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governed by the morphological characteristics of the 
electrospun nanostructures, i.e. fiber diameter, num-
ber of beads and porosity. Rheological properties of 
the resulting oleogels may be tailored by modifying 
the lignin source and KL:CA weight ratio. According 
to their rheological and tribological properties, KL/
CA electrospun nanostructures-based oleogels can be 
proposed as a sustainable alternative to conventional 
lubricating greases.

Keywords  Bio-lubricating greases · Lignin · 
Cellulose acetate · Electrospinning · Oleogels · 
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Introduction

In the last decades, different strategic lines based on 
the bioeconomy concept have been proposed in order 
to use renewable resources as industrial raw materi-
als, particularly in the manufacture of different value-
added products (Staffas et  al. 2013). According to 
these trends, the bioeconomy and biorefinery con-
cepts have emerged as solutions in response to current 
environmental and social challenges, reducing the 
effects of climate change and decreasing the use of 
fossil fuels (Octave and Thomas 2009; Lewandowski 
2018; Lainez et  al. 2018). More specifically, in the 
field of lubricant technology, the new environmen-
tal policies and guidelines have prompted strategic 
changes in the sector (Boyde 2002). Several studies 
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have shown that traditional lubricants exert negative 
effects on the environment and, therefore, new envi-
ronmentally friendly products that can reduce this 
impact are demanded (Syahir et al. 2017). In the par-
ticular case of lubricating greases, where a thicken-
ing agent is required to impart gel-like properties in 
order to prevent dripping and spattering of lubricant 
and therefore decrease the frequency of lubrication, 
the replacement of mineral and synthetic oils with 
vegetable-derived oils is not enough, but natural and/
or biodegradable as well as technologically efficient 
thickeners and additives are also required. The oil 
structuring ability of biopolymers such as cellulose 
and chitosan derivatives or lignocellulosic com-
ponents is very limited due to their polar chemical 
nature. Only very few biopolymers, such as ethylcel-
lulose, are able to gel oils directly by the formation of 
supramolecular structures (Davidovich-Pinhas et  al. 
2015), but still having serious drawbacks as thicken-
ers in lubricant formulations (Martín-Alfonso et  al. 
2011). Other strategies involving chemical modifica-
tions of biopolymers with diisocyanates or epoxides 
have been also proposed to induce oil structuration 
via chemical crosslinking (Gallego et  al. 2013; Bor-
rero-López et  al. 2018a, 2020; Cortés-Triviño et  al. 
2019, 2021). Moreover, some distinguishing proper-
ties of natural substances that might be employed as 
special additives in lubricants have been extensively 
investigated. Among them, the antioxidant capacity 
of lignin in vegetable oils is worth mentioning here 
(Jedrzejczyk et al. 2021).

In general, the utilization of lignocellulosic bio-
mass has increased in recent years, being one of the 
most important among the wide range of natural 
polymers available (Gnansounou 2010; Sørensen 
et al. 2013). Unlike other biomasses, such as sugar or 
starch, lignocellulosic biomass is abundant, low-cost, 
renewable source, highly distributed, and not dedi-
cated to food consumption (Kobayashi and Fukuoka 
2013; Shahzadi et al. 2014; Cai et al. 2017). In addi-
tion, several forest species are very suitable for lig-
nocellulosic biomass production, such as Salicaceae 
(poplars and willows), Myrtaceae (eucalyptus) and 
Oleaceae (olive trees). One of the most available, 
renewable and low-cost lignocellulosic wastes pro-
duced in Mediterranean countries comes from the 
pruning of the above-mentioned species (Limayem 
and Ricke 2012; Romero-García et  al. 2014; Ullah 
et  al. 2015). In particular, olive tree prunings are 

usually removed to maintain the fields clean and avoid 
the spread of plant diseases by burning or shredding, 
which produces economic costs and environmental 
impacts. These factors, combined with their suitable 
chemical composition, have led to these agricultural 
residues being proposed as potential raw materials for 
a broad spectrum of high value-added products (Cara 
et al. 2008; Negro et al. 2017).

The interest in lignocellulosic biomass is tradition-
ally focused on its high content of cellulose and hemi-
cellulose, which have diverse applications (Borrero-
López et al. 2022). However, the use and valorization 
of lignin have been much less explored (Bajpai 2016), 
despite it is one of the renewable resources with high 
potential for industrial use, including the manufacture 
of high value-added products (Gellerstedt and Hen-
riksson 2008; Laurichesse and Avérous 2014; Pelaez-
Samaniego et al. 2016; Xi et al. 2018). This is attrib-
uted to the fact that the chemical structure of lignin 
has not been determined as precisely as that of other 
biopolymers like, for instance, cellulose, due to dif-
ficulties arising in its separation, structural characteri-
zation, and compositional analysis (Obst 1983).

Therefore, the utilization of lignin as a poten-
tial thickening or structuring agent in a vegetable 
oil medium is justified as a new way of revaloriza-
tion (Borrero-López et  al. 2018b). Aiming to avoid 
complex chemical modifications such as those previ-
ously mentioned, efficient interaction between lignin 
and oil can be achieved physically at the nanoscale. 
Thus, lignin nanostructures, with high porosity, nano-
metric size, and high surface/volume ratio may have 
the ability to entrap the oil in the generated voids, 
thus enhancing the physical interactions. As recently 
demonstrated (Borrego et al. 2021; Rubio-Valle et al. 
2021b), such kinds of lignin nanostructures can be 
easily generated by electrospinning. However, a high 
surface-to-volume ratio, i.e. nanofibers, cannot be 
achieved by feeding only lignin solutions because 
lignin cannot generate sufficient chain entanglements 
within the solution as a consequence of its chemical 
structure and relatively low molecular weight (Diez-
Rodríguez et al. 2013). To improve lignin electrospin-
nability, the multiple approaches found in the litera-
ture involve blending with a second polymer (Jia et al. 
2018; Svinterikos et  al. 2020; Borrego et  al. 2021). 
In this regard, cellulose acetate is herein considered a 
suitable dopant polymer, as it is able to form nanofib-
ers with relative ease as well as possesses other 
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interesting properties such as biodegradability, bio-
compatibility, renewability, etc. (Liu and Hsieh 2002; 
Teixeira et al. 2020). Accordingly, based on the pre-
vious considerations, in the present work, three dif-
ferent Kraft lignins (KL) from eucalyptus, poplar and 
olive tree pruning, respectively, have been used and 
evaluated aiming to obtain electrospun lignin/cellu-
lose acetate nanofibers with oil structuring properties. 
The resulting oleogels have been rheologically and 
tribologically characterized, and their properties were 
assessed to propose them as lubricants.

Material and methods

Materials

Kraft lignins from eucalyptus (EKL), poplar (PKL) 
and olive tree prunings (OKL) were employed as 
raw materials together with cellulose acetate (CA) to 
produce electrospun nanostructures. EKL, PKL and 
OKL were kindly provided by INIA-CSIC (Spain). 
Detailed information on Kraft lignin isolation, com-
position, and chemical structure can be found else-
where (García-Fuentevilla et al. 2022). The most rel-
evant compositional and structural characteristics of 
these lignin samples are summarized in Table 1. CA 
(39.8 wt% acetylated, Mn: 30,000  g/mol) was sup-
plied by Merck Sigma-Aldrich S.A. (Germany). N, 
N-Dimethylformamide (DMF) and acetone (Ac) also 
provided by Merck Sigma-Aldrich S.A. (Germany), 
were used as solvents in the preparation of KL/CA 
solutions. Castor oil from Guinama (Valencia, Spain) 
was used as a base oil to formulate the oleogels. 
The fatty acid composition and main physical prop-
erties of this vegetable oil are described elsewhere 
(Quinchia et al. 2010).

Production of electrospun KL/CA nanostructures

KL/CA solutions were prepared at 30 wt.% of total 
biopolymer concentration in two different KL:CA 
weight ratios (9:1 and 7:3). KL and CA were sepa-
rately dissolved in DMF/Ac mixtures (1:2 v/v), under 
magnetic stirring (500 rpm) for 24 h, at room temper-
ature (22 ± 1  °C) and, afterwards, both solutions were 
blended to achieve the final composition.

KL/CA solutions were then electrospun in a DOXA 
Microfluidics (Spain) chamber. The spinning solution 

(10 mL) was continuously fed through a plastic syringe 
with a 21-G needle. The syringe was arranged in a hori-
zontal configuration and connected to a high voltage 
power source that provided 17 kV. Electrospun nano-
structures were collected in an aluminum plate placed 
at 15  cm from the needle tip. All experiments were 
conducted at room temperature and constant relative 
humidity (45 ± 1%).

Preparation of oleogels

Electrospun KL/CA nanostructures were carefully 
removed from the collector with the help of tweezers 
and a spatula and directly dispersed in castor oil, at a 15 
wt. % concentration, under agitation at room tempera-
ture for 24 h. This concentration was selected accord-
ing to preliminary tests, in order to achieve rheological 
properties and consistencies similar to those found in 
conventional lubricating greases. The resulting dis-
persions were stored at room temperature for further 
characterization.

Table 1   Total lignin content, abundance of lignin β-O-4’ sub-
structures expressed per 100 aromatic units (as relative per-
centage of the total linkages considered), syringyl/guaiacyl 
(S/G) ratio, weight-average (Mw) and number-average (Mn) 
molecular weights and polydispersity (Mw/Mn) of the Kraft 
lignin samples studied (data from (García-Fuentevilla et  al. 
2022))

EKL PKL OKL

Total lignin content (%) 98.2 91 72
ꞵ-O-4’ substructures (%) 5.9 1.8 0.3
S/G ratio 7.9 4.7 2.5
Mw (Da) 5285 5445 4780
Mn (Da) 4230 4550 4390
Mw/Mn 1.24 1.19 1.08
Total phenol content (mg 

GAE/g lignin)
627.43 585.72 295.42
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Characterization techniques

Characterization of KL/CA solutions

The dynamic viscosity of the EKL/CA solutions was 
determined under shear, at 25 °C, in an ARES (Rheo-
metric Scientific, UK) controlled-strain rheometer, 
using a Couette geometry, in a shear rate range of 
1–300 s−1.

The extensional viscosity of KL/CA solutions was 
measured using a CaBER (Thermo-Haake GmbH, 
Germany) extensional rheometer, at 25  °C. A small 
drop of the solution was deposited between two paral-
lel plates (4 mm in diameter), which were then sud-
denly separated vertically, thus creating an unstable 
filament that flows under the gravity action. The evo-
lution of the filament diameter with time was meas-
ured using a laser blade micrometer.

Surface tension measurements were performed in 
a Sigma 703D (Biolin Scientific, China) force tensi-
ometer, at 25  °C, using a platinum Wilhelmy plate 
(width 39.24 mm, thickness 0.1 mm). The electrical 
conductivity of KL/CA solutions was measured using 
a CE GLP31 conductivity meter (Crison, Spain), at 
25 °C.

Characterization of electrospun KL/CA 
nanostructures

The electrospun nanostructures were analyzed in a 
JXA-8200 SuperProbe (JEOL, Japan) scanning elec-
tron microscope with a secondary electron detector at 
an acceleration voltage of 15 kV and different magni-
fications (× 4000 and × 10,000). The membranes were 
previously coated with gold using a sputter coater 
BTT150 (HHV, UK). FIJI ImageJ analysis software 
was used to analyze the SEM images. For each sam-
ple, 100 random observations were carried out at the 
same magnification to determine the mean diam-
eter of particles and fibers. In addition, porosity was 
obtained using the same software by changing the 
contrast of the micrographs.

Characterization of oleogels

Rheological properties of oleogels were determined 
in a Rheoscope (TermoHaake, Germany) controlled-
stress rheometer, using a serrated plate-plate geome-
try (20 mm diameter and 1 mm gap). Small-amplitude 

oscillatory shear (SAOS) tests were performed, inside 
the linear viscoelastic region, in the frequency range 
of 0.03–100  rad  s−1, at 25  °C. Stress sweeps were 
previously carried out to determine the extension of 
the linear viscoelastic regime. Viscous flow tests were 
performed in a shear rate range of 10−2–102 s−1.

Tribological measurements were carried out in 
a Physica MCR-501 rheometer (Anton Paar, Aus-
tria) fitted with a tribological cell, comprised of a 
6.35 mm diameter steel ball that rotates on three 45° 
inclined rectangular steel plates, where the oleogel 
samples acting as lubricants were placed. A constant 
axial load and a rotational speed of 20 N and 10 rpm, 
respectively, were applied for 10 min. Perpendicular 
normal force and friction coefficient were determined 
from the applied axial force and the torsional force 
measured by the rheometer, according to the geomet-
rical characteristics of the tribological cell (Heyer and 
Läuger 2009).

The microstructure of the oleogels was analyzed 
using an AURIGA (Zeiss, USA) scanning electron 
microscope, with a secondary electron detector at an 
acceleration voltage of 20 kV. A double fixation pro-
tocol with 2.5% glutaraldehyde in 0.1  M cacodylate 
buffer for 2 h, and 1% osmium tetroxide for 1 h was 
applied, followed by a critical point drying treatment 
(Stokroos et al. 1998; Pathan et al. 2010). Finally, the 
samples were sputtered with a very thin layer of gold 
to improve the quality of the micrographs.

Statistical analysis

For this study, an ANOVA analysis was carried out 
using, at least, three replicates of each measure inde-
pendently. In addition, a means comparison test was 
performed to detect significant differences (p < 0.05).

Results

Physicochemical properties of KL/CA solutions

As well-known, electrospinning performance depends 
on the physicochemical properties of the feed-
ing solution (Salas 2017; Rubio-Valle et  al. 2021a). 
Numerous researchers have reported the influence of 
surface tension, electrical conductivity, and viscos-
ity of the solution on the morphological properties of 
electrospun nanofibers (Wang et al. 2013; Dallmeyer 
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et al. 2014). These properties, which are crucial and, 
in some cases, limiting factors for electrospinnabil-
ity, mainly depend on the nature and concentration 
of the polymers used (Kakoria and Sinha-Ray 2018). 
Figure  1a shows the values of surface tension and 
electrical conductivity for the KL/CA solutions used 
in this study as feed for electrospinning. The surface 
tension ranges from 28.91 to 35.15 mN/cm, which 
is significantly higher than the surface tension of the 
DMF/Ac solvent mixture (23.64 mN/cm). Regard-
ing the lignin origin, the surface tension of EKL/CA 
and PKL/CA solutions are not significantly different, 
however, OKL/CA solutions show higher surface ten-
sion values, probably due to the higher carbohydrate 
content (García-Fuentevilla et  al. 2022). In addition, 
an increase in the CA proportion leads to an increase 
in surface tension. On the other hand, the electrical 
conductivity of the solutions ranges from 135.5 to 
365.1 μS/cm, being again very similar for EKL/CA 
and PKL/CA solutions and, in this case, much higher 
for OKL/CA solutions. These high values of electri-
cal conductivity must be associated with the higher 
residue percentage (basically inorganic salts) found in 
the OKL sample from TGA measurements (García-
Fuentevilla et  al. 2022). On the contrary, the higher 
the KL/CA ratio, the higher the electrical conductiv-
ity is, as a consequence of the lower molecular weight 
and more polar character of lignins comprising mul-
tiple phenolic and aliphatic hydroxyl and carboxyl 
groups (García-Fuentevilla et al. 2022).

All KL/CA solutions exhibit a Newtonian behavior 
in the range of shear rates applied (see Figure S1 in 
the supplementary material). As can be observed in 
Table 2, shear viscosity values increase with CA pro-
portion, as a consequence of the higher CA molecu-
lar weight, which corroborates previously reported 
findings for other lignin/polymer blends (Aslanza-
deh et  al. 2016; Akbari et  al. 2021; Borrego et  al. 
2021). Once again, it is observed that EKL/CA and 
PKL/CA solutions present similar viscosity val-
ues whereas OKL/CA solutions show significantly 
higher viscosity (0.181 and 0.475  Pa.s for 9:1 and 
7:3 O KL:CA weight ratio, respectively). This can 
be attributed to the chemical composition and struc-
tural features of this particular Kraft lignin, which 
shows slightly lower polydispersity in the molecular 
weight distribution (Mw/Mn) and especially a higher 
amount of carbohydrates (García-Fuentevilla et  al. 
2022), mainly cellulose and hemicellulose (see also 

total lignin content in Table 1). In addition, the OKL 
sample shows a significantly lower value of the syrin-
gyl/guaiacyl (S/G) ratio (Table  1), which has been 
reported to give rise to more cross-linkages, in turn 
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ratio vs. Hencky strain plots in the transient extensional experi-
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yielding higher viscosity values in the melt state (Sun 
et al. 2016).

In addition, the extensional properties of the dif-
ferent KL/CA solutions were also evaluated by capil-
lary breakthrough experiments. Figure 1b displays the 
evolution of the filament diameter, D(t), normalized 
with the initial filament diameter, D0, as a function of 
KL/CA weight ratio and lignin origin. A quick fila-
ment thinning, almost linear at the beginning, charac-
teristic of Newtonian liquids, was found for the lower 
KL:CA weight ratio studied, and especially for EKL/
CA and PKL/CA solutions, while a more gradual 
exponential decay of filament diameter, typical of vis-
coelastic fluids, was observed for the higher KL:CA 
ratio. Dallmeyer et al. (2014) suggested that a useful 
parameter to account for the entire filament thinning 
process is the characteristic relaxation time, λ, which 
can be calculated by fitting filament thinning profiles 
to Eq. (1) (Fig. 1b).

where D(t) is the diameter measured as a function of 
time in the CaBER rheometer at the filament mid-
point, Do the initial filament diameter, σ the surface 
tension, and A a fitting parameter.

The characteristic relaxation times of the different 
KL/CA solutions studied are shown in Table 2. Sev-
eral authors such as Borrego et  al (2021) and Dall-
mayer et al. (2014) ascribed the success or failure in 
obtaining uniform fibers to the extensional proper-
ties of lignin/dopant solutions, suggesting a thresh-
old value of the characteristic relaxation time, λ, 
of ~ 12 ms for the transition from predominant beaded 

(1)
D(t)

D0

= Ae−(t∕3�)

structures to nanofibers. This relaxation time typi-
cally increases with total polymer concentration and 
dopant polymer: lignin ratio. As may be observed in 
Table  2, relaxation times of around 8–18 times this 
critical value was obtained for solutions prepared 
with a 9:1 KL:CA weight ratio, and much higher 
when using a 7:3 KL:CA ratio. In addition, since 
reasonably constant values of extensional viscos-
ity were obtained on a short time scale, the limiting 
extensional viscosity values (ηext,0) were also given 
in Table 2. The extensional viscosity is shown in the 
form of the Trouton ratio (Tr = ηext/η) and plotted in 
Fig. 1c versus the Henckey strain. As may be appre-
ciated, the theoretical value of Tr = 3 was reasonably 
met at low strains, i.e. the Hencky interval, and then 
the extensional viscosity progressively increases with 
the strain. This is mainly because capillary exten-
sional processes are inherently transient phenomena, 
where the apparent extensional viscosity rises con-
tinually when changing from coiled to stretched states 
(Yu et al. 2006). In the case of EKL and PKL samples 
having 9:1 KL:CA ratio, i.e. small CA proportion, 
the Trouton ratio remained constant with low values 
(around 3) until filament breakage, accounting for 
the difficulty of lignin to undergo the transition from 
the coiled to a stretched state. However, the 9OKL-
1CA sample does show an exponential increase in the 
Trouton ratio, similarly to that found in samples with 
7:3 KL:CA ratio. As expected, both the characteris-
tic relaxation time and limiting extensional viscosity 
increase with CA content, also reaching noticeably 
higher values for the solutions prepared with OKL.

Morphology of electrospun KL/CA nanostructures

Figure 2 presents the SEM micrographs of the elec-
trospun nanostructures obtained from 30 wt.% poly-
mer solutions as a function of the type of Kraft lignin 
and KL:CA weight ratio. As can be seen, beaded 
nanofibers (BOAS) networks with eventually embed-
ded micrometer-sized particles were generated by 
adding a relatively small amount of CA (10 wt%) to 
lignin solutions (Figs. 2a, c and e). The amount and 
density of fibers increased considerably by increasing 
the CA concentration in KL:CA solutions (Figs. 2b, d 
and f), as a result of the enhanced rheological proper-
ties, i.e. higher shear and extensional viscosities and 
relaxation times (see Table  2). However, as can be 
observed, 7EKL-3CA and 7PKL-3CA nanostructures 

Table 2   Shear viscosity, extensional viscosity and relaxation 
time (λ) values of the different KL/CA solutions

Values differing in the superscripts are significantly different 
(p < 0.05)

KL:CA 
weight ratio

Kraft lignins η (Pa.s) ηext,0 (Pa.s) λ (s)

9:1 EKL 0.061α 0.183a 0.12A

PKL 0.055α 0.165a 0.09A

OKL 0.181β 0.543b 0.21B

7:3 EKL 0.317γ 0.951c 0.36C

PKL 0.294γ 0.882c 0.24B

OKL 0.475δ 1.425d 0.52D
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reveal some nanometer-sized and elongated beads as 
part of the filaments, but not large and isolated par-
ticles, which are instead visible in the 7OKL-3CA 
morphology.

Table 3 shows the average particle and fiber diam-
eters, obtained from the size distributions deduced 
from SEM images, as well as the overall porosity 
of the nanostructures. As can be seen, an increase 
in the average fiber diameter was always observed 
by increasing the CA content, which is also associ-
ated with a significant decrease in the average parti-
cle (or bead) diameter. In addition, thinner filaments 
and larger particles were found with the OKL lignin, 
whereas thicker fibers and more uniform nanostruc-
tures were generally observed in EKL/CA and PKL/
CA systems. On the other hand, due to the lower 
amount of particles and/or beads in the filaments, the 

Fig. 2   SEM images of KL/
CA electrospun nano-
structures obtained from 
solutions with 30 wt.% 
total polymer concentra-
tion, differing in lignin 
source and KL:CA weight 
ratio. a 9EKL-1CA 
at × 10,000 magnification, 
b 7EKL-3CA at × 4000 
magnification, c 9PKL-1CA 
at × 10,000 magnification, 
(D) 7PKL-3CA at × 4000 
magnification, e 9OKL-
1CA at × 10,000 magnifi-
cation and f 7OKL-3CA 
at × 4000 magnification

Table 3   Average particle and fiber diameters and overall 
porosity of electrospun EKL/CA, PKL/CA and OKL/CA nano-
structures at different KL: CA weight ratio

Values differing in the superscripts are significantly different 
(p < 0.05)

SYSTEMS Average diam-
eters of particle 
or beads (µm)

Average fibers 
diameters (µm)

Porosity (%)

9EKL-1CA 2.1a 0.29A 36.1α

9PKL-1CA 2.3a 0.27A 31.6 δ

9OKL-1CA 4.5b 0.12B 23.5β

7EKL-3CA 0.36c 0.61C 46.63γ

7PKL-3CA 0.41c 0.54C 45.78γ

7OKL-3CA 0.97d 0.33D 37.19 α



	 Cellulose

1 3
Vol:. (1234567890)

nanostructure porosity increases with CA content, 
being higher when using EKL or PKL lignins. These 
results are in agreement with the physicochemical 
properties and relaxation times of the spinning solu-
tions, which are similar for EKL/CA and PKL/CA 
solutions thus yielding similar morphological prop-
erties of the resulting electrospun nanostructures. On 
the contrary, OKL/CA electrospun morphologies are 
rather different, exhibiting a higher amount of parti-
cles and/or beaded fibers, despite the higher shear and 
extensional viscosity values found in the solutions. 
Possibly, these discrepancies are due to the very high 
values in the electrical conductivity that these solu-
tions showed, which cause the formation of unstable 
Taylor cones (Angammana and Jayaram 2011; Li and 
Wang 2013).

In order to understand the influence of the chemi-
cal structure and composition of the Kraft lignins on 
the morphological properties of electrospun nano-
structures, the data shown in Table 1 must be taken 
into account. Thus, OKL sample significantly differs 
from EKL and PKL samples, which have more com-
parable structural and compositional characteristics. 
For instance, EKL and PKL show a higher content 
of β-O-4’ substructures, which implies more linear 
(less branched) chemical structures that may help to 
improve the spinnability. Moreover, the abundance of 
S units, compared to G units in EKL and PKL, has 
been reported to be beneficial to enhance the spinna-
bility of lignins (Du et  al. 2021). Finally, the worse 
performance of the OKL sample during the electro-
spinning process must be mainly attributed to the 
extremely high electric conductivity provided by the 
salt content.

Castor oil structuring properties of electrospun EKL/
CA nanostructures

Recent studies have demonstrated that electrosprayed 
lignin nanoparticles, i.e. non-fibrous structures com-
posed only of micro- or nanometer-sized particles, 
give rise to weak and unstable physical interactions 
in a vegetable oil medium, inexorably resulting in 
phase separation (Borrego et  al. 2021; Rubio-Valle 
et  al. 2021b), whereas electrospun nanofiber mats 
were able to generate physically stable oleogels. This 
is mainly due to the fact that oil structuring basically 
occurs through the formation of a percolation network 
with enhanced physical interactions as a consequence 

of the large specific surface area and the high aspect 
ratio of nanofibers. These interactions involved in 
oil structuring are mainly intermolecular hydropho-
bic and Van der Waals forces (Ding et al. 2006). As 
a result, by simple gentle mechanical dispersion of 
the electrospun nanostructures in castor oil, the oil 
becomes entrapped in the generated voids and swells 
to some extent. The microstructures of resulting 
oleogels prepared with 15 wt. % KL/CA electrospun 
nanostructures are shown in Fig. 3. As can be seen, 
uniform networks composed predominantly of fibers 
or BOAS are apparent in all the samples. Figures 3a, 
c and e show micrographs of oleogels prepared with 
electrospun 9KL/1CA nanostructures employing 
EKL, PKL and OKL lignins, respectively. Accord-
ing to the electrospun nanostructures shown in Fig. 2, 
these morphologies comprise more heterogeneous 
BOAS networks, with eventually micrometer-sized 
particles, especially in the case of oleogel sample 
prepared with 9OKL-1CA. On the contrary, predomi-
nant homogenous fiber networks can be visualized in 
the microstructures of oleogels prepared with 7EKL-
3CA, 7PKL-3CA and 7OKL-3CA samples (Figs. 3b, 
d and f, respectively). Apparently, the gentle mechan-
ical agitation applied to disperse the nanofibers into 
the oil does not affect fiber length. The main effect 
observed upon dispersing the nanofibers was the 
swelling of these.

Table 4 shows the average fiber diameters obtained 
from the analysis of oleogel SEM images, as well as 
the degree of swelling defined as:

where Do refers to the average diameter of electro-
spun nanostructures and Df to average diameters of 
KL/CA fibers in the oil medium. According to this, 
fiber diameter considerably increases in the percola-
tion network as a consequence of oil-induced swell-
ing, being more significant in those oleogels prepared 
using an electrospun 9KL/1CA nanostructures and 
particularly the OKL lignin. Overall, the microstruc-
ture of oleogels is mainly governed by the morpho-
logical properties of electrospun nanostructures used 
as structuring agents.

The rheological properties of these oleogels 
are largely determined by the electrospun nano-
structures and structural features of Kraft lignins. 

(2)� =
Df−D0

Df
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Figures  4a and b show the mechanical spectra of 
the oleogels obtained from the dispersion of elec-
trospun KL/CA nanostructures, at 15 wt%, in castor 

oil, as a function of lignin source and CA content. 
The evolution of the SAOS functions, i.e. the stor-
age modulus, G’, and the loss modulus, G", with 
frequency is characteristic of gel-like dispersions 
and qualitatively similar for all the samples stud-
ied, with G’ always higher than G" over the entire 
frequency range studied. Although the values of the 
SAOS functions in traditional lubricating greases 
basically depend on the type and concentration of 
the thickener, the mechanical spectra achieved for 
these oleogels are very similar to those displayed 
for the most commonly employed NLGI 1–2 grade 
lubricating greases, typically showing G’ values of 
104–105 Pa, and G” around one order of magnitude 
lower (Delgado et  al. 2006). On the one hand, by 
comparing the oleogels containing nanostructures 
with different KL:CA weight ratios, it is clearly 
observed that increasing the CA proportion leads to 

Fig. 3   SEM images of ole-
ogels obtained with electro-
spun KL/CA nanostructures 
as a function of the lignin 
type and CA content. a 
O-9EKL-1CA, b O-7EKL-
3CA, c O-9PKL-1CA, d 
O-7PKL-3CA, e O-9OKL-
1CA and f O-7OKL-3CA 
at × 1000 magnification

Table 4   Average fiber diameter and degree of swelling (β) of 
oleogels fibers

Values differing in the superscripts are significantly different 
(p < 0.05)

Oleogels Average fiber diameter 
(µm)

Swelling 
factor β 
(%)

O-9EKL-1CA 1.31a 77.86A

O-9PKL-1CA 1.25a 78.40A

O-9OKL-1CA 0.98b 93.94B

O-7EKL-3CA 1.47c 58.50C

O-7PKL-3CA 1.41c 61.70C

O-7OKL-3CA 1.05d 68.57D
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an enhancement of the gel strength, i.e. an increase 
in the values of the SAOS functions and higher 
relative elasticity (lower values of the loss tan-
gent). These results may be explained by attending 

to two factors, the higher proportion of the com-
ponent with the higher average molecular weight 
(CA) and the increase of porosity and fiber diam-
eter in electrospun nanostructures. Regarding the 
lignin source, the higher viscoelastic functions were 
obtained with EKL/CA nanostructures, followed by 
PKL/CA and finally OKL/CA, which is essentially 
a consequence of the morphological characteristics 
discussed above. In this sense, Fig. 4c illustrates the 
dependence of the plateau modulus (GN

0) on the 
average fiber diameter in the percolation network. 
As can be seen, GN

0 potentially increases with fiber 
diameter. This dependence may be fitted quite well 
to a power-law equation, with adjustable parameters 
(Go

N,1 and b) shown in the inset of Fig. 5c:

Therefore, the morphological characteristics of 
the electrospun nanostructures determine the rheo-
logical properties of resulting oleogels, which can 
be modulated with the composition of the  lignin 
used as structuring agent and electrospinning 
conditions.

Regarding the viscous flow response, a shear-
thinning behavior was always displayed in the 
shear rate range studied, which may be fairly well 
depicted by the power-law model:

where K y n are the consistency and flow indexes, 
respectively. Figure 4d shows the viscous flow curves 
for oleogels prepared with KL/CA electrospun nano-
structures. The corresponding K and n values are 
listed in Table 5. As can be noticed, very similar vis-
cous flow responses were obtained regardless lignin 
source and KL:CA weight ratio. As expected, higher 
K values were obtained by increasing the CA con-
tent. Moreover, once again, oleogels prepared with 
OKL/CA nanostructures provide lower values of 
consistency index in comparison with EKL/CA and 
PKL/CA-based nanostructures. On the other hand, 
very low values of the flow index, n, were generally 
obtained, pointing out that oleogels exhibit a mark-
edly shear thinning behaviour, which also resembles 
the yielding behaviour exhibited by traditional lubri-
cating greases (Delgado et al. 2006).

(3)Go
N
= Go

N,1
Db

f

(4)𝜂 = K𝛾̇n−1
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Fig. 4   Evolution of a the storage modulus, G’ and b the loss 
modulus, G" with frequency for oleogels as a function of 
KL:CA weight ratio and lignin source, c influence of average 
fiber diameter on the plateau modulus of oleogels, and d vis-
cous flow curves for oleogels as a function of KL:CA weight 
ratio and lignin source
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Tribological performance of electrospun EKL/CA 
nanostructures‑based oleogels

Finally, the lubrication performance of these oleogels 
was assessed in a steel-steel ball-on-plates tribologi-
cal contact by analyzing friction and wear. The values 
of the friction coefficient over time were recorded at 
constant axial load and a rotational speed (20 N and 
10 rpm) and the average values are shown in Table 5 
for the different electrospun nanostructures, together 
with the average wear scar size generated on plates. 
Most of the oleogel samples yield acceptable friction 
coefficient values and wear diameters, which are quite 
similar to those reported for commercial lubricat-
ing greases (Zhang et al. 2018; Sánchez et al. 2014) 
and oleogels obtained with chemically functionalized 
biopolymers (Borrero-López et al. 2020; Cortés-Triv-
iño et al. 2019) under similar conditions. In order to 
assess the influence of the structuring agent, i.e. the 
electrospun nanostructures, the values of the friction 
coefficient and average wear scar diameter for pure 
castor oil were also included in Table 5. The higher 
proportion of CA in nanofibers, the higher friction 
coefficient and wear size was obtained. Moreover, 
oleogels prepared with OKL lignin-based nanostruc-
tures provide particularly low values of friction coef-
ficient and wear scar diameters in comparison with 
EKL and PKL lignins. As in the case of the rheologi-
cal properties, the tribological response is essentially 

governed by the morphological characteristics of the 
electrospun nanostructures, i.e. fiber diameter, num-
ber of beads and porosity. In this regard, OKL/CA 
nanostructures comprising lower fiber diameters and 
a higher number of beads and/or isolated particles are 
possibly mechanically weaker, which allows the oil 
to be released more easily in the lubricated contact. 
In general, the higher fiber diameter, the higher the 
friction coefficient and wear scar size. Moreover, it 
is worth mentioning that although 9EKL-1CA has a 
similar fiber diameter to 9PKL-1CA, it presents sig-
nificantly higher friction coefficients, probably due 
to a greater capacity to hold the oil in its voids as it 
has a higher overall porosity. Finally, as can be seen, 
the friction coefficient provided by pure castor oil is 
similar to that obtained with nanostructures having 
9:1 KL:CA ratio, which supports the hypothesis that 
the better tribological performance is related to the 
ability of the nanostructure to release the oil easily. 
However, as expected, oil structuring with KL/CA 
nanostructures results in much better preservation of 
metallic surfaces against wear compared to pure cas-
tor oil.

Concluding remarks

Solutions of Kraft lignins (KL) from different 
sources such as eucalyptus (EKL), poplar (PKL) 
and olive tree pruning (OKL), and cellulose acetate 
(CA) in a 1:2 v/v mixture of DMF and acetone, 
using 9KL:1CA and 7KL:3CA weight ratios, were 
prepared and used as feed for electrospinning. The 
morphology of the resulting electrospun KL/CA 
nanostructures is highly dependent on the physico-
chemical properties of the spinning solutions, the 
KL:CA weight ratio and the chemical and compo-
sitional characteristics of the Kraft lignins. In gen-
eral, EKL/CA and PKL/CA solutions have similar 
physico-chemical properties, according to their com-
parable chemical structures and composition, which 
give rise to similar electrospun nanostructures. On 
the contrary, OKL/CA solutions has higher shear 
and extensional viscosity, mainly due to a higher 
carbohydrate content, but lower electrospinning per-
formance, which was mainly attributed to an exces-
sively high electrical conductivity as a consequence 
of high salt content. Surface tension, shear viscos-
ity and extensional properties of KL/CA solutions 

Table 5   Values of consistency and flow indexes, friction coef-
ficient and wear scar diameter for oleogels prepared with elec-
trospun KL/CA nanostructures of different Kraft lignins and 
KL:CA weight ratio. The friction coefficient and wear scar 
diameter values for pure castor oil were also included for the 
sake of comparison

Values differing in the superscripts are significantly different 
(p < 0.05)
*  From Delgado et al. (2020)

Oleogels K (Pa.sn) n Friction 
coeffi-
cient

Wear scar 
diameter 
(μm)

O-9EKL-1CA 971.5AA 0.11Aa 0.092a 281.16A

O-9PKL-1CA 793.2BB 0.09Bb 0.076b 193.31B

O-9OKL-1CA 576.1CC 0,06Cc 0.070b 148.76C

O-7EKL-3CA 1347.1DD 0.24 Dd 0.124c 385.75D

O-7PKL-3CA 1123.1EE 0.23 Dd 0.116c 317.92E

O-7OKL-3CA 715.2BB 0.08Aa 0.107c 297.97A

Castor oil* 0.083 508.7
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increase with the CA proportion, whereas electrical 
conductivity increases with the lignin content.

Beaded nanofiber (BOAS) networks with eventu-
ally embedded micrometer-sized particles were pro-
duced when using a 9:1 KL:CA ratio, whilst more 
homogeneous nanofiber mats were obtained with a 
7:3 KL:CA weight ratio. Thicker fibers and more uni-
form nanostructures were generally produced from 
EKL/CA and PKL/CA solutions, which generally 
yielded better electrospinning performance. In addi-
tion, the porosity of nanofiber networks increases 
with CA content, being also higher when using EKL 
or PKL lignins instead of OKL.

The electrospun KL/CA mats consisting of fila-
ment-interconnected particles and especially more 
uniform nanofibers networks are able to successfully 
structure castor oil, resulting in gel-like dispersions. 
The swelling of KL/CA nanofibers in the percolation 
network was demonstrated. The rheological and tribo-
logical properties of these oleogels essentially depend 
on the morphological characteristics of the electro-
spun KL/CA nanostructures rather than the chemistry 
of individual fibers. A correlation between the plateau 
modulus of oleogels and fiber diameters was derived.

Overall, the oleogels based on KL/CA nanostruc-
tures showed appropriate rheological and tribologi-
cal properties, comparable to those of conventional 
lubricating greases. However, the oleogel prepared 
with an electrospun nanostructure consisting of a 
relatively weak BOAS morphology exhibited excep-
tionally low friction coefficient values and reduced 
wear scar diameters, as a probable result of the oil 
being released more efficiently in the lubricating con-
tact zone, dictated by the lower porosity and reduced 
diameter exhibited by these kinds of nanostructures.
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