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This work explores the electrospinnability of low-sulfonate Kraft lignin (LSL)/polyvinylpyrrolidone (PVP) solu-
tions in N,N-dimethylformamide (DMF) and the ability of the different micro- and nano-architectures generated
to structure castor oil. LSL/PVP solutionswere prepared at different concentrations (8–15wt%) and LSL:PVP ratios
(90:10–0:100) and physico-chemically and rheologically characterized. The morphology of electrospun nano-
structures mainly depends on the rheological properties of the solution. Electrosprayed nanoparticles or
micro-sized particles connected by thinfilamentswere obtained from solutionswith low LSL/PVP concentrations
and/or high LSL:PVP ratios, whereas beaded or bead-free nanofibers were produced by increasing concentration
and/or decreasing LSL:PVP ratio, due to enhanced extensional viscoelastic properties and non-Newtonian char-
acteristics. Electrospun LSL/PVP nanofibers are able to form oleogels by simply dispersing them into castor oil
at concentrations between 10 and 30 wt%. The rheological properties of the oleogels may be tailored by modify-
ing the LSL:PVP ratio and nanofibers content. The potential application of these oleogels as bio-based lubricants
was also explored in a tribological cell. Satisfactory friction and wear results are achieved when using oleogels
structured by nanofibers mats with enhanced gel-like properties as lubricants. Overall, electrospinning of lig-
nin/PVP solutions can be proposed as a simple and effective method to produce nanofibers for oil structuring.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

As has been collected in recent reviews [1–5], oleogelation and oil
structuring have attracted a great deal of interest in the research commu-
nity over the last decade, especially in food applications but also in the
field of pharmaceuticals [6–8] and lubricants [9–11]. In particular, in the
lubricant industry, the development of oleogelators and oil thickeners
from natural polymers, making them technologically efficient, represents
a major challenge in terms of environmentally friendly alternatives to
synthetic polymers derived from the petrochemical industry or metal
soap-based thickeners, which are either not biodegradable or require
highly toxic production processes. Unfortunately, only a few biopolymers
are able to gel oils directly by formation of supramolecular structures
throughphysical entanglements or chemical crosslinking amongpolymer
chains [12],whichmust balance solvent-gelator and gelator-gelator inter-
actions [2]. Among these biopolymers, ethylcellulose is the most widely
used for different applications [13–16]. Besides, other indirect pathways
to gel oils using hydrophilic biopolymers have been proposed, such as
the so-called foam-templated [17] and emulsion-templated [18,19] ap-
proaches or stepwise solvent-exchange routes [20,21], resulting in porous
structures where oil can be adsorbed or entrapped. Nonetheless, in most
ería Química, Universidad de
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cases, these strategies are highly time-, solvent- and/or energy-
consuming. Another alternative approach is the chemical modification
of the biopolymers to increase the compatibility with oil media thus
favouring oleogelation. Oil structuring can be achieved physically, by re-
ducing the polymer polarity, thus modifying the solvent-biopolymer hy-
drophobic interactions, for example by inserting methyl, ethyl or acyl
groups into their structure, or chemically, by functionalization with reac-
tive groups able to produce covalent interactions with the oil, thus pro-
moting a certain degree of cross-linking between the medium and the
biopolymer. These routes have been widely reported to produce oleogels
and stable gel-like dispersions using different lignocellulosic materials
and cellulose or chitosan derivatives [13,22–30]. Nevertheless, these
chemical modifications may require chemicals, solvents and/or catalysts
that make the process of oil structuring relatively complex and not
completely environmentally friendly, even though the final product is.

Therefore, the search for new bio-sourced polymeric materials and
the procedures for incorporating them into an oil matrix by promoting
its structuration are still open research areas, particularly in the field
of lubrication, which requires specific and rigorous technical perfor-
mance, for example in terms of thermal and high shear resistance. To
the best of our knowledge, biopolymer nanostructures generated by
electrospinning or other similar techniques have not been evaluated
as potential oil thickening or gelling agents. However, it can be hypoth-
esized that the high porosity, small size and high surface/volume ratio of
nanofibers may induce the formation of three-dimensional networks
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with a great capacity to promote physical interactions between the oil
and the nanofibers. In this sense,Muller et al. [31] attributed exceptional
stabilizing effects and lubricant properties to the fact of using polypro-
pylene nanoparticles suitably dispersed in a mineral oil, not only acting
as an efficient oil structuring agent but also conferring other functional
properties, i.e. reducing friction and wear in tribological contacts, im-
proving mechanical stability or expanding the application temperature
range.

Taking into account the biorefinery concept, conceived as a global in-
dustrial process capable of producing intermediate and end-use prod-
ucts from biomass in a versatile way [32], the interest in using
lignocellulosic materials as raw materials in a wide variety of chemical
and energy industries has been steadily increasing in recent years. To
date, the potential of lignocellulosic biomass is mainly based on its car-
bohydrate content, particularly cellulose. Instead, the use and exploita-
tion of lignin are much less explored, probably due to its complex
chemical structure and the variability of its composition and structure
depending on its source, among other factors. Despite this, lignin is con-
sidered a renewable resource with great potential for different indus-
trial applications [33,34].

For the abovementioned reasons, the use of lignin to produce new oil
structuring agents is justified as a new pathway of revalorization, which
combines ecological, economic and social benefits. The main difficulty
consists in selecting and developing an appropriate processing protocol
and/or prior treatment of this particular biopolymer, which subsequently
facilitate an efficient interaction with the oil. This study explores the use
of the electrospinning technique as a tool to obtain lignin nanostructures
which may be able to entrap oils generating oleogels directly, avoiding
other stepwise procedures like those referred above. A vast number of
studies have explored the possibility of obtaining nanofibers from a
wide range of biopolymers or biodegradable synthetic polymers. For ex-
ample, electrospun nanofibers of different polysaccharides, such as cellu-
lose and chitosan, among others, were found to have great potential in
different fields [35–37]. However, obtaining nanofibers from lignins by
means of the electrospinning technique is still scarcely developed for dif-
ferent reasons. Among them, it is worth mentioning the heterogeneity of
the chemical composition of lignins, their branched structure or the pres-
ence of low-molecular-weight compounds resulting from degradation
during the biomass delignification process. These conditioning factors
give rise to non-uniform structures consisting of particles or globules dis-
tributed along the filament, which has come to be called BOAS (beads on-
a-string) [38]. Despite this, the production of lignin nanofibers by
electrospinning is currently of increasing importance, due to the great po-
tential of these nanostructured materials for several engineering applica-
tions, such as carbon fiber precursors, adsorbents, filters or medical
implementations [39–41]. Notwithstanding, there is still much room for
improvement, especially in terms of processability, which may cover the
use of solvent mixtures, optimization of the rheological properties of the
feed solution, dopingwith other polymers or prior chemicalmodification,
among other options. Dallmeyer et al. [42] evaluated the electro-
spinability of seven different types of lignin solutions and, despite the
various combinations tested, they did not obtain uniform nanofibers,
but rather micro- or particulate nano-structures (BOAS). However, the
addition of 1 wt% of polyethylene oxide (PEO) as a doping agent,
produced lignin nanofibers with suitable morphology, depending on the
concentration of the solution. The vast majority of the literature related
to the formation of lignin nanofibers describes the use of other polymers
to improve their electrospinability, such as PEO [38,43], polyvinyl acetate
(PVA) [44,45], polyacrylonitrile and polyacrylamide [46], polyhy-
droxybutyrate (PHB) [47], polycaprolactone (PCL) [41,48], or polylactic
acid (PLA) [40]. On the other hand, different solvents such as DMF,
DMSO or hexafluoro-2-propanol (HFIP) have also been used in the
above mentioned works, reflecting the importance of an adequate selec-
tion of the solvent and the rheological properties of the starting solution
[38,49]. In this work, the electrospinability of low-sulfonate
lignin solutions in DMF, doped with polyvinylpyrrolidone (PVP) at
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different ratios, was evaluated and the composite micro- and nano-
structures generated were assessed as potential structuring agents for
castor oil.

2. Materials and methods

2.1. Materials

Softwood low sulfonate Kraft lignin (LSL, Mw: ~10,000 g/mol) and
polyvinylpyrrolidone (PVP, Mw: ~360,000 g/mol) were obtained from
Merck Sigma-Aldrich. N,N-dimethyl formamide (DMF, purity ≥99,8%)
was also acquired fromMerck Sigma-Aldrich and used as solvent to pre-
pared LSL/PVP solutions. Castor oil was supplied by Guinama (Spain).
Fatty acid composition and main physical properties can be found else-
where [50].

2.2. Solution preparation and characterization

LSL/PVP solutions in DMF were prepared to attain 8, 10 and 15 wt%
total concentration, modifying the LSL:PVP ratio (90:10, 70:30, 50:50,
30:70, 10:90 and 0:100). First, the appropriated amount of PVP was
weighed and dissolved in DMF by stirring for 2 h, at room temperature.
Afterwards, the corresponding amount of LSL was added to the solution
and left under agitation for 24 h at room temperature. Final solutions
were centrifuged for 10 min at 3000 rpm and filtered to ensure that
no undissolved solids were present.

LSL/PVP solutions were physico-chemically characterized
through electrical conductivity, surface tension and shear and exten-
sional viscosity measurements. Electrical conductivity was mea-
sured in a Laqua PC-110 conductivity meter using a 3553-10D
LAQUA cell (Horiba Scientific). The conductivity cell was previously
calibrated with standard KCl solutions of known conductivity
(1413 μS/cm and 12.88 μS/cm, respectively). Measurements were
replicated at least three times. Surface tension measurements were
performed in a Sigma 703D tensiometer (Biolin Scientific) using a
Wilhelmy platinum plate with a measuring range of 1–1000 mN/m.
Measurements were made in duplicate at 20 °C. Shear viscometric
measurements were performed, at 25 °C, in an ARES controlled-
strain rheometer (Rheometric Scientific) using a Couette geometry
(internal radius 16 mm, external radius 17 mm, cylinder length
33.35 mm), in a shear rate range 1–500 s−1. At least two replicas of
each of the test were performed. In those cases that LSL/PVP solu-
tions exhibited a non-Newtonian response, data were satisfactorily
fitted (R2 < 0.995) to the Williamson model:

η ¼ η0
1þ K γ

:� �m ð1Þ

where, η is the non-Newtonian viscosity, η0 is the zero-shear-rate lim-
iting viscosity; γ

:
is the shear rate;m is a parameter related to the slope

of the shear-thinning region and K is a constantwhose inverse coincides
with the shear rate for which η = η0/2.

Extensional viscosity was evaluated by means of capillary
breakup measurements using the CaBER-1 extensional rheometer
(ThermoHaake). The filament was created by placing the solution
sample between two parallel plates (6 mm diameter) and suddenly
increasing the plate-plate separation from 1.5 to 15 mm in 10 ms.
The extensional rheological properties were indirectly deduced
from the evolution of the filament diameter with time, as extensively
investigated and indicated elsewhere [51–53]. The apparent exten-
sional viscosity can be quantified as:

ηext ¼
σ

− dD tð Þ
dt

� � ð2Þ

where σ is the surface tension and D is the diameter of the filament.
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2.3. Electrospinning

Electrospinning of LSL/PVP solutions was carried out in a Doxa
Microfluids chamber using a vertical arrangement dealing with a 5 ml
BD syringe of 11.99 mm internal diameter and a 20G flat-tip needle
used as spinneret connected to the positive terminal of a high voltage
source, whereas the negative terminal was connected to a flat alumin-
ium plate collector arranged below the spinneret at a variable distance
in which the LSL/PVP nanostructures were collected. The solution is
pumped by a positive displacement pump under controlled flow. The
electrospinning input parameters were modified according to the solu-
tion characteristics (see Table 1). A camera-monitor system coupled to
the electrospinning chamber was used to visually verify the formation
of the Taylor cone or detecting any agglomeration or flow instability
in the needle tip (see Fig. 1), thus checking whether the set of
electrospinning parameters is adequate or not. All experiments were
carried out at room temperature (22 ± 1 °C) and relative humidity
(53 ± 2%).

2.4. Characterization of LSL/PVP nanostructures

The morphology of LSL/PVP nanostructures was assessed by means
of scanning electron microscopy (SEM) observations carried out in
both JEOL, model JXA-8200 SuperProbe, and Hitachi, model FlexSEM
1000 II, microscopes, operating at 10–20 kV accelerating voltages and
different magnifications. Samples were previously gold-coated using a
sputter coater HHV Scancoat Six SEM.

A thermogravimetric analysis (TGA) was performed in a Q-50 bal-
ance (TA Instruments) under N2 atmosphere. LSL/PVP nanostructures
taken from the collector (5–10 mg) were placed on platinum pans and
heated from 30 °C to 600 °C, at 10 °C min−1.

2.5. Structuring castor oil with LSL/PVP nanostructures and rheological and
tribological characterization

Castor oil was simply added slowly to the electrospun LSL/PVP nano-
structures under gentle agitation at room conditions in the quantities
needed to achieve final concentrations of LSL/PVP nanostructures of
10, 20 and 30 wt%. The homogeneity of the resulting dispersions was
verified through observations in an Olympus BX51 optical microscope.
Oleogels and/or structured dispersions were further rheologically char-
acterized (at least 24 h after preparation) in a Rheoscope controlled-
stress rheometer (TermoHaake, Germany) equipped with a thermo-
static bath, at 25 °C, using a plate-plate (25 and 35 mm diameter,
1 mm gap) geometry. Small-amplitude oscillatory shear (SAOS) tests
were performed inside the linear viscoelastic regime in a frequency
range of 0.03–100 rad/s. At least three replicates were done on fresh
samples.

Tribological measurements were carried out in a Physica MCR-501
rheometer (Anton Paar, Austria) equipped with a tribological cell,
consisting of a 6.35mmdiameter steel ball that rotates on three 45°-in-
clined rectangular steel plates, on which the oleogel samples acting as
lubricants were spread. A constant normal load and a rotational speed
of 30 N and 10 min−1, respectively, were applied for 10 min. Normal
force and friction coefficient were calculated from the applied axial
force, the friction force measured by the rheometer and ball radius ac-
cording to Heyer and Läuger [54]. The timewas long enough to achieve
stationary values of the friction coefficient. At least five replicates were
Table 1
Electrospinning input parameters applied to obtain LSL/PVP nanostructures.

Sample Feeding flow (ml/h)

LSL:PVP/DMF (8 wt%) 0.5–0.8
LSL:PVP/DMF (10 wt%) 0.8–1.5
LSL:PVP/DMF (15 wt%) 1.0–3.0
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performed for each oleogel sample. Thewear scars thereby produced in
the steel plates were analyzed through optical microscopy using an
Olympus microscope, BX51 model (Japan), from which the average di-
ameters were determined. The data supplied here represent the mean
of the three plates.

3. Results and discussion

3.1. Physicochemical properties of LSL/PVP solutions and effect on the mor-
phology of electrospun nanostructures

Surface tension, electrical conductivity and main shear and exten-
sional rheological parameters of LSL/PVP solutions in DMF are collected
in Table 2 as a function of total polymer concentration and LSL:PVP ratio.
As can be seen, surface tension data remains roughly constant at around
35–37 mN/cm, in most cases lowering the surface tension of DMF
(36.96 ± 0.02 mN/cm), according to a certain well-known amphiphilic
character of both lignin [55–57] and PVP [58]. However, surface tension
slightly increaseswith total polymer concentration and LSL:PVP ratio, as
similarly reported for PVP-surfactants mixtures [59], lignin-surfactant
mixtures [60] and lignin derivatives [61] above a critical aggregation
concentration. Electrical conductivity of PVP (LSL-free) solutions is
very low (around 10-fold higher than that of pure DMF). Instead, the ad-
dition of small amounts of LSL provides a fairly good electrical conduc-
tivity to the solution, which significantly increases with LSL content.
This is again due to the polar character of lignin whose complex chem-
ical structure is composed of phenolic and aliphatic hydroxyl and car-
boxyl moieties and β-O-4′ alkyl–aryl ether-based substructures [62].
The increasing conductivity with LSL concentration suggests that these
solutions are below the overlap concentration, i.e. in the semi-diluted
unentangled regime, from which the conductivity begins to decrease
(unpublished results) as a consequence of the reduced mobility of the
entangled macromolecules.

Regarding the shear rheology, solutionswith 8 and 10wt% total con-
centration of LSL/PVP blends exhibited a Newtonian behavior in the
shear rate range studied, with viscosity values that increase with PVP
content. In fact, LSL mainly composed of aromatic monolignols forms
compact structures that are not able to easily produce physical entan-
glements like linear polymers such as PVP, and therefore imparts low
viscosity to the solutions preparedwith high LSL:PVP ratios. On the con-
trary, LSL/PVP solutions at 15wt%, excepting for the 90:10 LSL:PVP ratio,
showed a non-Newtonian response characterized by a tendency to
reach a Newtonian plateau at moderate shear rates (at around 10 s−1)
followed by a shear-thinning evolution, which is well-described by
the Williamson model (see Fig. 2). The values of the Williamson
model parameters are included in Table 2. η0 and K values increase
with PVP concentration as well as the shear-thinning character (lower
m values).

The extensional rheology of LSL/PVP solutions follows the same pat-
terns found in lignin/PEO solutions rigorously investigated by
Dallmeyer and coworkers [43]. For solutions at 8wt% total LSL/PVP con-
centration and that containing 10 wt% at a 10:90 LSL:PVP ratio, the ex-
tensional properties cannot be assessed since the filament breaks up
immediately after imposing the stretching strain due to the low viscos-
ity and poor elastic properties. In all the other cases, as can be observed
in Fig. 3a, a linear filament thinning evolution that is characteristic of
Newtonian liquids was found for the higher LSL:PVP ratios, whereas
an exponential decay of the filament diameter, typical of viscoelastic
Voltage (kV) Neddle tip-collector distance (cm)

8–12 20
10–12 10–15
10–15 10–12



a) b)

Fig. 1. a) Correct formation of the Taylor cone, and b) flow instabilities in the needle tip.
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fluids, was observed for higher PVP proportions. Since capillary exten-
sional processes are inherently transient phenomena, the apparent ex-
tensional viscosity continuously increases when moving from the coil
to stretched states [63] and, as suggested by Dallmeyer and coworkers
[43], a more suitable parameter to account for the whole filament thin-
ning process is the characteristic relaxation time, λ, that can be esti-
mated by fitting the filament thinning profiles (Fig. 3a) to:

D tð Þ
Do

¼ A e−
t=3λð Þ ¼ G Do

4 σ

� �1=3

e−
t=3λð Þ ð3Þ

where D(t) is the diameter measured as a function of time in the CaBER
rheometer at the filament midpoint, Do is the initial filament diameter
and G is the elastic modulus.

The characteristic relaxation times for each LSL/PVP solution are
shown in Table 2 aswell as the values of thefittingparameter A. Besides,
since reasonably constant values of the extensional viscosity were
achieved in the very short time scale (see Fig. 3b), these short time-
limiting extensional viscosity values (ηext,0) were also provided in
Table 2. In Fig. 3b, the extensional viscosity is plotted in the form of
the Trouton ratio (Tr = ηext/η0), showing that the theoretical value of
Tr= 3 at low strains (or stretching times, in Fig. 3b) was reasonably ac-
complished, and subsequently increases with time. As expected, both
the characteristic relaxation time and apparent extensional viscosity in-
crease with total LSL/PVP concentration and decrease by increasing the
LSL:PVP ratio. Significantly higher relaxation times, i.e. around one
order of magnitude in most cases, were found in those solutions having
a total concentration of 15 wt% in comparison to those obtained with
Table 2
Electrical conductivity, surface tension and shear and extensional viscosity data of LSL/PVP solu
non-Newtonian solutions, and Eq. (3) fitting parameters, including the relaxation time in exte

Concentration
(wt%)

LSL:PVP
ratio (%)

Electrical conductivity,
ᴧ (μS/cm)

Surface tension,
σ (mN/m)

Newtonian
viscosity, μ (Pa·s

8
0:100 32.2 ± 0.3 34.21 ± 0.02 0.142 ± 0.022
10:90 134.2 ± 0.2 34.93 ± 0.04 0.115 ± 0.004
30:70 206.0 ± 0.8 35.01 ± 0.03 0.094 ± 0.004
50:50 252.3 ± 2.5 36.41 ± 0.02 0.061 ± 0.002
70:30 366.7 ± 2.5 36.30 ± 0.01 0.039 ± 0.003
90:10 393.0 ± 0.8 35.94 ± 0.01 0.004 ± 0.001

10
0:100 33.1 ± 0.4 35.12 ± 0.02 0.332 ± 0.002
10:90 138.7 ± 0.3 35.20 ± 0.05 0.287 ± 0.015
30:70 229.0 ± 3.1 35.33 ± 0.01 0.198 ± 0.008
50:50 271.3 ± 2.1 36.35 ± 0.01 0.094 ± 0.004
70:30 412.0 ± 2.0 36.63 ± 0.02 0.061 ± 0.005
90:10 441.7 ± 4.3 36.58 ± 0.01 0.016 ± 0.001

15
0:100 34.4 ± 0.3 35.74 ± 0,01 –
10:90 142.7 ± 0.6 35.95 ± 0.01 –
30:70 275.7 ± 0.9 36.50 ± 0.01 –
50:50 328.0 ± 2.1 36.63 ± 0.01 –
70:30 470.7 ± 1.9 36.91 ± 0.04 –
90:10 523.7 ± 4.7 37.12 ± 0.02 0.069 ± 0.003
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10 wt% solutions, coinciding with those systems for which a non-
Newtonian response was found in shear flow experiments. However,
as previously discussed, a certain viscoelastic character was also found
in some of the solutions with 10 wt% LSL/PVP total concentrations
(see Table 2), despite they displayed a Newtonian response in shear
experiments.

Figs. 4 and 5 show some representative SEM images of themorphol-
ogy of resulting LSL/PVP nanostructures obtained by electrospinning as
a function of LSL:PVP ratio and the solution concentration, respectively.
The actual LSL:PVP ratios comprising the generated electrospun nano-
structures were verified experimentally by means of TGA tests, using
pure lignin and PVP electrospun products as reference (see Fig. S1 and
Table S1 in the Supporting information). As can be observed in Fig. 4,
for a given LSL/PVP solution concentration, a transition from
micro-sized particles connected by thin filaments to electrospun fiber
mats was obtained by decreasing the LSL:PVP weight ratio in the solu-
tion. Moreover, it is worth noting that the diameter of the fibers in-
creased with the PVP:LSL ratio (Fig. 4) and LSL/PVP total concentration
(Fig. 5). At 15 wt% total LSL/PVP concentration and relatively high LSL:
PVP ratio, i.e. 70:30, but especially at 10 wt% total concentration (see
for instance Fig. 5b and e), some typical BOAS nanostructures found in
lignin/PEO electrospun solutions [38,42,43] were also obtained. From
solutions containing 8 wt% LSL/PVP total concentration and LSL:PVP ra-
tios above 50:50, nanofibers were not generated but electrosprayed
particles (see Fig. 5d).

Considering the physico-chemical properties of LSL/PVP solutions in
DMF (Table 2) and the electrospunmorphologies shown in Figs. 4 and 5,
it may be inferred that the ranges of surface tension and electrical
tions in DMF, as well as values of theWilliamsonmodel parameters (Eq. (1)), in the case of
nsional filament-thinning experiments.

)
ηo
(Pa·s)

k (s) m
(−)

Extensional viscosity,
ηext,0 (Pa·s)

Relaxation
time, λ (ms)

A
(−)

Do

(mm)

– – – – – – –
– – – – – – –
– – – – – – –
– – – – – – –
– – – – – – –
– – – – – – –
– – – 2.33 145 0.8 2.3
– – – 1.03 65 1.9 1.7
– – – 0.44 26 1.3 1.2
– – – 0.40 21 1.2 1.1
– – – 0.12 – – 0.9
– – – – – – –
1.84 1.3·10−2 0.69 5.61 331 1.5 2.4
1.49 1.1·10−2 0.70 4.72 230 1.7 2.0
1.19 4.7·10−3 0.77 2.99 208 1.6 1.9
0.81 3.1·10−3 0.78 1.89 114 1.7 1.8
0.45 2.2·10−3 0.93 0.92 39 2.7 1.4
– – – 0.17 – – 1.3



Fig. 2.Viscous flow curves of LSL/PVP solutions in DMF at 15%wt., as a function of LSL:PVP
ratio and fitting to the Williamson model (Eq. (1)).
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conductivity values of the solutions are, in general, suitable to obtain
nanofibers and not especially relevant for tailoring a certain morphol-
ogy. On the contrary, as discussed in the above referenced works, the
achievement of bead-free uniform fibers, BOAS structures or just
electrosprayed particles is crucially dependent on the rheological prop-
erties of the electrospun solutions. For instance, by analysing the hydro-
dynamic properties of sulphur-free softwood lignin/PEO solutions,
Aslanzadeh et al. [38] pointed out that a certain volume fraction above
that corresponding to the polymer blend overlap critical concentration
is required to obtain bead-free uniform nanofibers, which is also
favoured by increasing PEO/lignin ratio and PEO molecular weight. On
the contrary, Dallmayer et al. [43] emphasized the role of the exten-
sional properties of Kraft lignin/PEO solutions, which were enhanced
by increasing either lignin concentration or PEO/lignin ratio, suggesting
a threshold value of the characteristic relaxation time, λ, of ~12 ms for
the transition from BOAS to bead-free fibers. These previous studies
are in agreement with the results shown herein. In our case, relatively
bead-free uniform fibers were obtained from LSL/PVP solutions having
characteristic relaxation times not lower than 26 ms, and especially
those exhibiting non-Newtonian behavior in shear tests, i.e. 15 wt%
total concentration. Nevertheless, some Newtonian solutions with
poor elastic characteristics but a certain extensional viscosity, like
those having 10 wt% concentration and 70:30 LSL:PVP ratio or even
8 wt% concentration and 50:50 LSL:PVP ratio, are able to generate
Fig. 3. Evolution of a) normalized filament diameter and b) Trouton ratio with time in the trans
PVP ratio.
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beaded nanofibers. On the other hand, homogeneously arranged BOAS
morphologies were scarcely found. More typically, uniform nanofibers
with some few beaded fibers (see Fig. 5a, b or e) or even well-
developed electrospun fiber mats with embedded micro-sized particles
(see Fig. 4c) were found. However, it is worth to mention that the total
LSL/PVP concentrations of electrospun solutions are significantly lower
than those reported in the previous literature for lignin/PEO solutions,
below the critical overlap concentration as previously mentioned. For
this reason, at a 90:10 LSL:PVP ratio, the Taylor cone formed during
the electrospinning process is, in the best cases, relatively unstable,
resulting the micro-sized particles connected by thin filaments shown
in Fig. 4a, or just electrosprayed particles for the lower concentrations,
i.e. 8–10 wt% (see Fig. 5d). In contrast, uniform electrospun fibers
mats were generally obtained at relatively low LSL/PVP concentrations
and slightly lower LSL:PVP ratios (see for instance Fig. 5e at 10 wt%
total concentration and 70:30 LSL:PVP ratio). Finally, more densely dis-
tributed and thicker fibers were obtained by decreasing the LSL:PVP
ratio (see Fig. 4c and d).

3.2. Oil structuring ability of LSL/PVP nanostructures

To examine the ability to form oleogels, the different electrospun
LSL/PVP composite nanostructures were blended with castor oil by ap-
plying the simple methodology described in the Materials and
methods section. For this study, the nanostructures obtained from
10 wt% LSL/PVP solutions were selected. As illustrated in Fig. 6a, the
LSL/PVP nanostructure containing a 90:10 LSL:PVP ratio generally
formed unstable dispersions, in which phase separation began to be de-
tected immediately after blending the components. Only LSL/PVP nano-
structures/castor oil blends at relatively high concentrations, i.e. 30wt%,
were physically stable against phase separation. On the contrary, nano-
structures achieved with lower LSL:PVP ratios formed physically stable
oleogels (see Fig. 6), with the exception of the nanostructure containing
a 70:30 LSL:PVP proportionwhich also showed limited stability at 10wt
% concentration in castor oil, exhibiting phase separation after 24–48 h
from preparation (see Fig. 6d). In general, it can be concluded that the
formation of uniform bead-free fibers or beaded fibers by
electrospinning is required to form physically stable oleogels, whereas
electrosprayed spherical particles, or randomly distributed aggregates
of particles interconnected by thin filaments, inexorably give rise to un-
stable dispersions. Therefore, nanofiber mats are able to entrap castor
oil more favourably, thus enhancing the physical interactions between
the oil and the LSL/PVP composite nanofibers. In this sense, the
oleogelation mechanism seems to be very similar to that proposed for
ient extensional experiments for LSL/PVP solutions in DMF at 15% wt., as a function of LSL:



a) b) 

c) d) 

Fig. 4. SEM images of electrospun LSL/PVP nanostructures obtained from solutions in DMF at 15% wt at different LSL:PVP ratios: a) 90:10, b) 70:30, c) 50:50, and d) 30:70 (magnification
x4000).
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dried foam-templates [17,64] or protein freeze-dried aggregates [65],
where the oil is absorbed in the generated voids by directly immersing
or dispersing these templates or powders into the oil. These authors em-
phasized the importance of obtaining large available surface areas to
achieve self-standing oleogels.

Besides, as can be seen at first glance in Fig. 6, variable oleogel con-
sistency was obtained depending on the nanofiber LSL:PVP ratio and
their concentration in castor oil. Fig. 7 shows the mechanical spectra
of resulting oleogels as a function of LSL/PVP nanofiber concentration
(Fig. 7a) and nanofiber LSL:PVP ratio (Fig. 7b). The evolution of the lin-
ear viscoelastic functionswith frequency is, in all cases, concordantwith
the definition given by Almdal et al. [66] for solid-like gels, i.e. a plateau
region with G' higher than G" in the whole frequency range studied. As
expected, the values of both SAOS functions increased with nanofiber
concentration (Fig. 7a), as typically found in other oleogels and gel-
like dispersions such as lubricating greases [25,67,68]. This fact allows
the consistency of the oleogel to be modulated or adjusted, within de-
cades of G' and G" values, once the electrospun nanostructure is able
to stabilize the system, as typically done in the lubricating grease indus-
try bymodifying the concentration of metallic soap thickeners to adjust
the NLGI degree [69]. Moreover, the relative elasticity of the oleogel
slightly increases with nanofibers content (average values of the loss
tangent changing from 0.45 to 0.15 when varying concentration from
10 to 30% wt.). On the other hand, at a fixed concentration, a decrease
in the nanofiber LSL:PVP ratio also produced an enhancement of oleogel
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strength, significantly increasing the values of the SAOS functions (see
Fig. 7b). Finally, gel-like rheological properties are not greatly affected
by temperature up to around 100 °C (see Fig. S2 in the Supporting infor-
mation), which is also a desirable feature for a potential use as lubricat-
ing grease [70]. SAOS functions decreased with temperature in the
10–50 °C range but, unexpectedly, a certain reversible temperature-
induced hardening effect was found above 50 °C, which needs to be in-
vestigated in more detail.

3.3. Tribological performance of LSL/PVP nanostructures-based oleogels

To explore a potential industrial application of these LSL/PVP
nanostructures-based oleogels as bio-based lubricating grease formula-
tions, the tribological performance was assessed in a ball-on-plates
steel-steel tribological contact [54]. Table 3 collects the stationary values
of the friction coefficient and the corresponding average diameter of
wear scars generated during the friction experiments. In general, satis-
factory values of the friction coefficient were obtained, comparable to
or even lower than those obtained under similar operating conditions
when conventional lithium and calcium greases [9,71], or functional-
ized cellulose- or lignin-based oleogels [9,10] were used as lubricants.
The higher friction coefficient values were foundwhen oleogel samples
with softer rheological characteristics were used as lubricants, i.e.
oleogels formed with the 90:10 LSL:PVP nanostructure at 30 wt% and
70:30 and 50:50 LSL:PVP nanofibers at 10 wt%. On the contrary, those



a) b) c) 

d) e) f) 

Fig. 5. SEM images of electrospun LSL/PVP nanostructures obtained from solutions having different LSL:PVP total concentration: a) 8% wt. 50:50 LSL:PVP ratio, b) 10% wt. 50:50 LSL:PVP
ratio c) 15% wt. 50:50 LSL:PVP ratio, d) 8% wt. 70:30 LSL:PVP ratio, e) 10% wt. 70:30 LSL:PVP ratio and f) 15% wt. 70:30 LSL:PVP ratio (magnification x4000).
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samples exhibiting enhanced gel strength significantly reduced friction,
as for instance oleogels containing 30 wt% and 20 wt% of 70:30 and
50:50 LSL:PVP nanofibers, respectively. Moreover, wear wasminimized
or even completely prevented when using these relatively strong
oleogels as lubricants in the tribological cell. For instance, not wear
a) b) 

d) e) 

Fig. 6. Physical appearance of a-c) LSL/PVP nanostructures of different LSL:PVP ratios dispersed
dispersed in castor oil at several concentrations (a: 10% wt., b: 20% wt., c: 30%).
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mark was detected by microscopy analysis for oil structured with
70:30 and 50:50 LSL:PVP nanofibers at 30 wt% and 20 wt% concentra-
tion, respectively (Table 3). In contrast, larger wear scars were gener-
ated when using softer oleogels, especially the one composed of
micro-sized particles instead of nanofibers, i.e. the 90:10 LSL:PVP ratio
c) 

f) 

in castor oil at 20%wt. (a: 90:10, b: 70:30, c: 50:50), and d-f) 70:30 LSL:PVP nanostructure



Fig. 7.Mechanical spectra (G′: filled symbols; G″: empty symbols) of electrospun LSL/PVP nanofibers-based oleogels, as a function of a) nanofiber concentration (70:30 LSL:PVP ratio) and
b) LSL:PVP ratios (20 and 30% nanofiber concentration).
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nanostructure (see Table 3 and Fig. S3 in the Supporting information).
Since the oil medium was the same in all oleogel samples, the differ-
ences found must be attributed to the morphology of the electrospun
nanostructures used as structuring agent. As above mentioned, well-
developed and uniform nanofiber mats favour oil entrapment and are
able to penetrate in the lubricating contact as a whole, promoting oil re-
lease only once the nanostructure is highly stressed in the contact. In-
stead, it can be hypothesized that the nanostructure of softer oleogels
and, especially, those comprising micro-sized particles, at high LSL:
PVP ratios, may have higher difficulty in penetrating into the contact
but, at the same time, probably more easily release oil, which tends to
enter into the contact by itself, thus reducing the lubricant film thick-
ness and favouring friction and wear.

4. Conclusions

Different micro- and nano-structures were successfully obtained by
electrospinning from low sulfonate Kraft lignin (LSL)/polyvinylpyrroli-
done (PVP) solutions in DMF. In general, LSL/PVP solutions showed ap-
propriate surface tension and electrical conductivity values for
electrospinning. However, themorphology of the composite nanostruc-
ture generated is greatly affected by the rheological properties of the so-
lution, which depends on the LSL/PVP total concentration and LSL:PVP
ratio. Electrosprayed nanoparticles or micro-sized particles connected
by thin filaments were obtained from solutions with low LSL/PVP con-
centrations and/or high LSL:PVP ratios, whereas beaded fibers and uni-
form fibers mats were obtained by increasing the solution
concentration and/or decreasing the LSL:PVP ratio.

The formation of bead-free uniform nanofibers was favoured by
using LSL/PVP solutions with certain viscoelastic characteristics in
Table 3
Values of the friction coefficient and wear scar average diameter obtained in a tribological
cell when using the electrospun LSL/PVP nanofibers-based oleogels as lubricants.

LSL:PVP
ratio (wt%)

Concentration of LSL/PVP
nanostructures (wt%)

Friction
coefficient (−)

Wear scar
diameter (μm)

50:50 20 0.049 ± 0.003 –
10 0.208 ± 0.015 361 ± 37

70:30 30 0.054 ± 0.005 –
20 0.093 ± 0.010 346 ± 46
10 0.135 ± 0.006 362 ± 53

90:10 30 0.176 ± 0.056 959 ± 81
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filament-thinning extensional tests, i.e. showing relaxation times of at
least 26 ms, and non-Newtonian character in shear tests. The diameter
of nanofibers increasedwith both the PVP:LSL ratio and total concentra-
tion. Regardless of the concentration, solutionswith 90:10 LSL:PVP ratio
were not able to generate fibers but, in the best case, micro-sized parti-
cles connected by filaments. However, uniform fibers with some few
beaded fibers randomly distributed were achieved from solutions with
relatively high LSL:PVP ratios or low LSL/PVP concentration, like for in-
stance those having 10% wt. concentration and 70:30 LSL:PVP ratio or
8% wt. concentration and 50:50 LSL:PVP ratio.

Generated electrospun LSL/PVP fiber mats were able to form stable
oleogels simply by dispersing them into the castor oil at concentrations
between 10 and 30wt%. The formation of, at least, beaded fiberswas re-
quired to physically stabilize the oleogels. Instead, the micro-sized par-
ticles connected by filaments generally gave rise to unstable
dispersions. The rheological properties of the oleogels may be tailored
by modifying the LSL:PVP ratio, according to the morphology of the
nanofiber network, and nanofiber concentration. These oleogels also
demonstrated remarkable tribological performance to be potentially
applied as bio-based lubricating greases. Overall, electrospinning of lig-
nin/PVP solutions can be proposed as a simple and effective method to
produce micro- and nano-architectures for oil structuring purposes,
resulting in oleogels with potential applications in different fields,
such as in the lubricant industry.
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