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The aim of this work is to find an alternative lubricating grease formulation that can be produced from renewable
and biodegradable sources with minimal risks to human health and the environment. We used a castor oil and
electrospun cellulose acetate propionate (CAp) as raw materials. We hypothesized that the acetyl and propionyl

Eﬁ:glfibers groups could provide an adequate chemical compatibility with the castor oil and that the electrospun nano-
Tribologg}; structures could enable improved physical stability by creating a variety of morphologies allowing the tailoring of

the rheological and tribological properties of the resulting greases. The experimental results show that the use of
electrospun CAp nanostructures can indeed yield physically stable formulations, even when used at low con-
centrations (3 wt%). The resulting dispersions went through structural transitions due to changes in the thickener
morphologies and/or concentration, as shown by oscillatory rheology, oil holding capacity, tackiness, and
lubrication performance in metal-metal contact. We found that the formulations, containing smooth or porous
CAp nanofibers, at 5 wt% as a thickener, possess suitable rheological and tribological properties with a perfor-

mance comparable to that of traditional lithium lubricating greases.

1. Introduction

Several strategies have been developed to for the sustainable use of
renewable resources in economic sectors dominated by petroleum-based
raw materials [1]. These strategies aimed at a better management of
natural resources, a reduction in the dependence on non-renewable re-
sources as well as a mitigation and adaptation strategy to climate change
effects [2]. The concept of circular economy is a trending topic and it
possess a significant challenge for the chemical industry as it re-evaluate
its traditional manufacturing practices [3,4]. Friction and wear are a
major cause of energy loss associated with moving parts of every engi-
neering system [5]. Reducing friction can help to achieve carbon
neutrality in a global energy audit [6] as approximately 20% of the pri-
mary energy generated, globally every year, is used to overcome friction
(~100 million TJ) [7]. Lubricants are engineering products used to
reduce friction and wear, which will have a great impact under the
schemes of industry 4.0 [8]. The global market for lubricants did exceed
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35 million tons in 2015, with an increasing demand close to 2.1% per
year with a total market value close to $90 billion US [9]. It is estimated
that of the 35 million tons, 55 per cent are released into the environment
[10]. Most commercial lubricants and greases contain additives such as
polynuclear aromatics, zinc dialkyl dithiophosphate and tri-O-cresyl
phosphate [11,12] generating toxic waste. Cleaner production prac-
tices, in terms of new formulations, is an essential for adoption in the
lubricant industry. The performance of a lubricating grease is a reflection
of its rheological and tribological properties, which are highly influenced
by the micro and nano-structures that the thickener forms during pro-
cessing. Thickener structures are usually composed of entangled fibers,
polymeric chains and other types of structural arrangements [13]. In
addition to efforts aimed at replacing mineral and synthetic oils with
vegetable oils, there are also efforts to the selection of eco-friendly
thickeners. Natural polymers such as cellulose [14], lignin [15-17],
polysaccharides [18-20] or organoclays [11,21,22] have been explored
as grease eco-friendly thickeners. Among them, the cellulose has showed
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promising results, however, the compatibility of this natural polymer
with oils often requires further chemical modifications such as epoxi-
dation [23], methylation [24,25], ethylation [26], acylation [27] or
isocyanate functionalization [28]. In some cases, even if the final
formulation can be assumed to be biobased, inert and nontoxic, most of
the mentioned production procedures to synthesize these thickeners for
greases involve relatively complex chemical reactions that require the
use of hazardous chemicals and solvents [29]. Recently, Ilyin et al. [30]
and Gorbacheva et al. [31,32] have reported that unmodified cellulose,
in the form of nanoparticles or microfibrils, can be an effective thickener
in lubricating greases. They have also highlighted the importance of the
base oil in maintaining stability of the thickener particles and preventing
aggregation and sedimentation. Therefore, for unmodified cellulose, it is
preferable to use polar base oils such as triethyl citrate or
di(2-ethylhexyl) sebacate. Additionally, the inclusion of clays can form a
percolation network with appropriate rheological properties to inhibit
the aggregation and sedimentation of cellulose particles [31]. Recent
works has described a new method of structuring vegetable oils using
electrospun nanostructures as an alternative approach [33-35]. Our
hypothesis is that the high porosity, nanometric size and high surface/-
volume ratio of electrospun nanostructures may allow for the formation
of a unique three-dimensional networks capable of enhancing the phys-
ical interactions of the fibers with the lubricating oil. A wide variety of
natural materials can be used to obtain electrospun nanostructures,
including proteins, and polysaccharides. While cellulose is the most
abundant biopolymer on earth, the electrospinnability of cellulose pos-
sesses many challenges due to the limited amounts of available solvents.
The hydroxyl functional groups present in the backbone of cellulose
molecule enables various chemical modifications such as etherification,
esterification, silylation, amidation or carbamylation [36-38]. These
chemical modifications can be used to increase the solubility of cellulose
derivatives in hydrophobic media. Among all the cellulose derivatives,
cellulose acetate propionate (CAp) is of great interests as it is widely
available at commercial scales [39]. Compared with monocellulosic es-
ters, such as cellulose acetate, CAp has better solubility, structural sta-
bility, light and weather resistance, good levelling, high gloss retention,
and good transparency [40,41]. These enhanced properties are due to the
presence of acetyl and propyl groups. CAp have been explored for
extensive applications in the automotive and high-end furniture paint
industry [42], as well as in printing inks [43], and in the extrusion and
injection molding of bioplastics [42,44,45]. We hypothesize that the
presence of acetyl and propyl groups present in the chemical structure of
the CAp polymer could provide adequate compatibility with a vegetable
oil, and that nanostructures of electrospun CAp could be used as thick-
ening agents to create lubricating greases with unique rheological and
tribological properties. The aim of this work is to develop
environmental-friendly lubricating greases based on electrospun CAp
nanostructures and castor oil with similar or better rheological and
tribological performance than that of a multipurpose lubricating grease.
Castor oil was chosen due to the great potential as biodegradable lubri-
cation base oil [46]. Castor oil is a vegetable oil that easily forms a
protective lubricating layer on the metal friction surface [47]. Further,
due to its high viscosity, castor oil is more suitable than other vegetable
oils as base oil of semisolid lubricants [48], and exhibits superior lubri-
cation performance [49]. Moreover, castor oil is highly available,
cost-effective, biodegradable, ecofriendly and easy to extract from castor
seeds. We aim at creating alternatives that may potentially replace cur-
rent petroleum-based semisolid lubricants. To achieve this goal, the in-
fluence of physicochemical, shear and extensional rheological properties
of CAp solutions on its electrospinnability was studied. A wide spectrum
of nanoarchitectures, including porous structures, with potential for
structuring vegetable oils were obtained. The impact of the nano-
structure's morphology, surface properties and concentration on the
rheological, tribological and functional properties of the resulting dis-
persions was also assessed.

91

Nano Materials Science 7 (2025) 90-104

2. Materials and methods
2.1. Materials

Commercial cellulose acetate propionate (CAp) with an average
molecular weight of 75.000 g mol !, and a degree of substitution (DS) of
acetyl, propionyl and hydroxyl groups of 0.21, 2.64 and 0.15 [50] was
obtained from Merck Sigma-Aldrich. Dichloromethane (DM, purity
>99.8%) and ethanol (EtOH, purity >99.7%) were also purchased from
Merck Sigma-Aldrich and used without further purification. Castor oil
(211 cSt at 40 °C, Guinama, Spain) was used as a base lubricating oil. The
fatty acid composition and main physical properties of this vegetable oil
can be found elsewhere [51]. A commercially available multipurpose
lithium lubricating grease (NLGI grade 2) commercialized by Bellota,
Spain was used as a reference.

2.2. Preparation and characterization of CAp spinning solutions

CAp was dissolved in a mixed solvent composed of DM and EtOH
(DM/EtOH weight ratios between 7/3 and 10/0). All solutions were
magnetically stirred at 500 rpm at room temperature (~23 °C) for 3 h to
obtain homogeneous and transparent electrospinning solutions. CAp
solutions were characterized via electrical conductivity, surface tension
as well as shear and extensional viscosity measurements. Electrical con-
ductivity was measured at room temperature (~23 °C) with a CE GLP31
conductivity meter from Crison (Barcelona, Spain). The conductivity cell
was calibrated using standard KCI solutions. Surface tension was deter-
mined also at room temperature in a Sigma 703D tensiometer (Biolin
Scientific, Beijing, China), using a 39.24 mm wide x 0.1 mm thick
platinum Wilhelmy plate. At least three measurements of electrical
conductivity and surface tension were obtained for each sample. The
rheological properties of the CAp solutions were investigated under shear
deformation using an ARES (Rheometric Scientific, UK) rheometer, and
under extensional deformation using the HAAKE CaBER-1 capillary
breakup rheometer (Thermo Scientific, Germany). Rotational rheometry
measurements were performed at 23 °C, in a shear rate range of 1-500
s using a Couette geometry (16 mm inner diameter and 1 mm gap
width). Extensional measurements were performed at 23 °C using plates
with a diameter d = 6 mm and the sample was loaded at an initial gap of
2 mm. An exponential strike time of 10 ms and a final separation of 6 mm
were applied for all cases.

2.3. Electrospinning and characterization of the resulting CAp electrospun
structures

CAp solutions were electrospun in a DOXA chamber from Micro-
fluidics (Malaga, Spain). A volume of 10 mL was placed in a syringe fitted
with a 19-G needle and coupled to a high-voltage power. We used a
voltage of 15 kV, a feed rate of 1 ml/h and a tip-to-collector distance of
15 cm. All experiments were performed at room temperature (22 + 1 °C)
and a relative humidity of 45 + 1%. Electrospun CAp webs were carefully
removed from the collector using tweezers and a spatula. The surface
morphology of the CAp fibers was characterized in a FlexSEM 1000 II
microscope (Hitachi, Japan), using a secondary electron detector at an
acceleration voltage of 15 kV. All specimens were coated with a layer of
gold before imaging. To determine average fiber diameter (AFD), around
100-120 fibers were analyzed in the different SEM images using both
FIJI ImageJ (NIH, Maryland, USA) and Origin Pro 8 (Origin Lab Corpo-
ration, Northampton, USA) software.

2.4. Preparation of CAp oleo-dispersions

CAp oleo-dispersions were prepared by blending electrospun CAp
nanostructures and castor oil in an open batch reactor under gentle
agitation. An IKA RW-20 mixer (Germany) with a low-shear anchor
impeller geometry was used. Samples were mixed for 1 h at room
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temperature (~23 °C) and a rotational speed of 60 rpm. CAp content in
the blends was set to 3, 4, 5 and 6 wt%. The schematic flow diagram of
the manufacturing process from the electrospinning of CAp solutions to
the production of CAp oleo-dispersions is shown in Fig. 1.

2.5. Characterization of CAp oleo-dispersions

The rheological properties of CAp oleo-dispersions were analyzed at
23 °C via a controlled-stress Rheoscope rheometer from Thermo Scien-
tific (Waltham, MA, USA), using a serrated plate parallel geometry. The
plates have diameters of 20 and 35 mm and a 1 mm gap were used. Small-
amplitude oscillatory shear (SAOS) measurements were performed inside
the linear viscoelasticity regime, in a frequency range comprised between
1072 and 102 rad/s. Strain sweep tests, at a frequency of 6.28 rad/s, were
first performed to determine the extension of the linear viscoelasticity
range. Creep and recovery tests were performed by applying a shearing
stress within the LVR for 10 min, followed by a zero-stress recovery for
10 min. The compliance modulus (J = y/0) of oleo-dispersions was
recorded as a function of time. The creep-recovery percentage was
measured by the following equation:

Jinax — Je

max

x 100 (€]

Recovery rate (%) =

where Jnax and J; represent the maximum compliance modulus after
creep (10 min) and the equilibrium compliance after recovery (20 min).
The stickiness of the oleo-dispersions was investigated using probe tack
tests. The dispersions were placed between parallel plate-plate geome-
tries of 35 mm with a fixed gap of 0.3 mm. A debonding speed of 1 mm/s
was applied, and the upper plate was moved under force control with the
normal force recorded throughout the test using a load transducer. The
contact between plate and dispersion was maintained for 20 min before
debonding. The normal stress (oy), strain (e) and strain rate (de/dt)
values were calculated according to Egs. (2)-(4) [52,53]:
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where Fy is the normal force, t is the time, Ay is the initial contact area,
d and hy are the plate-plate separation during the tests and at the
beginning of the experiment, respectively, and Vg is the debonding
velocity.

The oil retention capacity of the oleo-dispersions of castor oil and CAp
nanostructures was evaluated as the weight ratio of released oil after
centrifugation. 2 g of an oleo-dispersion was weighed and placed inside a
centrifuge tube (45 mL). The specimen was centrifuged for 10 min at 750
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D © @

Electrospinning

Nano Materials Science 7 (2025) 90-104

rpm. The amount of oiling off was quantified by measuring the weight of
the remaining oleo-dispersion:
W,

Oil loss (%) :V%% X
|

100 %)

where Wj, is the mass of oleo-dispersion and, W is the mass of the
dispersion after removing the separated oil after centrifugation.

Tribological performance of the oleo-dispersions was investigated
using a Physica MCR-501 rheometer from Anton Paar (Graz, Austria)
equipped with a tribological cell. The cell consisted of a 6.35 mm
diameter steel ball rotating on three 45° inclined rectangular steel plates.
The evolution of the friction coefficient with rotational speed was
assessed in a range of sliding velocities between 104102 (m/s), at a
temperature of 23 °C and normal loads of 20 and 40 N. The stationary
friction coefficient was also obtained at 23 °C by applying a normal force
of 40 N and a constant sliding velocity for 20 min. The wear scars
generated on the steel plates were analyzed using a BX51 microscope
(Olympus, Japan).

The morphological analysis of the nanostructures in castor oil me-
dium was carried out by scanning electron microscopy (SEM) observa-
tions carried out in a FlexSEM 1000 II microscope (Hitachi, Japan),
operating at 10 kV accelerating voltage. A small amount of each sample
was immersed in n-hexane for 5 days to extract the oil. The solvent was
carefully replaced 1-2 times a day until oil extraction was complete. The
samples were then dried at room temperature. Finally, the samples were
coated with a thin layer of gold.

Fourier transformed infrared spectroscopy (FTIR) spectra of raw
materials and oleo-dispersions was obtained using a typical KBr method
with a JASCO FT/IR-4200 spectrometer (JASCO, Tokyo, Japan). Each
sample was scanned 46 times at a resolution of 4 cm™! over the wave-
number region of 4000-400 cm ™.

2.6. Statistical analysis

All of the experiments were carried out at least in two replicates. The
data were recorded as means + standard deviation and were analyzed
using Origin Pro 8 software (Origin Lab Corporation, Northampton,
USA).

3. Results and discussion
3.1. Physicochemical properties of the CAp solutions

The electrospinnability of a polymer depends on some physico-
chemical properties of the precursor solution such as surface tension,
electrical conductivity and viscosity [34,54-56]. Table 1 shows the
values of surface tension, electrical conductivity and dynamic viscosity of
CAp solutions in a mixed solvent of DM/EtOH: 7/3. We observed that the
surface tension slightly decreased with increasing concentration of CAp
ranging from 23.4 mN/m for the 1 wt% sample to 13.3 mN/m for the
sample having 20 wt% of CAp. This decrease in the surface tension is in

Oleo-dispersion

.

> ®
0

60 rpm -

23°C| N 7/
. o -~

CAp fiber

Fig. 1. Schematic flow diagram of the manufacturing process of CAp oleo-dispersions.
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Table 1
Surface tension, electrical conductivity, shear viscosity (1)), extensional viscosity (nexy) and relaxation time (A) values of CAp spinning solutions in DM/EtOH: 7/3.
Spinning Surface Electrical Newtonian viscosity, n no (Pa.s) Neo 7e P n Extensional viscosity, Relaxation
solutions tension, conductivity, (Pa.s) (Pa.s) shH -) -) Next (Pa.8) time,
6 (mN/m) A (uS/cm) A (ms)
1 wt% CAp 23.4 £0.03 4.52 £ 0.09 0.0074 - - - - 0.023 2.63
2 wt% CAp 23.1 £0.03 9.18 £0.11 0.0089 - - - - 0.027 4.17
3 wt% CAp 22.8 £0.03 5.90 £+ 0.10 - 0.027 0.012 52.1 5.64 0.83 0.089 22.1
5 wt% CAp 21.1 £0.03 4.42 £+ 0.09 - 0.059 0.019 24.8 2.75 0.72 0.17 65.1
7 wt% CAp 20.2 £0.03 4.31 £ 0.08 - 0.175 0.028 22.8 3.19 0.65 0.52 124.9
10 wt% CAp 18.4 + 0.02 3.74 £ 0.08 - 1.212 0.037 8.48 2.24 0.58 3.6 152.1
12.5 wt% CAp 17.2 + 0.02 3.19 £ 0.07 - 8.69 0.064 4.30 2.16 0.53 25.3 178.3
15 wt% CAp 15.9 + 0.02 2.56 + 0.06 - 13.29 0.120 5.40 2.15 0.49 39.9 213.7
20 wt% CAp 13.3+£0.01 1.40 £ 0.05 - 79.35 0.192 4.86 217 0.44 247.5 297.6
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Fig. 2. (a) Viscous flow curves for CAp solutions in DM/EtOH: 7/3 as a function
of concentration, and (b) plot of specific viscosity (75) as a function of CAp
concentration.

quantitative agreement with results reported by other authors [57,58].
Lower surface tension, causes an improvement of the electrospinability of
the solution as electrostatic forces need to overcome the surface tension
forces in order to create a Taylor cone [59].

The values of the electrical conductivity initially increased with CAp
concentration for the systems prepared at 1 and 2 wt%. However, for the
solutions at concentrations higher than 2%, a gradual decrease was
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noted. The decrease can be ascribed to a reduced polymer mobility
caused by the entanglement present at higher concentrations [54].

Fig. 2a displays dynamic viscosity measurements for the CAp solu-
tions. The specimens at 1 and 2 wt% of CAp exhibited a Newtonian
behavior in all ranges of shear rate studied. However, when the CAp
concentrations increased above 2 wt%, a non-Newtonian rheological
response was observed. This non-Newtonian response follows a Carreu-
Yasuda model (R? > 0.99).

(o — 1)

T

where, 7 is the non-Newtonian viscosity, 7., and 7, are the viscosities at
infinite and zero shear rates. y is the shear rate, y, is the critical shear rate
for the onset of the non-Newtonian region, p is a fitting exponent and n is
the flow index. Parameters for the best fit to the Carreu-Yasuda model are
shown in Table 1. We noted that an increase in CAp concentration is
reflected in an increase in the values of 7, 7., and n, and a decrease in the
values of 7. This behavior is in agreement with previous results reported
on spinning solutions based on chitosan [60] and polyamide-6 [61].

Fig. 2b displays the relationship between specific viscosity (1) and
CAp concentration for all solutions. This diagram allows for the deter-
mination of the critical entanglement concentration (Ce), a characteristic
parameter that delimits the semi-diluted unentangled and the semi-
diluted entangled regimes [34]. C, was determined to be 2.5 wt%, the
concentration at which the scaling exponent increases from 7, « c'* to
anya €%, The magnitude of the scaling exponents are in quantitative
agreement with those expected for a neutral polymer in a good solvent
[62,63]. C. can be used to roughly predict the adequate electro-
spinnability of polymer solutions and the morphology of electrospun
structures [64,65]. It has been suggested that the solution concentration
should be at least 2-2.5 times C. [64,65]. Various fiber morphologies,
including beaded-fibers and uniform free bead-fibers, have been linked
to different polymer concentration domains [66]. As explained below,
CAp solutions with concentrations greater than 5 wt% are more likely to
be appropriate for producing uniform bead-free fibers. Further, these
experimental results serve as a confirmation of the decrease in electrical
conductivity at values over 2 wt% concentration indicating a lower
mobility of the macromolecules at higher concentrations.

Since a polymer solution undergoes elongational flow and extension
during electrospinning, extensional rheology provides information that
complements shear rheology measurements [67]. We evaluated the
extensional properties of the CAp solutions by capillary rupture experi-
ments. Fig. 3a displays the evolution of Dy, (t) normalized by the initial
diameter Dy of the filament, as a function of time, for several CAp con-
centrations. For a 1 wt% solution, the determination of Dn;, (t) was
complicated due to sudden filament breakage and lack of filament for-
mation. However, as the CAp solution's concentration increased, the
average filament diameter was found to decrease exponentially. This
behavior occurs when the polymer chains are fully stretched, and the

n="ne,+ (6)
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Fig. 3. a) Diameter (Dp;q) normalized by its initial value (Do) versus elapsed
time, and (b) Trouton ratio versus Hencky strain for different polymer concen-
trations of CAp solutions in DM/EtOH: 7/3 tested in the CaBER rheometer.

elastic strain can no longer grow in the face of increasing capillary
pressure. A functional model proposed by Anna and McKinley [68] fitted
fairly well this extensional behavior (R? > 0.995):
D (1)

L =Ae B —Ct+D

Dy )

In Equation (7), A, B, C and D are the fitting parameters. The value of
B is related to the relaxation time () of the solution (1 /3 A)’ while the
steady-state extensional viscosity is related to polymer concentration.
The values of A are tabulated in Table 1. A direct relationship between the
increase in the CAp concentration and the values of A can be observed. As
the concentration of the solution increases, the relaxation time also in-
creases, ranging from 2.63 ms for the system prepared at 1 wt% CAp to
297.6 ms for the system at 20 wt% of CAp.

The apparent extensional viscosity (77.x) can be estimated from the
time evolution of the filament using the following equation [69]:
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_ G/Dm,'d(t)

Newe = ®
' d:‘,’h (l)/dt
where o is the surface tension, and the Hencky strain (ep) is:
D
e, =21In (Dm(;) 9

The values of the apparent extensional viscosity are provided in
Table 1. We observed that the extensional viscosity of these solutions
remained reasonably constant at lower concentrations, and significantly
increased with CAp concentration. This behavior is attributed to an in-
crease in the elastic character of polymer solutions at higher concentra-
tions [70,71].

We also studied the influence of CAp concentration on the apparent
extensional viscosity values which can be expressed by the Trouton ratio
(r]ex[/n) versus the Hencky strain (e) (Fig. 3b). The Trouton ratio should

theoretically be 3 for Newtonian or inelastic non-Newtonian fluids [72,
73]. As it can be seen, this theoretical value was met in all cases over a
wide deformation range. The Trouton ratio was found to increase
significantly with time for samples at higher concentration of CAp. These
results highlight the importance of performing extensional flow in
addition to shear tests to evaluate the electrospinnability of polymer
solutions, since shear experiments can only provide Newtonian and
non-Newtonian responses, while extensional tests reveal the viscoelastic
character of the solution [35,74].

3.2. Characterization of CAp electrospun nanostructures

Fig. 4 shows SEM micrographs of the different electrospun nano-
structures obtained from CAp solutions at different concentrations. The
solution prepared at 1 wt% was not able to generate fibers or inter-
connected particles, exhibiting a physical electrospray phenomenon, and
consequently the image consists of micro-agglomerated particles (see
Fig. 4a). By slightly increasing the concentration of the solution between
2 wt% and 3 wt%, morphologies with micro- and nano-sized particles
connected by a thin filament (around 70-150 nm) and/or embedded in
nanofiber mats were obtained (Fig. 4b-¢). Uniform nanofiber mats were
obtained from the 5 wt% solution and their diameter increased with
increasing concentration, showing mean diameters of 260 & 110 nm and
420 + 125 nm for the systems prepared at 5 and 15 wt% (Fig. 4c-h).
Further, the width of fiber diameter distribution of CAp fiber between 5
and 15 wt % CAp concentrations showed only a slight increase (see
Fig. S1 in the Supporting Information).

According to Fig. 2b, the solutions with concentrations in the semi-
dilute non-entangled regime produce particles or aggregates of parti-
cles, while solutions in the semi-dilute entangled regime produce fibers
with high uniformity. CAp solutions at concentrations higher than 5 wt%
(~2-2.5 times C.) produced uniform fibers while solutions with con-
centrations around 2 wt%, which is close to the estimated C., mostly
generated particles interconnected with fine nanofibers.

Fig. 5 shows two empirical relations between average fiber diameter
and specific viscosity, as well as average fiber diameter and relaxation
time of the CAp solutions. As shown in Fig. 5a, the average diameter and
the specific viscosity exhibit an exponential relationship. It seems evident
that between the non-electrospinnable and electrospinnable solutions
there is a limit located between 1 and 2 wt%, as above 2 wt% concen-
tration the molecular entanglements are sufficient to maintain a stable
polymer jet.

Fig. 5b displays the average fiber diameter versus relaxation time of
the CAp solutions. As can be seen, the data follows an exponential model,
where a key transition value of 22 ms is observed.

We also wanted to evaluate the influence of solvent ratio on the
surface and morphological properties of CAp nanostructures. For that
purpose, we varied the solvent ratio of DM/EtOH. from 7/3 to 1/0. Fig. 6
contains the SEM micrographs of the electrospun nanostructures from the
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(2) (h)

Fig. 4. SEM micrographs obtained for different concentrations of CAp solutions in DM/EtOH: 7/3: (a) 1 wt%, (b) 2 wt%, (c) 3 wt%, (d) 5 wt%, (e) 7 wt%, (f) 10 wt%,
(g) 15 wt% and (h) 17 wt%.
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Fig. 5. Effect of a) specific viscosity and b) relaxation time of CAp solutions on
the average fiber diameter of the electrospun fibers.

CAp solutions prepared at different ratios of DM/EtOH. An increase in
DM content causes a significant change on the surface and morphological
properties of electrospun nanostructures. Pores start appearing in the
fibers, associated with morphology transitions from smooth fibers to fi-
bers with nanoparticles, with a slight increase of AFD at 8/2 and 9/
1:DM/EtOH ratios. For the samples prepared using a 10/0:DM/EtOH
ratio, a porous nanostructure with a large increase in fiber diameters (see
distributions in Fig. S2 of the Supporting Information) and a clear shape
transition from round to flat-like fibers was observed. This behavior
agrees with similar phenomena reported by several authors [34,75,76].
We believe that the formation of porous and flat/ribbon fiber structures
could be attributed to the low boiling point (~39.8 °C) of DM. The rapid
evaporation of the DM, on one hand, results in a large amount of heat
being absorbed, as it evaporates, thereby cooling the surface of the fibers.
This cooling effect causes water vapor from the humid environment to
condense as droplets on the fibers surface. Upon drying, the water
droplets evaporate leaving behind pores. On the other hand, the rapid
release of DM generates an instability and a plasticization in the Taylor
cone, resulting in a jet distortion.
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3.3. Rheological, tackiness and oil loss properties of the CAp oleo-
dispersions

Rheological properties of oleo-dispersions were characterized using
SAOS measurements. Fig. 7a displays the evolution of storage modulus
(G") and loss modulus (G”) with frequency, and as a function of CAp
concentration in a DM/EtOH: 7/3 solvent. A change in the shape of the
mechanical spectra is observed when the CAp content varies. At higher
CAp concentrations, the viscoelastic behavior corresponds to a so-called
plateau relaxation zone. This region is characterized by having values of
G’ higher than G” over the entire frequency range, and by G” showing a
minimum and a marked increase in its frequency dependence above ~1
rad/s. This particular region has long been associated with the occur-
rence of physical entanglements in polymeric materials [77]. In this
particular system, we believe it may be attributed to a packing effect of
the entanglement network formed among the electrospun fibers. How-
ever, a different behavior was found for dispersions formulated with
nanofibers obtained from spinning solution below 5 wt% CAp, as a
crossover between G’ and G” at high frequencies can be noted, which
delimits the plateau and the transition zone of mechanical spectrum. This
behavior suggests that a reduction in the extension of the plateau region
takes place by lowering the CAp content in spinning solution. The
entanglement network for this dispersion is like that created by amor-
phous uncrosslinked polymers of high molecular weight.

Fig. 7b displays the influence of thickener (i.e., electrospun nano-
fibers) concentration on the linear viscoelasticy of dispersions from so-
lutions of CAp at 7 wt% in DM/EtOH: 7/3. All oleo-dispersions show
similar mechanical spectra, corresponding to the so-called plateau
relaxation zone, which is also very similar to the behavior shown by the
commercially available lithium grease. We also found that an increase in
thickener concentration was reflected in higher values of both G’ and G”,
but not in significant changes of the loss tangent (G''/G’), indicating a
progressive increase in the number of transient junction zones due to
packing effects, which reduced the mobility of CAp fibers at high con-
centration values. Fig. 7c shows the effects of solvent ratio on the linear
viscoelasticity of dispersions made with a constant concentration of
thickener at 5 wt%. Interestingly, the values of the viscoelastic functions
for the dispersion formulated with porous and flat/ribbon fiber structures
were higher than those corresponding to the dispersion containing
smooth fibers. This behavior may be associated with the formation of a
more compact entanglement network due to higher interaction of castor
oil and the porous nature of those fibers. However, the dispersion
formulated with porous micro- and nano-particles connected by thin
filaments (the one at lower concentration of CAp), showed a significant
drop in the viscoelastic functions.

The dynamic viscoelastic properties of oleo-dispersions were also
assessed by creep-recovery tests (Figs. 7d to f). We found that the mor-
phologies formed by micro- and nano-sized particles connected by a few
thin filaments and those with lower thickener concentrations, showed
higher compliance values, indicating higher deformability. J values of
the samples increased with decreasing thickener content, indicating a
large degree of deformation and a smaller elasticity. The initial creep
value (Jp) represents an instantaneous deformation and reflects the
elastic response of the material.

The structural recovery percentage of the oleo-dispersions, indicating
the recovery ability of an elastic structure after stress relief, is noted in
Table 2.

As has been discussed above, when the electrospun fibers is dispersed
in castor oil, the fibers arrange themselves to form a characteristic
physical network depending on fiber concentration, due to the balance of
forces between the colloidal fiber and the castor oil medium. Fig. 8 shows
the SEM micrographs of selected electrospun nanostructures once
dispersed in the oil medium, i.e. oleo-dispersions of 5 wt% CAp nano-
structures obtained from solutions of 7 wt% CAp in DM/EtOH: 7/3 (a, b)
and 5 wt% CAp in DM/EtOH: 9/1 (c, d), respectively. Figs. 8a and b show
that the oleo-dispersion prepared with fibers has a structure like the
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Fig. 6. SEM micrographs of structures obtained from polymer solutions containing 5 wt% CAp concentration and different ratios of DM/EtOH: (a, b) 7/3, (¢, d) 8/2,
(e, ) 9/1 and (g, h) 10/0.
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Fig. 7. Evolution of the storage and loss moduli with frequency (a, b, c), and

creep-recovery curves (d, e, f) as a function of: (a, d) concentration in the
spinning solution, (b, e) thickener content and (c, f) solvent ratio.

original electrospun fibers (see Fig. 4e). Interestingly, the fiber diameter
was larger, probably due to swelling caused by physical diffusion phe-
nomena. A similar effect, comparing Figs. 8c and d with Figs. 6e and f,
can be observed in the nanostructure composed of fibers with nano-
particles, resulting in the occurrence of fiber-particles swelling. This
degree of swelling can be estimated from the diameter fiber using the
following equation:

Dy — D
Degree of swelling (f) = =

Dy
where Dy refers to the average diameter of electrospun fibers and Dy to
average diameters of CAp fibers in the oil medium. According to this,
fiber diameter considerably increases in the percolation network, p =
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Table 2
Rheological and tribological parameters for the oleo-dispersions studied and a
reference lithium lubricating grease.

Oleo- G°N Jmax % Etack Friction Wear scar
dispersions (Pa) (Pah) Recovery W/ coefficient diameter
m?) (pm)
3%CAp 1.06 260x 636 0.72 0.074 + 570 +
(DM/ X 1072 0.005 11.3
EtOH: 70/ 102
30)-5%
thickener
5%CAp 207 9.18x 553 6.40 0.093 + 590 +
(DM/ x 10°° 0.006 12.2
EtOH: 70/  10*
30)-5%
thickener
7%CAp 378 6.95x 67.3 6.19 0.090 + 430 +
(DM/ X 107° 0.006 10.6
EtOH: 70/  10*
30)-5%
thickener
7%CAp 1.68 9.82x 659 6.78 0.089 + 530 +
(DM/ x 10°° 0.006 11.8
EtOH: 80/  10*
20)-5%
thickener
7%CAp 325 297x 454 2.91 0.081 + 594 +
DM/ X 1073 0.005 12.4
EtOH: 90/  10°
10)-5%
thickener
7%CAp 126 514x 735 5.36 0.112 + 690 +
(DM/ x 10°° 0.009 14.1
EtOH: 10*
100/0)-
5%
thickener
7%CAp 1.76  1.60x  47.7 3.46 0.084 + 445 +
(DM/ x 1074 0.007 11.9
EtOH: 70/  10*
30)-3%
thickener
7%CAp 305 877x 657 3.76 0.089 + 438 +
(DM/ X 10°° 0.008 12.1
EtOH: 70/  10*
30)-4%
thickener
7%CAp 6.67 4.06x  70.0 5.35 0.099 + 378 +
(DM/ x 10°° 0.007 10.9
EtOH: 70/  10*
30)-6%
thickener
Lithium- 546  9.39x 456 11.70  0.111 + 521 +
grease x 10°° 0.009 12.8
10*
Castor oil - - - - 0.068 + 593 +
0.005 13.3

65% for the nanostructure only composed of fibers and § = 82% for the
bead-fiber nanostructure as a consequence of swelling. These results
confirm that there is a strong physical interaction between the castor oil
and the CAp electrospun nanostructure. However, there is no chemical
interaction, as confirmed by the FTIR measurements (Fig. S3 in the
Supporting Information).

Although SAOS was useful to understand the linear viscoelasticity of
the samples, most lubricating greases do not operate in this linear region,
and under realistic conditions, at high shear rates, they undergo a process
of microstructural reorganization, which eventually results in an equi-
librium between the shear-induced structural degradation and a rear-
rangement process [78,79].

In this context, tackiness measurements could provide additional
structural information about our formulations. Fig. 9 depicts the stress-
strain curves for tack experiments of all oleo-dispersions prepared. Ac-
cording to the maximum peak stress reached during the test, the oleo-
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(d)

Fig. 8. SEM micrographs of nanostructures once dispersed in the oil medium at 5 wt% concentration. Nanostructures obtained from CAp solutions in DM/EtOH 7/3 at

7 wt% (a, b) and DM/EtOH: 9/1 at 5 wt% (c, d).
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Fig. 9. Stress-strain plots in tacking tests as a function of: (a) concentration in the spinning solution, (b) thickener concentration and (c) solvent ratio (DM/EtOH).

dispersions showed an increase in tackiness when there was an increase
in the concentration of the spinning solution and in the concentration of
the thickener. Interestingly, the tackiness found in the oleo-dispersion
formulated with porous flat/ribbon fiber structures was much higher
than the values obtained for the oleo-dispersion containing smooth
nanofibers. This behavior is explicitly reflected in the evolution of
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tackiness energy, Eick, (see Table 2), which is defined per unit area as
[52]:

Eu=h, / o(e)de (10)
0

It is obvious to us, that the entanglement network of the oleo-
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dispersions plays a key role in controlling the extensional deformation
and tackiness. This can be explained by taking into account that the oleo-
dispersions formulated with micro- and nano-sized particles connected
by a thin filament morphologies and at lower concentrations of thick-
ener, need less force to debond the contact and are generally less elastic
[80]. This behavior is confirmed by the results from our creep rheological
tests.

Finally, oil loss was evaluated as an indicator of the relative oil
binding and/or trapping capacity of each oleo-dispersions and the results

4%

100

40

(%) #o 110

5% 6% 713 8/2 911 10/0

solvent ratio DM/EtOH

(c)

10. Oil loss percentage as a function of: (a) concentration in the spinning solution, (b) thickener concentration and (c) solvent ratio (DM/EtOH).

are shown in Fig. 10. All the oleo-dispersions exhibited self-supporting
gel-like network characteristics. We also observed that when the DM
content increased in the solvent ratio (porous nanostructures), lower oil
loss was achieved, and we attributed that behavior to a higher functional
surface ratio of the resulting oleo-dispersion as seen in Fig. 10c.

3.4. Tribological properties of CAp oleo-dispersions

The tribology of the oil-dispersions was evaluated using a ball-plate
(steel-steel) contact under a rotational velocity sweep. Fig. 11 shows
the Stribeck curves, friction coefficient vs. sliding velocity, under normal
forces of 20 and 40 N and sliding velocities ranging from 0.05 to 1400
mm/s for oleo-dispersions formulated with smooth fibers at different
thickener content (3-5 wt%). The sliding velocity was estimated
following equation:

Sliding velocity =Y/2 . rya; . @ 11
where, rpqq is the radius of the steel contact ball (6.35 mm) and w is the
angular velocity (rad/s). In general, the dispersions at all concentrations
caused a reduction in the coefficient of friction in the mixed/elastohy-
drodynamic lubrication regime. As shown in Fig. 11, the friction coeffi-
cient along the boundary and mixed lubrication regions increased
slightly at higher thickener concentrations. This behavior can be asso-
ciated to an increase in thickener concentrations [35,81].

Stationary friction tests were also performed to evaluate the lubri-
cation function of the oleo-dispersions under mixed lubrication condi-
tions using a normal force of 40 N and a sliding velocity of 0.047 m/s.
These conditions were chosen because bearings frequently operate in this
mixed regime where the surfaces are not sufficiently smooth, and the
load or temperature is too high. Moreover, in this regime, a part of the
friction can be attributed to the grease's internal friction [82]. Fig. 12a
indicates that the coefficient of friction decreases rapidly until it reaches
a stationary value around 300 s, which is indicative of the formation of an
in situ protective film.

Figs. 12b to e display images of the worn surface of the steel plates.
The contact surfaces were damaged after the experiments, and the
rounded worn surfaces show a rough trace and deep furrows along the
sliding direction. This suggests that the predominant wear mechanism
was abrasion. We also observed that as thickener concentration in-
creases, there is an increase in the friction coefficient. The friction



M.A. Martin-Alfonso et al.

Nano Materials Science 7 (2025) 90-104

0.18
| a) = 3 wt.% thickener
® 4 wt.% thickener
0.16 - A A 5wt.% thickener
L A
E, 014 | $ —— Lithium-grease —— castor oil
L I A
t A
S 0121 b4
o L W — ~
c
S 010}
L !
e
L o008t k—h
0.06
0 200 400 600 800 1000 1200 1400
time (s)

-

5 wt.% thickener ~

1

(d)

(@

(e)

Fig. 12. (a) Friction curves for oleo-dispersions as a function of thickener concentration, (b) Optical images of the worn plate surface for steel/steel contacts.

coefficient values in grease lubricated contacts usually increase as the
entrainment speed decreases, which is related to grease replenishment in
the contact, as has been previously discussed by Goncalves et al. [83-85].
Increasing the thickener concentration may reduce the contact replen-
ishment capacity due to an increase in grease consistency while it reduces
the oil bleeding ability. This is because the three-dimensional network
more effectively entraps the oil [83,86], as corroborated by oil loss tests.
On the other hand, the thickener's penetration into the contact increases
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the film thickness and must reduce the friction coefficient [85,87].
However, there is no evidence to suggest that an increase in nano-
structure concentration favors thickener penetration. If penetration does
occur, it does not appear to reduce friction. Previous works have reported
a similar influence of thickener concentration on friction and wear when
using nanosized montmorillonite [21] as a thickener in castor oil or
cellulose acetate butyrate in acetyl tributyl citrate and triethyl citrate
media, respectively [30,88]. More importantly, when comparing the



M.A. Martin-Alfonso et al.

behavior of these oleo-dispersions with a commercial lithium grease, one
can see that these new oleo-dispersions exhibit smaller friction co-
efficients. Further, all of the samples presented wear diameters, as shown
in Figs. 12b to e and Table 2, that are comparable to those exhibited by a
commercial lithium grease, or by dispersions of functionalized cellulose-
or lignin [16,89].

4. Conclusions

In this work, dispersions of electrospun CAp fibers and castor oil were
successfully produced and evaluated. These new formulations are
potentially applicable as an environmentally friendly alternative to
existing petroleum-based lubricating greases. We found that the spinn-
ability of CAp solutions in DM/EtOH binary solvent system could be
predicted based on shear/extensional properties and surface tension
measurements. Uniform nanofibers were produced from CAp solutions
that exhibit shear thinning behavior and a minimum relaxation time of
approximately 65 ms. These requirements were achieved for CAp con-
centrations above 5 wt%, which is approximately 2-2.5 times the
entanglement concentration, Ce. On the other hand, solutions with con-
centrations lower than C. produced particles and morphologies consist-
ing of micro- and nano-sized particles connected by thin filaments. The
diameter and morphology of electrospun CAp nanostructures could be
controlled by modifying the polymer concentration and the ratio of sol-
vent in the DM/EtOH binary system. Ribbon-like CAp fibers with irreg-
ular holes were obtained on the surface of fiber electrospun using pure
DM, and an exponential relationship between the relaxation time and
viscosity of the spinning solution with the diameter of the resulting fiber
was also found. Electrospun CAp nanostructures were able to form
physically stable oleo-dispersions in castor oil, and the morphology type
and surface properties (smooth and porous) of the nanostructures and
their concentration played a key role to modulate their rheological and
tribological properties of oleo-dispersions. The evolution of linear
viscoelastic functions revealed that porous fibers and at higher concen-
trations have higher thickening capacity and more viscoelastic proper-
ties. This behavior is attributed to the larger fiber/oil interaction and the
higher density of the fiber entanglement network. Further, these oleo
dispersions have a more cohesive entanglement network, leading to an
increase in tackiness. In general, the dispersion of CAp nanostructures in
castor oil, employed as lubricants in a tribological contact, performs well.
It reduces friction and provides wear protection similar to, or even better
than, a commercial lithium lubricating grease. As a result, the produced
formulations with smooth and porous CAp nanofibers at 5 wt% thickener
exhibited promising rheological and tribological performance compara-
ble to the multipurpose lithium lubricating grease classified as NLGI
grade 2 according to ASTM D217.

Overall, these systems have promising rheological and tribological
properties at room temperature and can be proposed as environmentally-
friendly alternatives to traditional lubricating greases. However, further
research is required to better understand thei tribological mechanisms
involved and the viscous flow behavior at different working conditions
(e.g., speed, load, and temperature).
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