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Abstract: We formulated and characterized oleogels based on montmorillonite clay and vegetable oils
that could serve as eco-friendly semi-solid lubricants. In particular, we studied the influence of the
physical-chemical properties of olive, castor, soybean, linseed, and sunflower oils on the rheological,
chemical, thermal, and tribological properties of the semi-solid lubricants. We prepared the oleogels
via the highly intensive mixing of vegetable oils with clay at a concentration of 30 wt.%. The oleogels
exhibited shear-thinning, thixotropy, structural recovery, and gel-like behavior commonly related to
that of a three-dimensional network. The results were corroborated via XRD measurements showing
the presence of intercalated nanoclay structures well-dispersed in the vegetable oil. Empirical correla-
tions between the content of saturated (SFAs), unsaturated (UFAs), mono-unsaturated (MUFAs) and
poly-unsaturated (PUFAs) fatty acids and the plateau modulus of the aerogels were found. From these
experimental results, we can conclude that the fatty acid profile of the vegetable oils exerts an important
influence on the rheological and tribological properties of resulting clay and vegetable oil oleogels.

Keywords: oleogel; vegetable oil; nanoclay; oil structuring; rheology; tribology

1. Introduction

Growing awareness concerning environmental issues and sustainability trends drive
the development of new materials based on renewable resources. Many governments
and international agencies are promoting the use of alternative raw materials to decrease
pollution and waste. A clear example is the gradual replacement of petroleum compounds
with natural products [1,2]. Semi-solid lubricants such as greases are generally highly
structured colloidal dispersions that possess a two-phase structure consisting of a thickener
agent (traditionally metallic soaps or synthetic polymers) and a fluid oil lubricant (generally
mineral or synthetic oils). The thickener forms a colloidal network which traps the oil
in a micron-sized structure allowing the grease to exist in a semi-solid state. Semi-solid
lubricants properties depend on the nature of its components and on the microstructure
achieved during their processing [3]. Today, the semi-solid lubricants market is governed
by products based on petroleum/mineral oils, and there is a need to promote the replace-
ment of these non-renewable materials by substances obtained from renewable resources.
One possible approach is to make semisolid lubricants based on natural nanoclays [4] as
thickeners and vegetable oils as fluid lubricants. Among nanoclays, montmorillonite is one
of the most interesting due to its low cost and accesability [5]. Montmorillonite consists of
inorganic layered silicates which are several hundred nanometers long and have a spacing
between layers of just a few nanometers, allowing hundreds of such layered platelets to be
stacked into particles or tactoids. Due to their size, nanoclays interact with matter at the
atomic, molecular, and macromolecular level [6]. These hydrophobic mineral particles can
be also used as fillers or additives for non-polar polymers [7,8]. Clay is relatively cheap, can
be produced at industrial scale, and can form unique nanoparticles due to the intercalation
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of different substances into the interlayer space [9,10]. Several studies have highlighted
how the formation of a particle network in multiphase systems, such as dispersions and
gels, are strongly correlated to their physicochemical properties [11-13]. Several types of
nanoclays have been used as thickeners or additives for lubricants to improve the rheologi-
cal, extreme pressure, anti-wear and friction properties [14-19]. Chizhik et al. and Singh
and Bhowmick performed studies with nanoclays, such as bentonite and muscovite and
observed a significant decrease in both friction and wear [16,17]. Cao et al. [18] investigated
the tribological properties of lubricating greases modified with three different types of
montmorillonites and showed that inorganic modification can significantly increase the
number of electron traps in the base grease, hence leading to improved insulating and
anti-wear performance. Recently, Li et al. [19] functionalized graphene/montmorillonite
nanosheets, which had remarkable dispersion stability in oil and found that the nanosheets
had an outstanding lubricant property when the concentration was 0.4 mg/mL.

Vegetable oils can be considered potential substitutes for mineral oil-based lubricants
and synthetic esters [20]. Vegetable oils exhibit a high viscosity index, high lubricity,
low volatility, non-toxicity, and biodegradability. The biodegradability of vegetable oils
(90-98%) is much higher than that of mineral oil-based lubricants (20-40%) [21]. However,
vegetable oils also have drawbacks such as poor thermal oxidative stability, with a tendency
for hydrolysis, oxidation, and thermal decomposition [22] as well as a high melting point
that restricts their use in some critical applications [23,24]. Since the double bonds in the
fatty acid chains in vegetable oils quickly react with oxygen, and a high content of double
bonds is found in vegetable oils, such as sunflower, soybean, olive, linseed, and palm. The
development of oleogels to formulate eco-friendly semi-solid lubricants based on nanoclay
such as sepiolite and organo-montmorillonite with castor and soybean oils have been
reported [25-27]. Particularly, the effect of the thickener concentration on the rheological,
chemical, thermal and tribological properties, of these systems have been studied. The
results showed that the content of nanoclay could be used to modulate the viscosity, the
linear viscoelastic functions, and the tribological properties of the oleogels. To the best of
our knowledge, the impact of the type of vegetable oil on the bulk and surface properties
of nanoclay-based oleogels has not yet been studied. The overall objective of this work
is to explore the influence of the physical-chemical properties of vegetable oil, such as
castor oil (CO), linseed oil (Li), soybean oil (Soy), sunflower oil (SO), and olive oil (OL) on
the rheological, chemical, thermal, and tribological properties of montmorillonite-based
oleogels. Our results provide new insights on the formulation of effective and renewable
semi-solid lubricants.

2. Results and Discussion
2.1. Rheological Behavior
2.1.1. Linear Viscoelastic Properties

To ensure that the frequency sweep tests of the oleogel specimens do not damage the
microstructural network, they must be carried out at stress and strain values within the
linear viscoelastic range (LVR). Figure 1 displays the results obtained from shear stress
sweep tests performed at 1 Hz. The evolution of the storage (G, filled symbols) and loss
(G, unfilled symbols) moduli were similar to those of soft materials where the application
of a shear stress, typically in the order of 0.2-25 Pa evokes a linear elastic response (SAOS)
at lower shear stress values followed by a nonlinear response (LAOS) at higher stress values.
The decrease of moduli above a critical shear stress (t,), indicates a structural breakdown
within the gel network. We observed that the loss modulus shows a slight increase at the
end of the linear viscoelastic regime, which for some oleogels may be associated with energy
dissipation attributed to microstructure reorganization before collapsing [28]. The values
of G’ in the LVR reflects the density of interparticle contacts within the network, which
were found to be an order of magnitude higher than those for G”. Oleogels formulated
with olive, castor, and soybean oils have a high storage modulus, so they are expected
to have higher structural rigidity and integrity. The value of critical stress (t.) represents
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the limit of the LVR and it indicates the maximum stress a sample can withstand before the
internal structure undergoes permanent deformation. The values of the onset of non-linear
viscoelasticity for the oleogels tested are listed in Table 1. Each vegetable oil has a unique
interaction with the montmorillonite, so they yielded different microstructural gel networks.
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Figure 1. Oscillatory shear stress sweeps for oleogels formulated with different vegetable oils.

Table 1. Rheological parameters for oleogels studied.

Samples T, (Pa) ! K (Pa-s") 2 n3 Destruction (%) Recovery (%)
Olive 73.82 1179.5 A 0.015 a2 96.3 AA 9.39 ¢
Castor 80.6P 964.7 B 0.028 bb 75.7 BB 444 P
Soybean 79.4 ¢ 907.9 € 0.018 <€ 77.9 BB 46.5 P
Linseed 5194 637.8 P 0.010 dd 88.6 CC 26.9 ©
Sunflower 78.3¢ 7269 E 0.011 9d 82.2 DD 40.1Y

1 Critical stress. > Consistency index. 3 Flow index. Note: Values with different superscripts were significantly
different at p < 0.05.

Figure 2a shows the mechanical behavior spectra of oleogels formulated with dif-
ferent vegetable oils. All the spectra exhibited very slow characteristic slopes for the
frequency dependence of G/, which is a typical behavior of gel-like materials. In addition,
G’ showed a minimum value. While this behavior resembles that of strong gels, the fact that
G’ exhibited values just one order of magnitude greater than G’/ prevents classifying these
oleogels as simple strong gels. We found that the mechanical spectra obtained in our
rheological experiments are qualitatively similar to those of a polymer oleogel previously
studied [29,30], as well as very similar to those exhibited by some lithium lubricating
greases in which G’ values typically ranged from 10* to 10° Pa, at 25-75 °C [31]. The oleogel
formulated with olive oil exhibit the highest viscoelastic moduli followed by the oleogels
formulated with castor and soybean oil, and the one formulated with linseed oil has the
lowest moduli. These results are consistent with the formation of a dispersion of gel-like
domains in an oily continuous phase. The presence of a minimum value of G’ is reflected
in the occurrence of a further minimum in the log-log plot of the loss tangent (G’ /G’) as a
function of frequency (Figure 2b). All oleogels showed similar values for the loss tangent.
The frequency at which this minimum appears corresponds to a G’ value called the plateau
modulus (GN°) [32]:

Gn® = [C]

tan 8 »minimum (1 )
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Figure 2. Frequency dependence of the storage and loss moduli (a) and loss tangent (b), in the linear
viscoelastic region, for oleogels formulated with different vegetable oils.

GN° defines the so-called rubbery or plateau relaxation zone of the mechanical spec-
trum. GN° and it is associated with the formation of either a transient (e.g., weak gel) or
quasi-permanent (e.g., strong gel) network, which is a measure of the density of interparticle
interaction in the microstructural network [33].

Figure 3 displays the influence of the composition of vegetable oils on the linear
viscoelastic response of oleogels through the evolution of plateau modulus (GN°). A
correlation is observed between the plateau modulus and the percentage of total saturated
(SFAs) and unsaturated (UFAs) fatty acids of the vegetable oils, with the only exception of
the castor oil based oleogel. This behavior could be due to the extremely different polarity
and viscosity of castor oil. An increase in the GN© is observed when the percentage of SFAs
increases and when a decrease in the percentage of UFAs is noted. Those trends follow a
power-law equation:

Gn°(Oleogels) = al-(SFAS)bl (2)
GnN°(Oleogels) = a2~(UFAs)b2 ©)]

where aj/ap and by /b, are fitting parameters. In addition, a linear relationship of the
content of mono-unsaturated fatty acids (MUFAs) and poly-unsaturated fatty acids (PUFAs)
and the plateau modulus is observed (see Figure 3c,d). The linear viscoelastic properties of
oleogels depend on several factors such as fatty acids content, polarity, and the viscosity
of the vegetable oils used. These factors influence the nanoclay—oil interaction and as a
consequence dictate the formation of a weak or a stronger gel network. We found that
general vegetable oils with high SFAs/MUFAs content and low UFAs/PUFAs content tend
to form stronger microstructural networks.
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Figure 3. Evolution of plateau modulus of oleogels as a function of: (a) Saturated fatty acids (SFAs);
(b) Unsaturated fatty acids (UFAs); (c¢) Mono-unsaturated fatty acids (MUFAs); (d) Poly-unsaturated
fatty acids (PUFAs).

2.1.2. Viscous Flow Behavior and Thixotropic Properties

Figure 4a displays the viscous flow behavior of oleogels formulated with different
vegetable oils using log-log plots of viscosity versus shear rate. All oleogels analyzed
exhibited a non-Newtonian shear-thinning behavior characterized by a drop in viscosity
with increasing shear rate. We found that the experimental data for all flow curves could
be quantitatively fitted to an Ostwald-de Waele model with high (R?) values (>0.990):

n=Kx )" @

where 1 is the viscosity (Pa s), K is a parameter related to the consistency of the sample
(Pa s)", v is the shear rate (s!), and n is a parameter related to the slope of the shear
thinning region, also known as the flow index. The shear thinning properties exhibited by
the oleogels are the result of microstructural network disruption followed by an orientation
effect as shear increases. The values of the consistency and flow indexes are presented in
Table 2. Oleogels formulated with olive, castor and soybean oils, which have the highest
monounsaturation and saturation, have higher consistency indexes than the oleogels
prepared with others vegetable oils. Oleogels prepared with olive oil presented the highest
consistency index value followed by those prepared with castor and soybean oils. Castor
oil has the highest monounsaturation, and olive oil has higher saturated fatty acid contents.
Meanwhile, olive and soybean oils have similar SFAs values, olive oil has higher MUFAs
69.35% than soybean oil 23.4%. Considering the high melting point of the saturated fatty
acids, especially of palmitic acid which is present in olive oil (13.15%), it can be speculated
that it could cause aggregation and suspension and that these aggregates do resist the
flow [34], hence exhibiting a higher consistency index. On the other hand, the values of
flow index, n, were close to zero for all the oleogels studied, which indicates a typical
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yielding behavior [35]. Yielding behavior is characterized by a decay of several decades in
the values of viscosity with a very small increment in shear stress. Thixotropy and shear
thinning behavior were also observed for the oleogel samples at low and high shear rates
(0.1 and 10 s~1). We found that there was initially a progressive decrease in the viscosity of
the oleogels at a constant low shear rate over a time period of 20 min (see Figure 4b). When
the shear rate was increased, the structure was completely broken down and the viscosity
values dropped. However, the structure exhibited some recovery when the shear rate was
lowered. These results are of great interest for lubricant applications where a reversible
structure breakdown and recovery are desired, and reflect the thixotropic properties and
the prominent shear thinning of these oleogels.
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Figure 4. (a) Steady shear flow curves as a function of type of vegetable oil. Continuous lines
represent fits to the Ostwald-de Waele model and, (b) Thixotropic and shear thinning properties of
oleogels measured by plotting viscosity over time and at changing shear rates of 0.1 s~! and 10 s~ 1.
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Table 2. Thermal property data of C20A organoclay, vegetable oils and oleogels formulated with
different vegetable oils.

Samples T5 (°C) 1 Ty (°C) 2 Tax (°C) 3 Ccy*
C20A 280 307 331/450 65.8
OL-oil 372 385 416/429 0.023
CO-oil 354 367 382/401 0.026
Soy-oil 356 378 409/420 0.031
Li-oil 367 383 408/431 0.028
SO-oil 369 384 421/434 0.038
OL-oleogel 330 346 374/412 16.8
CO-oleogel 321 332 368/402 17.7
Soy-oleogel 316 338 370/445 15.9
Li-oleogel 329 346 365/452 16.3
SO-oleogel 327 344 369/443 16.3

! Temperature at 5 mass % loss. 2 Temperature at 10 mass % loss. > Maximum mass loss temperature. 4 CY: char
yield, the residue after TGA analysis at a maximum temperature of 600 °C.

2.1.3. Structural Recovery

From the oscillatory shear stress sweep experiments, we note that the application of
a stress or strain beyond the linear viscoelastic regime results in the destruction of the
structure in the specimen being tested. Depending upon the intensity and duration of
the imposed stress or strain, the microstructure may either be permanently destroyed or
partially recovered. Figure 5 shows the evolution of the complex modulus, G*, a measure
of the total resistance of a system towards deformation, for the oleogels when a shear
strain outside the linear viscoelastic region is applied and the subsequent recovery when
a shear strain inside the linear region is restored. We observed that the oleogels undergo
structural breakdown under high strain indicated by a notable drop in complex modulus.
When the strain value is restored within the LVR, a marked recovery is seen for most of the
formulations. From this plot, it is possible to calculate the percentage of destruction and
recovery as:

% destruction = L*GZ - 100 )
G
Xk
% recovery = g%_gg - 100 6)

where G, G3, G3 are the complex modulus in the LVR (first step shear strain), outside
LVR (second step shear strain), and after restoring the stress within LVR (third step shear
strain). Table 1 displays the percentages for structure destruction and recovery calculated
from Equations (5) and (6). Oleogels formulated with castor and soybean oils show lower
destruction percentages, indicating that their microstructures offer higher resistance to
structural deformation. On the contrary, oleogels formulated with linseed and especially
with olive oil showed a nearly complete structural destruction when a strain outside
LVR was applied. Low percentage recovery shown by these oleogels suggests that they
were subjected to irreversible structural breakdown. Oleogels formulated with castor
and soybean oils showed higher recovery percentages. These results indicate that an
oleogel with higher rigidity does not necessarily correspond to one with an increased
mechanical stability. For example, the oleogel formulated with olive oil has the highest
structural rigidity as reflected by the highest G/, but it also shows an extremely low
percentage recovery, suggesting that its structure is sensitive to shear stress. The results from
rheodestruction and recovery are of great relevance to the lubricating process. Oleogels
are expected to undergo structural breakdown, leading to a decrease in viscosity for ease
of lubrication on the surfaces, and when the stress is removed, the oleogels are meant to
partially recover to prevent lubricant dripping.
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Figure 5. Complex modulus (G*) decay, at frequency of 1 Hz, after changing shear strain from
the linear to the nonlinear viscoelastic region and further recovery when the former shear strain is
reimposed for the evolution of complex modulus for oleogels formulated with different vegetable oils.

2.2. Thermal and Chemical Properties of Oleogel

Figure 6a shows the mass loss (TGA) and mass loss rate (DTG) curves for pure C20A
organoclay and for the vegetable oils (OL, CO, Soy, Li and SO). The thermal decomposition
starts around 300 °C and ends about 500 °C. As for the organoclay C20A, its thermal
decomposition shows two stages of mass loss. Firstly, an initial mass loss below 100 °C is
attributed to the dehydration of the sample, and a second stage and a shoulder between
180 and 460 °C are attributed to the degradation of the organomodifier (quaternary
ammonium salt). Figure 6b shows that the oleogels follow two well-defined stages. The first
stage (between 300 and 400 °C) is attributable to the thermal volatilization of the vegetable
oil and the second stage (between 400 and 475 °C) may be associated with the degradation
of the organomodifier of the nanoclay. Table 2 lists the TGA data, including the temper-
atures for 5% degradation (T5), 10% degradation (Tg), maximum mass loss (Tmax), and
residue (CY) at 600 °C. A 65.8 wt.% residue was measured at 600 °C for C20A which is in
agreement with the theoretical presence of an organic ammonium salt. The thermogravi-
metric data also shows that the content of vegetable oil has a minimal influence on the
residue of the stable dispersions. In relation to the temperatures T5 and Ty of the oleogels
and Tmax, there is a difference of +15 °C, possibly due to the amount of saturated and
unsaturated fatty acids. We found that the thermal decomposition behavior of the olegels
follow similar trends to those of the vegetable oils with which they were formulated.

X-ray diffraction (XRD) was used to determine the degree of interaction and the
extent of intercalation or exfoliation, by measuring the interlayer spacing of the organoclay
as it interacts with the vegetable oils. The basal spacings between the structural planes
of the clay and the oleogels were calculated from the dgy; reflection peak in the X-ray
diffractogram using Bragg’s equation [36]:

n-A = 2d-sin® (7)

where A is the wavelength of the X-ray radiation used in the diffraction experiment,
d is the spacing between the planes of the diffraction grating, n is the diffraction or-
der, and 0 is the angle of the incident radiation beam with respect to the horizontal plane.
XRD patterns of pure C20A organoclay and of the oleogels are shown in Figure 7a. C20A
exhibits a main characteristic peak dgg; at 20 = 3.65°, which corresponds to the layer
spacing of 23.997 A, together with a small peak at 26 = 7.22°, which is typical of un-
modified montmorillonite [26]. In the XRD patterns of the oleogels, the main diffraction
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peak characteristic of the organoclay shifts to lower angles corresponding to the interlayer
spacings shown in Figure 7b. The larger interlayer spacing observed is related to the
affinity between the internal quaternary alkyl ammonium groups in the clay and the oil
which facilitates their insertion between the organo-modified silicate layers. Significant
differences in the spacing of the layers with respect to C20A indicate that the quater-
nary alkyl ammonium groups in the clay and the vegetable oils have a strong affinity.
X-ray results also confirm that the microstructural network of the oleogels detected in the
rheological tests is indeed attributed to the presence of intercalated nanoclay layers. Lower
intensity peaks at higher reflection angles, depicted in Figure 7a, could be associated to
additional harmonic reflections (002), (003) and (004), as they approximately correspond
to multiples of the scattering angle of the first order reflection peaks [37]. The additional
reflections might result from the presence of flocculated, intercalated clay platelets with
coherent layer stacking, which may remain aggregated or arise as a consequence of a
reaggregation process during intensive mixing [38].
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Figure 6. (a) TGA /DTG thermograms for pure C20A nanoclay, olive, castor, soybean, linseed and
sunflower oils; (b) TGA /DTG thermograms for the oleogels formulated with different vegetable oils.
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Figure 7. (a) X-ray diffractograms for oleogels as a function of vegetable oil. Pure C20A intensity
profiles are also included for reference, and (b) Interlayer spacing obtained from diffraction peaks on
C20A and different oleogels.
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2.3. Tribological Properties of Oleogels

The influence of vegetable oils on the lubrication performance of the formulated
oleogels was analyzed using tribological experiments. Table 3 shows consistency data
for all oleogels studied as well as the corresponding NLGI grade. The NLGI grade is a
commonly accepted parameter to classify lubricating greases as a function of their consis-
tency degree (between 000 and 6) [39]. The most commonly used greases have a NLGI
grade 2. Lubricating greases with soft NLGI grades (0-1) are used in high speed and low
load applications at low temperature, while those with higher NLGI grades are suitable for
low-speed bearings, operating in higher temperature environments, and required to avoid
water washout [40]. Table 3 shows that all oleogels studied showed a NLGI grade around 2.
The oleogel formulated with olive oil has a hardness slightly larger, while linseed’s oleogel
is lightly softer.

Table 3. NLGI consistency numbers, penetration and friction coefficient values for oleogels studied.

Oleogel Penetration Index (dmm) NLGI Grade Friction Coefficient
Olive 25542 2-3 0.096 4
Castor 273° 2 0.119B
Soybean 281P 2 0.101 4
Linseed 302°¢ 1-2 0.113 B
Sunflower 294 d 2 0.108 B

Note: Values with different superscripts were significantly different at p < 0.05.

The lubrication properties of oleogels were investigated in a ball-on-plate tribological
contact device. A specific normal load of 30 N and a rotational speed of 100 rpm were
selected to achieve a mixed lubrication regime which was previously determined by per-
forming ramps of rotational speed, i.e., the Stribeck curves. Bearings and moving parts of
machines commonly operate in the mixed lubrication region. Mixed lubrication is known
to be influenced by the type of oil and additive used, and by the characteristics of the
surface of the material being lubricated [41]. Figure 8a displays the evolution of the friction
coefficient versus time for all theoleogels studied. Oleogels formulated with olive, linseed,
and sunflower oils have a similar behavior, in which the coefficient of friction falls, from a
higher value to form a stable sliding as of 350 s, which is indicative of the formation of a
protective surface film, promoted by tribochemical processes due to the rubbing action. In
contrast, the frictional behavior of the oleogels formulated with castor and soybean oils is
characterized by a run-in. Friction coefficients for the oleogels formulated with soybean oil
fluctuate with time, a fact that could be associated with lubrication of the contact surfaces,
while the friction coefficient of oleogels formulated with castor oil reaches a steady-state
value at around 300 s, and then exhibits a sudden increase, which could be attributed to
failure in their load-carrying capacity and starved lubrication. The contact surfaces of the
steel balls are damaged after the experiments, and the rounded worn surfaces show a rough
trace and deep furrows along the sliding direction (see Figure 8b), suggesting that the
predominant wear mechanism was abrasion by asperities on the harder surfaces. Figure 8b
displays the friction coefficients at 350 s, and the average diameters of the wear scar formed
in the steel plates. We found that significant differences in the extent of wear scar depend
on the type of oil used to formulate the oleogel. Olive, sunflower, and especially linseed
oleogels have higher wear diameters. The values of friction coefficient obtained in the
steel-steel ball-on-plate configuration were similar, i.e., 0.093 & 0.013, to those of a lithium
commercial lubricating grease [42].
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Figure 8. (a) Friction curves for oleogels as a function of vegetable oils, and (b) Optical images of the
worn plate surface and average friction coefficient (points), wear diameter (bars).

3. Conclusions

We used rheological, thermal, chemical, and tribological experiments to get an insight
into the behavior of montmorillonite-based oleogels prepared with vegetable oils. We found
that all the oleogels formulated exhibited a gel-like behaviour (G’ > G””) which is typical
of structured materials. This behavior was associated to the formation of a well-defined
montmorillonite three-dimensional network. The linear viscoelastic material functions
were found to depend on the content of fatty acids of the vegetable oils, and empirical
linear and power-law correlations with plateau modulus were found to describe well that
behavior. Oleogels formulated with vegetable oils containing high SFAs/MUFAs and
low UFAs/PUFAs contents achieved higher plateau moduli as a consequence of stronger
microstructural networks. All olegels exhibited a thixotropic recovery behavior as well as
a strong shear thinning, which quantitatively fits the Ostwald-De Waale model. We also
found that oleogels formulated with linseed and olive oil showed poor structure recovery
properties. Finally, the differences observed in the tribological studies reflect the strength
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of the boundary film formed by the oleogels on the surface. Those formed by castor
and soybean oleogels were weaker, and thus less able to withstand rubbing. Meanwhile,
oleogels formulated with olive, sunflower, and linseed oils had a better frictional behavior.
The experimental results show that montmorillonite-based oleogels prepared with several
vegetable oils could be used as alternative substitutes to conventional semisolid lubricants
formulated with petroleum derivatives.

4. Materials and Methods
4.1. Materials

A surface modified organo-montmorillonite (Cloisite® 20A) purchased from Southern
Clay Products (Texas) was used as thickener agent. Cloisite® 20A is an off white, natu-
ral montmorillonite modified with N,N-dimethyl dehydrogenated (C14-C18) quaternary
ammonium chloride. The cation exchange capacity for Cloisite® 20A is 92.6 meq/100 g
clay and the hydrogenated tallow is composed by a combination of octadecyl (65 wt.%),
hexadecyl (30 wt.%) and tetradecyl (5 wt.%) groups. All vegetable oils were used as
received. Soybean oil (Soy) and castor oil (CO) were purchased from Guinama (La Pobla
de Vallbona, Spain). Olive (OL), sunflower oil (SO), and linseed oil (Li) were acquired
from a local supermarket. The fatty acid composition of the vegetable oils was determined
by gas chromatography with a flame ionization detector using a previously published
method [43]. Table 4 shows the fatty acid composition and main physical properties of the
vegetable oils. Oleic (C18:1), linoleic (C18:2 and C18:3), and ricinoleic (C18:1 -OH) acids
were the predominant fatty acids (FACs), followed by palmitic (C16:0) and stearic (C18:0)
acids. Myristic acid (C14:0) was detected in trace amounts (<1% of total FAs). However,
the individual fatty acid (FA) content for each of the vegetable oils tested varied, leading
to differences in total saturated fatty acids (SFAs), mono-unsaturated fatty acids (MUFAs)
and poly-unsaturated fatty acids (PUFAs). For the vegetable oils analyzed in this work, the
percentage of total saturated (SFAs) ranged from 3.66% to 16.05% and that of unsaturated
(UFAs) fatty acids from 83.95% to 96.34%. Castor oil has the highest amount of unsaturated
fatty acids. The degree of unsaturation of castor oil and of olive oil mainly originates
from mono-unsaturation, whereas the unsaturation of linseed and sunflower oils comes
from poly-unsaturation. Mono-unsaturated fatty acids, especially oleic acid (C18:1) is the
predominant component of olive oil. Castor oil is rich in ricinoleic acid (C18:1: -OH), and
sunflower, soybean, and linseed oils are rich in linoleic acid (C18:2) and (C18:3).

Table 4. Physicochemical properties and fatty acid composition of vegetable oils.

Property Olive Castor Soybean Linseed Sunflower

Dynamic viscosity at 40 °C (mPa s) 38.3 230.0 314 30.2 31.1
Density at 15 °C (g/cm3) 0.9164 0.9630 0.9256 0.9416 0.9216
Myristic ! 14:0 2 0.80 - 0.1 - -
Palmitic 16:0 13.15 1.70 10.8 4.09 6.19
Stearic 18:0 2.10 1.96 3.40 291 3.41
Oleic 18:1 69.35 5.34 234 13.8 25.6
Ricinoleic (18:1 -OH) - 82.48 - - -
Linoleic 18:2 14.60 7.01 55.6 14.6 64.8
Linoleic 18:3 - 1.51 6.70 64.6 -
Saturated (SFAs) 16.05 3.66 14.3 7.01 9.60
Monounsaturated (MUFAs) 69.35 87.82 23.4 13.8 25.6
Polyunsaturated (PUFAs) 14.60 8.52 62.3 79.2 64.8
Unsaturated /saturated ratio 5.23 26.32 5.99 13.29 9.42

1 Fatty acid concentrations are in % of the total oil. 2 C:D, where C is the number of carbon atoms in the fatty acid
chain, and D is the number of double bonds.

4.2. Oleogel Formulation

Oleogels were prepared by mixing the organoclay (at a concentration of 30 wt.%.) with
vegetable oils, at room temperature, using a rotor-stator turbine (Ultra Turrax T-50, Ika,
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Staufen, Germany) at 9000 rpm for 8 min. Prior to the high shear processing, the organoclay
was wetted with the oil for 60 min at room temperature.

4.3. Experimental Methods
4.3.1. Rheological Characterization

Rheological measurements were performed using a controlled-stress rheometer Phys-
ica MCR-501 (Anton Paar, North Ryde, Austria) using sand-blasted rough parallel stainless-
steel plates of 25 mm in diameter and a gap of 1 mm. We selected a rough surface on
account of the risk that the oleogels were prone to slip effects. A rest time of 30 min,
introduced before all measurements, was used to relieve residual stresses and to rebuild the
microstructure. Rheological tests were carried out to evaluate the rheological behavior of
the oleogels: (a) Oscillatory shear stress sweeps at 1 Hz were conducted to estimate the lin-
ear viscoelastic range (LVR). (b) Frequency sweeps were used to determine the mechanical
spectra under small amplitude oscillatory shear measurements (SAOS) and carried out over
the (0.02-100) rad /s frequency range. (c) Steady shear flow properties were determined
by multistep flow curves in a controlled-rate mode from 0.02 to 100 s~!. To study the
thixotropic behavior of the samples, flow curves were obtained by measuring the viscosity
of the oleogels at alternating high and low shear rates (0.1 and 10 s 1. Finally, (d) dynamic
rheodestruction and recovery measurements were performed using triple-step-strain tests
in which a strain within an LVR for 20 min was imposed followed by imposing strain
outside the LVR for another 20 min. Finally, the strain was restored to the initial value. In
order to ensure accurate results, replicates were conducted for every sample/test.

4.3.2. Thermogravimetric Analysis (TGA)

Measurements of mass loss versus temperature were carried out by using a thermo-
gravimetric analyzer, model Q-50 (TA Instruments) under N, purge. Typically, 5-10 mg of
sample were placed on a platinum pan and heated from 30 to 600 °C at a rate of 10 °C/min.

4.3.3. X-ray Diffraction Analysis (XRD)

X-ray diffraction tests were carried out at 25 °C in a D8 Advance X-ray diffractometer
(Bruker-AXS, Germany) with Cu-Ka radiation at a generator voltage of 40 kV, a current of 30 mA
and a wavelength of 0.15406 nm. The scan rate was 0.475 min~! in the 20 range 1.5° and 10°.

4.3.4. Penetration Test and Tribological Characterization

Penetration tests were performed according to the ASTM D 217 standard test method [44].
Tribological tests were performed using a tribological cell coupled to a Physica MCR-501-
rheometer (Anton Paar, North Ryde, Austria). The tribology cell has a 1/2 in. diameter
steel ball (1.4401 Grade 100, roughness = 0.10 um) rotating on three 45° inclined steel plates
(1.4301, roughness = 0.21 um). All tests were performed by applying a normal load of
10 and 30 N and constant rotational speed of 100 rpm during 10 min at 25 °C. This test was
repeated 5 times to obtain an accurate average friction factor. For each test, a new contact
area on the surface of the ball was used. Resulting wear marks in the plates were examined
using an Olympus BX52 (Tokyo, Japan) microscope equipped with an Olympus C5050Z
camera and a 4x objective lens.

4.3.5. Statistical Analysis

A statistical study was carried out on each of the selected parameters. For this study,
an analysis of the variance of a factor (ANOVA) was carried out using two replicates of each
measure independently. Then, a series of statistical parameters were calculated, including
the mean and the standard deviation. In addition, a mean comparison test was performed
to detect significant differences (p < 0.05).
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