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Abstract 

Oil-water emulsions are applied in various fields such as food, cosmetics, pharmaceuticals, petro-

chemicals, and agricultural products. Currently, synthetic-based emulsifiers are extensively used 

in oil-water emulsions, but the use of synthetic emulsifiers is discouraged due to the adverse envi-

ronmental impacts related to their production and use. Alternatively, biobased emulsifiers can 

serve such a purpose. In this regard, lignin, which is the main component of lignocelluloses mate-

rials, can be converted to emulsifiers for oil-water emulsions. In this regard, the production of 

lignin-based emulsifiers has not been explored comprehensively. In this thesis, lignin-derived 

emulsifiers were experimentally produced via polymerizing lignin and acrylic acid (AA), and its 

impacts on emulsions produced by mixing water and three industrially used oil of xylene, cyclo-

hexane, and decane was studied comprehensively using a tensiometer, and Quartz crystal micro-

balance.  

It was observed that, by increasing the charge density of the kraft lignin (KL) acrylic acid polymer, 

KL-AA (kraft lignin- acrylic acid), its molecular weight, and carboxylic acid group were increased. 

The KL-AA with the highest carboxylic group, KL-AA-10, dropped the contact angle and interface 

tension of the emulsion more than the other KL-AA samples. Also, the emulsion containing KL-

AA-10 had the highest viscosity and stability and smallest droplet size among emulsions contain-

ing other lignin derivatives. However, the lignin derivative with the lowest carboxylic acid group, 

KL-AA-3.5 adsorbed more than other lignin derivatives on the surface of oils. 

It was also observed that decane was the least polar and thus compatible oil with water to produce 

an oil-water emulsion. KL-AA was generally effective for all oil-water emulsions examined in this 

work. However, it was more impactful on the decane water emulsion as observed via the contact 

angle and interface tension, viscosity, and adsorption results. The stability analysis also confirmed 

that KL-AA generated more stable emulsion for the decane water system than other systems. 

It was also observed that the higher dosage of lignin derivatives induced more adsorption on the 

oil surface, which impacted the contact angle and interface tension of the emulsions more greatly 

and generated more stable emulsions. However, the presence of lignin aggregates at a higher lignin 

concentration did not improve the viscosity of the emulsion.  
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Chapter 1. Introduction   

1.1. Introduction 

The mixture of two immiscible liquids is called emulsion that has many uses such as, cosmetic 

paint, textile, and food industries (Goodarzi and Zendehboudi 2019). Emulsions without emulsifi-

ers are thermodynamically unstable systems(Wu and Ma 2016). To the immiscibility of oil and 

water, emulsifiers are extensible used to produce stable emulsions. However, the currently used 

emulsifiers are mostly produced from petroleum-based chemicals and thus environmentally un-

friendly, are expensive and sometimes ineffective.  

To address these challenges, biobased emulsifiers have been produced and examined as bio-emul-

sifiers of oil-water emulsions. Although great progress has been made in this regard, there is room 

to produce new impactful bio-emulsifiers for different industries. 

Lignin is one of the main components of lignocelluloses materials and it has many functional 

groups, such as phenolic hydroxyl groups, that can participate in various reactions to produce ad-

vanced functional materials. In this regard, lignin acrylic acid polymers were produced in the last 

(Kong et al. 2018) and their efficiencies in flocculating particles in wastewater systems have been 

examined (Kong et al. 2018). Since a lignin-acrylic acid polymer has phenolic hydroxyl and car-

boxylic acid groups, it can interact with both water and oil and presumably can function as an 

emulsifier. However, the emulsifying affinity of this new material, i.e., lignin-acrylic acid, has not 

been evaluated yet.  

This thesis contains the following succeeding chapters: 

Chapter 2. Literature review: In this chapter, the relevant topics to the subjects of oil-water emul-

sions, the use of synthetic and bio-emulsifiers, and the production and use of lignin and lignin 

derivatives are reviewed. Also, the fundamental concepts, e.g., rheology and stability of emulsions, 

associated with the characteristics of emulsions, e.g., rheology and stability, are comprehensively 

reviewed.  
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Chapter 3. Methodology: In this chapter, the materials and experimental methodologies for gener-

ating and characterizing lignin-acrylic acid polymers, the surface and interface tension of water 

and oil mixtures, contact angle of water containing solutions, oil droplet size, adsorption of lignin-

acrylic acid on oil, and the rheology and stability of oil-water emulsions are comprehensively ex-

plained. 

Chapter 4. Results and discussion: In this chapter, the results for inducing lignin acrylic derivatives 

are presented. Then, the impacts of lignin derivatives on the surface and interface properties of oil-

water emulsion, oil droplet size, rheological properties, and stability of oil-water mixtures are sys-

tematically presented using figures and tables. The results are then compared, and relevant discus-

sion is made. The reasons for the behavior of lignin derivatives in different systems are interpreted 

and relevant references to support the arguments are presented. 

Chapter 5. Conclusions and recommendations: In this chapter, the overall conclusions of this thesis 

work are summarized and future work to continue this research is suggested.  

Chapter 6. References: in this chapter, the relevant references cited in this thesis are presented.  

1.2. Objectives and novelty 

The overall objectives of this work were to 1) study the impact of the characteristics of lignin-

acrylic acid polymers on the emulsion properties of oil-water mixtures; 2) study the impact of oil 

type on the performance of lignin-acrylic acid as an emulsifier for the oil-water mixtures; and 3) 

to examine the impact of the dosage of lignin-acrylic acid on its emulsifying affinity of the polymer 

in different oil-water systems. 

The main novelty of this work was the comprehensive examinations and thus the correlations de-

veloped between the properties of lignin-acrylic acid and the contact angle and interface tension 

of oil-water mixtures, the adsorption performance of lignin derivatives on the oil surface, the rhe-

ological properties of the oil-water mixture, and emulsion stability of the oil-water mixtures. These 

assessments were carried out for the first time, and no report is available in the literature on this 

topic. 
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Chapter 2. Literature Review   

2.1. Emulsions 

An emulsion is defined as the dispersion (droplets) of a liquid in an immiscible liquid. The phase 

that is suspended in the emulsion is called the external or continuous phase. The phase that appears 

in the form of droplets is the internal or dispersed phase of the emulsion. In the case of oil emul-

sions, one of the liquid phases is generally crude oil and the other liquid is an aqueous phase or 

water. Emulsions can be categorized according to the size of droplets in the continuous phase flow 

(Tarasov et al. 2018). The emulsion is known as a macro emulsion if the dispersed droplets are 

larger than 0.1 mm. Two common destabilization processes that influence the uniformity of dis-

persions are the migration of the particles and droplet size variation or accumulation. 

The stability of the emulsions is limited by different phenomena including coalescence, floccula-

tion, sedimentation, phase inversion, creaming, and Ostwald ripening (Fingas and Fielhouse 2004). 

Despite the use of many emulsifiers to produce stable emulsions, the currently used emulsifiers 

are synthetic and expensive materials with considerable environmental footprints. To reduce the 

use of such synthetic materials, efforts are under way for the production of environmentally 

friendly emulsifiers. For example, lignin-derived emulsion systems have been examined recently 

(Zembyla et al. 2020). However, current knowledge on the impact of lignin-derived emulsifiers is 

limited.  

2.2. Formulation of emulsions 

Adequate mixing and the presence of a surface-active agent are two vital factors that lead to the 

emulsion formation when the oil and water phases are brought together. In emulsion formulations, 

mixing is primarily used for evenly distributing oil and water in the systems. Generally, the larger 

the amount of shear, the smaller the droplet size of the dispersed phase and the tighter the emulsion 

(Moradi et al. 2010). However, mixing and energy use are correlated and the mixing process is not 

appreciated in the emulsion systems. The second most important factor in emulsion formation is 

the presence of an emulsifying agent. The composition and amount of the emulsifier considerably 

dictate the type and tightness of the emulsion.  
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2.3. Types of emulsions 

Emulsions can be categorized into two main groups of water in oil and oil in water emulsions 

(Goodarzi and Zendehboudi 2019). Water-in-oil emulsions comprise water droplets in an oil-con-

tinuous phase, and oil-in-water emulsions are attributed to droplets of the oil phase in a continuous 

flow of water (Gellerstedt and Gustafsson 2007). The type of formed emulsions depends on a 

variety of factors, such as the water/oil ratio and temperature. Emulsions can also be categorized 

according to the size of droplets in the continuous phase flow (Goodarzi and Zendehboudi 2019). 

The emulsion is known as a macro emulsion if the dispersed droplets are larger than 0.1 mm. This 

category of emulsions is generally thermodynamically unstable as the two phases tend to coalesce 

and separate due to the reduction in interfacial energies over time. However, the stabilization 

mechanisms can eliminate the rate of droplet coalescence (Tambe and Sharma 1995). In contrast 

to macro-emulsions, the second category of emulsions, labeled as micro-emulsions, are formed 

when two immiscible fluids coexist due to their severe low-interfacial energy. The size of droplets 

in micro emulsions is less than 10 nm and they are considered thermodynamically stable mixtures. 

Micro-emulsions are generally different from macro-emulsions in terms of their stability and for-

mation (Healy et al. 1976). Table 2.1 presents the descriptions of micro emulsions. 

Table 2.1. Various categories of micro-emulsions (Urbina et al. 2000) 

Micro-emulsions 

Type 

Phase equilibria Description 

Type I Oil-in-water (o/w) The surfactant is usually soluble in water (Winsor I). 

A small concentration of soluble surfactant exists in 

water in the form of monomers. 

Type II Water-in-oil (w/o) The surfactant is preferentially soluble in the oil phase. 

The aqueous phase is present along with an oil phase 

rich in the surfactant (Winsor II). 

Type III Three-phase sys-

tem 

Excess water and oil phase coexist with a middle phase 

of rich surfactant in this category (Winsor III or mid-

dle-phase micro-emulsions). 
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Type IV Micellar solution An isotropic single-phase micellar solution forms by 

adding a sufficient quantity of surfactant with alcohol. 

2.4. Emulsion characteristics 

To prepare a stable emulsion, the interfacial characteristics of an emulsion should be altered by 

emulsifiers, which are responsible for the coalescence event (Maphosa and Jideani 2018). Another 

criterion for a stable emulsion formation is that the droplet size should be sufficiently small so that 

the collision forces acting on the continuous phase molecules produce the Brownian motion, which 

prevents settling (Tadros 2013). Fresh emulsions can demonstrate different characteristics than 

aged ones. This is attributed to the variation in the oil type due to the presence of absorbable 

components, differences in emulsifier adsorption rate, and its ability to produce a film at the inter-

face. When the mixture is subjected to a considerable change in the temperature or pressure, the 

emulsion characteristics, such as viscosity and droplet size can alter significantly (Ghosh and 

Rousseau 2010). The emulsifying agents are developed to stabilize emulsions. They are classified 

into two types: finely divided solids; and surface-active agent (Binks et al. 1999). Fine solids gen-

erally stabilize emulsions mechanically. These materials, which are wetted by both water and oil, 

should be smaller than the emulsion droplets and should accumulate at the water/oil interface. The 

effectiveness of these particles in stabilizing emulsions is strongly dependent on various factors, 

such as inter-particle interactions, particle size, and wettability of the material. Fine solid materials 

existing in the produced oil include clay particles, sand, asphaltene/wax, silt, and mineral scales 

deposited on the water/oil interface (Mclean and Kilpatrick 1997; Urbina-Villalba 2009). Surface-

active agents or surfactants are the particles that are soluble in both oil and water phases. They 

have a hydrophilic branch, which has a tendency to interact with oil, and there is a hydrophobic 

branch that has an affinity towards water. Surfactants tend to create an interfacial film at the oil-

water interface (Schramm et al. 2003). This phenomenon generally leads to a reduction in the 

interfacial tension (IFT) and, consequently enhances the droplet dispersion and emulsification. 

2.5. Mechanism of emulsifiers  

From a thermodynamic perspective, an emulsion is an unstable system due to its natural tendency 

for a liquid/liquid mixture to minimize its interfacial interactions (and/or interfacial energies) 
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(Alinezhad et al. 2010). Oil-field emulsions are usually categorized based on their degree of kinetic 

stability. The interactions between the surface-active agents and water/oil interfaces are primarily 

responsible for emulsion stability. Following the first drop formation, the former emulsion begins 

to be altered due to various time-dependent processes, which are Ostwald ripening, coalescence, 

flocculation, sedimentation, and creaming (the most controversial processes) (Mohammed et al. 

1994). Stabilizing mechanisms are that water/oil emulsions are assumed to be liquid/liquid colloi-

dal dispersions. Their kinetic stability is a result of droplets of small size and the formation of an 

interfacial layer between the water and the oil droplet. Emulsion stabilization is improved by emul-

sifier injection as a consequence of electrostatic and steric forces.  

The stabilization of water-oil emulsions produced from oil fields occurs through the formation of 

a thin film at the interface of the suspended droplets in the continuous phase. These films increase 

the emulsion stability by increasing the viscosity of the interfacial film (Raya et al. 2020). The 

viscous interfacial films reduce the drainage rate of the film during the water droplets, coalescence 

by creating a repulsive barrier, which consequently lowers the emulsion breakdown rate (Costa et 

al. 2019). The properties of interfacial films depend on several factors, such as polar molecules, 

concentration in the heavy oil, crude oil type (asphaltic and paraffinic), aging time, temperature, 

and pH and composition of the water phase (Bonto et al. 2019). 

Table 2.2. Demulsification mechanisms of water-oil and oil-water emulsions (Wang et al. 2021) 

Demulsification 

process 

Definition Details 

Sedimentation - Water droplets falling from an emulsion, 

which normally occurs due to the differ-

ence in water and oil density (Walstra 

2005) 

- It is a function of a chemical 

structure and surfactant ad-

sorption. - due to the differ-

ence in oil and water density 

Creaming - Not an actual breaking, but the separation 

of an emulsion into the denser part (cream) 

and the other parts 

- It is a function of a chemical 

structure and surfactant ad-

sorption. - due to the differ-

ence in oil and water density 
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Flocculation - It exhibits grouping of individual sus-

pended droplets together while each drop-

let keeps its identity 

- It depends on the surfactant 

structure.  

- It is the first step towards fur-

ther emulsion aging and coa-

lescence.  

- More frequent mechanisms 

in oil/water emulsions. 

Coalescence - It represents the mechanism by which 

two or more separate groups of miscible 

particles are active as they pull each other 

to reach the slightest contact. 

- It is affected by the interfa-

cial film viscosity, surfactant 

film elasticity, and the dynam-

ics of thin liquid film drain-

age. 

Aggregation - It corresponds to the formation of accu-

mulated droplets in a suspension. 

- It is the most common pro-

cess, resulting in the destabili-

zation of colloidal systems. 

Ostwald ripening - It represents the diffusion of droplets into 

the continuous phase to describe the inho-

mogeneous structure modification such as 

the redeposition of surfactant particles into 

larger particles over time. 

- Generally experienced in 

water/oil emulsions. - It is ob-

served in liquid droplets or 

solid solutions. 

Phase separation - It is defined as a complete separation of 

oil and water into two distinct phases. 

- It is a function of time and 

emulsifier type. 

 

2.6. Surfactants 

Surfactants are commonly used as emulsifiers in oil-water emulsions as they interact with both oil 

and water and stabilize the oil-water systems. Surfactants are substances that have hydrophobic 

and hydrophilic groups. The hydrophobic group does not show affinity to water, but the hydro-

philic group has an affinity to water. Surfactants are classified into ionic surfactants and nonionic 
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surfactants. Ionic surfactants are sub-classified into anionic surfactants where the hydrophilic 

group dissociates into anions in aqueous solutions, cationic surfactants that dissociate into cations, 

and amphoteric surfactants that dissociate into anions and cations often depending on the pH. 

Nonionic surfactants are surfactants that do not dissociate into ions in aqueous solutions, and they 

are subclassified depending on the type of their hydrophilic group. Common hydrophilic groups 

of ionic surfactants are carboxylate (–COO−), sulfate (–OSO3−), sulfonate (SO3−), carboxybetaine 

(–NR2CH2COO−), sulfobetaine (–N(CH3)2C3H6SO3−), and quaternary ammonium (–R4N+). In an 

aqueous solution, the carboxylate anion forms a structure with counterions, such as Na+, K+, or 

Mg2+. The hydrophilic group of nonionic surfactants is usually a polyoxyethylene group, but there 

are also nonionic surfactants with glyceryl groups or sorbitol groups, and nonionic surfactants with 

these different hydrophilic groups are also used depending on the application (Nakama 2017). 

2.7. Lignin  

Lignin is a heterogeneous and unshaped polymer that makes a large portion of the cell wall of 

vascular plants, making it the second most sample biomass on earth just after cellulose (Liu et al. 

2018). The main role of lignin is to provide rigidity to strengthen the structure of cell walls. It also 

contributes to water transport and the protection of cell walls against biological stresses. The lignin 

of various species contains three main units of monolignols. Based on the types of plants (soft-

wood, hardwood, and non-wood), the amount of each monolignol could be different. Lignin ex-

tracted from softwood resources merely contains coniferyl alcohol monolignols. The lignin of 

hardwood contains the highest amount of syringyl alcohol among the three classes of lignin with 

a smaller amount of coniferyl alcohol monolignols. Lignin can be isolated from the spent liquors 

of kraft, sulfite, soda, and organosolv pulping processes. Among these, sulfite and kraft processes 

are the two dominant techniques that are commercially utilized in the pulping industry (Vishtal 

and Kraslawski 2011; Tarasov et al. 2018). Lignin produced from the kraft process is usually used 

as a fuel and burned in mills, while lignin generated in the sulfite pulping process is extracted as 

lignosulfonate. The solubility of kraft lignin is much lower than that of lignosulfonate due to the 

lack of hydrophilic groups on its structure. There is considerable room for taking great advantage 

of the inherent potential of lignin for value-added applications. However, a small fraction of ex-

tracted lignin is currently used in the formulation of adhesive (Liu and Li 2007) dispersants (Zhou 

et al. 2006), surfactants, or as antioxidants in rubbers and plastics ( Laurichesse and Avérous 2014; 
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Saraf and Glasser 1984). This implies that lignin valorization has not been fully explored and there 

is considerable room for generating value-added products, such as lignin-derived emulsifiers. 

2.8. Lignin Structure 

Lignin has a large and complex polymeric structure containing methoxyl groups, phenolic hy-

droxyl groups, and some terminal aldehyde groups in the side chain (Liu et al. 2015). It is com-

monly distributed in combination with hemicellulose around the cellulose strands in primary and 

secondary cell walls of cellulose fibers, and it is covalently bound to the carbohydrate/cellulose 

structure (Galkin and Samet 2016; Zakzeski et al. 2010). Table 2.3 summarized the structures and 

properties of the four technical lignin. 

Table 2.3. Technical lignin and their properties (Gellerstedt and Gustafsson 2007) 

Technical 
lignin 

Kraft Lignosulfonate Soda Organosolv 

 
 
 
 
 

Structure 

 

 

 

 

 

 

 

 
Separation 
methods 

Precipitation (pH 
change) 

Ultrafiltration Precipitation (pH 
change) Ultrafiltration 

Precipitation (addi-
tion of non-solvent) 
Dissolved air flota-

tion 
Product 
status 

Industrial Industrial Industrial Laboratory/Pilot 

Sulphur 
(%) 

1.0 to 3.0 3.5 to 8.0 0 0 

Nitrogen 
(%) 

0.05 0.02 0.2 to 1.0 0 to 0.3 

Molecular 
weight 
(×103 

g/mol) 

1.5 to 5 
(up to 25) 

1 to 50 
(up to 150) 

0.8 to 3 
(up to 15) 

1.5 to 2.5 
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Polydis-
persity 

2.5 to 3.5 6 to 8 2.5 to 3.5 1.5 to 2.5 

Acid solu-
ble lignin 

(%) 

1 to 5 - 1 to 11 ̴ 2 

Solubility Alkali, some or-
ganic solvents 

(DMF, pyridine) 

Water Alkali Wide range of or-
ganic solvents 

 

 2.9. Dominant pulping processes                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

2.9.1. Kraft process  

Kraft pulping is the dominant method used for processing lignocellulosic biomass, and it accounts 

for roughly 85% of the produced lignin in the world (Xu et al. 2014). In the conventional kraft 

process, the delignification process is performed at high temperatures and pH, during which lignin 

is dissolved in the pulping liquors (Azadi et al. 2013; Doherty et al. 2011). In these pulping pro-

cesses, lignin is dissolved by the cleavage of the ether linkages at pH between 13 and 14 and 

temperatures around 170°C, which would increase the number of phenolic hydroxyl groups of 

lignin allowing its solubilization at high pH in the pulping liquor. From this liquor, lignin can be 

isolated via acidification (e.g., sulfuric acid) at a pH of 5–7.5 (Azadi et al. 2013). 

2.9.2. Sulfite Process 

The sulfite process is an old pulping method for pulp and paper production. This process involves 

the reaction between lignin and a metal sulfite and sulfur dioxide, with calcium, magnesium, or 

sodium acting as counter ions available in the pulping chemicals (Doherty et al. 2011). By chang-

ing the conditions of the pulping process and chemical dosage, the pH of the pulping system can 

range between 2 and 12. The process is executed at temperatures that can vary between 120 and 

180°C, with a digestion time of 1–5 h (Azadi et al. 2013; Saake and Lehnen 2007). 

2.10. Potential application of lignin 

Lignin can be used as a starting material for producing different materials. Generally, lignin-based 

materials can be used mainly as fuels, chemicals reagents, and polymers. 
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For example, lignin can be used for fertilizer and herbicide productions used in agriculture, as 

dispersant agents, sizing agents in the paper industry, and as binders in plywood manufacturing 

(Chakar and Ragauskas 2004; Galkin and Samet 2016; Zakzeski et al. 2010). Lignin and its deriv-

atives have been used in composites, resins, and as flocculants, dispersants UV blocking agents, 

and for medical purposes.  

2.10.1. Lignin for composites  

Lignin can be used as a reinforcing polymer for composite production. However, it is always a big 

challenge to develop miscible lignin/polymer composites, as raw lignin is not well miscible or 

compatible with many polymers, especially in non-polar systems. The poor interfacial binding 

between lignin particles and the polymer matrix tends to favor particle aggregation and phase sep-

aration in the resultant blends (Kai et al. 2016). 

2.10.2. Lignin for phenol-formaldehyde resins  

Phenol-formaldehyde (PF) resins are a class of synthetic polymers with excellent mechanical 

strength, good heat and moisture resistance, and advanced ablative properties (Galkin and Samet 

2016). With such advantages, PF resins have been widely used for various applications in elec-

tronics, railway, building, and construction products as coatings, insulation, lamination, wood 

bonding, and well known as plywood adhesives (Azadfar et al. 2015; Tejado et al. 2007). 

2.10.3. Lignin as ultraviolet (UV) blocking agent 

During lignin production in pulping processes, lignin chromophores are generated that are UV 

absorbant. Recently, the use of lignin-derived materials as a UV blocking agent in various appli-

cations, such as cosmetics and sunscreen creams were reported (Chaochanchaikul et al. 2012).  

2.10.4. Lignin for biomedical applications 

There have been reports on the use of lignin-based antibacterial and anticancer agents for various 

applications (Figueiredo et al. 2018). Generally, the carboxylic acid, phenolic hydroxyl, and chro-
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mophore structures of lignin contribute to their application in the medical field. Also, various lig-

nin derivatives, such as oxidized lignin (Liu et al. 2019), have shown promising results as anti-

cancer materials (Azadfar et al. 2015; Chaochanchaikul et al. 2012; Fernandes et al. 2013).  

2.10.5. Lignin as flocculants 

Recently, the production and application of lignin derivatives as flocculants for various solutions 

and suspension systems were studied (Gao et al. 2021). As lignin is generally water-insoluble, 

lignin was made soluble via polymerization for large molecular weight flocculant generation. 

Polymerization was the main procedure to produce high molecular weight lignin for flocculant 

production. Altered cationic and anionic lignin polymers were produced under alkaline and acidic 

conditions and in solvent systems (Henrikki Sipponen et al. 2017). Reports are available on their 

effectiveness as flocculants for municipal and industrial wastewater, kaolin and aluminum oxide 

suspensions, and dye-containing solutions (Guo et al. 2018; Wang et al. 2018; Wu and Ma 2016 ). 

2.10.6. Lignin as dispersants 

Oxidation, sulfoalkylation, and carboxyalkylation have been utilized comprehensibly to induce 

lignin-derived dispersants  (Chen et al. 2018; He et al. 2017). The reports generally concluded that 

carboxyalkylated (Konduri et al. 2015) and oxidized lignin is an effective dispersant for the sus-

pension system, but its effectiveness is pH-dependent, and its efficiency drops at pH below 4, as 

carboxylic acid groups are protonated at low pH. However, sulfoalkylated lignin (Hopa and Fatehi 

2020) showed promising results that were independent of pH. 

2.11. Impact of lignin properties on its performance 

Correlations between the properties and performance of lignin-derived materials are available in 

several research publications (Chen et al. 2018). It was reported that the degree of oxidation af-

fected the performance of oxidized lignin as flocculant for dye solution (He et al. 2016), and for 

cement admixture ( He et al. 2015). The degree of sulfonation has also impacted the performance 

of sulfonated lignin as cement dispersants (Chen et al. 2018).  
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Also, the impacts of charge density (Konduri and Fatehi 2018) and molecular weight (Tolbert et 

al. 2014) of lignin polymers on their flocculation performance for kaolin (Hasan and Fatehi 2018) 

and aluminum oxide (Kazzaz et al. 2018) suspensions were reported in the past.  

As lignin-acrylic acid polymers with different molecular weights and charge densities can be pro-

duced via polymerizing lignin and acrylic acid (Kong et al. 2018), it is also important to explore 

the impact of the molecular weight/charge density of lignin-acrylic polymers on its emulsifying 

performance in the oil-water mixtures. This investigation will help with the design of lignin-acrylic 

acid emulsifiers for altered oil-water emulsion systems.  

2.12. Methodology Fundamentals 

2.12.1. Contact angle and interfacial analysis 

The surface tension of lignin-containing solutions was determined to understand how lignin deriv-

atives would change the surface properties of water and thus its interaction with oil (Alwadani et 

al. 2021). The measurement was conducted by the Du Noüy ring method. In this method, a plati-

num ring is submerged below the surface of lignin-containing water and pulled up gradually, which 

pulls the water surface upward. The maximum tension that water can tolerate the pulping is con-

sidered as the surface tension of lignin-containing water (Ghavidel and Fatehi 2021). 

The water contact angle of lignin-containing water was also determined following the sessile drop 

method that relies on the contact angle of a water droplet and a solid surface, in this thesis, glass 

slides.  

The oil contact angle (OCA) of the three-phase system was also determined following the method 

discussed in a previous thesis (Ghavidel 2021). In this method, a glass slide that contains lignin-

containing water droplets were submerged into the oil, and the contact angles of a solid surface at 

an oil-water interface the slides were determined as shows in Figure 2.1.  
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Figure 2.1. Illustration of oil-water contact angle measurement (Ghavidel 2021).  

2.12.2. Adsorption analysis 

Quartz crystal microbalance with dissipation (QCM-D) technique was used in this thesis as a sen-

sitive tool for investigating the adsorption of lignin-acrylic acid polymers on oil surfaces. QCM 

relies on the oscillation of a quartz crystal sensor at a frequency provided by an external voltage.  

In addition to the adsorbed mass shown based on changes in frequency of the quartz crystal, struc-

tural (viscoelastic) properties of adsorbed layers can also be investigated via monitoring changes 

in the dissipation parameter (D). Dissipation occurs when the voltage to the crystal is turned off 

and the energy from the oscillating crystal dissipates from the system.  

The oscillating crystal with the changes in voltage is shown in Figure 2.2a. The high sensitivity of 

the instrument is associated with the repetition of voltage changes (voltage is applied and turned 

off) over 100 times per second. Figure 2.2b shows the signal generated by an oscillating crystal 

and the differences in signal decay between rigid and viscoelastic materials. 

 
Figure 2.2. a) The oscillating crystal when voltage is applied on the sensor and shear wave pene-

trates the adsorbed layer, b) the different dissipations for rigid and soft adsorbed layer (Ghavidel 

2021).  

2.12.3. Rheology analysis 

Rheology is the study of the flow of matter, the science of deformation and flow within a material. 

It applies to a material that has a complex microstructure such as muds, sludges, suspensions, 

polymers, and other glass forms, as well as biological, and other materials that belong to the class 

of soft matter such as food. It depends on the complex behavior of viscoelasticity of materials that 

have the properties of both liquids and solids relying on the forces/deformations applied to them. 
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Rheology generally explains the behavior of Newtonian and non-Newtonian fluids, by character-

izing the minimum number of functions that are needed to relate stresses-strain.  

In this thesis, the viscosity of oil-water emulsions was studied comprehensively. Viscosity can be 

conceptualized as quantifying the internal frictional force that arises between be the side of layers 

of fluid that are in relative motion. This analysis is important as it shows how oil-water emulsion 

moves on the macroscopic scale and how the droplets of emulsion are stabilized in emulsion sys-

tems. Generally, high viscosity is required to stabilize the forces developed between droplets in 

emulsion and thus to keep the emulsion stabilized. Otherwise, a low viscosity promotes the move-

ment of droplets and coalescence.  

In addition to yield stress for viscosity measurement, an amplitude sweep test was also carried out, 

which is based on an oscillatory assay that applies an increasing amplitude (i.e., energy input) to 

probe sample characteristics, such as rheological stability.  In this work, I applied this method to 

understand how strong the emulsions are stable.  

2.12.4. Stability analysis 

The stability of the emulsion systems was studied using a vertical scan analyzer. The samples were 

prepared inside the glass container of the instrument and subjected to analysis. The sample was 

scanned with a pulsed near-infrared light (λ = 880 nm) and the transmitted and backscattered lights 

were recorded by the detectors of the instrument in which a microscopic fingerprint of the samples 

could be recorded. The stability of samples was quantitively analyzed by terms of stability index 

(TSI), where both coalescence and settling phenomena are considered in TSI evaluation. The TSI 

is determined by equation 2.1. 

𝑇𝑆𝐼 = √
∑𝑛

𝑖−1 (𝑥𝑖−𝑥𝑏𝑠)2

𝑛−1
                                                                                 (2.1)                                                             

Where n, xi, xbs, refer to the number of scanning, an average of the backscattered light intensity 

at the scanning time, and an average of xi, respectively. The higher the TSI, the lower the stability 

is (Xu et al. 2018). 
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Chapter 3. Experimental Methods     

3.1. Materials  

Softwood kraft lignin (KL) produced via the LignoForceTM technology was received from FPIn-

novations. Also, acrylic acid (AA), potassium persulfate (K2S2O8), sodium hydroxide (NaOH, 

97%), sulfuric acid (H2SO4, 98%), dimethyl sulfoxide-d6 (DMSO-d6), cyclohexane (C6H12), deu-

terium oxide (D2O), acrylic acid (AA), n-decane (C10H22), polydiallyldimethyl-ammounium chlo-

ride (PDADMAC, 100,000-200,000 g/mol), potassium hydroxide (0.8N), para-hydroxy benzoic 

acid (0.5%), KCL (1M) and cellulose membrane tubes (1000 g/mol cut off) were purchased from 

Sigma-Aldrich. Xylene (C6H6(CH3)2 ≥98.5%, ACS grade as a mixture of ortho, meta, and para 

isomers, cyclohexane (99%), and decane (99%) were purchased from Fisher Scientific. All chem-

icals were used without further purification. HPLC-grade water was produced by a Milli-Q water 

purifier and used in the QCM and Zeta potential experiments. 

3.2. Polymerization of kraft lignin with acrylic acid 

The reaction was performed in 500 mL three-neck flasks under a nitrogen atmosphere equipped 

with magnet stirrers. First, 4 g of lignin were suspended in 20 mL of deionized water at room 

temperature and stirred at 300 rpm for an hour. While stirring, the different amounts of AA were 

added to the flasks, and the balance was made with deionized water to make the reaction solution 

40 mL. After deaeration, the solution was transferred to a preheated water bath at 80℃. After 5 

min, the preheated (80℃) amount of initiator (K2S2O8, 1.5 wt.%) was added to the flasks to initiate 

the reaction at 300 rpm. After 3 h, of reaction at pH 3, the reaction was quenched, and the pH of 

the reaction was adjusted to 1.5 to precipitate the KL-AA polymer product from the solution. Then, 

the reaction system was centrifuged to precipitate KL-AA polymer from PAA homopolymer and 

unreacted AA monomer. The solution was then dialyzed using membrane tubes for 2 days to re-

move impurities and AA monomers. Then, the samples were dried in an oven at 105 ℃ (Kong et 

al. 2018). The polymerization reaction was repeated under different amounts of AA to lignin molar 

ratios (3.5, 7.5, and 10). The products of this analysis were called KL-AA-3.5, KL-AA-7.5, and 

KL-AA-10, respectively, in this thesis. 

3.3. H-NMR analysis  
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The chemical structure of KL and KL-AA polymer was analyzed with 1H-NMR. In this set of 

experiments, 70 mg of KL was dissolved in 1 mL of DMSO, and 70 mg of KL-AA was dissolved 

in 1 mL of D2O. The solution was stirred overnight to fully dissolve the lignin derivatives. The 
1H-NMR spectra and two-dimensional homonuclear correlation spectroscopy spectrum (COSY) 

were obtained using nuclear magnetic resonance spectroscopy (AVANCE NEO-1.2 GHz, Bruker, 

Corporation). Adjustments for 1H-NMR and COSY are as follows: 1H-NMR: 64 number of scans, 

A 90° pulse with a relaxation delay of 1.00 s; 1H–1H COSY: 4 scans per increment with 128 in-

crements, A 90° pulse with a relaxation delay of 1.00 s. 

3.4. Solubility, charge density, and carboxylic acid group analyses 

At first, a 1 wt.% solution of lignin samples was prepared via mixing the lignin samples with 

deionized water at room temperature. The solutions were shaken for 1 h at 100 rpm at 30°C. After 

shaking, the solutions were centrifuged at 1000 rpm for 5 min to separate the soluble part of lignin 

derivatives from the solutions.  

For measuring the solubility, after filtering the solution, the dried weight of insoluble lignin deriv-

atives left on the filter was determined, which helped determine the solubility of the lignin samples 

via developing mass balance. The filtrate part of the solution was taken for the charge density 

analysis of soluble lignin. The charge density of soluble lignin samples was determined via direct 

titration, using a Particle Charge Detector, Mutek PCD-04 titrator (Herrsching, Germany) and with 

PDADMAC or PVSK standard solutions (~0.005 mol/L)(Inwood, Pakzad, and Fatehi 2018). The 

carboxylic acid group and phenolic of KL and KL-AA polymers were measured using an auto-

matic potentiometric titrator (785 DMP Titrino, Metrohm, Switzerland). About 0.06 g of dried KL 

and KL-AA polymers were added to 100 mL of deionized water containing 1 mL of 0.8 mol/L 

potassium hydroxide in a 250 mL beaker. After stirring at 200 rpm for 5 min, 4 mL of 0.5 % para-

hydroxybenzoic acid solution was added as an internal standard, and the solution was titrated with 

0.1 mol/L hydrochloric acid solution. During the titration, with the decrease in the pH of the sample 

solutions, three endpoints appeared in sequence (V1’, V2’ and V3’, respectively). The correspond-

ing three endpoints in the titration curve of the blank sample (i.e., sample without lignin) were 

quantified as V1, V2, and V3, respectively. The carboxylic acid and phenolic hydroxyl contents 

of samples were calculated according to equations (3.1) and (3.2) (Kong et al. 2018).  
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Phenolic hydroxyl group (mmol

g
)= 

  CHCl [(V2
′ −V1

′ )−(V2−V1)]

m
  (3.1) 

Carboxylic acid group (mmol

g
)= 

  CHCl [(V3
′ −V2

′ )−(V3−V2)]

m
      (3.2) 

where CHCl is the concentration of HCl solution (0.1 mmol/L) as the titrant, m is the mass (g) of 

the sample. V1, V2, and V3 are the volumes (mL) of HCl solution consumed for the three endpoints 

in blank titration. V1′, V2′, and V3′ are the volumes (mL) of HCl solution consumed for the three 

endpoints in sample titration, respectively. Results are the average of three repetitions. 

3.5. Molecular weight analysis 

The molecular weight of samples was determined using a Gel Permeation Chromatography sys-

tem, Malvern GPCmax VE2001 Module + Viscotek TDA305 with multi-detectors (UV, RI, vis-

cometer, low angle, and right-angle laser detectors). For KL measurement, the columns of 

PAS106M, PAS103, and PAS102.5 were used and tetrahydrofuran (THF) with a fixed flow rate 

of 1.0 mL/min was used as eluent and solvent. For KL-AA polymer measurement, the columns of 

PAA206 and PAA203 were used, and NaNO3 solution (50 g/L) was used as solvent and eluent at 

the fixed flow rate of 0.1 mol/L. Poly (ethylene oxide) was used as a standard polymer in the GPC 

measurement. An average of 3 independent measurements was reported in this work. 

3.6. Surface tension and contact angle   

 For surface tension measurements, 2.5 wt.% KL-AA solutions were diluted to generate 2, 1.5, 1, 

1.125, 0.75 and 0.56 wt.% solutions. The surface tension of the solutions was measured following 

the Du Nouy ring method ring (Sigma 701, Biolin Scientific) and using OneAttension software at 

room temperature. In detail, the small vessel (30 mL) of the instrument was washed with deionized 

water, and the Du Nouy ring was cleaned with a lighter for 5 seconds before each test. Then, 20 

mL of the lignin solutions were placed into the small vessel, and the test was conducted for 10 

points. The data generated in this test was used for identifying the critical aggregation concentra-

tion (CAC) of lignin samples and the results were calculated from the average of 10 independent 

measurements.  
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For the contact angle measurement, the two-phase water contact angle (WCA) and three-phase oil 

contact angle (OCA) were determined using a theta optical tensiometer attention (Biolin Scien-

tific). First, a 300 µL of KL-AA solution at different concentrations of (1, 2 wt.%) were coated on 

clean glass slides using a spin coater (WS-400B-NPP) spin-processor (Laurell Technologies Corp) 

at 1500 rpm and the acceleration rate of 200 m/s2 for 20 sec under nitrogen environment. The 

coated films were dried in the oven at 105°C overnight. Then, a drop of deionized (DI) water (5 

µL) was placed on the coated glass slides, and the contact angle of  KL-AA at the water-air inter-

face (WCA) was determined following static contact angle (i.e., two-phase contact angle) meas-

urement via the sessile drop method at 25 °C for 10 sec (Ghavidel and Fatehi 2019). Afterward, 

the slides were transferred to a glass chamber filled with 3 mL of organic solvents solvent (i.e., 

xylene, cyclohexane, decane) to reproduce the situation, in which emulsification occurs when KL-

AA polymers are spread in water first and then interacted with oil interface. 

3.7. Dynamic interfacial tension  

Dynamic interfacial tension (γ) between KL-AA of different concentrations and the organic phases 

was determined using an Attension Theta Biolin optical tensiometer following the pendant drop 

method (Bizmark and Ioannidis 2017). In detail, 3 mL of xylene, cyclohexane, decane oils was 

poured into a Quartz cuvette and sealed to minimize the volume loss. In this test, 5 µL droplets of 

KL-AA solutions (1 and 2 wt.%) were generated at the tip of a needle, which was submerged into 

the oil phase (Bi et al. 2015). The images of the droplets were recorded over 3600 s at a frame rate 

of 10 images per second in the first 600 sec and 1 image per minute in the last 3600 s. The inter-

facial tensions were calculated from the analysis of the shape of droplets using the Young-Laplace 

equation (Pan et al. 2018). 

3.8. Zeta potential 

The zeta potential of the KL-AA solution was determined using a NanoBrook PALS (Brookhaven 

Inc., USA). KL-AA solutions with different concentrations (1 and 2 wt.%) were prepared via stir-

ring at 300 rpm and 25°C overnight. Afterward, 250 μL of potassium chloride was added to 1 L 

MiliQ water and stirred for 30 min. Then, 20 mL of KCl solution was filtrated and used in this 

measurement. Afterward, 50 μL of KL-AA solutions were added to 50 mL of the filtrated KCl and 
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sonicated for 15 seconds. The zeta potential analysis was executed at room temperature and a 

constant electric field of 8.4 V/cm. The reported data was the average of three repetitions. 

3.9. QCM-D measurements 

The QCM measurement was conducted with 3 solvents of xylene, cyclohexane, and decane coated 

on an aluminum oxide sensor (QSX-309) and the solutions (0.05 wt.%) of KL-AA. As the alumi-

num oxide sensor was positively charged and our KL-AA and oil samples were negatively charged, 

we chose this sensor for analysis to have sensible adsorption. First, the sensors were cleaned via 

sonicating in 99 vol% ethanol for 15 minutes. Then, the sensors were dried with nitrogen and then 

treated with UV/ozone (PSD Series, digital UV ozone system, NOVASCAN) for 15 min. After-

ward, xylene, cyclohexane, and decane (5 µL) were coated on sensors at 3000 rpm for 30 sec under 

N2 environment at the acceleration rate of 200 m s-2 (Ghavidel and Fatehi 2020), separately. Then, 

the sensors were dried in an oven at 110 °C for 30 minutes. The coating procedure was repeated 

10 consecutive times while drying the sensors in the oven between each coating cycle. The QCM-

D measurement started by rinsing the sensors with the buffer solution of MilliQ water until a base-

line was stabilized. Then, the buffer solution was changed to KL-AA (0.05 wt.%), and the exper-

iment was carried out at the flow rate of 0.15 mL/min and room temperature using Quartz crystal 

microbalance with dissipation (QCM-D 401, E1, Q-Sense Inc. Gothenborg, Sweden). The exper-

iments were conducted for 20 min, after which the analysis was finished by rinsing the sensors 

with the buffer solution.  

3.10. Emulsion preparation 

First, KL-AA solutions with 1 and 2 wt.% concentrations were prepared. Then, they were mixed 

with xylene, cyclohexane, and decane as the organic phase at the 1/1 volumetric ratio in clean glass 

vials. Then, the mixtures were emulsified using an ultrasonic machine (Omni-Ruptor 4000, Omni 

International Int.) at room temperature, 240 W power, and 30 s for 3 sec intervals.  

3.11. Rheology properties 

The emulsions of lignin-AA were generated as stated earlier. A hybrid rheometer (TA Instruments) 

equipped with a cylindrical geometry (cone diameter, 28.03 mm; cone length, 41.96; angle, 1°; 
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gap, 5500 μm) at room temperature for determining the viscosity and other rheological properties 

of the emulsions. Precisely, 1 mL of each emulsion was transferred by a pipet onto the lower plate 

of the instrument. To determine the linear viscoelastic region of KL-AA, an amplitude sweep test 

was performed in the range of 0.1 and 100 1/s at a frequency of 10 rad/s. A strain of 10% was 

chosen from the linear viscoelastic region to carry out frequency sweep measurements in the range 

of 0.1 and 1000 rad/s. For the oscillation amplitude test, the strain of 0.1-100% with a constant 

frequency at 10 rad/s was chosen to determine the storage and loos modulus of the emulsions.  

3.12. Stability analysis 

The solutions of KL-AA solutions at 1 and 2 wt.% concentrations were prepared. Then, 6 mL of 

KL-AA emulsions were prepared via mixing 2 mL of KL-AA and 3 mL of oils in glass vials. The 

emulsions were formed by ultrasonication at 240 W power and 30 s with 3 s time intervals. Then, 

they were mixed with a vortex mixer (VWR) at 2500 rpm for 10 s. After mixing, they were placed 

in a vertical scan analyzer (Turbiscan Lab Expert, Formulation, France), at room temperature for 

24 h. 

3.13. Visual analysis 

Emulsions of KL-AA and oil (6 mL) were prepared as stated above. The structure of the emulsions 

was immediately analyzed by a Leica TCC-SP8 confocal laser scanning microscope (Leica Mi-

crosystems Inc., Germany) equipped with a WLL laser (563 nm excitation wavelengths) using an 

HC PL APO CS2 100×/1.40 oil immersion objective lens. First, 40 µL of emulsions without dilu-

tion were taken from the emulsion layer of the samples immediately after the preparation. The 

emulsions were placed on glass slides with cover glass slides on the top. Red fluorescence was 

used for observation of the samples with a 600-710 nm filter under a 563 nm laser illumination.
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Chapter 4. Results and Discussion 

4.1. Lignin-acrylic acid properties 

It was previously reported that the polymerization of KL and AA was optimized at 1.5 wt.% initi-

ator (potassium persulfate), 80℃ and 3 h, which were selected in the current analysis (Kong et al. 

2018). Water-soluble lignin-acrylic acid (KL-AA) polymers were produced with different molec-

ular weights. Table 4.1 lists the properties of KL-AA polymers. It is obvious that the KL-AA with 

a higher charge density and the carboxylic acid group had a higher molecular weight. It can be 

observed that by changing the AA/lignin molar ratio from 3.5 to 10, the molecular weight increased 

rapidly from 3.07×105 to 7.99105 g/mol, the charge density was increased from 1.1 mmol/g to 4.7 

mmol/g and the carboxylic acid groups were increased from 1.09 mmol/g to 2.23 mmol/g. Such 

increases were attributed to the improved polymerization of lignin and AA as the amount of AA 

in the system was increased (Witono et al. 2012). In another research on KL-AA production (Kong 

et al. 2018), water-soluble KL-AA was produced at neutral pH. Generally, the polymerization 

mechanism of KL and AA under acidic conditions is encouraged by the decomposition of the 

initiator (Kong et al. 2018). Also, more PAA chains would be grafted on KL under acidic condi-

tions than alkaline (Kong et al. 2018). The phenolic group of KL was originally 3.26 mmol/g, but 

it decreased to 1.58, 1.64, and 1.76 mmol/g after polymerization with AA, these results would 

imply that the KL and AA polymerization mainly occurred on the phenolic group of KL (Kong et 

al. 2018). The self-decomposition of potassium persulfate in the initiator system generates sulfate 

radicals (Hunkeler 1991) and the sulfate radicals can remove hydrogen from the hydroxyl groups 

on lignin and generate lignin macro radicals. Once the macromolecular radicals are generated, they 

react with the monomers and initiate the polymerization  (Mondal and Haque 2007; Panesar et al. 

2013). Although the solubility of KL was improved via polymerization with AA, the KL-AA sam-

ples were partially water soluble. In another report (Gao et al. 2021), lignin was sulfonated before 

polymerizing with AA to improve the water solubility of the KL-AA product. Furthermore, when 

the polymerization of KL-AA was accelerated, its hydrogen and carbon decreased, which is asso-

ciated with the addition of the carboxylic acid group to KL (Petridis et al. 2011).  

Table 4.1. Properties of KL and KL-AA 
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Sample KL KL-AA-3.5 KL-AA-7.5 KL-AA-10 

lignin concentration, wt.% 4 4 4 4 

Time (h) - 3 3 3 

Temperature (℃) - 80 80 80 

AA/lignin molar ratio - 3.5 7.5 10 

Solubility (wt.%) 9.6 52.9 73.7 91.6 

Charge Density (mmol/g) 0.1 1.1 2.2 4.7 

Mw, × 2.13 3.07 6.11 7.99 

105 (g/mol) 
    

Mn, × 1.46 1.52 1.54 2.04 

105 (g/mol) 
    

Mw/Mn 1.58 2.0 3.9 3.9 

carboxylate group, mmol/g 0.83  1.09  1.37  2.23  

Phenolic hydroxyl group, 

mmol/g 3.26  1.57  1.12  0.84  

Carbon, (wt.%) 

 

64 60 58 50 

Hydrogen, (wt.%) 7.0 1.3 3.2 5.8 

Oxygen, (wt.%) 27 35 36 44 

4.2. H-NMR discussion 

The NMR spectroscopy analysis permitted us to obtain the structural characterization of the KL-

AA. Figure 4.1a shows the H-NMR spectra of KL and KL-AA polymers. The peak in the range of 

6-7.5 ppm attributes to the hydrogen in the phenolic hydroxyl group of lignin (f in Figures 4.1a 

and 4.1.b). Moreover, in all samples (KL-AA-3.5-KL-AA-7.5 and KL-AA-10), the peak at 3-3.9 

ppm is attributed to the protons in methoxyl groups and the peak at 1.4-2.4 ppm is for the protons 

of CH2, CH, and COOH of lignin-acrylic acid. Peaks that appeared at 4.5-4.9 ppm are assigned to 

the solvent of D2O. It can be observed that the peaks for the KL-AA chain segment appeared at 

1.1 ppm, 1.9 ppm, and 2.4 ppm, that the peaks appeared at 1.1 ppm is attributed to C-1(a), at 1.9 
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ppm is attributed to C-2(b), that are attributed to presence of acrylic acid and 2.4 ppm is assigned 

to the carboxylic acid of PAA(c) (Petridis et al. 2011). The peaks at 2.50 ppm, 3.2-3.9 ppm, and 

6.5-7.1 ppm on the KL-AA spectrum belonging to KL illustrate the successful polymerization of 

KL and AA. Similarly, the peaks at 3.20 ppm, 2.55-3.0 ppm, 5.15-5.75 ppm, 5.99-7.42 ppm, 8.30 

ppm, and 9.2 ppm belonging to KL illustrate the successful polymerization of KL and AA. In all 

samples (KL-AA-3.5, KL-AA-7.5, and KL-AA-10), the peaks range were the same, but, 

by increasing the ratio of AA/KL, we can observe larger peaks for AA in the spectrum of 

KL-AA. In another word, the KL-AA sample with a higher AA had a larger peak for (-

CH2-O-C6H5-n) (1.5-2.5 ppm). Also, the peak at 4.10 ppm in KL-AA samples is assigned to the 

protons of –CH2- (d in the figure) connected to the aromatic structure through ester bond (-CH2-

O-C6H5). The 2D-COSY spectra of KL and KL-AA-10 depicted in Figure 4.1c were used for con-

firming the signal assignments of KL-AA. In this analysis, long-range coupling of protons can be 

observed via considering long analysis times and the cross-peaks (not on the diagonal) that are 

symmetric to the crosswise COSY spectra. As seen in (Figure 4.1.a), despite the detected overlap-

ping areas in the 1D spectrum of sample KL-AA-10, the diagonal-signal peak detected in 2D spec-

tra at 4.50 and 1.2-2.6 ppm confirms the presence of acrylic acid in the structure of the KL-AA. 
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Figure 4.1.a) 1H-NMR of lignin derivatives, b) chemical structure of KL-AA, and c)1H–1H COSY 

spectra of KL (right) and KL-AA-10 (left) 

4.3. Zeta potential discussion 

The stability of the samples depends on the repulsive and attractive forces between the particles in 

the solutions, and the presence of high repulsion between particles introduces particle stability 

(Nune et al. 2009). Figure 4.2 shows a slight increase in the value of ζ from approximately zero to 

-58 mV for KL-AA-3.5, from -to -60 for KL-AA-7.5, and -62 mV for KL-AA-10 when the dosage 

of KL-AA increased 2 wt.%, respectively. The higher zeta potential and thus electrostatic repulsion 

among the polymer segments in KL-AA solutions originating from the carboxylic acid group af-

fected the zeta potential more significantly, which would eventually impact the stability of emul-

sions (Czaikoski et al. 2020).  

c 
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Figure 4.2. The effect of concentration on zeta potential (ζ) of aqueous solutions of KL-AA-3.5, 

KL-AA-7.5, and KL-AA-10 

4.4. Surface tension and critical aggregation concentration   

The critical aggregation concentration of 2 samples of KL-AA-3.5 and KL-AA-10 was measured 

with a Du Nouy ring to determine the changes in the surface tension of lignin-containing solutions 

and to determine the CAC point of water at an elevated concentration of the lignin derivatives for 

identifying the CAC point of KL-AA in an aqueous system. The results showed that the critical 

aggregation for both samples was at 1.5 wt.% (Figure 4.3a and 4.3b). These results imply that KL-

AA would be covering the surface of the water at a 1 wt.% concentration. However, they would 

cover the surface of the water and make self-aggregate in water at 2 wt.%. Therefore, 1 wt.% and 

2 wt.% concentrations were chosen for this further investigation to understand how different con-

centrations, and thus configurations of lignin particles in solution, would impact the oil-water 

emulsions. a concentration below and after this concentration was chosen for analysis (Ghavidel 

and Fatehi 2020). In another report on the surface tension analysis of kraft lignin-tannic-acid (KL-

TA), the surface tension of water was 72.8 mN/m, and with an increase in the concentration of 

KL–TA, the molecules spontaneously adsorbed on the surface, reducing the surface tension of 

water in this report the tension of water was measured to be 69 mN/m, (Gharehkhani et al. 2019). 

In the present work, the surface tension of water was determined to be 71 mN/m, and it by adding 
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KL-AA because of the dissociation of carboxylate groups in water (Figure 4.3) (Gharehkhani et 

al. 2019). Also, by increasing the concentration of KL-AA, the surface tension dropped more re-

markably for KL-AA-10 than the other sample as it has more carboxylic acid group and solubility 

in water (Table 4.1). 

Figure 4.3. a) Surface tension of KL-AA-3.5 and b) KL-AA-10 as a function of concentration to 

determine CAC point.

4.5. Dynamic interfacial tension results 
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One of the fundamental quantities related to the assembly properties of adsorbed materials at in-

terfaces is interfacial tension (γ). It plays a crucial role in the process of emulsion formation and 

stabilization (Garbin et al. 2012). Polymeric surfactants reduce γ by migrating to the interface 

before their concentration reaches equilibrium at the interface. In this experiment, the interfacial 

tension (γ) was measured following the pendant drop method with different concentrations of KL-

AA (1,2 wt.%) over 3600 sec. Figure 4.4 shows the interface tension of control oil/water systems. 

In this figure, we can observe that xylene has the lowest interfacial tension of control oil/water 

systems. In this figure, we can observe that xylene has the lowest interfacial tension between 2 

phases of (water and xylene) because of the high polarity of xylene in comparison with the other 

oil (i.e., decane and cyclohexane). Also, the rate of decline in γ varied over time, while changes 

were steeper in the first 250 s of the test, and it reached a plateau at the later stage of analysis (Xu 

et al. 2018), which is attributed to the higher polarity of the xylene at the interface (Bergfreund et 

al. 2019). 

 

Figure 4.4. The reference baseline for the γ of the oil-water systems in the absence of KL-AA 

polymers 
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Figure 4.5 shows the interface tension of KL-AA samples at different concentrations in the three 

different solvents of xylene, cyclohexane, and decane. As expected, the higher concentration of 

KL-AA in the solution reduced its interfacial tension (γ) more greatly (Figure 4.5). As also seen, 

the interface tension was the lowest for the xylene-water system (Figure 4.5a), which follows the 

trend for the control samples in (Figure 4.4). Also, the rate of interface tension drop varied over 

time, while the changes were steeper in the first 250 s of the test, and it reached a plateau at the 

later stage of analysis, which suggests that the KL-AA deposition on the interface reached 

equilibrium ( Bizmark and Ioannidis 2017; Wu and Honciuc 2018). The rate of interface tension 

drop was more significant for the xylene/water system than other emulsions, which may imply the 

more compatibility of KL-AA and xylene in this system. Also, the overall interface tension drops 

and the rate of such drops were smaller for the cyclohexane-water system implying that KL-AA 

was the least effective for this system. It is also noticible that KL affected the surface tension the 

least, and KL-AA-10 with a higher carboxylic acid group dropped the surface tnesion more 

siginificantly (Figure 4.5). 
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Figure 4.5. Interfacial tension (γ) of KL-AA polymers at 1 wt.% concentration for a) xylene, b) 

cyclohexane, c) decane, and at 2 wt.% concentration for d) xylene, e) cyclohexane and f) decane 

4.6. Lignin acrylic acid diffusion into the oil-water interface  

The three types of adsorption kinetics for polymers at interfaces have been reported to be diffusion-

controlled, energy-barrier controlled, or a mixed barrier-diffusion (Aksenenko et al. 1998). It is 

generally accepted that the adsorption process at the pristine interface is diffusion-controlled when 

there is no energy barrier (Ghavidel and Fatehi 2021). In this case, polymer molecules easily mi-

grate from the bulk to the pristine interface and freely adsorb. In this work, the modified Ward and 

Tordai diffusion model (Fainerman et al. 1994) were implemented to identify the diffusion of KL-

AA from the bulk system (i.e., water) to the interface of oil-water. Assuming the adsorption barrier 

is not significant at the pristine interface, equation (3) can be applied as previously used for poly-

mers and proteins. The adsorption process is characterized by D*
t →0, effective diffusion coefficient 

in a short time (𝑡 → 0), in which a single KL-AA polymer is adsorbed onto a free interface 

(Ghavidel and Fatehi 2021): 

  γ =  γ0 − 2nRTC0√
𝐷∗t → 0

π
× √𝑡              (4.3)           

5

10

15

20

25

30

35

40

45

0 500 1000 1500 2000 2500 3000 3500

γ
 (
m
N
/m

)

Time (s)

KL KL-AA-3.5 KL-AA-7.5 KL-AA-10
f



34 
 

 

From the above equation, γ and γ0 are the dynamic interfacial tensions at time t and pristine inter-

face, respectively, n is 1 for non-ionic polymers and 2 for ionic ones. 𝐶𝑂 is the KL-AA concentra-

tion in the solution (i.e., water, mol/L), 𝑇 is the temperature, and R is the universal gas constant 

(8.314 J /mol. K). The changes in γ vs √𝑡 in the initial time (√𝑡 = 15 √𝑠) for all systems is shown 

in Figure 4.6. Remarkably, we detected two distinguishable straight lines of γ against √𝑡 as shown 

for the early stages of adsorption. While the changes of γ in the first stage are small (t→0), a larger 

slope of γ vs √𝑡 was observed for the second stage (t→t1). The transition between two stages hap-

pens sooner for KL-AA at the decane interface than other interfaces. Accordingly, D*
t → 0 and D*

t 

→ t1 are obtained following equation 4.3 using the slope of a plot of γ vs √𝑡 from Figure 3.6 for 

both stages (Tan and McClements 2021). 
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Figure 4.6. Plots of γ vs √𝑡 showing different stages of interfacial depletion of KL-AA polymers 

at xylene, cyclohexane, and decane at 1 wt.% concentration of a) xylene, b) cyclohexane, c) dec-

ane, and 2 wt.% concentration for d) xylene, e) cyclohexane and f) decane  

Figure 4.7 a and 4.7b show the diffusion coefficient of KL-AA-3.5 an KL-AA-10 into the interface 

of oil-water. These two polymers were selected as they acted as emulsifiers, and they generated 

different interface tensions (Figure 4.6). It is observable that KL-AA-3.5 had slower diffusion than 

KL-AA-10 into the interface at both concentrations of 1 and 2 wt.%. These results suggest that the 

lignin polymer with higher carboxylic acid group and molecular weight had higher tendency for 

adsorption on the interface. The higher functionality of this polymer would induce such behavior 

(Table 4.1). Also, the diffusion of KL-AA-10 into the interface of decane was more than that into 

the interface of xylene, as KL-AA-10 was more compatible with this oil due to its lower polarity.  

As time elapsed, the diffusion of KL-AA-10 into the decane-water interface dropped, while that 

of KL-AA-3.5 into the xylene-water interface was increased (Figure 4.7c and 4.7d). The decrease 

in the diffusion of KL-AA-10 may be related to the repulsion force created between the already 

adsorbed KL-AA-10 segment at the interface and approaching KL-AA-10 segment to the interface. 
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The increase in the adsorption of KL-AA-3.5 on the xylene interface is related to the smaller size 

of this polymer that promotes its higher overall adsorption at the interface.  

Also, the diffusion was slower at higher concentration (i.e., 2 wt.%) at both stages implying that 

self-aggregated lignin derivatives (Figure 4.3) had slower diffusion into the interface (Figure 4.7). 
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Figure 4.7. Diffusion coefficients at stage 1 for a) 1 wt.%, b) 2 wt.% and at stage 2 for 1 wt.% and 

2 wt.% of KL-AA-3.5 and KL-AA-10 into oil-water emulsions 
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4.7. Contact angle measurements 

Two-phase (water contact angle WCA), and three-phase contact angle (oil contact angle OCA) of 

a solid interface KL-AA at an air-water and oil-water surface were measured accordingly (Hu and 

Russell 2021). The adsorption of KL-AA on the surface will occur when the equilibrium of the 

three-phase contact angle, θ, exists (Garbin et al. 2012).  

Figures 4.8 and 4.9 display the water contact angle (WCA) and three-phase contact angles (OCA) 

of 3 samples (pristine, KL, and KL-AA-10). The results show that the WCA and OCA contact 

angles significantly were affected by different solvents. Previously, the contact angle of water was 

46.33˚ (Figure 4.8). With adding KL, the contact angle decreased to 35˚. Interestingly, KL-AA-10 

dropped the contact angle even further, which is related to the more carboxylic acid group, molec-

ular weight, and solubility of KL-AA. Also, the larger contact angle for cyclohexane and decane 

than xylene interfaces (i.e., larger OCA˚) is aligned with the larger contact angle of pristine oil-

water emulsion. As seen, the changes for the OCA of decane-containing samples were larger than 

other samples (42˚, 40˚, and 20˚), implying the better compatibility with the oil interface. The 

results should be associated with the limited electrostatic that would control the stability of the 

emulsions (Fritz et al. 2017; Qiu et al. 2020). 

 

Figure 4.8. Contact angle of pristine and KL-AA containing oil-water emulsions  
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Figure 4.9. WCA and OCA of water, KL, and KL-AA-10 

4.8. Adsorption of lignin-acrylic acid on oil 

Three coated sensors of Al2O3 with xylene, cyclohexane, and decane were used for the adsorption 

experiment of KL-AA-3.5 and KL-AA-10. The deposition of KL-AA-3.5 and KL-AA-10 on 

coated sensors would change the frequency and dissipation of sensors. Figure 4.10 shows the fre-

quency (Δf) and the dissipation (ΔD) changes of the coated sensors as lignin derivatives were 

deposited on them. The KL-AA samples were injected after buffer rinsing. It is seen that the fre-

quency was generally decreased while dissipation was increased when KL-AA was deposited on 

the coated sensors. After buffer sensing, the frequency and dissipation changes were reduced. For 

xylene coated sensor, KL-AA-10 made overall larger frequency and dissipation changes. In all 

cases, however, a smaller ∆D/∆f was observed for KL-AA-3.5 without a significant dissipation 

change verifying a fairly inflexible characteristic of the adsorbed layer on the coated sensor 

(Sabaghi and Fatehi 2021). On the other hand, KL-AA-10 created a more viscoelastic adlayer on 

the coated sensors. Figure 4.11 shows the adsorbed mass and thickness of KL-AA on the coated 
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sensors. It is seen that KL-AA-10 deposited more and created thicker adlayer than KL-AA-3.5 on 

xylene coated sensor, which is in opposition to the adsorption on the other sensors. These results 

confirm that the KL-AA with more charges (KL-AA-10) interacted with the polar oil more than 

other oils. These results suggest that KL-AA-10 created more tail and loop configuration on the 

xylene sensor and probably entrapped more water within its adsorbed adlayer structure (Sabaghi 

et al. 2021). Therefore, the deposition of KL-AA-10 induced the surface to be more hydrophilic as 

the contact angle results confirmed (Figure 4.9).  
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Figure 4.10. Dissipation changes of the sensors as a function of frequency changes upon adsorption 

of KL-AA polymers at a) xylene, b) cyclohexane and c) decane coated sensors 
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Figure 4.11. Adsorbed mass of KL-AA polymers on a) xylene, b) cyclohexane and d) decane sen-

sors, the thickness of the adsorbed mass on d) xylene, e) cyclohexane and f) decane sensors 

4.9. Rheology measurement 

The rheological properties of oil-water emulsions at different KL-AA concentrations were moni-

tored by measuring their viscosity as a function of shear rates (Figure 4.12). It is observable that 

all emulsions follow non-Newtonian behavior. The viscosity and thixotropy (time-dependent shear 

thinning behavior) of polymeric materials are related to their microstructure (Guion and Hood 

2016). Evidently, there is a distinguishable viscosity difference among the emulsions (Figure 

4.12). At shear rate of 0.1 1/s, the viscosity of emulsions were 0.22, 0.29 and 0.31 Pa.s at 1wt.% 

KL-AA-3.5, KL-AA-7.5, and KL-AA-10, respectively. However, with increasing the concentra-

tion of KL-AA-3.5, KL-AA-7.5, and KL-AA-10 to 2 wt.%, the emulsions had more shear-thinning 

behavior with the viscosity of 0.48, 0.92, and 1.11 Pa.s, respectively. It has been reported that the 

changes in emulsion viscosity are generally affected by the interactions between the mole-

cules/particles in the continuous phase and at the surfaces of the oil droplets (CA et al. 2012). 

Generally, a decrease in the viscosity of samples (Figure 4.12) is related to the continuous separa-

tion of phases as oil dropped accumulated on top of the system (Gharehkhani et al. 2018). The 
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stress applied to the droplets results in the division of droplets. If the stress is smaller than interac-

tion forces between droplets, the emulsion will present elastic behavior and the energy will be 

stored as the distribution of the bonds between the dispersed droplets (Torres et al. 2007). In the 

same context, Li et al. (2016) suggested that the ion-dipole attraction between carboxymethylated 

lignin (CML) molecules and kerosene oil droplets elevated the fluid viscosity. As seen, KL-AA-

10 generated a higher viscosity for all samples, as it had a larger molecular weight and charge 

density (Table 4.1). Based on Stokes’ equation (Allen et al. 2016), it is known that creaming is 

accelerated by large droplet size and low viscosity of the continuous phase (Zhao et al. 2018). 

In the xylene-water system (Figure 4.12), the enhanced viscosity of the system in the presence of 

KL-AA-10 slowed the droplet migration rate and the number of collisions between oil droplets 

stabilizing the emulsion. Therefore, the higher viscosity along with smaller droplet size improved 

the emulsion stability for the sample containing KL-AA-10. A similar phenomenon was observed 

for the cyclohexane-water system at 1 and 2 wt.% KL-AA concentration (Figure 4.12) and for the 

decane-water system at 1 wt.% KL-AA concentration (Figure 4.12). In the case of the decane-

water system at 2 wt.% KL-AA, the viscosity of sample containing KL-AA-10 was slightly lower 

than other decane-water systems at a low shear rate, but it was higher than other decane-water 

systems at a high shear rate. Also, at 2 wt.% concentration, the viscosity of all samples was higher 

than that at 1 wt.% concentration, which is attributed to the addition of KL-AA that inhibited the 

movement of droplets and thus stabilized the systems. Also, as KL-AA would generate self-aggre-

gate at 2 wt.% concentration, the particles of KL-AA derivatives in the emulsions probably helped 

with the viscosity variations. 
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Figure 4.12. Viscosity of KL-AA polymers at a 1 wt.% concentration of a) xylene, b) cyclohexane, 

c) decane, and 2 wt.% concentration of d) xylene, e) cyclohexane and f) decane 
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In Figure 4.13, the impact of solvents on the rheological properties is shown. The emulsion con-

taining decane and KL-AA at 1 wt.% concentration had higher viscosity as KL-AA could interact 

with decane and promote its decane droplet formation (Ghavidel and Fatehi 2021). Generally, 

dynamic shear tests often refer to oscillatory amplitude sweeps under a constant angular frequency 

in rheology investigation. It was suggested that the yield stress (or strain) can be determined from 

the crossover point of apparent elastic moduli G′ and viscous moduli G″ by plotting them against 

either the shear stress or strain amplitude (Yang et al. 2017). One of the methods to understand the 

elastic behavior of a system is to determine its yield point. For instance, (Walls et al. 2011) reported 

that the maximum elastic stress curve is the yield stress when the elastic stress (𝐺′γ0  with γ0  the 

strain amplitude) is plotted versus strain amplitude. Heymann et al. (2002) followed the same con-

cept in the transient shear ramp tests and illustrated that the plot of shear stress amplitude versus 

shear strain amplitude was nearly independent of the frequency below the apparent yield stress, 

while the plot of shear stress amplitude versus shear rate amplitude shows a Newtonian flow range 

above the critical shear stress amplitudes. 
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Figure 4.13. Viscosity versus the shear rate of KL-AA polymers, a) at 1 wt.% and b) at 2 wt.% 

concentration 

To understand the behavior of the emulsion, we investigated the stress and strain amplitudes of the 

samples, and Figure (4.14) shows measured G′ and G″ of the emulsion systems as functions of 

stress or strain amplitudes (Yang et al. 2017). At 1 wt.% concentration, the apparent G′ and G″ are 

almost independent of stress (or strain) amplitudes and G′ are larger than G″ at very low stress (at 

rest) amplitudes range, which implies linear viscoelastic behavior and elastic domination (Yang et 

al. 2017). All of the emulsions have viscoelastic behavior at 1 wt.% concentration for xylene-water 

emulsions. However, they had liquid-like behavior at 2 wt.% concentration. When the deformation 

is sufficiently large to break the structure and initiate the flow of the system, the apparent G′ de-

creases, and G″, the viscous subscription, dominates the elastic subscription.  

In the same vein, the oscillation amplitude results for cyclohexane show that by increasing the 

strain (%) from 0.1 % shear strain to 100%, the sample lost its elasticity and behaved like a liquid. 

In the case of the decane sample (Figure 4.14), at low concentration (1 wt.%), emulsions have 

elastic behavior at 0.1% shear strain; and by increasing the strain to 100 (%), the behavior of the 

emulsion was changed from elastic to liquid-like at both 1 and 2 wt.% (Figure 4.14). The elastic 
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modulus of the lignin systems may be associated with the presence of very strong hydrophobic 

forces among the emulsifier molecules (Magual et al. 2005). Higher lignin concentration encour-

ages an increase in the self-aggregation and self-organization of KL-AA at the interface (Figure 

4.3), thus reducing their impact on the viscoelastic behavior of the samples (Shulga et al. 2011). 
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Figure 4.14. G′ and G″ versus strain (%) of xylene, cyclohexane and decane solvents at 1 wt.% 

concentration of a) xylene, b) cyclohexane, c) decane, and 2 wt.% concentration of d) xylene, e) 

cyclohexane and f) decane  

4.10. Confocal visualization 

Figure 4.15 shows the confocal images of the emulsions formulated from different oils. The oil 

phase is demonstrated by green color as was marked by the dye. The variations in the oil droplet 

size are observable by changing the oil type and KL-AA polymers. It is inferred that xylene, as the 

oil phase, contributed to the formation of the largest oil droplets, while decane displayed the small-

est droplet size at 2 wt.% KL-AA concentrations. The findings follow previous observations re-

ported on the formulation of larger oil droplets for polar oils compared to non-polar oils (Bai et al. 

2019). Also, a possible explanation might be the higher interfacial adsorption of KL-AA at the 

decane interface (Figure 4.10), which facilitated the production of small droplets. As it is also seen 

in KL-AA-10 generated smaller drop particles than other KL-AA derivatives, which is attributed 

to the higher adsorption of this polymer at the interface, as stated earlier (Figure 4.10).   
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Figure 4.15. Confocal images of the emulsions prepared from xylene, cyclohexane, and decane as 

the oil phase and KL-AA derivatives at 2 wt.% concentration  

4.11. Stability assessment 

The 24-h stability of three samples (KL-AA-3.5, KL-AA-7.5, and KL-AA-10) with three solvents 

(xylene, cyclohexane, and decane) at 1 and 2 wt.% concentrations was examined with a stability 

analyzer and the results are shown in Figure 4.16. KL-AA-10 showed more stability and lower 

sedimentation rate compared to other KL-AA polymers, as it has more charges, carboxylic group, 

and molecular weight intensifying the repulsion between KL-AA-10 molecules adsorbed on oil 

droplets and thus they could limit the interactions of oil droplets. As also seen, decane samples 

were more stable than other emulsions, which was also observed in the results observed in the 
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rheology analysis (Figure 4.12 to 4.14). Such results are attributed to the lower polarity of decane 

than other oils (i.e., close to that of water) (Ghavidel and Fatehi 2021). 
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Figure 4.16. The TSI value of oil/water emulsion of xylene, cyclohexane, and decane in the pres-

ence of KL derivatives at 1 wt.% concentration of a) xylene, b) cyclohexane, c) decane, and 2 

wt.% concentration of d) xylene, e) cyclohexane and f) decane 
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Chapter 5. Conclusions and Recommendations  

5.1. Conclusions 

In this thesis, lignin-acrylic acid polymers (KL-AA) with different molecular weights, charge den-

sities, and carboxylic acid groups were generated, and their properties were comprehensively ver-

ified. The critical aggregation concentrations of KL-AA were 1.5 wt.%, and thus two different 

concentrations of 1 and 2 wt.% were chosen in this analysis. The KL-AA-10 with the highest 

carboxylic acid group varied the zeta potential of water the most, which is attributed to its highest 

charge density. 

It was observed that KL-AA-10 dropped the surface tension of water the most and dropped the 

water contact angle and oil contact angle of the oil-water system the most. These results imply that 

the higher charge of the KL-AA polymer promoted the interaction of water and oil. Also, the 

emulsion containing KL-AA-10 had the highest viscosity and stability and smallest droplet size 

among emulsions containing other lignin derivatives. However, the lignin derivative with the low-

est carboxylic acid group, KL-AA-3.5, adsorbed more than other lignin derivatives on the surface 

of oils as it was smaller and induced a smaller repulsion force for other KL-AA-3.5 to adsorb on 

the surface. 

Generally, better results were obtained for xylene water emulsion than other emulsions, regardless 

of lignin type, which is due to more polarity of xylene and thus better compatibility of xylene and 

water. However, the impact of lignin derivatives was more sensible for the decane water emulsion 

implying that more dramatic changes were observed for this emulsion when lignin derivatives 

were added to the decane-containing emulsion. These results are due to the fact that decane was 

the least polar oil among all, and the non-polarity of lignin helped facilitate the interaction and 

thus miscibility of decane and water.  

It was also observed that the 2 wt.% of lignin derivatives induced more adsorption on the oil sur-

face, which impacted the contact angle and interface tension of the emulsions more greatly and 

generated more stable emulsions. However, the presence of lignin aggregates at higher lignin con-

centrations did not improve the rheological properties of the emulsion.  
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Overall, it can be concluded that lignin acrylic acid can be an effective emulsifier for oil-water 

emulsions, and the properties of the polymer will impact its emulsifying performance. Although 

better results can be obtained for the oil-water mixtures that have two compatible phases, the im-

pact of lignin acrylic acid on the emulsification of oil water mixture was more observable for the 

two more immiscible phases.  

5.2. Recommendations 

This thesis illustrated how lignin acrylic acid polymer can act as an emulsifier. Lignin can be 

decorated with various charged groups, e.g., aminated and sulfonated groups. It is suggested that 

the impact of these lignin derivatives be also assessed in emulsifying oil-water emulsions. Also, 

this work can be extended to include emulsions with other oil types to generate more comprehen-

sive conclusions. 
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Nomenclature 

Abbreviations 

CAC Critical aggregation concentration 

KL-AA Kraft lignin acrylic acid 

KL-AA-3.5 Kraft lignin acrylic acid polymer with lowest carboxylic acid group 

KL-AA-7.5 Kraft lignin acrylic acid polymer with medium carboxylic acid group 

KL-AA-10 Kraft lignin acrylic acid polymer with the highest carboxylic acid 

group 

PAA Poly acrylic acid 

TSI Turbiscan Stability Index 

WCA Water contact angle 

OCA Oil contact angle 

 

Notations 

ΔD Dissipation change 

Δf Frequency change 

  

 

Greek symbols 

ζ Zeta potential 

γ Surface tension 

G’ Elastic moduli 

G’’ Viscous moduli 
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Subscripts and Superscripts 

D*
t → 0 Diffusion coefficient in the first stage of adsorption 

D*
t → 1 Diffusion coefficient in the second stage of adsorption 
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