserade) 
cellulosapolymerkedjor visa liknande emulgerande förmåga. Upplösning av 
cellulosa är dock en knäckfråga när det gäller direkta tillämpningar inom 
emulsionsteknik. Kunskap saknas när det gäller denna typ av 
tillvägagångssätt att tillverka emulsioner, då cellulosa inte kan lösas i varken 
olja eller vatten. Ett undantag är dock under extrema pH-förhållanden då 
cellulosan kan fås löslig i vattenbaserade lösningsmedel. I denna avhandling 
studerades cellulosans beteende vid gränsytan mellan olja och vatten genom 
att dispergera cellulosa i vattenlösningar av fosforsyra (H3PO4) vid mycket 
lågt pH, samt i natriumhydroxid (NaOH/NaOH-urea) och tetrabutyl 
ammoniumhydroxid (TBAH) vid mycket högt pH.  

I upplöst tillstånd framkom att cellulosa väsentligt kunde minska 
gränsskiktsspänningen (IFT) mellan olja och de studerade vattenbaserade 
lösningsmedlen, vilket var en följd av adsorption av cellulosa vid gränsytan 
mellan olja och vatten. Omfattningen av minskningen i IFT var beroende av 
lösningsmedlets kvalitet. Optimala lösningsförhållandena kunde uppnås i det 
alkaliska lösningsmedlet med hjälp av ett dispergeringsmedel av intermediär 
polaritet (NaOH-urea), vilket är i linje med de generella förhållandena för 
gynnsam adsorption av en amfifil polymer. För att förhindra oljeseparation 
och långsiktigt stabilisera olja-i-vatten-emulsioner (O/W), behövdes en 
försämring av cellulosans löslighet. Detta uppnåddes genom att justera pH 
värdet något i de färdiga emulsionerna. Detta inducerade regenerering av 
cellulosa på ytan av oljedropparna (in-situ regenerering) i form av en 
kontinuerlig film. Det senare kunde påvisas med hjälp av avancerad 
svepelektronmikroskopi (cryo-SEM). Topografin på dropparnas yta var 
annorlunda i jämförelse med vad som har rapporterats för cellulosa i 
Pickering-emulsioner. Vid in-situ-regenerering minskade även 
droppkoalescensen dramatiskt och emulsionerna fick en anmärkningsvärd 
stabilitet mot oljeseparation. Slutligen studerades kombinationen av cellulosa 
tillsammans med lignin som en amfifil polymer stabilisator. Tillsatser av 
lignin kunde förbättra cellulosans upplösning i NaOH (aq.) och fördröja 
gelningskinetiken vid åldring eller temperaturökning i lösningarna. Detta 
tyder på att lignin kan försvaga de hydrofoba interaktionerna mellan 
cellulosamolekylerna. 



 

xii 

  



 

xiii 

List of papers 
This thesis is based on the following papers, herein referred to by their Roman 
numerals: 
 
I: Interfacial activity and emulsion stabilization of dissolved cellulose 
Carolina Costa, Isabel Mira, Jan-Willem Benjamins, Björn Lindman, Håkan 
Edlund and Magnus Norgren. Journal of Molecular Liquids, vol. 292, 2019, 
111325-111331. 
 
II: Microrheology of novel cellulose stabilized oil-in-water emulsions  
Bruno Medronho, Alexandra Filipe, Carolina Costa, Anabela Romano, Björn 
Lindman, Håkan Edlund and Magnus Norgren. Journal of Colloid and Interface 
Science, vol. 531, 2018, 225-232. 
 
III: Emulsion formation and stabilization by biomolecules: The leading role 
of cellulose 
Carolina Costa, Bruno Medronho, Alexandra Filipe, Isabel Mira, Björn 
Lindman, Håkan Edlund and Magnus Norgren. Polymers, vol. 11, 2019, 1570-
1587. 
 
IV: Cellulose-stabilized oil-in-water emulsions: Structural features, 
microrheology, and stability 
Carolina Costa, Pedro Rosa, Alexandra Filipe, Bruno Medronho, Anabela 
Romano, Lucy Liberman, Yeshayahu Talmon and Magnus Norgren. 
Carbohydrate Polymers, vol. 252, 2021, 117092-117099. 
 
V: On the formation and stability of cellulose-based emulsions in alkaline 
systems: effect of the solvent quality  
Carolina Costa, Bruno Medronho, Alexandra Filipe, Anabela Romano, Björn 
Lindman, Håkan Edlund and Magnus Norgren. (manuscript)  
 
 
 
 
 



 

xiv 

VI: Lignin enhances cellulose dissolution in cold alkali 
Carolina Costa, Bruno Medronho, Alireza Eivazi, Ida Svanedal, Björn 
Lindman, Håkan Edlund and Magnus Norgren. Carbohydrate Polymers, vol. 
274, 2021, 118661-118668. 

Related Papers 
 
The following publications by the author are not included in this thesis. 
 
The relevance of structural features of cellulose and its interactions to 
dissolution, regeneration, gelation and plasticization phenomena.  
Björn Lindman, Bruno Medronho, Luís Alves, Carolina Costa, Håkan Edlund 
and Magnus Norgren. Physical Chemistry, Chemical Physics - PCCP, vol. 19, 2017, 
23704-23718. 

 
Cellulose as a Natural Emulsifier: From Nanocelluloses to Macromolecules. 
Carolina Costa, Bruno Medronho, Björn Lindman, Håkan Edlund and 
Magnus Norgren. Cellulose, IntechOpen, Dr. Arpit Sand (Ed.), 2021. 
Available from: https://www.intechopen.com/online-first/77903 

 
Ellipsometry studies of cellulose adsorption from aqueous solutions. 
Carolina Costa, Polina Naidjonoka, Tommy Nylander, Luís Alves, Björn 
Lindman and Magnus Norgren. (in preparation) 

 
Acacia wood fractionation using deep eutectic solvents. Extraction, recovery 
and characterization of the different fractions. 
Solange Magalhães, Adriana Moreira, Ricrdo Almeida, Pedro Cruz, Luís 
Alves, Carolina Costa, Cátia Mendes, Bruno Medronho, Anabela Romano, 
Maria Graça Carvalho, José Gamelas, Maria da Graça Rasteiro. (in preparation) 
 
  



 

xv 

Author Contributions 
 
Paper I: Experimental design and work. Results analysis and discussion. 
Manuscript writing. 
 
Paper II: Part of the experimental work. Results and discussion. Part of the 
manuscript writing and revision. 
 
Paper III: Literature review and writing. 
 
Paper IV: Design and supervision of the experimental work. Part of the 
manuscript writing and revision. 
 
Paper V: Experimental design and work. Results analysis and discussion. 
Manuscript writing. 
 
Paper VI: Experimental design and work. Results analysis and discussion. 
Manuscript writing. 
  



 

xvi 

List of abbreviations 
AGU Anhydroglucose unit 
Cryo-SEM Cryogenic scanning electron microscopy 
DLS Dynamic light scattering 
DP Degree of polymerization 
LODP "Levelling-off" degree of polymerization 
DWS Diffusing wave spectroscopy 
HCl Hydrochloric acid 
HPMC Hydroxypropyl methyl cellulose 
H2SO4 Sulphuric acid 
H3PO4 Phosphoric acid 
IFT Interfacial tension 
MC Methyl cellulose 
MCC Microcrystalline cellulose 
MFC Microfibrillated cellulose 
Mw Molecular weight 
NaOH Sodium hydroxide 
NCC Nanocrystalline cellulose 
NFC Nanofibrillated cellulose 
NTU Nephelometric units 
OH Hydroxyl groups 
O/W Oil-in-water emulsions; oil-water interface 
PEG Polyethylene glycol 
TBAH Tetrabutylammonium hydroxide 
XRD X-ray diffraction 
W/O Water-in-oil emulsions 
  
  
  



 

1 

1 Introduction 
 
Every year, hundred billion tons of cellulose are produced by nature from 
various biomass sources, making this biopolymer an ultimate platform for 
developing sustainable applications on an industrial scale [1]. The increased 
environmental awareness due to global climate changes has pushed cellulose 
science to advance rapidly, and thus cellulose is expected to continue playing 
a central role in the emergent bio-economies and biorefineries. Cellulose 
extraction and purification rely on fairly simple, scalable, and efficient 
isolation techniques, and cellulose can be further modified and shaped into 
different colloidal and macroscopic forms, showing very different features [2-
5].  

The increasingly more accepted view of cellulose as an amphiphilic 
macromolecule has brought new prospects for its use in emulsion systems, 
where amphiphilic molecules are required to stabilize interfaces that are 
generally composed of two liquids of distinct polarities. Emulsions are among 
the most important colloidal systems in everyday life, and have multiple uses. 
They can encapsulate and protect sensitive ingredients, adjust appearance, 
taste and sensorial properties, and facilitate application, spreading and drying 
[6]. They can also serve as intermediators for efficient oil extraction, 
polymerization reactions, and the production of microcapsules and 
lightweight materials [6]. Their structural and functional properties are vast 
and, therefore, the emulsifiers and stabilizers must be carefully selected 
according to the needs. With the growing global demand for sustainable and 
“clean-label” products, industries are actively seeking to replace synthetic 
emulsifiers by new greener alternatives. Finding a natural ingredient that 
requires minimal modification and does not compromises the environmental 
and human health (while being capable of achieving a competitive 
performance to the optimized synthetic options) is highly desirable but 
challenging. In this respect, cellulose has the potential to become a key star 
player in emulsion systems. In addition to its natural, non-toxic, 
biodegradable, and renewable nature, it is also a versatile source of natural 
emulsifiers.  

Since earlier, several non-ionic cellulose ethers have been commercially 
used as emulsion stabilizers [7-9]. These are water-soluble cellulose 
derivatives produced by etherification reactions, which display amphiphilic 
and surface-active properties. In more recent years, cellulose nanocrystals 
have also been shown the ability to self-assemble at oil/water (O/W) interfaces 



 

2 

and stabilize emulsions without the aid of surfactants [10-15]. It is believed 
that the amphiphilic character of cellulose resides in its crystalline 
organization at the elementary brick level and, thus, cellulose nanocrystals 
have both hydrophilic and hydrophobic edges that are preferentially wetted 
by water or oil, respectively. Furthermore, crystals with low surface charge 
favour the stability of emulsions suggesting that the amphiphilic nature of 
cellulose is the main driving force for the stabilization [12]. Polymeric particles 
and microgels produced via regenerated cellulose are also receiving growing 
attention [16-22]. A simple dissolution-regeneration process can convert 
cellulose into a versatile class of materials, since their properties can be tuned 
by the dissolution state of cellulose and nature of the coagulant [23-25]. 
Polymers and particles have different mechanisms of stabilizing liquid 
interfaces, so the remaining question is how about the behaviour of the cellulose 
macromolecules at O/W interfaces? 

It is not surprising that literature on this subject is very scarce.  
Experimental studies on adsorption and interfacial behaviour of cellulose in 
aqueous media are challenging, and this has been mainly hampered due to its 
dissolution limitations and the harsh solvent conditions needed (e.g., extreme 
pH's), which may limit the use of some typical characterization techniques 
and direct applications as well. 

Recent reports argue that the amphiphilic nature of non-ionic cellulose 
derivatives may not only arise from the chemical modifications, but be partly 
due to the structural anisotropy of the cellulose backbone [26, 27]. Based on 
these considerations it seems reasonable to expect that, in its molecularly 
dissolved state, cellulose would have the ability to locate itself at the interface 
between oil and polar liquids, thus acting as an emulsion stabilizer. This idea 
is, in fact, supported by recent molecular dynamic simulations, which indicate 
that molecularly dispersed cellulose gradually assembles at the O/W interface, 
eventually surrounding the oil droplets [28].  

Experimental investigations on the interfacial behaviour and 
emulsification ability of cellulose in its molecular form have important 
scientific and practical meanings, since it helps us to further understand the 
mechanisms and interactions behind dissolution and self-assembly of 
cellulose molecules and, at the same time, shed light on other approaches of 
making emulsions and, consequently, novel materials based on emulsion 
technology may emerge.  

The scope of this thesis was to fill this scientific gap by studying the 
interfacial behaviour of cellulose, and its ability of forming and stabilizing 
emulsions in water-based solvents (Paper I-V). For practical applications, 
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these are the most relevant solvents in achieving greener and cost-effective 
solutions, and also a viable way for scale-up. Paper I reports on the interfacial 
active characteristics of cellulose dissolved under acidic conditions, and its 
implications on the stability of oil-in-water emulsions. In Paper II, diffusing 
wave spectroscopy (DWS) is presented as a highly appealing technique to 
investigate and monitor real-time changes on the microstructure and stability 
of cellulose-based emulsions, and emulsions in general. Paper III presents a 
literature review that reinforces the current demands to replace synthetic 
emulsion stabilizers with the natural ones, highlighting the leading role of 
cellulose in this expected transition. Paper IV investigates further 
microstructural and stability aspects of the cellulose-based emulsions in acidic 
media. Finally, Paper V is dedicated to the interfacial behaviour of cellulose 
in alkaline media, focusing also on how the solvent quality affects the 
adsorption of cellulose molecules at the interface and its implications in 
emulsion stability. 

Although not focussing on emulsion formation, the work reported in 
Paper VI, opens the possibility of combining cellulose with lignin, another 
natural well-known co-stabilizer of amphiphilic nature (that is already 
present in most cellulosic raw materials). This was investigated in aqueous 
alkaline solutions with focus on the compatibility in solution, for subsequent 
studies on emulsification (Paper VI). 
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2 Cellulose 

2.1 Structural features 
 
Cellulose is a polysaccharide composed of several hundred to many 
thousands glucose units, the anhydroglucose units (AGUs), which are linked 
by β-(1-4) glycosidic bonds. These β-linked AGUs adopt the 4C1 chain 
conformation, which is the molecular conformation with the lowest free 
energy of the molecule. Consequently, the three polar hydroxyl groups (OH) 
in each AGU are located on the equatorial positions of the rings, and the 
hydrogen atoms of the non-polar C–H bonds are located on the axial positions 
(Figure 1) [1]. This structural anisotropy is what gives cellulose its 
amphiphilic nature [29].  

 

 
Figure 1. Cellulose molecular structure and its amphiphilic nature. The top view highlights the 
hydrophilic OH groups along the equatorial plane while the side view unravels the hydrophobic C-H 
groups above and below the axial plane [30]. 

 
Due to the large number of hydroxyl groups within a cellulose molecule, 

both intra- and intermolecular hydrogen bonding occur and various types of 
supramolecular semi-crystalline structures can be formed. It is believed that 
intramolecular hydrogen bonding is responsible for the single-chain 
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conformation and stiffness, while the intermolecular hydrogen bonding is 
responsible for the sheet-like arrangement of the native polymer [1]. However, 
the stacking of these sheets into the three-dimensional crystalline 
supramolecular structures must involve hydrophobic interactions, as it was 
shown trough molecular dynamic simulations [31, 32]. This phenomenon has 
been also observed in native cellulose biosynthesis [1]. Hydrophobic 
interactions between cellulose molecules make, in combination with 
favourable packing conditions (and thus a low energy state) in the crystalline 
state, cellulose insoluble in water [27]. 

Solubility has been observed to be facilitated when partially ionizing 
cellulose, which occurs at extreme pH’s. Solubility in water can also be aided 
by addition of co-solutes of intermediate polarity that weaken hydrophobic 
interactions [30]. Derivatization of cellulose is also found to enhance solubility 
strongly, which can be referred to the low energy of the solid state due to 
favourable packing. Thus, to make cellulose soluble in water, the crystalline 
packing has to be disrupted, and this can be achieved, for example, by 
chemical modifications via etherification reactions in alkaline media, resulting 
in water-soluble cellulose ethers [33, 34].  

A fairly simple way of converting cellulose into a versatile class of new 
materials is through a dissolution-regeneration process. The regeneration of 
cellulose occurs when a coagulant (“anti-solvent”) gets in contact with a 
cellulose solution or dope, leading to a solvent exchange and subsequent 
aggregation of the cellulose chains. The organization of the molecules in the 
regenerated materials (e.g., fibres, films, foams, particles) and their properties 
are strongly influenced by the dissolution state of cellulose (molecular 
cellulose, partially dissolved, crystalline or amorphous aggregates), as a well 
as the nature of the coagulant used [23-25]. Cellulose regeneration can also be 
triggered by changing the solvent quality (e.g., pH changes or salt addition) 
or a temperature increase [27]. 

Acid or mechanical treatments are usually applied to deconstruct the 
cellulose fibres into crystalline or semi-crystalline nanocelluloses [35-38]. 
Partial decomposition of cellulose fibres, by acid treatment and cellulase-
catalysed hydrolysis, yields powdery microcrystalline cellulose (MCC), such 
as commercial Avicel®, with DP values between 150 and 300 [1]. Avicel® still 
contains both amorphous and crystalline portions. On the other hand, 
nanocrystalline cellulose (NCC) is obtained by strong acid hydrolysis. During 
the chemical process, the more readily accessible amorphous regions are 
completely disrupted liberating rod-like crystals, whose sizes are dependent 
on the time and temperature of the reaction [35, 39]. The dimensions of the 
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isolated NCC are also found to be strongly influenced by the degree of 
crystallinity of cellulose, which, in turn, is dependent on the natural source 
[35]. Cotton, wood and Avicel® usually yield highly crystalline nanorods (ca. 
90% crystallinity) with a narrow distribution of sizes (5–10 nm in width and 
100–300 nm in length), whereas sources, such as tunicin (extracted from the 
tunicates), bacteria and algae, yield nanocrystals with higher polydispersity 
and larger dimensions [35]. NCC forms stable suspensions in water by 
application of a mechanical force, typically sonication. Apart from the aspect 
ratio, its surface properties are also determined by the mineral acid and the 
reaction conditions used during its extraction [35, 39]. For instance, NCC 
prepared with hydrochloric acid (HCl) is weakly negatively charged, while it 
exhibits a strong anionic character if prepared with sulphuric acid (H2SO4), 
and thus, NCC prepared with H2SO4 gives suspensions with higher colloidal 
stability than NCC prepared with HCl [3, 40].  

Micro- and nanofibrillated (MFC/NFC) celluloses are obtained by 
extruding wood pulp suspensions trough mechanical devices (high-pressure 
homogenizers), which results in fibre delamination and liberation of the fibrils, 
usually being tens of nanometers wide and lengths ranging from several 
nanometers to several micrometers (i.e., 5–60 nm in width and 100 nm to 
several micrometers in length) [3, 35]. This type of nanocelluloses are usually 
less crystalline than NCC, since they still own part of the amorphous domains, 
and have higher aspect ratios [3, 41]. In aqueous solutions, the fibre-like 
morphology and high aspect ratio, typically drive gel-like behaviour due to 
entanglements between the microfibrils. 

2.2 Cellulose dissolution in aqueous media 
 
In the context of preparing emulsions with cellulose solutions, the most direct 
way would be to have cellulose dissolved in one of the constituent liquid 
phases, otherwise solvent removal would require additional laborious steps 
in the manufacture. Cellulose cannot be dissolved in pure water, but it can be 
dissolved in aqueous media at extreme pH's (high and low), as in NaOH 
aqueous solutions and mineral acids. These solvents use common chemicals 
and are potentially cheap, non-polluting and easy to handle.  

Cellulose solubility at extreme pH's is attributed to the ionization of the 
OH groups, turning into a polyelectrolyte (Figure 2) [42]. Polyelectrolytes are 
much more soluble than non-ionic polymers, due to dissociation of 
counterions and a large gain in counterion entropy [43]; but the pK values for 
cellulose are such that rather extreme conditions are needed [42].  
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Acidic solvents, such as mineral acids, dissolve well cellulose. However, 
too low pH usually leads to considerable chain length reduction by the 
hydrolysis of glycosidic bonds between the AGU's; this may be reduced using 
low temperatures during the dissolution (and storage, if needed). While this 
effect might be undesirable for some applications such as fibre spinning, 
where high molecular weights are often required, it may be advantageous for 
fundamental characterization or for emulsion formation, where the variation 
of the cellulose chain length could play a role. 
  

 
Figure 2. Schematic representation of the ionization of the hydroxyls of cellulose in strong alkali 
medium (extremely high pH) [26].  

 
Alkaline solvents are very attractive systems for the industry, since they 

already take part in many processes, such as in Kraft pulping and cellulose 
derivatization. It is known since very early, that cellulose is soluble in aqueous 
NaOH below -5 °C within a specific concentration range of NaOH (ca. 7–10 
wt.%) [44]. However, its efficiency is limited to cellulose of relatively low DP, 
and the apparent solubility also depends on the degree of crystallinity and 
crystal type [44]. Pre-treatments, such as enzymatic or steam explosion of the 
dissolving pulp, have been successfully used to enhance dissolution [45, 46]. 
These cellulose alkaline solutions are also known to be metastable [47]. 
Cellulose chains self-associate with time and/or at elevated temperatures [48, 
49]. However, dissolution and gelation can be improved by additives that 
weaken hydrophobic interactions, such as urea [50], thiourea [51], and 
polyethylene glycol (PEG) [52]; or by using bases with organic counterions, 
such as the quaternary ammonium hydroxides [53]. 
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3 Emulsions 

3.1 Brief overview 
 
Emulsions are multiphasic systems of at least three main components, the oil 
phase, the water phase, and the emulsifier. One of the phases is dispersed into 
the other in the form of droplets that are stabilized by a key compound, an 
emulsifier. Depending on the dispersed phase, either oil-in-water (O/W) or 
water-in-oil (W/O) emulsions can be formed; the type of emulsion mainly 
depends on the solubility properties of the emulsifying agent (emulsifier). 
According to Bancroft’s rule, O/W emulsions are formed when the emulsifier 
has a preference for water whereas the opposite applies for W/O emulsions 
[54-56]. When an emulsion is formed, a large interfacial area is created 
between the two phases, generating an increased energy in relation to the 
interfacial tension between oil and water. Therefore, emulsions seek to 
minimize the energy used to create such large interfacial area and break down 
over time by the combination of different instability mechanisms (Figure 3), 
such as creaming, flocculation, coalescence and Ostwald ripening [54]. 
Generally, the role of the emulsifier is to reduce the interfacial tension and 
form a “protective layer” through its adsorption at the droplets surface. This 
facilitates not only the formation of the droplets but also prevents/minimizes 
their re-association. 

 

 
 
Figure 3. Illustration of typical breakdown mechanisms of an emulsion. Note that different processes 
may occur simultaneously. Adapted with permission from [54]. Copyright John Wiley and Sons. 
.  
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3.2 Emulsifiers: natural polymers and particles 
 
Emulsifiers can be either amphiphilic molecules or insoluble particles (Figure 
4). Amphiphilic molecules, such as small surfactants, are characterized by 
having an affinity for two distinct types of environments (hydrophilic and 
hydrophobic) and they can self-organize both in bulk solution and at 
interfaces [30]. This is the kind of behaviour also seen in amphiphilic 
macromolecules, either synthetic graft and block copolymers, or in 
biomacromolecules, such as proteins and polysaccharides [30]. Small 
surfactant molecules are usually good emulsifiers. Nevertheless, they are 
often not particularly well suited to provide long-term stability; this is because 
they are in dynamic equilibrium with the bulk medium [57]. In this case, a 
stabilizer is often required to achieve sufficient kinetic stability and attain 
suitable shelf-life for a certain product. Polymers are often applied as 
stabilizers in oil-in-water (O/W) emulsions, and they can act either via the 
reinforcement of the stabilizing layer, co-acting with the emulsifier at the 
interface, or via the viscosity enhancement of the continuous phase, thus 
reducing droplet dynamics [58]. Certain amphiphilic polymers and particles 
may act as both emulsifiers and stabilizers. Striking examples include surface-
active polysaccharides, such as gum Arabic, pectin, galactomannans and 
modified starches and celluloses [58-61].  

 

 
Figure 4. Emulsifiers: surfactants, polymers and particles [62]. Differences in scaling are not 
considered. 

 
These polymers provide strong steric repulsions driven by the entropic 
penalty when polymer segments from two droplets start to entangle, since 
conformational rearrangements are hindered due to their high molecular 
weight [54].  

Another type of stabilization is provided by insoluble particles, often 
called Pickering stabilization; rigid particles, Janus particles and microgels, 
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have been described as Pickering emulsifiers [63-65]. The amphiphilicity of a 
typical Pickering emulsifier (rigid particles) is usually described in terms of 
surface wettability, which is measured by the three-phase contact angle of a 
particle adsorbed at an O/W interface [63]. Both O/W and W/O emulsions can 
be formed depending on the particle wettability and whether the particles are 
predominantly hydrophilic or hydrophobic [63]. In agreement with Bancroft’s 
rule, the interface tends to bend towards the more poorly wetted liquid, and 
this becomes the dispersed phase. Pickering particles adsorb irreversibly at 
the oil–water interfaces due to the high-binding energy per particle, forming 
an effective mechanical barrier against coalescence; they may also inhibit lipid 
oxidation due to the thick interfacial layers formed [60, 61]. This is an 
important feature in what concerns food and pharmaceutical applications 
where polyunsaturated lipids are involved. Their double bonds are prone to 
oxidation leading to the deterioration of the products by the formation of 
rancid flavours and, eventually, toxic by-products [66]. The most widely used 
bioparticles are derived from biopolymers such as cellulose, chitin and 
chitosan, starch and modified starches, lignin and proteins [36, 67-70]. 
Bioparticles may vary widely in shape, size, aspect ratio and morphology, 
implying that their mechanistic behaviour considerably deviates from that of 
both the solid sphere and the flexible polymer [71]. Nevertheless, particles 
with an irregular shape and higher aspect ratios have been found to have a 
greater ability in stabilizing emulsions and foams (and at lower 
concentrations) compared to synthetic particles of spherical shape [69].  

A special type of particles that display some similarities to surfactants and 
polymers are known as Janus particles [64]. These are amphiphilic particles, 
composed of two or more regions with distinct physicochemical properties, 
that can self-assemble in bulk media and readily adsorb to fluid interfaces, 
remarkably lowering the interfacial tension; for this reason, they are also 
called “colloidal surfactants” [64, 72, 73]. They can be synthesized in 
geometrically different shapes and chemical compositions with high 
uniformity and precision [64]. Polysaccharides, such as alginates, chitosan, 
pectin, cellulose and heparin, have been used to produce bio-based Janus 
particles [74, 75].  

Another interesting type of emulsifying particles are microgels, which are 
soft deformable gel-like particles made of aggregated or cross-linked polymer 
networks [71]. These microgels can swell in aqueous solvents and rearrange 
at the O/W interface, resulting in thick and mechanically resilient layers. 
Owing to the amphiphilic character of their polymeric constituents, most 
microgels are inherently surface active at O/W and air-water interfaces and, 
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as rigid particles, they also irreversibly adsorb at the interfaces [71]. Synthetic 
microgels offer an additional feature that arises as a direct consequence of 
their combined polymeric and particulate character. They have the potential 
to effectively stabilize water-in-water emulsions, which are mixed solutions 
of thermodynamically incompatible polymers, producing two immiscible 
aqueous phases, and where the effective thickness of the interface is defined 
on a length scale considerably greater than the molecular dimensions of a 
conventional emulsifier [71, 76]. However, microgels based on physical cross-
linking of biopolymers are rather novel and much of their behaviour at 
interfaces remains unclear [65]. Examples of natural ingredients that exhibit 
microgel-like characteristics are casein micelles (in their native form) and 
whey proteins and gelatinized starch granules (upon heat treatment) [71]. 
However, in order to mimic the special features of the synthetic microgels, 
these traditional food-grade microgels need more pronounced long-term 
structural stability under conventional processing and storage conditions, 
which typically requires the introduction of additional covalent cross-links 
within the aggregated biopolymer-based entity [71]. 

3.3 Cellulose: a versatile source of emulsifiers 
 

3.3.1 Cellulose derivatives 
Cellulose derivatives produced by etherification reactions are generally 
water-soluble and surface-active. Therefore, cellulose ethers are a major class 
of commercially important water-soluble polymers, from construction 
products, ceramics, and paints to foods, cosmetics, and pharmaceuticals [33, 
34, 77, 78]. Cellulose ethers are commonly made by reacting alkali cellulose 
with the appropriate reagents to substitute the OH of the AGU monomers by 
either alkyl, hydroxyalkyl or carboxyalkyl groups [78]. Methyl cellulose (MC), 
ethyl cellulose (EC), hydroxyethyl cellulose (HEC), hydroxypropyl cellulose 
(HPC), and their derivatives, are common cellulose derivatives obtained from 
those reactions. Their functionality and solubility in water depend on the type 
of substituent, degree and pattern of substitution, and molecular weight [34, 
79]. The non-ionic cellulose ethers, such as MC, hydroxypropyl methyl 
cellulose (HPMC) and ethyl hydroxyethyl cellulose (EHEC) and their 
hydrophobically modified versions, have been mostly used to produce O/W 
emulsions due to their water-solubility [7, 80-82]. On the other hand, EC can 
be used to stabilize W/O emulsions [8]; this change-over from MC to EC 
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illustrates the subtle role of polarity and illustrates the applicability of 
Bancroft’s rule.  

The emulsion stabilization mechanism of cellulose ethers is the result of 
the combined effects of: a) reduction of the interfacial tension, arising from 
the balance between polar and non-polar groups; b) adsorption of thick layers, 
forming a physical barrier with strong steric repulsion; and c) the viscosity 
increase of the continuous phase, constraining droplet dynamics [80, 83]. 
Cellulose derivatives often show a dual effect, as stabilizing and emulsifying 
agents [83]. However, carboxymethyl cellulose (CMC) which is an anionic 
polymer, cannot efficiently stabilize emulsions by itself due to its highly polar 
character. However, it can assist emulsion stabilization by controlling the 
viscosity of the continuous medium [3, 66]. In general, cellulose ethers 
provide good stability against droplets aggregation due to the strong steric 
repulsions arising from the adsorbed polymer layers of two approaching 
droplets, and due to the increased viscosity of the systems. One of the main 
advantages of using non-ionic polysaccharides, such as the described 
cellulose ethers, is their high stability against environmental stresses, such as 
pH, ionic strength, and temperature. This is particularly important in food 
and pharmaceutical applications, where complex matrixes are encountered. 
Cellulose ethers also provide good oxidative stability to the core materials and 
delay lipid digestion of O/W emulsions, provided that the physical barrier 
and thickened aqueous phase slows down the diffusion of pro-oxidants and 
lipases [80, 84]. Lipid digestion is even further reduced using cellulose ethers 
when compared to calcium-caseinate, a common food emulsifier [80]. 
Additionally, the thermo-gelling ability of cellulose ethers, in particular HMC, 
makes it possible to obtain emulsions with high consistency during gastric 
digestion, contributing to decrease the gastric digestion kinetics and increase 
fullness and satiety perceptions [80]. 
 

3.3.2 Cellulose nanoparticles 
Several researchers have demonstrated the ability of cellulose nanoparticles 
(or nanocelluloses) to self-assemble at oil–water interfaces and to stabilize 
O/W emulsions without the aid of classical surfactants [10-12]. It is believed 
that the amphiphilic character of nanocellulose resides in its crystalline 
organization at the elementary “brick” level, and thus, cellulose nanocrystals 
have both hydrophilic and hydrophobic edges that are preferentially wetted 
by water and oil phases, respectively [12]. The wettability properties of 
cellulose particles may be tuned by surface hydrophobization, due to the 
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presence of many reactive hydroxyl groups, and W/O emulsions can be 
formed [85-87]. 

 Most of the particles from biological origins, such as cellulose, chitosan, 
or starch, show an irregular shape and are polydisperse in size and 
morphology [88]. However, this structural anisotropy may be very beneficial 
for emulsion formation and stability. Particles with high aspect ratios are 
capable of stabilizing biphasic systems at lower concentrations compared to 
systems containing spherical particles [88]. Particles with such a well-defined 
shape are usually derived from inorganic materials, like silica and these have 
been extensively studied because of their availability in different sizes with 
narrow size distributions and chemical surface tunability [89]. However, their 
lack of biocompatibility and biodegradability restricts their use in food and 
pharmaceutical applications [89]. For this reason, the study and 
characterization of materials from biological resources have gained increasing 
attention, and many efforts have been made in the food and pharmaceutical 
industries in order to develop new food-grade particles [69, 90].  

It was early noticed that MCC particles have the ability to stabilize 
conventional O/W emulsions, and multiple emulsions systems of W/O/W 
type, with the aid of a hydrophobic surfactant for the stabilization of the 
internal W/O interface [91, 92]. These MCC particles form a network around 
the emulsified oil droplets that provides a mechanical barrier against 
coalescence, and, beyond that, the non-adsorbed particles may act as 
thickener agents in the continuous aqueous phase. MCC particles have also 
the ability to reduce lipid oxidation, one of the major concerns among food 
manufacturers due to its negative effects on food quality [90].  

More recently, nanocelluloses, such as MFC/NFC and NCC, have been 
increasingly in focus for having a better performance than MCC, owing their 
smaller sizes and more regular shapes [15]. NCCs with low aspect ratios 
(shorter) have a dense organization at the interface and cover better the oil 
surface, while NCCs with high aspect ratios (longer) typically form a network 
around the droplet with relatively low coverage. Therefore, shorter NCCs 
have better emulsification efficiency and long-term stability, since higher 
droplet coverage usually benefits the formation of droplets of smaller sizes 
[93, 94]. On the other hand, long nanofibrils (NFC) with a high aspect ratio 
also tend to form bigger droplets resultant from a lower surface coverage, but 
the fibres protrude in the continuous phase forming a strong network that is 
able to physically hinder droplet coalescence [93]. As previously mentioned, 
the colloidal stability of NCC is controlled by its surface charge resulting from 
the hydrolysis with different acids (e.g., H2SO4 or HCl). The higher the charge 
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density the better the colloidal stability, but the ability to efficiently stabilize 
emulsions is reduced. Thus, the anionic charges on the surface of the 
nanocrystals control their tendency to be dispersed in water in relation to 
being adsorbed at the oil–water interface and, therefore, the particle polarity 
must be confined to a limited range [12]. A surface charge density lower than 
ca. 0.03 e/nm2 is ideal for the effectiveness of NCC as an emulsifier and 
stabilizer, usually achieved by HCl hydrolysis [12]. NCC with sulphate 
groups, resultant from the hydrolysis with H2SO4, possesses a high surface 
charge density (e.g., 0.123 e/nm2), and the charges may undergo desulphation 
or may be screened by salt addition, to tune their amphiphilicity [12, 13]. 
Nanocellulose-stabilized emulsions are generally thermally stable, but in the 
presence of charges their stability against pH and ionic strength may decrease 
[15, 95]. NCCs are able of forming stable O/W high internal phase emulsions 
(HIPEs) containing volume fractions of oil as high as 0.9, at very low NCC 
concentrations (< 0.1 wt.%) [13]. Hydrophobized nanocellulose has been also 
explored to form W/O HIPEs [86]. Double emulsions of both O/W/O and 
W/O/W have been prepared by using a combination of native and 
hydrophobized NCC and NFC [14, 96]. Apart from the outstanding physical 
stability against coalescence, nanocelluloses also afford oxidative stability and 
lipid digestion control due to the formation of a dense interfacial layer [94]. 
 

3.3.3 Native cellulose  
As previously mentioned, the amphiphilic character of cellulose molecules 
and its relevance for the dissolution in different solvent systems has been 
thoroughly discussed in recent years [44, 53, 97-100]. A large number of 
solvents are well described in literature ranging from ionic liquids and 
organic solvents to water-based ones [44]. For scientific purposes, the choice 
of the solvent is not as critical as for application purposes. In the latter case, 
water-based solvents are the most obvious choice in achieving greener and 
cost-effective solutions, thus being viable options for scale-up. 

Recent studies reported the use of natural cellulose chains to stabilize O/W 
emulsions, by either using direct cellulose solutions or coagulated particles 
and gels [16-22]. Only two of them report on cellulose molecular solutions 
stabilizing emulsions in ionic liquids [18, 20]. Nevertheless, the underlying 
mechanisms of emulsion formation and stabilization by molecular cellulose 
are not discussed.  

There are two ways of using native cellulose as a direct emulsifier without 
the need of further modifications (Figure 5).  
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Figure 5.Two established approaches of preparing emulsions stabilized by natural cellulose. 
 

One simple way is by using a "dissolution-regeneration-emulsification" 
approach to obtain regenerated (i.e., coagulated) particles or microgels with 
different characteristics [65, 101]. This results in Pickering-like emulsions of 
solid or soft cellulose particles (microgels) [16, 17, 19-22]; the oil is either 
dispersed in a water suspension of cellulose particles or in a water suspension 
of cellulose microgels. A second method relies on a "dissolution-
emulsification-in-situ regeneration" approach, where the oil is directly 
dispersed in the cellulose solution, and cellulose regeneration takes place at 
the O/W interface (in-situ). This way, the oil droplets seem to be stabilized by 
a cellulose film with a smooth appearance, contrasting with the rough 
networks and particulate appearances of Pickering-like emulsions (Figure 6) 
[18]. Another fundamental difference between the two described approaches 
is related to the existence of dissolved cellulose during the oil emulsification; 
these mechanisms of emulsion stabilization have not been addressed before.  

 

 
Figure 6. a) Pickering-like emulsion formed by cellulose regenerated particles from a H3PO4 (aq.) 
solution (higher magnification of the surface on the right image); b) Film-like coating formed from a 
molecular solution of cellulose in the ionic liquid EMIMAc and regenerated in-situ. Adapted and reprinted 
with permission from [18, 21]. 
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Overall, the emulsions produced by both methodologies display very 
good stability against droplet coalescence which can be referred to the 
irreversible adsorption of cellulose onto the droplet surfaces [16, 20, 101]. Soft 
cellulose microgels also impart an outstanding stability against flocculation 
because of the thick viscoelastic layers formed at the interface [65]. The 
mechanism behind droplet stabilization in emulsions prepared with cellulose 
particles is similar to that operating for nanocelluloses as described above, i.e., 
a combination of Pickering adsorption and network stabilization, often 
showing gel-like characteristics upon a concentration increase of cellulose [16, 
17, 22]. Moreover, the resulting emulsions are remarkably stable against 
environmental changes, such as pH, ionic strength, and temperature, which 
makes them good candidates for target delivering [17, 21]. Cellulose 
regenerated particles have also been shown to improve the physical stability 
of emulsions stabilized by sodium-caseinate, a milk-protein commonly used 
as a food emulsifier, promoting adsorption of the protein and thickening the 
continuous phase [102]. Very little has been done regarding the stabilization 
of W/O emulsions since cellulose particles are better wetted by water than oil. 
However, it has been suggested that the presence of a O/W interface when 
regenerating cellulose affects the conformation of the cellulose molecules and 
so the way they reassemble [20]. Therefore W/O emulsions are possible to 
form, but they have poorer stability compared to O/W emulsions [20]. More 
recently, a “hydrophobic” cellulose microgel was developed to stabilize W/O 
emulsions, by coagulating cellulose in the presence of a coagulant and 
sunflower oil [103]. The resultant microgels were more easily dispersed in oil 
than water, and stable W/O emulsions were formed. The simplicity and 
versatility of the dissolution-regeneration approaches open many new 
possibilities for the functionalization of cellulose and its applicability in both 
O/W and W/O emulsions. 

The literature on this type of approach is relatively scarce, but the available 
reports suggest some important benefits over the use of nanocelluloses, 
regarding preparation methods and yields. For instance, one important 
drawback is that during NCC preparation, the hydrolysis of the amorphous 
domains results in a significant loss of the cellulose biomass, and the yield of 
NCC is usually lower than 30% for already optimized protocols [39]. 
Furthermore, the mechanical methods used to prepare MFC/NFC cellulose 
require extremely high energy inputs (ca. 25000 kWh per ton in the 
production of MFC) due to the multiple passes through the homogenizers, 
thus making the overall process economically nonviable. Additionally, the 
extensive clogging of the homogenizer has been found to be a chronic 
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problem limiting the scaling up of NFC or MFC production [35]. On the other 
hand, regenerated cellulose can be easily prepared by a dissolution–
regeneration process, yielding more than 80% of the original cellulose 
biomass [101]. 
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4 Relevant experimental methods 

4.1 Cellulose dissolution 
 

4.1.1 In acidic media 
Cellulose sheets of a dissolving pulp from Domsjö Fabriker were ground in a 
blender prior to dissolution. Then, the desired amount of ground cellulose (0.1 
to 2 wt.%) was mixed with a H3PO4 (aq.) solution of 85 wt.% at room 
temperature and the samples was placed in a sonication water bath for about 
2 h; complete dissolution was attained. Cellulose solutions were allowed to 
age from 24 h to 360 h under stirring and at room temperature.  

 

4.1.2 In alkaline media 
The selected cellulose source to be dissolved in alkaline media was 
microcrystalline cellulose (Avicel PH101, Sigma Aldrich) with a weight-
average molecular weight (Mw) of ≈ 62,000 g/mol and a polydispersity index 
of 3.85, as determined by size exclusion chromatography. 

 
Cellulose solutions  
Solutions of 0.5 wt.% cellulose were prepared with three different alkaline 
aqueous solvents: 7 wt.% NaOH (1.9 M), 7 wt.% NaOH-4 wt.% urea (1.9-0.75 
M) and 40 wt.% tetrabutylammonium hydroxide (TBAH) (1.5 M). The 
solutions were prepared following an adapted procedure [47]. Briefly, the 
cellulose powder was added to the alkaline solvents at room temperature (≈ 
20-21.5 °C) and all samples were vigorously stirred for 1 min with a vortex. 
The sample with TBAH was kept mildly stirring at room temperature 
overnight, until the cellulose was completely dissolved. The samples with 
NaOH and NaOH-urea were placed in the freezer at -30 °C for 10 min, 
removed and then vigorously stirred (while cold) for another minute. This 
way, the suspensions become more homogeneously mixed and stable until its 
complete freezing. The solutions were kept in the freezer overnight and then 
thawed at room temperature. Clear solutions were obtained after this 
procedure and dissolution was confirmed by polarized light microscopy 
(PLM).  
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Cellulose-lignin solutions  
Kraft lignin with a sulfur content of ca. 4 wt.% and a Mw of ≈ 10,000 g/mol was 
used as an amphiphilic additive for the alkaline solvent (NaOH).  

Stock solutions of the NaOH-based solvents (i.e., NaOH and NaOH-lignin 
aqueous solutions) were prepared in advance. The NaOH concentration range 
was 5 to 7 wt.% while the lignin concentration was 1 to 2 wt.%. Samples 
containing 4 wt.% urea were used as reference. The cellulose concentration 
was kept constant in all trials (i.e., 4 wt.%). The samples were prepared 
following an adapted procedure [47]. Briefly, the solutions were prepared by 
adding the cellulose powder to the NaOH-based solvents at room 
temperature. Then, the cellulose suspensions were stirred in a vortex for 1 min 
and placed in a freezer at −30 °C. After 10 min cooling, the suspensions were 
stirred again in the vortex for 1 min and placed back in the freezer. After 
another 10 min, the ice slurry suspensions were stirred for 2 min with an 
Ultra-turrax at 10000 rpm, and left in the freezer overnight (12-16 h). After 
thawing the samples at room temperature for 2 h, cellulose dissolution was 
found completed. 

4.2 Emulsification procedure 
 

4.2.1 In acidic media 
O/W emulsions of paraffin oil in cellulose solutions of H3PO4 (aq.) were 
produced by means of ultrasonic homogenization. Sonication was conducted 
during a total time of 10 min. During the first 2 min, 1.5 ml of the oil were 
dispersed in 10 ml of a 0.1 wt.% cellulose solution, then 8.5 ml of water were 
added slowly while sonication continued and the dispersion was 
homogenized for the remaining time. The pH of the emulsions by the end of 
the process was still below 1. An adapted procedure was conducted using a 
mechanical Ultra-turrax, in order to study the effect of different speeds of 
mixing on the emulsion properties. 
 

4.2.2 In alkaline media 
O/W emulsions were prepared by dispersing 10 wt.% dodecane in the 
different cellulose solutions for 5 min using an Ultra-Turrax mixer at the 
speed of 16000 rpm. For a total mass of 25 g emulsion, small beakers of 40 ml 
and a diameter of 4 cm were used to perform the homogenization of all 
different alkaline systems. Subsequently, emulsions were prepared for each 
solvent system by decreasing the pH of the continuous phase by the addition 
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of precise amounts of 37 wt.% HCl (1 to 3 ml, i.e., 0.012 to 0.036 moles of acid 
per addition). This procedure allows to follow the changes occurring in 
emulsion formation and stability upon the progressive decrease of cellulose 
solubility, for each solvent system. The highest amount of acid added (0.036 
moles) was observed to decrease the pH of the NaOH-based emulsions below 
13.5, which is the pKa value reported for cyclodextrins (a good cellulose model 
candidate). Below this pH, cellulose is expected to have a lower charge density. 
For TBAH, even though used with a lower molarity than NaOH, the pH was 
still higher than 13.5, which might be a result of a superior basicity. For these 
emulsions post-regenerated with acid, a second step in the emulsification was 
performed; for each ml of HCl added, 3 extra min of stirring with the Ultra-
Turrax were performed. The HCl was added drop-wise while emulsions were 
stirring at 16000 rpm, to ensure a fast spreading of the acid to the whole 
system and to avoid, as much as possible, heterogeneous cellulose 
regeneration. Following this procedure, no major clumps of regenerated 
cellulose were observed. 

4.3 Interfacial tension 
 
The interfacial tension (IFT) plays an important role when trying to mix two 
immiscible liquids, such as oil and water. The term relates to the liquid-liquid 
boundary and it is a measure of the work per unit area (mN/m) needed to 
increase the size of the interface between the two liquids [104]. The interfacial 
tension arises from an imbalance of forces on molecules at the interface. At 
the liquid boundary, the sum of the interactions with the molecules of the 
same phase (cohesion) is greater than that of the interactions with molecules 
of the other phase (adhesion) [104]. The larger the difference between 
cohesion and adhesion forces, the larger the interfacial tension between the 
two phases. When that difference becomes small enough, the two liquids will 
mix. Amphiphilic molecules, such as surfactants and polymers, can position 
at the interface by having polar groups facing the water phase and non-polar 
groups facing the oil phase, and can help reduce the interfacial tension and 
aid mixing. The interfacial tension can also be affected by the presence of 
electrolytes, organic water-soluble substances (e.g. alcohols) and temperature 
[104]. 

The IFT can be measured by different methods, according to the specific 
needs and measurement ranges. For example, the pendant drop method is an 
optical approach suitable to use with polymer solutions, since some polymers 
have a very long relaxation towards equilibrium and the measurements can 
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take very long. Here, the shape of a drop on a needle that is immersed in a 
bulk phase is a measure of the interfacial tension (or surface tension in the 
case of an air drop) [104]; drops that are close to spheres arise from high 
interfacial tensions while elongated drops arise from low interfacial tension. 
A simpler method for the same purpose can be performed with a force 
tensiometer, using the Wilhelmy plate method [104]. Here a platinum plate is 
vertically immersed in the lower phase and the force acting on the optimally 
wetted plate is measured, and is dependent on the contact angle of the liquid 
towards the plate. Figure 7 is a schematization of both IFT methods. 

 
 

Figure 7. Schematic representation of (a) pendant drop method and (b) Wilhelmy plate method. 

4.4 Diffusing wave spectroscopy 
 
Diffusing wave spectroscopy (DWS) is an extension of dynamic light 
scattering (DLS), in which multiple light scattering is analysed. Therefore, it 
is suitable for analysing turbid and concentrated samples (e.g., emulsions, 
suspensions, foams, gels). It has been recently applied to characterize 
pharmaceutical and food emulsions with remarkable success [105]. 

This advanced light scattering method allows the study of emulsions with 
minimal disturbance and gives access to the average droplet size, long-term 
stability and real-time dynamic changes in the microrheology properties (i.e., 
microstructure), which is hardly accessible with conventional mechanical 
rheometry [105, 106].  One of the major advantages of DWS is that it enables 
very high frequencies, thus allowing a broader frequency range of the 
rheological properties with reliable and comparable results [107, 108].  

A detailed theoretical background of the DWS principles is provided by 
the works of Weitz and Pine [109, 110]. Briefly, a laser source illuminates a 
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sample loaded in a cuvette and the incoming photons are scattered multiple 
times by tracer particles present in the sample before they emerge to be 
detected. The tracer particles can be either an inherent part of the system (e.g., 
oil droplets in emulsions, micelles present in milk, bubbles in foams or 
particles in suspensions) or added afterwards (e.g. nanoparticles of 
polystyrene added to a solution). Since the particles in the sample display 
random Brownian motions, which are sensitive to the rheology of the system, 
the intensity of the scattered light will fluctuate with time and can be used as 
a probe to characterize the rheological features of the medium. Figure 8 gives 
a schematic illustration of the basic principles of the DWS technique.  

 
 
Figure 8. Schematic representation of a DWS setup (a) and the principles of DWS-based microrheology 
and particle sizing (b). 

4.5 Cryo-scanning electron microscopy 
 
Cryogenic scanning electron microscopy (cryo-SEM) is a powerful 
microscopy technique that provides relevant information on the micro-
/nanostructure of emulsions. This microscopy technique combines the high-
performance imaging of SEM with cryogenic sample preparation techniques 
and allows the investigation of structures and organic materials in their native, 
hydrated state.  
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SEM creates a three-dimensional-like image of the sample by scanning its 
surface with a focused beam of electrons. With this technique it is possible to 
achieve resolutions from the micrometer to the low nanometer range [111]. 
The interaction of the electron beam with the sample generates different types 
of signals including secondary electrons, backscattered electrons, 
characteristic x-rays and other photons of various energies [111]. From these 
signals, characteristics such as surface topography, crystallography and 
composition can be examined. However, SEM operates at high-vacuum 
which requires samples to be dry.  

Cryo-SEM allows testing wet samples by freezing the specimens and 
testing them in a cryo-stage attached to SEM. In our work, Cryo-SEM 
specimens of the emulsions were prepared by the drop plunging method in 
liquid nitrogen (Figure 9). The specimens were then freeze-fractured to expose 
the inner structure of the droplets and they were imaged either by an 
Everhart-Thornley secondary electron detector, or by in-the-column 
backscattered electron detector. The former gives good topographical contrast 
of the fractured specimen, while the latter gives good elemental contrast, 
allowing us to distinguish between the water, oil, and cellulose [112].  

 

 
Figure 9. Schematization of the drop plunging method applied in cryo-electron microscopy (cryo-EM). 

4.6 Nephelometric turbidity 
 
Turbidity is a measure of the scattered light caused by the presence of solid 
particles or colloidal aggregates suspended in solution. The scattering 
intensity depends on the size and density number of the particles/aggregates 
[113], and therefore, this is a suitable technique to infer about the solubility 
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state of macromolecules, and its evolution with ageing and temperature 
increase. This method was then applied in the study of cellulose and lignin 
compatibility in solution. The measured values are given in nephelometric 
turbidity units, NTU. 

Most turbidimeters are based on the nephelometric method, which 
measures the amount of scattered light at right angles to the incident light 
beam, as exemplified in Figure 10. Turbidimeters can be of non-ratio or ratio 
design. In the former, coloured solutions will absorb some of the light, thereby 
reducing the light intensity. As a result, the detector senses less scattered light, 
providing a false, lower-than-actual turbidity reading. In the ratio method, in 
addition to the one photodetector at 90° to the transmitted light, additional 
detectors can be added at other angles as shown in Figure 10. Using a ratio of 
the multiple detector system increases the stability of the measured turbidity 
values. This design also cancels the effects of light intensity reduction when 
measuring coloured liquids, making the turbidimeter colour-compensated. 
This was the model used when studying cellulose-lignin mixtures in NaOH 
(aq.), in Paper VI. 

 

 
Figure 10. A schematic representation of the principle of light scattering measurements.  
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5 Results and discussion 

5.1 Interfacial activity of cellulose (Papers I and V) 
 
Given the amphiphilic character of cellulose, an important goal of this work 
was to gain a better understanding of the mechanisms behind the adsorption 
and interfacial activity of dissolved cellulose at the O/W interface. When 
cellulose is dissolved in either acidic or alkaline medium, the IFT solvent/oil 
substantially decreases due the presence of cellulose molecules in solution 
(Figures 11 and 12). This effect is related to the adsorption of molecules at the 
O/W interface which have an amphiphilic character, and thus position their 
hydrophilic and hydrophobic groups (or sides) towards the water and oil 
phases, respectively, minimizing the energy needed for mixing. The ability of 
a certain substance to decrease the IFT has important implications, since the 
extent of initial liquid break-up into droplets (resulting from the mechanical 
shearing during the homogenization process) is largely controlled by the 
interfacial tension between the two immiscible phases: the lower the 
interfacial tension, the easier it is to break-up larger droplets into smaller ones 
[104]. 

 

5.1.1 Effect of cellulose molecular weight 
 
Since it is well-known that hydrolysis of glycosidic bonds takes place 

during ageing of cellulose under acidic conditions, the effect of decreasing the 
molecular weight (under controlled ageing time and temperature) on the 
interfacial behaviour of cellulose was investigated. Cellulose dissolved in 85 
wt.% H3PO4 (aq.) was allowed to age at room temperature (≈ 20 °C) from 24 h 
to 360 h (15 days). Under these conditions, a significant decrease in the degree 
of polymerization (DP) is seen in the first 24 h, after which the hydrolysis 
kinetics goes down and continues at a considerably slower rate (Figure 2 and 
Table 1, paper I). This is what is usually called the "levelling-off degree of 
polymerization (LODP) and follows the usual trend for cellulosic fibres [114]. 
Mw distributions become then much narrower and less polydisperse. In 
Figure 11a, it can be observed that long-time hydrolysis (360 h) further 
reduces the IFT. An attempt was made to measure the IFT for cellulose 
solutions with ageing times lower than 24 h, but the results were scattered 
and did not provide a clear picture, most probably due to the higher 
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molecular weight and polydispersity of the sample. Nevertheless, it was 
evident that IFT was decreasing with time. The beneficial effect of shorter 
chains can have both thermodynamic and kinetic origins. Smaller molecules 
diffuse faster to the interface and allow the efficient packing of a larger 
amount of emulsifier creating a more compact assembled layer, which in turn 
affects the IFT. Moreover, larger molecules usually have slow and limited 
molecular rearrangements at an interface [104]. 

 

 
Figure 11. (a) Interfacial tension between paraffin oil and the acidic solvent (control) and paraffin oil 
and the cellulose solutions (0.1 wt.%) with different ageing times; (b) Light microscopy images taken 
right after dispersion of the paraffin oil in the solvent (top) and in the cellulose solution of 0.1 wt.% 
(down). 

 
For the understanding of the behaviour of molecularly dissolved cellulose, 

it is of particular interest to compare the findings with those of cellulose 
derivatives, which have been widely applied as emulsifiers or stabilizers [3, 
81]. As an example, there is a very similar pattern observed for MC and HPMC. 
Lower Mw of these cellulose derivatives were found to be more efficient than 
larger ones in reducing the IFT between immiscible phases, which is 
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explained by the faster diffusion of smaller polymer molecules to the interface 
[115, 116]. Moreover, solutions of 0.1 wt.% MC and HPMC have been reported 
to lower the IFT between paraffin oil and water (45 mN/m) to similar levels as 
was observed for dissolved cellulose in our study. For these two cellulose 
derivatives, the IFT was found to decrease to 17–30 mN/m, depending on the 
degree of substitution (DS-methoxyl) and molar substitution (MS-
hydroxypropyl) [9]. A high content of hydroxypropyl groups was found to 
lead to an increase in IFT, while a high content in methoxyl groups counteracts 
this effect. The analogous behaviour of cellulose natural chains and cellulose 
derivatives suggests that the interfacial activity of the latter results mainly 
from the cellulose backbone and it is not solely due to the type of substituent. 

 

5.1.2 Effect of solvent quality  
 

As previously mentioned in section 2.2, the dissolution of cellulose in 
alkaline solvents can be improved by the addition of amphiphilic additives or 
organic cations, without suffering from major degradation of the cellulose 
chains. Thus, by selecting different aqueous alkaline systems, such as NaOH, 
NaOH-urea and TBAH, it was expected to understand how the solvent 
quality and cellulose solution state affected cellulose migration to the O/W 
interface. Data suggests that the solubility of cellulose is increased in the 
following order: NaOH < NaOH-urea < TBAH [24]. Figure 12 shows how 
cellulose is affecting the IFT in the different alkaline solvents.  

In the NaOH-based solvents, the interfacial tension decreases with the 
presence of cellulose, with the decrease being more pronounced in the solvent 
of intermediate polarity (NaOH-urea). On the other hand, with the TBAH 
solvent it is more intriguing to characterize the interfacial behaviour of 
cellulose. It is noted that the solvent itself gives a quite low IFT, most likely 
due to the presence of the amphiphilic cation TBA+; in fact, cellulose seems to 
affect the IFT slightly in the opposite way, which may be ascribed to a 
competition between the TBA+ ions and cellulose for the interface. In 
discussing the interfacial behaviour of cellulose, the complications due to 
adsorption of solvent constituents on the interface must be accounted for.  
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Figure 12. Interfacial tension between dodecane and the alkali solvents (grey curves), and respective 
cellulose solutions (black curves); The grey dotted curve "NaOH-based solvents" represents both 
alkali solvents: NaOH and NaOH-urea. 

 
It is clear that a hydrophobic ion like TBA+ has some features of a typical 

surfactant and thus a significant adsorption at O/W interfaces as strongly 
supported by our observations [117]. Urea has been found to give a weak 
decrease of the IFT in the decane-water system [118]. In our present work, no 
major differences were noted between the NaOH and NaOH-urea system 
(Figure 12, grey curve "NaOH-based solvents"). Therefore, the downward 
shift of the IFT curve from the NaOH to the NaOH-urea system may be 
ascribed to the enhanced dissolution of cellulose in the latter case, where more 
individual cellulose molecules may be available to adsorb at the interface 
more efficiently. It is clear from the results for the two NaOH-based solvents 
that cellulose shows a significant adsorption at the O/W interface; this is in 
line with the results for acidic solvents and also in line with the amphiphilic 
character of cellulose. For the TBAH case, the amphiphilic properties of the 
solvent cation preclude clear conclusions from IFT measurements; direct 
measurements like ellipsometry or neutron reflection would be needed. In 
lack of clear information, it can be noted that in an environment of 
amphiphilic ions like TBA+ we do not expect a major driving force for cellulose 
adsorption. 
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5.2 Emulsification ability (Papers I and V) 
 

5.2.1 Cellulose performance as a polymeric emulsifier 
 
The study of the IFT gives a basis for investigations of the ability of dissolved 
cellulose to form and stabilize O/W emulsions, since according to the Bancroft 
rule the phase in which an emulsifier is more soluble will constitute the 
continuous phase [55, 56].  

The first observation in acidic media (H3PO4 (aq.)) was that cellulose 
facilitated the dispersion and oil break-up into small droplets and delayed 
droplets coalescence and oil separation up to 24 h. This is however a short-
time stability, and it may be a consequence of poor steric stabilization due to 
the short chains of cellulose (after hydrolysis) and/or its configuration in the 
solvent and at the interface. A stronger thickening effect of the aqueous phase 
is usually achieved by long polymer chains [9, 57]. On the other hand, it could 
also mean that cellulose dissolved in acidic media has a too polar character, 
since it possesses charges due to protonation of the OH groups. Usually, the 
charging-up effect of polymers causes a higher degree of swelling and more 
elongated configurations than in its neutral forms [119]. 

5.2.1.1 Effect of solvent quality on the emulsification efficiency of cellulose 
 

O/W emulsions were prepared for the different alkaline solvents as well, 
and their behaviour was first followed (visually) with time (Figure 13, right 
images). As can be seen, the TBAH system, which is the solvent with the best 
quality (more efficient) among the ones that are studied, does not show a very 
good performance in the stabilization of the oil droplets. Already 5 min after 
homogenization, the oil is almost completely separated from the emulsion; 
only a few droplets are left behind (as seen in the micrograph on the right in 
Figure 13) but they are separating within 24 to 48 h. In the case of NaOH-
based solvents, macroscopic oil separation is only noticed after seven days 
(not visually seen in the photo, but a thin layer is noticeable). This 
phenomenon was, however, more pronounced in the NaOH-urea solvent 
system.  
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Figure 13. Left images: light microscopy micrographs of the resultant cellulose emulsions prepared in 
the different alkaline solvents. Right images: visual appearance of the emulsion vials; stability against 
oil separation in the different alkaline-based emulsions. 

 
Stabilization of dispersions by polymers can be discussed mainly from two 

effects: the degree of polymer adsorption and the conformation of the 
polymer chains at the surface. In this regard, solvency effects are quite 
relevant to rationalize about the stabilization phenomena. A poor solvency 
leads to poor dispersion stability since the polymer layer will have limited 
thickness; this is due to the lower conformational freedom of the 
macromolecules. On the other hand, a very good solvency leads to lack of 
stability because of low adsorption. Therefore, optimal stabilization is 
attained at intermediate solvency conditions. If the polymer has an 
amphiphilic character this is favourable for adsorption and stability. These 
arguments are based on the adsorption of individual polymer molecules from 
solution. If the polymer is not dissolved to the molecular level but is 
aggregated a more complex behaviour can be expected including the presence 
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of polymer aggregates or “lumps” on the surface; then additional stabilization 
can be achieved due to the presence of relatively thick polymer layers.  

In strong alkali media, cellulose is also ionized due to deprotonation of the 
hydroxyl groups [42], and thus cellulose has also a more polar character than 
in its neutral form. The better performance of the neat NaOH system 
compared to the acidic system could then be reasoned by: (1) a poor solvency 
of cellulose in NaOH (aq.), (2) the presence of longer molecular chains and so 
a higher thickness of the polymer layer and better steric stabilization and/or 
(3) the presence of colloidal aggregates which in turn, also result in thick 
polymer layers. Curiously, in the NaOH-urea (aq.) solvent, stabilization is 
slightly worsened, but the decrease in IFT is greater and closer to what is seen 
for the acidic system. This means that an improvement in solubility helps the 
migration and self-assembly of cellulose at the O/W interface, leading to a 
reduction of the IFT and allowing a better dispersibility of the oil droplets, but 
the efficiency in stabilizing the drops is lost on a longer term.  
 

5.2.2 Addition of an "anti-solvent": in-situ regeneration 
 
By adding an "anti-solvent" to both acidic and alkaline emulsions after 
dispersion of the oil droplets, in-situ regeneration of the cellulose on the 
surface of the droplets is induced. The properties of the cellulose emulsions 
change dramatically and remarkable long-term stability is achieved. For the 
period of one year (at least), no macroscopic phase separation of the oil is seen 
for the in-situ regenerated emulsions. This effect was attributed to a decrease 
in cellulose solvency by the addition of an "anti-solvent", which promoted a 
greater affinity for the O/W interface. A schematic representation of the 
procedure used in the acidic systems is shown in Figure 14.  



 

32 

 
 

Figure 14. Two-step emulsification procedure of cellulose emulsions in H3PO4, by application of a 
mechanical force (aq.) [62]. 

 
In the acidic solvent, cellulose is positively charged due to protonation of 

the OH groups, which gives it an increased polar character. As water is added 
to the acidic cellulose solutions the degree of protonation decreases and 
cellulose molecules become less polar, thus increasing their affinity for the 
O/W interface. This increased interfacial activity is expected to result in 
further reduction of the interfacial tension that, in turn, facilitates the drop 
break-up process. The simultaneous precipitation of the cellulose at the 
oil/solvent interface leads to the formation of what appears to be a robust 
interfacial film, which effectively prevents the coalescence of drops once they 
reach the low shear zones in the emulsification vessel. Only a very slight 
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increase in pH was needed to trigger the permanent adsorption of the 
cellulose molecules at the interface; the amount of water added to the 
metastable emulsion changed the pH from 0.1 to 0.5. No major structural 
changes were observed in the emulsions when subsequently neutralizing 
them completely (Table 2, paper I). 

The structure of the emulsions produced by in-situ regeneration was 
characterized by droplets of significantly smaller sizes than those seen prior 
to regeneration (Figure 14). The ageing time of the cellulose solutions was 
found to influence the droplet size distribution of the resultant emulsions, and 
consequently, on the median droplet size (D50) and polydispersity of the 
systems (Figure 15; and Table 1-paper I). In this respect, longer ageing times 
result in smaller median droplet sizes and less polydisperse emulsions. The 
smallest droplet sizes and narrower droplet size distribution is obtained for 
emulsions prepared with cellulose solutions aged for 360 h. This can be 
explained in terms of a combined effect of the low Mw and the low IFT of these 
systems. A low Mw favours faster diffusion to the newly created O/W interface 
during homogenization. This, combined with a low IFT, is expected to favour 
droplet break-up. Once again, these findings agree with what is reported for 
HPMC; droplet size increased with increasing Mw of HPMC at a fixed 
concentration [116].  

 

 
Figure 15. Droplet size distribution of the emulsions produced from the aged cellulose solutions (0.1 
wt.%). 
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5.2.2.1 Effect of solvent quality on the in-situ regenerated emulsions 
 
In the alkaline solvents, an alternative approach was followed to trigger in-
situ regeneration: cellulose solubility was progressively decreased by 
decreasing the solution pH (regarded as a second step of the emulsification 
procedure). The changes occurring in the emulsions upon pH decrease were 
followed by visual inspection. In Figure 16, the first vial for each solvent 
system represents the neat emulsions without any acid addition, i.e., the 
emulsions stabilized by cellulose adsorbed at the O/W interface. Upon the 
progressive in-situ regeneration with acid addition, data strongly suggests 
that the adsorption of cellulose at the interface is clearly affected by the 
solvent quality.  

 

 
Figure 16. Short-time stability (7 days) of post-regenerated emulsions. For each solvent system, equal 
moles of acid were added progressively from the left to the right vials. The first vial in each solvent 
system, represents the emulsion without acid (only dissolved cellulose). 

 
In the NaOH-based systems, the picture is similar, but there are a few 

differences worth noting. For both cases, the stability against oil separation 
increases, and opposite to what happened before regeneration for the NaOH-
urea system, now the stability against oil separation matches the one for the 
NaOH system. This can be explained by a change in the physical state of the 
cellulose molecules and the formation of a soft-hard cellulose “shell”, a more 
robust mechanical barrier to prevent oil escaping. It is also noticed that the 
stability against creaming improves upon further pH decrease. This means 
that more cellulose is being regenerated and taking part in stabilizing the oil 
droplets, either by adsorbing to the interface or contributing to the 
regenerated cellulose network in the continuous phase. Both emulsion 
systems present creaming layers and clear serums (depleted of oil droplets) at 
the bottom of the vials, which may indicate that cellulose steric stabilization 
(at a concentration of 0.5 wt.%) is not robust enough to keep the droplets apart, 
and the amount of regenerated cellulose in the continuous phase is too low to 
completely restrict the droplets movement to the top due to density 



 

35 

differences. However, the serum of the NaOH-urea system has a smaller 
volume compared to the NaOH system, indicating an improvement in 
creaming stability. In the NaOH-urea system, for the second vial (first acid 
addition) it is noteworthy that part of the regenerated cellulose seems to be 
settling after a while (i.e., 24 to 48 h), but it was dispersed after shaking and 
continuous aging. This cellulose sedimentation is probably due to a weak 
transient network of cellulose that starts regenerating in the bulk, and existing 
mostly in the form of flocks due to the low concentration used. This is 
sometimes also seen in the NaOH-based system, but less evident than for 
NaOH-urea solvent. The TBAH system is strikingly different from the NaOH-
based solvents. The first acid addition does not seem to have an effect on 
cellulose adsorption to the interface; for the second acid addition there seems 
to be a small layer of oil on top, with an emulsion in the middle and a clear 
serum at the bottom. A deeper analysis suggests that oil droplets are actually 
“trapped” in a viscous network of regenerated cellulose, which eventually 
will separate and part of the regenerated cellulose will sediment covering the 
serum part. This means that, when dissolved in TBAH, cellulose regenerates 
in the bulk rather than at the interface of the emulsions. 

To get a better insight into the differences between regenerating cellulose 
in the different alkali systems and also to compare the regeneration of 
cellulose in the bulk versus in the presence of oil droplets, cellulose 
suspensions were analysed by turbidimetry, and later, both suspensions and 
emulsions were analysed by fluorescence microscopy. In Figure 17, it can be 
observed that the suspensions of both NaOH-based solvents are not visually 
very different, but the turbidity measurements suggest otherwise. For the 
highest amount of acid added, there is quite a big decrease in turbidity for the 
suspensions in NaOH-urea, which can be translated into a different 
organization of the cellulose molecules upon regeneration from a solvent with 
an intermediate polarity; and possibly more amorphous structure, as it has 
been shown by Alves et al. [24]. It is also possible to see that after 48 h ageing 
of the suspensions, the stability against sedimentation increases in the order: 
NaOH < NaOH-urea < TBAH (Figure 17).  
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Figure 17. Turbidity of the cellulose suspensions in the different alkaline solvents in freshly prepared 
samples; images of the vials correspond to the respective solvent in the curves, i.e., NaOH, NaOH-urea 
and TBAH, from the top to the bottom. The numbers on top of the vials correspond to the HCl (37 wt.%) 
volume additions. The samples with 3 ml acid addition were aged for 48 h and the results are shown in 
the green square. 

 
This observation could possibly relate to the slightly better stability against 

creaming of the post-regenerated emulsions in the NaOH-urea solvent (3rd 
vial on Figure 16) given that, from droplet size measurements, no significant 
differences are detected for both NaOH-based systems (i.e., D50 was calculated 
to be 16-17 µm from the volume distributions, and 6 µm from the number 
distributions, with spans of 1.3 to 1.6 µm). For the TBAH system, it is 
noteworthy that precipitation of the cellulose molecules is only observed 
upon the addition of three times more acid than for the NaOH-based systems. 
This can be reasoned by a higher basicity of the TBAH that possibly leads to 
a higher charge density of the cellulose chains [120]. Consequently, a higher 
amount of acid is needed to neutralize enough charges and trigger cellulose 
regeneration. 

When comparing the regeneration of cellulose in TBAH systems in the 
presence or absence of oil, no apparent difference is seen (Figure 18, 3rd 
column). Fluorescence microscopy revealed a similar structure of the 
regenerated cellulose network with no oil droplets stabilized by cellulose, 
since no fluorescence is detected around the droplets seen in the picture (the 
fluorescence arises from the bulk). On the other hand, for both NaOH systems 
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(Figure 18, 1st and 2nd columns), the oil droplets reveal a thin fluorescent layer 
of cellulose surrounding them and a network of cellulose in the continuous 
phase. Therefore, it is reasonable to conclude that cellulose molecules stabilize 
emulsions in a very similar way as its derivatives, by: a) reduction of the 
interfacial tension, arising from the amphiphilic character of the cellulose 
backbone; b) adsorption of a cellulose layer that provides steric repulsion; and 
c) formation of a network on the continuous phase. 

 

Figure 18. Fluorescence micrographs of the cellulose suspensions (on top) and emulsions (on the 
bottom) of each alkali system. All samples were stained with calcofluor white. 

5.3 Emulsions microstructure (Papers III and IV) 
 
In reviewing the literature regarding the use of different forms of cellulose in 
emulsions and the underlying mechanisms of stabilization, we found an 
important difference between having cellulose regenerated as a starting 
material to stabilize emulsions and using directly molecular solutions of 
cellulose. This difference has to do with the existence of a polymeric emulsifier, 
which is able to adsorb at the O/W interface and reduce the interfacial tension, 
resembling the mechanism of cellulose derivatives. As cellulose molecules 
self-assemble on the surface of the oil droplets forming a polymer layer, and 
when regeneration is triggered by the addition of an "anti-solvent", a 
regenerated "shell" with a smooth appearance is formed, as shown by Napso 
et al. [18]. We believe that the surface topography of cellulose emulsions 
prepared from molecular solutions will always show this peculiar 
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characteristic, which contrasts with the particulate appearances in the case of 
regenerated particles (Figure 6). 

To investigate this effect more closely, cryo-SEM was performed on 
emulsions prepared from both water-based solvents (acidic and alkaline). In 
Figure 19a, a typical cryo-SEM image of emulsions prepared with cellulose 
dissolved in the acid-based solvent is shown. The emulsion droplets (arrows) 
have reasonably low polydispersity with a remarkably small average size, 
most likely due to the ultrasonication applied for homogenization of the 
system. The arrow in the lower left corner points to two droplets that have 
partially fused. It seems that droplets were fractured through. Around each 
droplet, a rim of adsorbed cellulose is observed. Arrowheads point to features 
introduced by the fracturing of the ice matrix. Conversely, emulsions 
prepared with cellulose previously dissolved in an alkaline solvent and 
homogenized with the Ultra-Turrax mixer have an average droplet size 
considerably larger, as illustrated in Figures 18b and 18c. Remarkably, the 
droplets observed in the alkaline systems, also due to their larger size, reveal 
additional structural features not fully perceptible in the acidic case. Those are 
micrographs of the same specimen area taken with the secondary electron 
detector (Figure 19b) and with backscattered electron detector (Figure 19c). 
Some water was sublimed from the specimen in the cryo-SEM to enhance 
contrast. Careful observation of Figure 19b, shows well the topography of the 
specimen, and unveils the craters left by the oil droplets that were plucked 
away by the cryo-SEM fracture process, leaving behind an easily visible 
cellulose coating (black arrow). In Figure 19c, one sees well the contrast 
between cellulose (light areas), water (grey areas), and oil (darker areas). This 
is a most useful feature of performing SEM at low voltage. A cellulose thin 
layer (double arrowhead) surrounding the oil droplets (white arrows) is also 
visible. Furthermore, a cellulose network is formed in the continuous phase 
(arrowheads) by the non-adsorbed cellulose. The well-structured network 
may be an artefact induced during specimen freezing, by cellulose being 
excluded from the forming ice crystals.  
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Figure 19. Representative cryo-SEM images of the emulsions prepared with 1 wt.% cellulose previously 
dissolved in: (a) 85 wt.% phosphoric acid (secondary electron image); (b) and (c) 8 wt.% NaOH/6 wt.% 
thiourea (secondary and backscattered electron images, respectively, of the same area). In (c) the 
darker areas correspond to the oil domains (white arrows), while the water domains are lighter. The 
brightest areas correspond to cellulose (arrowheads). The black arrowhead in (b) points to the cellulose 
layer surrounding the oil that had been plucked away by the fracturing of the cryo-specimen. 

 
Overall, the cryo-SEM data suggests that cellulose can stabilize the 

emulsions via (1) direct adsorption at the O/W interface, thus creating a 
mechanical barrier between droplets, and (2) by increasing the viscosity of the 
continuous phase (non-adsorbed cellulose) restricting the movement of the oil 
droplets and their interactions. It is believed that the structural features and 
mechanisms governing emulsion stabilization by cellulose are similar in both 
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systems. These two solvents are expected to affect the dynamics of the system 
during homogenization and consequently the final droplet size, but not the 
underlying mechanism related to the emulsion stabilization by cellulose. Thus, 
the data strongly suggests that emulsions prepared from cellulose molecular 
solutions and followed by in-situ regeneration, are likely to yield continuous 
film-like coatings to the oil droplets, instead of particle-like.  

5.4 Emulsions microrheology and stability (Papers II and IV) 
 
DWS was explored as a potential suitable technique to characterize the 

rheological properties of the cellulose-based emulsions upon in-situ 
regeneration. This technique allows to monitor real-time changes occurring in 
the microstructure of the emulsions with time and temperature variations. As 
explained in section 4.4, tracers need to be used to extract the microrheology 
of the systems. In emulsion systems, an advantageous is that no external 
tracers are required as the dispersed droplets constitute themselves the 
internal tracers of the system. A few insights on the microrheology and 
stability of the cellulose-based emulsions are next presented. 

 

5.4.1 Droplet size, viscosity and stability: some highlights 
 

Three emulsion samples prepared via in-situ regeneration were composed 
of fixed concentrations of cellulose (1 wt.%) in H3PO4 (aq.), and paraffin oil 
(7.5 vol.%). To study the effect of cellulose Mw on the microrheology and 
stability of the in-situ regenerated emulsions, cellulose solutions with 
different ageing times (24 h to 96 h) were used. The effect of the hydrolysis 
time is then discussed.  

It was observed that the longer the hydrolysis time (shorter cellulose 
chains) the smaller is the average radius of the droplets formed (increase in 
the droplet number density), and the higher is the viscosity of the emulsion 
system (increased number of contact points between droplets) (Figures 2a and 
5, paper II); this is accompanied by an improvement in emulsion stability 
against phase separation (creaming) (Figures 8 and 9, paper II). The stability 
with time was inferred obtained through the following parameters: t2/3, the lag 
time at which the intensity correlation function (ICF) curve decays to 2/3 of its 
initial value, and l*, the transport mean free path, which is sensitive to the 
concentration of the scattering objects in solution; both parameters are plotted 
as a function of the ageing time. When these two parameters correlate, it 
means that the main changes occur in the particle size distribution and not in 
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the rheological properties [107]. This leads to the conclusion that shorter 
cellulose chains allow the formation of smaller droplets due to the faster 
kinetics of adsorption and further reduction of the IFT, thus contributing to a 
better stabilization. This mechanism is similar to what observed for 
surfactants, where the reduction of IFT generally causes a decrease in the 
droplet size [121].  

At a fixed hydrolysis time, when varying parameters such as mixing rate 
and cellulose concentration, generally, the higher the cellulose concentration 
and mixing rate, the smaller the droplets and the higher the viscosity of the 
emulsion systems; this leads to a superior emulsion stability against creaming. 

 

5.4.2 Emulsions flow properties 
 

One of the major advantages of DWS is that it enables the probing of the 
higher frequency region, thus complementing the typical mechanical 
rheometry (microrheology). The viscoelastic parameters obtained through 
microrheological assays are depicted in Figure 4 (paper II) together with the 
data from the mechanical rheometry. Remarkably, the data superposition at 
intermediate frequencies suggests a good agreement between the optical and 
mechanical-based rheometric methods. The results show that the samples are 
essentially viscous, with a liquid-like behaviour at lower frequencies and an 
elastic behaviour at intermediate frequencies (Figure 4b, paper II). A second 
crossover at high frequencies (i.e., short observation times) is present, where 
G´´ prevails over G´, and it was previously suggested by other authors to 
reflect the short-relaxation time associated to dissipation mechanisms in the 
system [122].   

An increase in temperature from 25 to 40 °C was found to decrease the 
viscosity of all emulsion systems, a reversible effect when cooling back to the 
initial temperature (Figure 6, paper II). This suggests no major structural 
changes of the emulsions upon heating, but rather a normal thermal effect on 
the dynamics of the systems.  
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5.5 Introduction of lignin as an additive in cellulose solutions 
and emulsions (Paper VI) 

 
As we have seen, cellulose dissolution is enhanced when co-solutes of 

intermediate polarity are used, such as urea, peg and surfactants [24, 44]. 
Motivated by this aspect, lignin was evaluated as a possible amphiphilic 
additive to enhance cellulose dissolution in NaOH (aq.) and ultimately use 
such mixtures to stabilize emulsions. Lignin structural features confer it some 
sort of amphiphilic and emulsifying properties, and it can be dissolved in 
NaOH (aq.) [123, 124]. Similar to cellulose, lignin solubility is enhanced in 
solvents of intermediate polarity and by certain surfactants [125, 126]. 
Combining both polymers in solution was thought to have a possible 
synergistic effect, with lignin playing the role of an amphiphilic additive for 
cellulose. Furthermore, characterizing the interactions between lignin and 
cellulose in solution are considered important to improve performances of 
new materials originating from the lignocellulosic biomass. 

The lignin effect on cellulose dissolution was evaluated by turbidimetry, 
PLM and DLS. Rheometry was also implemented to access the gelation 
behaviour of the cellulose dopes upon temperature cycles while X-ray 
diffraction (XRD) was performed to elucidate the effect of lignin on the 
molecular organization of the regenerated materials. 

In Figure 20a, it is possible to observe that the addition of lignin to the 
alkali cellulose solutions decreases the turbidity of the samples. This effect is 
even more striking as the NaOH concentration is reduced. Moreover, 
cellulose aggregation within 48 h storage at room temperature seems to 
become less pronounced for the samples containing lignin, which is 
evidenced by the substantial differences in turbidity with respect to the 
samples without lignin, and especially for the lowest NaOH concentrations 
(ca. 70 to 260 NTU reduction) (Figure 20b). The improvement of cellulose 
dissolution by the presence of lignin was also supported by PLM and DLS 
data (Figure 20c and d; and Table 1-paper VI).  
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Figure 20. Turbidity of 4 wt.% cellulose solutions containing lignin concentrations from 0 to 2 wt.% in a 
range of NaOH concentrations of 5 to 7 wt.%, freshly prepared (A) and after 48 h aging (B). C) Size 
distribution of the freshly prepared NaOH (7 wt.%) solutions of cellulose, lignin, and the mixture 
cellulose/lignin (4 wt.% cellulose and 2 wt.% lignin). D) Polarized light microscopy images of the aged 
(48 h) cellulose solutions in 5 wt.% NaOH, without the addition of lignin (left image) and with the addition 
of 2 wt.% lignin (right image). 

 

5.5.1 Time and temperature effect on cellulose-lignin solutions  
 
It is well established that cellulose solutions in cold alkali are often 

metastable and thus sensitive to aging or pH and temperature changes, which 
may trigger gelation-regeneration of the cellulose dopes [47-49]. Cellulose-
lignin solutions were then followed periodically within 48 h, and at room 
temperature (Figure 2, paper VI). For all three different NaOH conditions, there 
is a visible effect of lignin in lowering the turbidity of the samples. This effect 
becomes much more noticeable as the NaOH concentration decreases and for 
longer aging times. In these conditions, a substantial decrease (ca. 40 to 50%) 
in turbidity of the samples containing lignin versus the ones without lignin is 
observed. These results strongly suggest that lignin may interact with 
cellulose preventing/delaying its aggregation with time. The differences in 
having 1 or 2 wt.% lignin were more noticeable for the highest NaOH 
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concentration (i.e., 7 wt.% NaOH). As the NaOH concentration decreases, the 
differences become negligible (i.e., 6 wt.% NaOH) or are even slightly 
reversed with the aging of the solutions (i.e., 5 wt.% NaOH).  

In alkali, both polymers are affected by decisive balance between 
electrostatic and hydrophobic interactions [125, 127]. However, there is a large 
difference in pKa values of the ionizing groups, which leads to an entirely 
different role of the counterions. Lignin ionizes in a pH range of 9-10 and 
shows a typical polyelectrolyte behaviour in that solubility is controlled by 
the counterion entropy. This, in turn, is determined by the degree of 
counterion association and the solubility is highest for the most polar 
counterions; this explains why its solubility is higher for lithium than for 
sodium and potassium and significantly reduced with more hydrophobic 
counterions [128]. For cellulose, the situation is different since the relevant pH 
region is 13-14. The dissolution does not depend on whether LiOH, NaOH or 
KOH are used to obtain a particular pH [42]. Hence, an apparent alkali ion 
specificity may appear due to the interaction between alkali and hydroxide 
ions [24, 129]. For cellulose, because of the high pH range and the less 
important role of counterion entropy, hydrophobic counterions, such as TBA+, 
strongly facilitate dissolution [53, 130]. In the same direction, the results of the 
present study also demonstrate that the addition of lignin can significantly 
facilitate cellulose dissolution in NaOH solutions by presumably weakening 
the hydrophobic interactions between cellulose molecules. Nevertheless, the 
effect of lignin depends on the NaOH concentration. Considering that lignin 
is a weak acid, the phenolic groups of lignin have a lower pKa value than the 
hydroxyls of cellulose and, therefore, at a given NaOH concentration the pH 
will be lowered due to the presence of lignin; this will consequently lower the 
ionization degree of cellulose thus limiting its dissolution.  

Shi et al. have recognized that the effect of the lignin content on the 
dissolution of softwood pulps in alkali is complex and does not follow a linear 
relationship with the lignin content [131]. An optimum effect was observed 
for 2.8 % lignin, above which the dissolution of pulp becomes poorer. This 
beneficial effect of low concentrations of lignin in pulp dissolution supports 
our findings. This weakening of solvent quality, above certain lignin amount, 
might be related to what has been previously discussed. As the phenolic 
groups of lignin have a lower pKa value than the hydroxyls of cellulose, at a 
given NaOH concentration, the pH will be lowered due to the presence of 
higher amounts of lignin; this will consequently lower the ionization degree 
of cellulose thus limiting its dissolution. In the same view, this concentration 
limit might also be lowered for lower NaOH concentrations, and that is 
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probably why a slightly reversed behaviour was observed when increasing 
lignin concentration in the 5 wt.% NaOH solvent (Figure 2C in paper VI). 

The gelation kinetics was also seen to be improved by the presence of 
lignin (Figure 21). From the viscosity and turbidity measurements on 
cellulose-lignin solutions in 7 wt.% NaOH, it is suggested that the gel network 
formed is weaker than that observed for neat cellulose solutions. However, 
our results contrast with those found when using organosolv lignin instead of 
kraft, which causes an acceleration in gelation [132]. Future investigations on 
the influence of different types of lignins is object of interest. 

 

 
Figure 21. Complex viscosity (A) and turbidity (B) of cellulose solutions without lignin (red squares) and 
with 1 wt.% lignin (blue squares) in 7 wt.% NaOH (aq.). The temperature was alternating between 25 
and 45 °C, for every 2 h, starting with 25 °C in the first 2 h. 

 

5.5.2 Effect of lignin on the regenerated cellulose 
 
So far, the role of lignin has been evaluated regarding its effect on the 

dissolution of cellulose. It is reasonable to assume that the solution state of 
cellulose dopes, together with the micro-morphology structural features 
induced by the regenerating/processing methods, have a considerable impact 
on the properties of regenerated materials. This is striking, for instance, 
regarding the features of cellulose-based films and fibres [48, 51, 133, 134]. 
Therefore, cellulose was regenerated from the different alkali solvents and 
evaluated by XRD assays. The solid-state features of the regenerated materials 
depend on many variables playing during regeneration and drying steps, and 
therefore establishing a simple cause-effect relation with the dissolved state is 
surely not trivial and straightforward. However, it is known from the 
literature, that the crystallinity of cellulose II is affected by the presence of 
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additives that are able to weaken the hydrophobic interactions. In that regard, 
our goal with this analysis was to infer about those crystallinity changes, by 
comparing the diffractograms of regenerated cellulose samples from neat 
NaOH, NaOH-urea and NaOH-lignin aqueous solutions. As shown in Figure 
5 in paper VI, the diffractogram peaks for all the regenerated cellulose 
samples are identical to the ones found for the cellulose II polymorph. These 
peaks are located at the diffraction angles (2θ) 12.6°, 20.6°, 22.1°, and 34.8°; 
corresponding to the crystallographic plane reflections (1-10), (110), (020), and 
(004), respectively [135]. Similar to what is observed for the neat NaOH (aq.) 
and NaOH-urea (aq.) systems, a transition from cellulose I to cellulose II 
polymorph is also observed upon the regeneration of the sample prepared 
with the NaOH-lignin solvent system. The d-spacings and unit cell 
parameters of cellulose II were found to remain unchanged in all NaOH-
based systems (Table S1 and S2, supplementary material of paper VI). All the 
calculated parameters closely matched the values reported in the literature for 
cellulose II polymorph [136-138]. On the other hand, the crystallinity indices 
and crystallite sizes of the regenerated cellulose II were found to decrease in 
the following order: NaOH > NaOH-urea > NaOH-lignin. The preliminary 
data suggests that lignin disturbs the packing of the cellulose molecules, 
interfering with the crystalline structure of cellulose. Due to the manifest 
amphiphilic features of lignin discussed above, we would expect it to weaken 
hydrophobic interactions similarly to urea, resulting in a less crystalline 
regenerated material [24]. Moreover, the slight reduction in crystallite size of 
the regenerated cellulose material provides additional support to the PLM 
images (Figure 20d), where a reduction in the structured networks of aged 
cellulose-lignin samples was also observed. 
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6 Conclusions and future perspectives 
 
In its dissolved state, native cellulose is interfacial active following the 
adsorption behaviour of its derivatives that are used as polymeric emulsifiers. 
Another similarity is that cellulose with a low molecular weight is more 
efficient in reducing the IFT, an effect of a faster diffusion and a higher 
concentration of cellulose present at the interface. Furthermore, the 
adsorption behaviour of cellulose is dependent on the solvent quality. The 
results indicate that intermediate solvency conditions are favourable for 
cellulose adsorption at the interface, which is in line with the typical 
behaviour of amphiphilic polymers. A very good solvency of cellulose leads 
to a lack of stability due to low adsorption of the molecules, and oil will 
quickly separate from the emulsion. Intermediate solvencies allow cellulose 
to stabilize emulsions in a short-term. To achieve long-term stability, further 
solvency decrease is needed after oil dispersion in the cellulose solution, what 
we call the in-situ regeneration. The rate of droplets coalescence is then 
dramatically reduced and emulsions show a remarkable stability against oil-
separation. The average droplet size and polydispersity is decreased for low 
molecular weight cellulose, higher mixing rates and higher cellulose 
concentrations. Cryo-SEM revealed that oil droplets are covered by a thin 
cellulose-film and surrounded by a network of non-adsorbed cellulose in the 
continuous phase. It seems that, generally, emulsions prepared from 
molecular solutions of cellulose and followed by in-situ regeneration are likely 
to yield this type of coating. The microrheological properties and other 
stability aspects were also highlighted in this thesis using DWS, a technique 
which shows great potential for the characterization and design of emulsion 
formulations.  

Cellulose dissolution in NaOH (aq.) was found to be improved by the 
presence of lignin, here explored as a possible additive of intermediate 
polarity. The gelation kinetics of the cellulose solutions (upon ageing and 
temperature) was also improved. Moreover, regenerated materials from the 
cellulose-lignin solutions revealed a lower crystallinity; an effect observed 
when using amphiphilic additives or organic bases in cellulose dissolution. 
These findings suggest that lignin is able to weaken the hydrophobic 
interactions between cellulose molecules, due to its amphiphilic character. In 
future work, a deeper analysis on the dissolution of both polymers should be 
performed using more advanced techniques, such as for instance, NMR and 
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SAXS. Furthermore, future investigations on the behaviour of both polymers 
in stabilizing emulsions are of interest. 

We believe that this thesis represents an important contribution to the 
emulsion science and technology field as it provides not only novel and 
reliable approaches to develop emulsions with a green emulsifying agent, 
cellulose, but also sheds light on the emulsification processes and mechanisms. 
Furthermore, it unravels the most relevant conditions to form emulsions with 
tuneable features. These emulsions could be good templates to produce 
different types of cellulose microspheres that may find applications as carrier 
systems in medical and pharmaceutical technologies, as microreactors or 
catalysts for sensors and supercapacitors, and as fillers or rheological 
modifiers for composites, insulation materials and packaging. 

Lastly, it is clear that the amphiphilicity of cellulose plays an important 
role for dissolution and self-assembly. The improved knowledge obtained 
from this thesis could contribute not only to emulsion formulations and 
utilization, but also to future applications with cellulose to replace oil-based 
materials in for instance composites and textiles. Moreover, the consequences 
of the inherent amphiphilicity of cellulose should also be considered in the 
processing of cellulose raw materials into fibres and beyond, since it may open 
up new ideas on how to improve the processes and final products.  
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