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Abstract

This work focuses on the improvement of the electrospinnability of low-sulfonate
lignin (LSL)/polyvinylpyrrolidone (PVP) solutions by the addition of surfactants
(SDS, CTAB and Tween-20) as well as on the ability of resulting nanofibers to
structure castor oil. Solutions with two LSL/PVP weight ratios (70:30 and 90:10)
in DMF were prepared by adding variable surfactant concentrations (0—1 wt.%), and
physicochemically characterized. Electrical conductivity, surface tension and rheo-
logical measurements were performed. Variations of these physicochemical prop-
erties were explained on the basis of surfactant-polymer interactions. The addition
of surfactants to LSL/PVP solutions improves electrospinnability, producing more
compact and uniform fiber mats in 70:30 LSL/PVP systems, generally reducing the
average diameter of the nanofibers and the number of beads. In contrast, nanofiber
mats were not obtained with 90:10 LSL/PVP solutions, but different nanostructures
composed of particle clusters. Dispersions of nanofiber mats obtained by electro-
spinning from 70:30 LSL/PVP solutions in castor oil were able to generate physi-
cally stable strong oleogels. In general, linear viscoelastic functions of oleogels
increased with surfactant concentration. In addition, these oleogels exhibited excel-
lent lubrication performance in a tribological contact, with extremely low values of
the friction coefficient and wear diameters, which may lead to potential applications
as lubricants.
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Introduction

Nowadays, there is a growing interest in exploiting waste materials and by-prod-
ucts to manufacture end-use products and thus reduce resource depletion and/or
expensive disposal treatments [1—4]. This is the case of lignin, which is produced
in huge amounts in the paper industry where is considered a waste or low valu-
able by-product, and whose main use consists of direct incineration to recover
some of the energy spent during the process [5, 6]. So far, the valorization of
lignin as raw material in added-value products is scarcely explored, probably due
to its complex chemical nature and the variability of its composition and struc-
ture. However, this issue has recently been a matter of intensive research [7, 8]
and, nowadays, lignin is considered a renewable resource with great potential for
different industrial applications [9].

On the other hand, the development of bio-based oleogels from renewable raw
materials represents a target for the lubricant industry to mitigate the well-known
environmental problems associated with lubricant spillage [10]. In previous
research, the Chemical Process and Product Technology Research Center (Pro-
2TecS, University of Huelva) has dedicated great efforts to develop eco-friendly
oleogels, attempting to mimic the functional properties of traditional lubricating
greases [11, 12]. Among the different biopolymers tested as oil thickening agents,
lignins were found to be a promising alternative upon chemical modifications,
such as epoxidation [13, 14] or isocyanate functionalization [15-17], that pro-
mote the formation of chemical gels by generating covalent bonds between lignin
and vegetable oil. However, despite the fact that these final formulations may
be considered bio-based, inert, and non-toxic materials, some of these chemical
modifications involve the use of non-green chemicals and solvents and, there-
fore, alternative cleaner processes and methodologies must be further explored.
In a previous work [18], the electrospinning technique was employed to produce
lignin nanofibers with the ability to physically structure vegetable oils by sim-
ply dispersing the electrospun nanofiber mats in the oil, thus avoiding previous
complex chemical functionalization. This procedure results in a much simpler
and green strategy to produce oleogels. However, to obtain appropriate nanofiber
morphologies, lignin must be doped with a readily electrospinnable polymer such
as PVP. Besides, in general, the lignin electrospinning process still has room for
improvement, for instance by optimizing the physicochemical properties of the
solution to be electrospun.

The addition of surfactants to polymer solutions has been a common practice
to improve electrospinnability, mainly due to a drastic reduction of the surface
tension, but also to the modification of other important physicochemical proper-
ties such as viscosity and electrical conductivity. The change in these properties
depends on the nature of the polymer and the surfactant that govern the inter-
actions between them. For instance, Kumar and Tyagi [19] studied the interac-
tions between PVP and anionic surfactants, such as SDS and a carboxylate-based
dimeric surfactant. Different conformations of the PVP-surfactant complexes
were proposed depending on the surfactant concentration ranges, delimited by
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the critical aggregation concentration (CAC) and the critical micellar concentra-
tion (CMC), respectively. The CAC was defined as the surfactant concentration
required for the onset of the interaction between the surfactant and the polymer.
These authors also proposed simple experimental methods to determine these
critical concentrations through conductometric and surface tensiometric measure-
ments. On the other hand, Wang et al. [20] observed a considerable increment in
the viscosity of PEG/surfactant solutions which they associated with the forma-
tion of transient polymer networks crosslinked by surfactant micelles.

In direct relation with the improvement of electrospinnability, Jia et al. [21] and
Fang et al. [22] studied polymer-surfactant interactions in PVA and lignin/PVA solu-
tions, respectively, and how these interactions influence the physicochemical proper-
ties of the solution depending on the nature of both the polymer and the surfactant.
Jia et al. [21] concluded that, apart from the beneficial effect of decreasing the sur-
face tension, the solution viscosity steadily increased with the concentration of ionic
surfactants, which was attributed to the formation of PVA-surfactant complexes,
while non-ionic or amphoteric surfactants did not significantly affect the solution
viscosity. In the presence of lignin, Fang et al. [22] also attributed the increase in
viscosity to the formation of complexes after exceeding a critical surfactant concen-
tration, depending on the type of surfactant. This increase was especially relevant in
the case of SDS. However, they obtained a decrease in viscosity with cationic and
non-ionic surfactants due to favorable electrostatic forces or the absence of coopera-
tive binding among the complexes. Araujo et al. [23] investigated the improvement
of the electrospinnability of PVA solutions by reducing the surface tension upon
the addition of a non-ionic surfactant, reporting an important reduction of beads
in the nanofiber mats as surfactant concentration increased, finally yielding almost
bead-free nanofibers at high surfactant concentration. Similarly, Kriegel et al. [24]
concluded that the addition of surfactants to PEO/chitosan solutions induced an
improvement in membrane morphology, decreasing the bead content. The solution
properties were especially affected by the interaction of ionic surfactants and chi-
tosan, which is a polycationic polymer. In the same line, Wang et al. [25] reported a
significant decrease in the nanofiber width by adding a non-ionic surfactant to elec-
trospun PVP solutions.

In this work, the addition of surfactants to lignin/PVP solutions was studied aim-
ing to improve electrospinnability and reduce heterogeneity and the appearance of
defects and beads in the morphology of nanofibers. Further, how this morphology
affects the ability of nanofiber mats to structure castor oil was investigated as well
as the potential use of resulting oleogels as lubricants by analyzing their rheological
and tribological properties.

Experimental
Materials

Low sulfonate Kraft lignin (LSL, M,:~10,000 g/mol) and polyvinylpyrro-
lidone (PVP, M,,:~360,000 g/mol) were obtained from Merck Sigma-Aldrich. N,
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N-Dimethylformamide (DMF, purity >99.8%) was used as solvent to prepare LSL/
PVP solutions. Sodium dodecyl sulfate (SDS), hexadecyltrimethylammonium bro-
mide (CTAB) and polyethylene glycol sorbitan monolaurate (Tween-20) were used
as anionic, cationic and non-ionic surfactants, respectively, in LSL/PVP solutions,
all of them also purchased from Merck Sigma-Aldrich. Castor oil was supplied by
Guinama (Spain), whose main physical properties and fatty acid composition can be
found elsewhere [26].

Preparation and physicochemical characterization of LSL/PVP solutions

LSL/PVP solutions in DMF were prepared at a 15 wt.% total concentration and two
different LSL/PVP weight ratios (70:30 and 90:10). SDS, CTAB or Tween-20 was
also added at small concentrations in the range 0-1 wt.% The surfactant was dis-
solved for two hours at 50 °C in DMF under agitation. The corresponding amounts
of LSL and PVP were then added while maintaining magnetic stirring for 24 h. The
final solution was then centrifuged for 10 min at 3000 rpm and filtered to verify the
complete dissolution.

Rheological characterization was carried out in a controlled-strain rheometer
(ARES, Rheometric Scientific), in a shear rate range of 0.03-300 s7!, at25°C, using
a Couette geometry (inner radius 16 mm, outer radius 17 mm, height 33.35 mm).
LSL/PVP solutions are Newtonian for a 90:10 LSLS/PVP weight ratio, whereas at
a 70:30 LSLS/PVP weight ratio they showed a non-Newtonian flow response which
was satisfactorily fitted (R*>0.995) to the Williamson model:

_ o

n=——
L+(&Kvr)" M

where 7 is the apparent viscosity, 7 is the shear rate, n, is the zero-shear-rate-limiting
viscosity, and m and K are fitting parameters.

Electrical conductivity was measured using a LAQUA PC-110 conductivity
meter (Horiba Scientific) at room temperature. Surface tension was measured in a
Sigma 703D tensiometer (Biolin Scientific) using a Wilhelmy platinum plate with a
measuring range of 1-1000 mN/m. All measurements were replicated at least twice.

Electrospinning process and morphological characterization of electrospun
nanostructures

LSL/PVP solutions in DMF were submitted to electrospinning in a Doxa Microflu-
ids equipment using a 10-ml BD syringe of 11.99 mm internal diameter and a flat
20G needle connected to a high voltage power source, where the negative terminal
was connected to an aluminum collector plate and the positive terminal to the nee-
dle, in a horizontal configuration. The distance between needle and collector was set
at 10 cm, and the feed flow and voltage applied were varied in the 0.5-1 ml/h and
17-21 kV ranges, respectively. A camera coupled to the electrospinning chamber
was used to control the correct formation of the Taylor cone and detect flow insta-
bilities. All experiments were carried out at room temperature (2241 °C).
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The morphology of the nanostructures obtained by electrospinning was assessed
by scanning electron microscopy (SEM) observations carried out on both the JEOL,
model JXA-8200 SuperProbe, and the Hitachi, model FlexSEM 1000 II, micro-
scopes, operating at 10-20 kV accelerating voltages and different magnifications.
The open-source FIJI ImageJ analysis program was used to analyze the SEM images.

Preparation and characterization of oleogels

LSL/PVP nanofiber templates obtained by electrospinning were dispersed in castor
oil by applying agitation with an anchor geometry, at room temperature, for 24 h.
The concentration of electrospun mats was fixed at 20% wt. The homogeneity of
oleogel microstructure was verified with an Olympus BX51 optical microscope.

Resulting oleogels were rheologically characterized using a Rheoscope (Ther-
moHaake) controlled-stress rheometer and an ARES (Rheometric Scientific) con-
trolled-strain rheometer, at 25 °C, using plate-plate geometries (25 and 35 mm
diameter, respectively, and 1 mm gap). Small-amplitude oscillatory shear (SAOS)
tests were performed inside the linear viscoelastic regime in a frequency range of
0.08-100 rad/s. At least two replicates of each test were performed.

Oleogels were also tribologically characterized to explore potential applications
as lubricants. The tribological characterization was carried out in a tribological cell
coupled to a Physica MCR-501 (Anton-Paar) controlled-stress rtheometer, using a
1/2"-diameter steel ball-on-three 45°-inclined steel plates configuration. Constant
axial normal load and a rotational speed of 30 N and 20 min~!, respectively, were
applied for 10 min, while recording the friction coefficient values. The effective
normal force on plates and friction coefficient were calculated from the applied
axial normal force, the friction force measured by the rheometer and the ball radius
according to Heyer and Liuger [27]. At least four replicates of each test were carried
out at ambient temperature.

Results and discussion
Influence of surfactants on the physicochemical properties of LSL/PVP solutions.

All LSL/PVP solutions are Newtonian for a 90:10 LSLS/PVP ratio, independently
of the type and concentration of the surfactant. The viscosity values at 25 °C are
shown in Table 1. As can be seen, the viscosity of LSL/PVP solutions initially
decreased with surfactant addition and then increased from a critical concentration
(~0.1 wt.%), in the case of ionic surfactants (SDS and CTAB). However, viscos-
ity slightly decreased initially and remained almost constant when adding a non-
ionic surfactant (Tween-20). Similar effects have been reported for lignin/PVA
solutions in water [22], which were attributed to the different surfactant-lignin and
surfactant—-neutral polymer interactions. On the one hand, neutral polymers such as
PVP and surfactants are able to form different kinds of associations depending on
the concentration, which in turn may entail interactions between polymer chains
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Table 1 Physicochemical properties of LSL/PVP 90:10 solutions containing different types and concen-
trations of surfactants

Solution Viscosity (1) (Pa-s) Electrical conductivity — Surface tension (o)
(k) (nS/cm) (mN/m)
90:10 LSL/PVP (sur- 0.07+2.8107 523.7+4.7 37.12+0.02
factant-free)
90:10 LSL/PVP+SDS
0.01% 0.07+3.3-1072 540.7+2.0 36.37+0.32
0.05% 0.06+4.8-1073 549.7+2.1 3495+0.12
0.1% 0.02+5.1-1072 665.3+2.5 33.21+0.09
0.5% 0.06+2.7-1072 984.6+2.7 32.75+0.11
1% 0.26+1.5-107" 1063.6+2.3 30.27+0.21
90:10 LSL/PVP + Tween-20
0.01% 0.06+2.1-1072 516.1+1.6 37.19+0.08
0.05% 0.05+5.3-107 545.1+9.5 36.11+0.11
0.1% 0.05+1.3-1072 519.3+4.04 32.29+0.23
0.5% 0.03+1.2:107 504.3+5.7 30.95+0.88
1% 0.04+6.7-107 536.4+6.8 30.08+1.45
90:10 LSL/PVP + CTAB
0.01% 0.07+1.5-107 544.6+1.2 36.42+1.91
0.05% 0.06+9.3-107% 548.0+4.6 34.67+0.15
0.1% 0.05+1.4-107 573.3£2.5 32.02+0.76
0.5% 0.08+6.4-107 672.1+1.0 29.49+0.31
1% 0.11+3.3-107 892.3+3.6 29.12+0.19

and single surfactants molecules, or more complex assemblies involving surfactant
aggregations and micelles [19, 20]. These associations are driven by electrical and
hydrophobic interactions yielding an increase in viscosity especially in the case
of ionic surfactants. For non-ionic surfactants, the cooperative binding between
the surfactant and polymer is much more constrained [21]. On the other hand, the
polar hydroxyl and carboxyl groups of lignin are able to interact electrostatically
with ionic surfactants. Fang et al. [22] argued that the cationic surfactant interacts
with lignin forming binary complexes and reducing the interaction between a neutral
polymer (PVA) and both lignin and surfactant, at least up to a critical aggregation
concentration, whereas the electrostatic repulsion between SDS and lignin prevents
the formation of such complex but reinforces the entanglement among SDS, lignin
and PVA. In general, the increase in viscosity is especially favored by the forma-
tion of surfactant—polymer complexes above a critical concentration known as criti-
cal aggregation concentration (CAC), which determine the onset of the interaction
between the surfactant and the polymer.

For a lower LSL/PVP weight ratio (70:30), the solutions showed a non-New-
tonian response and the viscosity always increased with surfactant concentra-
tion above 0.01 wt. %, regardless of the type of surfactant. This means that the
cooperative associations among lignin, PVP and surfactants are dominated by
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Table 2 Physicochemical properties and Williamson fitting parameters of 70:30 LSL/PVP solutions con-
taining different types and concentrations of surfactants

Sample 1, (Pa-s) K10 (s) m Electrical con-  Surface tension (o)
ductivity (k) (mN/m)
(uS/cm)

70:30 LSL:PVP (sur- 0.54 33 0.53 470.7+ 1.9 36.91+0.04

factant-free)
70:30 LSL:PVP+SDS

0.01% 0.39 9.7 0.86 7773+3.5 35.13+0.12
0.05% 0.88 4.1 0.54 787.1x1.4 27.87+0.15
0.1% 1.02 3.8 0.52 801.3+7.1 24.36+0.11
0.25% 1.29 53 0.51 830.1+7.1 23.31+0.17
0.5% 1.79 44 0.61 850.1+1.2 23.88+0.05
0.75% 2.15 5.4 0.73 858.1+2.1 2278 +0.08
1% 2.67 73 0.82 919.2+4.1 22.71+0.03
70:30 LSL:PVP+Tween-20

0.01% 0.42 9.7 0.96 499.1+2.1 35.48+£0.07
0.05% 0.95 2.9 0.64 464.3+3.1 31.01+£0.06
0.1% 1.14 33 0.84 438.1+£3.1 25.63+0.09
0.5% 1.44 44 0.77 467.1x3.1 23.04+0.13
1% 2.05 4.9 0.85 482.7+0.6 22.27+0.11
70:30 LSL:PVP+CTAB

0.01% 0.38 9.9 0.95 579.7+2.1 35.11+£0.06
0.05% 0.43 9.7 0.83 671.3+4.5 30.79+£0.09
0.1% 0.98 2.8 0.73 7783+2.5 23.09+0.02
0.5% 1.34 39 0.58 841.3+2.1 20.55+0.12
1% 1.88 7.1 0.67 846.7+2.3 20.66+0.18

the PVP-surfactant interactions [19]. The non-Newtonian flow response com-
prises almost constant values of viscosity over 2-3 decades and a subsequent
shear-thinning region at relatively high shear rates, which can be described by
the Williamson model, as shown for selected systems in Fig. 1. The correspond-
ing fitting parameters for each solution are included in Table 2. A shear-thinning
response was already evinced in the surfactant-free solution, thus PVP being
the main responsible for the increased level of entanglements, which has been
reported to be fundamental for the correct formation of fibers during the elec-
trospinning [24, 28]. In general, the addition of surfactants may enhance, or not,
the shear-thinning character of these complex solutions, depending on the pre-
dominant associations among the neutral polymer, lignin and the surfactant, as
well as on surfactant concentration [22, 24]. In these systems, a small addition
of surfactant, i.e. 0.01 wt. %, significantly enhanced the shear-thinning character
(see higher values of parameter m in Table 2), suggesting the formation of new
associations where the surfactants are involved. However, the addition of higher
amounts of surfactants seems to dampen this effect but mainly to delay the onset
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Fig.1 Viscous flow curves of LSL/PVP 70:30 solutions in DMF as a function of SDS concentration.
Solid lines refer to the Williamson model fits (Eq. 1)

of shear thinning to higher shear rates (lower K values). More important, the
values of the zero-shear-rate-limiting viscosity noticeably increased above a
very low level of surfactant addition, i.e. 0.01 wt.%.

Apart from the impact on viscosity, surfactant addition influences other phys-
icochemical properties of relevance for electrospinning such as electrical con-
ductivity and surface tension. Surface tension and electrical conductivity val-
ues can be found in Tables 1 and 2 for all the LSL/PVP solutions studied. As
expected, the addition of anionic and cationic surfactants significantly increased
the electrical conductivity, yielding increments of around 90-100% with respect
to the surfactant-free solutions when adding 1 wt.%. On the contrary, electrical
conductivity is not much affected when adding the non-ionic surfactant (Tween-
20). Moreover, as has been widely reported in the literature [21-25, 29], the
addition of surfactants considerably decreases the surface tension of polymer
solutions, with huge impact on the electrospinning process. This decrease in
surface tension was especially relevant for the 70:30 LSL/PVP weight ratio,
for which a reduction down to 20-23 mN/m was obtained. This means that
the PVP-driven polymer—surfactant complexes have a superior surface activity
than those dominated by LSL-surfactant interactions. In addition, the surface
tension reduction was similar for all the surfactants studied although slightly
larger for CTAB. The surface tension sharply decreased with a small addition
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Fig.2 Evolution of surface tension with surfactant concentration and determination of the critical aggregation
concentration (CAC) for a LSL/PVP/SDS b LSL/PVP/ Tween-20, and ¢ LSL/ PVP/CTAB solutions
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of surfactant and then reached an almost plateau value. This behavior is related
to the presence and mobility of single surfactant molecules, and it is very well
known for polymer-free surfactant solutions, where the surface tension signifi-
cantly decreases up to reach the critical micelle concentration. In the case of
polymer solutions, this plateau was reached earlier, at around CAC, when the
surfactant mobility is reduced because of the polymer-surfactant interactions, as
reported for PVP-surfactant solutions [19]. In fact, one of the methods proposed
to determine the value of the critical aggregation concentration (CAC) is based
on the variation of the surface tension with surfactant concentration [19, 30], as
illustrated in Fig. 2. Thus, the CAC at which the polymer starts to interact with
the surfactant determines the critical point for a reduction in surface activity. In
the LSL/PVP solutions studied, the CAC is very similar for all the surfactants
studied and varies between 0.08 and 0.12 wt.%. Slightly higher CACs than those
obtained in this study for LSL-PVP-SDS solutions were reported for PVP-SDS
solutions [19].

Effect of surfactant addition on the electrospinnability of LSLS/PVP solutions
and morphology of electrospun nanostructures

For a 70:30 LSL/PVP weight ratio, all the solutions were electrospinnable and
nanofiber mats were obtained regardless of the type and concentration of sur-
factants, including the surfactant-free solution. This is due to a convenient combi-
nation of electrical conductivity, surface tension and rheological characteristics.
As well known [31], both an increase in conductivity and a decrease in surface
tension favor the stretching of nanofibers, whereas viscosity retards the stretch-
ing, thus reducing the filament rupture and/or increasing fiber diameter. On the
other hand, a marked shear-thinning behavior favors filament stretching at high
spinning flow rates and enhances jet formation.

As can be observed in Fig. 3, the addition of surfactant at concentrations around or
above CAC produced more compact and uniform fiber mats with a higher amount of
junctions and interconnected thin fibers due to improved electrospinnability, as a result
of the increased level of entanglements in polymer solutions. However, the morphol-
ogy of the nanofibers depends only slightly on the type and concentration of surfactant
when added above this CAC. The presence of embedded particles and/or formation
of large lumps eventually detected in nanofibers obtained from the surfactant-free
solution (see Fig. 3a) were reduced with surfactant addition although not completely
eliminated. Instead, morphologies very similar to those obtained from surfactant-free
solutions were found at surfactant concentrations below CAC (results not shown).
Moreover, typical beads appearing in lignin nanofibers [32] are scarcely present when
adding surfactants and tend to disappear at high SDS and Tween-20 concentrations.
However, some beaded nanofibers are apparent when adding CTAB, even at 1 wt.%
(Fig. 3j). This fact can be explained on the basis of the more favorable interaction
between CTAB and lignin, excluding PVP to some extent from the complexes, which
also is associated to a lower shear-thinning character in comparison with SDS and
Tween-20 (see m values in Table 2). On the other hand, thicker fibers and/or bundles
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Fig. 3 SEM Images of 70:30 LSL/PVP nanofibers mats obtained with different types and concentrations
of surfactants: a surfactant-free, b 0.1 wt.% SDS, ¢ 0.5 wt.% SDS, d 1 wt.% SDS, e 0.1 wt.% Tween-20, f
0.5 wt.% Tween-20, g 1 wt.% Tween-20, h 0.1 wt.% CTAB, i 0.5 wt.% CTAB and j 1 wt.% CTAB. (Mag-
nification 4000x, scale bars correspond to 5 pm)

of fibers were found in nanofiber mats containing 1 wt.% SDS (see Fig. 3d), which
may be related to the particularly high viscosity of the spinning solution (see Table 2).
In contrast, highly homogeneous and almost bead-free thin fiber mats were especially
obtained from solutions containing high contents of Tween-20 (see Fig. 3g). This fact
suggests that surfactant-polymer complexes favored by ionic surfactants cause a cer-
tain degree of agglomeration producing beaded fibers and/or bundles to some extent.
Average fiber diameter generally decreased with surfactant concentration, as shown in
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Fig.4 Average fiber diameter of LSL/PVP 70:30 solutions containing different types and concentrations
of surfactants

Fig. 4. This phenomenon is mainly due to the surfactant-induced reduction in surface
tension and enhanced shear-thinning character, making easier the stretching of the jet
in the Taylor cone, and has been widely reported for instance for PVP, PVA and lignin/
PVA nanofibers [21, 25, 33]. Fiber diameter was especially reduced by adding 1 wt.%
Tween-20 or CTAB to the electrospun LSL/PVP solution. In contrast, as discussed
above, the more entangled LSL-PVP-SDS complexes generally imparting higher vis-
cosity to the solution seem to promote the formation of thicker fibers or fiber bundles,
slightly increasing the average fiber diameter at high SDS concentration.

For a higher LSL/PVP weight ratio, i.e. 90:10, nanofibers were not obtained
but electrosprayed particles connected by thin filaments, probably as a result
of not high enough levels of entanglements in the polymeric solutions. Moreo-
ver, the addition of surfactant is not advantageous for obtaining fibers, although
some unusual nanostructures were produced, and particle size was significantly
reduced. As can be seen in Fig. 5, the addition of small amounts of SDS or CTAB
leads to the appearance of uniform structures composed of clusters of small
(nanosized) particles. In the particular case of Tween-20, some networks of such
small particles and agglomerates are apparent.

Oil structuring ability

The different electrospun nanostructures obtained from LSL/PVP/surfactant solu-
tions were mixed with castor oil, at 20% wt. concentration, to examine the ability
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Fig.5 SEM Images of 90:10 LSL/PVP nanostructures obtained with different types of surfactants: a sur-
factant-free, b 0.1 wt.% SDS, ¢ 0.1 wt.% Tween-20 and d 0.1 wt.% CTAB. (Magnification 10,000x, scale
bars correspond to 1 pm)

(@) (b)

(e) ® ® (h)

Fig.6 Blends of castor oil and LSL/PVP nanostructures at 20 wt.% concentration. Upper row, 70:30
LSL/PVP nanofibers, a surfactant-free, b 0.5 wt.% SDS, ¢ 0.5 wt.% Tween-20 and d 0.5 wt.% CTAB.
Lower row, 90:10 LSL/PVP nanostructures, e surfactant-free, f 0.5 wt.% SDS, g 0.5 wt.% Tween-20 and
h 0.5 wt.% CTAB
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Fig.7 Evolution of linear viscoelastic functions with frequency for oleogels prepared with 20 wt.% of »
70:30 LSL/PVP electrospun nanofibers by adding a SDS, b Tween-20 and ¢ CTAB surfactants at differ-
ent concentration

to form oleogels. As can be observed in Fig. 6, nanofiber mats obtained by elec-
trospinning from 70:30 LSL/PVP solutions were able to generate physically stable
and though oleogels (Fig. 6a—d). However, the nanostructures obtained upon addi-
tion of surfactants (SDS, Tween-20 or CTAB) to a 90:10 LSL/PVP solution promote
the formation of apparently thickened liquids or soft gels (see Fig. 6f-h), whereas
the nanostructure obtained from the surfactant-free solution yields an unstable dis-
persion where a certain degree of separation can be appreciated (see Fig. 6e). In
general, the formation of well-developed nanofiber mats, regardless the presence of
beads or bundles, was required to noticeably structure oil. As previously reported
[18], nanofiber mats are able to entrap castor oil more favorably in the porous net-
work, thus enhancing the physical interactions between the oil and the LSL/PVP
fibers. Figure 7 shows the influence of surfactant concentration on the rheological
response of oleogels prepared with 70:30 LSL/PVP nanofibers. The evolution of the
storage (G”) and loss (G") functions with frequency is concordant with the definition
given by Almdal et al. [34] for solid-like gels and qualitatively similar in all cases.
Differences of around one decade between both SAOS functions can be observed as
well as small slopes of the G’ and G” vs. frequency plots. In contrast, gels prepared
by dispersing 90:10 LSL/PVP nanofibers in castor oil exhibited rheological charac-
teristics of soft gels (Fig. 8), with values of G’ and G" much lower to those shown in
Fig. 7 and a tendency to crossover at high frequencies.

The values of the viscoelastic functions increased with surfactant addition. How-
ever, as can be seen in Fig. 7, nanofibers obtained from the surfactant-free solu-
tion provided values of both SAOS functions similar to those found for oleogels
prepared with nanostructures resulting from solutions having small concentration of
ionic surfactants (SDS and CTAB), i.e. around the CAC, whereas higher surfactant
concentrations generally produced noticeable increments in the viscoelastic func-
tions. Overall, higher values of SAOS functions correspond to oleogels stabilized
with more uniform and compact nanofiber mats, like those obtained with Tween-20.
Again, the fiber membrane obtained from the LSL/PVP solution containing 1 wt.%
SDS showed a distinctive behavior, providing the oleogel with the highest viscoe-
lastic functions, despite showing a higher average fiber diameter (see Fig. 4). On the
contrary, the nanofiber templates obtained from solutions containing CTAB, which
evinced some beaded fibers, generally displayed low values of the viscoelastic func-
tions, particularly that prepared from the solution having 1 wt.% CTAB.

Tribological performance of oleogels structured with LSL/PVP nanofiber mats

To explore a potential lubricant application of these oleogels, the tribological
performance was assessed in a ball-on-three-plate steel—steel tribological con-
tact [27]. Figure 9 collects the friction coefficient values and average diameter of
the resulting wear scars generated on the plates. As can be seen, all the oleogels
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Fig.9 Friction coefficient (a) and wear scar diameters (b), as a function of surfactant concentration,

resulting when 70:30 LSL/PVP nanofiber-based oleogels were applied as lubricants in a tribological con-
tact

prepared with nanofiber mats obtained by electrospinning from 70:30 LSL/PVP
solutions containing surfactants provided excellent lubrication performance, with
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extremely low values of the friction coefficient and wear scar diameters, generally
much lower than those found when using conventional lubricating greases [35,
36] or chemically functionalized cellulose- and lignin-based oleogels [13, 36, 37]
under similar conditions (i.e. friction coefficient values typically ranging from
0.07 to 0.12). Moreover, the addition of surfactants to the electrospun solution
is beneficial since significantly lower values of both friction coefficient and wear
scar diameters were obtained in comparison with those generated when using
the oleogel prepared with the surfactant-free membrane. This result supports the
idea that well-developed and more uniform nanofiber mats allow the oleogel to
penetrate into the lubricating contact as a whole, promoting oil release once the
nanostructure is stressed [18], at the same time that nanofibers may also prevent
wear by increasing the film thickness. Regarding the kind of surfactant, no sig-
nificant differences were found in the friction coefficient, but slightly larger wear
scars were obtained when adding CTAB. These results are in agreement with the
general opinion [38] that surfactants enhance the film formation of lubricants in a
tribological contact, therefore imparting anti-wear properties.

Conclusions

Different nanostructures were produced by electrospinning from solutions of low-
sulfonate lignin (LSL) and polyvinylpyrrolidone (PVP) in DMF, prepared at two
different LSL/PVP weight ratios, 70:30 and 90:10, by adding variable concentra-
tions (0-1 wt.%) of anionic (SDS), cationic (CTAB) and non-ionic (Tween-20)
surfactants. 90:10 LSL/PVP solutions are Newtonian and the viscosity initially
decreased with surfactant addition and then increased from a critical concentra-
tion in the case of ionic surfactants (SDS and CTAB), while viscosity slightly
decreased initially and remained almost constant when adding the non-ionic sur-
factant (Tween-20). This behavior has been explained on the basis of different
electrical and hydrophobic surfactant-lignin and surfactant-PVP interactions. In
general, the increase in viscosity is especially favored by the formation of sur-
factant-polymer complexes above the critical aggregation concentration (CAC),
which determines the onset of surfactant-polymer interaction. CAC was deter-
mined through the variation of the surface tension with surfactant concentration
being very similar for all the surfactants studied, ranging from 0.08 to 0.12 wt.%
For a 70:30 LSL/PVP weight ratio, solutions showed a non-Newtonian flow
response and the viscosity always increased with surfactant concentration above
0.01 wt%, regardless of the type of surfactant, suggesting that the cooperative
associations among lignin, PVP and surfactant are dominated by the PVP-sur-
factant interactions.

The addition of surfactants to 70:30 LSL/PVP solutions yields more compact
and uniform fiber mats with a higher amount of junctions and generally reduc-
ing the average diameter of the nanofibers and the number of beads. However,
beaded fibers are apparent when adding CTAB, even at 1 wt.%, whereas thick fib-
ers and/or bundles of fibers were found in nanofiber mats containing 1 wt.% SDS.
This fact suggests that surfactant-polymer complexes favored by ionic surfactants
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cause a certain degree of agglomeration to some extent producing beaded fibers
and/or bundles. In contrast, highly homogeneous and almost bead-free fiber mats
were obtained from solutions containing high contents of Tween-20. On the other
hand, nanofiber mats were not obtained with 90:10 LSL/PVP solutions but differ-
ent nanostructures composed of electrosprayed particles eventually connected by
thin filaments or particle clusters.

Nanostructures obtained upon addition of surfactants (SDS, Tween-20 or
CTAB) to a 90:10 LSL/PVP solutions were able to form soft gels with the appear-
ance of thickened liquids, while nanofiber mats obtained by electrospinning from
70:30 LSL/PVP solutions generated strong oleogels at 20% wt. concentration.
In general, SAOS viscoelastic functions slightly increased with the surfactant
concentration. In addition, these oleogels also showed excellent lubrication per-
formance in a tribological contact, yielding extremely low values of the friction
coefficient and wear, generally much lower than those found when using conven-
tional lubricating greases. Moreover, the addition of surfactants to the electro-
spun solution significantly lowers both friction and wear in comparison with the
oleogel prepared with surfactant-free nanofiber mats.

Overall, the addition of small amounts of surfactant to LSL/PVP solutions
improves electrospinnability as well as the ability of resulting nanofiber mats to
structure castor oil, resulting oleogels with enhanced rheological and tribological
properties, which can drive potential applications as lubricants.
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