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ABSTRACT

Cellulose acetate/silica (CA/SIL) nanocomposites are prepared by electrospinning and investigated as multifunctional ingredi-
ents in eco-friendly semisolid lubricant formulations. The structuring ability of these electrospun composites in castor oil and the
antifriction and antiwear properties are examined through rheological and tribological experiments. The multifunctionality of
CA/SIL composites arises from a balance between the silica content and the formation of nanofiber-dominated structures. The
linear viscoelasticity functions in the oleo-dispersions increase by several orders of magnitude with both the spinning solution
concentration and the CA:SIL ratio. However, the rheological response primarily depends on the morphology of the nanofiber
mat obtained, specifically nanofiber diameter and the presence of beads. In contrast, the silica content significantly impacts the
tribological performance of the oleo-dispersions regardless of nanofiber morphology. For similar nanoarchitectures and rheolog-
ical responses, the friction coefficient is reduced from 0.227 to 0.108 by incorporating silica in a 10:1 CA:SIL ratio, compared with
the SIL-free electrospun CA nanofibers, while wear is completely prevented. Increasing the composite concentration from 5 to
12.5wt. % enhances wear protection and the gel strength of oleo-dispersions, for example, the plateau modulus rises from 800 to
42,000 Pa using a composite with a 10:1 CA:SIL ratio.

1 | Introduction made in developing sophisticated lubricant formulations and ad-
ditives designed for challenging and harsh working conditions,

As the global economy and industrial activity rapidly develop, enhancing technical functionalities, and meeting increasingly

energy losses and machinery degradation caused by friction and
wear are becoming increasingly significant in terms of profit-
ability and energy savings. According to available statistical
data, friction accounts for approximately 30% of the world's
primary energy consumption, while wear leads to the failure
of about 80% of mechanical components in machinery [1]. To
address this issue, reducing friction and wear has become a key
research focus in surface science and mechanical engineering
[2]. Over the past decades, substantial advancements have been

stringent environmental requirements [3].

Lubricants are available in liquid, solid, semisolid, and gaseous
states, with liquid and semisolid lubricants (lubricating greases)
being the most commonly used in daily life. Commercial lubri-
cants for industrial applications are complex fluids comprising
base oil blends, a viscosity modifier or thickening agent (espe-
cially relevant for lubricating greases), and packages of func-
tional additives. These additives include rheology modifiers,
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friction reducers, anti-wear agents, extreme pressure additives,
antioxidants, and pour point depressants, among others [4, 5] to
improve energy efficiency and increase the service life of ma-
chine elements [6].

In recent years, the development of new and advanced lubri-
cants has been increasingly driven by environmental aware-
ness and pollution concerns. Consequently, there is significant
interest in replacing traditional lubricant ingredients with bio-
degradable and/or naturally derived alternatives that main-
tain technical performance while mitigating environmental
impact [7-10]. In this context, oil thickeners and rheology
modifiers derived from natural resources (e.g., biopolymers or
their derivatives) are emerging as environmentally friendly al-
ternatives to traditional metallic soaps and synthetic polymers
produced by the petrochemical industry. Previous studies
have reported the development of eco-friendly oleogels using
sustainable polymeric gelling or thickening agents from natu-
ral resources for vegetable oil media [11-17]. This requires im-
proving the compatibilization between natural polymers and
the oil medium, which can be achieved by reducing polymer
polarity (e.g., by inserting nonpolar groups) or by functional-
izing the biopolymer with reactive groups that form covalent
bonds with triglycerides, promoting cross-linking between
the vegetable oil and the polymeric thickener. However, these
strategies often require complex chemical modifications,
limiting the ecological added value of the entire production
process. Recently, a novel approach involving electrospun
biopolymer nanofibers for structuring vegetable oils has been
introduced [18-21]. Due to their small size and high aspect
ratio, suitably dispersed nanofibers promote oil structuring by
forming a percolation network.

Electrospun natural polymers are widely used in environ-
mental and medical applications due to their green, renew-
able, and degradable properties. These polymers can produce
single-component nanofibers or multicomponent nanofibers
incorporating metal oxides, silica, or clays to provide specific
functionalities or alter the physicochemical properties of the
spinning solution [22]. Generally, composites of cellulose or
its derivatives and silica are prepared to combine the distinct
properties of each constituent (e.g., mechanical, thermal,
and sorption properties, vapor permeability, antimicrobial
activity) and enhance processability [23-25]. The hydropho-
bic/oleophilic character of cellulose-based aerogels was bal-
anced by incorporating modified silica nanoparticles [26]. The
preparation of clay and cellulose derivative-based composites
by electrospinning has been reported for enzyme immobiliza-
tion [27] and multiple environmental remediation applications
such as oil-water separation, oil absorption, and pollutant re-
moval [28-31]. Cellulose acetate/silica (CA/SIL) hybrids from
tetraethyl orthosilicate (TEOS)-based sol-gel processes have
also been applied in preparing thermally and mechanically
stable nanofiber aerogels [32] and membranes for metal ion
removal [33]. Additionally, carbon nanofibers/silicon carbide
composites have been prepared by electrospinning CA and
silicon carbide nanoparticles, followed by deacetylation and
carbonization, and proposed as reinforcements for compos-
ite materials [34]. In this study, CA/SIL composites obtained
by electrospinning are explored for the first time in lubricant
formulations.

On the other hand, to reduce the number of additives of differ-
ent chemical natures in lubricant formulations, the challenge
lies in producing multifunctional ingredients that stabilize
the oil medium, impart specific rheological properties, re-
duce friction, and provide other functional properties, such as
wear protection. Traditionally, thickening agents and multiple
additives are physically blended into the base oil to achieve
optimum viscosity, desired friction reduction, wear minimiza-
tion, and other specific properties. Metal oxides, sulfides, and
clays are often included to enhance lubricant performance,
sometimes in the form of nanoparticles [35-38]. However, this
traditional approach may not achieve cost-effectiveness and
lubricity efficiency simultaneously. Interactions among differ-
ent components can produce antagonistic effects, reducing the
efficacy of additives and thickening agents and often necessi-
tating additional additives, such as organic surfactants or dis-
persants, to prevent agglomeration and undesired interactions
[39, 40].

The novelty of this study lies in the development of new mul-
tifunctional and environmentally friendly ingredients based
on biopolymer/silica composites obtained by electrospinning,
aiming to achieve more environmentally friendly semi-solid
lubricant formulations and to reduce the number of compo-
nents. We hypothesize that these nanocomposites will com-
bine the benefits of both the biopolymer, CA in this case, to
impart specific rheological properties, and the inorganic
component, silica, to provide antifriction and/or antiwear
properties in tribological contacts. The oil structuring abil-
ity of electrospun composites has been investigated through
oscillatory shear rheological measurements in the linear vis-
coelastic regime, which are highly sensitive to changes in gel
strength [41]. Additionally, the imparted anti-friction and
anti-wear properties have been assessed through tribological
testing. Both functionalities have been analyzed concerning
the morphology of the electrospun nanostructures, the CA/
SIL ratio, and the composite concentration in the resulting
oleo-dispersions.

2 | Materials and Methods
2.1 | Materials

This study utilized commercial CA from Merck Sigma-
Aldrich, with a number-average molecular weight of 30,000 g/
mol and a degree of substitution for acetyl groups of 2.41, de-
termined by GPC and NMR spectroscopy, respectively [40].
AEROSIL R-106 (SIL), a hydrophobic fumed silica surface
treated with octamethylcyclotetrasiloxane, was supplied by
Evonik, and used in addition to CA to form the electrospun
composites. Dimethylacetamide (DMAc, purity >99%) from
Merck Sigma-Aldrich and acetone (Ac, purity >99.5%) from
Honeywell were employed as solvents. Castor oil was pur-
chased from Guinama. Castor oil was selected on the basis of
its great potential as renewable and ecofriendly basestock for
lubricants [42], especially suitable as base oil in semisolid lu-
bricants [43] due to its high viscosity and the polarity imparted
by the hydroxyl groups present in the fatty chains. Moreover,
castor oil is nonedible, highly available, cost-effective, and
biodegradable.
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2.2 | Preparation and Characterization of CA/SIL
Solutions

CA and SIL powders were dissolved in a 2:1 (wt./wt.) Ac:DMAc
binary solvent in different CA:SIL weight ratios (1:0, 10:1, 5:1,
and 2:1) and total concentrations ranging from 0.1 to 30 wt.%.
CA/SIL was dissolved after 4h of stirring at room tempera-
ture, followed by sonication in an ultrasonic bath for 10 min.
The electrical conductivity, surface tension, and dynamic vis-
cosity of these solutions were measured at room temperature
(~23°C+1°C). The electrical conductivity was determined
using a GLP 31 model Crison conductivity meter. The equi-
librium surface tension of CA/SIL solutions was measured
using a surface tensiometer (Sigma 703D, Biolin Scientific)
fitted with a platinum Wilhelmy plate. The shear viscosity
was determined using an ARES controlled-strain rheome-
ter (Rheometric Scientific) with a coaxial cylinder geometry
(32mm inner diameter, 1mm gap) in a 5-200s~! shear rate
range. These physicochemical properties were replicated at
least three times.

2.3 | Electrospinning Setup and Characterization
of Electrospun CA/SIL Nanostructures

The CA/SIL solutions were electrospun in a chamber from
DOXA Microfluidics fitted with a metallic needle syringe
(inner diameter 0.80mm) arranged horizontally in a syringe
pump. The applied electrospinning processing parameters were
11-14kV applied voltage, 0.5-0.6 mL/h feeding rate, and 15cm
tip-to-collector distance. Electrospinning was conducted at room
temperature (~23°Cx1°C) and 45%-55% relative humidity.
Electrospun nanostructures were deposited on a plate collector
covered with aluminum foil. The morphologies of CA/SIL nano-
structures were examined by electron microscopy (SEM) using a
JXA-8200 SuperProbe (JEOL) microscope. Samples were coated
with gold prior to SEM imaging. Compositional analysis of the
electrospun structures was conducted through energy-dispersive
X-ray spectroscopy (EDS) in a FlexSEM 1000 II microscope
(Hitachi). The FIJI ImageJ software was used to analyze the SEM
images of the different electrospun nanostructures. The average
fiber diameter (D;) was calculated from the fiber size distribu-
tions, as described elsewhere [44]. Additionally, the number and
size of electrosprayed particles or beads were evaluated in terms
of the percentage of the area they occupied in the SEM images,

referred to as S, ;.

2.4 | Preparation and Characterization
of Dispersions of the CA/SIL Nanostructures in
Castor Oil

The CA/SIL nanostructures produced by electrospinning were
dispersed in castor oil (placed in an open vessel) by stirring
with an anchor-type impeller at a rotational speed of 60 rpm for
15min. The concentration of the nanostructures varied from
5 to 12.5wt%. The samples were stored for at least 24 h before
being rheologically and tribologically characterized.

The rheological characterization of CA/SIL oleo-dispersions
was performed using a controlled stress rheometer (Rheoscope,

Thermo Haake) with a roughened stainless-steel parallel-plate
geometry (35mm, 1 mm gap). Small-amplitude oscillatory shear
(SAOS) experiments were conducted in a frequency range be-
tween 0.04 and 100rad/s at 25°C in the linear viscoelastic re-
gime. Stress sweep tests at 1rad/s were performed to determine
the extent of the linear viscoelastic range. Samples were kept
at rest for 15min prior to measurements to avoid any residual
stress history. All rheological tests were conducted at least in
duplicate.

The tribological performance of CA/SIL oleo-dispersions was
evaluated using a tribological cell coupled to an MCR-501 rhe-
ometer (Anton Paar), comprising a ¥2” diameter steel (1.4401
grade 100 AISI 316) ball rotating on three 45° inclined rectan-
gular steel (1.4301 AISI 304, 80 HRB hardness) plates. The sta-
tionary friction coefficient was obtained at room temperature
by applying a normal load of 20 N and setting a constant angu-
lar velocity of 10 rpm for 600s. Five replicates were performed
for each test. The wear produced on the steel plates after the
five replicates was analyzed using a BX51 optical microscope
(Olympus), from which the average diameters of wear scars
were determined.

3 | Results and Discussion

3.1 | Influence of the Spinning Solution
Concentration

Table 1 presents the physicochemical properties of CA and CA/
SIL solutions in the Ac:DMAc binary solvent (i.e., surface ten-
sion, electrical conductivity, and dynamic viscosity) as a function
of solution concentration. The surface tension values decrease
with increasing CA concentration from 25.5 to 20.7mN/m, and
the addition of silica does not significantly affect this trend. This
reduction in surface tension facilitates the electrospinning pro-
cess, contributing to the proper formation and stabilization of the
Taylor cone and a continuous fluid jet from the syringe tip [45, 46].
The electrical conductivity initially increases with concentration
up to around 7.6 uS/cm for a 10wt.% concentration and then re-
mains constant or slightly decreases. This behavior suggests a
change in the concentration regime around this critical concen-
tration, yielding a reduction in the mobility of solute molecules.
Again, the addition of silica does not influence electrical conduc-
tivity. Finally, all CA or CA/SIL solutions exhibited a Newtonian
behavior, and the viscosity increased with concentration.

To detect any change in concentration regimes, the specific
viscosity, 7, (nsp =(n/n)—1, with 7 being the solvent viscosity),
was plotted against solution concentration on log-log scales
(Figure 1) for CA/SIL solutions with different CA:SIL ratios.
Thus, Nsp varies with concentration in the same way regardless
of the CA:SIL ratio. A transition from the semidilute unentan-
gled regime to the semidilute entangled regime was detected
by a change in the slope at approximately the same concentra-
tion (~5.8 wt.%), known as the entanglement concentration (C).
The scaling exponents deduced from the 1), Versus concentra-
tion plots corroborated these concentration regimes. Below
Cor Ny~ C'5 agrees with the scaling exponent predicted by the
Rouse model for neutral polymers in good solvents in the semidi-
lute unentangled regime. Meanwhile, 7 ~ C*> for the entangled
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TABLE1 | Surface tension, electrical conductivity, and dynamic viscosity for CA and CA/SIL solutions at different concentrations.

Concentration Surface tension Electrical conductivity Dynamic
(wt.%) (mN/m) (nS/cm) viscosity (Pas)
CA 0 25.53 1.04 6.17x10~*
0.1 — — 6.48 %1074
1 25.64 2.61 1.46x1073
3 24.82 3.86 4.64%x1073
5 2391 5.98 0.014
7 24.02 6.85 0.031
10 25.32 7.63 0.091
15 21.86 7.68 0.506
20 20.76 6.94 3.299
25 — 6.19 10.989
CA/SIL (10:1 0 25.53 1.04 6.17x107*
weight ratio) o1 o o 6.85%10-*
1 24.58 3.65 1.16x1073
3 — — 3.79%1073
5 24.09 5.94 0.011
7 — — 0.023
10 23.01 7.63 0.076
13 — — 0.226
15 21.00 7.59 0.386
17 — — 0.675
20 20.48 7.23 1.694
23 — — 3.930
25 18.24 7.05 6.551
10° 3 regime is also consistent with the predicted ~x3 scaling exponent
value above C, [47].
10* 3
The C, has been correlated with the electrospinnability of
10°4 polymer solutions and the resulting morphologies of elec-
] trospun structures [21, 48, 49]. It has been reported that to
3 10°4 obtain homogeneous nanofiber mats, the spinning solution
a 4.5 concentration should be at least 2-2.5 times C,. Different fiber
g 10'4 morphologies, such as particles interconnected with thin fil-
i [CA:SIL] ratio aments, beaded fibers, and uniform bead-free fibers, have
10°4 " o) been associated with different polymer concentration regimes
’ [18, 21, 48], which agrees with the results obtained in this
1074 ¢ o] study. As shown in Figure 2a,b, the morphology of electro-
L spun CA/SIL nanostructures evolves from micro-sized par-
10° e .‘ e ticles connected by thin filaments at a 10wt.% concentration
102 10" 10° 10" 102 to beaded fibers and then uniform bead-free nanofiber mats

Concentration (wt.%)

FIGURE 1 | Influence of spinning solution concentration on the
specific viscosity of CA and CA/SIL solutions for three different CA:SIL
ratios.

as the solution concentration increases to around 17-20wt.%,
i.e., above 2.5 times C..

However, as discussed below, the transition from beaded fi-
bers to relatively homogeneous fiber mats is slightly delayed
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FIGURE 2 |

Influence of spinning solution concentration on (a,b) the morphology of electrospun CA/SIL nanostructures for 10:1 (a) and 5:1

(b) CA:SIL weight ratios (5000x magnification); (c) the linear viscoelastic response of oleo-dispersions of CA/SIL composites in castor oil (10wt.%

nanofibers in castor oil, 10:1 CA:SIL weight ratio); (d) the friction coefficient values and average wear scar diameters produced in the steel plates of
the tribological contact (10wt.% nanofibers in castor oil, 10:1 CA:SIL weight ratio); and (e) selected images of these wear scars.

(i.e., achieved at higher concentrations) as the CA:SIL ratio de-
creases. In all cases, SIL is uniformly distributed throughout the
nanostructure. Furthermore, the compositional analysis agrees
with the CA:SIL proportion introduced in the spinning solution,
as shown in Figure 3, where the results of the EDS analysis are
included for a selected composite.

Once the electrospun CA/SIL nanostructures were dis-
persed in castor oil, the morphology of the nanostructures
was apparently preserved with a certain degree of swelling

(around 25%) (see Figure S1), as previously reported for dis-
persions of electrospun kraft lignin/CA nanofibers in castor
oil [20]. A similar effect was observed in electrospun CA
nanofibers incorporating high loads (i.e., 20wt.%) of an es-
sential oil [50]. Figure 2c shows the rheological response of
the resulting gel-like systems obtained by dispersing the CA/
SIL electrospun nanostructures in castor oil at 10wt.%. The
mechanical spectra of these oleo-dispersions are qualitatively
similar regardless of the CA/SIL concentration in the elec-
trospinning solution. In all cases, there was a predominant
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MAG: 1000x HV: 20KV ‘WD:6:4 mm

Theoretical (wt. %)

Experimental (wt. %)

C 47.44 49.68 + 6.49
[0) 48.24 44.83 + 6.07
Si 4.32 5.49+0.27

FIGURE 3 | EDS compositional analysis for a selected electrospun CA/SIL composite (17wt.% spinning solution concentration and 10:1 CA:SIL
ratio). The light blue color in the SEM image represents the distribution of Si. The theoretical elemental composition refers to the CA:SIL proportion
introduced in the spinning solution, while the experimental data are those obtained from the EDS analysis.

elastic response where the storage modulus (G’) is higher
than the loss modulus (G”) in the entire frequency range
studied, with G’ being almost independent of frequency and
G” displaying a minimum, known as the “plateau” region of
the mechanical spectrum. The “plateau” region is typically
found in colloidal gel-like dispersions, such as conventional
lubricating greases [51], and entangled polymeric systems
[52]. In this case, the “plateau” region reflects the packing
effect in the percolation network formed by electrospun fi-
bers. The plateau modulus (Gg,) defined elsewhere [52] is the
characteristic parameter of this plateau region, which may be
interpreted as a measure of gel strength.

Despite the very similar evolution of both SAOS functions with
frequency, the morphology of the electrospun nanostructure
greatly influences the magnitude of both G’ and G”. Both moduli
increased by almost two orders of magnitude when the concen-
tration of the spinning solution was raised from 10 to 20 wt.%.
Therefore, although micro-particles interconnected by thin fil-
aments can stabilize the oleo-dispersion, providing a gel-like
rheological behavior, more homogeneous structures predomi-
nantly comprising larger nanofibers produced dispersions with
much higher gel strength. Comparable oil structuring ability has
been previously reported when using electrospun nanofibers of
CA phthalate [53] or lignin-rich lignocellulosic residues [54] as
structurants, where very similar ranges of values for the SAOS
functions were provided when transitioning from fiber-bead
structures to well-developed nanofibers.

In fact, G% values can be correlated with a product of powers
of the average fiber diameter (Df) and the fraction of the area

occupied by particles or beads (S,,,), as shown in Figure 4a,
with D; having a much higher weight than S, , (i.e., power-
law exponents of 3 and —0.25, respectively). The values of these
power-law exponents were obtained from an optimal lineariza-
tion of the evolution of GY with this power series, representing
the best linear regression.

Furthermore, the lubrication performance of these gel-like
oleo-dispersions was evaluated in a steel-steel ball-on-plates
tribological contact under pure sliding conditions by apply-
ing a constant rotational speed and normal load (10rpm and
20N, respectively) and monitoring the friction coefficient over
time. Figure 2d shows the values of the stationary friction co-
efficient obtained and the average diameter of the wear scars
produced on the steel plates. Meanwhile, Figure 2e shows
selected images of these wear marks. The friction coefficient
was significantly reduced by increasing the spinning solution
concentration from 10 to 17wt.%. This indicates that CA/SIL
nanofiber composites are more effective in reducing friction
than microparticles or beaded fibers. This likely occurs be-
cause nanofibers may penetrate into the contact more easily
than particles, increasing the film thickness and thereby pre-
venting wear to a greater extent. Conversely, we hypothesize
that particles and beaded fibers have more difficulty enter-
ing the tribological contact, likely accumulating at the inlet
points. However, the dispersion of homogeneous but thicker
nanofibers was achieved with a 20 wt.% solution and produced
slightly higher friction than other more irregular nanostruc-
tures obtained with solutions at 15 or 17 wt.%, although it pro-
vided full wear protection (i.e., no wear scars were detected on
the steel plates).
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(sil).

3.2 | Influence of CA:SIL Ratio

Combining a biopolymer like CA and an inorganic oxide
like SIL in a single nanocomposite may provide desirable

multifunctional properties, acting as an oil structuring agent
and offering antifriction and/or antiwear properties. Figure 5a
shows the influence of the CA:SIL ratio on the electrospin-
nability of CA/SIL solutions at a 15wt.% concentration. As
expected, the uniform nanofiber mats obtained with the CA
solution became progressively distorted as the silica propor-
tion increased, resulting in beaded fibers or even electro-
sprayed particles interconnected with thin filaments for a 2:1
CA:SIL weight ratio. This significantly impacts the oil struc-
turing properties of these composites. As shown in Figure 5b,
the values of the SAOS functions vary by approximately four
orders of magnitude when SIL is introduced into the nanofi-
bers and the CA:SIL weight ratio decreases to 2:1. This result
is consistent with the reduced tensile strength reported for
CA/SIL composites obtained by casting at high silica contents
[24], considering that a direct correlation between the me-
chanical properties of electrospun nanofibers and the rheolog-
ical properties of the resulting oleogels has been demonstrated
in the case of lignocellulose/PET composites [55].

Moreover, the extended plateau region found for the oleo-
dispersions of composites with high CA:SIL ratios is shortened
when using particle-dominated structures, yielding a crossover
between G’ and G” at intermediate frequencies for a 2:1 CA:SIL
weight ratio. This effect was also previously found when using
electrospun cellulose acetate-phthalate nanostructures of differ-
ent morphology as thickeners [53] The mechanical spectrum of
the oleo-dispersion of pure CA nanofibers (see Figure 5b) is com-
parable to that obtained with the electrospun CA/SIL composite
(10:1 weight ratio) from a 20wt.% solution concentration (see
Figure 2c). This supports the idea that the oil structuring ability
of these composites is mainly due to the morphological proper-
ties achieved by electrospinning, regardless of the CA:SIL ratio.
Indeed, GJOV values of the dispersions of electrospun composites
with different CA:SIL ratios correlate perfectly with the power
function of D; and S, previously discussed (see Figure 4a).

However, for similar nanoarchitectures and rheological re-
sponses, introducing silica in the nanocomposite significantly
reduces both friction and wear (see, for instance, the values
of friction coefficient and average wear scar diameters in
Figures 2d and 5c for the oleo-dispersions formulated with
CA/SIL and CA nanofibers obtained from 20 to 15wt.% solu-
tion concentrations, respectively). Thus, introducing silica
in a 10:1 CA:SIL ratio reduced friction by approximately 52%
compared with the SIL-free CA oleo-dispersion, while wear
was completely prevented.

Nonetheless, the effect of the CA:SIL ratio on the lubrication per-
formance of the resulting oleo-dispersions is more complex. On
one hand, as discussed above, adding SIL significantly reduces
both friction and wear compared with the SIL-free CA nanofi-
bers. On the other hand, a further increase in SIL content hinders
the production of nanofibers, as shown in Figure 5a, which may
result in detrimental effects on both the friction coefficient and
wear scar size. For instance, for oleo-dispersions of 10wt.% com-
posites obtained from solutions at 15wt.%, Figure 5c shows that
the friction coefficient was significantly reduced (roughly 59%),
by introducing a small proportion of silica (10:1 CA:SIL ratio)
compared with the SIL-free CA nanofibers. Such a reduction
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nanofibers in castor oil).

in the friction coefficient is much greater than that achieved by
introducing, in a similar proportion, graphene nanoparticles in
lithium greases [56] or ZnFe,O,@C/graphene oxide nanocom-
posites in a polyalphaolefin oil [57] and similar to that reported
for black phosphorus/Fe,0, nanocomposites used as antifriction
additive in soybean oil [58] However, the friction coefficient
slightly increased with a further reduction in the CA:SIL ratio,
while no significant differences were found in wear scar dimen-
sions. This must again be explained based on the different mor-
phologies achieved.

To discriminate the effects of both the morphological proper-
ties of electrospun composites and the SIL fraction introduced,
namely “sil,” the friction coefficient was also correlated with a
product of powers of Dy, S, 4» and sil (see Figure 4b), corroborat-
ing that the sil parameter contributes positively to friction reduc-
tion, that is, a negative power-law exponent. On the other hand,
the influence of fiber diameter (D;) on the friction coefficient is
roughly three times larger than those deduced for S, , and sil
(see exponents of the power series on the x-axis). However, it
is worth noting that only SIL-containing nanostructures were
considered in Figure 4b and, therefore, the drastic reduction in
the friction coefficient observed when introducing a small pro-
portion of SIL in CA nanofibers, as previously discussed, is not
illustrated in this graph. Finally, according to this correlation,
the presence of beads in the nanofibers also has an unexpected

positive influence in reducing friction, which may be related to
the capacity of these beaded fibers to increase the film thick-
ness if they can eventually penetrate into the lubricated contact,
similar to the effect of increasing D;. In contrast, wear reduction
exclusively depends on the SIL content and nanofiber diameter,
as shown in Figure 4c. In summary, the improvement in lubrica-
tion performance results from a balance between incorporating
SIL into the nanocomposites and achieving well-developed and
thick nanofibers by electrospinning, the latter being hindered by
decreasing the CA:SIL ratio.

3.3 | Influence of CA/SIL Composite
Concentration in the Oleo-Dispersions

In the lubricant industry, grease consistency is typically con-
trolled by adjusting the thickener concentration [59]. Figure 6a
shows the mechanical spectra of oleo-dispersions of a selected
CA/SIL composite predominantly comprising nanofibers (10:1
CA:SIL weight ratio, 17% spinning solution concentration) at
different concentrations. Despite the very similar evolution of
the SAOS functions with frequency (i.e., the plateau region of
the mechanical spectrum), the consistency of the gel-like dis-
persion increased with nanofiber concentration as expected.
This is reflected in a significant increase in the values of
the SAOS functions by almost two decades as the composite
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CA:SIL weight ratio.

concentration increased from 5 to 12.5wt.%. It is worth not-
ing that conventional metal soap-thickened NLGI 1-2 greases
generally require higher thickener concentrations (above
12-14wt.%) to achieve G’ values in the range of 10*-10°Pa
[60, 61].

Regarding the tribological response (see Figure 6b), the friction
coefficient slightly increases with composite concentration, an
expected result since, in the mixed lubrication regime, the in-
ternal friction contribution of greases increases with thickener
concentration [62-64]. However, wear was significantly reduced
by increasing the composite concentration, probably due to an
increase in the lubricant film thickness, yielding full wear pro-
tection at a 12.5wt.% concentration, where no wear scars were
detected on the steel plates. It is worth mentioning that these
oleo-dispersions used as lubricants provided significantly lower
friction coefficient values and comparable or even better wear
protection than fully formulated commercial greases thickened
with lithium and calcium soaps tested under similar conditions
[17, 51]. For instance, the oleo-dispersion containing 10wt.% of

the composite with a 10:1 CA:SIL weight ratio offers better tribo-
logical performance (i.e., antifriction and antiwear properties)
than these commercial lubricating greases, which presumably
contain higher thickener contents and packages of multiple
additives.

4 | Conclusions

This study demonstrates the effectiveness of electrospun CA/SIL
composites as multifunctional ingredients in castor oil-based
semisolid lubricant formulations. CA/SIL nanocomposites con-
fer several functionalities, including appropriate oil structuring
ability and excellent anti-friction and anti-wear properties for
the ultimate lubricant formulation. The adequate multifunc-
tional activity of CA/SIL nanocomposites results from a critical
balance between incorporating silica into the composites and
achieving nanofiber-dominated structures through electrospin-
ning. This balance is challenged by the increasing proportion of
silica in the composites.

The oil structuring ability of these nanocomposites is primarily
due to the morphological properties achieved by electrospinning,
irrespective of the CA:SIL ratio. The linear viscoelastic functions
of the oleo-dispersions increase with the average fiber diameter
and decrease with the number and size of embedded micropar-
ticles or beads. Conversely, the introduction of silica into the
nanofibers significantly improved the anti-friction and anti-wear
properties. The lubrication performance is enhanced by increas-
ing the silica content and producing nanofiber-dominated struc-
tures through electrospinning. Both effects must be balanced
by adjusting the concentration of the spinning solution and the
CA:SIL ratio. For similar nanoarchitectures and rheological re-
sponses, friction is reduced by approximately 52% by introducing
silica in a 10:1 CA:SIL ratio. Meanwhile, wear was completely
prevented compared with the oleo-dispersion of SIL-free electro-
spun CA nanofibers.

Increasing the composite concentration enhances gel strength
and wear protection despite a slight expected increase in the
friction coefficient. A 12.5wt.% concentration of a composite
predominantly comprising nanofibers with a 10:1 CA:SIL ratio
yields full wear protection.

Overall, dispersing electrospun CA/SIL composites in castor oil
at relatively low concentrations achieves rheological behavior
and lubrication performance comparable to those found in fully
formulated commercial greases.
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