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Abstract  Sustainable lubricating oleogels were 
obtained based on elm (Ulmus minor Mill.) pulp cel-
lulose nanofibers in castor oil. Before their nanofi-
brillation, two samples of the same bleached pulp 
were subjected to two different pre-treatments, either 
mechanical PFI (Paper and Fibre Research Insti-
tute) refining or chemical TEMPO-mediated oxida-
tion. Their effect on the oleogels’ viscous flow and 
oscillatory shear behaviors was determined at dif-
ferent temperatures. Very pronounced differences 
were observed between these oleogels. The oleogel 
from the chemically-pretreated nanofibers showed 

evidences of being much more sensitive to both tem-
perature and large shear deformations. Hence, its 
shear modulus underwent a very remarkable decay of 
95.8% when subjected to a non-linear stress value of 
100 Pa for 30 min. In turn, under the same conditions, 
a decay of only 41.4% was observed for the oleogel 
based on the nanofiber from the mechanically-pre-
treated nanofibers.
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Introduction

The growing demand for eco-friendly products, in 
general, has reached the lubricants industry as well 
(Cecilia et  al. 2020). Lubricating greases are exten-
sively used in many industrial sectors where reduced 
friction and wear are needed. An appropriate lubri-
cating grease enables machinery to work without 
premature failure, and increases machine uptime, 
productivity and efficiency, thus saving energy and 
reducing pollutants emission (Bart et  al. 2013; Del-
gado et al. 2020a). Most lubricating greases are con-
stituted by mineral oil and thickeners, in a proportion 
up to 30 wt% (Domínguez et al. 2021; Reeves et al. 
2017). Most of these components are non-biodegrad-
able. The lubrication role is mainly performed by the 
lubricating oil (Roman et al. 2016). Furthermore, the 
chemical composition and content of the thickener, 

which prevents the loss of lubricant under operating 
conditions, is responsible for the grease’s consistency 
and mechanical stability (Delgado et al. 2019).

The increase in demand for biodegradable lubri-
cants is related to more restrictive rules being imple-
mented to minimize environmental impact caused 
by inappropriate disposal (Cecilia et al. 2020). With 
a view to more ecofriendly production activities, 
ecogreases are becoming of extreme importance, for 
example, in wind turbines or farm machinery, among 
others. One feasible option is the use of vegetable 
sources as base oil (Almasi et al. 2021). Availability, 
biodegradability, non-toxicity and low price make 
vegetable oils a good choice. Sajeeb and Rajendra-
kumar (2019) compared the cost incurred for the use 
of conventional mineral oil with that for vegetable 
(coconut/mustard) oils. Total cost savings by replac-
ing mineral oil with a blend (50/50) of both vegeta-
ble oils was estimated to be $0.77 per liter. Castor oil, 
with high viscosity and good thermal stability, results 
of special interest. Castor oil was found to remain 
thermally stable up to around 200  °C (Conceição 
et  al. 2007). The production of vegetable oil-based 
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lubricants has been reported elsewhere (Almasi et al. 
2021; Attia et  al. 2020; Dehghani Soufi et  al. 2019; 
Delgado et  al. 2017; Durango-Giralfo et  al. 2022; 
Fajardo et al. 2021; Heikal et al. 2017; McNutt and He 
2016). However, as pointed out in Domínguez et  al. 
(2021), the major challenge continues to be the sub-
stitution of the traditional thickeners (such as metal-
lic soaps or polyureas). On these grounds, lignocel-
lulosic materials and cellulosic derivatives have been 
shown to perform efficiently as thickening agents 
in vegetable oil (Borrero-López et  al. 2018; Cortés-
Triviño et al. 2019; Delgado et al. 2020a; Domínguez 
et  al. 2021; Fajardo et  al. 2021; Gorbacheva et  al. 
2021; Martín-Alfonso et  al. 2011; Sánchez et  al. 
2011a, b). However, in most cases chemical modifica-
tion of the lignocellulosic materials and high content 
of such a particulate phase was required. By way of 
examples, both Cortés-Triviño et al. (2019); Delgado 
et  al. (2020a) examined the rheological and tribo-
logical behaviors of formulations based on castor oil 
and epoxidized cellulose pulp, which were found to 
depend on pulp modification degree and the epoxide 
compound. Borrero-López et  al. (2018) described 
the linear viscoelastic behavior of wheat straw soda 
lignins (WSLs) NCO-functionalized with 1,6-hexam-
ethylene diisocyanate and then dispersed in castor oil 
at a concentration as high as 25 wt%. Moreover, some 
of these formulations showed noticeable variations 
on both their rheological and tribological behaviors 
within a narrow temperature range below 100 °C. For 
example, Sánchez et  al. (2011a) found a remarkable 
decrease in the plateau modulus G0

N
  as temperature 

was raised from 25 to 75  °C for oleogels based on 
methyl cellulose/ethyl cellulose blends in castor oil 
at 27 wt% cellulosic derivatives and ethyl to methyl 
weight ratios equal to or higher than 0.08. Cellulosic 
nanomaterials have also been used in lubricants. 
Awang et al. (2019) carried out an experimental study 
on characterization, stability and viscosity analysis 
of a nano-lubricant based on cellulose nanocrystals 
(CNC) suspended in SAE 40 engine oil. The oil vis-
cosity slightly decreased with addition of 0.5 wt% 
CNC. Li et al. (2019) evaluated the friction-reducing 
properties of 2 wt% stearoyl chains grafted-cellulose 
nanocrystals in polyalphaolefin base oil, which was 
found to reduce the coefficient of friction (COF) by 
30%. In Roman et al. (2021), an oleogel based on 1.4 
wt% CNF (cellulose nanofibrils) in castor oil was 
demonstrated to have a viscoelastic behavior very 

similar to a commercial lubricating grease (8 wt% 
lithium soap thickener) with comparable NLGI con-
sistency. Moreover, an electro-active lubricating oleo-
gel based on cellulose nanofibers and castor oil was 
investigated by Delgado et al. (2020b).

Cellulose nanofibrils (CNFs) have been proved to 
be a powerful natural thickener (Foster et  al. 2018). 
Due to their production method, cellulose nanofibers 
remain in aqueous solution upon nanofibrillation. 
Unfortunately, wet nanofibers are not compatible 
with vegetable oil. However, full water removal 
yields their irreversible aggregation (Ding et  al. 
2018). Hence, their potential application in lubricants 
requires a method of dispersion in vegetable oil. It has 
been found that cellulose nanofibrils oleogels can be 
efficiently produced using a solvent exchange method 
based on methanol which preserve their thickening 
capacity intact (Roman et al. 2021).

Homogenizing, grinding, twin-screw 
extrusion, cryo-crushing, and high-intensity 
ultrasonication are among the mechanical methods 
to manufacture CNFs (Xie et  al. 2018). In order 
to save energy, pulp refining using PFI (Paper and 
Fiber Research Institute) mills or disks refiners 
may be performed prior to microfluidization. 
A better option is the oxidation with TEMPO 
(2,2,6,6-tetramethylpiperidine-1-oxyl radical) 
catalyst (Xie et  al. 2018). Even though both 
pre-treatments (mechanical or chemical) yield 
nanofibers with very different surface properties, no 
research has been so far carried out on their effect 
on the thermo-rheological behavior of their castor 
oil-based oleogels.

The performance of lubricating greases is limited 
by the intensive thermal and mechanical conditions 
imposed (Delgado et  al. 2006; Jiabao et  al. 2020). 
Specific conditions can be found in the standard 
DIN 51825 for different types of lubricating greases. 
Extreme temperature fluctuations due to friction 
may shorten the lubricant lifetime. In the same way, 
the lubricant may be severely affected if, after being 
deformed well beyond its linear viscoelastic regime, 
it lacks capacity to return to their previous state at 
rest (Paszkowsky and Olsztynska-Janus 2014).

This research was intended to examine the 
rheological behavior of two ecofriendly lubricating 
greases based on castor oil and two types of cellulose 
nanofibers. Viscous flow and small amplitude 
oscillatory shear (SAOS) tests up to 180  °C were 
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done in order to establish a comparative analysis with 
traditional greases using metallic soap thickeners. 
The effect of the nanofibrillation pre-treatment, 
either mechanical or chemical, on the greases 
microstructure was evaluated through large amplitude 
oscillatory shear (LAOS) tests and SEM imaging.

Materials and methods

Raw materials

Castor oil, supplied by Guinama (Spain), was used as 
base oil. Its kinematic viscosity at 40  °C was 242.5 
cSt. Other details can be found elsewhere (Ogunniyi 
2006).

Two kinds of cellulose nanofibers from the same 
elm wood bleached pulp were  kindly provided 
by Forest Research Centre, INIA-CSIC, Madrid 
(Spain): (a) cellulose nanofibers produced by PFI 
refining prior to microfluidization (CNF-PFI); (b) 
cellulose nanofibers obtained by TEMPO-mediated 
oxidation prior to microfluidization (CNF-TO). Their 
production process and characterization (chemical, 
morphological and surface chemistry) is detailed in 
Jiménez-López et al. (2020).

Oleogels preparation

The starting material consisted in cellulose nanofibers 
in the form of gel-like water suspensions with about 2 
wt% solid content. CNFs incorporation into castor oil 
entailed a solvent exchange method using methanol. 
The methanol/hydrogel weight ratio used was 3/1. 
The oleogels were prepared at 1.4 wt% nanofibers. A 
T25 digital Ultra-Turrax homogenizer (25 °C, 10 min; 
and 10000 rpm) enabled an intimate mixing between 
the wet CNFs and the methanol solvent. Further 
centrifugation (in Thermo Scientific™ Sorvall™ 
ST 8 Small Benchtop Centrifuge) for 10 min and at 
4000  rpm allowed a methanol-wetted nanocellulose 
precipitate to be separated from a water/methanol 
supernatant. This stage was repeated until water 
was fully removed from the nanofibers, which 
was monitored by using TGA runs. Afterwards, 
the precipitate was transferred into a round flask 
containing the castor oil and manually dispersed for 
10  min. Finally, the remaining traces of methanol 

were eliminated under vacuum (Heidolph Laborota 
4001 Rotary Evaporator) for 60 min, at 60  rpm and 
60 °C, resulting an oleogel ready to be characterized.

Oleogels characterization

All oleogels were rheologically characterized using a 
rough plate-and-plate geometry (25 mm diameter and 
1  mm gap) coupled to a controlled-stress rheometer 
Physica MCR-301 (Anton Paar, Austria), as described 
in Roman et  al. (2021). Rough plates were used in 
order to avoid the wall slip phenomenon during the 
viscous flow measurements (Balan and Franco 2001). 
Small amplitude oscillation tests (SAOS) were car-
ried out to evaluate the oleogels’ elastic and viscous 
moduli within the linear viscoelastic (LVE) range, 
between 0.08 and 100 rad/s, and at selected tempera-
tures between 25 and 180 °C. This temperature range 
was selected according to the most common operating 
temperature conditions reported in DIN 51,825. The 
LVE range was previously identified through oscilla-
tory shear stress sweep tests at a constant frequency 
of 6.28  rad/s (1  Hz), at the different temperatures. 
Moreover, their viscous flow behavior, within the 
temperature range from 25 to 180  °C, was assessed 
between 10−2 and 102 s−1.

Moreover, the oleogels were also subjected to large 
amplitude oscillatory shear (LAOS) conditions with 
the purpose of evaluating their mechanical stability. 
According to Roman et  al. (2022), all samples were 
evaluated according to a protocol consisting in three 
consecutive oscillatory shear time sweeps, at 1  Hz 
and 25 °C: (a) 5 min within the LVE regime (1 Pa); 
(b) 30 min outside the LVE regime; (c) 30 min again 
within the LVE regime. The first step provided the 
complex modulus value associated to the unaltered 
state of the sample, | G*

0
 |; the second step yielded 

partial damage in the sample, reflected by the 
complex modulus value | G*

1
 |; during the third step the 

initial state was partially recovered, | G*

2
 |. Three non-

linear stress values were arbitrarily selected: 20 (onset 
of the non-linear regime), 100 and 200 Pa.

Three replicates were carried out on fresh samples 
in order to ensure statistical significance at the 95% 
confidence level.

The oleogels’ morphology was studied, at a 
magnification of ×7000, with a scanning electron 
microscope (SEM), model ZEISS EVO LS15 
(ZEISS, Germany), at 10  kV, according to Roman 
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et  al. (2021). Previously, castor oil was properly 
extracted from the oleogels, with no disturbance of 
the nanocellulose-based structural skeleton, by using 
the chemical fixation protocol described in Roman 
et  al. (2021). The method consists of a first fixation 
using 5 wt% glutaraldehyde in 0.1  M cacodylate 
buffer, a second fixation with 1 wt% osmium 
tetraoxide solution, and final critical point drying 
in acetone before being metallized with Au/Pd. 
Representative morphology prototypes were assured 
by using, for each formulation studied, at least three 
different samples and taking five pictures at different 
locations.

A FT/IR-4200 spectrometer (JASCO) was used to 
obtain FTIR spectra with a wavenumber range from 
500 to 4000 cm−1 in transmission mode. All samples 
were analyzed as thin layers on KBr disks (32 mm × 
3 mm).

Results and discussion

Steady‑state viscous flow behavior of cellulose 
nanofibrillated‑based oleogels

Figure 1 displays the oleogels’ flow curves, i.e., shear 
stress versus shear rate, at selected temperatures 
between 25 and 180 °C.

Regarding the CNF-PFI oleogel (Fig.  1a), 
its viscous flow behavior at the two lowest 
temperatures, 25 and 40  °C, was characterized by 
the presence of a yield stress of about 300 Pa at low 
shear rate values. In practice, this value stands for 
the onset of flow, and it is similar to those found in 
traditional lubricating greases (Delgado et al. 2019) 
which, at 25  °C, ranged from 500 to 1000  Pa, for 
a set of the aluminium-, lithium-, calcium- and 
polyurea-based greases. Upon flow commenced, 
pseudoplastic behavior was noticed. Interestingly, 
a minimum in the flow curve was detected with 
increasing temperature at intermediate shear 
rate values. According to Britton and Callaghan 
(1997), higher temperatures would cause noticeable 
structural changes in the oleogel’s network which 
modify the velocity profile, thereby yielding 
manifested instabilities. However, at higher shear 
rates cellulose nanofibrils, were allowed to freely 
orientate during their flow, reducing the observed 
anomalous flow pattern.

With regard to the CNF-TO oleogel, Fig.  1b 
shows that its yielding behavior prevailed up to much 
higher shear rates such that, at 25 and 40  °C, the 
plateau zone extended over almost the entire curve. 
Moreover, the minimum shear stress value shifted to 
significantly higher shear rates as compared to the 
CNF-PFI oleogel.

Chemical interpretation based on potential 
interactions and SEM imaging

Different types of secondary interactions existing 
between the amphiphilic molecules involved are 
known to cause the extraordinary thickening capac-
ity of nanocellulose in castor oil (Roman et al. 2022). 
Among them, hydrogen bonding is probably the most 
decisive. Interactions between the –OH on a glu-
cose unit of cellulose with other cellulose chains and 

Fig. 1   Evolution of shear stress with shear rate, at different 
temperatures between 25 and 180  °C: a CNF-PFI oleogel; b 
CNF-TO oleogel



	 Cellulose

1 3
Vol:. (1234567890)

with the –OH on the ricinoleic acid of castor oil, as 
depicted in Fig.  2a, may yield gelification. H-bonds 
gradually become weaker with increasing tempera-
ture (Watanabe et  al. 2006), thereby enhancing the 
so-called shear banding phenomenon.

 On the other hand, elm wood pulp TEMPO-
catalyzed oxidation was found to provoke crucial 
chemical changes in the nanofibrils. An outstanding 
increase in glucuronic acid, relative to that present in 
CNF-PFI, was found for CNF-TO as a result of the 
conversion of the C6 primary hydroxyl groups of cel-
lulose into carboxylic groups (Table 1). A glucuronic 
acid content of 22.9 wt% was obtained for CNF-TO, 
as compared to 1 wt% for the CNFs derived from the 
PFI mechanical pretreatment. It is worth noting that 
in CNF-TO nanofibers glucuronic acid appears in 
the form of sodium glucuronate, as shown in Fig. 2b, 
because the TEMPO-catalyzed oxidation was carried 

out in the presence of various sodium species such 
as NaBr and NaClO (Fillat et  al. 2018). In aqueous 
medium and under the resulting alkaline pH, the 
sodium carboxylate groups corresponding to the glu-
curonic units appear as carboxylate anions. Hence, 
strong electrostatic repulsion between fibrils arises, 
which prevent aggregation between adjacent fibrils, 
thereby enhancing the subsequent nanofibrillation 
stage. Table 2 shows the much greater ζ-potential of 
CNF-TO as compared to the PFI refined CNFs.

Upon transferring the nanofibrils into a non-
polar aprotic medium such as castor oil, the sodium 
carboxylate groups remain as such (no anions are 
formed). In that sense, Doan et al. (1997) reported the 
dimerization of carboxylic sodium salts in anhydrous 
fluid medium. Dimerization occurs in a similar way to 
that between carboxylic acids, which can act as both 
hydrogen bond acceptors, due to their carbonyl group, 
and hydrogen bond donors, due to their hydroxyl 
group. However, in the case of their salts, dimers 
are formed by high-energy Coulombic interactions 
of their charged constituents rather than through 
hydrogen bonding.

FTIR analysis in Fig.  3 for the CNF-TO oleogel 
may shed some more light on the issue. Castor oil has 
been included in the analysis for the sake of compari-
son. The band at ca. 1654  cm−1, which according to 

Fig. 2   Cellulose nanofibrils-based oleogels’ structures, as derived from: a CNF-PFI; b CNF-TO

Table 1   Chemical composition of the cellulose nanofibrils 
studied

Type Glucan
(wt%)

Xylan
(wt%)

Glucuronic 
ac.
(wt%)

Total lignin
(wt%)

CNF-PFI 82.6 ± 0.1 14.7 ± 0.1 1.0 ± 0.2 1.7 ± 0.3
CNF-TO 65.4 ± 0.2 10.5 ± 0.1 22.9 ± 0.7 1.2 ± 0.1
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Doan et al. (1997) corresponds to carbonyl stretching 
frequencies of R-COO−Na+ in the < salt-salt > dimers, 
would support the proposed model for the CNF-TO 
olegel depicted in Fig. 2b. In consequence, a tighter 
microstructure, involving the dimerization of adjacent 
sodium carboxylate groups, i.e., much stronger inter-
actions than simple hydrogen bonds in PFI refined 
nanofibers, seems to have formed with TEMPO-
assisted oxidation nanofibers. This type of inter-chain 
interactions would have extended the yielding behav-
ior of the CNF-TO oleogel up to much larger shear 
rates. In turn, they would have made it more sensi-
tive to temperature as compared to the PFI refined 
nanofibers-based oleogels.

A microstructural characterization, conducted by 
Scanning Electron Microscopy (SEM), is shown in 
Fig.  4. Figure  4a for the CNF-PFI oleogel displays 
an entangled network constituted by both individual 
nanofibers and non-nanofibrillated microfibrils. 
Conversely, Fig. 4b reveals that a part of the CNF-TO 
nanofibers seems to have agglomerated upon being 
transferred to the oil. Such a network microstructure 
might be a consequence of abundant sodium 
carboxylate groups onto the nanocellulose surface. 
Based on the species formed upon the oxidation 

process involving TEMPO catalyst, the FTIR analysis 
and visual inspection of Fig.  4, we hypothesize a 
dimerization process by Coulombic interactions. 
The nanofibrillation pre-treatment, in terms of 
conversion of cellulose primary -OH groups into 
–COO−Na+ groups, seems to affect remarkably the 
oleogels’ microstructure. This outcome highlights the 
importance of the nanofibers surface chemistry in the 
rheological behavior of their suspensions (Moberg 
et al. 2017), placing special emphasis on the influence 
of intermolecular forces in the way fibrils arrange.

Moreover, their high value of ζ-potential in aque-
ous medium yielded an improved nanofibrillation 
performance. Hence, the final CNF-TO oleogel 
presented 100% nano-sized fibrils, as compared to 
PFI-refined CNFs with only 60% nano-sized fibrils 

Fig. 3   Fourier-transform 
IR spectroscopy for the 
CNF-TO oleogel (red line). 
Castor oil added for the 
sake of comparison (black 
line)

Table 2   Selected characteristics of the cellulose nanofibrils 
studied

Type Fibrillation 
yield
(%)

ζ-potential
(mV)

D
(nm)

L
(nm)

CNF-PFI 60.8 ± 2.5 − 28.4 5.9 ± 1.7 1237 ± 680
CNF-TO 100 − 68.1 2.6 ± 0.7 700 ± 160
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(Jiménez-López et  al. 2020), whilst their average 
length and diameter also changed very significantly 
(Table  2). In consequence, their different rheologi-
cal behavior might also be associated to the existing 
change in fibril morphology (Moberg et al. 2017).

Linear viscoelastic behavior of cellulose 
nanofibrillated‑based oleogels

Figure 5 shows the results of small amplitude oscilla-
tory shear measurements as a function of temperature 
(25–180 °C). They correspond to the so-called physi-
cal gel, that is, a shear storage modulus (G′) which 
exhibits a pronounced plateau extending to times of 
the order of seconds, and a loss modulus (G″) which 
is considerably smaller than the storage modulus in 
this region (Ross-Murphy 1994). Physical gels con-
sist of chains “physically” cross-linked into networks, 
and possess properties of both chemically cross-
linked materials and entanglement networks (pseudo-
gel). As stated in Ross-Murphy (1995), physical gels 
involve the presence of one or more of the following 

Fig. 4   SEM imaging on 
cellulose nanofibers-based 
oleogels: a CNF-PFI; b 
CNF-TO

Fig. 5   Evolution of the linear storage (G′) and loss (G″) mod-
uli with frequency, within the temperature range from 25 to 
180 °C: a CNF-PFI; b CNF-TO

Fig. 6   Temperature dependency of the plateau modulus, G0

N
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non-covalent cross-links: Coulombic, dipole-dipole, 
van der Waals, charge transfer, and hydrophobic and 
hydrogen bonding interactions. Regarding the CNF-
PFI oleogel (Fig.  5a), a notorious minimum in the 
loss modulus was observed at 25 and 40 °C. Such a 
minimum became less noticeable as temperature was 
increased. In contrast, the loss modulus curves cor-
responding to the CNF-TO oleogel became largely 
independent of frequency (nearly flat) with increasing 
temperature. Hence, under SAOS conditions, this ole-
ogel exhibited a stronger gel-like behavior, as com-
pared to the CNF-PFI oleogel which was more akin 
to entanglement networks, that is, pseudogels (Ross-
Murphy 1995.

It is interesting to note that conventional 
lubricating greases and greases based on other 
types of biopolymers rather than nanocellulose also 
behave like gels. However, the observed temperature-
dependency in Fig.  5 was quite different to them. 
Thus, the evolution with temperature of the so-called 
plateau modulus, G0

N
 (G′ value at the frequency value 

corresponding to the G″ minimum) is shown in 
Fig. 6. Such a parameter is a measure of the strength 
of the gel-like structure. For a standard lithium-
based lubricating grease, 110  °C was found to be 
the onset of important microstructural changes, as 
deduced from an abrupt decay when G0

N
 was plotted 

against temperature (Delgado et al. 2006). Moreover, 
Sánchez et al. (2011a) analyzed the plateau modulus-
temperature dependence of cellulosic derivatives 
thickeners in castor oil. They observed a remarkable 
decrease in G

0

N
  with temperature, which was 

attributed to the sol-gel transition of ethyl cellulose 
in castor oil at around 70 °C. On the contrary, Fig. 6 
demonstrates quite acceptable stability of G0

N
 all over 

the entire temperature interval studied (up to 180 °C).
By comparing Figs. 1 and 5, it can be concluded 

that the above described (H-bonding and Coulombic) 
interactions are less sensible to small deformations 
associated to linear viscoelasticity measurement as 
compared to viscous flow tests which entails much 
larger deformations. However, at low shear rates on 
the flow curve, the applied deformations can be also 
small. For that reason, the evolution with temperature 
of the elastic modulus (Fig.  5) and the yield stress 
(Fig.  1) are similar. In both cases, the CNF-TO 
oleogel presents a higher temperature sensitivity 
than the CNF-PFI oleogel. The evolution of G0

N
 with 

temperature, in Fig. 6, also reveals this result.

Susceptibility to large amplitude oscillatory shear 
(LAOS) of cellulose nanofibrillated‑based oleogels

Ability to flow under mechanical stresses with 
no detriment of their shear stability are among 
the features which are mainly demanded from a 
lubricating grease (Adhvaryu et  al. 2005). Through 
previous viscous flow and small amplitude oscillatory 
shear (SAOS) tests, it was concluded that shear 

Table 3   Destruction and recovery percentages of the nanocel-
lulose-based oleogels studied, after samples were submitted to 
different shear stress levels outside the LVE region

Oleogel Non-linear 
stress value (Pa)

%-destruction %-recovery

CNF-PFI 100 41.4 54.1
200 55.7 52.0

CNF-TO 100 95.8 25.8
200 98.6 13.4

Fig. 7   Time evolution of the dynamic shear modulus, |G*|, at 
1 Hz and 25 °C, at selected shear stress values outside the LVE 
region: a CNF-PFI (inset with enlarged scale); b CNF-TO
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and temperature affected the oleogels’ rheological 
behavior in different ways depending on cellulose 
nanofibrillation pre-treatment. The application of a 
shear stress beyond the LVE region induces a certain 
degree of non-reversible structural breakdown, 
resulting in the disturbance of the grease’s lubrication 
capacity (Paszkowsky and Olsztynska-Janus 2014). In 
order to look further into this issue, the oleogels were 
subjected to tests which measured their resilience to 
non-linear stresses and their ability to recover their 
initial state.

Figure  7 displays the log-linear evolution of the 
norm of the complex shear modulus |G*|, at a selected 
frequency of 1 Hz, against time, at different stresses. 
A linear stress of 1  Pa was applied during the first 
5  min. Over that period, the material’s intrinsic 
microstructure was unaffected in such a way that |G*| 
was exactly the same for the three experiments. Then, 
the corresponding non-linear stress was input and 
maintained for a period of 30 min. An instant decay 
in |G*| was observed. “Rheo-destruction” percentages, 
defined as the ratio of | G*

0
|–|G*

1
 | relative to | G*

0
 |, are 

displayed in Table  3. Small effect was found at 
20 Pa, the onset of the LVE regime (not included in 
Table  3). Further this threshold, severe destruction 
with increasing the stress value was monitored.

Furthermore, partial recovery was observed 
when the material was returned to the LVE. ‘‘Rheo-
recovery” percentages were calculated as the ratio of 
| G*

2
|–|G*

1
 | relative to | G*

0
|–|G*

1
 | and shown in Table 3.

As shown in Fig.  7, very pronounced differences 
were observed between the PFI refined (fully 
mechanical production) nanofiber and the TEMPO-
mediated oxidated (chemically-assisted production) 
nanofiber. The CNF-PFI oleogel exhibited lower 
values of %-destruction (41.4% at 100 Pa) and larger 
values of %-recovery (54.1% at 100  Pa). On the 
contrary, very large %-destruction and very small 
%-recovery were found both at 100 and 200  Pa for 
the CNF-TO oleogel. It results very interesting to note 
that, at 200 Pa, its |G*| continue to steadily decrease 
all over the non-linear stage (30 min) upon the initial 
instant decay. Based on a dissipated energy approach, 
the curve of the so-called dissipated energy ratio 
versus number of cycles (not shown) moves away 
from the linear viscoelastic damping asymptote. This 
result would suggest that non recoverable fatigue 
damage was experienced by the CNF-TO oleogel’s 
network by application of repetitive loading (Frigio 

et al. 2016). In that way, a long loading time may be 
expected to yield irreversible fatigue failure.

The applied chemical pre-treatment seems to have 
contributed to a nanofiber surface chemistry which 
endows the oleogel with much higher sensitivity to 
large shear deformations. As previously remarked, in 
comparison with the two other nanofibers, the above 
mentioned Coulombic interactions between sodium 
carboxylate groups might be performing as semi-
permanent junction points. In that sense, the CNF-
PFI oleogel, constituted by physical crosslinking and 
inter-chain hydrogen bonding, may still relax and 
accommodate to the application of large deformations 
(Roman et  al. 2022). In turn, in the CNF-TO 
oleogel, its flow process would be constrained by the 
existence of tougher inter-chains interactions through 
dimerization of sodium carboxylate groups involving 
Coulombic forces. Such interactions would eventually 
break up, thereby weakening their microstructure. 
Ross-Murphy (1995) stated that, when subjected to 
large deformations, strong gels will rupture and will 
never “heal” without melting and resetting, whereas 
the weak gels will recover given sufficient time. 
Hence, under LAOS conditions, the CNF-PFI oleogel 
behaved as a weak gel, whereas the CNF-TO oleogel 
was proved to be more akin to a strong gel. The non-
linear response observed in Fig.  7 was found to be 
in direct relation to the ζ-potential values which the 
nanofibers had in alkaline aqueous medium (Table 2) 
before they were transferred into oil medium. Thus, 
CNF-PFI, with a lower (in absolute value) ζ-potential 
of − 28.4 mV, showed lower shear-sensitivity, 
whereas CNF-TO, with larger ζ-potential of − 68.1 
mV, was more sensitive. Moreover, there also seems 
to be some correlation with the temperature evolution 
of the yield stress in the viscous flow tests, where 
CNF-TO was more sensitive than CNF-PFI (Fig. 1).

Conclusions

Viscous flow and dynamic shear tests enabled a 
distinction to be made between both types of oleogels. 
As compared to the CNF-PFI oleogel, which was 
shown to be more akin to an entanglement network, 
the CNF-TO oleogel exhibited a noticeable gel-like 
behavior. The rheological behavior of the CNF-PFI 
oleogel was attributed to a nanofiber network mainly 
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involving typical inter-molecular hydrogen bonding 
of entangled fibrils, which may freely orientate under 
large deformations (weak gel). In turn, the CNF-TO 
oleogel would be restrained by tougher inter-chains 
interactions involving much stronger Coulombic 
forces. The microstructural characterization carried 
out on the CNF-PFI oleogel by Scanning Electron 
Microscopy (SEM) demonstrated entangled networks 
constituted by both individual nanofibers and of non-
nanofibrillated microfibrils. Conversely, a part of 
the CNF-TO nanofibers seems to have agglomerated 
upon being transferred to the oil. Hence, under 
LAOS conditions, the CNF-TO oleogel presented 
larger values of %-destruction and lower values of 
%-recovery (strong gel).

These results have important implications with a 
view to the use of such nanofibers in the formulation 
of lubricating greases. It can be concluded that 
cellulose nanofibers from PFI refining physical 
pretreatment are a better option than those from 
TEMPO-mediated oxidation pretreatment in terms of 
lower thermal susceptibility and higher mechanical 
stability.
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