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Resumen 

En la actualidad existe un gran interés en el uso de materias primas renovables y 

en el desarrollo de tecnologías y de nuevos productos que no resulten nocivos para el 

medio ambiente. En la industria de los lubricantes esto queda aún más latente debido al 

problema ocasionado por la pérdida de los mismos durante su vida útil y su consecuente 

liberación al medioambiente. En este trabajo se han utilizado aceites vegetales cómo 

alternativa a los aceites minerales tradicionalmente usados en los lubricantes 

comerciales, que ya han tenido resultados satisfactorios desde un punto de vista de la 

lubricación. Sin embargo, los actuales agentes espesantes comerciales, y los procesos 

de obtención asociados, no han podido ser aún reemplazados satisfactoriamente por 

productos y tecnologías medioambientalmente sostenibles. La búsqueda de agentes 

espesantes basados en sustancias naturales y renovables supone un gran reto debido a la 

alta eficiencia técnica que presentan los usados tradicionalmente y a las propiedades que 

le confieren al producto final. En este trabajo, se propone utilizar materias primas 

renovables, derivadas de materiales lignocelulósicos, como la lignina y la etilcelulosa. 

La principal dificultad para convertir estos biopolímeros en espesantes efectivos de 

medios oleosos reside en la compatibilidad con el aceite y la búsqueda de una tecnología 

que respete la línea medio ambiental de estos productos. 

El electrohilado es una técnica simple, versátil y escalable capaz de desarrollar 

nanofibras continuas a partir de disoluciones poliméricas mediante la aplicación de un 

potencial eléctrico. Mediante esta técnica se pueden obtener fibras con diámetros 

nanométricos, así como una amplia variedad de nanoestructuras con distintas 

morfologías. De ahí que la simplicidad y versatilidad de esta técnica la convierte en una 

herramienta prometedora para el desarrollo de nuevos agentes espesantes. Por tanto, el 
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electrohilado se propone en este estudio cómo una alternativa real para obtener 

nanofibras de lignina y etilcelulosa con capacidad estructurante de aceites. 

En esta tesis doctoral se estudian los siguientes sistemas para obtener nanofibras 

de lignina de bajo sulfonato (LSL) y/o etílcelulosa (EC) mediante electrospinning: 

LSL:PVP, LSL:PVP + tensioactivos, EC y LSL:EC.  

En primer lugar, ya que la lignina por sí sola no es capaz de formar nanofibras, se 

usa el PVP cómo copolímero para mejorar la electrospinabilidad. Para los sistemas 

LSL:PVP se observa mediante SEM una transición morfológica que evidencia dicha 

mejora al aumentar el contenido en PVP. Las membranas desarrolladas se dispersaron 

en aceite de ricino obteniendo geles estables en los casos de membranas homogéneas 

predominantemente formadas por fibras, y no por partículas, resultando dispersiones 

que han mostrado funciones viscoelásticas típicas de geles y con un rendimiento 

tribológico similar, o incluso superior, al de grasas lubricantes convencionales.  

Aquellas disoluciones con mayor relación LSL:PVP dieron lugar a membranas 

heterogéneas e irregulares, altamente particuladas, que se relacionan con sus 

propiedades reológicas y fisicoquímicas. Estas propiedades se ven condicionadas por la 

formación de complejos tensioactivo-polímero. Así, a las disoluciones se les adicionó 

diferentes proporciones de tensioactivos de carácter no iónico, aniónico o catiónico. La 

morfología de las membranas electrohiladas depende de la concentración de agregación 

crítica (CAC), ya que se observaron fibras finas y una reducción de las partículas 

presentes siempre que se trabaje por encima de dicha concentración. Del mismo modo, 

el desarrollo de los oleogeles dependió de la morfología de las membranas, mejorando 

con la presencia de tensioactivos por encima de la CAC, dando lugar a geles estables 

con un excelente rendimiento de lubricación, con bajos valores del coeficiente de 
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fricción y de desgaste de las superficies lubricadas, superior a los preparados sin 

tensioactivo.  

Por otra parte, se examinó la capacidad de la EC para desarrollar nanofibras 

mediante electrospinning y su capacidad de oleogelación. La concentración de las 

disoluciones, el peso molecular de la EC y el papel de diferentes disolventes fueron los 

parámetros examinados. Se consiguieron fibras homogéneas sin defectos una vez se 

superó la concentración crítica de entrelazamiento, dicha concentración desciende con 

el aumento del peso molecular de la EC. En cuanto a los disolventes usados, aquellos 

con constantes dieléctricas más elevadas provocan mayores fuerzas de repulsión, dando 

lugar al estiramiento del jet y mayores fuerzas electrostáticas, disminuyendo los 

diámetros medios de las nanofibras. Las redes de EC se dispersaron en aceite de ricino 

dando lugar a dispersiones físicamente estables con una buena reversibilidad térmica y 

con una buena respuesta tribológica, excepto aquellas con estructuras 

predominantemente particuladas. 

Una vez se observó la buena electrospinabilidad que presentaron las redes 

desarrolladas a partir de EC, se estudió la formulación de geles a partir de fibras de 

lignina/etilcelulosa. Los resultaron confirmaron que las nanoestructuras de fibras 

homogéneas mejoran la interacción fase continua-fase dispersa mientras que las oleo-

dispersiones formadas por agregados de nanofibras con partículas dan lugar a 

dispersiones de más líquidas. En todos los casos se produjo un desgaste de las 

superficies lubricadas con surcos rugosos y profundos, lo cual sugiere un mecanismo de 

desgaste predominantemente por abrasión. No obstante, los tamaños de la huella de 

desgaste obtenidos fueron ligeramente menores que los obtenidos con grasas 
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comerciales, con valores del coeficiente de fricción similares, y muy inferiores a los 

obtenidos con aceite de ricino sin estructurar.  

Por último, se estudió más profundamente el comportamiento tribológico de 

algunas oleo-dispersiones seleccionadas en un nanotribómetro. Se observó que la 

morfología de las fibras desarrolladas ejerce una gran influencia sobre la fricción y el 

desgaste. Un aumento de laa concentración de la nanoestructura en la dispersión 

aumenta significativamente el coeficiente de fricción. La presencia de un copolímero, 

junto a la lignina, hace disminuir el coeficiente de fricción lo cual sugiere que las 

nanoestructuras homogéneas, formadas mayormente por nanofibras, son capaces de 

liberar el aceite de forma más constante y sostenida en el tiempo. La lignina favorece la 

presencia de partículas, las cuales resultan ser más abrasivas y afectan al desgaste de las 

superficies de contacto, originando mayor fricción.  

Tal y cómo se ha mencionado reiteradamente, la morfología de las nanoestructuras 

ejerce un papel crucial en el comportamiento reológico y tribológico de las oleo-

dispersiones desarrolladas. 

1. SUMMARY 

Currently, there is a growing interest in the use of renewable raw materials and 

the development of environmentally friendly technologies to create new products. 

Within the lubricant industry, there is a heightened awareness of the significant problem 

caused by the loss of material during its service life and their subsequent release into the 

environment. Vegetable oils have been used as a substitute for mineral oils in 

commercial lubricants and have demonstrated highly satisfactory lubrication properties. 

However, existing commercial thickening agents and associated manufacturing 

processes have not yet been successfully replaced by environmentally sustainable 
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products and technologies, respectively. Finding alternative thickening agents based on 

natural and renewable resources to replace traditional ones is a challenging task due to 

their high efficiency and the exceptional properties they impart to the final product. In 

this work, some renewable feedstocks have been proposed, including lignin and 

cellulose derivatives, such as ethyl cellulose. The challenge in converting these 

biopolymers into effective thickeners for oily media lies in improving the compatibility 

with oil and finding a technology that aligns with the environmentally friendly nature 

of these products. 

Electrospinning is a simple, versatile, cost-effective, scalable, and reliable 

technique that can produce continuous nanofibers from polymeric solutions through the 

application of an electrical potential. This technique can produce nanoscale fibers from 

a range of materials, with precise control over their morphology. The ease and versatility 

of the developed membranes, along with their low or zero environmental impact, make 

this technique very promising for the production of biodegradable lubricants. Therefore, 

electrospinning is proposed in this study as a real alternative to obtain lignin and ethyl 

cellulose nanofibers with oil structuring capacity. 

In this PhD thesis the following systems have been studied to obtain low-sulfonate 

lignin (LSL) and/or ethyl cellulose (EC) nanofibers by electrospinning: LSL:PVP, 

LSL:PVP + surfactants, EC and LSL:EC.  

Firstly, since lignin by itself is not able to form nanofibers, PVP was used as a 

copolymer to improve the electrospinnability. For the LSL:PVP systems, a 

morphological transition that evidences the improvement of the electrospinnability as 

PVP content increases was observed by SEM. The developed membranes were 

dispersed in castor oil thus obtaining stable gels in the cases of homogeneous 
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membranes dominated by fibers, and not by particles, which have shown a viscoelastic 

response typical of gels and a tribological performance similar, or even superior, to 

conventional lubricating greases.  

Those solutions with higher LSL:PVP ratio gave rise to heterogeneous and highly 

particulate membranes, which was related to their rheological and physicochemical 

properties. These properties are conditioned by the formation of surfactant-polymer 

complexes. In this case, different proportions of nonionic, anionic or cationic surfactants 

were added to the solutions. The morphology of electrospun nanostructures depended 

on the critical aggregation concentration (CAC), since fine fibers and a reduction of the 

particles present were observed as long as the concentration increased. Similarly, the 

development of the oleogels depended on the morphology of the membranes, whereby 

the presence of surfactant above the CAC resulted in the development of stable gels with 

excellent lubrication performance, i.e. lower friction coefficient and wear, as compared 

with surfactant-free systems.  

Furthermore, the ability of EC to develop nanofibers by electrospinning and its 

oleogelation capacity were explored. The solution concentration, EC molecular weight 

and the role of different solvents were the parameters examined. Homogeneous fibers 

without defects were obtained once the critical entanglement concentration was 

exceeded; this concentration decreases with increasing EC molecular weight. As for the 

solvents used, higher dielectric constants lead to higher repulsive forces, resulting in jet 

stretching and higher electrostatic forces, thus decreasing the average diameters of the 

nanofibers. The EC networks were dispersed in castor oil resulting in physically stable 

dispersions with good thermal reversibility and good tribological response, except those 

with predominant particulate structures. 
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Once confirmed the good electrospinnability of EC solutions, the formulation of 

oleogels from lignin/ethylcellulose fibers was studied. The results confirmed that 

homogeneous fiber nanostructures enhance the continuous phase-dispersed phase 

interaction while oleo-dispersions formed by particle aggregates or beaded nanofibers 

gave rise to liquid-like dispersions. In all cases, wear occurred in the lubricated surfaces 

showed rough and deep grooves, suggesting a predominantly abrasive wear mechanism. 

However, the wear track sizes obtained were slightly smaller than those obtained with 

commercial greases, with similar coefficient of friction values, and much smaller than 

those obtained with neat castor oil. 

Finally, the tribological behaviour of selected oleo-dispersions was further studied 

in a nanotribometer. It was observed that the morphology of the developed fibers exert 

a strong influence on friction and wear. The concentration of the nanostructure 

significantly increases the friction coefficient. The presence of a copolymer, together 

with LSL, decreases the friction coefficient thus suggesting that homogeneous 

nanostructures, predominantly composed of nanofibers, are able to release oil more 

steadily over time. Lignin favours the presence of particles which are more abrasive and 

affect wear, also increasing friction.  

As has been repeatedly mentioned, the morphology of the nanostructures plays a 

crucial role in the rheological and tribological behaviour of the developed oleo-

dispersions. 

2. JUSTIFICATION 

The modernization and industrialization of contemporary society have resulted in 

a surge in global energy demand, leading to an increase in lubricant usage from 30 to 

40 million tons. Approximately 55% of these lubricants end up in the environment. 
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Lubricating greases typically consist of a liquid phase, often mineral oil, and a 

dispersed phase, such as metallic soaps. The composition of 95% of the lubricating 

greases available on the market is harmful to the environment when released. This is a 

global concern due to the depletion of oil sources and increasing environmental risks. 

This concern has led to the development of methods and alternatives based on renewable 

resources and natural products. 

The lubricant industry is increasingly interested in finding biodegradable 

lubricants due to environmental concerns. Bio-lubricants are lubricants that have been 

developed by replacing mineral oils with vegetable oils, such as castor oil, or their 

derivatives. This substitution results in lubricants that have good lubricity, a high flash 

point and high viscosity index. However, replacing mineral oil with vegetable oil does 

not make fully formulated and complex lubricants, such as lubricating greases, totally 

biodegradable. 

Environmentally friendly alternatives to traditional thickening agents are natural 

polymers. Lignocellulosic biomass is the most promising biodegradable source, 

consisting mainly of cellulose (35-83%), hemicellulose (0-30%), lignin (1-43%) and 

other minor compounds. Among these, lignin is one of the main bio-resources. 

However, its use and exploitation are currently limited, and it is often considered a waste 

destined for energy production, despite being a renewable resource with significant 

industrial potential. 

In view of the EU's commitment to a circular economy, one of the objectives of 

lignocellulose-based biorefineries is the revalorization of lignocellulosic materials. 

Thus, the main challenge is to achieve maximum value and utilization of all raw 

materials, products and waste, while promoting energy savings. Hence, the use of 
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lignocellulosic materials, such as lignin or other cellulose derivatives, as thickeners for 

the production of ecological lubricating greases is justified as a new revalorization 

pathway. 

The primary challenge is to find a suitable technology that enables an efficient 

interaction between the biopolymer and the lubricating oil. One possible alternative is 

to obtain nanofibers using nanofabrication techniques, such as electrospinning. The high 

porosity, small size and high surface-to-volume ratio of nanofibers could induce the 

formation of a three-dimensional network that enhances the physical interactions 

between the lubricating oil and the thickener. Electrospinning is one of the most 

important techniques in the manufacture of polymeric nanofibers. Its great interest is 

due to the extraordinary possibilities offered by the engineered nanostructures. In this 

study, lignin and ethyl cellulose electrospun nanostructures are proposed for the first 

time as vegetable oil structuring agents. Lignin is one of the main by-products derived 

from the pulp industry, and other wood conversion processes, with great energy 

potential, low cost and very versatile. On the other hand, among the cellulose 

derivatives, ethyl cellulose is a highly attractive sustainable material due to their non-

toxicity, hydrophobicity, and high flexibility. Both materials have been proposed as 

biodegradable thickening agents to replace traditional metallic soaps. 

3. OBJECTIVES 

The main objective of this doctoral thesis was to produce oleo-dispersions of 

electrospun lignin and ethyl cellulose nanofibers in vegetable oils aiming to replace 

traditional lubricating greases based on mineral oils and metallic soaps or polyureas. 
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To achieve this goal, in this study the interaction between the biopolymers, lignin 

and ethyl cellulose, and different organic solvents was examined. Additionally, the 

effect of adding dopant polymers and/or surfactants with varying properties to enhance 

their electrospinnability was evaluated. Moreover, aiming to propose the electrospun 

nanofibers as a versatile component in novel formulations of biodegradable lubricating 

greases, the optimal conditions for their preparation and implementation needed to be 

elucidated. 

Finally, the functional properties of these oleo-dispersions as lubricants was 

evaluated through a comprehensive physicochemical, rheological, and tribological 

characterization, as a function of concentration, morphology and nature of the 

nanofibers. The biopolymer/co-spining polymer ratio was also taken into consideration 

in this analysis. 

4. DOCUMENTS STRUCTURE 

The doctoral thesis is divided into five chapters, including the current one. The 

chapter two introduces lignocellulosic materials, specifically focusing on lignin and 

cellulose and their derivatives. It also explores their various applications. Subsequently, 

it will discuss the electrospinning technique in more detail, including fundamentals, 

parameters, and effects on membrane morphology. It will also cover the technique's 

arrangements and compile the most relevant research on lignin electrospinning. 

Additionally, this chapter presents the basics of lubricants, with a focus on their 

biodegradability, as well as a general overview of the tribology and rheology of both 

traditional and biodegradable semi-solid lubricants. The latest research on the 
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development of biodegradable lubricants from vegetable oils and lignocellulosic 

materials is also discussed. 

Afterwards, chapter 3 consists of the materials used and the description of the 

experimental methods for the development of the membranes by electrospinning, the 

characterization of the morphologies obtained and the dispersion of these in castor oil 

to formulate bio-based lubricating greases. The characterization techniques of these 

oleo-dispersions and the polymeric solutions used as feedstock in the electrospinning 

technique are also described.  

 Chapter 4 is the main part of this manuscript, which collects the results obtained 

in this research and their discussion, in the form of compendium of papers already 

published in scientific journals. The first block explores the development of membranes 

from lignin using a co-spinning polymer such as PVP by analyzing the effect of 

lignin:PVP ratio and the incorporation of surfactants, respectively, on the oil structuring 

ability. In the next block, the development of ethyl cellulose and lignin/ethyl cellulose 

nanofibers is discussed, as well as their incorporation of these membranes in castor oil 

to formulate bio-based semi-solid lubricants. Finally, in the last sub-section, the 

tribological performance of selected formulations developed in the previous sections 

was evaluated in a ball-on-three plates tribological contact. 

Finally, chapter 5 includes the most relevant findings and conclusions drawn from 

the research carried out. 
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1. LIGNOCELLULOSIC MATERIALS 

 

Biomass refers to all organic matter from trees, plants and animal waste that can 

be converted into energy. However, based on production data, biomass is narrowly 

defined as material derived from terrestrial plants, of which about 82% is lignocellulosic 

material found in forests. Wood is the most important component, but other 

lignocellulosic materials include natural residues, aquatic plants, grasses, and other plant 

materials. 

The three main chemical constituent fractions of lignocellulosic material are 

cellulose (40-70%), hemicellulose (25-30%) and lignin (15-30%); these concentrations 

depending significantly on the type of biomass, the part and age of the plant, the part of 

the cellulose wall and the growing conditions. The main sources of lignocellulosic 

materials are listed in table 1. 

Lignocellulosic material is characterized by products with a high level of diversity 

and variability in their properties conferring unique properties to the biomass due to this 

structure. 
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Table 1. Chemical composition of lignocellulosic materials  

Lignocellulosic source Cellulose Hemicellulose Lignin Extract 

Hardwood 

Softwood 

Abaa  

Bagasse 

Coir  

Corn cobs  

Corn stalks  

Cotton 

Flax (retted) 

Flax (unretted) 

Hemp 

Henequen 

Istle 

Jute  

Kenaf  

Ramie  

Sisal  

Sunn  

Wheat straw 

43-47 

40-40 

63.72 

40 

32-43 

45 

35 

95 

71.2 

62.8 

70.2 

77.6 

73.48 

71.5 

36.0 

76.2 

73.1 

80.4 

30 

25-35 

25-29 

5-10 

30 

10-20 

35 

25 

2 

20.6 

12.3 

22.4 

4-8 

4-8 

13.6 

21.5 

16.7 

14.2 

10.2 

50 

16-24 

25-31 

21.83 

20 

43-49 

15 

35 

0.9 

2.2 

2.8 

5.7 

13.1 

17.37 

13.1 

17.8 

0.7 

11.0 

6.4 

15 

2-8 

1-5 

1.6 

10 

4.5 

5 

5 

0.4 

6.0 

13.1 

1.7 

3.6 

1.9 

1.8 

2.2 

6.4 

1.7 

3.0 

5 

 

1.1. Main biomass components 

1.1.1. Cellulose 

Cellulose is composed of repeating anhydrous glucose units (AGU) linked by 

covalent bonds connected by OH group units. The main OH group along the 

macromolecule chains are easily modified by interacting with functional groups giving 
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rise to a wide range of cellulose derivatives (1). It is considered a promising raw material 

for the production of sustainable materials due to its renewability and non-toxicity 

(2,3)(2,3). It is an organic compound with the formulation of a polysaccharide consisting 

of a linear chain of several hundred to many thousands of linked D-glucose units, its 

length depending on the plant source from which it originates. It is the most abundant 

polymer on earth. In addition to the already mentioned advantages such as 

biodegradability, it has other advantages, such as low density, high porosity, high specific 

surface area and reactivity as a consequence of the hydroxyl groups present in the 

structural chain (4–6). This means that it is available for a wide variety of fields (7,8). 

 

Figure 1. Chemical structure of cellulose.  

1.1.2. Hemicellulose  

Hemicelluloses are cell wall polysaccharides made up of various monomers such 

as xylose, arabinose, mannose, galactose, rhamonose and glucose. The monomer units 

are usually in the range of 500-3000 units, although the structure and abundance vary 

between different types of cellulose species and types of cellulose. (9,10). The 

combination of the various units usually generates four main hemicellulose structures, i.e. 
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xylan, xyloglucan, galactomannan and galactoglucomannan (11). The main function of 

hemicelluloses is to strengthen the cell wall by interacting with cellulose (9).  

 

 

Figure 2. Main structural units that form hemicelluloses (12). 

 

This biopolymer is classified as biodegradable and non-toxic, with a low 

molecular weight, low cost, good oxygen permeability, good flexibility, and high-water 

resistance (13). Its functional properties make it suitable for a wide variety of applications. 

Hemicelluloses find applications in gels, coatings, adhesives and gelling additives, 

stabilizers and viscosity enhancers in the food and pharmaceutical sectors, as well as in 

other industrial sectors (14). 

1.1.3. Lignin 

Lignin is an aromatic polymer mainly present in the thicker secondary wall of the 

cell wall, acting as a glue that holds cellulose and hemicellulose together in the cell fiber. 

It is the most abundant polymer after cellulose and is generally considered a by-product, 

or even a waste, of the paper industry. Approximately 50 million tonnes of lignin are 

produced annually (15), of which approximately 98-99% is incinerated in energy 

recovery processes within the pulp and paper industry. The remaining 1-2% of the lignin 

produced is extracted and used for commercial purposes (16,17).  
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It is a highly branched biomacromolecule with a variable composition depending 

on the plant source (18,19). The given structure can be rationalized into three main 

phenylpropanoid monomers: coniferyl alcohol (Figure 3a), sinapyl alcohol (Figure 3b), 

and p-coumaryl alcohol (Figure 3c). 

 

                                      

 

 

Figure 3. Lignin constituent monomers (a) conipheryl alcohol, (b) sinapyl alcohol and 

(c) p-coumaryl alcohol (20) 

 

The composition of lignin varies depending on the type of plant, resulting in a 

wide range of monomer patterns that contribute to its complexity. The properties of 

commercial lignins depend substantially on the production process. Figure 4 provides a 

final representation of the lignin structure. 

a) b) 

v) 

c) 
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Figure 4. Lignin structure (21) 

Despite its complex structure, lignin is known for its numerous advantages, including 

high carbon content, thermal stability, biodegradability, antioxidant activity, and 

favorable rigidity. These properties make it a product of great interest for the development 

of high added-value products. 

For example, the use of lignin for the controlled release of slow-release fertilisers 

and herbicides in agriculture is of great interest (22,23), as well as in the field of 

bioplastics (24,25), dispersants (26–28), biofuel production (29), electrochemical 

applications (30–32) and on future biomass and biofuels applications (21). As previously 

stated, the structure of lignin and its properties vary depending on its origin and extraction 

method. The Table 2 displays the various molecular formulations of lignin monomers 

based on their origin and pre-treatment. 
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Table 2. Commercial lignin types according to origin (33) 

TYPE Monomer molecular formula Monomer Mw Ref 

Kraft lignin C9 H8.5 O2.1 S0.1 (OCH3) 0.8 (CO2H) 0.2 180 (34) 

Technical Kraft lignin C9H7.98 O2.28 S0.08 (OCH3) 0.77 176.52 (35) 

Unreacted Kraft lignin C9H8.97 O2.65 S0.08 (OCH3) 0.89 189.73 (36) 

Lignosulfonate lignin 

(softwood) 

C9H8.5 O2.5 (OCH3) 0.85 (SO3H) 0.4 215-254 (34) 

Lignosulfonate lignin 

(hardwood) 

C9H7.5 O2.5 (OCH3) 0.39 (SO3H) 0.6 188 (34) 

Organosolv lignin C9H8.53 O2.45 (OCH3) 1.04 nd (34) 

Pyrolisis lignin C8 H6.3-7.3 O0.6-1.4 (OCH3) 0.3-0.8 (OH) 1-1.2 nd (34) 

Steam explosión lignin C9H8.53 O2.45 (OCH3) 1.04 ~188 (34) 

Dilute acid lignin C9H8.53 O2.45 (OCH3) 1.04 ~188 (34) 

Alkaline oxidation 

lignin 

C9H8.53 O2.45 (OCH3) 1.04 ~188 (34) 

Beech lignin C9H8.83 O2.37 (OCH3) 0.96 nd (37) 

Lignophenol (bamboo) C9H8.27 O3.11 N0.088 S 0.0006 (OCH3) 1.16 203.35 (38) 

Soluble Kraft lignin 

(bamboo) 

C9H8.77 O2.77 N0.093 S 0.16 (OCH 3) 0.75 187.76 (38) 

Kraft lignophenol 

(bamboo) 

C9H8.67 O3.36 N0.040 S 0.11 (OCH 3) 1.09 208.45 (38) 

Milled bamboo lignin C9H7.73 O3.81 (OCH3) 1.2 215.13 76 

 

1.1.3.1. Solvents for lignins  

The solubility of lignins in solvents is affected by the extraction and purification 

methods. Lignosulphonate lignin is soluble in water, Kraft lignin is soluble in aqueous 

alkali, and organosolv lignin is soluble in a wide range of organic solvents. Table 3 lists 

the different organic solvents found in the literature for different lignins. 
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Table 3. Common organic solvents for lignin 

 Organic solvent Lignin solubility (g/Kg) Lignin type References 

Alcohol Methanol 6.1 From lignocellulosic bioethanol residues 

Kraft hardwood and sofwood 

Soda non-wood 

(39)  

 Ethanol Unsoluble Alkali  (40) 

 1-propanol Unsoluble Alkali (40) 

 1-butanol Unsoluble Alkali (40) 

 Ethylene glycol 310 Alkali (40) 

 Glycerol 250 Alkali (40) 

Carboxylic acid Formic acid 260 Kraft (41) 

 Acetic acid 7.2 Kraft (42) 

Ester Ethyl acetate 0.9 Kraft (41) 

 Ethylene carbonate 

Propylene carbonate 

Unsoluble From lignocellulosic bioethanol residues 

Kraft hardwood and softwood 

Soda non-wood 

(39) 

Ester Diethylether 0.1 Kraft (41) 

 Polyethylene glycol 

200 

20 From lignocellulosic bioethanol residues 

Kraft hardwood and softwood 

Soda non-wood 

(39) 

Heterocyclic 

compounds 

1-methylimidazole 

Tetrahydrofuran 

 

>500 

0.8 

From lignocellulosic bioethanol residues 

Kraft hardwood and softwood 

Soda non-wood 

(39) 

 Dioxane 7.3 Kraft (42) 
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Ketones Acetone 0.4 From lignocellulosic bioethanol residues 

Kraft hardwood and softwood 

Soda non-wood 

(39) 

Organochlorine 

compounds 

Chloroform 

Dichloromethane 

0.1 

<0.1 

From lignocellulosic bioethanol residues 

Kraft hardwood and softwood 

Soda non-wood 

(39) 

Organicsulphur 

compounds 

Dimethylsulphoside 9.6 From lignocellulosic bioethanol residues 

Kraft hardwood and sofwood 

Soda non-wood 

(39) 

Water  0.8 From lignocellulosic bioethanol residues 

Kraft hardwood and softwood 

Soda non-wood 

(39) 

 

Eutectic systems have emerged as a 'green' alternative to the commonly used solvents for commercial lignins. Table 4 lists some eutectic 

mixtures employed as solvents for lignin
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Table 4. Commercial lignin eutectic solvents 

Eutectic solvents Solubility lignin g/kg Lignin type References 

Formic acid:choline chloride (2:1) 140 From lignocellulosic bioethanol residues 

Kraft hardwood 

Kraft softwood 

Soda non-wood 

(39) 

Acetic acid: Choline chloride (2:1) 120 From lignocellulosic bioethanol residues 

Kraft hardwood 

Kraft softwood 

Soda non-wood 

(39) 

Propanoic acid:Urea(2:1) 148.1 Kraft (42) 

 226.8 Kraft (42) 

Propanoic acid:urea (2:1)/water 598.5 Kraft (42) 

 745.8 Kraft (42) 

Lactic acid:alanine (9:1) 84.7 Alkali (43) 

Lactic acid:betaine (2:1) 90 Alkali (44) 

 120.3 Alkali (43) 

Lactic acid: choline chloride (1.3:1) 45-5 Alkali (43) 
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Lactic acid: choline chloride (2:1) 53.8 Alkali (43) 

Lactic acid: choline chloride (5:1) 77.7 Alkali (43) 

lactic acid: choline chloride (10:1) 118.2 Alkali (43) 

Lactic acid: proline (2:1) 75.6 Alkali (43) 

Lactic acid: proline (3.3:1) 90 Alkali (43) 

Lactic acid: glycine (9:1) 87.7 Alkali (44) 

Lactic acid: histidine (9:1) 118.8 Alkali (43) 

Malic acid:alanine (1:1) 17.5 Alkali (43) 

Malic acid:betaine (1:1) Unsoluble Alkali (43) 

Malic acid:choline chloride (1:1) 34.0 Alkali (43) 

Malic acid:glycine (1:1) 14.6 Alkali (43) 

Malic acid:proline (1:1) Unsoluble Alkali (43) 

Malic acid:proline (1:2) 60.9 Alkali (43) 

Malic acid:proline (1:3) 149 Alkali (43) 

Malic acid:histidine (2:1) Unsoluble Alkali (43) 

Malic acid:nicotinic acid (9:1) Unsoluble Alkali (43) 
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2. ELECTROSPINNING  

Nanotechnology is the study and development of materials at the nanometric level. 

It has great potential for the development of new materials. Nanofibers, due to their high 

surface area and porosity, have important applications such as filter media and adsorption 

layers for protective clothing, among others. 

Polymer nanofibers can be processed using several techniques, including drawing, 

template synthesis, phase separation, self-assembly, and electrospinning. Tables 5 and 6 

provide a comparison of the different aspects related to these processing methods. 

 Table 5. Polymer nanofiber processing techniques 

Process Technological 

advances 

Scalable Repeatibility Convenient 

to process? 

Control to 

fiber on 

dimensions 

Drawing Laboratory     

Template 

synthesis 

Laboratory     

Phase 

separation 

Laboratory     

Self-Assembly Laboratory     

Electrospinning Laboratory & 

industrial 

processing 

    
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Table 6. Advantages and disadvantages of nanofiber processing techniques 

 

 

Electrospinning is the most advantageous processing technique for developing 

nanofibers. Electrospinning is a widely used process for preparing polymeric fibers with 

diameters ranging from 2 nm to several microns. This process is mainly used for 

polymers, but it can also be used for semiconductor composites and ceramic materials 

(45) Their high interest is due mainly to the control that can be exercised over the structure 

and size of the fibers, their polymer versatility and the unique characteristics offered by 

the material, i.e. high specific surface area, controllable and interconnected porosity, high 

mechanical performance, flexibility, etc. (46). These properties mean that the nanofibers 

developed have the potential to significantly improve current industrial process and find 

applications in new fields. 

Important features of electrospinning are: 

➢ A suitable solvent must be available to dissolve the polymer. 

Process Advantages Disavantages 

Drawing Minimum equipment requirement Discontinuous 

process 

Template 

synthesis 

Fibers of different diameters can be easily achieved by 

using different templates 

 

Phase 

separation 

Minimum equipment requirement. Process can directly 

fabricate a nanofiber matrix. Batch-to-batch consistency is 

achieved easily. Mechanical properties of the matrix can 

be tailored by adjusting polymer concentration 

Limited to 

specific 

polymers 

Self-Assembly Good for obtaining smaller nanofibers Complex 

process 

Electrospinning Cost effective. Long, continuous nanofibers can be 

produced 

Jet instability 
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➢ The vapour pressure of the solvent must be adequate to evaporate fast 

enough for the fiber integrity to be achieved when it reaches the target, but 

not too fast for the fiber to harden before reaching the nanometer range. 

➢ The viscosity and surface tension of the solvent must not be too high to 

prevent the formation of the jet nor too low to allow the polymer solution 

to escape freely from the needle. 

➢ The energy supply must be adequate to overcome the viscosity and surface 

tension of the polymer solution to form and maintain the jet. 

➢ The space between the needle and the grounded surface must be sufficient 

for the solvent to evaporate in time for the fibers to form. 

2.1. Basics of the technique 

The formation of nanofibers by electrospinning is based on the uniaxial stretching 

of a viscoelastic solution. Unlike conventional methods, the electrospinning technique 

uses electrostatic forces to stretch the solution as it solidifies. The basic execution of this 

technique (see Figure 5) consists of a capillary through which the polymer solution must 

be expelled, a high voltage source that has two electrodes which must be connected one 

to the outlet of the solution and the other to the collector plate, which usually consists of 

a sheet of conductive metal, where the fibers will be deposited (47). The main scheme of 

the electrospinning process is based on the connection of three main components: the 

current generator, the metal needle, and the collector. The needle is mounted in a syringe 

containing the polymer solution, the flow of which is controlled by a pump. When a 

voltage is applied (typically in the range 3-30 kV), the droplet exiting the needle is 

electrified and the charges are distributed on the surface, so that the droplet experiences 

two types of electrostatic forces: the repulsion between the surface charges and the 
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Coulomb forces exerted by the external electric field. The surface of the droplet, under 

the effect of the exerted force, begins to elongate and form a cone, known as a Taylor 

cone. The elongation process reaches a limit where the charge concentration is so high 

that it exceeds the surface tension of the solution and results in the creation of a current 

at the tip of the cone. During the process, the solution is stretched, and the solvent 

evaporates. Attracted by the charged collector, the fiber is deposited and distributed 

randomly to form an interconnected membrane of polymeric fibers, like the one shown 

in Figure 6 (2). 

 

Figure 5. Schematic diagram of electrospinning equipment assembly 
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Figure 6. Nanofibers of polymeric material developed by electrospinning. 

2.2. Parameters 

The electrospinning process is governed by a wide variety of parameters, 

classified into process parameters, solution parameters and environmental parameters. 

These parameters significantly affect the morphology of the nanostructures obtained in 

the electrospinning process of the polymer solution and, therefore, its electrospinnability. 

The correct choice and manipulation of these parameters allows to control and fine-tune 

the required characteristics of the developed membranes to be obtained.  

2.2.1. Processing Parameters 

Process parameters affecting the morphology and fiber diameter of the developed 

membranes include the following: 

✓ Voltage: In general, an increase in voltage causes a stretching of the current 

favoring the narrowing of the fibers but also a too high voltage can cause 

accumulations of the material (see Figure 7). Therefore, a higher stretching of the 
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jet induces a decrease in fiber diameter as demonstrated by Bogdan et al.(48) (see 

Figure 8), i.e. an increase in voltage leads to a decrease in diameter. The influence 

of the voltage also depends on the viscoelastic properties of the material. 

 
Figure 7. SEM photographs nanofibers electrospun under different electrical potentials 

(49) 

 

5 kV 

9 kV 

7 kV 
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Figure 8. Average fiber diameter vs Applied voltage (48) 

 

✓ Feed flow: Regarding the outflow of the solution, a flow that allows the complete 

evaporation of the solvent is considered the most suitable, it is necessary to 

overcome a minimum feed flow that manages to stabilize the current, the 

appearance of the Taylor cone determines a correct stabilization of the jet (see 

Figure 9). As the flux increases, the amount of material in the membrane increases 

and, consequently, the fiber diameter increases. However, too high values cause 

imperfections due to the inability to evaporate the solvent completely (see Figure 

10). 
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Figure 9. SEM images of the electrospun nanofibers at various flow rates (50).  

 

  

Figure 10. Taylor cone formation (51).  

✓ Needle-collector distance: The required distance for total solvent evaporation 

depends on the properties of the feed solution used. Short distances may result in 

0.1 ml/h 0.5 ml/h 

1 ml/h 1.5 ml/h 
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the formation of larger filament diameter and even the presence of beads in the 

membranes, while distances that are too large may cause the fibers to break. 

 

 
Figure 11. Average diameter of nanofibers for different needle-tip-to-collector 

distances: D1:20 cm; D2:15 cm; D3:10 cm; and D4:5 cm. (52). 

 

 

2.2.2. Solution Parameters 

Controlling the feed solution parameters is as crucial as the processing ones. The 

following parameters are the most relevant: 

➢ Viscosity (related to polymer molecular weight and solution concentration): This 

is one of the most determining parameter of fiber morphology, diameter, and 

porosity. High viscosities, determined by high molecular weights and/or high 

solution concentrations, induce the formation of larger diameters. On the other 

hand, too low viscosity values lead to smaller diameters and can even cause 

20 cm 15 cm 

10 cm 5 cm 
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irregularities in the membrane, such as bead formation or even electrospraying of 

isolate particles. 

 

 
Figure 12. SEM images of nanofiber morphology depending on viscosity (53).  

 

➢ Surface tension: Surface tension is a property that makes to resist rapid changes 

in shape and attempts to reduce the surface area per unit mass. By applying high 

voltage, it seeks to increase the surface area by opposing the formation of beads 

and favouring the formation of thinner jets. According to the literature, reducing 

surface tension predominantly results in bead-free fibers(54) 

➢ Electrical conductivity is a crucial factor in the fiber generation process. If the 

conductivity is too low, there will not be enough current stretching to generate 

fibers. On the other hand, a high conductivity indicates increased charge transport, 

160 cP 527 cP 

1835 cP 
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resulting in greater stretching of the solution and, consequently, thinner fibers 

(55–57). 

2.2.3. Ambient Parameters  

In addition to the above-mentioned parameters, environmental parameters such as 

temperature and humidity must be taken into account. Lia et al (58) conclude that the 

formation of pores in membranes is affected by the vapour pressure of the solvent and the 

humidity. It was suggested that the effect of rapid evaporation of a solvent due to its high 

volatility could induce the separation of the polymer into different phases in the liquid 

stream and together with high humidity an increase in density and pore size occurs. 

2.3. Layout of the technique 

The conventional arrangements for the electrospinning technique are shown in Figure 12. 

While it is possible to develop the technique vertically, this can result in dripping from 

the capillary to the collector plate, leading to defective fibers. 

             

Figure 13: a) traditional horizontal layout of the technique b) vertical layout of the 

technique.(47) 

 

a) b) 
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 Moreover, there are nowdaysn other alternative techniques such as coaxial 

electrospinning and forcespinning. Coaxial electrospinning (as shown in Figure 14) is a 

process that involves the simultaneous co-spinning of two polymeric liquids. The system 

uses two coaxially positioned needles to form composite polymeric droplets. The inner 

needle pumps a solution while the outer needle supplies the coating material. After 

applying a strong electric field, fibers composed of the polymeric solution and a 'shell' 

with the selected shielding material are formed. The main requirement for this process is 

that the polymer shell is a solution that can be electrospun and that it produces stable 

fibers. The inner polymeric solution may not be suitable for electrospinning. 

 

Figure 14. Coaxial electrospinning system (59) 

 

Moreover, a centrifugal force-based method can be used as an alternative to 

electrostatic forces for developing polymer nanofibers. This method drives the material 
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through a set of holes designed within a spinneret. A polymeric solution or a polymer 

melt is placed in a spinneret and as the angular velocity increases, a critical value is 

reached at which the centrifugal force overcomes the surface tension and the fibers 

emerge from the tip of the needles into an outer collector, as shown in Figure 15. Friction 

with air causes the fibers to be deposited in an outer collector. The friction with the air 

causes the fibers to stretch and thin while the solvent evaporates (60). The advantage of 

this technique lies in its efficiency in developing nanofibers from materials of low 

dielectric constant. 

 

Figure 15. Traditional layout of the forcespinning method (61) 
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Figure 16. Mechanism of fiber formation by means of forcespinning. (62) 

2.4. Background on the electrospinning of biopolymers 

The electrospinning technique is widely recognized as highly efficient for 

fabricating polymer nanofibers. In recent years, numerous studies have been conducted 

on the electrospinning of biopolymers, including cellulose derivatives and lignin, and 

other biocompatible polymers of interest such as PVP. In general, the challenges when 

biopolymers or natural and/or biocompatible polymers are subjected to electrospinning 

are i) to achieve consistent and controllable fiber diameters and ii) to obtain uniform and 

defect-free surfaces or structures, which depend on the nature of the polymer and the 

chosen processing parameters previously discussed. The most relevant studies for our 

research are briefly discussed below. 

Dallmeyer et al. (63) studied the effect of lignin structure on the formation of 

nanofibers by electrospinning, with seven different types of lignin dissolved in DMF. The 

addition of a copolymer, PEO, was necessary to improve the electrospinnability of the 

solutions because lignin alone formed BOAS membranes. A clear transition between 

electrospraying and electrospinning was evident with the significant increase of the 

solution concentration favoring the uniformity of the fibers. It was concluded that the 
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lignin structure and molecular interactions, such as hydrogen bonds or association 

complexes, influence the properties of the solution and thus the electrospinnability of the 

systems. Viscosity was shown to be a key parameter in the formation of homogeneous, 

pearl-free fibers. 

Jia et al. (64) synthesized a nanocarbon network material from electrospun Kraft 

lignin (KL) and cellulose acetate (CA) fibers. It was observed that LK is not 

electrospinnable by itself due to the lack of chain structures and/or molecular 

entanglements caused by its relatively low molecular weight and high polydispersity 

index. However, it successfully electrospins after mixing with CA presenting fibrous 

structures in its electrospun membranes. 

Aslanzadeh et al. (65), in the same way as Dallmeyer (63), studied the morphology 

of lignin softwood (LSK) with the effect of polyethylene oxide (PEO) addition. PEO 

proved to be a successful co-helper in the electrospinning process achieving uniform and 

bead-free fibers. The increase in molecular weight caused a transition from BOAS to 

bead-free fibers due to the density of entanglements in the polymer chain. 

Klossner et al. (66) fabricated defect-free nanofibers by electrospinning from 

solutions of chitosan and polyethylene oxide (PEO) in acetic acid. The degree of 

deacetylation proved to be crucial. Electrospun fibers were only formed when there were 

sufficient intertwined chains despite increasing the solution concentration may 

excessively increase viscosity for electrospinning. It was observed that polymer 

concentration must be at least 2-2.5 times higher than the entanglement concentration in 

order to form a continuous fiber. This concentration is the one at which the solution passes 

from the semi-dilute non-entangled regime to the semi-dilute entangled regime. Chitosan 

alone was not capable of forming continuous fibers, it was mixed with PEO to produce 
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fibers without microspheres. The addition of PEO reduced the overall solution viscosity 

making it a more electrospinnable. It was observed that, as the polymer concentration 

increases, the number of microspheres decreases, while increasing the chitosan 

concentration decreases the fiber diameter. It is hypothesized that this behavior is due to 

the fact that chitosan is a polyelectrolyte and the positively charged chain behaves 

differently in the electric chain than a neutral chain. 

In order to neutralize the beads developed in the electrospun lignin-PVA fibers 

Fang et al. (67) anionic, cationic and non-ionic surfactants (SDS, DTAB and Triton X-

100) are added. Depending on the nature of the surfactant the impact on viscosity is 

different. SDS binds to PVA and lignin forming a complex once the critical micellar 

concentration is exceeded. Triton X-100, on the other hand, does not carry out cooperative 

binding due to the non-ionic character. And yet, DTAB interacts with alkali lignin through 

electrostatic forces when reaching its critical micellar concentration and this is why 

viscosity decreases with DTAB concentration. As for the surface tension, when the 

surfactant concentration exceeds the critical micellar concentration, the molecules form 

micelles and align at the gas-liquid interface causing a reduction of the surface free energy 

and surface tension. The addition of surfactants removed the beads from the fibers and 

reduced the average diameter of the fibers obtained, as long as the critical micellar 

concentration was exceeded. 

Wang et al. (68) added Triton X-100 to PVP polymeric solutions to study the 

influence on the electrospinnability of the solutions. The Triton X-100 addition 

considerably improved the electrospinnability of this biocompatible polymer, resulting in 

homogeneous membranes due to a decrease in surface tension in the presence of the 

surfactant. This also led to a decrease in fiber diameter. 
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Crabbe-Mann et al (69) subjected three cellulose derivatives (ethyl cellulose, 

cellulose acetate and carboxymethyl cellulose) to an electrohydrodynamic process by 

dissolving these derivatives in environmentally friendly solvents: ethanol, acetone, and 

water. Ethyl cellulose together with ethanol and water showed a transitional regime from 

particles to fibers at a concentration of 17 to 25% by weight, finally providing continuous 

and homogeneous fibers. Cellulose acetate electrospinning with acetone also led to a 

transition as the solution concentration was increased from 10% to 20% and smooth fibers 

were obtained by increasing the solution concentration and reducing the evaporation rate. 

The use of carboxymethyl cellulose led to larger fibers compared to the other polymers 

due to the increased molecular weight. All three cellulose derivatives proved to be more 

than valid options for use in electrohydrodynamic processes together with 

environmentally friendly solvents with the ability to control both fiber diameter and fiber 

morphology. 

Mariko et al. (70) produced fibers by electrospinning aqueous dispersions of 

lignin, poly(vinyl alcohol) (PVA) and cellulose nanocrystals (CNC). This solution 

produced defect-free fibers with up to 90% lignin and 15% CNC. They observed an 

improvement in the morphology of the membranes with increasing viscosity, by 

increasing the total concentration of the solution. They distinguished three different 

composition regions, beaded fibers, non-beaded fibers, and phase separation. In the latter 

case, very high viscosity solutions were obtained, and electrospinning did not take place. 

Non-beaded fibers were observed in a concentration range of 0-32% lignin, 2-19% PVA 

and 66-86% water. Fiber diameter was observed to increase with total polymer 

concentration. Here it was observed that the formation of non-beaded fibers occurred at 

low lignin contents. 
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In short, there is a wide variety of research defining the wide range of polymers 

that have been found to be satisfactorily processed using electrohydrodynamic 

techniques. Table 7 collects additional studies on this matter. 
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Table 7. Studies on the processing of biopolymers and biocompatible polymers using electrohydrodynamic techniques, including solvents and range of 

solution concentration. 

Polymer Solvent Concentration Applications 

PVA Distilled water (71-73) 7 to 33 wt% Carbon nanofibers 

 

PLA Dichloromethane (74) 

Dimethylformamide (75) 

Dichloromethane (76) 

5-15 wt% 

30 wt% 

5-15 wt% 

Filtration, biomedical material and membrane. 

PEO Chloroform, ethanol, DMaC, 

Water(77) 

Distilled water (78) 

3-7 wt% 

 

Biomedical applications 

PVP Ethanol (79) 

DMF/Ethanol (80) 

8-12 wt% 

10-18 wt% 

Films for sensor, filtration, drug delivery 

CA, cellulose acetate Acetone (81) 

Chloroform  

DMF 

Dichloromethane (DCM) 

Methanol (MeOH) 

Formic acid  

Pyridine 

Acetone (69) 

5 wt% 

2-12 wt% 

 

 

 

 

 

10 wt% 

Biomedical applications  

PCL THF:DMF (82) 

Chloroform (83) 

Formic acid 

15 wt% 

12.5-20 wt% 

Biomedical applications 
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Regarding the electrospinning of lignocellulosic materials, and specifically lignin, due to its potential for revalorization, Table 8 

collects other relevant studies, in addition to those previously mentioned. 

Table 8. Electrospun lignin together with their copolymer. 

Polymer Ratio  Solvent Concentration 

Lignin:PEO (SKL, HKL, HOL, SOL, PL)  99:1- 95:5 DMF (63) 10-50 wt% 

Kraft lignin:PEO 95:5-97:3 DMF (84) 

Water 

5-11 wt% 

Softwood Kraft lignin:PVA/CNCs 0:100/0-20:80/15 Water (70) 5-17.5 wt% 

Sulfur-free softwood lignin:PEO 99:1-95:5 DMF (65,85) 1.1-0.03 wt% 

Kraft lignin:PEO 0:100-100:0 Water (86) 4 vol% 

Alkali lignin:PVA 

- SDS, DTAB and TX-100 

70:30 

(0.2-1 wt%) 

Water (67) 10 wt% 

 

Softwood Kraft lignin:PEO 99:1-98:2 DMF (87) 25-50 wt% 

Alkali lignin:PVA 70.30-50:50-30:70 Distilled water (88) 9-12 wt% 

Softwood Kraft lignin:PEO 98:2 DMF (89) 30 wt% 

Alkali lignin:PHB 5:95 HFP (90) 3 wt% 

Lignin:PCL 95:5-90:10-85:15 HFP (91) 10 wt% 

Lignin:PCLLA 90:10 HFP (92) 10 wt% 

Lignin:PLA/PLLA 1/2 HFP (93) 6 wt% 
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3. LUBRICATING GREASES: A GENERAL OVERVIEW 

According to the American Society for Testing and Materials (ASTM), a 

lubricating grease is a solid or semi-fluid material that contains a thickening agent 

dispersed in a lubricating liquid. It is considered that these are colloidal suspensions in 

which a solid thickening agent, typically a metallic soap, is dispersed in a liquid matrix, 

traditionally a mineral oil, forming a three-dimensional gel-like network. This network 

gives rise to a fibrous structure where the oil is trapped (Figure 17). The physical 

properties of lubricating greases are determined by their microstructure. Therefore, it is 

crucial to select the right ingredients and processing variables to ensure optimal 

performance (94,95). 

 

Figure 17 AFM micrographs for selected commercial lubricating greases.(96) 
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The typical composition and percentage of the most common components in 

lubricating greases are listed in Table 9: 

Table 9: Typical composition of traditional lubricants 

Component Composition (%) Basic function 

Oil (mineral/sintetic) 65-95 Lubricant 

Thickening agen 5-35 Oil carrier/additive 

Additives 0-10 Improvement of specific 

properties 

 

3.1. Bio-based or biodegradable lubricating greases 

From 2010 to 2030 energy demand has increased by 33.5% (97) due to the 

industrialization, modernization, and societal development. The annual use of lubricants 

has increased, resulting in a consumption of 30 to 40 million tonnes. Unfortunately, 

around 55% of these lubricants end up in the environment, and 95% of them are derived 

from fossil fuels, posing a significant threat to the environment. 

The concern about environmental risks has increased due to the threat posed by 

them. This has led to a rise in the development of renewable resources and natural 

alternatives (98,99). Along these lines, bio-lubricants arise as an ecological alternative to 

traditional lubricants, which are derived from vegetable oils, animal fats or any other 

environmentally friendly hydrocarbon (100). These materials offer satisfactory technical 

performance with good lubrication, a high flash point, a high viscosity index, and good 

shear strength (101,102).  

The development of bio-lubricants poses a challenge in terms of applying suitable, 

sustainable, and cost-effective technologies, as well as achieving complete 

biodegradability. The literature contains numerous studies that explore the development 
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of biodegradable lubricants through the substitution of mineral oils with vegetable oils, 

such as soybean, castor, and rapeseed oils. (103–106). Moreover, there is an increasing 

demand for eco-friendly bio-lubricants that substitute mineral oils with vegetable oils and 

conventional thickening agents with natural polymers. This approach avoids the use of 

non-biodegradable polymers or those that require highly toxic production processes. 

Lubricating greases that are currently considered biodegradable may have the following 

composition:  

Table 10. Composition of biodegradable lubricating greases 

Component Composition (%) Basic function 

 Base fluid (vegetables oils, 

synthetic esters, glycols) 

75-95 Lubricant 

Thickening agent (calcium soaps, 

bentonite/silica/clays, aluminium 

complex soaps, polyureas) 

5-20 Oil Carrier/additive 

Additives 1-8 Improvement of specific 

properties 

 

Vegetable oils have an excellent affinity with metal surfaces, providing intrinsic 

anti-corrosion properties. Therefore, the use of anti-corrosion additives is uncommon. If 

necessary, the amount of additive required to achieve anti-corrosion properties is quite 

low. However, there are certain limitations concerning the optimum working temperature 

(-20°C-80°C) (107). 

Regarding biodegradable lubricating greases, as previously mentioned, replacing 

the oil has been successfully addressed. However, substituting the thickener remains a 

challenge in this area of research due to the high efficiency of traditional metal soaps, 

which provide suitable rheological, thermal, and tribological properties. In the following 
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section, we will provide a more comprehensive review of the available biodegradable 

options. 

3.2. Biopolymers as thickening agents 

Currently, greases manufactured with vegetable oils or their derivatives but 

including metallic soaps or polyureas as thickeners cannot be considered fully 

biodegradable since these components are not environmentally friendly. To achieve full 

biodegradability, it is necessary to disperse biodegradable materials in vegetable oils. For 

this reason, the scientific community is increasingly searching for new ways to replace 

traditional gelling agents. These agents must be environmentally friendly, non-toxic, and 

derived from natural resources. In addition to continuously searching for new gelling 

agents, it is necessary to achieve a proper interaction between the oil and thickener matrix. 

Chemical modifications are often made to facilitate this compatibility. Previous research 

at our Research Centre (Pro2TecS) has focused on using lignocellulosic materials as bio-

thickeners. Delgado et al. (108) and Cortés et al. (109) developed biological fats 

formulated by dispersions of epoxy-functionalised alkaline lignins (EAL) in castor oil. 

PEGDE-modified alkaline lignin showed similar behaviour to traditional greases. In 

addition, increasing T to 150ºC decreased the storage and loss modulus in contrast to the 

thermoreological behaviour of commercial greases (see Figure 18). 
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Figure 18. Thermorheological behaviour of commercial fats 

Gallego et al. (107) functionalised various commercial cellulose and methyl 

cellulose pulps with isocyanate groups. They then characterised the resulting lubricating 

greases both rheologically and tribologically. 

 

Figure 19. Coefficients of friction of functionalised greases 
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Sánchez et al. (102,110–112) dispersed cellulose derivatives in castor oil. EC 

significantly reduced phase separation and, like methyl cellulose, showed mechanical 

stability comparable to that of commercial greases. The nature of the oil also had a 

significant influence, with better results being obtained in those formulations where castor 

oil was used. 

Nuñez et al. (113) developed biodegradable lubricating greases by dispersing 

eucalyptus kraft cellulose pulp in an ethyl cellulose/castor oil medium. Through 

rheological, tribological, thermal analysis, and mechanical stability studies, it was 

determined that these greases have a stable evolution similar to traditional greases and a 

higher decomposition temperature than the standard. 

Table 11. Results of thermogravimetric analysis of biodegradable lubricating greases 

 

Gallego et al. (114,115) incorporated chitin and chitosan functionalized with 

isocyanate groups as thickening agents in castor oil. Regarding their rheological 

behaviour, viscoelastic functions very similar to those found in standard lubricants were 

observed; similar results were observed by Sanchez et al (116) using chitin, chitosan and 

acylated derivatives (see Figure 20). They prepared physically stable oleogels or gel-like 
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dispersions with a higher thermal resistance than traditional greases, i.e. with higher 

degradation temperature (Table 12).  

 

Figure 20. Evolution of SAOS functions with frequency for chitin-based oleogel 

formulations, at 25 ◦C (116). 

 

Table 12. Characteristic TGA parameters of the studied oleogel formulations based on 

isocyanate-functionalized chitin and chitosan (115). 

 

3.3. Rheology of lubricating greases 

Rheology is the science that studies the relationship between the external forces 

acting on a given material and the deformation they produce. Determining the rheological 

properties of lubricating greases is gaining importance due to the increasing interest in 

grease manufacturing and expanding their applications. Determining the rheological 
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behaviour of greases is also useful for understanding evolution of the microstructure with 

shear and essential for predicting their response under specific operating conditions. The 

rheological behaviour, and other functional properties, of lubricating greases is basically 

determined by the thickener used but also depend on both other composition variables 

(oil viscosity, additives, thickener-oil interactions…) and the manufacturing process 

(102,117,118).  

In general, lubricating greases exhibit a highly pronounced shear-thinning 

behaviour, resulting in a decrease in apparent viscosity with shear rate (Figure 21). 

.  

Figure 21. Shear-thinning behaviour in lubricating greases: a) effect of thickener 

concentration b) effect of oil viscosity (118) 
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Furthermore, the viscoelastic character of lubricating greases has been mostly 

studied through small amplitude oscillatory shear (SAOS) tests that use frequency sweeps 

at a constant amplitude within the linear viscoelastic region. 

Figure 22 shows the typical evolution of the storage modulus (G') and loss modulus 

(G'') with frequency within the linear viscoelastic range for lubricating greases. The 

moduli typically increase with the concentration of the thickener, which conforms a 

continuous three-dimensional network. This mechanical spectrum typically observed in 

lubricating greases is the characteristic of structured gel-like colloidal suspensions 

(119,120). 

 
Figure 22. Frequency dependence of the storage (G’) and loss (G’’) moduli of selected 

lubricating grease samples.(117) 

 

3.4. Tribology of lubricating greases 

Tribology is the science of wear, friction, and lubrication, and it encompasses the 

behavior of interacting surfaces. These are not material properties but responses to a 

tribological system consisting of a bearing, a shaft and a lubricant combination, as shown 
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in Figure 23. When one surface moves across another, there is always a resistance to 

movement. This force is known as “friction”. Lubrication is thus the use of a material to 

improve the sliding of one material over another. In order to achieve a sliding action that 

is not so aggressive, it is not so important to achieve low friction factors but to achieve 

constant friction. 

In addition to reducing and controlling friction, lubricants aim to reduce wear and 

prevent overheating and corrosion, thereby increasing the lifetime of equipment. 

. 

Figure 23. Schematic of a tribological system. 

 

Figure 24. Mechanical properties of a tribological system (121). 
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The tribological properties of lubricating greases generally depend on the film 

formation between the two sliding surfaces and its corresponding thickness. This is 

usually affected by the NLGI grade (or grease consistency), the type of thickener, the 

viscosity of the base oil, and the mechanical stability of the greases, i.e. loss of 

consistency under operating conditions. (122). The tribological behaviour of lubricants is 

often characterized by the Stribeck curve (Figure 25), in which the coefficient of friction, 

speed, viscosity and applied load are related. 

 

Figure 25. Stribeck curve of a lubricated contact (121) 

In the Stribeck curve there are three clearly differentiated zones. From right to left 

we find the hydrodynamic lubrication zone, in which the oil film is sufficient to ensure 

that there is no contact between the shaft seals and the bearings, of just between two 

sliding surfaces. In the hydrodynamic lubrication regime, the friction is generally lower 

than in the other regimes, and basically depends on the lubricant internal friction, i.e. its 

viscosity. The hydrodynamic pressure generated in the lubricating film due to the relative 

motion and internal friction of the film is too low to cause surface deformation. In the 

mixed lubrication zone in which there is contact between the sliding surfaces to some 
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extent but other zones in which the film is sufficient so that there is no such contact, being 

a mixture of hydrodynamic and boundary regimes. Friction losses vary over a wide range 

according to the two regimes involved. And, finally, for low viscosity and/or speeds, the 

boundary lubrication regime arises, in which the lubricant film has been greatly reduced 

and the load makes the surfaces to come into contact. It is characterized by much higher 

friction losses than the other regimes. It can occur during start-up and shutdown of 

equipment, when the equipment operates in extreme conditions, dented gears, or in 

oscillating movements. 

Generally, the tribological behaviour of greases is affected by the 

physicochemical properties of the base oil, such as polarity and viscosity, as well as the 

concentration of the thickener and the the resulting thickener-oil interactions.  

Couronne et al (123) found a significant influence of the interaction between soap 

and oil and proposed an intriguing correlation between the storage modulus, film 

thickness in the elastohydrodynamic regime, and friction coefficient. Delgado et al (124) 

investigated the impact of soap concentration and oil viscosity on the viscoelastic 

properties and transient flow of lubricating greases concluding that the density of 

entanglements and fibers, responsible for the structural skeleton, is directly linked to the 

rheological response. The shear-induced evolution of the microstructure was analyzed 

using the Leider-bird model. 
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1. MATERIALS 

1.1. Polymers  

1.1.1. Low sulfonate kraft lignin 

A commercial low sulfonate alkali lignin from the Kraft process was used as raw 

material in the production of electrospun nanostructures. The generic chemical structure 

of this compound, which was provided by Sigma Aldrich in powder form, is shown in 

Figure 26. 

 

Figure 26. A structural model of a technical kraft lignin fragment (1) 

1.1.2. Polyvinylpyrrolidone 

Polyvinylpyrrolidone (PVP) is a stable, bulky, non-ionic, non-toxic and 

biocompatible polymer. It is dissolved together with lignin, as co-spinning polymer, to 

facilitate the production of nanofibers through electrospinning. Its chemical structure can 

be observed in Figure 27. 
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Figure 27. Structure of polyvinylpyrrolidone (Sigma-Adrich) 

1.1.3. Ethyl cellulose 

Ethyl cellulose (EC) is a linear polysaccharide derived from cellulose. It was used 

in this study singly to produce EC nanofibers and as a co-spinning polymer to improve 

the electrospinnability of lignin. The chemical structure of this biopolymer, supplied by 

Sigma Aldrich, is shown in Figure 28. 

 

Figure 28. Structure of ethylcellulose (2) 

1.2. Surfactants 

Surfactants are amphiphilic organic compounds consisting of two parts, a 

hydrophilic head part with affinity to polar phases and a hydrophobic group attracted to 

non-polar phases. Due to their unique structure they can be used to reduce the surface 



  Chapter 3: Materials & Methods 

85 
 

tension in solutions and the interfacial tension between two phases. The main 

classification is based on the charge of the polar head group, which divide surfactants into 

anionic, cationic, nonionic and zwitterionic. The latter contain both ionic and cationic 

charges under normal conditions. 

In this work, they have been used as co-assistants to help to reduce the surface 

tension of the polymeric solutions. The following surfactants were employed, all of them 

obtained from Sigma Aldrich: 

- Sodium dodecylsulphate or sodium lauryl sulphate (SDS), anionic surfactant. 

 

Figure 29. SDS structure 

- Hexadecyltrimethylammonium bromide (CTAB), which is a quaternary 

ammonium salt and a cationic surfactant. 

 

Figure 30. CTAB structure 

- Tween-20 or polysorbate 20 or polyoxyethylene(20)sorbitan monolaurate, non-

ionic surfactant. 
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Figure 31. Tween-20 structure. 

1.3. Solvents 

The organic solvents used to prepare the polymeric solutions used as feed flow in 

the electrospinning device were dimethylformamide (DMF) (purity ≥ 99.8%), acetone 

(purity 99.5%), dimethylacetamide (DMAc) (purity 99.8%), tetrahydrofuran (THF) 

(purity 99.0%) and acetic acid (purity ≥ 99.0%). 

 

1.4. Vegetable oil 

Castor oil, supplied by Guinama (Valencia, Spain), was selected as biodegradable 

lubricating base oil. It is mainly composed of glycerol triricinoleate, i.e., esters of 12-

hydroxy-9-octadecenoic (ricinoleic acid) and other minority fatty acids. The predominant 

chemical structure and fatty acid profile can be seen in Table 13, respectively. Castor oil 

is characterized by the existence of three different functionality points, such as carboxyl 

groups, the single point of unsaturation and the hydroxyl groups, making it suitable for 

many chemical reactions and modifications (3). Moreover, the presence of hydroxyl 

groups with their corresponding hydrogen bridges, provides it exceptional viscosity 
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properties thus favouring the reduction of friction in a tribological contact, in comparison 

with other vegetable oils (3,4). 

Table 13. Fatty acids compositions of castor oil (5) 

Fatty Acid Concentration (%) 

Mystiric C14:0 Trace 

Palmitic C16:9 1.70 

Palmitoleic C16:1 Trace 

Stearic C18:0 1.96 

Oleic C18:1 5.34 

Ricinoleic C18:1:OH 82.48 

Linoleic C18:2 7.01 

Linoleic C18:3 1.51 

Arachidic C20:0 Trace 

Lignoceric C24:0 Trace 

Saturated 3.66 

Monounsaturated 87.82 

Polyunsaturated  8.52 

 

2. EXPERIMENTAL METHODS 

A general description of the experimental methods followed is given below. More 

detailed information on the specific procedures is given in chapter 4, in each of the articles 

included. 

2.1. Preparation of polymer solutions 

The polymer was added to the selected solvent and stirred magnetically 

(Heidolph), for a period between 2 and 24 hours at room temperature or at 50ºC. Solutions 

then underwent centrifugation at 3000 rpm for 10 minutes and filtration to remove any 

solids. 

 



  Chapter 3: Materials & Methods 

88 
 

2.2. Preparation of electrospun nanostructures 

The Star-Up Lab Device V2.1 (Star-Up Advanced) from Doxa Microfluids is used 

as an electrospinning device to obtain the nanofibers from the different polymeric 

solutions. The electrospinning chamber includes: 

 A high voltage power supply (-30 kV to 30 kV) 

 A 200x200 mm stainless steel flat-plate collector. This can be placed either 

vertically or horizontally.  

 Two feeding pumps with B-D 10 cc syringes and the corresponding capillary 

tubes in order to inject the solution.  

 Taylor cone visualisation system.  

 Gas extraction system. 

The following process parameters were applied: 

Table 14. Process Parameters 

Layout Flow rate Voltage 
Collector-needle 

distance 
Needle 

Vertical 

Horizontal 

0.5-3 ml/h 5-21 kV 12-20 cm 

Syringe: 5ml, 11.99 

mm internal 

diameter, 20G flat-

tip needle 
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Figure 32. Doxa Microfluids electrospinning equipment 

2.3. Preparation of oleo-dispersions 

The electrospun polymer nanofibers were dispersed in castor oil in an open vessel 

using a controlled rotational speed mixing device (RW 20, Ika) equipped with an anchor 

impeller. The mixture was stirred at 70 rpm for at least 24 hours at room temperature.
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3. Characterization techniques 

3.1. Characterization of polymer solutions 

Physico-chemical characterization:  

The physicochemical characterization of the lignin-co-spinning polymer solutions 

included electrical conductivity, surface tension and shear and extensional viscosity 

measurements. 

The electrical conductivity measurements were conducted using two conductivity 

meters, a Crison multi-frequency (1000-5000 Hz) conductivity meter (GLP 31), and a 

Laqua PC-110 conductivity meter with a LAQUA 3553-10D cell (Horiba Scientific). 

Prior to use, both conductivity meters were calibrated with standard KCL solutions (1413 

μS/cm and 12.88 μS/cm). 

Surface tension data were obtained with a Sigma 703D tensiometer (Biolin 

Scientific) using a Wilhelmy platinum plate with a measuring range of 1-1000 mN/m, all 

measurements at 25°C. 
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Figure 33. Sigma 703D tensiometer. 

Flow curves of the spinning solutions were obtained in a shear range of 1-500 s−1, 

using an ARES (Rheometric Scientific) controlled shear rate rheometer with a Couette 

geometry (inner radius 16 mm, outer radius 17 mm, cylinder height 33.35 mm). 

 

Figure 34. Controlled shear rate rheometer ARES 
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The extensional viscosity of spinning solutions was evaluated in a capillary 

breakup extensional rheometer (CaBER, ThermoHaake). The filament was created by 

placing the solution between two parallel plates (6 mm diameter) and causing a sudden 

plate-to-plate separation from 1.5 to 15 mm in 10 ms. The extensional rheological 

properties were obtained from the evolution of the filament diameter, D, over time. The 

extensional viscosity can be quantified as follows: 

𝜇𝑒𝑥𝑡 =
𝜎

(−
𝑑𝐷(𝑡)

𝑑𝑡
)
     (1) 

being  the surface tension. 

 

Figure 35. CaBER rheometer 

3.2. Characterization of oleo-dispersions 

Rheological characterization 

In order to obtain the viscoelastic response of the processed lubricating greases, 

oscillatory shear (SAOS) tests were performed using a RheoScope controlled stress 
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rheometer (ThermoHaake, Germany) equipped with a thermostatic bath at 25 °C, using 

roughened plate-plate geometries (25 and 35 mm diameter) to avoid slip effects. First, a 

stress sweep was performed at 1 Hz to determine the linear viscoelastic range. Once the 

extension of the viscoelastic zone was determined, frequency sweeps were carried out to 

determine the evolution of the viscoelastic functions with frequency, in a range from 10−3 

to 103 rad/s. 

 

Figure 36. Rheoscope Controlled Strain Rheometer (ThermoHaake). 

Temperature sweep tests were carried out in order to analyze the 

thermorheological response of selected samples, using ARES (Rheometrics Scientific, 

Great Britain) and Physica MCR 501 (Anton Paar, Austria) rheometers, in a temperature 

range between 25ºC and 125ºC. A forced air convection oven and a Peltier temperature 

controller were used for controlling temperature, respectively. A first heating stage from 

25ºC to 125ºC, a second cooling stage and another heating stage were carried out to 

evaluate the thermo-reversibility of the microstructural networks. 
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Figure 37. ARES II Controlled Deformation Rheometer 

Tribological characterization 

Tribological measurements were carried out in the Physica MCR-501 rheometer 

(Anton Para, Austria) equipped with a tribological cell, consisting of a 6.35 mm diameter 

metal ball rotating on three 45° rectangular steel plates on which the oleo-dispersions 

were spread acting as lubricants. A constant normal load and a rotational speed of 30 N 

and 10 min-1, respectively, were applied. The wear marks produced on the steel plates 

were analyzed by Olympus BX51 optical microscopy. 

 

Figure. 38.Schematic set-up tribology accessory in side and top views. Torque and normal force 

applied by the rheometer are indicated by arrows 
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 An Olympus BX51 optical microscope was used, with different magnification 

lenses: 10x, 20x and 50x, coupled to an Olympus Camedia C-5050ZOOM digital camera, 

a JVC TKC1281B colour video camera and the Linkam Cryo-CSS450 and Linkam 

LTS350 systems. The steel plates were placed on the sample holder and photographs were 

taken at different magnifications, which allowed us to observe the wear marks caused in 

the tribological tests. 

 

Figure 39. Interferometer Zygo neoview 
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Figure 40. Olympus BX51 Optical Microscope 

On the other hand, the tribological performance of some greases was investigated 

on a ball-on-disk CSM nanotribometer (Peseux, Switzerland). The equipment basically 

consists of a static ball, fixed to a cantilever to prevent it from rolling, and a moving disc 

which is put under tension by applying a normal force. A fiber optic sensor measures the 

deflection of the cantilever in the radial direction to determine the friction force. Tests 

were performed in rotational mode by applying a speed of 40 mm-s-1 on steel-steel 

(115CrV3 hardness 22.72 HRC) ball-on-disc, using a 1 mm diameter ball. Three normal 

loads (400, 700 and 900 mN, corresponding to Hertzian pressures 1.60, 1.93 and 2.10 

GPa, respectively) were applied for 20 minutes. Each test was repeated ten times on the 

same track at room temperature (21 ± 1ºC). The dimensions of the wear grooves of the 

steel discs created after the ten tests were quantified using the white light interferometry 

technique, using a Zygo Nexview device (Middlefield, OH, USA) and Zygo Mx software. 

The wear volume values given below correspond to a groove length of 100 μm. 
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Figure 41. CSM nanotribometer. 

3.3. Characterization of electrospun nanofibers. 

Scanning electron microscopy SEM 

 Scanning electron microscopy (SEM) was used to study the morphology of the 

electrospun nanostructures, using a scanning electron microscope, model JSM-5410 

(Jeol, Japan). Porosity and diameter measurements were analyzed with the help of the 

ImageJ software. 

 

Figure 42. Scanning Electron Microscope JSM-5410 
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Thermogravimetry analysis (TGA). 

 TGA was used to characterize the composition and thermal stability of selected 

electrospun nanostructures. Measurements were performed with a thermogravimetric 

balance model TGA-Q50 (TA Instrument Waters, USA). 10-15 mg of samples was 

weighted, and the heating rate applied in each experiment was 10°C/min, in a temperature 

range from 35 to 600°C, using a nitrogen atmosphere with a total flow rate of 100 ml min-

1. 

 

Figure 43. Thermogravimetric balance TGA model Q50 
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2.1. Resumen 

En este trabajo se explora la electrospinabilidad de disoluciones de lignina de bajo 

contenido en sulfonato (LSL) dopadas con polinivilpirrolidona (PVP). Las disoluciones 

utilizadas cómo alimentación se caracterizaron reológica y fisicoquímicamente con el fin 

de encontrar una relación con su electrospinabilidad. 

Las membranas desarrolladas se dispersaron en aceite de ricino con el fin de 

observar su capacidad cómo agente espesante de medios oleosos para desarrollar 

lubricantes biodegradables, y se estudiaron sus propiedades reológicas y tribológicas.  

Se prepararon disoluciones poliméricas LSL:PVP de relaciones en peso 

comprendidas entre 90:10 y 0:100 (p/p), a diferentes concentraciones (8-15 %). La 

inclusión de lignina aumenta la tensión superficial de las disoluciones y confiere una 

mayor conductividad eléctrica debido al carácter polar de la lignina. En cuanto a las 

propiedades reológicas, tanto las disoluciones al 8 cómo al 10% exhiben un 

comportamiento Newtoniano con menor viscosidad a medida que aumenta el contenido 

de LSL. Esto se debe a la presencia de monolignoles aromáticos presentes en la estructura 

de la lignina que forman estructuras compactas y rígidas que complican el desarrollo de 

enlaces físicos. Por el contrario, un aumento de concentración de la disolución (15 %wt) 

y la disminución de la relación en peso LSL:PVP producen una respuesta no-Newtoniana 

descrita por el modelo Williamson. 

En cuanto a la reología extensional las disoluciones de menor viscosidad (8% y 

90:10 LSL:PVP relación en peso del 10%) no presentaron características extensionales. 

En los demás sistemas se observó una evolución lineal de adelgazamiento del filamento 

similar a los fluidos newtonianos y un decaimiento exponencial del diámetro del 

filamento, típico de fluidos viscoelásticos, cuanto mayor era la presencia de PVP. Por otra 
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parte, mayores tiempos de relajación y de viscosidad extensional se encontraron al 

incrementar la concentración de la disolución, lo cual coincide con los sistemas de 

comportamiento no-newtoniano.  

Se analizó la morfología de las membranas desarrolladas mediante SEM. Se pudo 

observar una transición morfológica desde micro-partículas conectadas por filamentos a 

membranas homogéneas de nanofibras con la disminución de la relación en peso 

LSL:PVP y el aumento de la concentración, aumentando a su vez el diámetro de las 

nanofibras.  

Las diferentes nanofibras se dispersaron en aceite de ricino desde el 10 al 30 % 

p/p de espesante. Las membranas formadas predominantemente por partículas dieron 

lugar a dispersiones inestables en las que se separaron las fases inmediatamente. Por el 

contrario, membranas homogéneas con nanofibras uniformes dieron lugar a oleogeles 

estables capaces de atrapar el aceite favorablemente, mejorando la interacción aceite-

espesante. En cuanto a sus propiedades reológicas, éstas dieron lugar a oleogeles más 

consistentes, con funciones viscoelásticas dinámicas que varían con la frecuencia 

conforme a un comportamiento típico de geles. Por otra parte, las funciones viscoelásticas 

pudieron modularse en función del tipo de nanoestructura. 

Con el fin de determinar una posible aplicación industrial se evaluó el rendimiento 

tribológico. Se obtuvieron valores satisfactorios de fricción y desgaste, similares o 

inferiores a los de las grasas convencionales. Las diferencias encontradas en las 

propiedades tribológicas dependen claramente de la morfología de las nanofibras. 

Nanofibras bien desarrolladas y uniformes favorecen la retención del aceite y son capaces 

de penetrar en el lubricante. En cambio, oleogeles más blandos constituidos por partículas 
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tienen más dificultades para penetrar en el contacto, favoreciendo el desgaste de las 

superficies lubricadas y la fricción.
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3.1. Resumen 

Los polímeros neutros cómo el PVP son capaces de formar distintos tipos de 

asociaciones con tensioactivos en función de la concentración. Estas asociaciones están 

impulsadas por interacciones eléctricas e hidrofóbicas, lo que produce un aumento de la 

viscosidad, sobre todo en los casos de los tensioactivos iónicos. Para los no iónicos, la 

interacción polímero-tensioactivo está más limitada. Por otra parte, en el caso de la 

lignina, los grupos hidroxilo y carboxilo de su estructura interactúan electrostáticamente 

con tensioactivos iónicos. En general, el aumento de la viscosidad se ve especialmente 

favorecido por la formación de complejos tensioactivo-polímero por encima de la llamada 

concentración crítica de agregación (CAC), la cual determina el inicio de la interacción 

entre los tensioactivos y el polímero. Estas interacciones pueden condicionar la 

electrospinabilidad de las disoluciones. 

En cuanto a las propiedades viscosas, la adición de una pequeña cantidad de 

tensioactivo aumenta significativamente el carácter pseudoplástico. Además del impacto 

en la viscosidad, la adición de tensioactivos influye en propiedades fisicoquímicas cómo 

la conductividad eléctrica y la tensión superficial. Cómo es de esperar, la adición de 

tensioactivos aniónicos y catiónicos aumentó significativamente la conductividad 

eléctrica, junto a la esperada disminución de la tensión superficial. Por el contrario, la 

conductividad eléctrica no se encuentra afectada por la adición de tensioactivos no iónicos 

(Tween-20). Estos cambios en las propiedades fisicoquímicas tienen un gran impacto en 

el proceso de electrospinning.  

Cómo es bien sabido, la tensión superficial disminuye con la concentración de 

tensioactivo hasta alcanzar la concentración micelar crítica. En el caso de las disoluciones 

poliméricas, dicha CAC se alcanza antes, cuando la tensión se reduce debido a las 
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interacciones polímero-tensioactivo. Así pues, la CAC a la que el polímero comienza a 

interactuar con el tensioactivo determinará el punto crítico de la actividad superficial, 

siendo muy similar entre todos los tensioactivos evaluados.  

Las morfologías obtenidas no se vieron muy afectadas siempre que se trabaje por 

encima de la CAC de la disolución. La adición de tensioactivos por encima de la CAC 

produjo fibras finas con una mayor cantidad de interconexiones, en comparación con las 

disoluciones libres de tensioactivos, y se redujo también la aparición de partículas.  

Las nanofibras obtenidas al añadir de tensioactivos a disoluciones con una 

relación LSL:PVP del 90:10 formaron geles blandos, sin embargo, las nanofibras de 

disoluciones a partir de relaciones 70:30 generaron geles fuertes, a una concentración 20 

%wt. Las funciones viscoelásticas dinámicas de los oleogeles aumentaron ligeramente 

con la concentración de tensioactivo. En cuanto a las propiedades tribológicas, mostraron 

un excelente rendimiento de lubricación, con valores bajos de fricción y desgaste en 

comparación con las grasas lubricantes tradicionales analizadas, reduciéndose los valores 

del coeficiente de fricción y desgaste respecto de los oleogeles preparados con nanofibras 

obtenidas sin adición de tensioactivos.  
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3.2. Full article 
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4.1. Resumen 

El objetivo de este estudio es estudiar la fabricación de nanofibras de etilcelulosa 

(EC) por electrohilado y examinar su capacidad de estructuración de aceites vegetales. 

En primer lugar, se evaluó el efecto de la concentración de las disoluciones 

poliméricas en la morfología de las nanoestructuras preparando disoluciones desde el 2% 

hasta un 14 % p/p. El aumento de la concentración indujo un cambio en la morfología de 

las membranas obtenidas que se atribuye a una competencia entre la tensión superficial y 

la viscosidad. Para conseguir una disolución polimérica electrospinable se necesita 

superar un umbral de concentración conocido cómo concentración crítica de 

entrelazamiento (Ce), la cual define la transición entre el régimen de concentración 

semidiluido no-entrelazado y el régimen semidiluido entrelazado. En este caso al superar 

una concentración en torno a un 8% p/p se consiguieron fibras homogéneas sin defectos. 

Por otra parte, otro de los parámetros evaluado ha sido el peso molecular de la EC, 

que afecta de forma directa a la viscosidad de la disolución y determina el cambio 

morfológico de las membranas desarrolladas. Para un mismo disolvente a 4, 8 y 12 % p/p 

se disolvió EC con diferentes pesos moleculares, i.e. 45 cP (EC1), 100 cP (EC2) y 300 

cP (EC3). Por una parte, el aumento del peso molecular aumentó el diámetro de las fibras 

obtenidas y originó un descenso de la Ce y de la concentración crítica para un correcto 

electrohilado, conforme a la proporcionalidad 2.5Ce. En definitiva, pesos moleculares 

mayores inducen a una mejora en la electrospinabilidad, lo que conduce a mayores 

diámetros y nanofibras más homogéneas y sin defectos. 

Asimismo, se evaluó el papel de diferentes disolventes binarios en disoluciones 

de EC2 al 10% en THF/DMF (1/1), THF/DMAc (1/1), acetona/DMF (1/2), 

acetona/DMAc (1/2) y ácido acético. Debido a su baja constante dieléctrica y su momento 
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dipolar, además de un punto de ebullición más alto, el ácido acético no es capaz de 

desarrollar fibras sino una membrana compacta. Se observó que los diámetros medios de 

las nanofibras disminuyen al aumentar la constante dieléctrica y el momento dipolar de 

los disolventes, la viscosidad y el punto de ebullición. Las constantes dieléctricas más 

elevadas provocan mayores fuerzas de repulsión, las cuáles son responsables del 

estiramiento del jet, y mayores fuerzas electrostáticas, responsables de llevar el jet al 

colector.  

Las redes de EC se dispersaron en aceite de ricino de forma que aquellas 

nanofibras obtenidas a partir de la concentración crítica de entrelazamiento dieron lugar 

a dispersiones físicamente estables a temperatura ambiente. En cambio, las membranas 

con combinaciones de fibras y partículas presentan una respuesta reológica 

predominantemente líquida. Aquellas físicamente estables, además presentaron una 

buena reversibilidad térmica y una adecuada respuesta tribológica, mejor que aquellos 

oleogeles de EC preparados por gelificación térmica. En definitiva, las membranas 

electrohiladas de EC se presentan cómo una buena alternativa a los espesantes de aceites 

vegetales.  
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4.2. Full article 
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5.1. Resumen 

En este artículo se describe una estrategia para formular geles a partir de la 

dispersión de nanofibras de lignina/etilcelulosa en aceite de ricino. Se prepararon 

disoluciones de lignina de bajo contenido en sulfonato (LSL) y etilcelulosa (EC) en una 

mezcla de THF:DMAc a diferentes concentraciones (8, 10 y 15 wt%) y relaciones en peso 

LSL:EC (50:50, 70:30 y 90:10) que se usaron cómo alimentación en el equipo de 

electrospinning con el fin de desarrollar nanofibras de estos polímeros. Las diferentes 

disoluciones fueron caracterizadas tanta fisicoquímica cómo reológicamente, y se 

relacionaron con las características morfológicas de las membranas. Posteriormente se 

estudió la capacidad para estructurar el aceite de ricino con el objetivo de desarrollar 

lubricantes biodegradables potenciales. 

En cuanto a las propiedades fisicoquímicas, la adición de LSL conduce a un 

aumento de la conductividad eléctrica debido al carácter polar de la lignina. Del mismo 

modo, el aumento de la concentración de la disolución también produce una mayor 

conductividad eléctrica. Estos resultados sugieren que estas disoluciones se encuentran 

por debajo de la concentración crítica de entrelazamiento. Por otra parte, mayores 

relaciones en peso LSL:EC dan lugar a un descenso de la tensión superficial, lo cual 

supone una ventaja a la hora de formar fibras. En cuanto a la respuesta reológica, las 

disoluciones al 8 y 10 % p/p dan lugar a una respuesta Newtoniana, con una viscosidad 

aparente que disminuye con el contenido de LSL. 

Al aumentar la concentración de la disolución se detecta una transición en la 

morfología de las nanoestructuras, desde partículas conectadas por filamentos finos a 

fibras bien formadas y uniformes. Lo mismo ocurre al disminuir la relación en peso 

LSL:EC. Se observó que aquellas disoluciones que forman membranas homogéneas con 
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fibras desarrolladas regulares son fluidos con alta conductividad y que presentan 

propiedades extensionales con un tiempo de relajación de al menos 30 ms. El tamaño del 

diámetro de dichas fibras depende de la concentración de la disolución y del contenido 

de LSL, lo cual está asociado a las propiedades reológicas de la disolución. Así, 

estructuras de nanofibras con pequeños diámetros y/o presencia de partículas se forman 

a partir de disoluciones con propiedades extensionales nulas y/o baja viscosidad.  

Las membranas obtenidas con disoluciones al 15 % p/p se dispersaron en aceite 

de ricino a diferentes concentraciones (10, 20 y 30 % p/p). Todas presentaron una buena 

capacidad de retención de aceite y formaron geles estables físicamente. Los resultaron 

confirmaron que las nanoestructuras de fibras homogéneas mejoran la interacción fase 

continua-fase dispersa mientras que oleo-dispersiones formadas por agregados de 

nanofibras con partículas dan lugar a dispersiones de aspecto líquido. Las nanoestructuras 

dispersas a concentraciones de un 30 % p/p dan lugar a funciones viscoelásticas dinámicas 

que muestran una respuesta tipo-gel. Sin embargo, a concentraciones menores, mostraron 

una respuesta de gel débil, al igual que cuando se reduce la relación en peso EC:LSL la 

concentración de la disolución de alimentación. Los geles desarrollados se evaluaron 

tribológicamente. En todos los casos se produjo un desgaste entre las superficies con 

surcos rugosos y profundos, lo cual sugiere un mecanismo de desgaste 

predominantemente por abrasión. No obstante, los tamaños de la huella de desgaste 

obtenidos fueron ligeramente menores que los obtenidos con grasas comerciales, con 

valores del coeficiente de fricción similares, y muy inferiores a los obtenidos con aceite 

de ricino sin estructurar. 

En definitiva, en este trabajo se valida de forma satisfactoria el uso de etilcelulosa 

cómo polímero coadyuvante para mejorar la electrospinabilidad de la lignina. Las 
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membranas resultantes de LSL:EC dispersadas en aceite de ricino impartieron 

propiedades reológicas y tribológicas adecuadas para proponer estas oleo-dispersiones 

cómo potenciales grasas lubricantes ecológicas. 
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6.1. Resumen 

En este trabajo se ha estudiado el comportamiento tribológico de grasas 

lubricantes modelo, desarrolladas a partir de nanofibras de lignina obtenidas mediante 

electrospinning, seleccionadas de los trabajos discutidos en los capítulos precedentes, que 

incluyen EC o PVP como polímeros de co-spinning, en un nanotribómetro. 

Se demostró que la morfología de las fibras ejerce gran impacto sobre la fricción 

y el desgaste de las superficies a lubricar. Cómo ya se ha discutido anteriormente, la 

morfología depende de la concentración de la disolución de alimentación y de la relación 

en peso LSL:polímero de co-spinning. Se seleccionaron diferentes membranas con 

morfología diversa, desde partículas aglomeradas, a las típicas fibras con partículas 

(BOAS), hasta estructuras enteramente dominadas por nanofibras. 

Un aumento de la concentración de la nanoestructura (es decir de espesante) 

produce un aumento significativo del coeficiente de fricción. En cuanto al efecto de la 

fuerza normal aplicada, se confirmó que los ensayos se realizaron en condiciones de 

lubricación mixta. 

Un aumento en la proporción del polímero coadyuvante, especialmente si es el 

PVP, disminuye el coeficiente de fricción, del mismo modo que la concentración de la 

disolución de la alimentación. Esto sugiere que nanoestructuras más homogéneas y 

predominante formadas por fibras son capaces de liberar el aceite de forma más constante 

y sostenida en el tiempo. Por otra parte, la presencia de lignina, en especial en membranas 

particuladas o BOAS resultan abrasivas y afecta negativamente al desgaste de la 

superficie de contacto, dando lugar también a una mayor fricción. En definitiva, reducir 

la presencia de microesferas es un objetivo para conseguir grasas menos abrasivas.  
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Con el fin de relacionar la morfología con el comportamiento tribológico se 

estudiaron parámetros relacionados con la misma, cómo la porosidad y el diámetro medio 

de las fibras. En las redes de lignina estudiadas el número de partículas está inversamente 

correlacionado con el diámetro y es proporcional a la porosidad. Pequeños diámetros de 

fibras y alta porosidad están se encuentran predominantemente en estructuras dominadas 

por partículas o morfologías dispuestas por BOAS con una gran cantidad de microesferas. 

Por el contrario, diámetros mayores están relacionados con membranas más homogéneas 

y dominadas por fibras las cuáles tienden a reducir el coeficiente de fricción. 

En cuanto al desgaste, el diámetro de las fibras no parece influir 

significativamente, pero la porosidad sí aparece como un factor importante a tener en 

cuenta. Cuanto mayor es la porosidad de la membrana mayor fricción y desgaste en las 

superficies se produce.  Estos resultados se pueden explicar mediante dos hipótesis:  

1- Las nanofibras pueden penetrar en el contacto más fácilmente que las 

partículas aumentando el espesor de la capa de lubricante, evitando mejor el 

desgaste.  

2- Si algunas partículas de lignina son capaces de penetrar en el contacto, éstas 

son más abrasivas, debido a su tamaño, y aumentan el desgaste cómo 

consecuencia de la interacción con las superficies de contacto.  

En resumen, se concluyó que las membranas de lignina electrohiladas pueden 

utilizarse como espesantes efectivos para desarrollar grasas lubricantes biodegradables. 

Las propiedades tribológicas de las mismas se ven ampliamente afectadas por la 

morfología de estas membranas. Se consiguieron menores valores del coeficiente de 

fricción y grasas menos abrasivas cuando las membranas son homogéneas sin presencia 



  Chapter 4. Results & discussions 

 

185 
 

de perlas o BOAS, lo cuál se favorece cuando se reduce la proporción lignina:polímero 

de co-spinning, o bien, cuando aumentamos la concentración de la disolución. Por lo 

tanto, membranas homogéneas constituidas por nanofibras dan lugar a biolubricantes 

capaces de retener el aceite de ricino pero liberarlo satisfactoriamente por acción de la 

carga normal, proporcionando así una reposición constante al contacto lubricado. 
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Conclusions 

 This section collects the main conclusions derived from the experimental results: 

1. Low-sulfonate lignin in combination with PVP or ethyl cellulose produce uniform 

nanofibers mats or beaded nanofibers (BOAS) via electrospinning with ability for 

structuring castor oil. 

2. Controlling the rheological and physicochemical properties of the spinning 

solutions is essential for tailoring the morphology of electrospun mats. Solutions 

with low polymer concentrations and/or high lignin proportion generally exhibit 

Newtonian behaviour and poor extensional properties, yielding heterogeneous 

membranes typically composed of particles or beaded thin fibers (BOAS). On the 

contrary uniform and homogenous nanofiber mats were achieved from solutions 

with high polymer concentrations and/or lower lignin:co-spinning polymer ratios. 

3. The addition of low concentrations of surfactants improved the electrospinnability 

and leads to a reduction in both the number of beads and fiber diameter, provided 

that the critical aggregation concentration is exceeded. These fibers produce stable 

oleogels that reduce friction and wear values compared to the surfactant-free 

counterparts.  

4. Electrospun ethyl cellulose solutions generally produced well-developed 

nanofiber mats with excellent oil structuring ability when the solution 

concentration is higher than 2.5 times the critical entanglement concentration. An 

increase in ethyl cellulose molecular weight improves the electrospinnability, 

reducing this critical concentration. Derived oleogels obtained upon dispersion of 

ethyl cellulose nanofibers exhibit good thermal reversibility, better than those 

oleogels prepared by the traditional thermal gelling process. 
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5. Solvents with higher dielectric constants lead to higher repulsive forces, resulting 

in enhanced jet stretching and higher electrostatic forces, thus decreasing the 

average diameter of nanofibers. 

6. The morphology of electrospun nanostructures plays a crucial role in structuring 

castor oil and stabilizing the gel-like dispersions. Homogeneous and defect-free 

nanofibers impart and enhanced gel-like behaviour, whereas BOAS 

nanostructures generally provide liquid-like or softer viscoelastic responses. 

7. The viscoelastic properties of electrospun lignin-derived oleogels can be 

modulated by modifying the spinning solution concentration, the lignin:co-

spinning polymer ratio and the concentration of the nanostructures in castor oil. 

8. In terms of tribological performance, friction and wear are reduced by dispersing 

homogeneous nanofibers in castor oil, rather than nanostructures composed of 

microspheres or beaded nanofibers. PVP as co-spinning polymer provides a 

higher reduction of both friction and wear than ethyl cellulose, despite ethyl 

cellulose also performs well as co-spinning polymer of lignin. 

9. In general, friction and wear decrease with increasing nanofiber diameter, and 

reducing the number of beads and porosity. It is hypothesized that nanofibers are 

able to penetrate better into the tribological contact being much less abrasive than 

lignin particles or beaded fibers. 

10. Overall, electrospun nanofibers developed from lignin in combination with 

another polymer possess oil structuring capabilities, giving rise to gel-like oleo-

dispersions with suitable rheological and tribological properties which allows to 

propose them as potential bio-based lubricating greases. 
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Conclusiones 

 En esta sección se recoge las principales conclusiones derivadas de los resultados 

experimentales: 

1. La lignina de bajo sulfonato en combinación con PVP o etilcelulosa produce 

nanofibras uniformes o nanofibras con partículas (BOAS) mediante 

electrospinning con capacidad para estructurar el aceite de ricino. 

2. El control de las propiedades reológicas y fisicoquímicas de las disoluciones de 

electrohilado es esencial para adecuar la morfología de las membranas resultantes. 

Las disoluciones con bajas concentraciones de polímero y/o alta proporción de 

lignina presentan generalmente un comportamiento Newtoniano y escasas 

propiedades extensionales, dando lugar a membranas heterogéneas compuestas 

generalmente por partículas o fibras finas en forma BOAS. Por el contrario, se 

obtuvieron membranas de nanofibras uniformes y homogéneas a partir de 

disoluciones con altas concentraciones de polímero y/o menores proporciones de 

lignina:polímero de cohilado. 

3. La adición de bajas concentraciones de tensioactivos mejora la 

electrospinnabilidad y conduce a una reducción tanto del número de microesferas 

como del diámetro de las fibras, siempre que se supere la concentración crítica de 

agregación. Estas fibras producen oleogeles estables que reducen los valores de 

fricción y desgaste en comparación con sus homólogas sin tensioactivos. 

4. Las disoluciones de etilcelulosa electrohiladas produjeron, en general, membranas 

de nanofibras bien desarrolladas con una excelente capacidad de estructuración 

del aceite cuando la concentración de la disolución es superior a 2,5 veces la 

concentración crítica de entrelazamiento. Un aumento del peso molecular de la 
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etilcelulosa mejora la electrospinabilidad, reduciendo esta concentración crítica. 

Los oleogeles derivados obtenidos a partir de la dispersión de nanofibras de 

etilcelulosa presentan una buena reversibilidad térmica, mejor que los oleogeles 

preparados mediante el proceso tradicional de gelificación térmica. 

5. Los disolventes con constantes dieléctricas más altas dan lugar a fuerzas 

repulsivas más altas, lo que provoca un mayor estiramiento del jet de 

electrohilado, disminuyendo así el diámetro medio de las nanofibras. 

6. La morfología de las nanoestructuras electrohiladas desempeña un papel crucial 

en la estructuración del aceite de ricino y en la estabilización de las dispersiones 

tipo gel. Las nanofibras homogéneas y sin defectos confieren y mejoran el 

comportamiento de gel, mientras que las nanoestructuras tipo BOAS 

generalmente proporcionan respuestas de líquido viscoelástico o del gel débil. 

7. .Las propiedades viscoelásticas de los oleogeles derivados de la lignina 

electrohilada pueden modularse modificando la concentración de la disolución de 

electrohilado, la relación lignina:polímero de cohilado y la concentración de las 

nanoestructuras en el aceite de ricino. 

8. En términos de rendimiento tribológico, la fricción y el desgaste se reducen 

dispersando nanofibras homogéneas en aceite de ricino, en lugar de 

nanoestructuras compuestas de microesferas o BOAS. El PVP como polímero de 

cohilado proporciona una mayor reducción tanto de la fricción como del desgaste 

que la etilcelulosa, a pesar de que la etilcelulosa también funciona bien como 

polímero de cohilado de la lignina. 

9. En general, la fricción y el desgaste disminuyen al aumentar el diámetro de la 

nanofibra y reducir el número de microesferas y la porosidad. Se sostiene la 
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hipótesis de que las nanofibras son capaces de penetrar mejor en el contacto 

tribológico siendo mucho menos abrasivas que las partículas de lignina o las fibras 

con partículas (BOAS). 

10. En definitiva, las nanofibras electrohiladas desarrolladas a partir de lignina, en 

combinación con otro polímero, poseen capacidad de estructuración del aceite, 

dando lugar a oleo-dispersiones tipo gel con propiedades reológicas y tribológicas 

adecuadas que permiten proponerlas como potenciales grasas lubricantes de base 

biológica. 
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