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ARTICLE INFO ABSTRACT

Handling editor: P.Y. Chen This research investigates the morphological and electrorheological (ER) behaviors of nanocellulose-based lu-

bricants. Commercial fibrillated (CNF) and crystalline (CNC) nanocelluloses were dispersed in castor oil, at two

Keywords: selected concentrations of 1 and 4 wt%, to obtain fully sustainable electro-active lubricants. Small amplitude
Nano_cell“bse oscillatory shear (SAOS) tests were performed within the linear viscoelastic (LVE) range to investigate the
Lubricant rheological behavior induced by the combined effect of pre-shear and voltage. Hence, prior to the SAOS tests at
Electrorheology

electric field intensities ranging from 0 to 4 kV/mm, the samples were subjected to simple shear, at two selected
values of 0.1 and 30 s~! and for 5 min, under the same voltages. A portable digital microscope, attached to a
strain-controlled rheometer, allowed visualizing the electro/shear-induced structuring of the lubricants and
establishing relationships with their rheological response. In general, both storage and loss moduli were found to
change with the electric field. Regarding the effect of nanocellulose concentration, the formation of thin strings
was observed at 1 wt% nanocellulose when the lubricant was subjected to low pre-shear. Their angular
displacement increased with the electric field. On the contrary, at 4 wt% nanocellulose, a fully entangled
network was perceived, such that the nanofiber rotation was severely restrained. The highest pre-shear yielded a
structural break which, under the action of an electric voltage, enabled the formation of a different structural
conformation when pre-shear halted, in comparison with the lowest pre-shear. Such event led to a notorious
reduction in both storage and loss moduli, mainly at the lowest electric field intensities.

Oscillatory shear
Optical microscopy analysis

1. Introduction or electro- and magneto-rheological fluids [3]. Among these,

electro-rheological (ER) fluids are of special relevance in the fields of

In terms of friction and wear reduction, the main strategy of the
lubricant sector over the last decades has been merely promoting a
“passive” improvement in the lubricant performance by using poten-
tially hazardous additives [1]. Fortunately, the rise in environmental
awareness is driving the replacement of such additives as well as the
mineral/synthetic base oils used with non-toxic, renewable and sus-
tainable substances. As such, both scientific community and manufac-
turers are making great efforts for the sake of developing fully
environmentally respectful bio-based lubricants [2].

Recently, “smart materials™ have attracted great interest for cutting-
edge applications. In general, they can be described as materials which
respond or adapt to a specific external stimulus [3]. There are multiple
examples in literature, such as piezoelectric parts, shape memory alloys
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composites, clutches, valves, dampers, shock absorbers or lubricants, in
several industries such as automotive, marine or robotics [3-8]. ER
fluids are suspensions commonly composed of electrically polarizable
particles dispersed in a non-conductive liquid. Under an electric po-
tential, particles polarize and align, yielding chain-like structures par-
allel to the direction of the electric field [9,10], thereby increasing their
apparent viscosity by up to several orders of magnitude [5]. It is note-
worthy that the polarized particle morphology strongly affects the
structuring process of an electrified suspension and, consequently, also
affects the impact of the hydrodynamic forces on the suspension rheo-
logical behavior [11-13]. In addition, when this stimulus ceases, the
effect is reversed with a response time as short as a few milliseconds
[14]. This phenomenon has recently woken up special interest in the
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lubrication field, as a way of promoting an “active” improvement in the
lubricant performance [10,15-17], given the outstanding impact that
on-demand friction control by an electric potential may catalyze.

The development of innovative and environmentally friendly bio-
based lubricants entails a remarkable source of research nowadays. In
this sense, lignocellulosic biomass, the most abundant biopolymers on
our planet, has emerged as a prominent raw material within the lubri-
cant field as a natural, non-toxic, renewable and biodegradable resource
[18-20]. For the specific case of lubricants, just to name a few, Cortés
Trivino et al. [21] studied formulations based on castor oil and epoxi-
dized cellulose pulp, whose performance depended on the degree of
modification of the cellulose pulp and the epoxide compound used. Li
et al. [22] observed good stability and a reduction in the friction coef-
ficient of 30 % when adding cellulose nanocrystals at 2 wt% in a poly-
alphaolefin base oil. Roman et al. [23] have shown that an oleogel based
on 1.4 wt% cellulose nanofibers in castor oil has a viscoelastic behavior
very similar to a commercial lubricating grease (8 wt% lithium soap
thickener) with a comparable NLGI (National Lubricating Grease Insti-
tute) consistency. Fernandez-Silva et al. [24] reported the excellent
tribological performance of 3.3 wt% nanocellulose in vegetable oil dis-
persions, which yielded very remarkable wear scar diameter reductions
while Delgado-Canto et al. [10] introduced the use of nanocellulose in
electrorheology based smart lubricants. However, the great potential of
exploitation of lignocellulosic materials still remains unexplored within
the lubricant technology field.

Cellulose nanofibers can be obtained by either purely mechanical or
combined chemical/mechanical treatment of the cellulose pulp [9].
They have varying diameters and length, depending on the cellulose
source and treatment applied for their production [25]. Cellulose
nanofibers are composed of a string of successive cellulose nanocrystals,
linked by amorphous domains [9,18]. Cellulose nanocrystals are ob-
tained by acid hydrolysis of such amorphous domains, which causes the
hydrolytic cleavage of the glycosidic bonds and the consequent release
of individual crystallites after mechanical treatment [18,26]. Both cel-
lulose types have an identical composition, with crystallinity and aspect
ratio being their main differentiating factors [18].

A very noteworthy feature of cellulose fibers, both micro and nano, is
their capacity to be polarized and arranged into columnar structures by
an electric field [10,27-30]. Kadimi et al. [31] developed an interesting
study on the effect of the aspect ratio and charge of cellulose nanofibers
and nanocrystals on their alignment under AC electric field. Moreover,
electrorheological characterizations are found in literature, in relation
to nanocellulose-based composites or fluids [9,10,27]. Even so, to the
best of our knowledge, there are hardly any studies that analyze the
combined influence of shear and electric field on their tunable struc-
turing. Furthermore, none of these studies explore the connections be-
tween various structural configurations and their rheological behavior
using in-situ optical microscopy visualization. In relation to lubricants,
the authors have previously reported a qualitative model grounded on
the evaluation of viscous flow measurements and theoretical consider-
ations. It was also described how it can benefit the friction behavior of
these nanocellulose-based sustainable lubricants under an external
electric field [10]. Based on that work, we herein hypothesize that, in
the presence of an electric field, the structural conformation of nano-
cellulose (also micro) in a vegetable oil strongly depends on both con-
centration and applied shear rate. Thus, the present paper has placed a
particular emphasis on obtaining clear visual evidence of how the die-
lectrophoretic and hydrodynamic forces compete for the orientation of
the nanocellulose particles in a vegetable oil suspending medium. For
this purpose, oscillatory shear tests allowed a comparative analysis of
the mechanical strength of the nanocellulose structures to be conducted,
under specific pre-shear and voltage conditions. As a novelty, the in-situ
optical microscopy visualization revealed how the structuring of
polarized nanocellulose particles is affected by the external electric field
and the shear rate conditions. These findings could be of particular
relevance in the development of “smart” bio-based lubricants, whose
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friction behavior will greatly depend on the way the particulate phase
arranges within the oily phase. More transversally, the knowledge
gained from this study could even be extended to nanocellulose-based
composite fabrication, where tailored orientation of the nanofibers
might be demanded.

2. Materials and methods
2.1. Materials

Commercial crystalline (CNC) and fibrillated (CNF) nanocelluloses
were purchased from Nanografi Co. Ltd. (Jena, Germany). As per spec-
ifications, CNF was mechanically obtained from cotton cellulose pulp
and dehydrated by drying process. Previously, the pulp had been
modified by carboxymethylation (COOH content of 1178 + 37 pmol/g).
CNC was obtained by sulfuric acid hydrolysis (sulphate groups are
present). CNF and CNC basically differ in crystallinity and aspect ratio.
CNC has a diameter of 10-20 nm, length of 0.3-0.9 pm and 100 %
crystallinity (by x-ray diffraction, XRD). On the other hand, CNF has the
same diameter, length of 2-3 pm and 92 % crystallinity by XRD. It is
worth pointing out that the drying process of these commercial cellulose
nanoparticles can lead to the formation of agglomerates. This happens
because when the moisture is removed, the particles have a tendency to
stick together. Therefore, this agglomeration may present difficulties
when attempting to disperse these particles in the base o0il [32]. For that
reason, both cellulose micro and nanofibers were found in all the
nanocellulose-based dispersions that were studied.

Castor oil (CO) purchased from Guinama (Spain), with dynamic and
kinematic viscosities of 550 mPa s and 574 cSt, respectively, at 25 °C,
was employed as the dispersing medium. Extensive literature regarding
castor oil as a raw material [33] and as a lubricant basestock [34] can be
found elsewhere.

2.1.1. Preparation of nanocellulose-based dispersions

CNF and CNC in castor oil dispersions were prepared, at selected
concentrations of 1 and 4 wt%, using a two-step methodology. The
celluloses were first coarsely dispersed in castor oil through magnetic
stirring for 30 min at 50 °C. Subsequently, fine dispersion was achieved
by using an UP400St ultrasonic homogenizer (Hielscher, Germany). The
total energy input was 7 Wh, and the temperature was always main-
tained below 80 °C by placing the container in an ice bath. The samples
were ultrasonicated for 5 min before the tests, to ensure completely
homogeneous dispersions.

2.2. Small amplitude oscillatory shear (SAOS) test and visual inspection
by optical microscopy

Small amplitude oscillatory shear (SAOS) tests were carried out on a
strain-controlled rheometer, model ARES-G2 (TA Instruments, USA)
within a frequency range of 1072 to 102 rad/s. Previously, the linear
viscoelastic (LVE) range was determined by strain sweep tests at 6.28
rad/s. A Keysight 33210A current generator (Agilent, USA) and a Trek
609E-6 high voltage power amplifier (Trek, Inc., USA) coupled to this
rheometer enabled to apply the required electric voltages.

Smooth plate-plate geometry of 25 mm diameter and 0.5 mm gap
was used for the whole testing procedure at room temperature (ca.
25 °C). Before conducting the SAOS tests, the fluids were subjected to
pre-shear of 0.1 or 30 s~! (referred to as “low PS” and “high PS”,
respectively, hereinafter) for 5 min. According to a previous study car-
ried out by Delgado et al. [10], such two values have been selected as
representatives of shear rate at which the electric current varies signif-
icantly, thereby suggesting differences in the chain-like structures
formed. The SAOS tests (including the pre-shear step) were performed
under selected electric fields of 0.16, 0.8, 2.4 and 4 kV/mm.

While running the rheological measurements, a portable optical
microscope (Fig. 1) enabled to record the micro and nanocellulose
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Fig. 1. Schematics of the experimental set-up used for the optical visualization of nanocellulose structures.

structures arisen between the parallel plates (electrodes). A light source
was set opposite to the microscope, pointing at the lubricant contained
between the measuring parallel plates. Such experimental set-up
allowed for an in-situ visual inspection of the electro-induced struc-
tural conformation of the nanocelluloses under selected voltages and
shear rate values.

3. Results and discussion

3.1. Optical microscopy analysis of the electro-active structuring of
nanocellulose in castor oil

Delgado et al. [10] previously reported a theoretical model
describing the potential competition between the hydrodynamic (shear
stress) and dielectrophoretic (electric field) forces that control the way
nanocellulose arranges in vegetable oil dispersions. Based on that, under
quiescent conditions, cellulose nanofibers would polarize and align
parallel to the direction of the electric field (i.e. perpendicular to the
measuring plates), forming chain-like or string structures under a certain
voltage difference. On the other hand, when the electric field is off,
single cellulose nanofibers being subjected to shear would orient in the
flow direction (i.e., parallel to the plates’ surface). Furthermore, elec-
trostatic forces between interfacially polarized cellulose particles would
enhance their shear resistance, thereby increasing their yield stress and
viscoelastic moduli with increasing voltage values [10,35]. This will be

discussed later below.

Further to such theoretical considerations, we aimed to contrast the
origin and glimpse the individual contribution of each of the mecha-
nisms that are presumed to cause the modification of the lubrication
process under electric field. Fortunately, our home-made experimental
set-up allowed collecting conclusive visual evidence on the specific role
of the driving forces competing in the aforementioned structuring
mechanism. Hence, the nanocellulose-based dispersions were subjected
to specific voltage differences, while being exposed to shear rates of 0.1
and 30 s~! for 5 min. Figs. 2 and 3 depict representative optical mi-
crographs of polarized CNF and CNC particle structures, respectively.
Pictures were captured at the edge of the parallel plate measuring cell
(where the light path is the shortest and the image is the clearest),
immediately after the pre-shear step was completed. In most cases, at the
highest voltages, bubbling prevented nice images from being taken [36].

In general, the applied voltage drove a quick alignment of neigh-
boring polarized CNF and CNC particles in the electric field direction. At
a concentration of 1 wt%, chain-like structures are distinctly visible at
every applied voltage. As observed in Figs. 2 and 3, at a shear rate of 0.1
s 1, the chain-like structures formed upon application of the electric
field were strong enough so as to withstand the effect of pre-shear. In
other words, the dielectrophoretic forces resulting from the electric field
were able to keep the polarized cellulose strings nearly intact against the
hydrodynamic forces at low shear rates. This result also reveals the high
interfacial polarization capacity of cellulose [37-39]. Even so, a slight

0.16 kV/mm 0.8 kV/mm 2.4 kV/mm 4 kV/mm
Low
PS
1
wt.%
High
PS
Low
PS
4
wt.%
High
PS

Fig. 2. Optical microscopy visualization for 1 and 4 wt% CNF-based dispersions under the combined effect of electric field and pre-shear.
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Fig. 3. Optical microscopy visualization for 1 and 4 wt% CNC-based dispersions under the combined effect of electric field and pre-shear.

inclination in the flow direction was observed at electric field values
below 2.4 and 0.8 kV/mm for CNF-based and CNC-based dispersions,
respectively.

It is noteworthy to retrieve the Newton’s Law of viscosity, in terms of
velocity profile [40]. When a certain torque is applied to the moving
bottom plate to initiate movement at a constant rotational speed, a shear
stress profile arises within the fluid confined between the two parallel
surfaces. The shear stress generates a velocity profile, with the fluid
layer in the immediate vicinity of the bottom surface moving at the
highest speed. As we go upward through the fluid in the vertical direc-
tion, every of the following fluid layer moves at a slightly lower velocity
than the preceding layer, until zero velocity is reached just below the
non-moving upper plate. Consequently, the lower end of the chain-like
structures was subjected to the highest velocity, which caused their
observed tilting.

It can be clearly appreciated that, under low PS, the higher electric
field intensity, the lower the inclination of the polarized nanocellulose
was. Moreover, the larger the length of the nanocellulose particle (CNF
is longer than CNC), the lower the angular displacement was (e.g. 71.8°
vs 78.9° for CNF and CNC at 0.8 kV/mm, respectively). This result would
suggest a more effective stress transfer along a chain formed by the
longest particles. Even so, such an observed effect of the hydrodynamic
forces was not too large.

For comparison purposes, all optical images were processed with the
open-source Java-based graphic program, ImageJ. A convolution filter
was applied and the angular displacement (rotation angle provoked by a
torque that tends to line up the polarized rod-like particle with the
electric field) of the cellulose chain-like structures relative to the bottom
plate was measured. Calculated values, in terms of average and standard
deviation, are provided in Table 1. At low concentrations, the angular
displacement increased with voltage. At electric fields of 4 and 2.4 kV/
mm, the nanocellulose chain-like arrangements aligned fully parallel to
the electric field, i.e., forming an angle of ca. 90° relative to the bottom
plate. It can be, thereby, concluded that particles are capable of off-
setting the effect of the hydrodynamic forces at the lowest shear rate.
Hence, it can also be stated that, under such conditions, the structural
conformation of the nanocellulose chains was prevailingly influenced by
the dielectrophoretic forces. Additionally, those chains became thicker
with time during the pre-shear step, which is consistent with the findings
reported by Kadimi et al. [31], due to the continuous branching of free
cellulose particles in already formed chains.

2831

Table 1

Angular displacement of the cellulose chain-like structures under the combined
effect of electric field (0.16-4 kV/mm) and pre-shear (at 0.1 and 30 s™%) for 1
and 4 wt% CNF and CNC-based dispersions.

0.16 kV/mm 0.8 kV/mm 2.4 kV/mm 4 kV/mm
CNF-based dispersions
1 wt% low PS 68.1 + 0.5° 71.8 £2.3° 74.5 + 2.1° 86.8 + 2.4°
1 wt% high PS 90° 90° 90° Non visible
4 wt% low PS 46.4 £ 1.7° 53.7 £3.7° 63.1 + 4.7° Bubbling
4 wt% high PS Entangled Network Non visible
CNC-based dispersions
1 wt% low PS 72.5 £ 3.1° 78.9 + 4.1° 85.9 + 1.6° 90°
1 wt% high PS 90° 90° 90° Non visible
4 wt% low PS 42.0 £ 0.5° 47.6 £ 0.5° 52.4 +8.9° Bubbling

4 wt% high PS Entangled Network Non visible

In contrast, high PS (30 sH prevented the chain-like structures
induced by the dielectrophoretic forces from being initially formed. CNF
and CNC rod-like particles were seen to orient in the flow direction
during the pre-shear step, thereby appearing as lamellar structures. A
video is provided as supplementary information, for the sake of clarity.
Clear evidence of such an effect was found at the lowest electric field,
0.16 kV/mm, for the highly concentrated dispersion, 4 wt%. Due to
steric hindrance, its lamellar arrangement behavior remained for some
time once shear had ceased. As previously noted by Delgado et al. [10],
the rotation effect provoked by the electric field could be hindered by
the formation of such lamellar structures due to the interaction of
adjacent nanocellulose rod-like particles by non-polarization forces,
such as intermolecular H-bond or van der Waals forces. Such in-
teractions involve the ~OH groups present in both CNF and CNC, as well
as those in the ricinoleic fatty acid molecule of castor oil. As a result, the
orientation of the polarized particles along the electric field was con-
strained during the pre-shear step. In the case of 1 wt% dispersions, upon
shear ceased, the polarized CNF and CNC particles suddenly aligned
along the electric field, forming in most cases 90°-pitched chain-like
structures, as observed in Figs. 2 and 3. It is noteworthy that electric
fields of 0.16 kV/mm or even 0.8 kV/mm were not high enough for the
particles to immediately align after the high PS step. Hence, some strings
remained isolated, failing to bridge the two electrodes for some minutes.
In contrast, at and above 2.4 kV/mm, the chain-like structures formed
instantaneously after shear ceased. We can conclude that under
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sufficiently strong hydrodynamic forces, electric field-triggered orien-
tation can be delayed or even suppressed, depending on the dispersion
concentration.

It is worth noting that the number of chains observed diminished
with shear rate and voltage. This outcome is very well appreciated, for
example, in the case of 1 wt%, under high PS and at 2.4 kV/mm. In that
sense, micrographs displayed in Figs. 2 and 3 were acquired at the edge
of the plate-plate geometry, where the light intensity through the sample
was the highest. As reported by Parker [41], the electric field lines arisen
between two oppositely charged finite parallel plates are perpendicular
to their surface, but they curve outwards at the edges. This leads to a
reduction in the magnitude of the electric field near the edges of the
plate-plate geometry, which may account for the decrease in the number
of chain-like structures observed at high shear rate and voltage. At the
lowest shear rate, 0.1 s-!, the hydrodynamic forces were not powerful
enough to overcome the electrostatic forces that linked the polarized
particles together. Consequently, the chain-like structures formed along
the electric field direction offered some resistance against flowing to-
wards the inner part of the plate-plate geometry. However, due to the
high shear, disrupted chains were drawn inwards in the confining gap,
where the electric field is more intense. This effect was particularly
noticeable at 4 kV/mm at 0.1 s™%, and 2.4 kV/mm at 30 s~ %, for both
nanocellulose-based dispersions at 1 wt%.

In turn, the most concentrated dispersion, 4 wt%, followed a very
contrasting morphology pattern, approaching progressively to a com-
plete entangled network with increasing electric field intensity at high
pre-shear. At 0.1 s™! and electric field of 0.16 kV/mm, chain-like
structures are fairly visible in the electric field direction, even though
some of them started to branch by grafting other neighboring chains.
Furthermore, the angular displacement values of these chains were

Journal of Materials Research and Technology 34 (2025) 2828-2835

markedly lower than those observed for 1 wt% (Table 1). This is due to
the greater effect of shear on the orientation of such type of micro-
structures. Due to the evident steric hindrance, the angular displacement
was lower than at 1 wt%, because the branched structures found more
difficulties to orient parallel to the electric field under the effect of shear.
At 0.8 kV/mm and higher voltages, polarized CNF and CNC particles
started to arrange into a percolated 3D network and, thereby, separate
columnar structures were less evident. At the highest shear rate, the
intermolecular forces previously commented among fully flow-oriented
nanocellulose strings yielded lamellar structures. At 0.16 kV/mm, the
strong steric hindrance hampered their alignment along the electric field
lines. By way of example, Fig. 3 displays poorly electric field-oriented
lamellar structures (low angular displacement). Interestingly enough,
higher voltages turned such structures into a fully entangled network.
These findings match the outcomes reported in Delgado et al. [10],
where remarkably differences in the viscous flow behavior in an elec-
trified measuring cell were noticed with dispersion concentration.
In-situ optical inspection has confirmed the reported hypothesis on a
network-like structuring pattern at concentrations higher than 2 wt%
nanocellulose.

3.2. Combined effect of pre-shear and electric field on the SAOS behavior

The electro-active structuring of the dispersions studied is directly
related to the inherent interfacial polarization capacity of nanocellulose
and the consequent electrorheological effect [10,12,37]. In order to
better understand how the combined effect of hydrodynamic forces
(shear rate) and dielectrophoretic forces (electric field) may affect their
ER behavior, the nanocellulose-based dispersions were subjected to
frequency sweep tests, from 1072 to 102 rad/s, within the linear
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Fig. 4. Storage (filled symbols) and loss (empty symbols) moduli of SAOS measurements conducted on CNF-based dispersions at 1 wt% (top) and 4 wt% (bottom).
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viscoelastic (LVE) range. Previously, the samples were pre-sheared at
0.1 or 30 s~! for 5 min. As can be observed in Figs. 4 and 5, the results of
SAOS tests conducted on CNF and CNC-based dispersions, respectively,
exhibited a comparatively similar behavior within the LVE range. In the
absence of voltage, their purely viscous behavior prevented them from
being measured. However, the evolution of the linear viscoelastic
moduli with frequency induced by the electric field was quite similar to
that found for traditional lithium lubricating greases [42]. Such
behavior is characterized by a higher, and sometimes nearly constant,
value of the storage modulus (G’) and a minimum in the loss modulus
(G”) at intermediate frequencies, which is an intrinsic feature of
microstructured systems.

Outstanding variations were observed with the electric field. At the
lowest electric field intensity, the limits of the plateau region (crossover
points) are found, in general, in the frequency range evaluated,
regardless of concentration and pre-shear. When the electric field was
increased, the plateau region progressively extended, and its limits (low,
high, or both) fell outside the studied frequency interval. As long as
concentration is concerned, the plateau region also expanded with
increasing concentration. These effects are due to the stiffness of the
nanocellulose structural conformations which, as previously depicted in
Figs. 2 and 3, increased with both voltage and concentration.

In general terms, both storage and loss moduli typically increased
with voltage. This indicates that the nanocellulose arrangements gained
progressively consistency with the electric field. This increased consis-
tency again reflects the influence of the electrostatic forces between the
interfacially polarized cellulose nanofibers or nanocrystals as the
voltage was raised. As a result, these chain-like structures, aligned in the
electric field direction, became stronger and thicker with the electric
field strength (see Figs. 2 and 3) [43].
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More specifically, the effect of voltage on the ER behavior of these
nanocellulose-based dispersions was influenced by both concentration
and pre-shear. In that sense, at 1 wt%, an asymptotic trend with the
electric field was observed. When a pre-shear of 0.1 s~! was applied, the
asymptotic limit was nearly reached at an electric field value as low as
0.8 kV/mm. However, when the pre-shear was increased to 30 s’l, such
limit shifted to a higher electric field value, up to 2.4 kV/mm. Therefore,
at the highest shear rate, lower electric field values were not strong
enough to immediately bridge the upper and lower plates with nano-
cellulose strings (see Figs. 2 and 3). This event resulted in less structural
consistency, which was denoted by lower viscoelastic moduli values.
Moreover, as previously mentioned, the attraction of the polarized
nanocellulose particles towards the central part of the parallel plates at
high electric fields induced changes in the structural distribution all over
the measuring area. This event also affected the observed reduction in
the viscoelastic moduli. At 4 wt%, the storage and loss moduli increased
with increasing the electric field up to 2.4 kV/mm, and then decreased at
4 kV/mm. As previously mentioned, an electric field of 4 kV/mm was
seen to produce a severe bubbling effect, much more noticeable at 4 wt%
than at 1 wt%. Hence, bubbling might be the reason behind the reduc-
tion in the storage and loss moduli at 4 wt%, which is observed in Figs. 4
and 5.

4. Conclusions

The tunable electro-active structuring of nanocellulose in vegetable
oil was feasible by combining voltage and shear. In general, the applied
voltage led to a rapid alignment, in the electric field direction, of
neighboring polarized nanocellulose particles. At the lowest concen-
tration studied, i.e. 1 wt%, chain-like structures were clearly observed
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Fig. 5. Storage (filled symbols) and loss (empty symbols) moduli of SAOS measurements conducted on CNC-based dispersions at 1 wt% (top) and 4 wt% (bottom).
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within the entire voltage interval applied. As such, the dielectrophoretic
effect due to the presence of an electric field was powerful enough so as
to hold the polarized cellulose particles together under the action of low
hydrodynamic forces (shear rate of 0.1 s’l). Even so, the arisen chain-
like structures, mainly those from cellulose nanofiber, slightly tilted in
the flow direction at the lowest electric fields. However, under the
highest shear rate studied of 30 s~!, the formation of nanocellulose
strings was disrupted in such a way that, at 0.16 kV/mm, they were
unable to immediately align and bridge the upper and lower measuring
plates. In consequence, a very remarkable reduction in the linear
viscoelastic moduli was perceived.

In turn, at the highest concentration, i.e. 4 wt%, the polarized par-
ticles were prevented from being arranged into the aforementioned
alignment due to the formation of more complex structures which
constrained their angular displacement. Hence, large lamellar confor-
mations were observed as a consequence of intermolecular forces other
than interfacial polarization interactions. Only at a shear rate as small as
0.1 s™! and at the lowest electric field values were the chain-like
structures visible, even though some of them began to branch out.
Moreover, as compared to the much simpler structures at 1 wt%, such
branched structures appeared to be more sensitive to shear stress, as
denoted by markedly lower angular displacements. At the highest shear
rate, in a similar way to the 1 wt% dispersion, polarized CNF and CNC
particles oriented in the flow direction during the pre-shear step.
However, when the pre-shear ceased, the nanocellulose particles formed
a fully entangled network. Chain-like structures were, then, barely
observable.

The reported outcomes may have outstanding practical implications.
As far as friction and wear in lubricated contacts are concerned, our
findings would involve a prospective use of electric potentials in order to
adapt the in-service performance of smart sustainable lubricants to
changing working conditions. More transversally, the knowledge gained
from the present study may provide a valuable insight into the electro-
triggered control of the in-situ orientation of cellulose nanofibers in
molten or curable matrices. This may find application as an alternative
to other mechanical techniques with a view to achieving high strength
cellulose-reinforced composite materials, or even as a strategy to mini-
mize their percolation threshold.
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Abbreviations

CNF cellulose nanofiber

CNC cellulose nanocrystal

ER electro-rheology

LVE linear viscoelastic

PS pre-shear

SAOS small amplitude oscillatory shear
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