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Abstract

In this study, novel and stable cellulose-based oleogels with tunable rheological proper-
ties were successfully developed for lubrication applications via cross-linking reactions
of epoxidized soybean oil (ESO), microcrystalline cellulose (MCC), and isocyanate. This
cross-linking strategy not only overcomes the incompatibility issue arising from the po-
larity difference between MCC and ESO but also enables precise control over the oleogels’
rheological behavior by tailoring the cross-linking density. The resulting oleogels exhibit
excellent thermal stability, with an initial decomposition temperature (T59,) of approxi-
mately 300 °C. Furthermore, oxidation resistance is significantly enhanced with increasing
cross-linking density, resulting in a substantial increase in the oxidation induction time
(OIT) from 5 to 79 min at 210 °C. Rheological characterization reveals that the oleogels
exhibit typical shear-thinning and thixotropic behavior. The plateau modulus (GY,) exhibits
a positive correlation with cross-linking density, accompanied by a simultaneous improve-
ment in structural recovery ability. Tribological tests show that the friction coefficient
increases with the cross-linking degree, while four-ball tests indicate that the extreme-
pressure load-carrying capacity is governed mainly by the nature of the base oil in addition
to the cross-linking density of the gel network. This work provides a promising strategy for
the development of high-performance and customizable bio-based lubricating materials.
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1. Introduction

Gels, as biphasic systems comprising a dispersed phase within a dispersion medium,
are extensively used spanning daily life to industrial processes [1-3]. Oleogels—formed by
structuring liquid oils into semi-solid matrices—have attracted considerable attention for
their diverse applications, which can be broadly classified into two main categories. One
is in healthcare, food, and cosmetics, where they serve as fat replacers, controlled-release
carriers, and texture modifiers [4-6]. The other is in industrial lubrication, where their
inherent lubricity makes them promising candidates functionally analogous to conven-
tional greases [7,8]. However, commercial greases are predominantly petroleum-based,
relying on non-biodegradable mineral oils and metal soap thickeners [9]. Their production
and lifecycle raise pressing concerns regarding carbon emissions, feedstock sustainability,
and ecological toxicity [10,11]. In contrast, bio-based materials derived from renewable
resources offer a compelling alternative, boasting advantages such as low toxicity, environ-
mental compatibility, and biodegradability. Consequently, the development of bio-based
oleogels for lubrication has emerged as a vibrant research frontier [12,13].
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Currently, bio-based oleogels are usually prepared using vegetable oils such as castor
oil [14,15], soybean oil [16,17], and rapeseed oil [18]. For instance [19], Adhvaryu et al.
prepared oleogels using soybean oil as the base oil and lithium soap as the thickener.
Subsequently, the effects of lithium soap type and addition amount on the physicochemical
properties of the oleogels were investigated. Rawat et al. [20] conducted a similar study,
using castor oil as the base oil and lithium soap as the thickener to prepare bio-based
oleogels. The tribological properties of the oleogels were investigated by incorporating
MoS,; and graphene oxide nanosheets as additives. However, it is not sufficiently envi-
ronmentally friendly to use metal soaps as thickeners for preparing oleogels, as this can
cause heavy metal pollution to the environment. Thus, various bio-based materials, such
as cellulose [21], lignin [22], and chitosan [23], have been reported to replace metal soaps
for thickening vegetable oils in recent years. Gallego et al. [24] prepared bio-based oleogels
using castor oil as the base oil and HMDI-modified methylcellulose as the thickener. The -
NCO groups of HMDI react with the hydroxyl groups of methylcellulose to form carbamate
bonds (-NH-CO-O-), thereby reducing the polarity of methylcellulose and enhancing its
affinity with castor oil. Similarly, Wu et al. [25] prepared a lignin-castor oil-based oleogels
using castor oil as the base oil and silane coupling agent-modified lignin as a thickener. The
prepared oleogels exhibited excellent lubricating and antioxidant properties comparable to
those of commercial greases. It follows that bio-based oleogels have the potential to replace
commercial greases as promising lubricating materials.

Cellulose is a natural polysaccharide compound existing in plant biomass and
also produced by certain bacteria, and it is the most abundant biopolymer material on
earth, which offers advantages of low cost, biodegradability, and non-pollution to the
environment [26-28]. It can be used as a thickener in daily chemical products [29], food [30],
medicine [31], and other fields for viscosity adjustment. Therefore, among various bio-
based materials, using cellulose as a thickener to prepare oleogels by thickening vegetable
oils holds great promise. Nevertheless, the multi-hydroxyl structure of cellulose endows it
with strong polarity, leading to poor compatibility with vegetable oils. Accordingly, it re-
quires modification before being used as a thickener for oleogels. The common modification
approaches for cellulose include esterification [32], isocyanation [33], and alkylation [34].
For instance, Martin-Alfonso et al. [35] used ethylated cellulose pulp as a thickener to
thicken castor oil, and the effect of the degree of ethyl substitution on the rheological
properties of the oleogels was investigated. However, traditional modification methods
involve the use of numerous organic solvents, which not only increase production costs
but also cause serious harm to human health. Therefore, it is urgent to develop a novel,
facile, and environmentally friendly approach for preparing cellulose-based oleogels.

The multi-hydroxyl structure of cellulose exhibits high reactivity toward isocyanate
groups (-NCO), owing to the strong nucleophilicity of the oxygen atom in the hydroxyl
groups. This facilitates efficient nucleophilic addition reactions between the two compo-
nents. Epoxy soybean oil (ESO), a biodegradable, low-toxicity bio-based plasticizer derived
from renewable vegetable oils, contains reactive epoxy groups in its molecular structure
that are also capable of undergoing ring-opening addition reactions with -NCO groups.
Leveraging the dual reactive characteristics of cellulose and ESO toward isocyanate, we
hypothesize that when ESO is selected as the base oil, the rational incorporation of cellu-
lose and isocyanate into the ESO matrix will trigger a synergistic cross-linking reaction:
(1) The polyhydric groups of cellulose will react with -NCO to form urea or carbamate
bonds. (2) The epoxy groups of ESO will undergo ring-opening cross-linking with -NCO.
Such a dual cross-linking network will effectively immobilize the ESO base oil within the
three-dimensional polymer framework, ultimately leading to the formation of a stable
bio-based oleogel system with tailorable mechanical and rheological properties. Herein, we
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developed a novel strategy for preparing oleogels, wherein microcrystalline cellulose (MCC)
was used as the thickener, epoxidized soybean oil (ESO) as the base oil, and diphenyl-
methane diisocyanate (MD]) as the cross-linking agent. The hydroxyl groups on MCC and
epoxy groups on ESO react with isocyanate groups, respectively, forming a cross-linking
network that thickens the base o0il. Notably, ESO not only functions as the base oil for the
oleogels but also acts as a solvent for the cross-linking reaction, thus eliminating the need
for organic solvents. We systematically characterized the physicochemical, rheological, and
tribological properties of the cellulose-based oleogels with varying cross-linking densities,
which can be modulated by adjusting the MCC/MDI ratio. This work offers novel insights
for the development of eco-friendly oleogels.

2. Results
2.1. Synthesis and Characterization of Oleogels

The preparation process of the oleogels is illustrated in Figure 1. Unlike conventional
oleogel preparation methods, this work employs epoxidized soybean oil (ESO) as both
the reaction medium and base oil, thus avoiding the use of organic solvents and enabling
a solvent-free green synthesis route. During the reaction, both the epoxy groups of ESO
and the hydroxyl groups (-OH) on the microcrystalline cellulose (MCC) chains can react
with the isocyanate groups (-NCO) of diphenylmethane diisocyanate (MDI), forming a
stable three-dimensional cross-linked network among the three components. This cross-
linking strategy not only resolves the incompatibility arising from the polarity difference
between MCC and ESO but also enables precise tuning of the oleogel rheological properties.
More importantly, the apparent cross-linking density can be tailored by adjusting the
mass ratio of MDI to MCC, enabling systematic control over the mechanical strength,
thermal stability, oxidation resistance, and lubrication performance of the oleogels. Notably,
the cross-linking reaction continues gradually over 24 days after preparation, forming
a dynamically reinforced network that further enhances the structural stability of the
oleogels. Compared with conventional greases using metal soap thickeners, the metal-free,
renewable, bio-based oleogel system developed in this work shows strong potential for
green lubrication applications.

HO  OH HO, OH

"“3 F; MHO EH HO
HO OH o HO OH }ﬂ
w
HO H HO

Cellulose

S AR
V\/\/&—Mkoww
h Cross-links occur continuously
X ) A 4
) : S
( . 4 4 Sty
- L

Oleogels

ZO
s
Ii:o .

\/\/\>_</l>/\/\/\)1\°/\)\/°\n/\/\/\/l>_/\%\/\/

(o]

Figure 1. Schematic diagram of the preparation process and cross-linking structure of ESO/MCC-MDI
oleogels.
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Figure 2a shows that the penetration value of ESO/MCC;3-MDI; decreases gradu-
ally with storage time, indicating that continuous cross-linking occurs and progressively
increases the oleogel hardness. Specifically, the penetration value of ESO/MCC;3-MDI;
declines steadily from 432 (0.1 mm) to 293 (0.1 mm) over 24 days of standing. By com-
parison, ESO/MDI20 exhibits a slower decrease in penetration value and remains at a
higher level, owing to its lower cross-linking density. For ESO/MCCj, the penetration
value also shows little change during storage, because no covalent cross-links can form
between MCC and ESO, which only exist as a physical blend. The FTIR spectra (Figure 2b)
show that the absorption peaks assigned to -NCO and -OH groups in ESO/MCC;3-MDIy
decrease with increasing preparation time, while the peak corresponding to -N-H moiety
gradually increases. This provides strong evidence that the cross-linking reaction continues
to proceed even after the completion of oleogel preparation. Other ESO/MCC-MDI oleogel
samples with different ratios of MCC and MDI also exhibit a similar trend in their FTIR
absorption peaks (Figure S1). The thermal decomposition of the oleogels was investigated
by TGA, and the relevant data are listed in Table S1. These data indirectly reflect the
effect of chemical cross-linking on the thermal stability of the oleogels. As shown in Fig-
ure 2¢, the char yield (Y.) of ESO/MCC;3-MDI; increases to 3.6%, compared to 2.4% for
ESO/MDIy and 2.1% for ESO/MCCyg. This increase is attributed to the stronger cross-
linked network formed in ESO/MCC;3-MDIy, which more effectively restricts the escape
of volatile degradation products during pyrolysis, thereby promoting carbonization and
char formation. The DTG curves (Figure 2d) show that the maximum decomposition tem-
perature (Tmax) of ESO/MCC13-MDIj rises to 392 °C, compared to 386 °C for ESO/MDI,
and 370 °C for ESO/MCCy. These results demonstrate that the chemical cross-linking
structure in ESO/MCC;3-MDI; effectively improves the thermal stability of the oleogel.
Figure 2e shows digital photographs of ESO/MCC;3-MDI;, ESO/MDIy, and ESO/MCCyq
after 14 days of static storage. It can be observed that ESO/MCC;3-MDI; and ESO/MDly
maintain good phase stability after storage, whereas ESO/MCC;q undergoes phase sepa-
ration due to the large polarity difference between MCC and ESO. These control experi-
ments provide strong indirect evidence that a covalent network formed via simultaneous
-OH/NCO and epoxy/NCO reactions is essential for the formation of a stable oleogel.
Neither MCC alone nor MDI alone is sufficient.

2.2. Physicochemical Properties

The cross-linking reaction among ESO, MDI, and MCC ultimately produces a thicken-
ing effect, leading to the formation of oleogels. As a key structural factor, the cross-linking
density directly governs the physicochemical properties of the as-prepared oleogels. In
this work, five groups of oleogels with varying cross-linking densities were designed by
adjusting the mass ratio of MDI to MCC. The penetration test results are presented in
Figure 3a. As the standing time increases, the penetration value of all oleogel samples
gradually decreases and reaches equilibrium. The minimum penetration values are sum-
marized in Table 1. It can be observed that as the MDI content rises, the penetration value
of the oleogels decreases from 404 (0.1) to 196 (0.1 mm), and the NLGI grade climbs from
0 to 4. Therefore, the cross-linking degree of the oleogels can be tailored to obtain the
target penetration value via regulating the MDI-to-MCC ratio. Figure 3b presents the FTIR
spectra of various oleogels recorded on the first day after preparation, where the intensity
of the characteristic peak of -NCO group is observed to rise with increasing MDI content.
This phenomenon is attributed to the introduction of more -NCO groups into the oleogel
matrix at higher MDI loadings. Figure 3c,d presents the TG curves of the oleogels, with
related thermal parameters summarized in Table S1. The results reveal that the Y, of the
oleogels at 800 °C is elevated with increasing cross-linking density, improving from 1.3%
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for ESO/MCC19-MDI; to 4.6% for ESO/MCCy-MDIy;, confirming that the cross-linking
reaction effectively enhances the char-forming ability of the oleogels. The Tmax of all
samples are relatively close, because the thermal decomposition of the 80 wt% base oil
dominates the main mass loss stage. In contrast, the Y. is mainly determined by the cross-
linked polymer network and carbonaceous residue from MCC and MDI, thus showing a
remarkable increase with elevated cross-linking density. The 5% weight loss temperature
(T's%,) is a key indicator for evaluating the initial thermal stability and practical service limit
of the oleogels. As listed in Table S1, all samples exhibit a T5¢, around 300 °C, indicating
a high upper service temperature limit and excellent thermal stability. The drop point is
defined as the temperature at which an oleogel undergoes a phase transition from semisolid
to liquid. During drop point measurements, all oleogel samples exceeded the instrument’s
upper temperature limit (330 °C), preventing the determination of their exact drop point
values. This result unambiguously confirms their excellent high-temperature stability. The
oil separation rates of different oleogels are summarized in Table 1. The results illustrate
that the oil separation rate declines with increasing cross-linking density. Among these
samples, ESO/MCC19-MDI; could not be measured due to its excessive fluid consistency.
The ESO/MCCy-MDI;; sample shows the lowest o0il separation rate of 0.02%, which is
98.2% lower than the highest value of 1.12% observed for ESO/MCC;7-MDI;.
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Figure 2. (a) Penetration values of ESO/MCC;3-MDI;, ESO/MDIyy, and ESO/MCCy versus time;
(b) FTIR spectra of ESO/MCC;3-MDI; with different cross-linking times; (¢) TG and (d) DTG curves
of ESO/MCC;3-MDI;, ESO/MDIy, and ESO/MCCy; (e) digital photographs of ESO/MCC;3-MDIy,
ESO/MDIyg, and ESO/MCCy after 14 days of static storage; (f-h) SEM images of ESO/MCCj3-
MDIy, ESO/-MDlIy, and ESO/MCCyy, respectively; (i) EDS elemental mapping of the surface of
ESO/MCC;3-MDIy.
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Figure 3. (a) Penetration value changes of oleogels with different cross-linking densities versus
time; (b) FTIR spectra, (¢) TG and (d) DTG curves, and (e) OIT curves of oleogels with different
cross-linking densities at 210 °C.

Table 1. The physicochemical properties of oleogels with different cross-linking densities.

Sample Penetration Value (0.1 mm) NLGI Grade Oil Separation Rate (%)
ESO/MCCy-MDIy4 196 £1 4 0.02
ESO/MCC;1-MDIy 245+ 2 3 0.04
ESO/MCCy3-MDIy 293 +1 2 0.09
ESO/MCC;5-MDI5 313£3 1 0.15
ESO/MCC;7-MDI3 353 +1 0 1.12
ESO/MCCy9-MDIy 404 £3 0 /

2.3. Antioxidant Properties

The antioxidant effect of oleogels was evaluated by oxidative induction time (OIT)
measurements as described in a previous study [25]. Free radicals are generated when
materials are exposed to high-temperature oxygen in OIT experiments. Oil oxidation
is an exothermic process that releases heat, as shown in Figure 3e. OIT increases with
cross-linking density. Specifically, the OIT of ESO/MCC;9-MDI; under pure oxygen at
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210 °C s the shortest (only 5 min), whereas that of ESO/MCCq-MDI;; reaches the maximum
value of 79 min. Furthermore, all oleogels exhibit significantly superior oxidation resistance
compared to pure ESO (OIT = 4.5 min), as shown in Figure S2. This enhancement is
attributed to the dense three-dimensional covalent network formed by cross-linking, which
acts as a physical barrier that hinders the penetration and diffusion of oxygen into the
bulk oil phase. As cross-linking density increases, the network becomes more compact,
further limiting oxygen availability for initiating or propagating oxidation reactions. The
improved antioxidant performance is critical for extending the service life and enhancing
the high-temperature stability of the oleogels.

2.4. Rheological Behavior

Viscosity-shear rate sweep: Oleogels should possess suitable flowability to satisfy
lubrication requirements. As shown in Figure 4a, viscosity-shear rate sweep tests were
carried out to evaluate the flow behavior of the oleogels. The viscosity of all oleogels
decreases with the increase in the shear rate, reflecting significant shear-thinning behavior.
At a given shear rate, the viscosity increases with the cross-linking density of the oleogels.
The jitter observed in ESO/MCCg¢-MDI; under high shear is primarily caused by wall slip
between the oleogel and the rheometer plates [36].
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Figure 4. (a) Viscosity—shear rate profiles, (b) thixotropic properties, (c) viscosity—temperature sweep
curves, and (d) structural recovery behaviors of oleogels with different cross-linking densities.

Thixotropic properties: The thixotropic behavior of the oleogels was further in-
vestigated by monitoring viscosity changes at low and high shear rates (0.1 and 1057},
respectively) over a fixed time interval. As illustrated in Figure 4b, the viscosity decreases
significantly with increasing shear rate, indicating that the gel network is substantially dis-
rupted. Nevertheless, the structure shows partial recovery when the shear rate is returned
to a low level. These results confirm that the oleogels exhibit thixotropic behavior, charac-
terized by distinct shear thinning and partial structural recovery. This unique thixotropic
property is favorable for lubrication applications that require reversible structural disrup-
tion and recovery [37].

https:/ /doi.org/10.3390/molecules31142538


https://doi.org/10.3390/molecules31142538

Molecules 2026, 31, 2538

8of 17

Viscosity-temperature sweep: Figure 4c depicts the effect of temperature on the vis-
cosity of oleogels with different cross-linking densities. It can be found that the viscosity of
all oleogels decreases with increasing temperature, which is attributed to the intensification
of molecular thermal motion that weakens intermolecular interactions and flow resistance.
Notably, viscosity is positively correlated with cross-linking density, indicating that cross-
linking enhances intermolecular interactions, thereby restricting molecular mobility and
increasing flow resistance.

Structural recovery: Figure 4d shows the evolution of the complex modulus (G¥) for
oleogels with different cross-linking densities, which combines contributions from the
elastic modulus (G’) and viscous modulus (G”). The G* decreases when a shear strain
outside the linear viscoelastic range (LVR) is applied on the oleogels; subsequently, partial
or total recovery in the G* is observed when a shear strain inside the LVR is restored
again. The percentage values of recovery and destruction for the oleogels were calculated
according to a previous publication [38] as follows:

. . Gy — Gy
Destruction ratio = —o x 100% (1)
0
G* _ G*
Recovery ratio = % x 100% 2)
GO - Gl

where G; is the complex modulus for the first shear strain applied (inside the LVR, strains
=0.1%); G] is the complex modulus for the second shear strain applied (outside the LVR,
strains = 5%); and G; is the complex modulus for the third shear strain value (inside the LVR,
strains = 0.1%). The relevant data are listed in Table 2. The destruction and recovery ratios
of ESO/MCC;9-MD]; could not be calculated due to the absence of structural strength. For
the other oleogels, both the destruction ratio and recovery ratio decrease with decreasing
cross-linking density, because a lower cross-linking density results in a less rigid and
compact network. Thus, ESO/MCCy-MDI;; possesses the highest structural recovery ratio
of 44.7%.

Table 2. Viscoelasticity-related parameters of oleogels with different cross-linking densities.

Sample Destruction Ratio (%) Recovery Ratio (%)
ESO/MCCy-MDIy4 58.4 447
ESO/MCC1;1-MDIy 68.8 22,5
ESO/MCC;3-MDI; 65.0 16.2
ESO/MCC15-MDI5 64.0 11.8
ESO/MCC47-MDI3 445 9.2
ESO/MCC19-MDI4 / /

Viscoelasticity: Figure 5 presents the viscoelastic properties of oleogels with different
cross-linking densities, which are critical for evaluating their gel network stability and
application potential as lubricating materials. The storage modulus (G’) is an indicator of
the elastic nature of oleogels, corresponding to their solid-like behavior and the energy
stored during shear deformation. In contrast, the loss modulus (G”) characterizes the
viscous response of the system, representing the liquid-like behavior and the energy
dissipated under shear conditions [39]. As shown in Figure 5f, the viscoelastic behavior
of ESO/MCCy9-MDY; differs significantly from that of other samples: G” is consistently
higher than G across the entire strain range, indicating a dominant fluid-like behavior.
This observation is inconsistent with the typical rheological characteristics of gel materials,
which further confirms that no stable oleogel network can be formed when the cross-linking
density is excessively low. This phenomenon can be attributed to the insufficient cross-
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linking points to maintain a stable three-dimensional network structure, leading to the
failure of gel formation. For all other oleogel samples (with moderate to high cross-linking
densities), a clear linear viscoelastic region (LVR) is identified. The LVR was defined as
the strain range over which the storage modulus (G’) remained constant within £5% of
its initial value. Within this region, both G’ and G” remain nearly independent of strain,
suggesting that the oleogels retain a stable gel network structure under small-strain shear
conditions [40]. Beyond the LVR, with the increase in strain, G’ gradually decreases while
G" increases, eventually resulting in a cross-over (flow point) between the two moduli.
This cross-over point is a key rheological parameter, as it marks the onset of gel network
breakdown and the transition from gel-like to liquid-like behavior. Notably, the flow point
shifts toward higher strain values with the increase in cross-linking density, indicating that
oleogels with higher cross-linking densities possess stronger resistance to shear-induced
structural damage. Among all samples, ESO/MCCgy-MDI;; exhibits the most pronounced
solid-like character, with a solid-like fraction of 63.8% (Figure 5a—e). This result further
verifies that increasing cross-linking density enhances the elastic properties and structural
stability of the oleogel network, which is consistent with the fundamental principle that
higher cross-linking density promotes the formation of a more compact and robust three-
dimensional network.
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Figure 5. Evolution trends of G’ and G” for oleogels with different cross-linking densities:
(a) ESO/MCCy-MDly;, (b) ESO/MCC;;-MDly, (c) ESO/MCC;3-MDI, (d) ESO/MCCy5-MDIs,
(e) ESO/MCC17-MDI3, and (f) ESO/MCClg-MDll.

In addition, the frequency dependence of small-amplitude oscillatory shear (SAOS)
functions within the LVR at 25 °C for oleogels with different cross-linking densities is also
investigated. Consistent with the above results, both G’ and G” increase with increasing
cross-linking density. It is worth noting that for the ESO/MCC19-MDI; oleogel, G’ exceeds
G’ across the entire frequency range, indicating a viscoelastic liquid-like behavior rather
than a gel-like structure. The loss tangent (tan 8) is defined as the ratio of G” to G/, and
the corresponding tan & values of the oleogels are presented in Figure 6b. For all samples,
tan & decreases initially with increasing frequency, reaches a minimum near w = 100 rad/s,
and then increases, indicating a characteristic relaxation transition. At higher frequencies
(w > 100 rad/s), tan & decreases with increasing cross-linking density, suggesting that
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oleogels with higher cross-linking density exhibit a more dominant elastic response under
high-frequency oscillatory shear. Figure 6¢ shows the plateau modulus (G)) of oleogels
with different cross-linking densities, defined as the G’ value at the frequency correspond-
ing to the minimum tan . GIC\), increases with increasing cross-linking density, which is
attributed to higher cross-linking density giving rise to stronger chain entanglement.
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Figure 6. (a,b) Evolution of G/, G”, and tan § versus frequency; (c) G§ of oleogels with differ-
ent cross-linking densities; (d,e) evolution of G/, G” and tan § of ESO/MCC;3-MDI; and MO/Li
versus frequency at different temperatures; (f) GI?, of ESO/MCC;3-MDI; and MO/Li at different
temperatures; (g,h) Arrhenius fitting plots for ESO/MCCy3-MDI; and MO/Li.

The evaluation of thermo-rheological behavior is crucial for predicting lubrication
performance in grease-lubricated contacts, given that significant frictional heating is in-
evitably generated in these components under actual operational conditions. To address
this, a commercial additive-free lithium-based lubricating grease (MO/Li) was employed
as a reference, while ESO/MCC13-MDI; was selected as the representative sample to inves-
tigate its thermo-rheological characteristics. Figure 6d,e illustrates the evolution of SAOS of
ESO/MCC;3-MD]; as a function of temperature (10-100 °C). A key observation is that G’
is consistently higher than G across the entire tested frequency range, which is a hallmark
of gel-like rheological behavior. Specifically, G’ increases slightly with increasing frequency,
whereas G exhibits a distinct minimum value. These rheological responses are consistent
with those of MO/Li grease, confirming that ESO/MCC;3-MDI; possesses typical gel-like
rheological properties, which is essential for its application as a lubricating grease. It is
worth noting that the storage modulus of ESO/MCC13-MDI; does not exhibit a simple
monotonic temperature dependence (Figure 6d). Instead, G’ first decreases from 10 °C
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to approximately 50 °C and then increases upon further heating. This non-monotonic
behavior is mainly attributed to a thermoreversible sol-gel transition of cellulose in ESO,
analogous to the temperature-induced hydrophobic association reported for cellulose
derivatives. Above 50 °C, heating disrupts hydrogen bonds among cellulose chains, expos-
ing hydrophobic segments that undergo hydrophobic interactions with each other and with
the ESO matrix, forming physical cross-linking nodes that reinforce the network structure.
Figure 6f presents the statistical analysis of G of both samples at different temperatures.
Notably, G} of MO/Li shows only a slight decrease with increasing temperature, indicating
that the reference grease has relatively weak thermal sensitivity and stable network struc-
ture under the tested temperature range. In contrast, GI?, of ESO/MCC;3-MDI; exhibits
significant thermal responsiveness, decreasing initially and then increasing with the rise
in temperature. This unique temperature-dependent behavior suggests that the network
structure of ESO/MCC;3-MDI; is more susceptible to temperature changes compared to
MO/Li. To quantitatively evaluate the temperature dependence of G, an Arrhenius-type
equation (Equation (3)) is adopted, as previously reported in the literature [41-43]:

Gy = Aet/RT 3)

where E, is the activation energy describing the thermal dependence (J mol~'), R is the gas
constant (8.314 ] mol~! K~1), T is the absolute temperature (K), and A is the pre-exponential
factor (Pa).

The fitting curves of ESO/MCC;3-MDI; and MO/Li based on this equation are shown
in Figure 6g,h, and the corresponding E, values fitted in both low- and high-temperature
ranges are summarized in Table 3. The fitting results reveal distinct thermal response behav-
iors of ESO/MCC13-MDIy in the low- and high-temperature ranges. At low temperatures,
the E, of ESO/MCCy3-MDIy; is 381 k] mol !, which is much higher than that of MO/Li
(22 kJ mol~!). This indicates that the network structure of ESO/MCC;3-MDI; is more
sensitive to temperature changes at low temperatures compared to the reference grease.
However, when the temperature exceeds 50 °C, the E, value of ESO/MCC;3-MDI; shifts
to —331 k] mol~!, while the E, of MO/Li remains unchanged. This abnormal negative
E, value was related to the sol-gel transition of cellulose in ESO. The increase in G’ and
G" above 50 °C is attributed primarily to the heating-induced hydrophobic association of
cellulose chains, analogous to the thermoreversible sol-gel transition reported for methyl-
cellulose, hydroxypropyl methylcellulose, and ethyl cellulose systems in both aqueous
and oil media [44]. At elevated temperatures, the disruption of hydrogen bonds among
cellulose chains exposes hydrophobic segments, which then undergo hydrophobic interac-
tions with each other and with the epoxidized soybean oil (ESO) matrix, forming physical
cross-linking nodes that reinforce the network structure. The enhanced cross-linking re-
action strengthens the network structure of the oleogel, leading to an increase in G$) with
increasing temperature.

Table 3. The activation energy values of ESO/MCC;3-MDI; and MO/Li.

Sample E, (kJ mol—1)
10-50 °C 50-100 °C
ESO/MCC13-MDI, o ew
MO/Li 22

In summary, the thermo-rheological behavior of ESO/MCC;3-MDI; demonstrates
gel-like characteristics similar to commercial lithium-based grease as well as unique thermal
responsiveness. The significant temperature dependence of its G, especially the abnormal
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variation at high temperatures, is closely associated with the temperature-induced cross-
linking reactions. These findings provide valuable insights into the application potential
of ESO/MCC;3-MDI; as a lubricating grease, particularly under conditions involving
temperature fluctuations.

2.5. Tribological Properties

The tribological properties of the oleogels were evaluated using a ball-on-disk tribometer.
As illustrated in Figure 7a, the friction coefficient of the oleogels is found to increase with
rising cross-linking density. Specifically, the ESO/MCC19-MDI; sample exhibits the lowest
friction coefficient of 0.100, representing an 80.6% reduction compared to the highest value of
0.515 observed for ESO/MCCy-MDI;;. This phenomenon can be attributed to the fact that
oleogels with lower cross-linking densities are easier to release base oil, thereby enabling the
formation of lubricating film with lower friction coefficient. Correspondingly, the worn surface
morphologies of two representative samples of ESO/MCCy-MDI;; and ESO/MCC9-MDI
were characterized by SEM, as shown in Figure 7c,d. In contrast to ESO/MCC;9-MD];, the
worn surface of ESO/MCCy-MDI;; appears significantly rougher, featuring deep furrows and
evident adhesive wear, indicating severe tribological damage. EDS mapping reveals a high
concentration of oxygen elements on the worn surface of ESO/MCCy-MDIy;, suggesting that
a severe oxidation reaction occurred between the material and the metal counterpart during
the friction process. The extreme pressure (EP) properties of the oleogels were assessed using
a four-ball test [45], and the results for the last non-seizure load (PB) and weld point (PD) are
presented in Figure 7b. The PB decreases with increasing cross-linking density. This is because
a denser network restricts the release of free ESO, resulting in a weaker lubricating film with
lower load-bearing capacity. In contrast, the PD remains constant across all samples, as it is
determined solely by the intrinsic extreme-pressure properties of the base oil (ESO), which is
identical for all oleogels.
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Figure 7. (a) Friction coefficients and (b) PB and PD values of oleogels with different cross-linking
densities; (c,d) SEM images and EDS elemental mapping of worn surfaces for ESO/MCCy-MDIy;
and ESO/MCClg-MDll .

https:/ /doi.org/10.3390/molecules31142538


https://doi.org/10.3390/molecules31142538

Molecules 2026, 31, 2538

13 of 17

Taken together, the ESO/MCC;3-MDI; sample with a moderate cross-linking density
exhibits excellent comprehensive performance (friction coefficient, extreme-pressure perfor-
mance, rheological properties, thermal stability, and oil retention), rendering it a promising
candidate for practical lubrication applications.

3. Materials and Methods
3.1. Materials

Epoxidized soybean oil (>99.5%) was purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China), Microcrystalline cellulose (particle diameter:
25 um) and diphenylmethane diisocyanate (>98%) were purchased from Shanghai Maclin
Biochemical Technology Co., Ltd. (Shanghai, China).

3.2. Preparation of Oleogels

Firstly, MDI was dissolved in ESO at 80 °C and stirred with a mechanical stirrer at
150 rpm for 5 min. Next, MCC was slowly added to the ESO solution. Then, the mixture
was heated to 150 °C and stirred for another 30 min. Finally, the resulting mixture was
cooled to room temperature and ground 3-5 times using a three-roll mill to obtain the
cellulose-based oleogels (ESO/MCCx-MDIy), where x and y represent the added masses
of MCC and MDI during the oleogel preparation, respectively. The detailed compositions
of different oleogels are listed in Table 4 to investigate the effects of different chemical
cross-linking ratios on the properties of the oleogels.

Table 4. Compositions of the prepared oleogels.

Sample ESO (g) MCC (g) MDI (g)
ESO/MDIyq 80 0 20
ESO/MCCpyg 80 20 0

ESO/MCCy-MDI, 80 9 11
ESO/MCC;;-MDlg 80 11 9
ESO/MCCq3-MDIy 80 13 7
ESO/MCCq5-MDIj5 80 15 5
ESO/MCC;7-MDI; 80 17 3
ESO/MCC19-MDI, 80 19 1

3.3. Characterization of Oleogels

Microstructural characterization of oleogels was performed using a scanning elec-
tron microscope (SEM, Hitachi SU8010, Tokyo, Japan). Prior to analysis, an appropriate
amount of oleogel sample was placed onto a flat monocrystalline silicon wafer and im-
mersed in petroleum ether for 24 h to remove the oil phase. Subsequently, the sample
was sputter-coated with gold. The chemical structures of oleogels were characterized by
Fourier transform infrared spectroscopy (FTIR, Brucker Vertex-70, Bremen, Germany). The
thermal stability of the oleogels was evaluated using a Q-500 thermogravimetric analyzer
(NETZSCH Instruments, Bavaria, Germany). The samples were heated from 30 to 800 °C
at a heating rate of 10 °C/min under a nitrogen atmosphere. The oxidation resistance of
the oleogels was assessed by determining the oxidation induction time (OIT). The OIT
was determined using a differential scanning calorimeter (DSC) (FPB-O, NETZSCH Instru-
ments) according to the SH/T 0790-2007 standard [46]. Samples were heated from room
temperature to 210 °C under an oxygen atmosphere. The time corresponding to the onset
of the oxidation exothermic peak was recorded as the OIT.
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3.4. Physicochemical Properties Test

The dropping point of the oleogels was determined using a drop point apparatus
(WQD-1A, Shanghai INESA Physico Optical Instrument Co., Ltd., Shanghai, China) in
accordance with the ASTM D566 standard [47]. The temperature at which the first droplet
fell was recorded. The consistency grade was assessed using a penetrometer (SYD-2801 C,
Shanghai Changji Geological Instrument Co., Ltd., Shanghai, China) according to the GB/T
269-2023 standard [48]. The oil separation rate was measured following the NB/SH/T
0324-2010 standard [49]. Specifically, oleogel samples were heated in an oven at 100 °C for
24 h, and the proportion of base oil lost was calculated as the oil separation rate.

3.5. Rheological Behaviors

The rheological behavior of the oleogels was investigated using a controlled-stress
rheometer (ARES-G2, TA Instruments, New Castle, DE, USA). All measurements were
performed using a plate—plate geometry (25 mm diameter, 1 mm gap). Shear rate sweep
tests were conducted to measure the viscosity under steady shear flow over a shear rate
range of 0.01-100 s~ at 25 °C. Temperature ramp tests were performed to investigate the
effect of temperature on viscosity. Measurements were conducted in rotational mode at a
constant shear rate of 1 s~! over a temperature range of 10-80 °C. Thixotropic behavior
was evaluated by monitoring the time-dependent viscosity under alternating low (0.1 s~1)
and high (10 s!) shear rates. The initial transient effects (within the first few seconds) were
excluded from data analysis to avoid instrument inertia and sample loading artifacts. The
stable viscosity values at each step were taken as the meaningful rheological responses.
Structural recovery was investigated using a three-step strain protocol. The sample was
first subjected to a strain (0.1%) within the linear viscoelastic region (LVR), followed by a
high destructive strain of 5%, and finally returned to the initial LVR strain to monitor the
recovery of the viscoelastic properties. Oscillatory shear measurements were conducted to
obtain the storage modulus (G'), loss modulus (G”), and loss tangent (tan ). Amplitude
sweeps were performed from 0.01% to 100% shear strain at a constant angular frequency of
10 rad/s to determine the linear viscoelastic region (LVR, within +5% of its initial value)
and the flow point (cross-over between G’ and G”). Small-amplitude oscillatory shear
(SAQOS) tests were performed within the linear viscoelastic region at frequencies from
0.01 to 100 rad /s under various fixed temperatures (10, 25, 50, 75, 100 °C). All tests were
performed after the oleogels had reached a stable state. All rheological measurements were
performed in triplicate on independently prepared samples. The representative curves
shown in the figures were selected after confirming good reproducibility.

3.6. Tribology Tests

The friction coefficients of the oleogels were measured using a UMT-2 tribometer
(Bruker, Billerica, MA, USA) equipped with a ball-on-disk configuration. The steel ball
(GCr15 steel, 6 mm diameter) slid on a steel disk lubricated with a 1 mm thick oleogel layer
at a linear speed of 15 mm/s under a load of 30 N for 20 min at 25 °C. The extreme pressure
properties were evaluated using a four-ball tester (Hengxu SGW-10A, Jinan HengXu Testing
Machine Technology Co., Ltd., Jinan, Shandong, China) in accordance with the GB/T
3142-2019 standard [50]. Each test involves a rotating upper steel ball sliding against
three stationary lower balls clamped together in a pot. The pot was filled with sufficient
oleogel to fully cover the contact points. For each sample, the upper ball was rotated at
1450 £ 50 r/min at 25 °C for 10 s under a gradually increased load until welding occurred.
Triplicate measurements were performed at each load to determine the last non-seizure
load (PB) and the weld point (PD). The PB is defined as the highest applied load at which
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no seizure occurs, while the PD is the lowest load at which welding takes place. All tests
were performed after the oleogels had reached a stable state.

4. Conclusions

In this work, cellulose-based oleogels with tunable rheological properties were de-
veloped via a one-step MCC-MDI-ESO cross-linking strategy. The main findings are
summarized as follows:

(1) Cross-linking density controls material properties and enhances stability. As
the nominal cross-linker content increases, unworked penetration decreases from
404 to 196 (0.1 mm), oil separation drops to 0.02%, and char yield improves from
1.3% to 4.6%. All oleogels exhibit initial decomposition temperatures around
300 °C, and OIT increases substantially from 5 to 79 min at 210 °C with increasing
cross-linking density.

(2) Rheological behavior shows trade-offs. The oleogels exhibit shear-thinning and
thixotropic behavior, with plateau modulus and structural recovery improving with
cross-linking density. However, recovery ratios are moderate (up to 44.7%).

(38) Tribological performance presents a limitation. Friction coefficient increases with
cross-linking density (from 0.100 to 0.515), as denser networks restrict oil release. PB
decreases with cross-linking density, while PD remains constant.

(4) Optimal candidate. Considering all properties, ESO/MCC;3-MDI; (NLGI 2, oil sepa-
ration 0.09%, OIT 38 min) offers the best overall balance for lubrication applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules31142538/s1, Figure S1: FTIR spectra of oleogels with
different cross-linking densities at different time; Figure S2: OIT of ESO at 210 °C; Table S1: TG data
of the oleogels.
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