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1. Introduction

Exploration of low-sulfonate lignin electrospinning
conditions for the development of new renewable
lubricant formulationsf

José F. Rubio-Valle, (2 ** Concepcion Valencia, (=@
Gethzemani M. Estrada-Villegas, 2'® José E. Martin-Alfonso
José M. Franco (2@

@ and

This study explores the preparation of lubricating oleo-dispersions using electrospun nanofibrous mats
made from low-sulfonate lignin (LSL) and polycaprolactone (PCL). The rheological and tribological pro-
perties of the oleo-dispersions were significantly modulated for the first time through the exploration of
LSL/PCL ratio and electrospinning conditions such as applied voltage, distance between the tip and col-
lector, flow rate, ambient humidity, and collector configuration. Adequate uniform ultrathin fibers and
Small-amplitude oscillatory shear (SAOS) functions of the oleo-dispersions, with storage modulus values
ranging from 102 to 10° Pa at 25 °C, were obtained with a flow rate of 0.5 ml h™, an applied voltage of 15
kV, relative humidity 45% and a static collector. The LSL/PCL ratio directly affected the mechanical pro-
perties of the membranes, influencing stiffness and wear resistance. Higher PCL content enhanced mem-
brane stiffness, reflected in increased SAOS values, but also led to higher friction coefficients (from 0.11 to
0.18) and more pronounced wear traces (measured by wear diameter: 440 to 860 pm). These interactions
underscore the complex relationship between micro- and/or nano-structures and tribological perform-
ance. This study establishes a clear link between electrospinning conditions and the performance of
oleo-dispersions, offering a versatile platform for the development of customizable, renewable lubricants.
These findings contribute to the advancement of sustainable lubrication technologies, demonstrating the
potential of tailor-made oleo-dispersions as alternatives to traditional lubricants.

but also economic and social impacts, in line with the prin-
ciples of the triple bottom line.” As a result, the scientific com-

In recent decades, various strategies have been implemented
to promote a more sustainable use of renewable resources.'?
These policies aim to manage natural resources more responsi-
bly, reduce dependence on non-renewable energy sources and
mitigate the effects of climate change.> In this context, the
bioeconomy has emerged as an economic model that inte-
grates terrestrial, marine and waste biological resources into
sustainable industrial practices, responding to the urgent need
to protect the environment and address the growing scarcity of
0il.>® This approach seeks not only environmental benefits,
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munity has been exploring more sustainable solutions in
various industries.®™*°

In the field of lubrication, approximately 55% of the
volume of lubricants marketed each year contributes to
environmental pollution.’* This is due to the complexity of
conventional formulations, which predominantly use mineral
or non-biodegradable synthetic oils together with thickeners
such as lithium and calcium soaps.’** The key properties of
lubricating greases, generally classified by their consistency in
NLGI grades, depend on the microstructure created by the
thickeners and concentrations used." The integration of bio-
economic approaches into lubricant technology aims not only
to reduce dependence on non-renewable resources, but also to
mitigate the environmental impacts associated with their pro-
duction, consumption and waste management.'>"’

The search for sustainable thickening or structuring agents
for oily media has been the subject of increasing research.'®2°
However, compatibility between biopolymers and vegetable
oils often requires chemical modifications - such as acetyl-
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ation, ethylation or acylation - to improve their performance
and stability in lubricant applications.>>* Although these
systems are bio-based and non-toxic, the production processes
involve complex reactions and the use of unsustainable sol-
vents, underscoring the need to develop cleaner and more
efficient alternative methods that minimize or eliminate
chemical modifications.

A promising alternative is to improve the compatibility of
biopolymers with oils through physical interactions.>*** The
hypothesis behind this approach is that a structure consisting
of micro- or nano-sized fibers, with high porosity and surface-
to-volume ratio, could facilitate the creation of a three-dimen-
sional percolation network within the oil medium.>**” In the
field of nanofabrication, electrospinning stands out for its
industrial scalability and its ability to modify fiber
morphology.*®*° In this regard, the physicochemical pro-
perties of the solutions (viscosity, surface tension and electri-
cal conductivity) and the conditions of the electrospinning
process play an essential role.’®*' This process is closely
related to the electric field generated by both the applied
voltage and the free and induced charges on the jet surface.*?
In addition, these external conditions and parameters signifi-
cantly influence the diameter and morphology of the
nanofibers.®*?* 1t is possible to control the electric field
between the needle tip and the collector by adjusting para-
meters such as the applied voltage, the distance between the
needle and the collector, the type of collector and the needle
diameter.>*” All these factors are considered under the cat-
egory of processing conditions. These conditions include
environmental parameters such as temperature and relative
humidity, which are controlled within the electrospinning
chamber.?®?° Numerous studies have correlated electro-
spinning conditions with nanofiber morphological pro-
perties.*® In particular, Deitzel et al.*' performed a systematic
evaluation of the effects of spinning voltage and spinning solu-
tion concentration on the morphology of the formed nano-
fibers, providing a detailed understanding of how these para-
meters influence the final structure.

Among the potential materials for electrospinning, lignin
stands out as a promising candidate due to its abundance as
the second most abundant natural macromolecule in nature
after cellulose.”>*® Derived mainly as a waste and/or by-
product of the paper industry and biofuel production, lignin
not only reduces dependence on fossil fuels, but also promotes
sustainability by extending the life cycle of these materials.***>
However, the electrospinning of lignin presents challenges,
primarily due to its rigid structure and irregular molecular
weight distribution, which hinder the jet-stretching process
required for fiber formation.*®*” These intrinsic characteristics
of lignin, rather than its molecular weight alone, make it
difficult to form continuous fibers. To address these limit-
ations, it is common to use dopant polymers that increase the
entanglement density in lignin solutions, thereby improving
their ability to form fibers.***° In addition to using dopant
polymers, selecting the appropriate type of lignin can signifi-
cantly influence the electrospinning process.’** Low-sulfo-
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nate lignin (LSL), for instance, offers advantages over other
technical lignins, such as Kraft or organosolv lignin, due to its
sulfonate groups (-SOz;H), which enhance its solubility and
compatibility with solvents.® These properties facilitate the
preparation of homogeneous spinning solutions, a crucial
factor for successful fiber formation.>*>® When combined with
dopant polymers like polycaprolactone (PCL)—known for its
biodegradability, biocompatibility, and high electrospinnabil-
ity—LSL provides a versatile platform for overcoming the
inherent challenges of electrospinning lignin.>>*® While the
presence of sulfur in LSL may raise concerns about the for-
mation of corrosive by-products, the low sulfonate content of
LSL significantly reduces these risks compared to other more
sulfonated lignins. This aspect is particularly relevant in
the lubricant sector, where there is increasing regulatory
pressure to limit the sulfur content in formulations due to its
potential to generate corrosive by-products and environmental
challenges.>”»®

In this work, PCL-doped LSL electrospun nanostructures
with different morphologies were evaluated as a structuring
agent in a vegetable oil. For the first time, it was investi-
gated how key electrospinning parameters of LSL/PCL solu-
tions can modulate the structuring ability of the electrospun
nanostructure in the oil medium. For this purpose, rheologi-
cal analyses of the oil dispersions were performed and corre-
lated with the morphological properties of the electrospun
mats. The results presented here demonstrate the potential
of LSL/PCL micro and/or nanofibers to replace traditional
thickeners in the lubricant industry, thus contributing to
the creation of renewable, more sustainable and efficient
lubricants.

2. Results and discussion

2.1. Influence of electrospinning conditions on the
morphological properties of nanostructures

Electrospinning process is intrinsically linked to the experi-
mental conditions used, which directly influence the final
morphology of the nanofibers, affecting their diameter, distri-
bution and physical properties,***”° which are crucial for
industrial and biomedical applications.®®™®* In this section,
the effects of different electrospinning conditions on the mor-
phological properties of the produced ultrathin fibers were
investigated. A series of experiments were performed in which
key parameters were analyzed individually, and the results are
summarized in Table 1. First, the effect of the needle diameter
(G), a determining factor that depends on the viscosity of the
solution and provides stability to the solution jet during
electrospinning, was studied.*® The 90LSL-10PCL spinning
solution was used in all experiments. The results show that
when larger diameter needles are used, the average fiber dia-
meter (Dyy) is higher compared to smaller diameter needles
such as 21G and 23G. Specifically, the fiber diameter
decreased from 0.55 pm with a 19G needle to 0.42 pm with a
23G needle, holding all other process variables constant. This

Nanoscale, 2025,17, 2728-2741 | 2729


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04426f

Open Access Article. Published on 14 January 2025. Downloaded on 3/15/2026 2:17:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Experimental parameters are used in electrospinning to
produce ultrathin fibers. Key variables: needle diameter (G), solution
flow rate (Q), needle-collector distance (d), applied voltage (V), collector
type (Type c), electrospinning configuration (Conf), humidity relative
(HR) and average diameter of fibers obtained (Dpy). Using 90LSL-10PCL
spinning solution

Q 14 Type ¢ HR Dy

G (mlh™) (em) (kv) (rpm)  Conf. (%)  (um)
19G 0.5 15 15 0 Horizontal 0.55
21G 45 0.51
23G 0.42
21G 0.1 15 15 0 Horizontal 0.29
0.5 45 0.51

1 0.54
21G 0.5 7 15 0 Horizontal 0.59
15 45 0.51

30 0.17

21G 0.5 15 7 0 Horizontal 0.58
15 45 0.51

30 0.07

21G 0.5 15 15 0 Horizontal 0.51
300 45 0.34

600 0.19

21G 0.5 15 15 0 Horizontal 45 0.51
Vertical 0.49

25 0.46

21G 0.5 15 15 0 Horizontal 45 0.51
70 0.35

trend is visualized in the parallel coordinates graph (see
Fig. 1c). This behavior is consistent with that reported by other
authors who have shown that a larger needle diameter results
in a higher solution flow rate from the needle to the collector,
thereby increasing the diameter of the fibers formed.®*** This
is explained by the inverse relationship between flow rate and
jet elongation under an electric field, resulting in smaller dia-
meter fibers when smaller gauge needles are used.>”

Another fundamental parameter in controlling the ultrathin
fibers diameter is the flow rate (Q), three different flow rates
(0.1, 0.5 and 1 ml h™") were evaluated, keeping the other para-
meters constant and using the 21G needle, since it provided
greater heterogeneity in the structure and the D,y was similar
to that of the 19G needle. The results showed that as the flow
rate increased, the average diameter of the fibers also
increased from 0.29 pm to 0.54 pm. This effect can be attribu-
ted to the increased amount of polymer available for fiber for-
mation as the flow rate increases, resulting in thicker fibers
(see Fig. 1c). This phenomenon has been documented in
several studies, where a higher flow rate tends to produce
thicker fibers due to lower stress in the solution jet, which
reduces electric field induced stretching.®>®® However, it is
important to note that an excessively high flow rate can lead to
polymer accumulation at the needle tip, which could result in
droplet formation or jet instability, compromising the uni-
formity of the fibers obtained.®” The distance between the
needle and the collector (d) is another critical factor affecting
fiber morphology, three distances (7 cm, 15 ¢cm and 30 cm)
were analyzed under similar experimental conditions. The
results show that by reducing the distance to 7 cm, fibers with
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a larger Dyy (0.59 pm) are obtained, while by increasing the
distance to 30 cm, the D,y decreases significantly to 0.17 um.
This behavior can be explained by the longer time available for
the solution jet to undergo additional stretching under the
influence of the electric field when the distance is greater.***°®
At shorter distances, the stretching time is reduced, resulting
in thicker fibers. Previous studies have confirmed this relation-
ship, suggesting that a longer distance favors obtaining
thinner fibers due to the greater stretching of the jet before it
solidifies upon reaching the collector.®>”°

The applied voltage (V) is a key parameter for the generation
of the solution jet in the electrospinning process. The voltage
was kept at 15 kV and additional variations were made at 7 kV
and 30 kV. It was observed that at 7 kV, the fibers had an D,y
of 0.59 um, while increasing the voltage to 30 kv, the diameter
of the fibers decreased to 0.17 pm. This behavior is explained
by the increase in the electric field intensity associated with
the voltage increase, which generates stronger Coulomb forces
on the polymer jet, promoting greater stretching and favoring
the formation of thinner fibers of 17 um (see Fig. 1a).°%""72
The Coulomb force induced by the charges in the jet acts
against the surface tension with tries to maintain the cohesion
of the liquid. As the voltage increases, the electrostatic and
Coulomb forces dominate, stretching the jet and reducing the
diameter of the fibers.”® Previous studies have confirmed that
higher voltage produces this more intense stretching force,
which reduces the diameter of the fibers.°®’*”> However,
when certain limits are exceeded, as was the case in the
present study with voltages close to 30 kV, the repulsive forces
generated by the charge accumulation in the jet can lead to
instabilities, commonly known as Rayleigh instabilities, in
which the jet decreases in size due to the inability of the
surface tension to counteract the charge repulsion.?>”® On the
other hand, the type of collector and its configuration also
play an important role in the morphology of the ultrathin
fibers. Both static and a rotating collector were used, evaluat-
ing rotational speeds up to 600 rpm. The results demonstrate
that as the collector speed increased from 0 to 600 rpm, the
average fibre diameter decreased from 0.51 um to 0.32 pm
(Fig. 1b). This behavior is consistent with previous studies,
which report that rotating collectors promote fiber alignment
and enhance the stretching of the solution jet, resulting in a
reduction in fiber diameter.”””’® This trend is further sup-
ported by the diffraction patterns (Fig. 1b.iv, 2b.v, and 1b.vi),
where the higher intensity indicates a predominant fibre
orientation. These patterns confirm that the electrospun fibers
exhibit a well-defined orientation along a specific axis as the
collector speed increases. In addition, it was observed that the
fiber diameter was slightly smaller (0.49 pm) in the vertical
configuration compared to the horizontal configuration
(0.51 um).”®®° This result is related to the additional influence
of gravity in the vertical configuration, which favors the
stretching of the solution jet.®° Finally, the environmental con-
ditions of the electrospinning process have been studied,
especially the effect of humidity. It is observed that by decreas-
ing the relative humidity from 45% to 25% and increasing it to

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 SEM micrographs of electrospun nanostructures from the 90LSL-10PCL spinning solution under different conditions: (a) Applied voltages: (i)
7 kV, (i) 15 kV, and (iii) 30 kV. (b) Effect of collector rotation speed on SEM morphologies and diffraction patterns for: (i) O rpm, (ii) 300 rpm, (iii) 600
rpm, (iv) O rpm, (v) 300 rpm, and (vi) 600 rpm. (c) Parallel axis plot showing the different electrospinning conditions and their effect on the average

fiber diameter.

70%, the D,y of the nanostructures decreases by 0.46 and
0.35 pm, respectively. This phenomenon highlights the sensi-
tivity of the electrospinning process to environmental con-
ditions, as it directly affects the evaporation of the solvent and
the formation of the Taylor cone.*®*

Based on the results obtained during the study of the proces-
sing conditions, the following electrospinning parameters were
selected as reference for the subsequent tests: a 21G needle
gauge, a flow rate of 0.5 ml h™, an applied voltage of 15 kV, rela-
tive humidity 45% and a static collector using a horizontal con-
figuration. These key parameters were chosen for their ability to

This journal is © The Royal Society of Chemistry 2025

produce fibers with uniform morphology and optimal diameter,
while maintaining beam stability and process reproducibility.

2.2. Influence of physicochemical properties of LSL/PCL
spinning solutions on the electrospun nanostructures

Numerous studies have shown a significant correlation
between electrospinnability and physicochemical properties of
spinning solutions, such as dynamic viscosity, surface tension
and electrical conductivity.”>**"®* These properties are deter-
mined by factors such as the type of polymer, its molecular
weight, the solvent used, and the concentration of the polymer

Nanoscale, 2025,17, 2728-2741 | 2731
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Fig. 2 (a) Viscous flow curves; (b) surface tension and electrical conductivity for spinning solutions with different ratios of LSL/PCL; (c) SEM micro-

graphs of electrospun nanostructures for: (i) 90LSL-10PCL, (ii) 80LSL-20PCL, (iii) 70LSL-30PCL and, (iv) 60LSL-40PCL; (d, €) mechanical properties
of electrospun nanostrutures; and 3D mapping relating PCL weight, DAV and: (f) shear viscosity; (g) surface tension; (h) electrical conductivity; and

(i) Young's modulus.

in solution.>*%®

Fig. 2a shows the relationship between
dynamic viscosity and shear rate for different concentrations
of LSL spinning solutions with different LSL/PCL ratios in a
DMF/Chl (1:2) solvent mixture. All solutions evaluated
showed Newtonian behavior in the shear rate range studied,
with an increase in viscosity observed as the PCL content in
the LSL/PCL mixture increased. This phenomenon is due to
the higher molecular weight of PCL, which directly affects
dynamic viscosity. These results are consistent with previous
studies,*®**®® such as those of Ahn et al,*” who investigated
the effect of lignin content on the electrospinning of cellulose
solutions and its influence on the rheological properties of the
spinning solutions and the morphologies of the produced
fibers. The results showed that solutions with lower lignin
content had higher viscosities and facilitated a more stable
electrospinning process.

Fig. 2b shows the evolution of surface tension and electrical
conductivity in spinning solutions with different LSL/PCL
ratios. It can be observed that the surface tension does not
show significant variations. In the solution with 100LSL, the
surface tension is about 27.02 mN m™!, which increases to
29.95 mN m~" when the PCL ratio reaches 40 wt% (60LSL-40
PCL). This slight increase in surface tension can be attributed
to the higher intermolecular cohesion between the PCL
chains,®® which implies a higher surface resistance of the solu-
tion, a common phenomenon in higher molecular weight
polymers.*>®® On the other hand, electrical conductivity

2732 | Nanoscale, 2025,17, 2728-2741

decreases significantly with increasing PCL content. The solu-
tion with 100LSL shows a conductivity of 190.5 uS cm™", which
decreases to 145.2 pS cm™" in the solution with 60LSL-40PCL.
This decrease in conductivity is related to the increase in vis-
cosity, which reduces the mobility of charged species in the
solution, thus limiting charge transport.®*°°

Fig. 2c shows the morphological properties of electrospun
mats from LSL/PCL solutions. The electrospinning process
failed to produce fibers without the addition of a minimal
amount of PCL; in its absence, mainly submicron electrospun
particles were formed.”>***® However, the addition of
10 wt% PCL to the LSL/PCL mixture promoted the formation
of isolated filaments connecting micrometer particles
(Fig. 2c.i). This effect was enhanced at a ratio of 8OLSL-20PCL
(Fig. 2c.ii), where the higher PCL content induced an increase
in the D,y of nanofiber network, which partially embedded
the microparticles. The increased PCL content in the LSL/
PCL blend directly affected both the mean fiber diameter and
the structural heterogeneity, as shown in Fig. 2c.iii and c.iv,
where the mean fiber diameter increased from 0.85 to
1.08 pm in the 70LSL-30PCL and 60LSL-40PCL systems,
respectively. These results are attributed to the effect of PCL
on the physicochemical properties of the spinning solution.
The contribution of the physicochemical properties of the
solutions can be seen in Fig. 2f, g and h, which show the
influence of dynamic viscosity under shear, surface tension
and electrical conductivity on D,y These results are con-

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04426f

Open Access Article. Published on 14 January 2025. Downloaded on 3/15/2026 2:17:21 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

sistent with previous studies,’”®* which emphasize the
importance of incorporating a minimum amount of dopant
polymer to achieve a certain entanglement concentration and
thus obtain uniform and defect-free lignin nanofibers during
the electrospinning process.’*

Fig. 2d shows the stress-strain curves of electrospun
meshes with different LSL/PCL ratios. All curves show similar
mechanical behavior, which can be divided into three phases:
an initial linear region, indicating an elastic response; then a
decrease in slope, corresponding to the plastic phase, in which
the deformation continues to increase; finally, each curve
reaches a maximum stress followed by an abrupt decrease,
indicating the breaking point of the material. It is observed
that as the PCL content in the samples increases, the
maximum strain before fracture increases, indicating higher
mechanical strength. In particular, the sample with the
highest PCL content (6LSL-4PCL) has a maximum stress close
to 3.5 MPa, while the sample with the lowest PCL content
(9LSL-1PCL) reaches approximately 1.5 MPa. Similarly, the
maximum elongation at break also increases with the PCL
content, suggesting a higher ductility in the fibers with higher
amounts of this polymer. The mechanical parameters are tabu-
lated in Fig. 2e. This increase in the mechanical properties of
the electrospun meshes with increasing PCL content was pre-
dictable due to two factors: (i) PCL, as a synthetic polymer,
exhibits superior mechanical performance compared to
natural polymers; and (ii) the structural properties of the elec-
trospun nanostructures, which become more uniform, defect-
free and larger in diameter with increasing PCL content,*>°°
as shown in the 3D mapping in Fig. 2i.

2.3. Exploration of electrospinning conditions and
physicochemical parameters on the properties of oleo-
dispersions

Previous studies have shown that electrospun nanostructures
consisting of well-defined nanofiber meshes or beaded nano-
fibers connecting microparticles and/or nanoparticles are
capable of forming stable gel-like systems when dispersed in
vegetable 0il.>”** In contrast, nanostructures formed by elec-
trospraying produce unstable dispersions that cause oil
separation.’>°® This difference is attributed to the fact that
nanofibers provide greater stabilization through a combi-
nation of physical interactions. The hydrophobic nature of
PCL increases its affinity for the castor oil phase,>>°” while
the hydrophilic functional groups of lignin, such as hydroxyl
groups, allow hydrogen bonding with the ricinoleic acid in
castor oil, further contributing to the stabilization of the
system.’®*? In addition, van der Waals forces play an impor-
tant role due to the high surface area-to-volume ratio of the
electrospun nanofibers, which enhances their contact and
interaction with the oil phase, while n-n stacking interactions
due to the aromatic regions in lignin, although present, con-
tribute to the stabilization to a lesser extent.'®®'® These
interactions allow the oil to be trapped within the three-
dimensional network, facilitating its diffusion through the
nanostructure and acting as a scaffold for oleo-
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dispersion.®>'%* Fig. 3a.i shows a three-dimensional recon-
struction by confocal microscopy of the oleo-dispersion pre-
pared with the 90LSL-10PCL nanostructure electrospun
under optimized conditions (Fig. 2c.i) and selected as a refer-
ence. It was observed that the homogeneous dispersion of
nanofibers does not significantly alter their morphology.
However, it is worth noting the remarkable swelling they
undergo when dispersed in oil, which leads to a significant
increase in the diameter of the fibers and particles within the
percolation network. Fig. 3a.ii evaluates the influence of the
thickener content in the reference nanostructure on the
mechanical spectra of the oleo-dispersions obtained from
Small-amplitude oscillatory shear (SAOS) tests in the linear
viscoelastic range. The viscoelastic behavior was qualitatively
similar among the samples tested. The storage modulus (G)
was higher than the loss modulus (G") throughout the fre-
quency range studied, although both showed different trends
as a function of frequency. It was observed that the values of
G' and G" increased with increasing thickener concentration,
indicating an increase in fiber density within the percolation
network, probably due to compaction effects.'® The profiles
and values of the SAOS functions are very similar to those of
conventional NLGI 2 lithium greases, particularly
0-9LSL-1PCL_15 wt%.">"® In addition, the loss tangent (tan
(6) = G"/G"), remained unaffected over the entire frequency
range, indicating that the thickener content does not impact
the relative elasticity of the oleo-dispersion. To illustrate the
effect of thickener content on the viscoelastic response of the
oleo-dispersions, the plateau modulus (GY%) as defined else-
where,'®* was plotted as a function of thickener content in
Fig. 3a.iii and compared to that of a conventional lithium
grease. The results show that renewable oleo-dispersions
based on electrospun nanostructures require a lower amount
of thickener to obtain viscoelastic properties similar to those
of conventional greases, showing an exponential evolution in
both cases.

Fig. 3b shows the variation of the SAOS functions for the
lubricating oleo-dispersions prepared with the 90LSL-10PCL
nanostructure under different electrospinning conditions,
maintaining a fixed thickener content of 15 wt%. It is observed
that for all the oleo-dispersions, regardless of the electro-
spinning processing conditions, the G’ is higher than the G”
over the whole frequency range studied. This indicates that the
oleo-dispersions maintain a predominantly elastic behavior,
which is characteristic of systems with well-structured three-
dimensional networks capable of storing elastic strain
energy.”®'% The electrospinning conditions play a critical role
in the viscoelastic response of the system. Structures formed
by homogeneous and larger diameter micro and/or nanofibers
exhibit higher values of both G’ and G”, suggesting that three-
dimensional networks formed by higher diameter nanofibers
are more efficient, increasing the stability of the system and
conferring greater stiffness.”»?® This translates into a greater
capacity for elastic energy storage under small loads. On the
other hand, as the size of the fibers decreases and the nano-
structures become more heterogeneous, the values of G’ and
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Fig. 3 (a.i) 3D reconstruction by confocal microscopy of O-90LSL-10PCL_15 wt%, (a.ii) frequency dependence of the G’ and G, and loss tangent

for the 90LSL-10PCL nanostructure at 5, 10, and 15 wt%, (a.iii) effect of thickening agent content on the linear viscoelastic response of
O-90LSL-10PCL compared to conventional lithium lubricating grease; (b) dependence of G' and G” on frequency for the electrospun 90LSL-10PCL
nanostructure-based oleo-dispersions, as a function of electrospinning process conditions; (c) dependence of G and G”, and loss tangent on fre-
quency at different LSL/PCL weight ratios; (d) empirical correlation between fiber diameter and GY, for different electrospinning conditions; and (e)
empirical correlation between maximum strain and Young’s modulus with G for different LSL/PCL ratios.
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G" are reduced, decreasing the separation between the two
modules, reflecting a decrease in the elastic character of the
material and a more fluid behavior. These results are consist-
ent with previous studies and indicate that the rheological pro-
perties depend on the electrospun nanostructure.”””*> For
instance, Valoppi et al.*® reported similar trends in viscoelasti-
city for electrospun nanostructures, with a noticeable impact
of fiber diameter on the G’ and G” values. However, our study
is the first to systematically modulate these properties through
electrospinning conditions, revealing a novel approach for
improving the rheological behavior of oleo-dispersions with
renewable materials. Furthermore, the observed behavior
aligns with findings by Borrego et al,'’® who noted that
smaller fibers reduce the viscoelastic properties of similar
systems, but our work offers new insights into how electro-

View Article Online
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spinning parameters can be optimized to enhance the stability
and performance of lubricating oleo-dispersions.

Fig. 3d illustrates this phenomenon by showing the
relationship between the GYand the fiber diameter obtained in
the different electrospun nanostructures under different con-
ditions. A direct and linear relationship is observed between
this viscoelastic modulus of the oleo-dispersions and D,y of
the electrospun nanostructures, which act as a scaffold in
these gel-like dispersions.

Fig. 3c shows the variation of the SAOS functions for the
oleo-dispersions prepared with the nanostructures (optimized
electrospinning conditions) by varying the LSL/PCL ratio. The
rheological response was consistent over the whole frequency
range studied; however, both G’ and G" decreased significantly
with increasing the LSL/PCL ratio. This behavior could be
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related to: (i) an increase in the proportion of the lower
molecular weight (LSL) component within the nano-
structure, (ii) a negative effect on the morphological pro-
perties, such as the appearance of ultrathin fibers of smaller
diameter and lower uniformity, as discussed above, and (iii)
a reduction in the mechanical properties of the electrospun
nanostructures.®®'% These phenomena are interrelated as
illustrated in Fig. 3e, which shows the relationship between
G% and the Young’s modulus of nanofibers, as well as
average fiber size. In both cases, the viscoelastic moduli of
the oleo-dispersions follow a linear trend, with a steeper
slope relative to the mechanical properties. These, in turn,
are correlated with the fiber diameter, as discussed above,
and the results are in agreement with those obtained by
other authors.”*%

2.4. Lubricating properties of structured oleo-dispersions
based on electrospun LSL/PCL mats

Fig. 4 shows the viscous and tribological properties of oil dis-
persions structured with LSL/PCL electrospun mats in order to
study their lubricating properties. Fig. 4a.i presents the viscous
flow curves, where a shear thinning behavior following the
power law model (eqn (1)) is observed,®* showing a progressive
decrease in viscosity with increasing shear rate (7).

n=K-ji""! (1)

where K and n are the consistency and flow indices, respectively.
Fig. 4a.ii shows the values of both fitting parameters for the
different oleo-dispersions. Although the influence of the LSL
weight ratio on the viscosity is minor, both K and n were also
found to depend on the morphological properties of the electro-
spun nanostructures, which in turn are influenced by the LSL
ratio. Fig. 4a.iii illustrates the trends of K and 7 as a function of
Young’s modulus. It is interesting to note that K varies exponen-
tially with Young’s modulus, while n depends linearly on these
parameters within the observed experimental ranges. In
general, K increased with higher PCL content, while the flow
index decreased and remained relatively low in all cases, which
is characteristic of materials with pronounced non-Newtonian
properties, similar to conventional greases.>*'"”

Fig. 4b.i shows the tribological behavior of oleo-dispersions
formulated with different LSL/PCL ratios, dispersed at a con-
centration of 15 wt%. The coefficients of friction decrease pro-
gressively throughout the test until they stabilize, indicating
the formation of a stable lubricant film."*®'% Fig. 4b.ii shows
the tabulated values of both the coefficients of friction and the
average diameter of the wear marks produced on the steel
plates. Oleo-dispersions with higher concentrations of PCL
show larger wear marks and higher coefficients of friction. In
contrast, formulations with lower PCL concentrations show a
progressive reduction in both coefficient of friction and track
diameter. Oleo-dispersion O_90LSL-10PCL_15 wt% showed a
remarkably low coefficient of friction and reduced wear foot-
print size, similar to the behavior observed in the lithium
grease used as a reference. These results suggest that the
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three-dimensional nanofiber networks observed at higher LSL
ratios retain oil more efficiently.®*'°® Moreover, as shown in
Fig. Si.a,f the incorporation of LSL improves the thermal
stability of the electrospun mats, exhibiting a higher decompo-
sition onset temperature and higher residue content compared
to neat PCL. In addition, DSC data reveal that the incorpor-
ation of LSL causes an increase in the T, of the electrospun
nanostructure (see Fig. S1.bt), which falls within the tempera-
ture range of lubricating greases.’'® In particular, the friction
coefficients and wear footprint size obtained with the
O_90LSL-10PCL_15 wt% system were lower than those
reported for lubricating oleogels developed by chemical inter-
actions by other authors,"™™""* and comparable to the values
observed in oleo-dispersions based on physical interactions in
previous works.>”8%9

This highlights the effectiveness of the proposed formu-
lation in achieving favorable tribological properties without
resorting to a complex chemical structuring method.
Furthermore, as shown in Fig. 4b.iii, the softer rheological
response of these gelled dispersions may have contributed to
better penetration of the thickener into the tribological contact
zone. This is reflected in the fact that both the coefficient of
friction and the wear track diameter may increase with GY,
with the track diameter showing.

3. Concluding remarks

This study presents an innovative approach for the preparation
of lubricating oleo-dispersions with electrospun nanofibers by
varying the electrospinning parameters, which allows the
modification of the system properties without changing its
chemical composition. This is the first work where the pro-
perties of oleo-dispersions are systematically modulated
through electrospinning processing conditions, such as
applied voltage, collector configuration, and LSL/PCL com-
ponent ratio. It has been demonstrated that small adjustments
in processing conditions, such as applied voltage, collector
configuration and LSL/PCL component ratio, significantly
affect the rheological and tribological properties.

It was observed that increasing the applied voltage and
modifying the collector configuration resulted in electrospun
ultrathin fibers exhibiting a reduction in diameter and an
improvement in homogeneity. The morphological modifi-
cation, achieved solely by optimizing the processing con-
ditions, resulted in oleo-dispersions with improved SAOS func-
tions. Regarding the mechanical properties of the membranes,
it was found that variations in the LSL/PCL ratio had a direct
effect on their stiffness and wear resistance. Oleo-dispersions
with a higher PCL content showed increased stiffness, which
was reflected in an increase of the SAOS functions within the
mechanical spectrum. However, this was also accompanied by
an increase in the coefficient of friction and the size of the
wear marks due to the formation of stiffer and more robust
structures that, while providing greater mechanical stability,
increase friction in the tribological contact.

This journal is © The Royal Society of Chemistry 2025
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This work not only provides a deep understanding of the
relationship between electrospinning conditions and the pro-
perties of oleo-dispersions, but also provides a flexible plat-
form for the development of renewable and customizable
lubricants. The results suggest that it is possible to create oleo-
dispersions with tailored properties for specific applications
by simply modifying the electrospinning parameters, thus pro-
viding a promising route for the design of sustainable and
high-performance lubricants. However, future work is needed
to explore the use of sustainable and renewable solvents in the
formulation of these systems. Additionally, tribological testing
under different conditions, as well as technological testing to
simulate real-world applicability conditions, will be required
to further optimize the design and performance of these lubri-
cants in operational environments.

4. Materials and methods

4.1. Materials

Commercial softwood low-sulfonate Kraft lignin (LSL, M:
~10000 g mol™) and polycaprolactone (PCL, M,: 80000 g
mol™") were obtained from Merck Sigma-Aldrich. N,N-
Dimethylformamide (DMF) and chloroform (Chl), also
acquired from Merck Sigma-Aldrich (Darmstadt, Germany),
were used as solvents. Castor oil was purchased from Guinama
(Valencia, Spain). The fatty acid composition and primary
physical properties of this vegetable oil are described in detail
in another publication."™*

4.2. Preparation and characterization of LSL/PCL solutions

Spinning solutions were prepared at 20 wt% and with different
LSL/PCL wt% ratios (see Table 2). A solvent mixture of DMF/
Chl (1:2 v/v) was used for the preparation. The process
involved stirring with a magnetic stirrer at 650 rpm for
24 hours at room temperature (22 °C).

LSL and LSL/PCL spinning solutions underwent physico-
chemical characterization, starting with the measurement of
dynamic shear viscosity, followed by surface tension, and
finally electrical conductivity. The tests were conducted at
room temperature. Shear viscosity measurements for the LSL
and LSL/PCL solutions were performed using a strain-con-
trolled rotational rheometer (ARES Rheometric Scientific, UK)
equipped with coaxial cylinders (inner diameter: 32 mm,
length: 33.35 mm, gap: 1 mm), applying a shear rate ramp
ranging from 0.02 to 600 s~ . Surface tension was determined
using a surface tensiometer (Sigma 703D, Biolin Scientific,

Table 2 Codification and ratios for LSL/PCL spinning solutions (wt/wt)

Sample code LSL (wt%) PCL (Wt%)
100LSL 100 0
90LSL-10PCL 90 10
80LSL-20PCL 80 20
70LSL-30PCL 70 30
60LSL-40PCL 60 40

This journal is © The Royal Society of Chemistry 2025
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China) with a platinum Wilhelmy plate (39.24 mm wide x
0.1 mm thick). Finally, electrical conductivity was measured
using a conductivity meter (GLP 31, Crison, Spain) equipped
with an immersion cell, calibrated with standard KCI solutions
within the appropriate concentration range. All tests were per-
formed in triplicate.

4.3. Electrospinning and characterization of LSL and LSL/
PCL electrospun mats

Electrospinning process of the spinning solutions was per-
formed in an electrospinning chamber from Inovenso (NS24,
Turkey). First, a study of the electrospinning conditions was
carried out using the 90LSL-10PCL solution, which was placed
in a 10 mL syringe connected to an infusion pump that regu-
lated the flow rate between 0.1 and 1 mL h™". Both horizontal
and vertical configurations were established, with distances of
7 to 30 cm between the collection plate and the needle tip
(dimensions used: 19, 21, and 23G). Electrical connections
were made between the collection plate, the capillary and a
high voltage power supply, generating a potential difference of
7 to 30 kV. Experiments were performed at room temperature
with controlled relative humidities of 20-70 + 1%.

The morphology of the electrospun nanostructures was
investigated by scanning electron microscopy (SEM) using a
JXA-8200 SuperProbe microscope (JEOL Ltd, Japan) equipped
with a secondary electron detector operating at an acceleration
voltage of 15 kV. Due to their chemical composition, the
samples exhibited limited conductivity, which required prior
gold sputtering using a BTT150 sputter coater (HHV, UK).''®
SEM micrographs analysis was performed with the open
source software FIJI Image], using a specialized plug-in called
Diameter]."*® The mechanical properties of the nanostructures
were determined by uniaxial tensile tests using a universal
testing machine (Shimadzu Corporation, Kyoto, Japan)
equipped with a 50 N load cell. The tests were performed at a
strain rate of 0.1 mm s '. Rectangular specimens of 12.5 x
30 mm (~0.5 mm width) were prepared and fixed in metal
clamps lined with sandpaper to prevent slippage or premature
fracture. Mechanical properties, including peak stress, strain
at break, and Young’s modulus, were measured and analyzed.

Thermogravimetric analysis (TGA) of LSL, PCL and electro-
spun nanostructure was conducted under N, using a Q-50 ana-
lyzer (TA Instruments, USA). Samples (4-7 mg) were heated
from 30 to 600 °C at a rate of 10 °C min™" in platinum pans.
Differential scanning calorimetry (DSC) was performed with a
Q100 calorimeter (TA Instruments, USA) following a heating-
cooling-heating cycle from —75 to 220 °C at 10 °C min™" to
eliminate thermal history. Samples (5-10 mg) were sealed in
aluminum pans and purged with N, at 50 mL min~". The glass
transition temperatures (T,) were calculated from the calori-
metric data obtained during the second heating ramp.

4.4. Preparation and characterization of LSL/PCL oleo-
dispersions

The electrospun LSL/PCL nanostructures were carefully
removed from the collector plate using tweezers and a spatula.
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Selected nanostructures were dispersed in castor oil at concen-
trations of 5, 15, and 30 wt% using an IKA RW-20 mixer (IKA,
Germany) equipped with a low-shear anchor impeller. Oleo-
dispersions were obtained by following a protocol of 60 rpm
rotational speed for 24 hours at room temperature.’®
Afterward, the resulting oleo-dispersions were left to rest for
an additional 24 hours prior to further characterization.

Rheological analysis of the oleo-dispersions was conducted
at 25 °C using a controlled-stress rheometer Rheoscope
(ThermoHaake, Germany). To minimize slippage, a rough
plate-and-plate configuration was employed (20 mm plate dia-
meter, 1 mm gap, 0.4 relative roughness). Small-amplitude
oscillatory shear (SAOS) tests were performed within the linear
viscoelastic region, covering a frequency range of 0.03 to 100
rad s™'. Additionally, viscous flow behavior was assessed
across shear rates ranging from 0.01 to 100 s~ . Tribological
tests were carried out using a Physica MCR-501 rheometer
(Anton Paar, Graz, Austria), equipped with a tribology cell. The
cell configuration included a steel ball with a 6.35 mm dia-
meter (1.4401 Grade 100 AISI 316, roughness = 0.10 pum,
Rockwell B-scale hardness = 79 HRB), which rotated against
three rectangular steel plates inclined at 45° (1.4301 AISI 304,
roughness = 0.21 pm, Rockwell B-scale hardness = 80 HRB).
The oleo-dispersions samples, serving as lubricants, were
applied on the plates. The tests were conducted under a con-
stant normal load of 20 N, with a rotational speed of 10 rpm,
for a duration of 10 minutes. Normal forces and friction coeffi-
cients were determined from the axial force and torque
measured by the rheometer, following the method described
by Heyer and Liuger'"” for this specific setup. The morphology
of the oleo-dispersions was further examined using a Leica
Stellaris 8 Falcon confocal laser scanning microscope
equipped with Leica HCX PL APO lambda blue 63x 1.4 hybrid
oil objectives was used. The AOBS-free spectral detection
ranged from 410 to 850 nm.

4.5. Statistical analysis

Statistical analysis was performed on all evaluated parameters
using one-way analysis of variance (ANOVA) with three inde-
pendent replicates for each measurement. This approach
allowed the calculation of key statistical measures such as
mean and standard deviation. In addition, a post-hoc test was
performed to determine significant differences between
means, with a significance level of p < 0.05.
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