
ABSTRACT 

CARRILLO LUGO, CARLOS ALBERTO. Application of Complex Fluids in Lignocellulose 

Processing. (Under the direction of Dr. Orlando J. Rojas and Dr. Daniel Saloni). 

 

Complex fluids such as emulsions, microemulsions and foams, have been used for different 

applications due to the multiplicity of properties they possess. In the present work, such fluids 

are introduced as effective media for processing lignocellulosic biomass. A demonstration of 

the generic benefits of complex fluids is presented to enhance biomass impregnation, to 

facilitate pretreatment for fiber deconstruction and to make compatible cellulose fibrils with 

hydrophobic polymers during composite manufacture.   

An improved impregnation of woody biomass was accomplished by application of water-

continuous microemulsions. Microemulsions with high water content, > 85%, were formulated 

and wood samples were impregnated by wicking and capillary flooding at atmospheric 

pressure and temperature. Formulations were designed to effectively impregnate different 

wood species during shorter times and to a larger extent compared to the single components of 

the microemulsions (water, oil or surfactant solutions). The viscosity of the microemulsions 

and their interactions with cell wall constituents in fibers were critical to define the extent of 

impregnation and solubilization.   

The relation between composition and formulation variables and the extent of 

microemulsion penetration in different woody substrates was studied. Formulation variables 

such as salinity content of the aqueous phase and type of surfactant were elucidated. Likewise, 

composition variables such as the water-to-oil ratio and surfactant concentration were 

investigated. These variables affected the characteristics of the microemulsion and determined 

their effectiveness in wood treatment. Also, the interactions between the surfactant and the 



substrate had an important contribution in defining microemulsion penetration in the capillary 

structure of wood.   

Microemulsions as an alternative pretreatment for the manufacture of cellulose nanofibrils 

(CNFs) was also studied. Microemulsions were applied to pretreat lignin-free and lignin-

containing fibers obtained from various processes. Incorporation of active agents in the 

microemulsion facilitated fiber pretreatment before deconstruction via grinding and 

microfluidization. The energy consumed during the manufacture of cellulose nanofibrils was 

reduced by up to 55 and 32% in the case of lignin-containing and lignin-free fibers. Moreover, 

such pre-treatment did not affect negatively the mechanical properties of films prepared with 

the produced CNF.  

CNF was also used to enhance the stability of normal and multiple emulsions of the water-

in-oil-in-water (W/O/W) type and to prevent their creaming. This was achieved by the marked 

increase in viscosity of the aqueous phase in the presence CNF.  

Finally, water-continuous emulsions were used to prepare nanocomposite fibers containing 

polystyrene and CNF. The morphology of composite fibers obtained after electrospinning of 

emulsions incorporating polystyrene and CNF was affected by parameters such the 

concentration of surfactant additives present in the microemulsion and the conductivity of the 

aqueous phase. Overall, emulsions and microemulsions are presented as a convenient platform 

to improve the compatibility between polymers of different hydrophilicity, to facilitate their 

processing and integration in composites.   
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1 Introduction 

The focus of the present work is the incorporation of complex fluids such as emulsions, 

foams and microemulsions into the processing of lignocellulosic biomass. In the following part 

of the document the concept of lignocellulosic biomass is introduced and also some processes 

where lignocellulosic biomass is used as a raw material. Later on, the introduction of 

surfactants and complex fluids is made since these concepts are used all along the document 

in different chapters. Finally, special consideration is given to introduce nanocellulose in 

different grades and how these grades are manufactured in order to set the stage for the chapters 

dedicated to the use of nanocellulose in conjunction with complex fluids for different 

applications.    

 

 Lignocellulosic biomass 

Lignocellulosic biomass refers to non-edible organic materials composed mainly by 

cellulose, heteropolysaccharides and lignin. Lignocellulosic biomass is renewable and 

abundant, which makes it a promising candidate to substitute petroleum and fossil fuels for 

material and energy production. In 1950, the energy production from biomass in USA was 

approximately 1.6x1015 BTU and by 2012 this number raised up to almost 4.4x1015 BTU, 

which represents an increment of almost 180% [1]. For the same period, the energy production 

from fossil fuels increased only by 90% approximately, highlighting the fact that efforts have 

been carried out in order to reduce the dependence from petroleum [1].    

Biomass feedstock for bioconversion has been divided in two categories: first-generation 

feedstock that corresponds to edible biomass, such as corn or starch and, second-generation 
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feedstock that correspond to non-edible biomass like residues from crops, algae and woody or 

lignocellulosic biomass. Large research investments is being deployed to find economically 

feasible ways to convert second-generation feedstock into bioproducts in order to avoid the 

debate that has raised about the use of edible biomass for bioconversion into new materials [2].  

The main drawback in the implementation of bioconversion technologies is the low 

cellulose accessibility arising from the recalcitrance of lignocellulosic biomass. The chemical 

composition of woody biomass depends on the source of the biomass. The average 

composition for woody biomass is presented in Figure 1.1[3]. Cellulose is the main component, 

between 40 to 50% by weight, followed by lignin, between 18 to 35% and hemicelluloses 

between 25 to 35%. The high content of carbohydrates in woody biomass makes it very 

appropriate as a raw material for the manufacture of high value bioproducts. 

 

  

Figure 1.1. Average composition for woody biomass [3].  

 

 

The components of lignocellulosic biomass form a complex network where cellulose fibers 

are linked together by heteropolysaccharides (commonly known as hemicelluloses) and lignin, 

Lignin
18-35%

Other
4-10%

Cellulose
40-50%

Hemicelluloses
25-35%
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which surround the fiber structure. The deconstruction of this tight matrix is required in order 

to increase the accessibility of the material for further processing. To achieve this goal the use 

of chemicals and energy is necessary, which increases the prices of the overall process and 

makes bioconversion non-competitive with conventional manufacturing processes for oil-

based products.  

 

1.1.1 Main components of lignocellulosic biomass 

1.1.1.1 Cellulose  

Cellulose is the most abundant natural polymer on earth [4]. Cellulose is produced by 

photosynthesis in living plants and it is a major component of the cell wall. This polysaccharide 

has a linear chain composed of D-glucose units that are bonded by β (1-4’) linkages [5].  A 

schematic of the molecular structure of cellulose is presented in figure 1.2.  

 

 

Figure 1.2. Molecular structure of cellulose[6].  
 

 

The cellulosic chains tend to aggregate in fibril or nanofibrils bundles held together by 

hydrogen bonding, which have crystalline and amorphous regions with a typical degree of 

polymerization between 1,000 to 30,000, when is present in its native state [7].  Due to the 
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high amount of hydroxyl groups, cellulose is a hydrophilic polymer but it is not soluble in 

water. Cellulose can exist in different allomorphs known as cellulose Iα, Iβ, II, IIII, IIIII, IVI and 

IVII, which have different physicochemical properties [8]. The conversion of one allomorph to 

another is possible following different chemical treatments as it is detailed in figure 1.3 

 

 

Figure 1.3 Different cellulosic allomorph and the interconversion pathways [8]. 

 

 

1.1.1.2 Hemicelluloses 

Hemicelluloses are branched heteropolymers composed of pentoses and hexoses [9]. The 

random branches of hemicelluloses in their backbone make them highly amorphous. The 

degree of polymerization for hemicelluloses is around 50 to 300, lower than for cellulose. 

Hemicelluloses in softwoods are different than those in hardwoods, with galactoglucomannans 

and arabinoglucoronoxylan the main hemicelluloses in softwoods and glucoronoxylans the 

most important hemicelluloses in hardwood (see figure 1.4).  
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Hemicelluloses are linked to cellulose and lignin in the plant cell. Using different extraction 

methods it is possible to extract hemicelluloses from woody biomass. The final composition 

of the extracted fractions will depend on the method used for separation.  

 

 

Figure 1.4. Principal sugar unit constituents of hemicelluloses [9] 
 

 

 Under the concept of biorefineries, hemicelluloses could be obtained as a byproduct in 

biofuel production. In order to add value to such polymers, different applications have been 

tried for hemicelluloses. Hemicelluloses have been demonstrated in applications for 

packaging, coatings, biomedical and films, among others. They are hydrophilic and therefore 

any material produced from hemicelluloses is usually hygroscopic. Due to the large amount of 

hydroxyl groups present in hemicelluloses, they are very suitable for a broad spectrum of 

chemical modifications. 

 

1.1.1.3 Lignin 

Lignin is a three-dimensional amorphous polymer that is naturally found in plants [10]. 

According to some authors, lignin is the most abundant form of aromatic carbon in earth [11, 
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12]. The function of lignin in plants is to provide rigidity to the structure by reinforcing the 

cell wall. Lignin is hydrophobic so its presence provides water repellence to plants.  As it 

happens with hemicelluloses, the final properties and composition of lignin depend on the 

method use for its extraction or isolation from the cell wall. Protolignin is the name given to 

lignin in its native state. The biosynthesis of this polymer has been explained by the 

polymerization of so called monolignols, which are coniferyl, sinapyl and p-coumaryl 

alcohols. Figure 1.5 includes the molecular structure of these alcohols [10].  

 

 

Figure 1.5. Chemical structure of monolignols [10].  
 

 

 Lignocellulosics processing 

Using lignocellulosic biomass to obtain high value products is a lively topic of discussion 

nowadays. Theoretically, it is possible to use the single components of lignocellulosic biomass 

and convert them into new products following different bioconversion pathways. However, 

not all of these pathways are economically feasible.  The next section briefly presents some 

processes for lignocellulose bioconversion into value added products. 
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1.2.1 Biorefineries 

Biorefineries are integrated facilities for the conversion of biomass feedstock into value 

added fuels, power and chemicals. It is a concept similar to the conventional oil refineries but 

using a different raw material. The original idea for the biorefineries was to produce bioethanol 

from a biomass conversion process using lignocellulosic biomass as a feedstock. This idea has 

been expanded to a more general concept where the feedstock is converted into different liquid 

fuels and chemicals. Also, energy is produced to ensure the economic feasibility of the process. 

Figure 1.6 includes an illustrative diagram of an integrated biorefinery. 

 

 

Figure 1.6. Diagram of an integrated biorefinery [13].  

 

 

Lignocellulosic biomass is very resistant to bioconversion using enzymes. This resistance 

is usually referred as the recalcitrance of the biomass [14]. In order to increase the accessibility 

of cellulose for bioconversion, a pretreatment of the raw material is performed to open up the 

structure and allow the penetration of the chemicals to the desired reaction sites. The 

pretreatment can be performed using chemicals, mechanical and thermal energy or a 
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combination of these methods. If no pretreatment is applied, the recovery of sugars from the 

biomass is very low and the process is not economically feasible. The pretreatment step in a 

biorefinery can represent as much as 20% of the total cost of producing one gallon of ethanol 

[15].  

In order to produce bioethanol, enzymatic hydrolysis is performed after the pretreatment 

in order to convert the polysaccharides into fermentable sugars. Following the enzymatic 

hydrolysis, the fermentation of the sugars is performed and bioethanol is obtained. Finally, the 

purification loop of the bioethanol is followed in order to obtain the purified bioethanol. The 

residual lignin and solid fractions can be used to produce energy or they can be converted into 

other products with higher commercial value [16]. 

 

1.2.2 Biomass pyrolysis and gasification 

Biomass pyrolysis refers to the thermal decomposition of biomass in the presence of no or 

low concentrations of oxygen in order to prevent the total combustion of the raw material and 

favor the production of fuel oils or solid charcoal. There are two types of pyrolysis, namely, 

the conventional and the fast pyrolysis [16].  

 In conventional pyrolysis, the woody biomass is heated to 500 °C for times ranging 

from 5 to 30 minutes. During this time, gases are formed and they are allowed to react with 

each other to enrich the gas or liquid fuel formed while solid char is produced. For fast 

pyrolysis, higher heating rates are used when compared to conventional pyrolysis and the main 

goal is to produce liquid fuels. Contrary to conventional pyrolysis, during fast pyrolysis very 

low residence times for the gases are allowed and a fast cooling is carried out in order to 
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produce the bio-oil. The typical product composition of fast pyrolysis includes 60 to 75% by 

weight of bio-oil; 15 to 25% of solid residue or char and 10 to 20% of non-condensable gases. 

[16]       

In biomass gasification, woody biomass is reacted with oxygen to produce the partial 

oxidation of carbon into a non-condensable gas and a condensable vapor that is called tar. The 

gasification process also produces heat that can be used to partially fulfil the energetic 

requirements of the facility. The temperature used for gasification is around 700 °C, which is 

higher when compared to the temperature used for pyrolysis [16].   

The main components of the non-condensable gas produced are hydrogen and carbon 

monoxide, therefore this product is called syngas. The yield of tar in the gasification process 

is usually between 12 to 24% but it could be as high as 50% if the cracking of the tar inside 

the reaction is very poor [17].  

 

1.2.3 Pulp mills 

In a pulp mill, fibers are extracted from wood and nonwood biomass in order to prepare 

pulp and paper and/or other cellulosic products for other applications. In general, the first step 

of a pulp mill is the conditioning of the feedstock that includes log debarking and size reduction 

into chips. Different pathways can be followed to obtain cellulosic pulp from woody biomass. 

Common pulping processes are usually mechanical, chemical, thermomechanical or 

chemithermomechanical. The most popular type of pulping is the Kraft process, where woody 

biomass is put in contact with a mixture of NaOH and Na2S at given temperatures, for example 
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175 °C and pressures, typically 120 psia, in order to liberate the cellulosic fibers in wood [18]. 

Figure 1.7 presents an schematic diagram of a Kraft pulp mill [19]. 

In a typical chemical process, wood chips are sent to a digester where an appropriate 

combination of chemicals and operating conditions removes lignin to yield fibers rich in 

cellulose. There is usually a chemical recovery loop that includes chemical regeneration from 

the spent chemicals dissolved during the wood digestion or pulping [18].  

 

 

Figure 1.7. Diagram of a pulp mill using Kraft pulping [19].  
 

 

After introduction of the potential processes where the use of complex fluids could be 

applied, we will move on to explain some basics of systems where oil and water are dispersed 
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by the aim of a surfactant. The introduction of these concepts is very important in order to have 

a better understanding of the phenomena that will be explained in further chapters where 

complex fluids will be extensively used. 

 

 Surfactant (S) / Oil (O) / Water (W) Systems 

1.3.1 Surfactants 

Surfactants are amphiphilic molecules comprising a polar component with affinity for 

water and a non-polar part that has affinity to non-polar fluids. This double affinity allows 

surfactants to diffuse to the interface between two phases (oil and water) and to decrease the 

free energy of the system.  The polar part of the surfactant can be charged positively or 

negatively or can also be uncharged (nonionic) such as in the case like polyethylene oxide 

chains. The non-polar part is usually a long chain of hydrocarbon units, including aromatic 

groups [20]. Figure 1.8 shows a schematic representation of a typical surfactant molecule. 

 

 

Figure 1.8. Schematic representation of a surfactant molecule 

 

 

Surfactants can be classified according to their dissociation capacity in water. Therefore, 

they can be ionic when they dissociate in water or non-ionic if there is no dissociation in water.  
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Ionic surfactants dissociate when they are dissolved in water. They are sensitive to changes 

in the ionic strength of the solution and thus some desired properties of the surfactant can be 

activated by changes in the salinity of the aqueous medium. These surfactants, depending on 

how they dissociate in water, can be further classified into anionic, cationic and zwitterionic. 

Figure 1.9 presents three different examples of ionic surfactants 

 

 

Figure 1.9. Ionic surfactants: (a) sodium dodecylsulfate, (b) cetyl ammoniumbromide and (c) 

lauryl betaine.   

 

 

An anionic surfactant dissociates in water forming an anion that is amphiphilic and a cation 

that is usually a metal ion, such as sodium or calcium. Examples of anionic surfactants are 

sodium dodecyl sulfate and sodium dodecyl benzenesulfonate, which are widely used in 

detergents, as well as ammonium lauryl sulfate that is used for personal hygiene products [20]. 

Cationic surfactants dissociate in water forming a cation with surface activity and an anion 

that is usually chloride or bromide. Alkyl ammonium chlorides are the most popular cationic 
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surfactants. They have shown some antimicrobial activity and therefore have been used in 

antibacterial products for personal hygiene [20].   

Zwitterionic surfactants generate both, an anion and a cation when they dissociate in water. 

They differ from anionic and cationic surfactants because they are not very sensible to 

electrolytes in water [21], mainly because they are electrically neutral. An example of 

zwitterionic surfactant is 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate, 

commonly known as CHAPS, which is used in the process of protein purification [22].   

Non-ionic surfactants do not dissociate in water. The polar group is usually composed by 

an alcohol, an ether or an ethylene oxide chain. These surfactants are known for being sensitive 

to changes in temperature, affecting the affinity they have for water or oil. Examples of non-

ionic surfactants are polyoxyethylene (20) sorbitan monooleate (Tween 80), polyoxyethylene 

(20) sorbitan monolaurate (Tween 20) and sorbitan monoester (Span 80), among others.  

 

1.3.2 Properties of surfactants 

Surfactants in solution have two particular properties: adsorption and association. When 

surfactants are added to aqueous media they adsorb at the water-air interface in order to 

decrease their free energy. When other interfaces are available, for instance liquid-liquid or 

solid-liquid interfaces, surfactants adsorb as well as long as they decrease their free energy. 

Once the interface is saturated with the surfactant, a subsequent addition of surfactant will 

produce association of the molecules in the form of organized structures. These associated 

structures are formed into different geometries that arrange together the hydrophobic groups 

of the molecules to keep them apart from water or to assemble the polar groups together to 
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keep them away from the oil phase. The product of association of these surfactants is called 

“micelle”. Figure 1.10 includes a schematic illustration of adsorption and association of 

surfactants in water. 

 

Figure 1.10. Adsorption and association of a surfactant. 

 

 

1.3.3 Microemulsions and emulsions  

Microemulsions and emulsions are two terms use to define surfactant – oil – water (SOW) 

systems; which are sometimes used indistinctly, even if they imply different meanings. Both 

terms refer to dispersions of two immiscible liquids in the presence of a surface active 

molecule; however, the thermodynamics behind the formation of emulsions and 

microemulsions is quite different. The definition of these two types of SOW systems is 

presented next along with their main distinctive properties. 
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Microemulsions are thermodynamically stable dispersions of two immiscible liquids (oil 

and water) displaying optical transparency and having very unique properties such as super-

solubilizing ability for both, polar and nonpolar fluids. In order to form a microemulsion, a 

surfactant or surfactant mixture is required to decrease to ultralow values the interfacial tension 

between oil and water and promote the spontaneous mixing of the otherwise immiscible 

phases. Mixing of the phases occurs spontaneously and leads to systems that are 

thermodynamically stable. They were first described by Winsor in 1954 [23] and in recent 

years they have been widely applied in different fields where they have had a major impact, 

including drug delivery, nanoreaction engineering, cosmetics, food and oil, etc.  

Different types of microemulsions exist depending on the phase that is dispersed and the 

one that is continuous. Direct microemulsions are those where water is the continuous phase 

and drops of oil are dispersed while reverse microemulsions include water dispersed in the oil, 

continuous phase. Bi-continuous microemulsions are neither water- nor oil- continuous, 

instead a microstructure that is bicontinuous is formed (none of the phases can be classified as 

the continuous or dispersed ones). This is usually the case for systems with similar volumetric 

fractions of oil and water [24].  

Emulsions, as microemulsions, are dispersions of two immiscible liquids with the aid of a 

surfactant or surfactant mixture. An emulsion is kinetically but not thermodynamically stable. 

To prepare emulsions, the components need to be subject to an intensive mechanical shearing 

in order to increase the interfacial area and allow the surfactant to diffuse to the interface, 

creating a barrier that prevents the collapse of the drops. This process is not spontaneous and 
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therefore, the emulsion will eventually separate into its original constituents. Depending on the 

formulation, emulsions can be stable for very long periods of time [25]. 

Emulsions can be classified depending on the nature of the continuous and the dispersed 

phases. When water is the continuous phase the emulsion is called oil-in-water (O/W). On the 

other hand, when water is the dispersed phase, the emulsion is called water-in-oil or W/O. It is 

also possible to have what is called a multiple or double emulsion where the dispersed phase 

is already and emulsion. These emulsions can be water in oil in water (W/O/W) or oil in water 

in oil (O/W/O) [25]. 

  

1.3.4 Physicochemical models to formulate SOW systems 

Different models have been proposed to understand the physicochemical behavior of 

systems containing surfactant (S), water or an electrolyte solution (W) and an organic phase or 

oil (O). They differ in complexity and properties evaluated but they all are intended to ease the 

process of emulsion formulation.  The selection of one specific model will depend on the 

objective of the emulsion formulator. Two different models are introduced next: the Winsor R 

ratio and the Surfactant Affinity Difference (SAD).  

 

1.3.4.1 Winsor R ratio and HLB 

This parameter was proposed by Winsor in 1954 [23]. It is a simple model that 

correlates the interactions per unit interfacial area between the surfactant and the oil (ACO) and 

between the surfactant and water (ACW), in a single parameter called R.  The mathematical 

expression for Winsor R ratio is presented in equation 1.1. 
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𝑅 =
𝐴𝐶𝑂

𝐴𝐶𝑊
 Equation 1.1 

 

If R>1, the interactions between the surfactant and the oil phase are stronger than those 

with water, indicating that the surfactant is relatively lipophilic. The opposite case is obtained 

when R<1, the surfactant has stronger interactions with water and thus the surfactant, on a 

relative basis, is hydrophilic. If R=1, the interaction of the surfactant with oil and water are 

comparable [23].  This model is very useful to explain qualitatively the behavior of a system 

but it is not applicable when quantitative information is required for the formulation of a 

system. 

The hydrophilic lipophilic balance (HLB) is a very useful model for the characterization 

of a surfactant. This concept was introduced by Griffin in 1949 and it assigns a number, the 

HLB to a surfactant based on the stability of an emulsion prepared with the surfactant. The 

HLB scale goes from 1 to 20 where 1 represents a highly lipophilic and 20 a highly hydrophilic 

surfactant. The HLB parameter can be used to select a surfactant based on the type of emulsion 

to be formulated. Figure 1.11 presents possible applications and types of emulsions that can be 

obtained depending on the HLB values of the surfactant [25]. 

 

 

Figure 1.11. HLB values and type of emulsions that can be typically formed or possible 

applications. 
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1.3.4.2 Surfactant Affinity Difference (SAD) approach 

This approach was proposed by Salager in 1985 [26] who used a parameter that accounts 

for the differences in the interactions of the surfactant with the given oil and water phases. The 

difference between this parameter and Winsor R is that SAD provides quantitative information 

based on empirical equations that use experimentally-derived parameters. Equations 1.2 and 

1.3 include the main equations to calculate the SAD value for an ionic and a non-ionic 

surfactant in contact with given oil and water media, respectively.  

 

𝑆𝐴𝐷

𝑅∙𝑇
= ln(𝑆) + 𝑘 ∙ 𝐸𝐴𝐶𝑁 − 𝑓(𝐴) + 𝜎 − 𝑎𝑇 ∙ (𝑇 − 25) = 0  Equation 1.2 

𝑆𝐴𝐷

𝑅∙𝑇
= 𝛼 − 𝐸𝑂𝑁 − 𝑘 ∙ 𝐸𝐴𝐶𝑁 + ∑(𝑀𝑖𝐴𝑖) + 𝑏𝑆 + 𝑐𝑇 ∙ (𝑇 − 28) Equation 1.3 

 

where S is the salinity of the aqueous phase (wt. %), k is a parameter that depends on the 

surfactant type, EACN is the equivalent alkane carbon number of the oil, f(A) is a function that 

depends on the alcohol type and concentration, σ is a surfactant parameter, aT is a coefficient 

that accounts for changes in the optimum formulation with temperature and T is the 

temperature of the system. For equation 1.3, α is a parameter that depends on the lipophilic 

group of the surfactant and EON is the average ethylene oxide groups per molecule of EO-

based nonionic surfactants.  Ai is the alcohol concentration, Mi depends on the type of alcohol, 

b depends on the type of electrolyte and cT accounts for the changes in the optimum formulation 
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with temperature[27].  The SAD and Winsor R values are related since R>1 is equivalent to 

SAD>1; R<1 is equivalent to SAD<1 and R=1 is equivalent to SAD = 0 [26, 27]. 

 

1.3.5 Phase behavior of SOW systems and formulation scans 

1.3.5.1 Winsor diagrams 

Winsor proposed in 1954 [23] the use of ternary diagrams to represent the phase behavior 

of SOW systems. In the ternary diagram, one apex of the ternary diagram corresponds to the 

surfactant, and the other two correspond to the oil and water phases, respectively. According 

to the ideal model of Winsor, three different scenarios can be found when water, oil and a 

surfactant are mixed together and let to equilibrate. These scenarios are called Winsor I, Winsor 

II and Winsor III, as represented in figure 1.12. 

 

  

Figure 1.12. Winsor phase equilibriums for SOW systems 

.  

 

In a Winsor I type system, the interactions between the surfactant and water are stronger 

than the interaction between the surfactant and oil (R<1). Two regions are found (Fig 1.12a), 
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the single-phase region above a certain concentration of surfactant and a two-phase region, 

where the systems separate in a (typically) denser (bottom phase in a test tube) microemulsion 

phase that is oil-in-water and an upper, excess oil phase. In a Winsor II type system (Fig 1.12c), 

similar two regions are found: (single and a two-phase regions). The difference here is that the 

interactions between the surfactant and oil are stronger than the interactions between the 

surfactant and water (R>1). Therefore the systems in the two-phase region separate into one 

upper phase that is a water-in-oil microemulsion and an excess water, bottom phase. Finally, 

for a Winsor III type systems, the interactions between the surfactant and water or oil are 

balanced (R=1) and three-phase region is found (Fig. 1.12b). The systems in the three-phase 

region will separate in a middle phase that is a bi-continuous microemulsion and excess oil and 

water phases. The two-phase regions will separate similar to the Winsor I and II cases [23].  

 

1.3.5.2 Formulation scans 

The formulation scan use formulation and composition variables. Formulation variables 

are those related to the type of component that is used for the formulation, for instance type of 

oil, Equivalent alkane carbon number (EACN) of the oil which is the number of carbon atoms 

that a linear alkane that behaves in a similar way than this oil would have, type and 

concentration of electrolyte, type of alcohol, etc.. The composition variables are those related 

to the relative amounts of the components in the final formulation, such as the water to oil ratio 

(WOR) or surfactant concentration. If a formulation variable is changed when all the other 

parameters are kept constant, it is possible to transition from a Winsor type system to another. 

For example, if the salinity of the aqueous phase is increased in a system containing an anionic 
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surfactant, it is possible to observe a change from a Winsor I type system for low salinity to a 

Winsor III type system for intermediate salinities and finally a Winsor II system for high 

salinities. Formulation scans are very helpful to determine the conditions for the formation of 

a certain type of emulsion or to tune the properties of certain surfactant to produce a given type 

of emulsion [25].  

After the basic concepts regarding surfactant – oil – water systems were introduced, 

another important topic will be addressed and that is nanocellulose. In the present work, 

different applications including nanocellulose are presented; therefore the understanding of the 

process of manufacture will be very beneficial.   

 

 Nanocellulose 

Nanocellulose is the name given to a material composed by nanosized extracted cellulose 

fibrils or particles. Two types of nanocelluloses can be considered: cellulose nanocrystals 

(CNCs) and cellulose nanofibers (CNFs) [28].  Other classifications and names can be found 

for nanocellulose, including cellulose nanowhiskers, cellulose nano-ribbons and bacterial 

cellulose; however, this work will be concerned with CNC and CNF. 

 

1.4.1 Cellulose nanocrystals (CNCs) 

Cellulose nanocrystals are the product of the acid hydrolysis of cellulosic fibers. During 

acid hydrolysis, the amorphous regions of cellulosic fibers are hydrolyzed and the crystalline 

domains remain intact. These CNCs have very interesting properties such as high aspect ratio, 

high surface area, low density (about 1.6 g/cm3 [29]), suitability for chemical modification and 
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high mechanical strength [4, 29]. The applications for these nanomaterial are very wide and 

include reinforcement of nanocomposites, hydrogels, films, coatings, etc. [4, 28-31] 

Cellulose nanocrystals can be produced from different cellulosic sources including but not 

limited to cotton, ramie, tunicate, sisal, wood and bacterial cellulose. Depending on the raw 

material and the conditions for the hydrolysis, the resulting CNCs could have different 

morphology. The two most common techniques used for characterization of CNCs are atomic 

force microscopy (AFM) and transmission electron microscopy (TEM). Figure 1.13 includes 

CNCs obtained from different raw materials [4] where one can appreciate the differences in 

size and morphology of the CNCs depending on the raw material used.  

 

 

Figure 1.13. TEM images of CNCs obtained from (a) tunicate; (b) bacterial cellulose; (c) ramie 

and (d) sisal [4].  
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 CNCs are obtained after removal of the amorphous domains of cellulosic materials via 

acid hydrolysis. The kinetics of the hydrolysis of the amorphous regions under acid conditions 

is much faster than the kinetics of hydrolysis of the crystalline parts; therefore, the crystalline 

part tend to remain almost intact while the amorphous part can be fully hydrolyzed [4, 31].  

Different acids have been reported for the production of CNCs. Among the acids sulfuric 

and hydrochloric acids are the most studied. When the hydrolysis is performed using sulfuric 

acid, the surface of the crystals is decorated with half-sulfate groups. The conditions reported 

for the reaction using sulfuric acid include temperatures from 25 to 70 °C, reactions times from 

30 minutes to 12 h and concentrations of acid around 65% by weight. Some studies support 

that the length of the crystals is related to the time of the reaction, deriving in short crystals 

when the reaction time is long [4, 31]. For the reaction using hydrochloric acid the conditions 

are different than for the reaction with sulfuric acid. The reported temperatures are slightly 

higher, around 105 °C and the concentration of the acid is usually between 2.5 to 4N. The 

reaction times are selected based on the raw material, for instance 20 minutes have been used 

for cotton as a starting material [4, 32]. A comprehensive study of different conditions for the 

preparation of CNCs using sulfuric acid is presented by Wang et al.[33] in a recent publication 

where they studied the kinetics of sulfuric acid hydrolysis for different acid concentrations and 

temperature.      

The properties of the crystals prepared by using sulfuric acid are different to those from 

hydrochloric acid. Regardless the acid used for the preparation, CNCs are not water soluble 

but they are able to form colloidal dispersions in water. The CNCs prepared by sulfuric acid 

hydrolysis are more stable in dispersion than those obtained from hydrochloric acid. The 
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reason for this difference is the surface charge of the resulting CNCs that is more negative 

when sulfuric acid is use, due to the presence of half-sulfate groups on the surface of the 

crystals. In fact, CNCs prepared using hydrochloric acid have very low surface charge [31, 

34].   

 Other methods of preparation of CNCs have been recently reported using different 

chemicals for hydrolysis of cellulosic materials, for instance, the preparation of spherical 

CNCs using ammonium persulfate. These spherical crystals are reported to be more reactive, 

more flexible and easier to process because they have a better thermal stability compared to 

the CNCs obtained by acid hydrolysis using inorganic acids [35].  

 

1.4.2 Cellulose Nanofibers (CNF) 

Cellulose nanofibers (CNF) is the name given to a material composed by nanosized 

cellulosic fibrils. CNF is obtained by mechanical disintegration of cellulosic materials. These 

nanofibers are less than 100 nm in diameter and have a length that goes from 1 to several 

micrometers; given the nanomaterial a high aspect ratio [36]. Similar to CNC; CNF is also 

abundant, renewable, biodegradable and possesses high mechanical strength. The uses for CNF 

are numerous and includes reinforcement of nanocomposites, viscosity modifier, coatings, 

packaging, hydrogels, biosensing, etc. CNF is a gel at concentrations as low as 1-2% by weight 

because of the high surface area that leads to intense hydrogen bonding between the nanofibers 

[36]. This nanomaterial has a high amount of hydroxyl group on the surface that makes it very 

appealing for chemical modification but also makes it highly hydrophilic, which can be a 

problem when used as a reinforcement of hydrophobic matrices. Surface chemical 
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modification of CNF is usually performed to improve the compatibility of the material with 

other hydrophobic polymers and enhance the compatibilization in nanocomposites [36, 37]  

In order to prepare NFC, a suspension of a cellulosic material in water is subjected to 

mechanical disintegration that causes the fibrillation of the material to the nanoscale. This 

procedure usually implies high mechanical energy consumption, which is a drawback of the 

process. Pretreatment of the raw material is used as an alternative to reduce the energy 

consumption during the process of fibrillation and is a subject that will be discussed in other 

chapters of this thesis [36, 38].  

Different methods can be followed to fibrillate the original cellulosic material to CNF; 

however, three techniques are usually preferred for the manufacture of NFC: homogenization, 

the microfluidization and the microgrinding. In a homogenizer, the suspension of the cellulosic 

raw material is fibrillated by the action of a pressure change in a pneumatic valve shaft. In the 

case of the microfluidizer, the suspension is sent through an interaction chamber that is 

composed by several microchannels where the suspension is under high shear and the 

fibrillation is attained. Finally, in the microgrinder the suspension is fibrillated using two 

grinding stones that rotate in countersense and imparts high shear to the cellulosic material 

[36]. The approximated energy consumption per pass for these units is around 1095 kWh/ton 

for the homogenizer, 172 kWh/ton for the microgrinder and 175 kWh/ton for the microfluidizer 

[38]. 

In order to reduce the energy consumption in the manufacture of CNF, a pretreatment is 

usually performed. These pretreatments can be mechanical, with the main objective of pre-

deconstruction of the cell wall or they can be chemical, where the objective is to modify the 
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surface of the fibers in order to reduce the strength of the hydrogen bonding that links together 

the fibers. Among the mechanical pretreatments the valley beater and the PFI mill pre-

treatments are reported; whereas in the chemical pretreatment TEMPO-mediated oxidation and 

carboxymethylation are the most popular ones [36, 38, 39].   

The CNF size and other characteristics are not very dependent on the raw material used, as 

was the case for CNCs. The final size of the nanofibrils is more related to the conditions used 

for the fibrillation; specifically the number of passes through the deconstruction unit. Figure 

1.14 includes images obtained by scanning electron microscopy of the evolution of the 

characteristic size as the processing time is increased in a microgrinder [40].  

 

 

Figure 1.14. Scanning electron microscopy images of nanofibrillation of cellulosic fibers using 

a microgrinder for 0 hours (A); 0.25 hours (B); 6 hours (C) and 9 hours (D) [40].  
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2  Research Objectives 

The general objective of this work is to introduce multiphase systems consisting of oil 

and aqueous phases stabilized by surfactants or particles, generally classified as “complex 

fluids”, in different processes involving lignocellulosic biomass. Complex fluids can be used 

in different applications including but not limited to: 

a. Improved impregnation of woody biomass as pretreatment for bioethanol production, 

wood preservation, chemical modification and surface finishing. 

b. Enhanced chemical delivery using microemulsions as carrier of active agents into the 

capillary structure of lignocellulosic biomass, for example for derivatization or 

fractionation. 

c. Advanced compatibilization of lignocellulosic and its derivatives.  

d. Chemical modification of lignocellulosic biomass via emulsions or microemulsions 

droplets used as nano or micro reactors.  

After a summary to introduce the field of multiphase systems and a discussion including  

relevant literature (chapter 1), this thesis comprises 6 chapters (chapter 2 to 7) that follow a 

sequence that starts with microemulsions formulation (chapter 3) and its ability to penetrate 

the application the capillary structure of wood at atmospheric pressure and room temperature. 

Chapter 4 follows to provide a demonstration of microemulsions to impregnate wood and to 

determine the influence of composition and formulation variables in the extent of the 

penetration. The effect of wood type in the efficiency of emulsion impregnation is also 

discussed. An additional application for complex fluids in lignocellulosic processing is 

presented in chapter 5.  Here the objective is to develop a pretreatment for the manufacture of 
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nanofibrillar cellulose using a microemulsion containing pretreatment agents to reduce energy 

consumption for deconstruction. In chapter 6 discusses the use nanofibrillar cellulose to 

dramatically enhance emulsion stability, for example with soybean and other organic phases 

that were dispersed as normal or multiple emulsions. Chapter 7 introduces emulsion 

technologies as novel method to incorporate nanofibrillar cellulose in hydrophobic matrices, 

for example, in for the manufacture of nanocomposites.  Finally, a summary of main 

achievements and conclusions are provided in chapter 8 along with some discussion about 

future work and prospects.  
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3 Capillary Flooding of Wood with Microemulsions from Winsor I 

systems 

Carrillo et al. Journal of Colloids and Interface Science. 381 (2012) 171-179  

 

 Abstract 

A new approach based on microemulsions formulated with at least 85 % water and 

minority components consisting of oil (limonene) and surfactant (anionic and nonionic) is 

demonstrated for the effective flooding of wood’s complex capillary structure. The formulation 

of the microemulsion followed phase behavior scans of surfactant-oil-water systems (SOW) 

and the construction of pseudo-ternary diagrams to locate one-phase emulsion systems with 

different composition, salinity and water-to-oil ratios. Wicking and fluid penetration isotherms 

followed different kinetic regimes and indicated enhanced performance relative to that of the 

base fluids. The key properties of microemulsions to effectively penetrate the solid structure 

are discussed; microemulsion formulation and resultant viscosity are found to have a 

determining effect in the extent of fluid uptake. The solubilization of cell wall components is 

observed after microemulsion impregnation. Thus, the microemulsion can be tuned not only 

to effectively penetrate the void spaces but also to solubilize hydrophobic and hydrophilic 

components. The concept proposed in this research is expected to open opportunities in fluid 

sorption in solids, biomass pretreatment, and delivery of hydrophilic or lipophilic moieties in 

porous, structured materials. 
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 Introduction 

The main challenge for effective fluid penetration in solids with complex structures is 

overcoming the capillary forces to facilitate the displacement of air from any void spaces 

present in the system. A typical example is that of wood where impregnation using fluids has 

been implemented for biocide delivery[1], hydrophobization[2], preservation[3] and surface 

modification[4, 5]. Typically, severe pressure changes and high temperatures are used in the 

disruption of the capillary structure of solids with fluids. In the case of wood, first vacuum is 

applied for the removal of air, followed by high pressure impregnation to force the penetration 

of the given liquid [1, 6]. The required operating pressure and the need for high strength 

materials are associated with high capital and operating costs. An attractive option is therefore 

the replacement of mechanical (pressure) and thermal energies by chemical energy, such that 

the cost, resource usage and safety risks associated with high pressure operations are 

minimized.  

The emergence of biorefineries as alternatives to conventional petroleum refineries has 

recently captured the attention of different stakeholders on the world stage. Among the 

multiple advantages of biorefineries, the reduction in greenhouse gases emissions and material 

and energy diversification relative to fossil fuels are most relevant to a future bio-based 

economy [7]. In spite of these highlighted issues, the costs related to the manufacture of 

bioproducts presently limit the displacement of petroleum-based materials. One of the most 

critical process steps in biorefineries is biomass pretreatment and/or impregnation [8], which 

is a process bottleneck due to the high energy typically consumed and the lack of economically-
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efficient technologies. Thus, the improvement of biomass impregnation by using new, 

environmentally friendly approaches forms the core of our interest.  

A scenario similar to that of wood impregnation is found in the field of enhanced oil 

recovery, for example, in injection of fluids, flooding of crude oil reservoirs with displacers, 

etc. In such cases fluid penetration into the void spaces is required to displace the oil trapped 

in the mineral formation. The best results for oil recovery have been achieved by the use of 

complex fluids, including microemulsions [9-12]. The term “microemulsion” implies systems 

with micron-size droplets. However, in agreement with the general usage, in this work it is 

meant to indicate emulsions that are spontaneously formed, are thermodynamically stable, and 

may involve bicontinuous structures composed of oil and water. This is in contrast to other 

type of emulsions, such a macro- or nano-emulsions, which require the addition of energy for 

emulsification and stabilization of the formed droplets in the continuous phase [13-16]. Among 

the unique characteristics that make microemulsions effective in, for example, oil recovery is 

their ultralow interfacial tension and also the suitable viscosity for displacement of oil.  

While regular emulsions (nanoemulsions and macroemulsions) have been used for solid 

(wood) impregnation, their relatively large drop size and high interfacial tension limits 

effective flooding at atmospheric pressure[17-19] and application of vacuum and high 

pressures to impregnate the internal space is necessary. Therefore, wood impregnation is 

attempted in this work via complex fluids. Ultralow interfacial tension to facilitate flooding of 

capillary structures, effective displacement of air (gas) by viscous forces, and high solubilizing 

power are all benefits that are equally desirable.  
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We formulated simple Surfactant-Oil-Water (SOW) systems to penetrate wood and fill its 

void spaces at atmospheric pressure and room temperature. Phase behavior scans of SOW 

systems were carried out, and after identification of a balanced “surfactant affinity 

difference”[20], microemulsions derived from the so-called Winsor I systems[21] were 

applied. Proof-of-concept impregnation experiments were carried out by using a commercial 

anionic and a nonionic surfactant together with a natural oil, all of which were minority 

components in the microemulsions. The ability of microemulsions to solubilize both water- 

and oil- soluble components of the cell wall was also explored. Overall, microemulsions are 

proposed as an alternative to advance the field of solid impregnation, especially relevant in 

biomass pretreatment technologies. 

 

  Experimental section 

3.3.1 Materials and Methods 

Reverse osmosis water was used in all experiments. R-limonene (Fluka) was used as the 

organic phase in phase behavior scans and in the formulation of microemulsions, to be 

described later. n-heptane (Fischer Scientific) was also used in some reference scans. The 

electrolyte used was sodium chloride from Sigma Aldrich. Sodium dodecyl sulfate (Sigma 

Aldrich) and polyoxyethylene (20) sorbitan monooleate (brand name Tween 80), provided by 

VWR International were employed as anionic and nonionic surfactants, respectively. Also a 

co-surfactant, n-pentanol (Acros Organics) was applied in all experiments. Fluid viscosity was 

determined with a TA Instruments, model AR2000 rheometer. The density was calculated by 

weighting a previously measured volume of liquid in a microbalance. The viscosity was 
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determined by using a rheometer from TA Instruments, model AR2000. The mixing system 

consisted of a Precision Stirrer of variable speed from Glas-Col, Terre Haute. For measurement 

of surface tension and impregnation rates, a 312 Electrobalance from Cahn Instruments Inc. 

(California) equipped with a platinum Wilhelmy plate was used. Solids content before and 

after wood impregnation with the tested fluids (microemulsions and base fluids) was 

determined with a HB43 Halogen Moisture Analyzer from Mettler Toledo (Switzerland). 

 

3.3.2 Equivalent alkane carbon number (EACN) of limonene. 

The rationale for the selection of the surfactant system was based on the equivalent alkane 

carbon number (EACN) of the organic phase, i.e., limonene (O). The EACN of limonene was 

determined by using the double salinity SOW scan technique and details about this procedure, 

calculation and related references are provided in the Supporting Information document. 

EACN of 8.2 was determined for the limonene sample used in this investigation and therefore, 

as a first attempt to study the proposed microemulsion systems, sodium dodecyl sulfate was 

chosen as base surfactant. This is based on the observation that SDS is known as a good 

emulsifier for organic phases of similar EACNs (for example, n-octane). Additionally, a 

mixture of SDS with the nonionic surfactant was employed in order to test possible synergies 

in surface activity. 

 

3.3.3 Phase behavior of SOW systems. 

In order to formulate suitable microemulsions, the phase behavior for the different systems 

was studied after varying the salt concentration in the aqueous phase (salinity scan). The first 
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SOW system contained an anionic surfactant, SDS, at 2 g/dL concentration based on total 

volume. The water-to-oil ratio (WOR) was 1 and the alcohol used was n-pentanol at a 

concentration of 5% v/v based on the total volume. The electrolyte used was sodium chloride 

at a concentration that ranged from 1.2 to 6.8% in weight based on the volume of the aqueous 

phase. An additional SOW system was used in similar scans as those performed in the case of 

single (SDS) surfactant. It consisted of a binary surfactant, i.e., a 2:1 mixture of (anionic) SDS 

and (nonionic) polyoxyethylene sorbitan monooleate (Tween 80), at a total concentration of 3 

% based on the SOW volume. All the SOW systems were left to reach equilibrium at room 

temperature, and the type of Winsor system was identified [21]. The volume fraction of each 

phase separated was measured at the given salt concentration (salinity). 

 

3.3.4 Pseudo-ternary phase diagram. 

Pseudo-ternary phase diagrams for the SOW systems, i.e., aqueous phase (W, consisting 

of NaCl solution) – limonene (O) – and surfactant plus co-surfactant solution (S) were obtained 

at room temperature. The phase boundaries were identified by titration of the aqueous and 

surfactant solutions with limonene according to a method reported previously.21 In the present 

case, surfactant solutions with concentrations ranging from 10 to 90 % (at 10% increments) 

were prepared and respective volumes of limonene were added; the number and type of phases 

separated were identified at equilibrium and the ternary diagram constructed. 
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3.3.5 SOW emulsification. 

In order to formulate microemulsions with a high WOR (water-to-oil ratio) Winsor type I 

systems were chosen from the salinity scans, and the approximate compositions of the 

microemulsion were obtained. Accurate component inventory of the respective stable, one-

phase microemulsion was determined by the titration method by using different amounts of 

surfactant and alcohol [22, 23]. Four different microemulsions were tested in further 

impregnation experiments: two involving a single surfactant (SDS) and the other two with a 

binary mixture (with the anionic, SDS and, the nonionic surfactant). Additional formulations 

were used to test the effect of fluid physical properties on fluid penetration.  

A low energy emulsification protocol was used to mix the SOW systems. A stirrer with a 

3-blade axial impeller of 5 cm diameter (located 5 cm over the bottom of the vessel) and with 

controlled shear rate (fixed at 400 rpm) was used. The order of addition involved first the 

surfactant solution, followed by mixing in electrolyte solution to obtain the desired salt 

concentration and finalized with the addition of the oil phase and the co-surfactant. The 

density, viscosity and surface tension of the microemulsions were measured (as well as those 

of the base fluids). The characteristic size of the dispersed phase was determined by the 

dynamic light scattering method using a Nano-ZS Zetasizer (ZS90, Malvern Instruments Ltd., 

Malvern, UK) operated in a size-measure mode. The mean size (nm) was obtained after 4 

measurements in each microemulsion. 
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3.3.6 Wood samples and rate of fluid penetration. 

The wood samples consisted of eastern white pine (Pinus strobus) at an equilibrium 

moisture content of 5.8 % first cut (circular saw) in the axial direction (along the grain) that 

were used as blocks having 6.1 × 13.2 mm cross sectional area. Then, smaller parallelepipeds 

(20.5 × 6.1 × 13.2 mm) were cut using a bandsaw (cut across the grain).  

To determine the liquid uptake by the wood samples, two different tests were performed: 

“wicking” by the solid sample upon contact of one side with the impregnation fluid and “full 

immersion”. In typical wicking experiments, one side of the wood sample hung on a wire (with 

the axial or fiber direction perpendicular to the fluid surface) and was positioned 3 mm below 

the fluid surface. The weight gain after contact, due to liquid uptake, was monitored every 

second during a total period of 4 hours (by using the Cahn 312 microbalance). Thus, uniaxial 

fluid penetration into the wood samples was measured. The positioning of the wood samples 

was chosen to facilitate the faster impregnation in the axial direction compared to those in the 

tangential or cross directions [24, 25].  

In the full immersion experiments and for a given formulation, 14 wood samples were 

totally immersed in the respective impregnation fluid contained in a cylindrical vessel. The 

hydrostatic pressure was kept constant by using a mesh holding the samples at the same 

distance from the surface. The samples were labeled and weighted before impregnation and 

each of them was sequentially removed from the impregnation vessel, at given time intervals 

after immersion between 5 min to 48 hrs. Excess fluid was removed and the respective sample 

was weighed before and after drying. In order to maintain the conditions as constant as possible 
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(volume of solid fraction, etc.) the samples were always returned to the impregnation vessel 

after measurement.  

Four microemulsions were tested and compared against the base fluids (water, limonene 

and aqueous solutions of the surfactants) which were used as reference in the quantification of 

the dynamics and extent of solid impregnation. The amount of liquid uptake was normalized 

by the mass of the wood sample and used to construct impregnation isotherms as a function of 

contact time. 

 

3.3.7 Influence of WOR in the properties of the microemulsions. 

In addition to the two main microemulsion systems, seven microemulsions of increasing 

water-to-oil ratio (WOR) ratio, from 8 to 23, were prepared following the procedure described 

before. These microemulsions were used to test the effect of WOR in wood impregnation. The 

viscosity and liquid uptake by wood (after 4 hours contact time) were determined as a function 

of the WOR. 

 

3.3.8 Solubilization of components of wood cell walls. 

Microemulsions are known to have high solubilizing capacity. Therefore, residual solid 

content in the impregnation fluids was measured after drying 0.6 mL of the fluid (100 °C, until 

constant weight) in a HB43 Halogen Moisture Analyzer (Mettler Toledo), before and after the 

full immersion. The amount of extractable material as well as the lignin and carbohydrate 

content were determined before and after total impregnation tests. The extractable material 

content was determined by Soxhlet extraction with a benzene–ethanol mixture for 24 hr. The 
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extracted wood was then dried and hydrolyzed with H2SO4 (72% by weight) during 2 hours 

with stirring every 15 minutes. The hydrolyzed mixture was processed further for 

determination of lignin (UV-Vis, 205 nm) and carbohydrate content and distribution (HPLC, 

Agilent, Santa Clara, CA. USA). 

 

 Results and discussion  

3.4.1 SOW Phase Behavior. 

A justification for the use of SDS as surface active molecule is provided as Supporting 

Information along with the determination of the EACN of the limonene (O phase). The phase 

behavior of systems involving SDS and also SDS mixed with the nonionic surfactant was 

studied. Figure 3.1a, b shows salinity scans with increased salt concentration (from left to right) 

in the tests tubes that contain the respective SOW system. The height (or volume fraction) of 

the phase separated in each case was measured and plotted against the salinity of the aqueous 

phase. As a result, Figure 3.1c and 3.1d show the calculated volume fraction as a function of 

the salinity of the aqueous phase for systems based on SDS and SDS mixed with the nonionic 

surfactant, respectively.  

As expected, at low salinities the affinity of the surfactant with water is higher than with 

oil (Winsor I system type). Winsor I corresponds to a two-phase system with the lower phase 

being the microemulsion, containing all the water and the upper phase corresponding to the 

excess oil that is not incorporated in the microemulsion. 
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For intermediate salinities the affinity of the surfactant is balanced for both, water and oil, 

and Winsor III type systems are obtained. These systems have three different phases, the 

middle, microemulsion phase and a bottom and upper phases with excess water and excess oil, 

 

Figure 3.1. Phase separation from salinity scans in SOW systems consisting of water (W) and 

limonene (O) with SDS (a) or SDS: noinionic surfactant (2:1) (b). For both systems the water-

to-oil ratio (WOR) was 1 and n-pentanol was used as co-surfactant (5% v/v). The salinity 

values in the test tubes, from left to right, corresponded to 2.8, 3.2, 3.6, 4.0, 4.4, 4.8 and 5.2 

g/dL. Winsor transitions observed as a function of the location of the surfactant between the 

aqueous and the organic phases (lower and upper phases in the respective test tube) correspond 

to Winsor I (surfactant located in the turbid, aqueous phase), Winsor III (surfactant located in 

the middle phase) and Winsor II (surfactant located in the organic phase). The right panels 

show the phase diagrams as volume fraction of each phase as a function of salinity (“c” and 

“d” for the respective systems). 

 

(a) 

(b) 
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respectively. The optimum salinities (as commonly referred for Winsor III systems) were 3.8 

and 4.2 % NaCl for the SOW mixtures with SDS and the surfactant mixture, respectively. At 

high salinities the surfactant becomes less soluble in water and it is salted out in the oil phase, 

whereupon a Winsor II type system is obtained. These two-phase, Winsor II systems include 

the microemulsion, upper phase which contains all the oil and the lower phase or excess water.  

It can be observed that addition of the nonionic surfactant increased the amount of 

microemulsion phase obtained, especially for the Winsor III type systems. This fact can be 

explained by the synergistic effect in surfactant mixture, as has been reported in other studies 

[26-28].  

Overall, the information obtained from the salinity scans is critical to evaluate the influence 

of the ionic strength of the aqueous phase on surfactant affinity. Because our main goal was to 

obtain microemulsions with high WOR, salinities corresponding to Winsor I type systems were 

selected and investigated further.  

 

3.4.2 Pseudo-ternary phase diagram. 

After selecting salinity values corresponding to Winsor I type system, SOW pseudo-ternary 

diagrams were constructed using emulsion titration [29]. The first SOW system consisted of 

3.2 wt-% NaCl aqueous solution (W), limonene (O) and surfactant solution (S) (8% w SDS in 

3.2 wt-% NaCl and 5% v/v n-pentanol). The second SOW system consisted of 2.8 wt-% NaCl 

solution (W) and 5% v/v n-pentanol, limonene (O) and surfactant solution (S) (8% w SDS, 4% 

w Tween80 in 2.8wt-% NaCl and 5% v/v n-pentanol)  By varying the relative amounts of the 

SOW components distinctive regions (single- and two- phase regions) were observed. The 
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location of the single-phase zone in the pseudo ternary diagram is critical for successfully 

formulating the microemulsions. The loci of each region in the pseudo-ternary diagram are 

depicted in Figure 3.2. M1 and M2 represent a single phase microemulsion systems and S1 a 

pseudo surfactant aqueous solution. M1 and M2 microemulsions are formulated so as to contain 

the same surfactant concentration, but different WOR (M2 has more water, higher WOR than 

M1), as indicated in the inset of ternary diagram in Figure 3.2.  

 

 

 

Figure 3.2: Left: Pseudo-ternary phase diagram for the SOW system with single surfactant: 

water (3.2% w NaCl) (W) – limonene (O) – surfactant solution (S) (8% w SDS in 3.2% w 

NaCl and 5% v/v n-pentanol). Right: Pseudo-ternary phase diagram for the SOW system with 

bicomponent surfactant: water (2.8% w NaCl) (W) – limonene (O) – surfactant solution (S) 

(8% w SDS and 4% w Tween 80 in 2.8% w NaCl and 5% v/v n-pentanol). The ternary diagrams 

were obtained at room temperature. The upper and lower bars on numeral “2” indicate the 

locations of the surfactant in the two-phase systems (lower and upper phases for 2- underscored 

and 2-upperscore, respectively (see also Figure 1 as a reference)). The “1” in the middle phase 

indicates single phase SOW systems. The “1g” indicates a monophasic, gel-type system. The 

inset (center) with a magnified view represents the composition loci of M1 and M2 

microemulsion systems in the pseudo-ternary diagram for the single surfactant SOW system 

(left). 

 

M1M2S1
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S1 represents an aqueous solution containing only the surfactant and the respective amount 

of salt (no oil). The preparation of the microemulsions was carried out by adding first the 

surfactant aqueous solution, then the electrolyte solution, followed by oil and finally the co-

surfactant. The microemulsions were prepared under continuous stirring using a constant shear 

rate, equivalent to 400 rpm. Similar approaches (ternary diagram and formulation, mixing 

protocol, etc.) apply to the case of microemulsions based on SDS-nonionic surfactant mixture, 

named thereafter M3 and M4 (data not shown). 

For the pseudo-ternary based on the anionic SDS surfactant at low concentrations the SOW 

system comprised two coexisting phases (2 lower-score in Fig. 3.2) with an upper, excess oil 

phase and a bottom, microemulsion phase (containing all the water of the system). The single 

phase region (1 in Fig. 3.2) is located at intermediate surfactant concentrations. Under these 

conditions, the only phase present in the system is a microemulsion containing all the 

components. This microemulsion is stable and is formed spontaneously after low energy 

mixing. At the highest surfactant concentration, a two-phase region (2-upper score in Figure 

3.2) is found again, but it comprises an upper, microemulsion phase containing all the limonene 

and a bottom, excess water phase.  

If a line corresponding to constant 10% w limonene in the system is drawn, the following 

transitions are observed as the relative amount of surfactant solution is increased: a two-phase 

system with a lower microemulsion phase for low surfactant concentrations (near the water 

apex), a single-phase microemulsion system for intermediate surfactant concentrations and a 

two-phase system with an upper, microemulsion phase at high surfactant concentrations (near 

the surfactant solution apex). It is important to emphasize that in this transition, observed over 
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the 10% limonene line, the WOR and the electrolyte concentration is constant; thus, the phase 

transitions crossed by the line are due to the change in the surfactant/co-surfactant 

concentration in the system. The concentration of the surfactant/cosurfactant mixture increases 

as the composition is moved to the top of the diagram following the 10% limonene line. In 

addition, the presence of alcohol makes the mixtures more lipophilic (the alcohol used is 

relatively lipophilic). The microemulsions in 2-lower score systems (for low surfactant/co-

surfactant concentrations) consist of normal micelles (micelles with the lipophilic tails of the 

surfactant in the core) while the opposite is expected at high surfactant concentration whereby 

inverse micelles are expected due to the increase in the lipophilicity of the mixture. Bi-

continuous structures are expected to exist at intermediate concentrations. 

A similar behavior as that observed for SOW systems with pure SDS occurs in the case of 

systems consisting of a binary surfactant mixture (SDS and Tween80), as indicated in the 

respective SOW pseudo-ternary diagram (Figure 3.2). The different phase zones are observed, 

two single-phase (1 and 1g) and one two-phase (2 lower score). The presence of the 1g gel 

zone suggests self-organization of the surfactant molecules which results in an increased 

viscosity of the system. This behavior has been reported [30] and can be ascribed as the result 

of interactions of the charged head groups of SDS and the n-pentanol and/or the nonionic 

surfactant present in highly concentrated systems. As the concentration of the surfactant 

mixture decreases a phase behavior similar to that observed for the pure SDS system takes 

place.  

Based on the results obtained for the pseudo-ternary diagram, it is possible to determine a 

suitable surfactant concentration in microemulsion formulations with constant salinity of the 
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aqueous phase. The single-phase systems studied here are located in the area of the ternary 

diagram located between 60 to 70% surfactant aqueous solution concentrations. This 

information allows narrowing the concentration of the components for the preparation of the 

microemulsions, reducing considerably the experimental work.  

 

3.4.3 Microemulsions: formulation, emulsification and properties. 

The composition of the microemulsion in each test tube of Figure 3.1 was calculated by 

assuming that the excess phase (O or W) was neat, depending on the Winsor system type. For 

example, for Winsor I SOW systems the excess phase (upper, O phase) was assumed to be 

pure limonene. Noting that in Winsor I type systems the assumption made in the calculation 

of SOW composition applies better than in the case of Winsor II or III systems. This is because 

all the water and NaCl are present in the microemulsion phase of Winsor I SOW systems (lower 

phase in the test tubes of Figure 3.1a,b). For Winsor II or III systems some salt and surfactant 

remains solubilized in the lower, aqueous phase. The calculated compositions were used to 

experimentally reproduce the respective microemulsion composition using the titration 

method. The calculated values for the surfactant concentration for the SDS microemulsions 

belong to the range of values obtained with the pseudo-ternary diagram.  

It is worth mentioning that for the purpose of the present investigation the target 

microemulsions correspond to Winsor I SOW systems, whereby water is present as majority 

component (87-92 % in volume). The salinities corresponding to Winsor I type systems were 

selected as the formulation variable of the microemulsions. As indicated previously, the initial 

composition used to prepare the microemulsions corresponded to the calculated values from 
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the salinity scans. However, the final formulation (and composition) to obtain single-phase, 

thermodynamically-stable microemulsions with high water content (M1, M2, M3 and M4) was 

experimentally adjusted by using the titration method. For this purpose the water, the surfactant 

solution, the electrolyte and the oil phases were mixed and then the co-surfactant was slowly 

added until the system became optically clear [22, 23].  

For systems involving SDS as surfactant (M1 and M2), the salinity was selected to be 0.0236 

g/mL (based on total microemulsion volume). M1 and M2 contained the same concentration of 

NaCl and SDS but different WOR. For the system using the mixed surfactant (anionic SDS 

and nonionic polyoxyethylene sorbitan monooleate), M3 and M4, the salinity selected was 

0.0208 g/mL. M3 and M4 have the same NaCl and surfactant content but different WOR. The 

final amounts of each component of the microemulsions are presented in Table 3.1.  

 

Table 3.1: Composition1 of the four microemulsions formulated after the salinity scans and 

titration. M1 and M2 used anionic (SDS) surfactant and M3 and M4 used the surfactant mixture 

(anionic + nonionic). Microemulsions M1, M2, M3 and M4 are monophasic systems at room 

temperature. 

 M1 M2 M3 M4 

Anionic SDS (g) 4.9 4.9 6.9 6.9 

Nonionic Surfactant (g) -- -- 3.5 3.5 

NaCl (g) 2.3 2.3 2.0 2.0 

1-pentanol (ml) 3.4 2.7 3.9 2.4 

Water (ml) 87.6 91.5 87.2 91.7 

Oil (ml) 9.0 5.9 9.0 5.9 

WOR 9.7 15.5 9.7 15.5 

1All figures reported are based on a 100 ml microemulsion total volume. 
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A schematic representation of the composition loci of microemulsions M1 and M2 in the 

pseudo-ternary diagram of the SOW system is shown in the inset of Figure 3.2. The WOR 

increases as the composition of a given system is moved towards that of an oil-free system, for 

example from M1 to S1 (with S1 an aqueous solution of the surfactant on the S-W line).  

Fluid flow in capillary networks has been addressed, for example, in the work of Washburn 

(Lucas and Washburn equation)[31]. The viscosity and the surface tension of the impregnating 

fluid, in our case the microemulsions, are expected to be directly related with the distance that 

the fluid can reach inside the porous media. Therefore, surface tension, viscosity and density 

of the four microemulsions obtained as well as those of the neat phases (water and oil) are 

listed in Table 3.2. The microemulsion viscosity and surface tension changed considerably 

from one system to the other. The viscosity decreased as the WOR increased (from M1 to M2 

or from M3 to M4). This is explained by the reduced amount of oil and the lower molecular 

friction [32]. The increase in surface tension observed with the water fraction in the 

microemulsion is also as expected [33]: the amount of oil is smaller in M2 or M4, which is the 

component with the lower surface tension.  

 

Table 3.2: Physical properties of microemulsions measured at room temperature.  

 M1 M2 M3 M4 Water Limonene 

Density (Kg/m3) 10 1024 1066 1040 1008 846 

Viscosity (mPa*s) 4.4 1.3 8.3 2.6 1.04 0.94 

Surface Tension (mN/m) 28.8 29.4 17.0 29.8 72.5 23.4 

 



 

51 

3.4.4 Solid Impregnation by wicking. 

Impregnation via the wicking method is discussed first, followed by an analysis of results 

after full immersion experiments. During the wicking tests, fluid uptake by wood samples was 

recorded as a function of contact time. In these experiments the fluid uptake occurred in the 

axial direction as the sample was place end-on the surface of the respective fluid; thus, 

penetration occurred mostly vertically and in the upward direction since the opposite end of 

the sample was exposed to air. The position of the sample was controlled in order for buoyancy 

effects to be eliminated. Control experiments using water and neat limonene as well as aqueous 

solutions of the surfactants were performed. Therefore, comparison of the rates of penetration 

of the microemulsion against those for the base fluids could be obtained. The impregnation 

tests for each condition were conducted in triplicate.  

Figure 3.3 shows the wood impregnation isotherms obtained for high water content 

microemulsions systems M1-M4. It is apparent that compared to the rate of penetration of water 

some of the microemulsion systems flooded the wood sample faster and to a larger extent. Two 

groups of factors affect the kinetic of impregnation, namely, those related to the impregnation 

fluid and those related to the solid material. Because the formulated microemulsions do not 

show large variations in surface tension, it is the viscosity which appears to influence the most 

the rate of penetration. The microemulsions with the lowest viscosity were the ones that 

produced the largest fluid uptake, specifically M2 and M4. However, it is interesting to note 

that compared to M4, M2 was more effective in wood impregnation. Therefore, it is the 

formulation what defines the extent of fluid penetration while the respective physical 

properties are a consequence. The surface tension also is very important in wood impregnation; 
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a decrease in surface tension is expected to improve fluid penetration by capillary flow. For 

example, despite its low viscosity, neat water is not as effective in penetrating wood due to its 

high surface tension. In addition, a suitable affinity of the fluid with the contacted surfaces is 

necessary: It can be observed that limonene, in spite of having a low surface tension compared 

with water, is not as effective to flood the wood network. In this case, oil penetration is likely 

prevented due to the hydrophilic nature of cellulose, the major component in wood.  

More interesting, however, is the fact that penetration of surfactant aqueous solutions was 

limited compared to pure water (despite the fact that the surfactant solutions displayed a lower 

surface tension and similar viscosity compared to water). Therefore, the nature of the solid 

surface (including the chemical and morphological heterogeneity in the porous structure of 

wood) plays an additional role. Thus, the complex porous and capillary structure of wood, its 

surface energy and wetting properties are critical. In addition, the components of the cell wall 

and their surface affinities may change the wetting and contact angle of the fluid within the 

pores, its flow path, etc. [34, 35].  

The kinetics of wood impregnation might be better studied by splitting the isotherms into 

three distinctive periods, as shown in the bottom panel of Figure 3.3 for time ranges of 0 – 20 

min (Fig. 3.3 (i)); 20 – 120 minutes (Fig. 3.3 (ii)) and 120 minutes and above (Fig. 3.3 (iii)). 

During short contact time (Fig 3.3(i)), a very fast rate of fluid penetration occurs with a 

distinctive linear slope up to 4 minutes. After this time the rate of fluid penetration starts to 

decrease to reach a region with a slower rate of fluid uptake. For the purpose of the following 

discussion the time for the onset of the second linear regime is named critical time, t1*.  
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Figure 3.3. Fluid uptake during wood impregnation with microemulsions M1 and M2 using 

SDS (a) and with microemulsions M3 and M4 using surfactant mixture (SDS and 

polyoxyethylene sorbitan monooleate) (b). Isotherms for pure water and pure limonene as well 

as for the respective surfactant aqueous solutions are included for comparison. The average 

standard deviation in fluid penetration values (g/100g wood) for M1, M2, M3 and S were 0.6, 

3.9, 1.3 and 3.7, respectively. Similarly, the standard deviation for water, limonene, aqueous 

SDS, aqueous surfactant mixture were 1.1, 2.5, 1.5 and 3.5, respectively. Data collection was 

made every 1 second but the symbols shown were spaced every 350 s for clarity. The isotherms 

were obtained at room temperature. The lower panels labeled (i-iii) include all isotherms at 

three different time periods: 0-20 (i), 20-120 (ii) and 120-250 (iii) min, as indicated with the 

arrows in the bottom of Figure 3.3 a, b. 

 

 
(b) (a) 

(ii) (i) (iii) (ii) (i) (iii) 

(iii) (ii) (i) 
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The higher rates of penetration for contact times below 4 minutes were obtained for 

systems M2, M4 and water. Impregnation with water and microemulsion M1 rapidly reached t1* 

and the rate of penetration decreased thereafter. It can be also observed that limonene 

penetration is notoriously slower than the penetration of the other fluids. The fluids with the 

largest t1* (microemulsions M2 and M4) presented also the largest fluid uptake, at times near 20 

minutes.  

For intermediate times between 20 and 120 minutes (Figure 3.3(ii)) fluid uptake increased 

linearly with time, for most of the cases. The systems with the steeper uptake slopes in the 

previous stage (i) also presented the largest fluid uptake (M2 and M4). Typical residence times 

in industrial operations correspond to this range; therefore, relevance to wood impregnation in 

practical conditions can be better evaluated in this regime. Notably, compared to water, M2 and 

M4 were able to penetrate to a larger extent. At 60 minutes, the fluid uptake for microemulsions 

M2 and M4 is respectively, 15 and 20% higher than the fluid uptake with water. This result is a 

proof-of-concept for the proposed approach, i.e., that the performance of water and oil in wood 

impregnation at room pressure and room temperature as single phases can be improved by 

using microemulsion systems. Figure 3.3(iii) shows the isotherms for wood impregnation for 

times above 120 minutes. It can be observed that for the longest times tested (4 hours), 

impregnation with microemulsions M1 and M4 reached same value that water. M3 showed a 

distinctively lower extent of penetration while uptake of M2 was remarkably higher than the 

rest of the systems [20].  
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3.4.5 Wood Impregnation by full immersion. 

Results from full impregnation are presented in Figure 3.4. Fluid uptake, as evaluated by 

this procedure, correlate with those from the wicking tests presented in Figure 3.3. Emulsions 

M2 and M4 showed the largest extent of fluid penetration or uptake. Also M1, for the longest 

times, presented a slightly better impregnation compared with results after impregnation with 

water. Aqueous solutions of surfactants and limonene indicated the lowest rates of penetration.  

 

 

Figure 3.4. Fluid uptake after full immersion of wood. The isotherms were obtained at room 

temperature and atmospheric pressure. 

 

 

Notably, compared to the results from wicking experiments, impregnation experiments 

involved much less liquid uptake. This can be explained by the fact that despite the higher 
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hydrostatic pressure in full impregnation, the wood samples were fully immersed in the fluid 

and thus pressure differences between the two ends of the sample are smaller. This makes the 

pressure difference between both ends near to zero and the displacement of air becomes more 

difficult; therefore the fluid penetration occurs at lower rates. In contrast, in the wicking tests 

only one end of the wood sample remains in contact with the fluid while the other end is 

exposed to air. Therefore, the pressure in contact with the fluid is always higher than that in 

the end exposed to air: a favorable energy gradient for air displacement and fluid penetration 

is ensured. As a further proof of this hypothesis a wicking test was performed with wood 

samples with the end exposed to the air sealed with melted silicon rubber. After 4 hours contact 

time, the fluid uptake of the wood sample was almost 40% lower than that for a wood sample 

without sealing. 

 

3.4.6 Influence of microemulsion WOR in wood impregnation. 

Seven microemulsions were prepared using SDS as surfactant at the same concentrations 

than those used in M1 and M2 but with different WOR. The WOR was limited to values that 

produced true microemulsions (WOR less than 8.0 or greater than 23 yielded two-phase 

systems). Wicking tests were carried out by using the same procedures explained for 

impregnation with microemulsions M1 and M2. The liquid uptake after 4 hours was 

determined and indicated in Figure 5 along with the respective microemulsion viscosity. It can 

be observed that as the WOR increases the viscosity of the microemulsion decreases until a 

minimum is reached at a WOR of ca. 16. The minimum value of viscosity can be related to 

effects of the characteristic structural size of the microemulsion; as such, the size of the 
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dispersed phase (swollen micelles) was measured by using a light scattering. No appreciable 

changes in size were noted to occur in the microemulsions with varying WOR (an average 

characteristic size in the range of 12 to 15 nm was determined). Based on these results, it can 

hypothesized that the changes in viscosity with WOR are probably related not only to the 

characteristic size but to the interactions between the surfactant and co-surfactant molecules, 

which form organized structures, especially at low of oil contents. Further studies are required 

to unveil more details about this effect. 

 

 
Figure 3.5. Fluid uptake by wood after contact experiments and respective microemulsion 

viscosity for different WOR. 
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The fluid uptake by wood is found to be maximized for microemulsions with WOR of 16.4, 

which corresponds to the condition for the lowest viscosity. However, as was indicated, 

changes in the liquid uptake are likely to be strongly affected by complex interactions that 

depend on the formulation variables. 

 

3.4.7 Solubilization in microemulsion systems. 

The amount of wood components solubilized in the microemulsions during full immersion 

was determined from the mass difference of residual nonvolatile matter in the microemulsion 

after evaporation at 100 °C, before and after impregnation and reported as % solubilization 

based on total wood mass (see Figure 3.6). 

According to Figure 3.6, the microemulsions were able to solubilize more material than 

the base fluids. The larger penetration in the case of the microemulsions systems is expected 

to allow better mass transfer between the solid and the liquid phase. However, this is not the 

only reason. In fact, despite the observation that water was more effective to impregnate wood 

than the surfactant solutions, the amount of material solubilized by water was much less. The 

components of the cell walls that were solubilized are not necessarily water-soluble, which is 

part of the reason for this observation. Therefore, for efficient solubilization, the impregnating 

fluid must be effective to penetrate the void space but also able to solubilize hydrophobic 

components; both of these attributes can be found in microemulsion systems. Finally, it is 

interesting to observe that for microemulsions formulated with the same surfactant type, the 

ones with the highest solubilization power were not the ones that showed the most effective 

impregnation but those with a larger fraction of oil phase (lower WOR).  
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The enrichment of extractives in the fluid phase is easily noticed by the change in color of 

the microemulsion after impregnation, from light blue to light yellow. Compositional analysis 

of the wood showed that the amount of lipophilic extractives was reduced by ca. 4 % after 

impregnation with microemulsions, most likely by the oil phase of the microemulsion. 

 

 

Figure 3.6. Solubilized material as a percentage of the total mass after four hours of wood 

impregnation with microemulsions and base fluids. 

 

 

Finally, composition analysis (lignin and carbohydrate content) for the wood samples after 

extractive removal revealed negligible changes in composition (see Supporting Information 

document). This observation is explained by the fact that the formulation of the microemulsion 

did not include any active component for dissolution of these biopolymers.  
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 Conclusions 

A new approach for enhanced fluid penetration into solids at atmospheric pressure and 

room temperature, and demonstrated in the case of wood, was presented. The phase behavior 

of Surfactant-Oil-Water (SOW) systems was studied as a function of the salinity of the aqueous 

phase. From these phase behavior scans and from ternary equilibrium diagrams, optically clear, 

single-phase, and stable microemulsions were formulated. They consisted of at least 85 % of 

water (W), limonene (O) and an anionic surfactant (S), sodium dodecyl sulfate (with n-

pentanol as co-surfactant). A similar formulation based on a dual surfactant (anionic-nonionic) 

was considered and the results compared. The microemulsion systems proposed here as proof-

of-concept are found to be more efficient for wood impregnation than the base fluids (water or 

oil), at least 20% better in impregnation by wicking and full immersion, especially for times 

between 20 minutes and 120 minutes. This is a sizable difference despite the fact that the 

microemulsion formulations chosen have not been optimized. The kinetic of wood 

impregnation during wicking experiments depended on the contact time. The extent of 

penetration was related to the formulation and the properties of the impregnating fluid. One of 

the remarkable findings in this study was that microemulsions are able to solubilize cell wall 

components after full immersion of wood for a total of 8% of the total mass. The 

implementation of microemulsions in novel impregnation technologies that employ green oil 

phases is expected to be economic, efficient, and environmentally-friendly.  
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 Supportive information 

3.7.1 Equivalent Alkane Carbon Number of the oil phase and choice of surfactant.  

The equivalent alkane carbon number (EACN) of limonene (O) was determined by using 

the double salinity SOW scan technique [16]. In short, results from the salinity scan for 

limonene were compared with that of a reference organic phase, with known EACN (n-

heptane, EACN= 7) by using sodium dodecyl sulfate as the surfactant at a concentration of 1 

g/dl (based on total SOW volume). The water-to-oil ratio (WOR) for both scans was 1, and the 

alcohol used was 1-pentanol, at a concentration of 5.2 % v/v based on the total SOW volume. 

Salt (NaCl) concentration was varied from 2.0 to 5.6 % w/v based on the aqueous phase. The 

optimum salinity was determined for both scans [36, 37] after identification of Winsor type III 

systems [13], whereupon equal amounts of oil and water are solubilized in the microemulsion 

phase. The EACN was calculated by using the hydrophilic-lipophilic difference (HLD) 

equation [16, 38] knowing that HLD= 0 at the optimum salinity; more specifically, the HLD 

expressions for heptane and limonene were solved for the unknown, the EACN of the 

limonene.  

The optimum salinity S* in SOW systems was determined from phase behavior scans in 

systems with either n-heptane or limonene as the oil (O) phase [36, 37]. S* is defined here as 
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the electrolyte concentration at which a Winsor III type SOW system is observed (see “SOW 

Phase Behavior” section below), i.e., where equal amounts of oil and water are solubilized in 

the middle, surfactant-rich phase (see Figure 1). Such condition was identified simply by 

determining the volume of each phase in the test tubes. S* was found to be 3.1 and 3.5 % for 

heptane and limonene SOW systems, respectively. By using the Hydrophilic Lipophilic 

Difference (HLD) at the optimum formulation (HLD=0) [5], the EACN of the limonene was 

calculated after equating expression (1) and (2) below:  

 

  

where σ, k and t are the parameters characteristic of the surfactant used and a is a constant 

that depends on alcohol type multiplying the alcohol concentration A. ΔT is the temperature 

difference with respect to a reference of 25 °C, and S stands for the salinity of the system (in 

this case the optimum salinity S* since HLD=0). Subscripts H and L are used to refer to heptane 

and limonene, respectively. The EACN is the equivalent alkane carbon number of the oil phase. 

Because for both scans the surfactant and alcohol used as well as their concentrations and 

temperature were the same, the parameters σ, k and t cancel out after equating the expressions 

for the respective HLDs (Equations 1 and 2). Thus the EACN of the limonene can be obtained 

if the EACN of heptane is taken as 7:  

Heptane:  𝐻𝐿𝐷 = 0 = 𝜎 + ln(𝑆𝐻
∗ ) − 𝑘 × 𝐸𝐴𝐶𝑁𝐻 + 𝑡 × ∆𝑇 + 𝑎 × 𝐴 (1) 

Limonene:  𝐻𝐿𝐷 = 0 = 𝜎 + ln(𝑆𝐿
∗) − 𝑘 × 𝐸𝐴𝐶𝑁𝐿 + 𝑡 × ∆𝑇 + 𝑎 × 𝐴 (2) 
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By using k= 0.1 for sodium dodecyl sulfate [38] the EACN of limonene (EACNL) is 

calculated to be 8.2, which suggests that it is an organic phase that emulsion-wise behaves 

similar to n-octane (EACN=8).  

Sodium dodecyl sulfate has been reported as a good emulsifier for n-octane and is also able 

to produce microemulsion systems in suitable ranges of salinity and temperature [39, 40]. 

Based on this rationale, SDS was chosen in the formulation of the microemulsions for wood 

impregnation. In addition, a mixture of SDS with the nonionic surfactant was tested. This 

choice was based on suggestions that such mixtures enhance the properties of microemulsion 

systems, i.e., higher solubilization of oil and water by modification of the molecular geometry 

of the interface [41-43]. 

 

3.7.2 Composition analysis of wood after microemulsion impregnation.  

The lignin and carbohydrate content were determined before and after total impregnation 

tests. The wood sample was first extracted by Soxhlet extraction with a benzene–ethanol 

mixture for 24 hr. The extracted sample was then dried and hydrolyzed with H2SO4 (72% by 

weight) during 2 hours with stirring every 15 minutes. The hydrolyzed mixture was processed 

further for determination of lignin (UV-Vis, 205 nm) and carbohydrate content and distribution 

(HPLC, Agilent, Santa Clara, CA. USA). The composition analyses of wood samples before 

and after total impregnation is included in Table 3.3. 
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Table 3.3. Compositional analysis of the wood samples before and after total impregnation. 

These values are the percentage expressed in a dry, extractives-free basis.  The experiments 

were performed by duplicate. 

System Used 

Insoluble  

Lignin 

Soluble 

Lignin Glucan Xylan Galactan 

Manan + 

Arabinan 

Untreated 28 0.7 43 3.9 4.8 17.3 

Water 28.8 0.7 42.7 4 5.1 16.2 

M1 29.7 0.7 42.8 3.7 5.1 15.5 

M2 31 0.7 43.0 3.8 5.3 14.9 

M3 29.1 0.7 43.3 4.0 5.3 15.5 

M4 31 0.7 43.1 3.5 4.9 14.5 
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4 Evaluation of O/W microemulsions to penetrate the capillary structure 

of woody biomass: interplay between composition and formulation in 

green processing 

Carrillo et al. Green Chemistry. 15 (2013) 3377-3386 

 

  Abstract  

The ability of microemulsions to overcome the complex capillary structure of wood is 

revealed in relation to its composition and formulation.  The oil phase (limonene in this study) 

of O/W microemulsions is found to be critical for effective flooding. The type of amphiphile 

molecule used, including sodium lignosulfonate and alkyl polyglucosides as well as reference 

sodium dodecylsulfate and silicone-based surfactants, together with the viscosity of the 

resultant microemulsions were main determining factors in the dynamics and extent of fluid 

penetration. Associated observations were ascribed to the balance of affinities of the 

surfactants with the substrate and its conductive elements. Owing to the inherent 

morphological and chemical features, large differences were observed as far as impregnation 

susceptibility of different wood types. By using appropriate surfactant mixtures it was possible 

for the microemulsions to penetrate the most recalcitrant woody biomass studied, with 

efficiencies of up to 83% higher than that of water, at atmospheric pressure and room 

temperature. Application of microemulsions is a new alternative for green and efficient pre-

treatment of woody biomass in biorefineries, to deliver (bio)chemical functions to the 

constrained spaces of the cell wall and to increase its accessibility. 
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 Introduction  

The impregnation of wood with fluids has been utilized for wood preservation [1, 2], 

pulping [3] and recently as a pretreatment for bioethanol production [4, 5]. Such processes 

generally demand high energy due to the need for pre-vacuum, steaming and utilization of high 

pressures and temperatures, etc. [1, 6]. Under the biorefinery concept, materials, chemicals, 

solvents and energy production from biomass have emerged as alternative to petrochemicals. 

Woody biomass is a recalcitrant substrate and pretreatment is a bottle neck in increasing its 

accessibility (to enzymes, chemicals, etc.). Furthermore, pretreatment processes in bioethanol 

production can represent as much as 20% of the total cost [7]. In order to make associated 

processes cost-competitive, for example, in steam and ammonia fiber explosion or dilute acid 

treatment, it is necessary to eliminate or reduce the demand for high pressures and/or 

temperatures. Then, it is not surprising that research in this field has focused on new 

technologies to disrupt the complex capillary structure of wood. 

Microemulsions are thermodynamically stable dispersions of two immiscible fluids [8]. 

Their stability is achieved by using a surfactant with an appropriate balance of affinities for 

the constituent oil and water phases. Thus, the surfactant molecules diffuse and concentrate at 

the interfluid boundaries thereby acting as a barrier for destabilization. Usually, a co-surfactant 

is used to adjust the interfacial interactions and to facilitate spontaneous emulsification by 

formation of an interfacial layer with an appropriate curvature [9, 10]. Microemulsion systems 

present unique properties such as optical clarity, very low interfacial tension and high capacity 

to solubilize polar and non-polar compounds [10, 11]. Thus, they are used in the formulation 

of cosmetics and pharmaceuticals, nanomaterials, fuels, fluids for enhanced oil recovery, etc. 
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Recently we reported on microemulsion flooding and solubilization of fiber cell wall 

components in lignocellulosic biomass [5]. It was demonstrated that microemulsions are 

effective systems to penetrate wood (at atmospheric pressure and temperatures) [5]. The larger 

penetration achieved by microemulsions compared to single organic or aqueous fluids was 

explained by their ability to overcome the natural chemical and physical heterogeneities and 

barriers for wetting and liquid transport. The low surface tension of the microemulsions 

allowed penetration throughout the void complex porous structure of the solid. In addition, oil 

and water phases contained in the microemulsions facilitated low advancing contact angles 

over the hydrophilic and hydrophobic domains present in wood [5].  

In general, the changes in wettability have been shown to have a large influence in the 

penetration of liquids in capillary structures [12]. The role of composition and formulation 

variables in the inherent properties of microemulsion systems has been discussed in detail [10, 

13, 14]. However, their effect in the penetration of lignocellulosic substrates is still unknown. 

The application of microemulsions for delivering active substances in biomass pretreatment 

and conversion is a feasible, low-energy alternative. For instance, incorporation of chemicals 

in the aqueous or organic phase of microemulsions can improve wood impregnation and 

become an efficient method for delivery.  However, understanding the effects of the different 

variables for effective pre-treatment is required. Therefore, the main goal in this investigation 

was to determine wood impregnation capacity as a result of key properties of flooding 

microemulsion systems, including formulation, composition (and resultant characteristic drop 

size, viscosity and surface tension) as well as the role of wood ultrastructure.  
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 Experimental Section 

The organic phase used for the microemulsions formulation was R-limonene (O), which 

was obtained from Fluka (Milwaukee, WI, USA). Sodium lignosulfonate (SL) and sodium 

dodecylsulfate (SDS) were acquired from Sigma-Aldrich (St. Louis, MO, USA).  Two 

nonionic surfactants were used, an alkyl polyglucoside surfactant (C8–C10) (GL) produced by 

Henkel KGaA (Düesseldorf, Germany) with the commercial name Glucopon 225K and a 

silicone-based surfactant (2-(3-hydroxypropyl)-heptametyl-trisiloxane) (SS) from Wilbur-

Ellis (San Francisco, CA, USA) known as Sylgard 309 and commonly used to enhance fiber 

wetting. The co-surfactant employed in the microemulsions was n-pentanol and it was obtained 

from Acros Organics (Fair Lawn, NJ, USA). Sodium chloride (Sigma-Aldrich, St. Louis, MO, 

USA) was used to adjust the ionic strength of the aqueous phase. Reverse osmosis water was 

used in all experiments. 

 

4.3.1 Wood substrates  

Four different wood species provided by NCSU Hodges lab (Raleigh, NC) were used: 

white pine (Pinus strobus), southern yellow pine (Pinus Palustrus), oak (Quercos), and poplar 

(Populus). The samples were used as never-dried at an equilibrium moisture content of 5.8, 

8.0, 8.8 and 8.9 wt. %, respectively and stored under controlled conditions before use. The 

respective wood samples were cut from wood boards as cuboids of rectangular cross section 

(6.1 mm x 12.3 mm) oriented axially. The height was 20.5 mm obtained by cuts with a band 

saw across the grain. 
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4.3.2 Pseudo-ternary phase diagrams  

Ternary phase diagrams were constructed in order to optimize the formulation of the 

microemulsions. The systems were divided into three different pseudo-components: aqueous 

solutions containing NaCl (W); R-limonene (oil, O) and surfactant plus co-surfactant solution 

(S). The boundaries for equilibrium phase in the pseudo-ternary diagrams were determined by 

titration of mixtures of aqueous NaCl and surfactant solution with limonene, following 

procedure reported elsewhere [15]: mixtures of the aqueous NaCl and surfactant solutions in 

given volume ratios were prepared and R-limonene was progressively added. The number and 

type of resulting phases were identified at equilibrium and identified in the ternary diagrams.  

 

4.3.3 Influence of the surfactant-to-alcohol ratio (SAR) and salinity on SOW phase 

behavior  

In order to determine the effect of SOW formulation on the phase separation at equilibrium, 

three different SAR (0.8, 1.0 and 1.25 by weight) were used and the pseudo-ternary diagrams 

for each of these systems were constructed. The SAR values were selected from preliminary 

experiments that indicated the largest single phase microemulsion zone in the given ternary 

diagram. The NaCl concentration in the aqueous phase was varied from 2 to 5 % by weight. 

The identification of the single-phase zone for each system allowed the selection of the most 

appropriate conditions for formulation of the microemulsions.  
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4.3.4 Microemulsion preparation and characterization  

After identification of suitable SAR for formulation of the microemulsions, four systems 

were selected for each NaCl concentration in the aqueous phase, each of them with different 

limonene concentrations (5.0, 6.7, 8.3 and 10 wt. %). Thus, a total of 16 microemulsions were 

formulated and used for impregnation of white pine samples. The viscosity, surface tension 

and drop size of these microemulsions were determined. For the viscosity measurements, an 

AR2000 rheometer from TA instruments (New Castle, DE, USA) was used. Surface tension 

was measured using a 312 Electrobalance from Cahn Instruments Inc. (Cerritos, CA, USA) 

equipped with a platinum Wilhelmy plate. The drop size of the microemulsions was measured 

using dynamic light scattering with a Nano-ZS Zetasizer (ZS90, Malvern Instruments Ltd., 

Malvern, UK). Additionally, in order to determine the effect of the surfactant mixture on the 

penetration ability of the microemulsions, three binary surfactant mixtures were tested, all 

containing SDS as base (1:2 ratio by weight): sodium lignosulfonate+SDS; alkyl polyglucoside 

surfactant+SDS and silicone-based surfactant+SDS, .  

 

4.3.5 Dynamics of wood impregnation  

The rate of penetration of the microemulsions in wood was compared using wicking tests.  

The wood samples were hung on a wire connected to a 312 Electrobalance from Cahn 

Instruments Inc. and immersed by 3 mm depth in the given microemulsion or fluid, with the 

axial direction of the fiber perpendicular to the fluid surface. Fluid uptake was recorded 

continuously during 4 hours with data acquisition every second. 
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 Results and discussion 

4.4.1 SAR and phase behavior of the SOW systems  

The influence of the surfactant-to-alcohol ratio (SAR) on the phase behavior of the SOW 

systems was determined. SAR values of 0.8, 1.0 and 1.25 by weight were selected and the 

resultant pseudo-ternary diagrams were constructed. The surfactant and co-surfactant used in 

these systems were SDS and n-pentanol respectively, with limonene as the oil phase. 

The salinity of the aqueous phase was set at 4 wt. % and the surfactant concentration in the 

solution located in the upper vertex of the diagrams was 8 wt. %. An explanatory schematics 

of the different types of phases discussed in the pseudo-ternary diagrams is included in figure 

4.1. The numeral in each region of the diagram represents the number of phases found at 

equilibrium. The monophasic region “1” indicates the conditions where a thermodynamically 

stable and optically clear microemulsion is obtained. Whenever two phases are found, the 

upper- and under-score indicate that the upper or bottom phase is a microemulsion, 

respectively. The letter “g” in the region “1g” represents the existence of a monophasic gel-

type structure and the “S+L” region represents a zone where the surfactant precipitates. 

The pseudo-ternary diagrams obtained for the different SARs tested are shown in figure 

4.2. For SAR 0.80, four different zones are obtained, as indicated. For high surfactant 

concentrations, a two-phase zone (solid-liquid) is identified (S+L) whereby the precipitated 

solid phase is surfactant. 
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Figure 4.1. Schematic illustration and respective actual images of the different phases at 

equilibrium in SOW systems. The upper- and under-score indicates a microemulsion in the 

upper or bottom phase of the two-phase system, respectively, the letter “g” indicates the 

presence of a gel type structure and “S+L” stands for a region where the surfactant mixture 

precipitates. The numerals indicate de number of phases in co-existence. 

 

 

Surfactant precipitation occurred due to the saturation of the aqueous phase at the given 

NaCl concentration, as has been observed by others [16]. As the surfactant concentration is 

reduced, a two-phase zone (“2-upper-score”) borders the S+L zone, which comprises an upper 

microemulsion phase and a bottom excess water phase. This phase separation is typically 

observed when the affinity of the surfactant is higher with the oil than with the aqueous phase 

[17]. Next to the 2-upper-score zone, at low surfactant concentrations, a single-phase zone, 

optically clear microemulsion (referenced as “1”) is found. 

The extension of the single-phase zone for SAR=0.8 is very narrow, indicating that the 

SOW system does not allow a favorable interfacial curvature for microemulsion formation. 

Finally, another two-phase zone is located in the bottom of the pseudo-ternary diagram (low 

1 1g 2 2 S+L
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surfactant concentrations) for SAR=0.8 (“2-under-score”), which consists of a bottom 

microemulsion phase and an upper oil excess phase. 

 

 

Figure 4.2. Pseudo-ternary diagrams for the system Water (4.0 wt.% NaCl) (W) – Surfactant 

solution (S) – Limonene (O) system. The surfactant solution consists of 6 w% SDS, 4.0 w% 

NaCl and n-pentanol at different SDS:n-pentanol ratios (SAR): 0.8 (a), 1.0 (b) and 1.25 (c).  

The pseudo-ternary diagrams were obtained at 25 °C 

 

 

This type of phase separation indicates a higher affinity of the surfactant mixture with the 

aqueous phase, compared to the organic one. As the SAR is increases from 0.8 to 1, the pseudo-
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ternary phase diagram displays 4 zones, similar to those found for SAR=0.8. However, some 

differences regarding their size are noteworthy. As the SAR is increased, the S+L zone 

contracts (figs. 4.2a, 4.2b), probably due to a better solubilization of the SDS at reduced alcohol 

concentrations. There is also a substantial change in the size of the single-phase zone. The 

reduced alcohol concentration provides more favorable conditions for the formation of the 

microemulsion.  

When the SAR is increased to 1.25, the S+L zone disappears from the ternary phase 

diagram. This phenomenon is explained by the increased solubility of the surfactant mixture 

under these conditions, probably due to a better surfactant solubilization at reduced alcohol 

concentration. Furthermore, as the SAR increases from 1 to 1.25 an expansion of the single-

phase zone is observed, indicating that as the alcohol concentration is reduced the conditions 

for the production of a single phase system are favored. Based on the fact that at SAR=1.25 

the single-phase zone is larger and no surfactant precipitation zone takes place, this condition 

was selected to further investigate the influence of the ionic strength in the penetration of the 

microemulsions in wood. 

 

4.4.2 Effect of salinity in SOW systems   

The SOW phase behavior for systems with different aqueous phase salinity and SAR=1.25 

is discussed next. Pseudo-ternary diagrams for each NaCl concentration were constructed in 

order to fully map the microemulsions for wood impregnation. Four different salinities were 

used: 2.0, 3.0, 4.0 and 5.0 w% (based on the aqueous phase) for SAR = 1.25 (figure 4.3).  
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It can be observed that there is an important influence of the salinity of the aqueous phase 

in the phase behavior of the systems. At 2.0 w% NaCl, two single- and one two- phase zones 

are identified. The first single-phase zone (1g) corresponds to a highly viscous microemulsion. 

The second single-phase zone (1) and the two-phase (2 under-score) zones match the behavior 

observed in the previous discussion of SAR. 

 

 

Figure 4.3. Pseudo-ternary diagrams for the system Water (NaCl aqueous solution) (W) – 

Surfactant solution (S) – Limonene (O) system. The SDS content in the surfactant solution is 

6.0 wt. % and SAR = 1.25. The %w NaCl concentration in the water and the surfactant solution 

corresponds to 2.0 (a), 3.0 (b), 4.0 (c) and 5.0 (d). The pseudo-ternary diagrams were obtained 

at 25 °C 
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The pseudo– ternary diagrams for 3.0 and 4.0 wt. % NaCl also display same number of 

phase domains: two two-phase (2 upper-score and 2 under-score) and one single-phase (1) 

zones. Finally, for NaCl 5.0 w% the ternary diagram display 4 zones: two two-phase zones (2 

upper-score and 2 under-score) and two single-phase zones (1 and 1L). The single-phase region 

1L correspond to a single-phase microemulsion system with optical birefringence, as observed 

under cross polarized lenses. 

It is interesting to note that the location of the single-phase regions in the pseudo-ternary 

diagrams is displaced to lower surfactant concentrations as the NaCl content increased from 2 

to 5%. Also, as the NaCl concentration increases, the single-phase regions expand further into 

the higher-range of limonene concentrations. This behavior is explained by changes in the 

hydrophilic-lipophilic balance of the surfactant. Since SDS is an anionic surfactant, NaCl 

addition reduces its affinity with the aqueous phase, allowing the incorporation of larger 

amounts of oil in the microemulsion. However, the domain size of the single-phase zones 

contract as the NaCl concentration is raised further, from 2.0 to 5.0 wt. %. This behavior was 

also observed by van Nieuwkoop et al. [16] and is ascribed to the unfavorable curvature 

conditions at the interface upon formation of the microemulsions, due to the change in the ionic 

strength of the aqueous phase that leads to changes in the electrostatic interactions of the 

system. A detailed determination of the SOW phase behavior is required in order to select the 

appropriate microemulsion composition. 
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4.4.3 Microemulsion preparation and properties  

After identifying the phase behaviour of the systems with 2.0, 3.0, 4.0 and 5.0 wt.% NaCl, 

4 microemulsions were formulated with 5.0, 6.7, 8.3 and 10.0 wt. % limonene at the given 

NaCl concentration, for a total of 16 microemulsions. These microemulsions were used to 

determine the influence of the salinity of the aqueous phase and the oil content on wood 

penetration. All the microemulsions prepared belonged to the single-phase region denoted as 

“1” in the pseudo-ternary diagrams. The composition of the microemulsions is presented in 

Table 4.1. 

 

Table 4.1 Composition (% wt.) of microemulsions used in wood impregnation 

 NaCl Limonene SDS n-pentanol Water 

M21 2.00 5.00 4.02 3.22 85.86 

M22 2.00 6.67 4.02 3.22 84.19 

M23 2.00 8.33 4.02 3.22 82.63 

M24 2.00 10.00 4.02 3.22 80.96 

M31 3.00 5.00 3.12 2.50 86.53 

M32 3.00 6.67 3.12 2.50 84.88 

M33 3.00 8.33 3.12 2.50 83.33 

M34 3.00 10.00 3.12 2.50 81.68 

M41 4.00 5.00 3.12 2.50 85.58 

M42 4.00 6.67 3.12 2.50 83.95 

M43 4.00 8.33 3.12 2.50 82.41 

M44 4.00 10.00 3.12 2.50 80.78 

M51 5.00 5.00 2.10 1.68 86.47 

M52 5.00 6.67 2.10 1.68 84.86 

M53 5.00 8.33 2.10 1.68 83.34 

M54 5.00 10.00 2.10 1.68 81.72 

 

 

The protocol for emulsification involved low energy mixing; the order of addition of the 

components was first the surfactant, then the electrolyte solution, next the water and finally the 
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oil and the co-surfactant. A 3-blade axial impeller (with 5 cm of diameter) connected to a stirrer 

was used for mixing. The blade was located 5 cm above the bottom of the vessel and the shear 

rate was fixed at 400 rpm. The microemulsions obtained were all stable and optically clear. 

The viscosity, drop size and surface tension of the microemulsions were measured. The surface 

tension did no vary for the different microemulsions, with an average value of 23.6 mN/m and 

a coefficient of variation less than 2.0%. The results for the viscosity and drop size are 

presented in figure 4.4. 

 

Figure 4.4. Apparent viscosity at zero shear rate (left) and drop size (right) of microemulsions 

formulated with different limonene and NaCl concentrations (see Table 4.1) 

 

 

The viscosity of a microemulsion is governed by its microstructure whereas the changes in 

viscosity are related to changes in the drop size or drop structure, whether bi-continuous or not 

[18]. For a constant NaCl concentration, e.g. 5.0 wt. % NaCl, the maximum viscosity is found 
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in microemulsions with 5.0 and 10.0 wt. % limonene (systems M51 and M54). The compositions 

of these two systems are close to the frontier between the single-phase and the two-phase 

region of the respective ternary diagram (figure 3d). In fact, high viscosity values have been 

observed for emulsified systems close to the transition lines due to changes in the organization 

of the components of the system into new structures [18, 19].  

The same behavior noted for viscosity is observed for the drop size: at a given NaCl 

concentration, larger drops are determined at extreme concentrations of limonene, e.g. 

microemulsion M51 and M54 for 5.0 wt. % NaCl. The reason for the increased drop size is 

explained by the proximity of these systems to the transition line in the pseudo-ternary 

diagrams. Larger drops are expected as the two-phase systems are approached from the single-

phase systems, due to changes in emulsion microstructure produced by increasing the 

interfacial tension as one moves from the one-phase microemulsion region to the two-phase 

region [20].      

At constant limonene concentrations, the lowest viscosity is found at intermediate salinity 

(3.0 % NaCl). In this condition the affinity of SDS for the aqueous and the oil phases is 

balanced. Thus, changes in the microstructure due to transitions triggered by different 

aggregation of the surfactant are possibly producing viscosity changes with NaCl 

concentration. During these transitions, an increment in the interfacial tension occurs and then 

drop elongation is more difficult, leading to an increased viscosity [21]. These changes in 

microstructure are related to modification of the hydrophilic-lipophilic balance of the 

surfactant, as discussed previously. 
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An increase in drop size with NaCl concentration is observed at given limonene 

concentrations, as has been observed in other anionic surfactant systems. As the sodium 

chloride concentration in the aqueous phase is increased, the electrostatic repulsion between 

the drops is screened and the drop size thus tends to increase due to higher probability of drop 

collisions [22].  

The characteristics of the formulated microemulsions (M21 to M54) are useful to explain the 

relation between composition and wood impregnation ability, a subject that is discussed next 

for white pine as a reference substrate. 

 

4.4.4 White pine impregnation with SDS microemulsions 

White pine was selected as a model substrate since this specie displays limited pore size 

variations between the annual rings, thus making it a physically homogeneous substrate for 

impregnation experiments. Impregnation of white pine with microemulsions M21 to M54 was 

followed in wicking experiments under atmospheric pressure and temperature. 

Microemulsions with 3 wt. % NaCl (M31, M32, M33 and M34) produced the largest penetration 

(see figure 5). The dotted line in Figure 5 indicates the amount of water sorbed by the solid 

samples. Compared to water, the formulations with NaCl concentrations ≥ 4.0% are less 

effective in flooding the system.  Interestingly, these microemulsions display the highest 

viscosities. Thus, the formulation of the microemulsions is controlling their penetration ability. 

The NaCl concentration is critical in modifying the affinity of the surfactant in the 

microemulsion and also the conformation of the surfactant at the interface, leading to property 

changes (viscosity and drop size), which in turn affects the penetration capacity. 



 

84 

For a constant NaCl concentration microemulsions penetration is maximized at 6.7 - 8.3 

wt. % limonene. These formulations present lower viscosity and drop size compared to the 

other microemulsion systems (5.0 wt. % and 10.0 wt. % limonene). Therefore, these 

parameters play an important role in penetration phenomena. To conclude, a strong correlation 

exists between the extent of fluid uptake and microemulsion formulation and properties 

(viscosity and drop size). 

 

 

Figure 4.5. Fluid uptake (wicking experiments) by white pine in contact with microemulsions 

with different salinities of the aqueous phase and oil content (4 h time, atmospheric pressure 

and temperature) 

 

 

Interestingly, microemulsion M34, with the lowest viscosity and microemulsion M22, with 

the smallest drop size are not as effective in penetrating the solid as microemulsion M33. 
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Microemulsion M22, has a drop size around 30% smaller than M33 but a viscosity ca. 60% 

larger. Compared to M33, M34 has a viscosity 22% lower than M22 but the drops are 20% 

larger. It is thus concluded that viscosity critically impacts fluid penetration. However, single 

phase systems have even lower viscosities but are not as effective. It is the combination of 

properties that determines the highest impregnation capacity. The role that microemulsion 

formulation plays on impregnation efficiency is yet to be elucidated, for example, by testing 

different surfactant systems. 

 

4.4.5 White pine impregnation with different surfactant systems   

Microemulsions based on three different surfactant mixtures were produced in order to 

elucidate their influence in the extent of wood penetration. The interactions at the solid–liquid 

interface have been demonstrated to be controlling the rate and extent of fluid impregnation in 

porous structures [23]. The reason for the selection of the surfactant mixtures involved the 

possible positive synergies between the surfactant and the substrate. Mixtures of SDS (S) with 

sodium lignosulfonate (SL), alkyl polyglucoside surfactant (GL) and the silicone-based 

surfactant (SS) were used: the first two likely have different interactions with the lignin and 

polysaccharide main domains in wood and the last one is known as an enhancer of water 

penetration in plants [24].  

The microemulsions formulated with these surfactant systems are labelled therein as MSL, 

MGL and MSS, respectively. The M33 composition (including 3.0 and 8.33 wt.% NaCl and 

limonene, respectively) was chosen since it produced the largest fluid penetration in white 

pine. Impregnation with microemulsion M33 was also carried out and used as a reference.  In 
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all the cases, SDS was used as support surfactant due to the limitation by the other surfactants 

to form one-phase systems in the low surfactant concentration range. The composition of the 

different microemulsions is summarized in Table 4.2. 

 

Table 4.2. Composition (% wt.) of microemulsions based on surfactant mixtures. The 

subscripts SL, GL and SS stand for sodium lignosulfonate, alkyl polyglucoside and silicone-

based surfactants, respectively 

 M33 MSL MGL MSS 

NaCl 3.00 3.00 3.00 3.00 

SDS 3.12 3.12 3.12 3.12 

Limonene 8.33 8.33 8.33 8.33 

n-Pentanol 2.50 2.50 2.50 2.50 

Water 83.05 81.55 81.55 81.55 

Sodium lignosulfonate - 1.5 - - 

Alkyl polyglucoside surfactant - - 1.5 - 

Silicone-based surfactant - - - 1.5 

 

 

The impregnation experiments were conducted via wicking under the same conditions 

discussed in previous sections. The fluid uptake isotherms for white pine are presented in 

Figure 4.6.  The influence of the surfactant composition in the efficiency of wood impregnation 

is noticeable. Dramatic increases in penetration, by 63 and 83% compared to the base 

microemulsion system (M33) or water are observed with sodium lignosulfonate (MSL) systems 

(Figure 4.6a after 250 min contact time).  Mixtures based on silicone surfactant also showed a 

large impregnation capacity, 39% larger compared to water.  Both lignosulfonate and the 

silicone-based surfactants displayed a synergistic effect when used in microemulsions in 

flooding white pine. In contrast, the alkyl polyglucoside surfactant reduced microemulsion 



 

87 

penetration: liquid uptake after 250 min is lower than that of the reference microemulsion and 

similar to that of water.   

Another interesting fact is that for short contact times a much larger penetration takes place 

for all the surfactant mixtures, compared to microemulsion M33 or water (Fig. 4.6b). After 

longer times microemulsion M33 has better penetration compared to MGL. This is an indication 

that the dynamic of the process change in the presence of the glucosidic surfactant.  Thus, the 

surfactant mixture is not only affecting the equilibrium liquid uptake but also the rate of 

penetration. Wood impregnation capacity by the microemulsions is governed by their ability 

to overcome changes in substrate wettability [5]. 

 

 

Figure 4.6. Fluid uptake impregnation isotherms for white pine in contact with microemulsion 

MSL, MSS, MGL and reference fluids (M33 and water) during up to 250 min (left) and for short 

elapsed times (0-10 min) (right). A noticeable rapid microemulsion penetration compared to 

that of water is observed during the first minutes. 
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The effect of the surfactant mixture in the effective flooding of oil reservoirs for oil 

recovery has been discussed in terms of the possible interactions at the solid–liquid interface 

[23]. It is plausible that wood impregnation with microemulsions is subjected to similar 

interactions, which affect penetration capacity. Different mechanisms have been proposed for 

liquid wetting in porous media, in the presence of surfactants [23]. When a liquid flows in a 

capillary structure, a meniscus is formed by the advancing fluid. According to the conditions 

prevalent during the wicking experiments, sodium lignosulfonate and silicone surfactant 

enhance diffusion to the meniscus of the advancing microemulsion and change the liquid–solid 

affinity, which modifies the wetting behavior of the solid. The large microemulsion penetration 

when using the lignosulfonate surfactant implies its high affinity with wood. A schematic of 

the proposed effect of sodium lignosulfonate in microemulsion penetration is presented in 

figure 4.7. 

 

 

Figure 4.7. Simplified schematic illustration of surfactants in microemulsions and fluid 

penetration in the complex capillary structure of wood. 
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The limited penetration of pure water on a conductive channel of wood is shown in Figure 

4.7a. Here, the contact angle θ is higher than 90̊, due to hydrophobic domains on the surface, 

which are responsible for slow or limited penetration. When impregnation is carried out with 

microemulsion M33 (figure 4.7b), an improved penetration is observed due to adsorption of 

SDS on the hydrophobic domains, reducing the contact angle and thus increasing the surface 

energy. In the presence of sodium lignosulfonate (figure 4.7c), fluid uptake and penetration 

rates are improved further due to the affinity of sodium lignosulfonate with the substrate, 

compared to sodium dodecylsulfate, making diffusion at the solid-liquid interface easier and 

favouring fluid penetration in the conductive channels. In addition, solubilisation of extractable 

materials in wood after impregnation with microemulsions is expected [5]. In turn, the removal 

of extractable material may enhance microemulsion penetration due to a higher hydrophilicity 

of the surface.  In sum, microemulsion formulation can be very effective as a tool to modify 

both, the extent of microemulsion penetration and the dynamic of the process. 

 

4.4.6 Impregnation of softwoods and hardwoods with O/W M33 microemulsions   

Impregnation experiments with microemulsion M33 using southern yellow pine, poplar and 

oak were carried out in order to determine the extent of fluid penetration when applied to these 

wood species. The impregnation experiments were performed via wicking tests during 250 min 

with the microemulsions (Figure 4.8a) or with water (Figure 4.8b).  

Compared with water, a more extensive impregnation with microemulsion M33 is observed 

for all wood types studied: ca. 33 and 15 % higher in the case of poplar and white pine, 

respectively. For oak and southern yellow pine this % increase is more limited, ca. 6 and 2%, 
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respectively. This is taken as indication that physical and chemical characteristics of the wood 

substrate also defines the performance of microemulsion flooding. 

 

 

Figure 4.8. Fluid uptake isotherms for different wood species. The case of SDS microemulsion 

(a) and water (b) are considered. All the experiments were performed at atmospheric pressure 

and temperature. 

 

 

 

The differences in local chemical composition of the conductive elements together with 

the physical differences related to size and wood ultrastructure are expected to determine the 

rate and extent of penetration. The conductive elements in softwoods and hardwoods are 

different [25] but there is no clear relationship between the type of wood and fluid penetration 

ability. Therefore, it is not possible to formulate a universal system to effectively impregnate 

different types of wood, i.e., optimum formulation is substrate-specific. 
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4.4.7 Impregnation of softwoods and hardwoods with mixed surfactant microemulsions   

So far it has been shown that the formulation of the microemulsion and the characteristics 

of solid substrate are both important for impregnation efficiency (rate and extent). In order to 

further elucidate the effect of emulsion type, the four mixed surfactant microemulsions were 

tested for impregnation of the four wood species studied here. The respective wicking 

isotherms were determined and the results are summarized in Figure 4.9 for liquid uptake after 

250 min contact.  

 

 

Figure 4.9. Total fluid uptake after 250 min contact in wicking experiments with 

microemulsions based on different surfactant mixtures. Different wood substrates are included: 

white pine (a), southern yellow pine (b), poplar (c), and oak (d) 
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Maximum fluid penetration depends on the wood specie. In the case of southern yellow 

pine, the largest penetration is achieved with the microemulsions based on glucosidic 

surfactants (ca. 31 % higher penetration than with water). The same mixture performed best 

for poplar (ca. 49 % higher penetration than water). 

For oak and white pine, the % increase penetration with microemulsions based on sodium 

lignosulfonate is ca. 10 and 83%, respectively. In all the cases, surfactant mixtures work better 

than single SDS systems, except for oak where the mixture with silicone-based surfactant was 

detrimental to penetration.  

Based on the results, it appears that the microemulsions based on sodium lignosulfonate 

have a large affinity with the local surface chemical composition of the conductive structures 

in white pine and oak while the microemulsions with the glucosidic surfactant mixture perform 

best in the case of southern yellow pine and poplar.  

Besides the differences in chemical composition between the wood species, there is also a 

difference in the way the components are arranged [26]. Then it is possible that some of the 

species have larger lignin domains exposed on the conductive system, whereby microemulsion 

MSL is more effective (because of a higher affinity of sodium lignosulfonate with the substrate). 

The same rationale applies for the other species where microemulsion MGL displayed the 

largest impregnation.      

It can be noticed that fluid uptake by oak is in general more limited compared to the other 

wood species. This could be due to poor interconnectivity between the conductive structures, 

which prevents liquid flow. One characteristic of oaks is the formation of membranes that clog 

the pores, making liquid impregnation very difficult [26]. In contrast, microemulsions based 
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on sodium lignosulfonate were distinctively effective for white pine since an increase in 

penetration by 83% was achieved. 

 

  Conclusions 

Microemulsions were proven to increase the rate and extent of fluid penetration in different 

wood species at atmospheric pressure and temperature. The optimum formulations were 

determined by identification of appropriate compositions in pseudo-ternary SOW equilibrium 

diagrams. Thermodynamically stable and optically clear microemulsions were prepared with 

different limonene concentrations and salinities of the aqueous phase. For a constant salinity, 

microemulsions with compositions close to the phase transition lines displayed the largest 

viscosity and drop size and thus were less effective in wood impregnation. Likewise, increased 

salinity in the formulation caused an increased viscosity and drop size, conducive of less 

effective penetration. Microemulsions with single and binary surfactant systems were used in 

penetration experiments with white pine. An improved affinity for the substrate increased the 

extent of penetration, likely due to changes in the diffusion of the surfactant mixture to the 

solid-liquid interface formed by the advancing liquid and the substrate.[23] The rate of fluid 

penetration was affected drastically by the surfactant mixture used in the microemulsion. The 

physical and chemical characteristics among different wood species were found to produce 

marked differences in microemulsion penetration when a secondary surfactant was present. 

The affinity of the formulation with the surface of wood is a key factor to overcome the 

physical and chemical heterogeneities of the solid. In order to effectively enhance biomass 

accessibility proper microemulsion formulation is required. 
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5  Microemulsion systems for fiber deconstruction into cellulose 

nanofibrils 

 

 Abstract 

A new method to produce cellulose nanofibrils (CNF) is proposed in order to reduce the 

energy demand during deconstruction of precursor fibers suspended in aqueous media. 

Microemulsions were formulated with aqueous solutions of urea or ethylenediamine and 

applied to disrupt inter-fibril hydrogen bonding. Compared to typical fibrillation of lignin-

containing and lignin-free fibers, pretreatment with microemulsion systems allowed energy 

savings during microfluidization of 55 and 32 %, respectively. Moreover, microemulsion 

processing facilitated smaller scale CNF structures (higher degrees of deconstruction), with 

higher water retention value (WRV) and surface area. Urea was found to be most effective in 

reducing energy consumption and in weakening the cellulosic matrix. Films prepared from 

CNF processed after pretreatment with urea-containing microemulsions presented a more 

uniform fiber network and smoother surfaces compared to those with ethylenediamine. The 

lignin-containing CNF produced thinner films than those obtained from lignin-containing 

CNF. The mechanical properties of films obtained after application of microemulsion 

pretreatment were compared and the benefits of the proposed approach was further confirmed. 

Overall, fiber deconstruction after microemulsion treatment is a step towards energy-efficient 

production of nanocellulose.      
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 Introduction 

Replacement of synthetic composite reinforcing agents by bio-based materials has captured 

renewed attention because they can reduce costs while taking advantage of their availability 

and biodegradability [1-4]. Cellulosic fibers are particularly remarkable since they have 

exceptional mechanical performance when used as reinforcement [3, 5] and represent the most 

abundant natural polymer on earth [3, 6].  However, a drawback in the application of cellulosic 

fibers, especially when they are processed into the micro and nano-scales, is the high 

mechanical energy demanded during their deconstruction [7].  

By using different cellulosic sources e.g. wood fibers, bacterial cellulose, etc., it is possible 

to produce cellulose nanofibrils (CNF) via mechanical disintegration (microfluidizaiton, 

homogenization or grinding) [8, 9]. CNF manufacture involves water suspensions of cellulosic 

fibers that undergo high shear in order to break the linkages that hold the fibrillar network 

together. The CNF produced via mechanical disintegration usually have high aspect ratio and 

diameters from 10 to 100 nm [10, 11]. The high energy consumed during defibrillation via 

microfluidization, reported to be of the order of ~1000 KWh/ton [7], can have a dominant, 

negative impact in CNF cost structure. Thus, new approaches to reduce the energy consumed 

and efficiency of fiber deconstruction are required to make it more cost-effective while 

maintaining the morphological and mechanical properties of the produced CNF. 

Different pretreatments have been proposed in order to weaken the fiber structure and ease 

the fibrillation process; these include alkaline treatment, acid and enzymatic hydrolysis, 

TEMPO oxidation or a combination of the same [8, 12]. These approaches have been shown 

to increase the degree of fibrillation, mainly by reducing hydrogen bonding. Same observations 
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apply to lignin-containing fibers to produce lignocellulose nanofibrils (LCNF). The presence 

of lignin in the form of hydrophobic domains smeared out on the surface of precursor fiber is 

expected to affect the wettability and degree of deconstruction in aqueous media [13-17]. The 

role of the hydrophobic faces in crystalline domains of cellulose is also expected to affect the 

interactions with deconstruction media, a factor that has not been studied in detail. Overall, 

more effective ways to deconstruct or to deliver agents for fiber pretreatment or processing are 

required.  

We propose a new method for lignocellulosic fiber deconstruction that effectively delivers 

agents to facilitate the process. The approach is based on microemulsion systems that are able 

to penetrate capillary structures, for example, similar to that in wood impregnation or flooding 

at atmospheric pressure and room temperature [18, 19]. In fiber deconstruction, the 

microemulsions systems are proposed to be effective media to overcome the physical and 

chemical heterogeneities naturally present in lignocellulosic biomass while facilitating shear 

transfer and friction. Here, we refer to microemulsions, as first described by Winsor, as 

thermodynamically stable dispersions of two immiscible fluids that form spontaneously in the 

presence of a surfactant that reduces the interfacial tension between the two phases to ultra-

low values. The microemulsion systems were also applied to deliver active agents that reduce 

hydrogen bonding, which is responsible for holding together the cellulosic fibrils, and to 

improve the energy efficiency in the production of CNF or LCNF.  
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 Experimental Section 

The organic phase in the microemulsions was R-Limonene (Fluka, St. Louis, USA) and 

the surfactant and co-surfactant used were sodium dodecylsulfate (SDS) (Sigma-Aldrich, St. 

Louis, USA) and n-pentanol (Acros Organics, New Jersey, USA), respectively. Reverse 

osmosis water was used in all the experiments and sodium chloride was used as formulation 

variable to attain the phase behavior conditions corresponding to a microemulsion (Sigma-

Aldrich, St. Louis, USA). Urea (Sigma-Aldrich, St. Louis, USA) and ethylenediamine (EDA) 

(Sigma-Aldrich, St. Louis, USA) were used as the active components in the microemulsions.  

 

5.3.1 Lignocellulosic fibers 

Two different types of cellulosic fibers, with different lignin contents, were evaluated in 

order to determine the influence of residual lignin in the extent of deconstruction. The fiber 

materials were obtained from Kraft digestion of eucalyptus (unbleached, lignin-containing 

fibers) and from spruce after bleaching (lignin-free fibers). The moisture content of the fibers 

was 67 and 69% in the case of eucalyptus and spruce fibers.   

 

5.3.2 Microemulsion formulation.  

The surfactant (S) – oil (O) – water (W) system (SOW system) selected for the synthesis 

of the microemulsion consisted of SDS – R-Limonene – Water and the phase behavior of the 

systems was determined following previous reports [18]. Two active components for 

deconstruction were used:  urea and ethylenediamine (EDA). These active agents were selected 

for their ability to weaken the hydrogen bonding between the cellulosic fibrils and solubilize 
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cellulose under extreme conditions [20-23]. It is expected that by using these components 

under mild conditions the hydrogen bonding that holds together the fibers can be disrupted and 

a reduction in energy consumption for deconstruction of the fibers into CNF or LCNF can be 

achieved. A SOW system was selected according to an optimization of the formulation 

variables and included the incorporation of the given active component (see Table 5.1).   

 

Table 5.1. Microemulsion compositions (reported as wt. %). 

 System I System II 

SDS 3.0 3.0 

NaCl 2.7 2.7 

Water 67.7 78.2 

Limonene 8.0 8.0 

n-pentanol 3.1 3.1 

Urea 12.5 -- 

NaOH 3.0 -- 

Ethylenediamine -- 5.0 

 

The order of component addition was as follow: First, the surfactant was mixed with water 

and the sodium chloride solution. The active agent was then introduced followed by limonene 

and pentanol addition. A magnetic stirrer was used for one minute to mix the system, producing 

a clear, singe-phase microemulsion.  
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5.3.3 Fiber processing and deconstruction  

The cellulosic fibers were dispersed in 100 mL microemulsion (for final 3% solids). The 

fibers were let to equilibrate in the microemulsion medium for 12 h at room temperature and 

atmospheric pressure. The fibers were then filtered under vacuum and washed with excess 

water in order to remove any residual chemical after filtration.  

The fibers were re-dispersed in water (1.5% solids content) using an ultra-turrax system at 

20,000 rpm for 15 min. Following the homogenization, the fiber slurry was defibrillated in a 

microfluidizer (Microfluidics M-110P) at 2,000 bar for 7 passes. Before the first pass and after 

each of the passes, a sample was taken to evaluate the fibrils. A control sample was obtained 

by pretreatment with solutions of the given active components (free of surfactants and oil) at 

identical concentrations as those in the respective microemulsion, and applied following the 

same procedure described before. We note that it was not possible to fibrillate the fibers if no 

pretreatment was applied. Likewise, pretreatment of the cellulosic fibers with a microemulsion 

in the absence of any of the active agents (urea or DWEA) was not successful. In both cases 

clogging of the microfluidizer prevented the process.  

 

5.3.4 Energy consumption during fibrillation. 

The energy consumed during the process of fiber fibrillation with a microfluidizer was 

calculated using the following equation [24]: 

 

𝐸𝑚 = 𝜀 ∙
𝑉∙𝜑

1000
∙ (

𝑉

𝑉𝑚𝑖𝑐𝑟𝑜
∙ 𝑡𝑟𝑒𝑠 ∙ 𝑁)  Equation 5.1 
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where Em is the total energy consumed, ε is the turbulent energy dissipation rate, V is the 

volume processed, ρ is the density of the dispersion, Vmicro is the volume of the mixing 

chamber, tres is the residence time and N is the number of passes through the microfluidizer 

[24].  

 

5.3.5 CNF and LCNF characterization 

The morphology and dimensions of the nanofibers was studied by atomic force microscopy 

(AFM). For this purpose, a drop of a diluted dispersion of CNF or LCNF in water (0.05% wt.) 

was deposited on the surface of clean mica and it was let to dry overnight. The images were 

taken with a Nanoscope IIIa Dimension 3000 Atomic Force Microscope operated in tapping 

mode (Santa Barbara, CA). 

The water retention value (WRV) of the CNF or LCNF was measured as an indication of 

the degree of fibrillation of the material [12, 25, 26]. The procedure used 10g of nanocellulose 

sample with 1.4% solid content that was subject to centrifugation at 900g for 30 min. The wet 

pat obtained after centrifugation was dried over night at 105 °C and the WRV was calculated 

using the equation 2: 

𝑊𝑅𝑉 =
𝑊𝑤−𝑊𝑑

𝑊𝑑
 𝑥 100  Equation 5.2 

 

where Ww is the weight of the sample after centrifugation and Wd is the weight of the sample 

after drying at 105 °C overnight. The WRV was calculated for samples taken after each pass 

through the microfluidizer in order to follow the evolution of the degree of fibrillation.  
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5.3.6 Preparation and characterization of CNF or LCNF films  

After CNF or LCNF was obtained from the different pretreatments, films of the respective 

samples were prepared to study their topography, structural and mechanical properties. The 

films were produced by vacuum filtration under 2 bar pressure using a polycarbonate 

membrane with a pore size of 0.1 µm. The films were dried at 80 °C overnight and were stored 

in a desiccator. For the characterization of the films, field emission scanning electron 

microscopy (FE-SEM, JEOL 6400 microscope) with an accelerating voltage of 5 kV and a 

working distance of 20 mm was used to explore the microstructure and morphology of the 

films. The images analyzed corresponded to the cross sections of the films that were obtained 

after cryo-fracture of the frozen samples. The mechanical properties of the films were obtained 

by using a dynamic mechanical analyzer (DMA, Q800 from TA Instruments). The samples 

were cut from the films as 5.5 x 9.0 mm probes. The data was obtained from a stress/strain 

procedure, isothermal at 29°C and 50% humidity. The force was ramped up to 18 N with a 

speed of 3.0 N/min. The effective length was determined by the instrument and the thickness 

was obtained from the SEM images of the cross sections of the films.     

 

 Results and discussion  

5.4.1 Water retention and energy consumption.  

The water retention value (WRV) was determined after each microfluidizer pass as an 

indicator of the evolution of the degree of fibrillation of the cellulosic material (Figure 5.1). 

WRV profiles as a function of the energy consumption in the microfluidizer was constructed 

for lignin-free fibers pretreated with aqueous solutions of urea as well as microemulsions 
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containing the same agent. The same applied to the case of ethylenediamine (EDA) as active 

agent. It was observed that the WRV increased with the extent of fibrillation, as has been also 

reported elsewhere [12, 25, 26]. For a given energy consumption in the microfluidizer, and 

compared to the WRV of the fibrils obtained after treatment with the aqueous solution of the 

respective active agent, higher WRVs were measured after pretreatment with the 

microemulsios. This difference in WRV is an indication that the material pretreated with the 

microemulsions was fibrillated more extensively.   

 

 

Figure 5.1. Water retention value (WRV, %) as a function of the energy consumption in the 

microfluidizer during processing of lignin-free fibers pretreated with urea (a) and 

ethylenediamine (b) delivered from aqueous or microemulsion systems. Fibers pretreated with 

only water or an active-agent-free microemulsion were not suitable for microfluidization due 

to clogging.  
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The fact that higher WRVs were obtained when the microemulsion was used as a 

pretreatment indicates that this pretreatment medium was effective in reducing the energy 

consumed during deconstruction. The reason for this improvement is related to a better 

impregnation of the precursor fibers during pretreatment and a more efficient delivery of the 

pretreatment agent. These results are in agreement with previous findings that indicated an 

improved impregnation of woody biomass with the application of microemulsions at 

atmospheric pressure and room temperature [18, 19].   

Higher WRVs were obtained after pretreatment with urea-based media (Figure 5.1a) 

compared to those based on EDA (Figure 5.1b), i.e., a higher fibrillation degree was obtained 

in the presence of urea. These findings indicate that, under the conditions of the pretreatment, 

urea is more effective for weakening the cellulosic matrix and to facilitate fibrillation. The 

energy required to obtain a given WRV after 7 microfluidization passes after pretreatment with 

urea microemulsions was ca. 32% lower compared to that from urea solution pretreatment. In 

the case of EDA an energy reduction of ca. 30% was observed if the respective systems are 

compared.  

When the fibers were directly suspended in water without any pretreatment, the resulting 

suspension completely clogged the microfluidizer during the first pass. Likewise, the fibers 

pretreated with microemulsions in the absence of the active-agent clogged the microfluidizer 

and prevented fibrillation. Therefore, it is apparent that the microemulsion alone (with no 

active agent) is not enough to disrupt hydrogen bonding; the active agent is essential to the 

proposed process.        
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The WRVs as a function of the energy consumption in the microfluidizer for the lignin-

containing fibers is presented in Figure 5.2a for pretreatment with urea solutions and 

microemulsions. The case of lignin-free fibers, for same processing methods, is included in 

Figure 5.2b. As was the case of lignin-free fibers, microemulsion pretreatment of lignin-

containing fibers is more effective than the pretreatment with the respective aqueous solution. 

Noticeable, compared to the case of lignin-free fibers, the WRVs are lower in the case of lignin-

contain fibers: the extent of fibrillation is lower, i.e., the presence of residual lignin might 

reduce the efficiency of fibrillation.  

 

Figure 5.2. Water retention value of LCNF and CNF obtained after (microemulsion and 

solution) pretreatment with urea from lignin-containing (a) and lignin-free (b) fibers. 

 

For the given WRV obtained after seven passes the lignin-containing fibers required almost 

55% lower energy if urea-based microemulsions are used; this energy saving level is 

comparatively larger than that observed for lignin-free fibers. Thus, the microemulsions seem 

to be more effective in the presence of residual lignin. This may be explained by the fact that 
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more hydrophobic domains exist in lignin-containing fibers, which may prevent water from 

fully impregnating the substrate if the aqueous solutions are used.   

 

5.4.2 Morphology of CNF and LCNF.  

The CNF and LCNF prepared using the different pretreatments were characterized to 

determine the morphology and dimensions of the nanofibers by using atomic force microscopy 

(AFM). Images of CNF and LCNF obtained from lignin-free and lignin-containing fibers after 

pretreatment and microfluidization with urea as active agent are included in Figure 5.3.  

 

 

Figure 5.3. AFM images of the CNF obtained from lignin-free fibers (a and b) and lignin-

containing fibers (c and d) pretreated with urea. Images (a) and (c) correspond to the 

pretreatment with an aqueous solution of urea and (b) and (d) with microemulsions containing 

urea.   
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Figures 5.3a and 5.3b correspond to the lignin-free CNF after pretreatment with aqueous 

solutions or microemulsions containing urea. Figures 5.3c and 5.3d correspond to the 

respective lignin-containing LCNF. CNF obtained after pretreatment with aqueous urea (3a 

and 3c) indicate nanofibers with larger widths if compared to nanofibers obtained after 

pretreatment with the urea-containing microemulsions (3b and 3d). Also, the amount of fibril 

bundles in both cases, lignin-free and lignin-containing nanofibers (red circles in the images), 

is lower after 7 passes through the microfluidizer when the fibers were pretreated with a 

microemulsion system.  

 The effect in nanofibril width for samples pretreated with the aqueous solutions and 

with the microemulsions are more notorious for LCNF if compared to the respective CNF. 

These observations are in agreement with the WRVs, which highlight the more pronounced 

effect of microemulsion pretreatment in the case of lignin-containing fibers.  

 

5.4.3 CNF and LCNF films.  

Films of CNF and LCNF were prepared using the different pretreatments. Films obtained 

after pretreatment of lignin-free fibers with microemulsion containing EDA and urea are 

presented in Figure 5.4a and 5.4b, respectively.  Similarly, the fibrils from respective 

pretreatments are presented in Figure 5.4 c and d for LCNF.    

The SEM images indicate that the films were formed as a layered structure of CNF or 

LCNF. The inset with higher magnification of Figure 5.4b shows that these layers were 

composed of collapsed fibrillar structures. Comparing the images of films obtained from 

lignin-free fibers after microemulsion pretreatment using the two active ingredients (Figures 
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5.4a and 5.4b), it can be observed that the pretreatment with urea yielded a more compact 

layering of CNF in the film and thus produced a reduced thickness. The better packing can be 

explained by the fact that urea pretreatment produced smaller fibril widths, which promote a 

more compact packing.   

 

  

Figure 5.4. SEM images of the films prepared from lignin-free fibers pretreated with a 

microemulsion containing EDA (a) or after pretreatment with a microemulsion containing urea 

(b). The case of LCNF from lignin-containing fibers pretreated with urea in aqueous solution 

(c) or in microemulsions (d) are also presented.  The inset in 4b is a magnified view to 

appreciate the fibrillar structure in the layers of the film.  
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The films prepared after pretreatment of lignin-containing fibers with urea microemulsions 

were thinner if compared to those from lignin-free fibers (compare Figures 5.4b and 5.4d). The 

presence of residual lignin in the nanofibers enhanced the packing of the nanofibers in the film, 

producing a thinner film.  

It can be observed that the film obtained from lignin-containing fibers pretreated with urea 

aqueous solution was thicker than that obtained from the microemulsion system (Figures 5.4c 

and 5.4d respectively). The reason for this difference in thickness is related to the fibril size. 

The fibrils obtained from the aqueous pretreatment presented larger sizes after microfibrillation 

and thus produced thicker films. The effect of fiber morphology on the mechanical properties 

of the films is discussed next. 

 

5.4.4 Mechanical properties of CNF and LCNF films.  

The mechanical properties of CNF and LCNF films were analyzed by using a dynamic 

mechanical analyzer (DMA) (Figure 5.5). The Young modulus of the given films obtained 

from microemulsion pretreatment were slightly higher than those obtained from aqueous 

solution pretreatment. In the case of LCNF, the differences between the microemulsion and 

the aqueous pretreatments are more evident. Clearly, the microemulsion pretreatment did not 

affect negatively the modulus of the resultant CNF or LCNF films. 

Negligible differences in Young modulus are noted if one compares the effect of the active 

agent used in pretreatment of the given fiber, urea or EDTA. However, the presence of residual 

lignin causes a reduction of the film modulus, probably because the bonding between fibrils is 

negatively affected by lignin, as it has been observed by other authors [13].   
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Figure 5.5. Mechanical properties of the CNF and LCNF films prepared with fibers pretreated 

with the methods considered in this study, as indicated. Stress-Strain curves (a) and calculated 

Young’s modulus (b) at 25°C.  

 

 

 Conclusions 

Microemulsions are demonstrated as effective media to pretreat lignocellulosic fibers as they 

drastically reduced the energy consumed during microfluidization to obtain cellulose 

nanofibrils and yielded finer fibrils and less bundling. Energy saving of up to 55 and 32 % 

were achieved upon microfluidization of lignin-containing and lignin-free fibers, respectively. 

It is also demonstrated that active ingredients in the microemulsions, urea and 

ethylenediamine, disrupt hydrogen bonding of the fibers and facilitated deconstruction. The 

films obtained from lignin-containing cellulose nanofibrils (LCNF) were thinner and had lower 

Young modulus compared to those from lignin-free fibrils (CNF). Moreover, the pretreatment 

with microemulsions did not affect the mechanical performance of the obtained films but on 
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the contrary, a gain in stiffness was achieved if compared to pretreatment with aqueous 

solutions of the given active agent.     
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6 Design of soybean oil normal (W/O) and multiple emulsions stabilized 

by cellulose nanofibrils 

 Abstract 

Cellulose nanofibrils (CNFs) were used to stabilize oil-in-water (O/W) emulsions prepared 

with soybean oil, limonene and octane. The addition of CNF to the aqueous phase expanded 

the composition range to obtain O/W emulsions. CNF also increased the viscosity of the 

continuous phase and reduced the drop size both of which increased the stability and effective 

viscosity of the emulsions. The effects of oil type and polarity were tested with limonene and 

octane, which compared to soybean oil produced a smaller emulsion drop size, and thus a 

higher emulsion viscosity. Under some conditions and as result of the balance between 

composition and formulation variables, soybean oil formed multiple emulsions of the W/O/W 

type. Overall, CNF is a feasible alternative to conventional polysaccharides for the stabilization 

of normal and multiple emulsions that exhibit strong shear thinning behavior.  

 

 Introduction 

Polysaccharides such as xanthan and guar gums have traditionally been used to enhance 

emulsion stability [1-3]. Such effect, related to the reduction of coalescence phenomena in oil-

in-water (O/W) emulsions, is ascribed to the increased viscosity of the continuous phase and 

to the creation of a polymer network that limits drop collisions [4]. Addition of stability 

enhancers is very critical for the life time of the final emulsion, especially in food formulations. 

Products like mayonnaise or salad dressing contain polysaccharides to improve their shelf life 

without deterioration [5-7]. Cellulose is abundant, renewable, biodegradable and 
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biocompatible [8] and can be used in preparation of emulsions for the food, pharma, cosmetic 

and other industries. Cellulose nanofibrils (CNF), which are fibrillar assemblies of cellulose 

polymer chains are used in the present work as effective enhancer of emulsion stability. CNF 

is commonly prepared via mechanical disintegration of wood fibers, leading to fibril diameter 

as small as few nanometers and several micrometers in length [9]. They have been extensively 

suggested as strength promoters [10-13] and rheology modifiers [14]. CNF is also considered 

as an excellent shape anisotropic nanomaterial that is able to stabilize surfactant-free 

emulsions, also known as Pickering emulsions, via particle assembling and network formation 

at the interface [15].  

Recently, CNF have been reported as effective stabilizer of high internal phase emulsions 

[16]. Due to the hydrophilic nature of cellulose and the corresponding three point contact angle 

of CNF at the oil/water interface, bending favors positive curvature towards the organic phase 

and results in water continuous, O/W emulsions [17]. Utilization of CNF in the manufacture 

of water-in-oil (W/O) emulsions requires CNF hydrophobization [18, 19]. Most relevant to the 

present work, is consideration of nanocellulose for the stabilization of emulsions and as 

replacement of typical hydrosoluble polymers such as xanthan or guar gums. Thus, we present 

a surfactant system that enabled ultralow energy emulsification of soybean oil in water-

continuous emulsions using CNF to dramatically enhance their colloidal stability.   

 

 Experimental Section 

The cellulose nanofibrils, CNF, were produced via mechanical disintegration of a 

dispersion of fully bleached softwood fibers. The fibers were disintegrated by using a 
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microfluidizer (Microfluidics M-110Y) that processed the aqueous dispersions at 1.5 wt. % 

solid content and 20 passes. Soybean oil (MP Biomedicals), limonene (Fluka) and octane 

(reagent grade 98%, sigma-Aldrich) were used as oil phases in the formulation of the 

emulsions. The surfactants, sorbitan (20) monoester (brand name Span 80, Sigma-Aldrich), 

polyethylene glycol tert-octylphenyl ether (brand name Triton X-100, Sigma-Aldrich) and n-

pentanol (Acros Organics) were used to prepare the surfactant-oil-water (SOW) systems that 

generated the emulsions. Reverse osmosis water was used in all the emulsions. 

  

6.3.1 Pseudo-Ternary diagrams.  

The phase behavior of the SOW systems was monitored by using standard protocols that 

also allowed the construction of pseudo-ternary diagrams following the titration method [20, 

21]. In short, the oil phase mixed with the surfactant systems was titrated using an aqueous 

dispersion of CNF at given solids content. The number and type of phases in the SOW system 

were identified and located in a compositional pseudo-ternary diagram. Thermodynamic 

stability was considered as condition for the construction of the pseudo-ternary diagrams but 

kinetically stable phases were also identified for completeness. 

  

6.3.2 Emulsion preparation and stability map.  

In order to evaluate the stability of the emulsions three water-to-soybean oil ratios (WOR) 

were considered: 25/75, 50/50 and 75/25 (reported by weight). Four different CNF 

concentrations in the aqueous phase were used in combination with the given WOR, namely, 

0.5, 1, 1.5 and 3 wt. % (based on the mass of the aqueous phase). Limonene and octane were 
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used to prepare 50/50 WOR emulsions with 1 wt. % CNF aqueous dispersions. A mixture of a 

lipophilic and a hydrophilic surfactants was also added in order to facilitate the emulsification 

process; specifically, this system adsorbs with a high density at the interface, leading to a 

reduction in interfacial tension [22]. Addition of n-pentanol as a co-surfactant further enhanced 

packing of the surface active molecules at the interface and prevented gel formation. The ratio 

of the two surfactants and the alcohol in the mixture was 1:1:1 by weight. The concentration 

of the surfactant mixture was kept constant in all systems at 3 wt. % (based on the total mass). 

The phase behavior of SOW mixtures and emulsions was followed at 25°C. The emulsification 

protocol included first the addition of the surfactant mixture to the oil phase followed by 

incorporation of the CNF aqueous dispersion. Water was added as required to attain the 

respective WOR and the system was subjected to gentle hand-shaking for 1 min for 

emulsification. The resultant emulsions were evaluated for their stability during at least two 

weeks. Creaming or separation of excess phase in the emulsion was also recorded by direct 

observation. 

 

6.3.3 Fluorescence imaging and emulsion rheology.  

Emulsions were imaged by using a confocal fluorescence microscope (Zeiss LSM 710) 

attached to a Zeiss Axio Observer Z1. The objective used was LD C-Apochromat 40x/ 1.1 NA 

Water Immersion (Zeiss). The oil and aqueous phases were dyed using Nile Red (99% pure, 

Acros Organics) and Nile Blue A (Sigma), respectively. The CNF was identified with 

Calcofluor White Stain (Fluka). Excitation and emission used for Nile blue were 633 nm and 

637-721 nm, for Nile Red A 488 nm and 539-641 nm and for Calcofluor white 405 nm and 



 

119 

415-505 nm. The rheological behavior of the emulsions was investigated using an AR-2000 

rheometer from TA instruments operating with parallel plates with a gap of 1 mm. All the 

rheological measurements were performed at 25 °C. 

 

 Results and discussion 

6.4.1 Phase behavior of S(surfactant)–O(oil)–W(water), SOW, systems.  

The phase behavior of SOW systems (surfactant mixture, soybean oil and CNF aqueous 

dispersion) was recorded in pseudo-ternary diagrams (Figure 6.1). Three distinctive SOW 

system zones were identified: water-in-oil microemulsion (ME), water-in-oil normal emulsion 

(W/O) and water-in-oil-in-water multiple emulsion (W/O/W). In general, it was observed that 

the concentration of CNF in the aqueous phase affected the number of zones (W/O, ME, 

W/O/W) present in the SOW systems and the respective range of concentrations defining the 

respective zone.  

For the system containing 0.5 wt. % CNF (Figure 6.1a) all the three zones were present 

(ME, W/O and W/O/W). The ME zone was observed at surfactant concentrations larger than 

20% and water content lower than 35-40%. The composition within the ME zone in Figure 1a 

represents the conditions where the interfacial tension was reduced to ultralow values and 

allowed spontaneous emulsification, resulting in a thermodynamically stable microemulsion 

with CNF located in the dispersed drops.  
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Figure 6.1. Pseudo-ternary diagrams of SOW systems consisting of a surfactant mixture (S), 

soybean oil (O) and water (W) containing CNF at various concentrations. The diagrams 

indicated in (a), (b) and (c) correspond to CNF concentration in the aqueous phase of 0.5, 1.5 

and 3.0 wt. %, respectively. The “ME” regions indicate thermodynamically stable water-in-oil 

microemulsions. The “W/O” region represents kinetically stable water-in-oil emulsions and 

the W/O/W region represents the kinetically stable water-in-oil-in-water multiple emulsions 

(see also photos illustrating the visual appearance of these systems).  

 

Titration of the system containing 0.5 wt. % CNF indicated that as the concentration of 

such aqueous phase increased, it was no longer possible to keep it dispersed and the 

microemulsion (ME) transitioned to a normal type of emulsion. In this region, kinetically stable 

W/O emulsions are observed and located in the pseudo-ternary diagram as a region between 
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the microemulsion (ME) and multiple emulsion (W/O/W) zones. These W/O emulsions are 

stable for at least 2 weeks with no evidence of creaming. The zone corresponding to W/O/W 

multiple emulsions is found at concentrations of the aqueous phase larger than 40% (case of 

CNF content of 0.5 wt. %). Emulsion inversion (from oil-continuous to water-continuous) 

takes place if the respective compositional line is crossed from the W/O to the W/O/W zone, 

as indicated in the ternary diagrams.  

CNF dispersed in water tends to form a network held by nanofiber entanglement. Such 

phenomenon together with the high viscosity of the aqueous phase favor water as the 

continuous phase of the system (W/O/W emulsions), i.e., when the concentration of the 

aqueous phase in the SOW system is higher than 40-45% (Figure 6.1a). The W/O/W multiple 

emulsions are formed by applying low energy emulsification, for example, by gentle hand-

shaking. These emulsions did not present any phase separation nor creaming within a period 

of 2 weeks of observation. The stabilizing contribution of CNF can be understood by 

predictions from the modified Stokes equation (eq. 6.1) [23] which indicates that the viscosity 

of the continuous phase (η1) is inversely proportional to the dispersed phase droplet velocity 

(v) under the effect of the gravitational force (g): 

 

𝑣 = −
𝜙𝑚∙𝑑𝑓

2∙(𝜌2−𝜌1)𝑔

18𝜂1
× (1 − 𝜙𝑓)

4.65
    Equation 6.1 [23] 

The parameters in equation 1 include the maximum packing volume fraction (Φm); the 

effective floc diameter (df); the density of the oil, dispersed phase (ρ2); the density of the 

aqueous phase, continuos (ρ1) and the effective volume fraction (Φf). The increased viscosity 
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of the continuous phase (W in W/O/W) and the reduction of the terminal velocity of the (W/O) 

drops leads to a stable system. Such improved stability of emulsions by utilization of a highly 

viscous, continuous phase has been observed in the case of polysaccharides such as xanthan, 

arabic and guar gums [1-3, 23].  

The types of systems (or zones) present in the pseudo-ternary diagram as well as the 

respective composition domain or location depended on the concentration of CNF in the 

aqueous phase. The size of the W/O zone remained unchanged but that of the W/O/W region 

increased considerably as the CNF concentration in the aqueous phase was increased from 0.5 

to 1.5 wt. % (Figure 1a and b). This is possibly due to nanofiber entanglement that resulted in 

an increased viscosity of the continuous phase. These combined effects made the emulsions 

more stable and thus expanded the range of compositions at which W/O/W multiple emulsions 

were obtained. 

When the concentration of CNF in the aqueous phase was further increased to 3.0 wt. % 

only the W/O and W/O/W zones were observed, that is, the ME region was reduced or 

disappeared. This can be explained by the formation of a strong CNF gel, which was difficult 

to disperse and hence limited the conditions for the typical spontaneous emulsification of 

microemulsions.  The increased size of the W/O/W zone is also probably related to the 

conditions of increased viscosity of the continuous phase. 

The W/O zone was observed at surfactant concentrations higher than 60 wt. % and aqueous 

phase content below 20 wt. %. For aqueous phase content higher than 20 wt. % multiple 

W/O/W emulsions were always formed. The formation of multiple W/O/W emulsions is the 

result of the presence of CNF, especially at high concentrations, which limits the dispersion of 
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water droplets in oil-continuous emulsions (W/O). Therefore, a conflict between factors that 

favors oil-continuous emulsions (including formulation and the WOR or water to oil ratio) and 

the high viscosity of the aqueous phase containing CNF leads to a compromised system, i.e., 

multiple emulsions (W/O droplets dispersed in W continuous phase). Finally, we note the drop 

sizes were ~200 nm, similar in magnitude to the characteristic length of the CNF fibrils.  

 

6.4.2 Formulation, composition and stability of the emulsions.  

The phase behavior of the SOW systems as indicated by the pseudo-ternary diagrams was 

used as a basis for the formulation of kinetically-stable systems. Different W/O/W emulsions 

were prepared by utilizing the conditions determined in Figure 1, changing the water-to-oil 

ratio (WOR) and the concentration of CNF in the aqueous phase. The effect of these parameters 

on the stability of the emulsions was investigated. As such a stability diagram was constructed 

at 25°C (Figure 6.2) for systems with a fixed surfactant concentration (3.0 wt. %). Three 

different regions were observed: (1) an unstable region where the components of the emulsion 

rapidly separated as soon as agitation was ceased; (2) a stable W/O/W region where a 

kinetically-stable multiple emulsions were formed by gentle agitation and, (3) a creaming 

region where the obtained emulsions creamed after a period of time of less than two weeks. 

When the concentration of water was kept below 35 wt. %, the conditions for the formation 

of W/O/W emulsions were limited to CNF contents in the aqueous phase below 0.5 wt. % 

(Figure 6.2). When the concentration of CNF was increased up to 3.0 wt. %, the system became 

unstable and the formation of a stable emulsion with water as the continuous phase was not 

possible; instead, the components of the emulsion rapidly separated into the original 
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components, soon after agitation was ceased. The possible reason for this behavior is that the 

high concentration of oil promotes agglomeration of CNF (and thus phase separation) due to 

the difference in polarity. The high CNF hydrophilicity favors its location in the continuous 

aqueous phase, away from the interface with oil. When the fraction of oil was high enough and 

the concentration of CNF was 1 wt. % or more, the exclusion of CNF from the inter-drop space 

was dominant and induced both drop collapse and CNF agglomeration. However, when the 

concentration of CNF was small enough, below 0.5 wt. % for example, the fibril network 

remained well dispersed in the aqueous phase and favored a stable emulsion.  

 

 

Figure 6.2. Stability diagram of W/O/W multiple emulsions prepared with soybean oil. The 

stable O/W region represents a W/O/W emulsion that does not cream in a time interval of two 

weeks. In the unstable region the components of the emulsion phase-separate and the creaming 

region indicates the conditions for the formation of an oil-in-water normal emulsion that 

creams in less than two weeks. The border lines were obtained from experimental values. 
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For water content in SOW systems between 25 and 75 wt. %, and irrespective of the CNF 

content in the aqueous phase, multiple W/O/W emulsions were formed upon gentle agitation 

(1 min agitation). This is likely due to the viscosifying effect of CNF. A similar behavior has 

been observed for other polysaccharides that are able to increase the viscosity of the aqueous 

phase and reduce emulsion creaming [1-3]. 

When the concentration of water in SOW systems was increased over 65 wt. % and the 

concentration of CNF was below 1.0 wt. %, the obtained emulsions creamed in a period of 

time of less than two weeks. However, such creaming was not observed when the concentration 

of CNF was above 1.0 wt. %. Thus, when the fraction of water was over 65 wt. % the efficiency 

of the surfactant mixture decreased, probably due to a dilution effect (relative large water 

volume). Formation of a stable system would require a very high aqueous phase viscosity 

which CNF is not able to provide if used at concentrations below 1 wt. %.  

 

6.4.3 Emulsion morphology.  

W/O/W multiple emulsions were prepared based on the identified conditions for stable 

emulsions and imaged by using confocal fluorescence microscopy (Figure 6.1 and 6.2). The 

images in Figures 6.3a to 6.3d correspond to WOR=1 emulsions with CNF contents in the 

aqueous phase ranging from 0.5 wt. % (Figure 6.3a) to 3.0 wt. % (Figure 6.3d). It is apparent 

that as the concentration of CNF in the aqueous phase was increased, the drop size of the 

W/O/W emulsion decreased. The drop size reduction is caused by the increased viscosity of 

the continuous phase (CNF effect). The same effect have been observed for xantham gum and 

similar polysaccharides which are effective at reducing the emulsion drop size and improving 



 

126 

emulsion stability by the increased viscosity of the continuous phase [24-26]. The cellulose 

fibrils were located in the continuous phase (as can be observed by the fluorescence trace in 

Figure 6.3e), creating a network that contained the oil droplets. This effect can be also observed 

in Figure 3f where the oil and the CNF are distinguished by the red and green fluorescence 

produced by the respective dyes. The CNF network in the continuous phase of the emulsion 

clearly has two effects: First, it immobilizes oil droplets, reduces collisions and prevents drop 

coalescence and growth. Secondly, the network facilitates improved adsorption of the 

surfactant at the interface due to the extra time provided by the reduction of the terminal 

velocity of the drops when they are hold in the polysaccharide network. In other words, when 

an emulsion is prepared, the creation of interface is required and the success of emulsion 

formation is linked to the ability of the surfactant to reach the interface before the collapse of 

the drops [27]. As it was explained before, the presence of CNF in the aqueous phase reduces 

the velocity of the dispersed drops, and allows time for the surfactant to diffuse from the bulk, 

reach and adsorb at the interface, as shown by other authors who have used polysaccharides in 

emulsion systems [1-3, 27, 28].  

An interesting feature of the emulsions observed in Figures 6.3a to 6.3d is their 

morphology, which as explained before, consisted in multiple emulsions with the aqueous 

phase dispersed inside oil droplets in an external aqueous phase. The water phase was dyed 

and imaged (Figure 6.3g) to confirm that it was indeed the external phase and also the dispersed 

phase inside the oil droplets of the emulsion. The occurrence of these multiple emulsions can 

be facilitated by the mixture of hydrophilic and lipophilic surfactants, which enables 

stabilization of water-in-oil in the drops as well as their dispersion in water [29, 30]. However, 
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this is the first time that such emulsions are reported for CNFs. Multiple emulsions have 

typically been used for encapsulation of food and drug additives [30, 31] and the use CNF in 

such system can open some new alternative uses. 

  

Figure 6.3. Fluorescent microscope images of emulsions having a water-to-oil ratio (by 

weight) of 50/50 with the oil phase dyed with Nile red and containing 0.5 (a), 1.0 (b), 1.5 (c) 

and 3.0 wt. % (d) of CNFs. Water dyed using Nile blue (e) and CNFs dyed using calcofluor 

white without the dyed oil phase (f) and with the dyed oil phase (g). The scale bar corresponds 

to 20 μm for images 6.3a to 6.3d and 10 μm for images 6.3e to 6.3g.  

 

 

6.4.4 Rheological characterization of the emulsions.  

A rheological characterization of the emulsions was performed in order to better 

understand their stabilization mechanism. The flow curves for WOR=1 and concentrations of 

CNF in the aqueous phase varying from 0.5 to 3.0 wt. % reveal that as the concentration of 
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CNF increases the apparent viscosity of the resulting emulsion also increases (Figure 6.4a). 

This phenomenon can be explained by the increased viscosity of the aqueous dispersion 

containing CNF and related entanglement [32, 33]. Although the viscosity of the continuous 

phase could be the most important factor contributing to emulsion viscosity, the drop size is 

also an important factor. As it was shown in Figure 6.3, the droplet size was reduced from ca. 

16 to ca. 5 µm when the concentration of the CNF in the aqueous phase was increased from 

1.0 to 3.0 wt. %. The reduced drop size increases the emulsion interfacial area and friction that 

results in a higher viscosity [34, 35].  

 

 

Figure 6.4. Flow curves of WOR=1 emulsions with varying concentrations of CNF in the 

aqueous phase, as indicated (a). Results for emulsions with WOR=0.33 (25/75) as well as 

WOR=1 as reference are also included in (b) for a CNF concentration in the aqueous phase of 

0.5 wt. %. 
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The flow curves of two emulsions with water as the continuous phase, with the same CNF 

concentration but different content of the internal phase are presented in Figure 6.4b. It can be 

observed that as the water-to-oil ratio (WOR) is changed from 1 to 0.33 (25/75, W/O), the 

viscosity of the emulsion is slightly increased. This behavior has been found for other systems 

[34] and is explained by an increased interfacial area in high internal phase emulsions and 

related inter-drop friction.  

The rheological data was adjusted to the Herschel-Bulkley model in order to quantify the 

changes in the rheological behavior of the emulsions as a function of CNF concentration in the 

aqueous phase (Equation 6.2): 

𝜏 = 𝜏0 + 𝑚 ∙ �̇�𝑛 Equation 6.2 

where τ represents the shear stress, τ0 is the yield stress for flow, m is the consistency index; 

γ is the shear rate and n is the flow index (see Table 6.1 for the best fits). 

  

Table 6.1. Herschel-Bulkley model fitting parameters for the rheological behavior of 

emulsions stabilized by different concentrations of dispersed CNF. 

 τ0 (Pa) m (Pa.sn) n 

0.5 wt. % CNF 1.5 0.7 0.58 

1.0 wt. % CNF 2.3 1.4 0.54 

1.5 wt. % CNF 3.7 7.4 0.44 

3.0 wt. % CNF 19.5 14.8 0.49 
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It can be observed that regardless of the CNF concentration, all the emulsions present a 

shear-thinning behavior. As the concentration of CNF is increased, the yield stress of the 

emulsion also increases. Likewise, the consistency index increases with the addition of CNF 

to the aqueous phase in the emulsion. The more significant increment in yield stress and 

consistency index occurred when CNF concentration increase from 1.5 to 3.0 wt. %, which 

correlates with the significant change in the viscosity of the emulsions. This result is expected 

since as the concentration of CNF increases, the connected fibril network leads to gelation of 

the continuous phase and increases the force required for the system to flow. These results are 

in agreement with other results obtained for emulsions containing xanthan gums [36]. 

 

6.4.5 Influence of oil type of in the morphology and rheological behavior of CNF 

stabilized emulsions.  

Emulsions were prepared with limonene and octane as the oil phase in order to identify the 

effect of the oil type on the characteristics of the emulsions. These emulsions were prepared 

using similar conditions to those for soybean oil emulsions (WOR=1 and surfactant 

concentration of 3.0 wt. %, CNF content of 1.0 wt. %). The drop size of the emulsion prepared 

using soybean oil was ca. 11 µm (Figure 6.5a), which was larger than that of the emulsions 

prepared with limonene (ca. 2 µm) and octane (ca. 4 µm) (Figures 6.5b and 6.5c). These 

differences in drop size are most likely related to the properties and characteristics of the oil 

phases used. Soybean oil is composed of a mixture of fatty acids with long carbon chains, with 

an equivalent alkane carbon number (EACN) of 18 (the EACN is the number of carbon atoms 

that a linear alkane would have to result in the same phase behavior) [37]. Limonene is a 
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terpene with fewer carbon atoms than the fatty acids in soybean oil and with an EACN close 

to 8 [20]. Octane is a linear alkane with only 8 carbon atoms (EACN = 8). It appears that the 

surfactant mixture used in the present work is more effective for emulsification of oils with an 

EACN of ~ 8 and produce emulsions with smaller drops.  

 

 

Figure 6.5. Confocal fluorescence microscopy images of emulsions with a 1.0 wt. %. CNF in 

the aqueous phase and WOR of 50/50 corresponding to soybean oil (a), limonene (b) and 

octane (c). The scale bar represents 20 µm. Flow curves of the same emulsions are included in 

(d).  
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Another observation from Figure 6.5 is that the emulsions with limonene and octane are 

not in fact multiple emulsions, as was the case with the soybean oil. This effect is likely to be 

caused by the structural differences of the oils used. 

We note that emulsions prepared with the same composition as presented in Figure 6.5 but 

without CNF in the aqueous phase separated (creamed) much faster, after about 20 min. This 

confirms that the presence of CNF in limonene and octane emulsions improved their stability, 

as was also the case for soybean oil. 

The flow curves for the emulsions prepared with limonene and octane, as well as soybean 

oil are presented in Figure 6.5d. Important differences in the apparent viscosity, mainly due to 

differences in drop size, can be noted at low shear rates, with the emulsion prepared with 

limonene presenting the highest viscosity. A small drop size or high interfacial area leads to 

large interfacial friction and produce a high viscosity. As the shear rate is increased (above 10 

1/s), the apparent viscosity of the emulsions become similar.  

 

 Conclusions 

Cellulose nanofibrils (CNF) were shown to facilitate preparation of multiple emulsions 

consisting of W/O droplets dispersed in an external aqueous phase. Construction of pseudo-

ternary diagrams for the systems containing surfactant mixture, soybean oil and aqueous CNF 

revealed that at low CNF concentration it is possible to form a microemulsion with oil as the 

continuous phase but as the concentration of CNF in the aqueous phase is increased to 3.0 wt. 

% the system becomes a kinetically stable W/O emulsion. For low aqueous phase content the 

emulsions are unstable but at 25 wt. % or higher they become stable. The stability effect is 



 

133 

enhanced with an increase in CNF concentration. A possible reason for these observations is 

the formation of a swollen fibrillar gel network that prevents droplet collision and thus 

improves emulsion stability. As the CNF concentration increases, the formation of a more 

connected network takes place, resulting in higher viscosity and smaller drops. The flow curves 

of the emulsions were found to adjust well to the Herschel-Bulkley model and indicated yield 

stresses and consistency indices that increased with CNF concentration. The drop size and 

viscosity of the emulsions were found to be dependent on the type of oil used. Overall, this 

work shows that CNF is effective for dramatically enhancing emulsions stability and can be 

used as replacement to conventional polysaccharides. The choice of oil and formulation 

variables allows the design of normal or multiple emulsions stabilized by CNF. 
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7 Emulsion-mediated synthesis of composite fibers from incompatible 

polymers: case of polystyrene and cellulose nanofibrils  

 

 Abstract 

Hydrophilic cellulose nanofibrils (CNF) were incorporated in a hydrophobic polymer 

solution via emulsification with non-ionic surfactants (S). The system allowed synthesis of 

composite nanofibers from the two incompatible phases that consisted of aqueous dispersions 

of CNF (W) and polystyrene (PS) solution (O). SOW systems were formulated to produce 

multiple emulsions of the water-in-oil-in-water type (W/O/W).  CNFs allowed formation of 

stable emulsions, which otherwise phase separated, and formed defect-free nanofibers after 

electrospinning. The proposed method affords incorporation of CNF with no need for CNF 

drying or solvent exchange before its incorporation. The emulsion stabilization effect of CNF 

also allows production of fibers at very low PS concentrations, which are otherwise not 

possible. The characteristic high interfacial area between the O and W phases ensure uniform 

component distribution. Electrospun fibers with the tested components cannot be produced 

under other conditions, for example by using surfactant solutions. It is concluded that 

emulsions offer a new, efficient and scalable platform for the preparation of CNF-reinforced 

polymer composites. 

 

 Introduction 

Nanocellulose is finding its way in applications varying from automotive industry to 

medical devices [1]. Due to the excellent mechanical properties, nanocellulose has been 
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extensively suggested as reinforcing phase and strengthener in composites, especially in the 

forms of cellulose nanofibrils (CNF) [2-4] and cellulose nanocrystals (CNC) [5-7] for the 

production of polymer composites. A lot of effort has been put in the manufacture of composite 

fibers via electrospinning using nanocellulose as a reinforcement [8-11]. However, 

incorporation of cellulose in a polymer matrix is not trivial and has been subject of active 

research [12-14]. Despite related efforts, CNF incorporation into a hydrophobic matrix still 

remains a challenge that has typically been addressed by chemical modifications. A few 

authors have also reported on the use of surfactants to incorporate cellulose into polymer 

matrices. Bondeson et al. utilized surfactant to embed cellulose nanocrystals into PLA and to 

enhance mixing and improve the strength of the resulting composite [12]. However, these 

approaches typically require solvent exchange or freeze-drying before nanocellulose is applied, 

making the process complex and expensive [15-18]. 

Polystyrene is a versatile polymer utilized in a wide variety of products and applications, 

and hence, has also been utilized in composites with different filler materials [19-21]. 

Typically, the reinforcing or filler phase have several functions: it is added to improve strength 

of the composite, to reduce cost or to favor more renewable compositions [22]. Cellulosic 

materials have been used to reinforce polystyrene but this typically requires processing steps 

to eliminate water such as drying or solvent exchange [23]. Contact between the filler and the 

matrix is essential to avoid formation of weak interfaces that can impair the performance of 

the composite.  

Polystyrene has been used for nanofibers produced via [18, 24, 25] electrospinning and can 

be facilitated by water-miscible solvents such as tetrahydrofuran or dimethylformamide[26]. 
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However, main challenges in these efforts include the need for a high polymer concentration 

in the spinning solution, limited solubility and the production of defective, beaded fibers [27]. 

The control of beading has been addressed by changing the polymer concentration [25] and 

conductivity of the electrospun solution [28]. Within this work we introduce a facile method 

to compatibilize hydrophilic CNF and polystyrene to obtain defect-free CNF-reinforced 

composite fibers.  

 

 Experimental Section 

7.3.1 Formulation of precursor Emulsions.  

The emulsions were prepared according to the procedure reported earlier in chapter 6. 

Briefly, polystyrene, PS (Sigma Aldrich) was dissolved in toluene (Sigma Aldrich) and a 1:1:1 

by weight premixed surfactant solution containing polyoxyethylene (20) sorbitan monoester 

(Brand name Span 80) (Sigma-Aldrich), polyethylene glycol tert-octylphenyl ether Triton X-

100 (Sigma-Aldrich) and n-pentanol (Acros Organics) was added. CNF was produced via 

mechanical disintegration using a microfluidizer (Microfluidics M-110Y) by passing (20x) a 

suspension of bleached softwood fibers through the instrument for a final CNF content of 1.5 

wt. %. Emulsions were readily produced by mixing the organic and aqueous phases with need 

of only gentle agitation. 

The emulsions were imaged by using a confocal fluorescence microscope (Zeiss LSM 710 

attached to a Zeiss Axio Observer Z1). The objective used was LD C-Apochromat 40x/ 1.1 

NA Water Immersion (Zeiss). The emulsion oil phase was dyed using Nile Red (99% pure, 

Acros Organics). Excitation and emission used for Nile Red A were 488 nm and 539-641 
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respectively. For imaging, one drop of the emulsion was placed on a microscope slide and a 

cover slide was placed on top of the sample. Four spacers were located in the corners of the 

cover slide to avoid excessive pressure of the cover slide on the sample. The volume where the 

sample was located was sealed with wax to prevent solvent evaporation. Rheological 

measurements were performed using an AR-2000 rheometer from TA instruments. The flow 

curves were obtained using parallel plates with a gap of 1000 µm at 25 °C. 

 

7.3.2 Production of composite fibers and films.  

Composite fibers of CNF and PS were prepared by electrospinning. The electrospinning 

was conducted in a horizontal setup with 22-G needles connected to a positive terminal and a 

collector plate within 18 cm distance connected to the negative electrode. The flow rate was 

10 µl min-1 and the spinning voltage (19 kV) was supplied by a high-voltage supply unit. 

Composite films for SEM imaging were also prepared by casting the emulsions on a solid 

support and dried at 70 °C or pressed into self-standing films by drying the emulsion under 

vacuum and pressing the formed powder with a hot-press at 150 °C. Cross-section fracture 

surfaces for imaging were prepared by freezing the sample using liquid nitrogen and cutting 

them with a fresh razor blade. Scanning Electron Microscope FEI Quanta 3D FEG was used 

for imaging the electrospun fiber mats and the casted films.  
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 Results and discussion 

7.4.1 Emulsion characterization.  

The surfactant system consisted of a lipohilic and hydrophilic surfactant as well as pentanol 

as a co-surfactant. Such system is typically used to prepare small drop size emulsions. In fact, 

the mixture of a lipophilic and hydrophilic surfactant increases the affinity of the system with 

both the oil and the aqueous phases [29].  Alcohol enhances flexibility of the surfactant layer 

by diffusing to the interface and prevents the formation of liquid crystal phases. Mixing the PS 

dissolved in toluene, the surfactant system and aqueous CNF dispersions resulted in the 

formation of opaque multiple emulsions of the W/O/W type containing PS:CNF with the dry 

mass ratios ranging from 95:5 to 65:35 (Table 7.1). The concentration of the PS and CNF 

suspension used were 10 wt. % and 1.37 wt. %, and hence, the WOR of the system changed as 

the amount of CNF in the emulsion increased. With the lowest CNF addition that was 5% the 

amount of water was 27% and the oil ca. 61%. The highest addition of CNFs, 65%, resulted in 

an emulsion containing 76% of water and 17% of the oil phase.  

 

Table 7.1. Composition (wt. %) of emulsions systems used for characterization and fiber 

synthesis. The PS:CNF is the ratio on dry basis of PS and CNF in the emulsion and also in the 

final fiber. The wt. % reported (surfactant, PS, CNF, water and toluene) is calculated based on 

the total mass of the emulsion produce with these components.  

  

PS:CNF 
Ratio 

% 

Surfactant 

mixture  

% PS  % CNF % 

Water 

% 

Toluene 

95:5 5 6.8 0.4 27.0 60.8 

90:10 5 5.1 0.6 43.2 46.1 

80:20 5 3.2 0.8 61.7 29.3 

65:35 5 1.9 1.0 75.5 16.6 
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In order to establish the effect of the CNF in the stability of the emulsion, a CNF-free 

system containing 5 wt. % surfactant (based on total mass) was compared with an emulsion 

that contained CNF (PS:CNF 90:10) with the same water-to-oil ratio (WOR), ca. 0.86 by 

weight. In the absence of CNF the system phase-separated into a clear bottom phase containing 

mainly water and an opaque, upper emulsion phase. This is an indication that CNF prevents 

the separation of the emulsion because of its viscosifying effect on the aqueous phase, as it was 

also found in chapter 6.  A second system, in this case PS-free, was prepared to determine if 

the presence of PS had a similar effect than CNF on the stability of the emulsion. The total 

surfactant concentration was 5 wt. % (based on the total mass) and the WOR used was the 

same that the emulsion containing a PS:CNF ratio of  90:10. In the absence of PS the emulsion 

presented a similar stability than that containing PS. It is concluded that PS has not a significant 

effect in the stability of the emulsion.  

Emulsions prepared using PS/CNF ratios of 90:10, 80:20 and 65:35 were imaged with 

confocal fluorescence microscope (Figure 7.1). The systems contained spherical oil droplets 

(dyed red in the image) and the continuous phase in all cases was water. The 90:10 system had 

the highest internal phase content, 46%, with highly packed drops forming clusters (Figure 

7.1a). As the CNF content was increased (from 90:10 to 65:35), the volume of the aqueous 

phase increased from 43 to 76 % and the clustering of the oil droplets was reduced (Figures 

7.1b and 7.1c). In the inset figures 7.1d, 7.1e and 7.1f, it can be observed that the emulsions 

are of the W/O/W type (multiple emulsions) where the drops of oil (dyed red in the image) 

enclose dark areas which correspond to water. 
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Figure 7.1. Confocal fluorescence microscope images of emulsions containing PS in toluene 

and CNF in the aqueous phase and emulsified at a PS:CNF dry mass ratio of (a) 90:10, (b) 

80:20 and (c) 65:30. Images (d), (e) and (f) are magnified views corresponding to the systems 

in (a), (b) and (c), respectively.  
 

 

 

After proper identification of the morphology and emulsions type, the rheological behavior 

of the systems was determined in order to better understand the changes in morphology 

observed with the confocal microscope. The flow curves of the emulsions were obtained to 

identify possible changes in viscosity related to the effect of PS:CNF ratio (Figure 7.2). When 

the PS:CNF ratio was varied, only small changes in the viscosity at low shear rates of the 

emulsions was observed. The highest viscosity was found for the 95:5 system, which 

corresponded to the highest content of internal phase. As the CNF content was increased (by 

changing the PS:CNF ratio from 95:5 to 65:35) (internal phase content decreased) the viscosity 
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of the emulsion increased. However, the differences in viscosity are no longer noticeable when 

the shear rate was increased beyond 10 s-1. In fact, emulsion viscosity tends to increase when 

the content of internal phase is increased due to the higher concentration of drops, which 

increases the interfacial area and also inter-drop friction [31].  

 

 
Figure 7.2. Flow curves for emulsions with different PS:CNF ratios, as indicated 

(measurements performed at 25 °C). 

 

 

 

7.4.2 Influence of the PS:CNF ratio on the properties of electrospun composite fibers.  

As shown in the previous chapter, surfactants were used to facilitate an efficient mixing of 

a hydrophobic oil phase containing synthetic polymer and hydrophilic aqueous phase 
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containing CNFs. The emulsions were used as precursor systems for electrospinning fibers 

thereof. Typically, electrospinning of PS is performed using water-miscible solvents such as 

tetrahydrofuran or dimethylformamide [26]. Reports regarding successful electrospinning of 

PS in toluene are limited and even with other solvents the needed polymer concentration is 

typically high, above. 20 wt. % [28]. Cellulose nanocrystals (CNC) have previously been 

incorporated into PS matrix utilizing toluene and non-ionic surfactants yet demanding freeze-

drying of the cellulose prior to addition so as to facilitate good mixing [23]. Reports on 

electrospinning of CNFs as such or incorporated into a polymer matrix are scarce.  

 Electrospinning of the emulsion systems facilitated formation of fibers with diameters 

ranging from 81 ± 12 nm to 110 ± 22 nm (Figure 7.3). The dry ratio of PS:CNF was varied 

from 95:5 to 65:35 by weight. The PS concentration in the precursor emulsions was as low as 

1.9 wt. % in the 65:35 system yet still enabling fibers formation (Figure 7.3d). Such low PS 

concentrations have not been reported before for successful electrospinning into fibers. In fact, 

PS solutions of the corresponding concentrations used here resulted in droplets on the collector 

plate of the electrospinning apparatus (no fibers were formed). Thus, the viscosity of the PS 

solution is a determining factor for continuous fiber formation [27]. In previous studies the 

increase in viscosity has been facilitated by using high PS molecular weight. However, in the 

present emulsion approach, the required viscosity of the spinning solution is easily attained by 

the addition of CNF (see Fig, 7.2). The efficient control of the viscosity enables extremely low 

concentration of PS to be used in the spinning solution yet leading to fiber formation. The 

surfactant system used as a compatibilizer for the spinning system enables good mixing of the 

constituents leading to formation of the fiber composites. 
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It should be noted that no freeze-drying or solvent exchange was required for the addition 

of CNF to PS. Despite the presence of water it was possible to electrospin the systems 

successfully into fibers. The amount of CNF in the precursor system affected the fiber diameter 

and morphology: as the amount of CNF increased from 5 to 65% the fiber diameter increased 

from 81 to 110 nm. This was accompanied with a change from individual fibers into fused 

fibers (see Figure 7.3).  

All the electrospun fiber mats produced beading upon electrospinning. Bead formation is 

commonly found in electrospun PS fibers [25, 28]. Interestingly, in the absence of CNF 

beading was also observed when a PS-containing continuous phase is used in the precursor 

emulsion. Thus, the use of emulsion system does not ensure bead-free PS fibers while CNF 

enables defect-free morphologies. 

 

 

 
Figure 7.3. Nanofiber mats produced by electrospinning using voltage of 19kV and a distance 

collector-spinneret of 18 cm (field strength = 1.06 kV/cm) and toluene/water emulsions 

containing 5% of the surfactant mixture and with a PS:CNF ratio of (a) 95:5 (81 ± 12 nm), (b) 

90:10 (86 ± 14 nm), (c) 80:20 (96 ± 20 nm) and (d) 65:35 (110 ± 22 nm). The average fiber 

diameter is indicated in parenthesis after the correspondent ratio. Images (e), (f), (g) and (h) 

represent magnified images of (a), (b), (c) and (d), respectively. 
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In order to gain further insights as to the roles of CNF and PS the same emulsion used in 

electrospinning were casted on a support and dried at 70 °C or pressed into self-standing films 

by drying the emulsion under vacuum and pressing the formed powder with a hot-press at 150 

°C.  In order to image the cross section of the hot-pressed film, the sample was first frozen 

using liquid nitrogen and the cut using a razor. SEM images of the fracture surface (cross 

section) and the surface (plane view) of the 90:10 system are shown in Figure 7.4a,b and Figure 

7.4c,d, respectively. The images indicate that the fibrils were well dispersed into the polymer 

matrix. No large pores or voids were identified but the CNF was tightly surrounded by areas 

of PS in the film (Figure 7.4 a,b). In fact, compared to typical cellulose-polymer composites 

reported, the fibril distribution is found to be remarkably uniform.  

 

 
Figure 7.4. SEM plane view (a) and cross section (c) images of films obtained from emulsions 

with PS:CNF of 90:10 and a surfactant concentration of 5 wt. % based on the total mass and 

casted on a solid support.  (b) and (d) are images with higher magnification of the areas 

indicated in (a) and (c), respectively.  
 



 

148 

7.4.3 Effect of the surfactant concentration on the electrospun fibers.  

So far, it is apparent that a surfactant system together with CNFs can be used to prepare a 

precursor emulsions, suitable for electrospinning. Further, the electrospun fibers are uniform 

and expected to have a uniform distribution of the components. As it can be argued that the 

incorporation of surfactant might affect the properties of the dispersion, we investigated the 

role of surfactant and the condition for optimum fiber production. Hence, the surfactant 

concentration was varied between 1 and 13 % based on the total volume of the precursor 

emulsion in order to elucidate its effect in emulsification and fiber formation. Upon storage for 

approximately 1 month the emulsions with the highest surfactant concentration, 13 wt. %, 

experienced creaming since they separated into a translucent, oily upper phase and an opaque 

lower phase. The emulsions with lower surfactant concentrations, 1, 3, 5 and 7 wt. %, remained 

unchanged upon storage. 

Emulsions containing surfactant concentrations of 3, 5 and 13 % were electrospun into 

fibers and their SEM images are shown in Figure 7.5. The fibers display engrossments 

(ballooning) when the concentration of surfactant was increased to 13 wt. %. In general, defects 

in fibers after electrospinning are related to the precursor solution properties (conductivity, 

viscosity and surface tension) [27]. The conductivity of the aqueous phase affects bead 

formation even if the aqueous phase is not the continuous but the dispersed phase [33]. Both 

the fiber diameter and bead structure changed with surfactant concentration (affecting mainly 

the surface tension) (Figure 7.5). At the highest surfactant concentration tested (13 wt. %) 

extensive bead formation occurred and the presence of flat polymer surfaces was also 

observed, most probably promoted by excess surfactant relative to the available PS-CNF 
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interface. As the surfactant concentration decreased the fiber diameter decreased. Interestingly 

the bead structure changed from spherical to asymmetric cup-shaped structures. Cup-shaped 

beads have previously been reported by Eda et al. [34] but with significantly higher PS 

concentrations than used in the present study. In general, increasing PS concentration decreases 

the appearance of the beads [35]. Lin et al. [36] reported on the effect of addition of charged 

and nonionic surfactants on bead formation in PS electrospinning. Nonionic surfactants did not 

influence the expected reduction in beading but decreased fiber diameter. These observations 

also apply to the present system with CNF-stabilized emulsions; increasing surfactant 

concentration did not prevent bead formation (Figure 7.5). 

 

 

 
Figure 7.5. SEM images electrospun nanofiber mats prepared using emulsion containing PS 

and CNF  (90:10)  with surfactant mixture concentration of (a) 13, (b) 3 and (c) 1 wt. %. Images 

(d), (e) and (f) are magnifications of (a), (b) and (c), respectively. 
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7.4.4 Effect of conductivity of the aqueous phase in the morphology of the electrospun 

fibers.  

Electrospinning conductivity has been stated to be one of the key parameter to control 

beading [28]. Increased conductivity enables improved stretching of the spinning solution 

leading to a smaller bead density [37, 38]. We observed that by increasing the conductivity of 

the aqueous phase, by using 50 and 100 mM NaCl in the aqueous phase, the fiber morphology 

drastically changed to bead-free fibers. This can be suggested to be the result of increased 

stretching forces produced by increased conductivity [38]. 

 

 

 
Figure 7.6. SEM images of electrospun fiber mats prepared using toluene/water emulsion 

containing PS and CNF (90:10) with a concentration of NaCl in the aqueous phase of (a) 50 

and (b) 100 mM. Images (c) and (d) are higher magnification images of (a) and (b), 

respectively. 
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 Overall, CNF-stabilized emulsions enable the production of defect-free PS composite 

fibers that are loaded with cellulose nanofibers. Use of CNF enhanced spinnability so that 

extremely low concentration of PS in the emulsion could be used to facilitate fiber formation. 

Fibers formation was facilitated even in systems with a total water content as high as 76 wt. 

%. The high cellulose loading and low PS concentration to spin fibers, as presented in this 

study, can be considered as an alternative route to produce CNF-reinforced composite fibers.  

 

 Conclusions 

Defect-free PS nanofibers with high CNF loading were produced by utilizing emulsified 

systems consisting of aqueous dispersions of CNF and PS in the organic phase. The emulsions 

stabilized by CNF enabled enhancement of the constituent interaction in the oil-water interface 

and resulted in a composite structure with good compatibility between the hydrophilic and 

hydrophobic domains. The approach presented is a facile way to incorporate CNF in 

hydrophobic polymer matrices providing a new route for development of green composites. 
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8 Concluding remarks 

Complex fluids, such as emulsions and microemulsions, were designed and applied for 

different purposes in lignocellulosic biomass processing. Chapter 3 and 4, discusses ternary 

diagrams for the systematic formulation of (single-phase, thermodynamically stable) 

microemulsion systems. Microemulsions were demonstrated for efficient impregnation of 

woody biomass under atmospheric pressure and temperature. Therefore, a new platform for 

biomass pretreatment was introduced and tested. Compared to their single components (water, 

oil or surfactant solutions), the microemulsions displayed a more extensive and faster 

penetration in widely different wood species. Their rate of penetration or flooding was found 

to be dependent on formulation and composition variables that defined the microemulsion and 

also on the wood species used as substrate. It is expected that the proposed systems can be 

effective media for extraction of wood components with affinity to the components of the 

microemulsion.  

In chapter 5, microemulsions were used as a pretreatment step for the manufacture of 

cellulose nanofibers (CNFs) that reduced the energy demand in deconstruction of precursor 

fibers. Active chemicals were introduced in the formulation of the microemulsion to weaken 

the strong cohesive forces that exist in the fibrous system for disaggregation under intense 

mechanical shearing. The application of this alternative pretreatment did not affect negatively 

the mechanical properties of the films prepared with the produced CNF. Moreover, they 

allowed a reduction in energy consumption for fibrillation as high as 50% in the case of lignin-

containing fibers.  
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CNF was evaluated as potential substitute to conventional polysaccharides to enhance the 

stability of emulsions and the main results are presented in chapter 6. Addition of CNF to the 

aqueous phase of multiple emulsions of the water-in-oil-in-water (W/O/W) type dramatically 

enhanced their stability and prevented creaming. Such observation not only applied to the 

tested soybean oil but to other types of organic phases that were used as component of the 

emulsion. Such effect was explained by the reduced terminal velocity of the oil drops that in 

the presence of CNF prevented emulsion creaming. The addition of CNF also produced a 

reduction in drop size of the emulsions. Fundamentally, these observations derive from the 

marked increase in the viscosity of the aqueous phase by fibril entanglement and strong 

interactions with the aqueous medium.  

Finally, chapter 7 reports on emulsions that were used as media to make a hydrophobic 

polymer compatible with CNF and to prepare respective nanocomposite fibers by using the 

electrospinning technique. The emulsions prepared were stable and consisted of an organic 

phase that solubilized polystyrene and a suspension of CNF as the aqueous phase, which also 

incorporated a mixture of surfactants. The electrospun composite fibers presented sub-micron 

diameters and their dimensions and morphological features were affected by the concentration 

of CNF, the concentration of the surfactant and the conductivity of the aqueous phase.  

The results from these investigations confirm the hypothesis that complex fluids are 

effective systems to carry out different operations in lignocellulosic biomass processing, from 

impregnation and pretreatment to deconstruction. They represent a new, generic and feasible 

alternative that provides a great number of opportunities compared to methods that are 

currently in use.  


