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A B S T R A C T   

A prospective methodology aimed to develop totally sustainable oleogels with potential application in lubrica
tion is reported. Oleogels were prepared with cellulose nanofibrils from elm pulps in castor oil. Even at a con
centration as low as 1.4 wt%, the oleogels showed rheological behaviors similar to a traditional lithium grease 
used as reference. In that sense, the high thickening power of cellulose nanofibers was remarked. Never-dried 
bleached and unbleached elm pulps were mechanically treated with PFI mill refiner and microfluidizer. More
over, as an alternative way of producing cellulose nanofibrils, the never-dried bleached elm pulp was chemically 
oxidized using 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO). The three types of nanofibers were 
characterized and used in the production of oleogels. The great challenge was to remove the high amount of 
water retained by the nanofibrils during the nanofibrillation treatment before it was incorporated into the 
vegetable oil-based lubricant. Alternative strategies such as liophilization or drying failed because the nanofibers, 
with very high specific surface and strong capacity to interact among them by hydrogen bonding, underwent 
severe aggregation. Instead, the proposed methanol-based solvent exchange method enabled the transfer of the 
cellulose nanofibrils from the origin hydrogel to the vegetable oil with no detriment of both their aspect ratio and 
thickening capacity. Chemical considerations are provided with regard to such a solvent-mediated method, 
which yielded homogeneous and storage-stable oleogels. This work may attract the interest of lubricant man
ufacturers to produce nanocellulose-based eco-lubricating greases for industrial applications.   

1. Introduction 

Lubricants play a vital role in the global industrial sector. They are 
used in many applications which require a reduction in friction and wear 
between surfaces in motion. Thus, lubricants provide a better perfor
mance and extend the operational life of the machinery. In 2019, the 
global demand for lubricants was reported to be nearly 36.8 million tons 
(Sönnichsen, 2000), half of which are uncontrollably released into the 
environment upon their use (Cecilia et al., 2020). Lubricants embrace a 
wide spectrum of products which are based, essentially, on mineral or 
synthetic oils as the main constituent, and a number of additives 
(thickeners, thermal/lubricity properties improvers, antiwear, etc.). 
These substances may be highly toxic and with very low biodegrad
ability. Thus, the environmental and health authorities have encouraged 

to seek sustainable alternatives to both mineral or synthetic oils and 
hazardous additives (Cecilia et al., 2020). Finding solutions to this 
problem is one of the greatest current challenges. 

In order to increase the ecofriendly character of the lubricants, 
replacing the mineral and synthetic bases with non-edible vegetable oils 
has been the adopted approach, mostly. Vegetable oils are universally 
available, abundant, renewable and non-toxic (Mannekote et al., 2017). 
Among them, castor oil is of particular interest due to its high viscosity, 
excellent lubricating properties and the presence of the ricinoleic fatty 
acid that enables hydrogen bond interaction with other substances 
containing very electronegative atoms (Quinchia et al., 2014). Even so, 
the major challenge is yet to find adequate eco-thickeners in order to 
produce semi-solid lubricants, i.e., eco-lubricating greases. In this sce
nario, previous studies have demonstrated that lignocellulosic materials 
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can effectively act as bio-thickening agents in the production of bio
greases (Mu et al., 2018; Núñez et al., 2012; Sánchez et al., 2011). 
However, their low compatibility with vegetable oils yields gel-like 
dispersions with poor mechanical stability (Núñez et al., 2012). In this 
sense, some attempts aimed to enhance the mechanical stability and 
specific properties of such formulations, through chemical modifications 
of the lignocellulosic materials, can be found. Thus, Martín-Alfonso et al. 
(2011) studied a strategy based on the ethylation of kraft cellulose pulps; 
Gallego et al. (2015) and Borrero-López et al. (2020) increased the hy
drophobicity of cellulosic pulps and lignin, respectively, by condensa
tion reactions involving diisocyanates derivatives; and Cortés-Triviño 
et al. (2019) carried out the epoxidation of an alkali lignin with poly 
(ethylene glycol) diglycidyl ether (PEGDE), among other molecules. 
Oleogels with potential application in lubrication were obtained in all 
cases. Even so, the need for hazardous chemicals and tedious chemical 
synthesis schemes may constitute serious drawbacks regarding their 
respect for the environment and feasibility of scaling-up, respectively. 
So far, limited attention has been paid to the much greater potential of 
the cellulose nanofibers to form oleogels for lubricant applications. 

Nanocellulose is generally produced from chemical pulp fibers, 
which are obtained in ecofriendly and cost-effective industrial processes 
(Li et al., 2021). Nanocellulose is comprised by cellulose nanocrystals 
(CNCs) and cellulose nanofibers (CNFs). Cellulose nanocrystals, also 
known as cellulose nanowhiskers, show rodlike and highly crystalline 
structures, with sizes in the range of 5–20 nm and lengths between 200 
and 500 nm (Rajinipriya et al., 2018). Contrarily, cellulose nanofibers 
(or cellulose nanofibrils) are fibrillar structures with both amorphous 
and crystalline regions, with same diameters as CNCs and lengths up to 
few micrometers (Rajinipriya et al., 2018). It is worth noting that 
nanocellulose is a renewable, biocompatible and biodegradable nano
material with low density, excellent mechanical and rheological prop
erties, in addition to high surface area and tunable surface chemistry, 
which allows its interaction with other materials in a controlled manner 
(Nascimento et al., 2018; Isogai and Zhou, 2019; Li et al., 2021). For all 
these reasons, nanocellulose may be considered a promising candidate 
as an eco-thickener in lubricant applications. These properties, much 
better as compared to the native cellulose fiber, are principally affected 
by the biomass source (plant species, age and growth conditions, and 
tissue type), the biomass processing (chemical pulping technology) and 
the nanocellulose isolation process (mechanical and/or chemical pro
cesses) (Michelin et al., 2020). 

Woody biomass, as the most common feedstock for pulp and paper 
industry, is the main source for nanocellulose production (Li et al., 
2021). Other sources such as agriculture biomass, industrial waste, 
bacteria, algae and tunicate are also possible (Rajinipriya et al., 2018; Li 
et al., 2021). Among different woody materials, several species 
including hardwoods (e.g., eucalyptus, birch and aspen) and softwoods 
(e.g., spruce, pine and fir) have been widely used to produce cellulose 
nanofibers (Rajinipriya et al., 2018; Kandhola et al., 2020; Michelin 
et al., 2020). Recently, elm (Ulmus minor Mill.) wood has been suc
cessfully assayed for this purpose (Jiménez-López et al., 2020). Its 
outstanding growth features and excellent adaptation to different en
vironments, from Spain to UK, make it a potential candidate for pro
ducing wood products, including nanocellulose (Martín-Sampedro et al., 
2019; Jiménez-López et al., 2020). 

Regarding the cellulose nanofibrils isolation process, the chemical 
pulp fibers are submitted to high-shear mechanical treatment by high- 
pressure homogenizers or microfluidizers which fibrillates them into 
high aspect ratio nanofibers (Nechyporchuk et al., 2016). In most cases, 
cellulosic pulp refining using PFI mills or disk refiners is performed prior 
to microfluidization to reduce energy consumption (Rajinipriya et al., 
2018). A more energy-efficient alternative is the use of chemical pre
treatments such as TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl 
radical)-mediated oxidation (Saito et al., 2006; Nechyporchuk et al., 
2016). The final product consists of negatively charged fibrils which, 
due to electrostatic repulsion, form stable gel-like aqueous suspensions 

which facilitate further nanofibrillation (Shinoda et al., 2012). 
TEMPO-mediated oxidation prior to mechanical microfluidization is 
usually applied on totally bleached chemical pulps, resulting in cellulose 
nanofibers with only trace amounts of residual lignin and hemi
celluloses. Instead, PFI refining prior to mechanical microfluidization 
can be also used for CNFs production from unbleached chemical pulps, 
leading to non-oxidized cellulose nanofibers with high lignin and 
hemicelluloses content (Iglesias et al., 2020). Unbleached chemical 
pulps offer the advantage of higher yields (referred to carbohydrates 
amount) and reduced processing costs and environmental impact by 
avoiding bleaching steps (Iglesias et al., 2020). 

Despite the promising properties offered by cellulose nanofibrils, 
their high water content (they are commonly available as a hydrogel 
with a solid content of 2–10 wt%) is a key point in their storage, 
transport and use (Arvidsson et al., 2015). For applications such as pulp 
and paper, food, paints, coatings, inks, adhesives and those related with 
biomedical and cosmetic products, cellulose nanofibril hydrogels are 
used relatively easily (Li et al., 2021). However, the complete water 
removal from cellulose nanofibers still remains as the biggest challenge 
when they are subjected to further chemical functionalization or directly 
incorporated into products with hydrophobic characteristics such as 
plastics, textiles, lubricants, foams and films (Nascimento et al., 2018; Li 
et al., 2021). In that sense, to the best of our knowledge, the present 
research work is probably the very first to report the preparation of 
cellulose nanofibers-based eco-lubricants aided by a methanol-based 
solvent exchange method, from cellulose nanofibrils aqueous disper
sions with very high water contents. Such a process drastically reduces 
the use of chemicals and simplifies the lubricant manufacture. The 
investigation explored the use of three types of cellulose nanofibers from 
elm cellulosic pulps (two, bleached and unbleached, CNF samples pro
duced by PFI refining prior to mechanical microfluidization; and a 
bleached CNF sample obtained by chemical TEMPO-mediated oxidation 
prior to mechanical microfluidization) as eco-thickening agents in castor 
oil. Moreover, a preliminary rheological characterization of the oleogels 
is presented, and a comparative analysis with respect to a traditional 
lithium–based lubricating grease (benchmark) is established. 

2. Materials and methods 

2.1. Materials 

Castor oil, with kinematic viscosity at 40 ◦C of 242.5 cSt, was 
selected as base oil. It was supplied by Guinama (Spain). Basic properties 
and compositional details of castor oil can be found elsewhere (Ogun
niyi, 2006; Quinchia et al., 2010). 

The Ulmus minor clone Ademuz used in this work, is registered in 
Spain as resistant to Dutch elm disease (DED) (Martín et al., 2015) and it 
was supplied by Universidad Politécnica de Madrid. 

2.2. Cellulose nanofibers production 

For the production of cellulose nanofibers, elm chips were first 
subjected to a standard kraft pulping according to protocol described by 
Jiménez-López et al. (2020). Then, part of the obtained pulp was sub
mitted to a bleaching process to reduce mainly its lignin content. After 
obtaining the different pulps, chemical (TEMPO-mediated oxidation) or 
physical (PFI refining) pretreatments were used over the never-dried 
pulps, in order to increase the effectiveness of the final micro
fluidization stage. 

On one hand, mechanical pretreatment was carried out over un
bleached and bleached pulps, and consisted of a refining step in a 
standard laboratory PFI mill followed by an extensive mixing using an 
Ultra-Turrax disperser (T25, IKA) in order to improve fibrillation and 
prevent clogging of the microfluidizer. On the other hand, bleached pulp 
was also submitted to a chemical pretreatment (TEMPO-mediated 
oxidation) following the methodology described previously by other 
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authors (Shinoda et al., 2012), using 0.1 g/g oven-dried pulp (o.d.p.) of 
NaBr, 0.016 g/g o.d.p. of TEMPO and 10 mmol/g o.d.p of NaClO, at 
room temperature and pH 10. More details about the pretreatments 
could be found at Jiménez-López et al. (2020). 

Finally, all pretreated fibers suspensions (2 % wt./vol) were sub
mitted to a microfluidization step using a high-pressure fluidizer 
(Microfluidizer M-110EH, Microfluidics Corp.; Westwood, MA, USA). In 
the case of refined fibers, the suspension was looped 6 times through a 
200 μm interaction chamber and then 7 times adding a 100 μm inter
action chamber after the 200 μm one. However, TEMPO-oxidized fibers 
were passed once through a chamber of 200 μm and then 3 more times 
using sequential chambers of 200 and 100 μm. 

Resulting cellulose nanofibers were stored at 4 ◦C and identified as 
CNF–B, CNF–U and CNF-TO for bleached refined, unbleached refined 
and TEMPO-oxidized nanofibers, respectively. 

2.3. Cellulose nanofibers characterization 

The chemical composition of CNFs, as determined according to 
NREL/TP-510-42618 (National Renewable Energy Laboratory, 2011), is 
gathered in Table 1. A modified conductivity titration method described 
by Saito and Isogai, 2004), was preferred to determine the carboxylate 
contents of the cellulose nanofiber samples. 

To determine nanofibrillation yield, 0.1% (wt./vol) nanofibers sus
pensions were centrifuged for 20 min at 4.5k rpm. According to Besbes 
et al. (2011), the resulting supernatant contents the nanofibrillated 
fraction while the non or partially fibrillated fibers remain in the sedi
ment. Moreover, the average diameter of fibrils in the nanofibrillated 
fractions was determined by means of Atomic Force Microscopy (AFM), 
as previously published in Jiménez-López et al. (2020). 

Crystallinity index (CrI) of cellulose nanofibers was measured by X- 
Ray powder diffraction (XRD) in a Bruker D8 Advance diffractometer 
(Bruker, Billerica, MA, USA) with Ni filter and Cu anode. Measurements 
were acquired from 3◦ to 45◦ (2θ diffraction angle), using a goniometer 
speed of 1 s per step and a step size of 0.04. Crystallinity index (CrI) of 

samples was calculated following the Segal method (Segal et al., 1959). 
Water vapor sorption isotherms were studied with a dynamic water 

vapor sorption equipment (Aquadyne DVS, Quantachrome Instruments) 
between 0% and 95% relative humidity (RH) at 25 ◦C. Sorption iso
therms were fitted to GAB model (Belbekhouche et al., 2011), that cal
culates total water uptake (CGAB) as function of water activity (aw =

RH/100) according to equation (1): 

CGAB = Cm⋅
CG⋅Kads⋅aw

(1 − Kads.aw)⋅(1 + (CG − 1)⋅Kads⋅aw )
(1)  

where: Cm represents the amount of water adsorbed onto the monolayer; 
Kads is related to the adsorption enthalpy difference between the first 
layer and the following; and CG is the Guggenheim constant which es
timates the strength of bound water to the primary binding sites. 

2.4. Oleogels preparation 

Cellulose nanofibers were available as gel-like aqueous suspensions 
having solid contents of ca. 2 wt%. Water removal and further incor
poration of the CNFs into castor oil involved a solvent exchange method 
using methanol, as graphically detailed in Fig. 1. Methanol was added to 
the hydrogel weight needed to prepare about 50 g oleogel with the 
target CNF concentrations, 0.7 and 1.4 wt% (methanol/hydrogel weight 
ratio of 3/1). Then, a T25 digital Ultra-Turrax homogenizer was used 
(25 ◦C, 10 min, and 10k rpm) in order to ensure an intimate mixing 
between the wet CNFs and the methanol solvent, facilitating the solvent 
swap. This step was followed by centrifugation (in Thermo Scientific™ 
Sorvall™ ST 8 Small Benchtop Centrifuge) for 10 min, at 4k rpm, which 
enabled to separate a methanol-wetted nanocellulose precipitate from a 
water/methanol supernatant. This stage was repeated until complete 
water removal from the nanofibers (corroborated by TGA measure
ments). The number of washes depended on the CNF type. Three washes 
were enough for non-oxidized nanofibers (CNF–B and CNF–U), whilst 
four washes were necessary for TEMPO-oxidized nanofibers. Subse
quently, the methanol-wetted nanocellulose precipitate was transferred 

Table 1 
Chemical composition of the cellulose nanofibers studied.  

TYPE GLUCAN (wt.%) XYLAN (wt.%) KLASON LIGNIN (wt.%) AC. SOLUBLE LIGNIN (wt.%) TOTAL LIGNIN (wt.%) CARBOX. GROUPS (μmol/g) 

CNF–U 80.0 ± 0.6 16.4 ± 0.1 1.5 ± 0.2 1.1 ± 0.1 2.6 ± 0.2 56.2 ± 3.9 
CNF–B 82.6 ± 0.1 14.7 ± 0.1 0.8 ± 0.3 0.9 ± 0.0 1.7 ± 0.3 52.7 ± 8.9 
CNF-TO 65.4 ± 0.2 10.5 ± 0.1 0.0 ± 0.1 1.2 ± 0.1 1.2 ± 0.1 1178 ± 37  

Fig. 1. Schematic illustration of the methanol-based solvent exchange method.  
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into a round flask containing 50 g castor oil and manually dispersed for 
10 min. Finally, the mixture was subjected to methanol removal under 
vacuum (Heidolph Laborota 4001 Rotary Evaporator) for 60 min, at 60 
rpm and 60 ◦C, in order to evaporate all possible solvent remaining. 
Upon completion of the whole procedure, a homogeneous and storage- 
stable oleogel was obtained. 

2.5. Oleogels characterization 

Morphological observations of both hydrogels’ and oleogels’ mi
crostructures were conducted, at room temperature, with a scanning 
electron microscope (SEM), model ZEISS EVO LS15 (ZEISS, Germany), 
at 10 kV. A magnification of 7000 x was used. Previously, all samples 
were chemically fixed on the holder with 2.5 wt% glutaraldehyde in 0.1 
M cacodylate buffer, for 2 h, followed by three washes in 0.1 M caco
dylate solution. Subsequently, all samples were subjected to a second 
fixation with 1 wt% osmium tetraoxide solution, for 1 h, again followed 
by three washes with 0.1 M cacodylate solution. Finally, all samples 
were submitted to critical point drying in acetone before being metal
lized 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. 

Thermal behavior evaluation was conducted by differential scanning 
calorimetry (DSC). Measurements were performed with a Q-100 
analyzer (TA Instrument, USA), using 5–10 mg samples sealed in her
metic aluminium pans. Cooling and heating rates of 5 ◦C/min were 
applied to all samples within a temperature window ranging from − 65 
up to 200 ◦C. In order to erase their thermal history, all samples were 
subjected to an isothermal step at 200 ◦C for 10 min. DSC was also used 
to evaluate the oxidation resistance of these oleogels according to ASTM 
E2009-08 standard. Moreover, in order to monitor the water removal 
during the oleogel preparation, thermogravimetric analysis (TGA) under 
inert N2 atmosphere was carried out with a Q-50 analyzer (TA In
struments, USA). Approximately, 15 mg samples were placed on a Pt 
pan, and heated from 30 to 120 ◦C, at 10 ◦C/min, under N2 total flow of 
50 mL/min. All measurements were replicated at least twice. 

Unworked penetration indexes were determined according to the 
ASTM D1403 standard, using the Seta universal penetrometer, model 
17000–2 (Stanhope-Seta, UK), with a one-quarter cone geometry. The 
one-quarter-scale penetration values were converted into the equivalent 
full-scale cone penetration values according to ASTM D217. For the sake 
of comparison, an approximation of NLGI grade was achieved. 

The oleogels rheological behavior was analyzed using the controlled- 
stress rheometer Physica MCR-301 (Anton Paar, Austria), with parallel 
plate-plate geometry of 25 mm diameter and 1 mm gap, at 25 ◦C. Steady 
state viscous flow tests were performed in a shear rate interval ranging 
from 10− 2–102 s− 1. Moreover, the linear viscoelastic behavior was also 
evaluated through dynamic shear frequency sweeps, between 0.08 and 
100 rad/s, at strain values within the linear viscoelastic (LVE) range. 
Preliminary dynamic strain sweep tests, at 1 Hz, were carried out in 
order to determine the strain range over which the viscoelastic functions 
were not strain-dependent (LVE range). At least two replicates of each 

test were conducted on fresh samples. 

3. Results and discussion 

3.1. A comparative analysis between the different cellulose nanofibers 

The characteristics of the CNFs depend mainly on the nanocellulose 
production process, but also on the properties of the initial pulp from 
which the CNFs are isolated (Michelin et al., 2020). This work focuses on 
the feasibility of three types of cellulose nanofibers from elm cellulosic 
pulps: unbleached (CNF–U) and bleached (CNF–B) cellulose nanofibers 
produced by PFI refining, and bleached CNF obtained by chemical 
TEMPO-mediated oxidation (CNF-TO) prior to mechanical micro
fluidization (Fig. 2). Chemical compositions of the CNFs studied are 
shown in Table 1. As it was expected, higher lignin and hemicelluloses 
(xylan) contents were found in CNF–U compared to CNF–B, due to the 
lack of bleaching process. Furthermore, lower nanofibrillation yield was 
achieved when unbleached pulp was used (50.2% compared to 60.8% 
for bleached pulp), indicating a higher proportion of non-fibrillated or 
partially fibrillated fibrils (microfibrils) in the gel-like suspension ob
tained after the microfluidization process. This fact could be caused by a 
more hydrophobic structure in unbleached pulp (due to higher lignin 
content) which hamper swelling and yield of fibrillation (Solala et al., 
2020). Nonetheless, other authors observed an improvement in degree 
of fibrillation for lignin-containing fibers, because of they may avoid 
bonds between the cellulosic mechano-radicals formed during micro
fluidization, resulting in less crosslinked cellulose structure (Rojo et al., 
2015; Solala et al., 2020). In this sense, AFM images of the nano
fibrillated fractions showed thinner nanofibers in CNF–U sample, with 
diameter of 3.7 ± 0.7 nm, compared to 5.9 ± 1.7 nm for CNF–B. 
Longitudinally, larger chain lengths of the bleached nanofibrils were 
appreciated. Jiménez-López et al., 2020 also observed a more homo
geneous length distribution of shorter nanofibers in unbleached CNF. 

Regarding the nanocellulose production process, it had a very sig
nificant effect on the nanofibrillation yield and carboxylate content. In 
that sense, the TEMPO-oxidation pretreatment prior to micro
fluidization selectively converted the C6 primary hydroxyl groups of 
cellulose to carboxylate groups (Isogai et al., 2011). A carboxylic group 
content of 1178 μmol/g was obtained for CNF-TO compared to 53–56 
μmol/g for CNFs from mechanical pretreatments. This fact provoked 
electrostatic repulsion between adjacent fibrils which enhanced fibril
lation, yielding much thinner nanofibers (diameter of 2.6 ± 0.7 nm) 
than the non-oxidized nanofibers (CNF–B and CNF–U). Moreover, a 
100% nanofibrillation yield was achieved for CNF-TO, indicating the 
lack of non-fibrillated and microfibrils in this sample, also confirmed by 
SEM (Fig. 8e). Furthermore, the introduction of –COOH groups caused a 
significant increase in glucuronic acid (22.9 wt%, compared to 1 and 
1.1 wt% in CNF–B and CNF–U, respectively) and a consequent lower 
glucan percentage (65.4 wt%). According to other authors (Okita et al., 
2011; Fillat et al., 2018), the oxidation and/or degradation during 
chemical pretreatment led to a reduction in hemicelluloses and lignin 
contents. Finally, no big differences were found in crystallinity index 

Fig. 2. Photos of the original hydrogels on 50 mm watch glasses: a) bleached PFI refined nanofibers (CNF–B); b) unbleached PFI refined nanofibers (CNF–U); c) 
TEMPO-oxidized nanofibers (CNF-TO). 
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between the three samples: 83.6 ± 0.5%, 85.7 ± 2.5% and 83.5 ± 1.5% 
for CNF–U, CNF–B and CNF-TO, respectively. 

All these properties had effects on the interaction of the nanofibers 
with water, which is an important factor in the preparation of oleogels. 
Water vapor sorption tests provided information about the relative hy
drophilicity of the three cellulose nanofibers samples studied. Fig. 3 
shows their sorption and desorption isotherm curves. Their sigmoid 
profiles are similar to those of hydrophilic materials (Belbekhouche 
et al., 2013). These curves were successfully fitted to GAB model 
(Table 2), which is extensively used for cellulosic materials (Meriçer 
et al., 2017), showing good accuracies with experimental data (see 
regression coefficients R2). 

Due to the higher carboxylate content on the surface of CNF-TO, GAB 
model pointed out stronger bounds between water and primary binding 
sites (higher CG). This model also indicated higher amount of water 
adsorbed onto the monolayer (Cm) in this oxidized sample, probably due 
to the higher proportion of nanofibers (100% nanofibrillation yield) 
which provided a higher surface area compared to non-oxidized nano
fibers. As far as the nanofibers from mechanical treatment (PFI refining) 
are concerned, GAB model suggested a weaker interaction between 
CNF–U surface and water in the monolayer (lower CG) compared to 
CNF–B. This is likely caused by the presence of residual lignin. Even so, 
the higher water adsorption in the monolayer (Cm) observed in CNF–U in 
comparison with CNF–B was most probably due to the lower diameter of 
its nanofibrillated fraction and its higher hemicelluloses content. 

The higher sorption hysteresis (Fig. 3) observed for CNF-TO, espe
cially at high relative humidities indicates a higher swelling, which also 
contributes to the large water uptake at high relative humidities: 62% 
for CNF-TO compared to 28–31% for non-oxidized samples at 95 %RH. 

3.2. Enabling homogeneous and storage-stable cellulose nanofibers-based 
oleogels 

Upon fibrillation, the cellulose nanofibers obtained from elm 
chemical pulps remained in a stable suspension with high water content, 
ca. 98 wt%, and gel-like texture (Fig. 2). As Chang et al. (2016) pointed 
out cellulose-water H-bonds formed on the nanocellulose surface 
weaken the interaction between adjacent cellulose nanofibers, yielding 
stable nanocellulose hydrocolloids. However, H-bonding handicaps the 
dispersibility of cellulose nanofibers in a vegetable oil, thereby 
hampering the preparation of homogeneous and storage-stable cellulose 
nanofibers oleogels. 

Removing water from the fibers without affecting their nano-scale 
dimension was a tricky challenge. As shown in Fig. 4, phase-separated 
oleogels resulted when the highly hydrophilic cellulose nanofibers 
were directly poured into the vegetable oil, even though oleogels were 
submitted to vacuum rotavaporation at 0.025 bar and 60 ◦C to eliminate 
moisture. Cellulose-water H-bond has a higher binding energy than 
cellulose-ricinoleic acid H-bond (Beck et al., 2012). Hence, the moisture 
physically attached to individual cellulose nanofibers may effectively 
prevent the H-bond formation with the ricinoleic fatty acid present in 
castor oil. Based on that, and given the complete immiscibility of water 
in oil, the cellulose-water H-bonds formed on the CNFs surface yielded 
their agglomeration and settling when the water was removed (Chang 
et al., 2016; Foster et al., 2018). 

For this reason, cellulose nanofibers oleogels were prepared by a 
methanol-based solvent exchange method. The strategy consisted in 
subjecting the moisture-containing nanofibers to various cycles of 
methanol wash followed by centrifugation. Intimate contact between 
methanol and nanofibers was ensured using high shear mixing. Finally, 
rotavaporation at 0.025 bar and 60 ◦C was used to eliminate the 
remaining methanol, yielding stable and homogeneous oleogels. As Wei 
and Cheng (2007) pointed out, the solvent exchange method has the 
advantage of degrading less the cellulose nanofibers as compared to 
other methods. The solvent selection is a key point in such a process. 
Okura et al. (2014) found out that cellulose nanocrystals and TEMPO (2, 
2,6,6-tetramethylpiperidine-1-oxyl)-oxidized cellulose nanofibers 
dispersed well in solvents with dielectric constants greater than 12.9, 
and viscosities higher than 0.55 cP. In this sense, a number of polar 
solvents such as acetonitrile, DMSO, DMF, formic acid, ethanol or 
methanol, to name a few, might be potential candidates. Among them, 
methanol was chosen because of its lower normal boiling point of 
64.7 ◦C, lower price and lower toxicity. Moreover, cellulose was not 
solubilized in methanol (El Seoud et al., 2008), thus, no loss of nano
cellulose nanofibrils occurred during the solvent exchange process. Ac
cording to the different water uptake capacity of the nanocelluloses 
studied (Fig. 3), the CNF–U needed three methanol washes up to 

Fig. 3. Water vapor sorption and desorption isotherms of cellulose nanofibers 
at 25 ◦C. 

Table 2 
Sorption parameters of GAB models, determined from water vapor sorption 
isotherms.   

Cm CG Kads R2 

CNF–B 4.0 11.9 0.9 0.998 
CNF–U 5.2 9.9 0.9 0.998 
CNF-TO 5.4 17.2 1.0 0.998  

Fig. 4. Phase-separated 1.4 wt% oleogels resulting from the direct incorpora
tion of the water-wetted cellulose nanofibers into castor oil. a) CNF–B; b) 
CNF–U; c) CNF-TO. 
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complete water removal. Fully compatibilization with castor oil was 
thus possible. The CNF–B also required three methanol washes, while 
four methanol washes were necessary in the case of CNF-TO because of 
its higher water uptake capacity. Thermogravimetric analysis allowed 
concluding that the derivative weight loss peak progressively increased 
and shifted to lower temperatures after every methanol 
wash-centrifugation step, as a consequence of water being replaced by 
methanol, with higher volatility and lower normal boiling point. This is 
exemplified in Fig. 5 for the CNF–U only (CNF–B and CNF- TO results are 

not shown). 
Fig. 6 shows the cellulose nanofibers-based oleogels in castor oil, at 

concentrations of 0.7 and 1.4 wt%, resulting from a methanol-based 
solvent exchange method. In all cases, homogeneous and stable oleo
gels were obtained no matter which nanocellulose type was used. 

According to Batista da Silva et al. (2011), water molecules have a 
higher capacity to forming H-bonds between them than methanol. In 
fact, Benson et al. (2013) pointed out the formation or breakdown of the 
system-wide H-bonding network at a critical threshold, such that 
H-bonded water clusters are embedded in loosely coupled methanol 
molecule structures for water-methanol mixtures with low water con
tent. Thus, the methanol-based washes induced the formation of 
H-bonded water clusters and the consequence displacement of the water 
molecules away from the cellulose nanofibers, being sucked into the 
methanol phase. Moreover, the individual methanol-wetted cellulose 
nanofibers can effectively prevent the H-bond formation between CNFs 
(Chang et al., 2016). A model for the methanol-based solvent exchange 
mechanism is proposed in Fig. 7. It is important to point out that the 
partial miscibility of methanol in oil enables a successful nanofiber 
dispersion (Zhou et al., 2006). Moreover, its largest volatility compared 
to water facilitates the solvent removal by vacuum rotavaporation. 
Thereby, methanol-based solvent exchange yields stabilized CNFs in 
castor oil through H-bonding of the cellulose with the hydroxyl groups 
present in the ricinoleic fatty acid. 

3.3. An insight into the microstructure of the cellulose nanofibers-based 
oleogels 

Scanning electronic microscopy enabled the visualization of the 
CNFs in the gel-like dispersions. Fig. 8 presents micrographs, at room 
temperature, corresponding to the original CNF-based hydrogels and 

Fig. 5. Derivative weight loss TGA curves for CNF–U samples after every wash 
with methanol. 

Fig. 6. Homogeneous 0.7 and 1.4 wt% oleogels successfully obtained by a methanol-based solvent exchange method: a-b) CNF–B; c-d) CNF–U; e-f) CNF-TO.  

Fig. 7. Proposed model for the methanol-based solvent exchange mechanism.  
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their corresponding 1.4 wt% CNF-based oleogels. As far as the nano 
length scale is concerned, both CNFs obtained by mechanical treatment, 
i.e., CNF–B and CNF–U, gave rise to hydrogels with very similar mor
phologies, consisting in nanofibers with quite regular thicknesses and 
with varying lengths (Jimenez et al., 2020). Moreover, a significant 
percentage of non-fibrillated and partially fibrillated fibrils was 
observed, due to their fibrillation yields were 60.8 and 50.2% for CNF–B 
and CNF–U, respectively. Thus, at the micro length scale, these two 
hydrogels seem to be constituted by an entangled network of fibers with 
very large aspect ratios. It is worth pointing out that the micrographs in 
Fig. 8a to d do not indicate any distinct morphological differences be
tween the hydrogels and their corresponding oleogels, thereby con
firming that, in these cases, the methanol-based solvent exchange 
method proposed did not provoke cellulose fibers agglomeration. On the 
contrary, the TEMPO-oxidized CNF hydrogel showed a structural skel
eton which consisted of well allocated and more homogeneous (100% 
fibrillation yield) cellulose nanofibers. Its dispersed phase is character
ized by denser arrangements of much shorter and thinner fibrils than 
CNFs obtained by mechanical treatment (PFI refining). A part of the 
nanofibers seems to have agglomerated upon forming the oleogel. 

In all cases, the microstructure of these 1.4 wt% CNF-based oleogels 
reminds that corresponding to a traditional lubricating grease, based on 
a soap skeleton of densely packed long and twisted fibers (Delgado et al., 
2016) which may account for up to 14 wt% or even more. The oleogels 
studied, have much lower weight percentage of particulate phase. Even 
so, their skeletons also appear to be constituted by entanglements of 
individual fibrils or by dense fibrils arrangements. Thus, Fig. 8 demon
strates the potential of the methanol-based solvent exchange method for 
assisting the transferring of the CNFs from the hydrogel to the oil with, 

in general, no evidence for the nanofibers compaction. The observed 
microstructures support the outstanding thickening capacity of cellulose 
nanofibers in castor oil, even at very low weight concentrations, and 
explain the bulk rheological properties later described. 

3.4. On the oleogels’ thermal analysis 

Fig. 9 shows the DSC thermal characterization of 1.4 wt% CNF-based 

Fig. 8. SEM micrographs (7000 x) of the original CNF-based hydrogels (left column) and their corresponding 1.4 wt% CNF-based oleogels (right column): a-b) 
CNF–B; c-d) CNF–U; and e-f) CNF-TO. 

Fig. 9. DSC analysis on 1.4 wt% CNF-based oleogels.  
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oleogels. In general, the CNF-based oleogels studied showed an excellent 
thermal stability within a wide temperature range (− 50 to 200 ◦C). In 
contrast to the traditional lubricating greases, which display a well- 
defined peak corresponding to the melting of the metallic soap used as 
thickener (grease’s skeleton) (Delgado et al., 2005), no thermal events 
were observed in the thermograms in Fig. 9. This result suggests higher 
dropping points (higher temperature before the skeleton collapses) as 
compared to traditional lubricating greases. 

Furthermore, the resistance to oxidation of the cellulose nanofiber- 
based oleogels was quantified by the oxidation onset temperature 
(OOT) measured according to the ASTM E2009-08 standard. The test 
swiftly provides a relative measure of the oxidative stability of vegetable 
oil-based lubricants at a given heating rate and oxidative environment 
(Quinchia et al., 2011). The respective OOT values of oleogels studied 
are listed in Table 3. As can be appreciated, the TEMPO-oxidized cel
lulose nanofibers provided better oxidation resistance than non-oxidized 
nanofibers, regardless their concentration. This fact points out that the 
selective conversion of the C6 primary hydroxyl groups of cellulose to 
carboxylate groups delayed castor oil oxidation. Thus, castor oil OOT 
was enhanced from 198.0 to 215.0 ◦C, i.e., an improvement of 8.6%, by 
adding 0.7 wt% CNF-TO. This result demonstrates the great potential of 
CNF-TO as antioxidant additive in eco-lubricant formulations. 

3.5. Mechanical performance of the cellulose nanofiber-based oleogels 
from a rheological perspective 

The evolution of shear stress with shear rate for the three CNF-based 
oleogels studied is displayed, at 25 ◦C and as a function of CNFs con
centration, in Fig. 10. In general, their viscous flow behavior was 
characterized by a first nearly constant stress region, at the lowest shear 
rates, followed by a monotonic increase in shear stress with shear rate, 
which denotes their pronounced pseudoplastic character. This viscous 
flow behavior is typical of yielding materials, i.e., materials which in
ternal structure is such that a minimum shear stress needs to be applied 
before their elastic limit is exceeded and the material’s flow commences 
(Delgado et al., 2019). Moreover, the viscous flow curves of 1.4 wt% 
oleogels passed through a minimum value before shear stress increased 
with shear rate. Such a behavior has been reported to correspond to a 
dynamically non-stable region, due most probably to a 
non-homogeneous field of velocities during the viscometric flow of this 
complex material (Britton and Callagham, 1997; Delgado et al., 2019). 
As it was expected, a larger nanofiber concentration yielded higher 
shear stress values and increased the oleogels’ pseudoplastic behavior. A 
synthetic lithium-based lubricating grease, having a similar unworked 
penetration (434 dmm) as the 1.4 wt% oleogels (see Table 3), has been 
included in Fig. 10 for the sake of comparison. Even though the refer
ence grease had a concentration of lithium soap-based thickener of 8 wt 
% (Delgado et al., 2006), the observed shear stress values and pseudo
plasticity level, at 25 ◦C, were very similar to the 1.4 wt% oleogels 
herein studied. This fact reveals the outstanding capacity of CNF as both 
viscosity enhancer and structuring agent of vegetable oil-based 
lubricants. 

Moreover, Fig. 11 demonstrates a strong dependence on both con
centration and nanofiber type of the oleogels’ linear viscoelastic 
behavior, at 25 ◦C. At the highest concentration studied of 1.4 wt%, a 
nearly constant value of the elastic modulus G′ was observed within the 
frequency interval tested, whilst the viscous modulus G" presented a 
clear minimum, thus demonstrating the typical rheological behavior of 
entangled networks (Delgado et al., 2006). This result agrees with the 
previously reported SEM micrographs (Fig. 8) which, at such a con
centration of 1.4 wt%, demonstrated the formation of physical entan
glements and dense arrangements of micro and nanofibers. In addition, 
the viscoelastic behavior of the 1.4 wt% oleogels, mainly those from 
bleached nanofibers, resembles the traditional lithium soap-based 
lubricating grease used as reference. Despite their lower moduli, as 
compared to the reference material, the oleogels presented a larger 
balance of the elastic response relative to the viscous response within the 
frequency window of study. This result suggests a highly elastic 
contribution of the cellulose nanofibers to the overall dynamic shear 
modulus G* = G’ + i⋅G" of the oleogels. At a smaller concentration, 0.7 
wt% CNF, the onset of the glass transition zone, characterized by a 
notorious increase of the G′ and G" moduli with frequency, appeared at 
lower frequency values as compared to the 1.4 wt% oleogels. This result 
would denote a smaller extent of the plateau region, as expected from a 
lower degree of structuring. 

It is interesting to point out that at 1.4 wt%, the CNF–B and CNF-TO 
oleogels showed larger values of shear stress and viscoelastic moduli 
than the CNF–U oleogel, even though the later showed higher consis
tency. However, at 0.7 wt% the unbleached CNF gave rise to a higher 
degree of internal structuring. It seems that, at low CNF concentration, a 
higher content of non-fibrillated or partially fibrillated fibrils (microfi
brils) in the CNF–U sample significantly contributed to building up an 
internal skeleton which enhanced the oleogel structural stability. 
However, a higher nanofiber concentration such as 1.4 wt% seems to 
have enabled the formation of a percolated network through physical 
entanglements between cellulose nanofibers. Thus, the CNFs with higher 
nanofibrillation yield would exhibit a better rheological performance. 
The so-called “plateau modulus” GN

0, taken as the average G′ value at 
the “rubbery” region (or more specifically at the frequency 

Table 3 
Consistency and oxidation onset temperature of the cellulose nanofiber-based 
oleogels studied.  

OLEOGELS UNWORKED PENETRATION (dmm)// 
NLGI GRADEI 

OOT (ASTM 
E2009–08) (◦C) 

CASTOR OIL – 198.00 ± 3.00 
0.7 WT.% 

CNF–B 
>500/000 189.02 ± 5.84 

0.7 WT.% 
CNF–U 

>500/000 193.69 ± 7.51 

0.7 WT.% CNF- 
TO 

>500/000 215.86 ± 1.32 

1.4 WT.% 
CNF–B 

449/000 189.34 ± 0.09 

1.4 WT.% 
CNF–U 

408/00 183.16 ± 0.19 

1.4 WT.% CNF- 
TO 

469/000 214.11 ± 0.12  

i It is an approximation of NLGI grade based on the one-quarter-scale pene
tration values according to ASTM D217. 

Fig. 10. Steady state viscous flow behavior, at 25 ◦C, for the three types of 
NCF-based oleogels studied, at 0.7 and 1.4 wt% (a lithium-based lubricating 
grease has been included as reference). 
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corresponding to the tanδ=G"/G′ minimum value), gives an idea on the 
strength of the oleogel’s physically entangled structure (Delgado et al., 
2006). In that sense, both the CNF–B and CNF-TO oleogels presented, at 
1.4 wt%, larger values of GN

0 than the CNF–U oleogel, thus suggesting 
that a larger value of shear stress has to be applied before yielding is 
observed (Fig. 10). 

4. Conclusions 

A solvent exchange strategy based on methanol enabled the pro
duction of 100% ecofriendly oleogels made up of cellulose nanofibers 
and castor oil. It was concluded that the methanol molecule may 
displace the water molecule away from the cellulose nanofibers. Thus, 
methanol partial miscibility in vegetable oil favors CNFs dispersion. It 
facilitates the CNFs stabilization in castor oil by H-bonding with the 
ricinoleic fatty acid when the solvent is completely removed. Three 
types of cellulose nanofibrils from elm cellulosic pulps were examined. A 
much higher water uptake was observed for CNF-TO as compared to 
CNF–B and CNF–U (62% vs. 28–31%, at 95% RH), which forced to in
crease the number of methanol wash to reach a stable oleogel. The 
reason behind this result is twofold. First, CNF-TO showed a stronger 
water affinity due to a much larger carboxylate content (1178 μmol/g 
vs. 53–56 μmol/g) formed by oxidation of the C6 primary hydroxyl 
group of cellulose molecule. And second, its higher nanofibrillation 
yield (100% vs. 61-50%) provided a higher surface area compared to the 
non-oxidized nanofibers. 

Even at a concentration as low as 1.4 wt%, all CNF studied demon
strated a high thickening capacity in castor oil, yielding homogeneous 
and storage stable oleogels with rheological behaviors similar to a 
commercial lithium-based lubricating grease with comparable NLGI 
consistency. As shown by SEM micrographs, at such a concentration, the 
nanofibers phase seems to have yielded a percolated structure of 
entangled nanofibers or packed arrangements, thereby enhancing very 
significantly the elastic contribution of the complex shear modulus, 
mainly those nanofibrils from bleached pulps (higher fibrillation yields). 
Between them, CNF-TO resulted to be of special interest in eco-lubricant 
formulations due to its demonstrated antioxidant capacity. 

Further research is being carried out in order to elucidate the effect of 
temperature on the rheological and tribological behavior of these cel
lulose nanofiber-based oleogels in a broader concentration range. 

Moreover, wear tests in the mixed lubrication regime are being con
ducted. In that sense, both the friction coefficient and the wear scar 
features are being assessed and contrasted with traditional lubricating 
greases used as reference. 
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