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ABSTRACT: The continuous production of macroscale filaments of 17 μm in diameter
comprising aligned TEMPO-oxidized cellulose nanofibrils (CNFs) is conducted using a field-
assisted flow-focusing process. The effect of an AC external field on the material’s structure
becomes significant at a certain voltage, beyond which augmentations of the CNF orientation
factor up to 16% are obtained. Results indicate that the electric field significantly contributes to
improve the CNF ordering in the bulk, while the CNF alignment on the filament surface is only
slightly affected by the applied voltage. X-ray diffraction shows that CNFs are densely packed
anisotropically in the plane parallel to the filament axis without any preferential out of plane
orientation. The improved nanoscale ordering combined with the tight CNF packing yields
impressive enhancements in mechanical properties, with stiffness up to 25 GPa and more than
63% (up to 260 MPa), 46% (up to 2.8%), and 120% (up to 4.7 kJ/m3) increase in tensile
strength, strain-to-failure, and toughness, respectively. This study demonstrates for the first time
the control over the structural ordering of anisotropic nanoparticles in a dynamic system using an
electric field, which can have important implications for the development of sustainable
alternatives to synthetic textiles.
KEYWORDS: nanofibrillated cellulose, nanoparticle orientation, flow focusing, electric field, renewable materials, mechanical properties

■ INTRODUCTION
Cellulose nanofibrils (CNFs) are a class of earth-abundant
biobased and biocompatible materials with attractive proper-
ties such as lightweight, thermal stability, and good strength.1

When assembled into macroscale materials, the mechanical
and dielectric performances of the resulting components are
strongly influenced by the CNF orientation in these systems.2,3

The development of highly ordered structures comprising
cellulose-based nanomaterials with a high aspect ratio has
recently spurred great interest.4 In this context, multiple
techniques for controlling the collective alignment of colloidal
nanocellulose have been explored and can be divided into two
categories depending on what type of external forces are used
to impose alignment. Typical external forces involve
mechanical stretching,5−8 electric fields,9−11 magnetic
fields,12−14 and liquid shear flow focusing,15−19 while the
tendency of certain particles to self-assemble into ordered
structures can be exploited in some cases without the need for
external forces.20 Although electromagnetic applications have
been widely used to align various elongated nanoparticles,21−23

including cellulose nanocrystals,10,24−26 studies focusing on
nanofibrillated cellulose remain relatively scarce.3,27 Among
these methods, only the use of an AC electric field appears to
be versatile enough for practical implementation. This is
because the low magnetic susceptibility of cellulose requires
unrealistically strong magnetic fields,28 while the negative
charges of CNF tend to generate aggregates at the anode when

DC electric fields are applied.29 When exposed to the AC
electric field, individual CNFs rotate and align along the field
direction if their movement is not restricted by the
surrounding environment.3 This is attributed to the anisotropic
nature of the material, which ensures that the dipole moment
in the direction parallel to the CNF main axis is stronger than
the one in the perpendicular direction. After rotation, interfibril
interactions take place to form cellulosic chains parallel to the
electric field lines, which become thicker and longer as the
electric field is applied for longer period of time. Some reports
examined how the parameters of the applied electric field (i.e.,
amplitude, duration, etc.) influence the orientation of CNFs in
various solutions,3,27 while other researchers used a combina-
tion of shear forces and an electric field to improve
nanocellulose alignment.30 However, all these studies are
limited to the preparation of thin films in batch experiments.
To the best of our knowledge, there is no report in the
literature where an AC electric field has been applied in a
continuous flow system to control the nanoscale orientation of
elongated particles.
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One of the main challenges of using an AC external field in a
dynamic process consists of locking the field-aligned CNFs
into a metastable structure as the materials travel through the
electric field to prevent the time dependent relaxation toward
isotropy due to Brownian diffusion. Inspired by the flow-
focusing approach,31 the present study employs a set of
extensional flows downstream to initiate a sol−gel transition
before Brownian motion becomes dominant, hence forming
highly ordered cellulose filaments. While the hydrodynamic
alignment may induce nonuniform orientation profiles across
the fiber width due to the inherent velocity gradient toward the
channel walls,32 the utilization of an AC electric field may help
to mitigate this issue for the production of anisotropic and
uniform fibers with larger diameters.
In this research, TEMPO-oxidized CNFs were extracted

from renewable softwood pulp to produce anisotropic fibers
using an innovative field-assisted flow-focusing process. The
continuous production of renewable fibers with good
mechanical attributes is particularly relevant considering that
fibers account for more than 20% of the overall plastic
production, which was valued at $55 trillion in 2017.33 The
evolution of CNF alignment during processing with regard to
the applied voltage was studied in situ using polarized optical
microscopy. Both surface and bulk order characterizations of
the resulting filaments were conducted, respectively, by
scanning electron microscopy coupled with image analysis
and by orientation dependent variation of the polarized Raman
scattering signal. 2D-XRD was performed to examine the CNF
orientation in the planes perpendicular and parallel to the
filament axis. Finally, several meters of filaments were
produced under different conditions to investigate how the

amplitude of the AC electric field influences the mechanical
properties of the resulting nanocomposites.

■ RESULTS AND DISCUSSION
CNFs were synthesized on the basis of a previously reported
TEMPO-mediated oxidation procedure with 3 mmol of
NaClO per gram of bleached softwood pulp, followed by
homogenization using mechanical blending and double
acoustic irradiation.34−37 As-prepared CNFs exhibited a
mean length and diameter of 650 and 2 nm, respectively,
yielding a high aspect ratio of 300 (Figure S1). Note that, for
simplicity purposes, this value considers the fibers to be fully
stretched out, which is unlikely to be the case in aqueous
suspensions. The carboxylate content of CNFs was 0.7 mmol/
g, as measured by conductometric titration (Figure S2), and
the crystallinity index was 41%, as determined by XRD
according to the Segal method (Figure S3).38 The CNFs were
completely dispersed at the individual nanofibril level in water
by electrostatic repulsion and osmotic effects due to anionically
charged carboxylate groups densely present onto the CNF
surface.39,40 Aqueous suspensions containing 0.3 wt % CNFs,
exhibiting a viscosity of 13 mPa·s, were fed into a 1 mm
microfluidic channel for the continuous fabrication of macro-
scopic cellulose filaments (Video S1). To align the CNFs in
parallel with the filament axis, the core flow was equipped with
4 mm circular electrodes vertically spaced every 14 mm, with
the electrode surface directly exposed to the CNF to generate
an alternating AC electric field. Two extensional flows were
installed downstream, with the first one composed of water
and the second one comprising 1 M HCl, as illustrated in
Figure 1A. A combination of five syringe pumps were used to

Figure 1. Assembly of nanostructured cellulosic filaments. (A) Schematic of the field-assisted double-flow-focusing channel used for the preparation
of macroscopic filaments. The CNF suspension is injected in the core flow, while DI water and acid at low pH are supplied in the first and second
extensional flows, respectively. (B) Optical microscope image of the double-flow-focusing part of the setup represented horizontally. Note that blue
dyes were added to the core flow for clarity purposes. (C) Polarized optical transmission measurements of CNF alignment at various applied
voltages along the core microfluidic channel, as illustrated in the above schematic.
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control the flow rates of the core and all extensional flows,
which were kept constant for all experiments. Optical
transmission measurements of the core flow were collected
between crossed polarizers to examine the birefringent
properties of CNFs at different positions along the microfluidic
channel. Experiments were conducted at different applied
voltages varying from 0 to 600 V in 200 V increments. Voltages
higher than 600 V were not considered to prevent water
electrolysis. The variations in signal intensity observed at
position 0 indicate that the sole electromagnetic polarization of
the core flow gave rise to the nematic ordering of CNFs in
solution, which gradually improved with increasing an applied
AC external field. This means that the electrostatic torque
exerted on the CNFs by the applied voltage was sufficient to
overcome the effects of Brownian diffusion. It is also worth
noting that the CNF response to the electric field was not
linear and started to level off at elevated voltages, which is
consistent with recent results from numerical simulations.15

The magnitude of the field-assisted alignment at 600 V (i.e.,
signal intensity of 0.30) was only 25% lower than the nematic
CNF ordering obtained by the extensional flows at position 1
when no voltage was applied (i.e., signal intensity of 0.37).
This demonstrates that polar moieties grafted on the CNF
surface during the TEMPO-mediated oxidation enable strong
CNF polarization and spontaneous alignment of dipoles under
an applied AC external field. In addition, the benefits of the
field-assisted alignment are well maintained throughout the
entire flow-focusing process despite Brownian diffusion.

Besides assisting nanoparticle alignment by accelerating the
core flow, the first set of extensional flows (i.e., position 1)
generated a protecting sheath flow of DI water to prevent CNF
friction with the microfluidic channel wall. When 600 V was
applied compared to the baseline experiment without an AC
external field, the signal intensity increased by 44% and 56% at
the first and second extensional flow positions (i.e., channel
positions 1 and 5), respectively. Beyond the second set of
extensional flows (i.e., position 5), the presence of low pH acid
limited electrostatic repulsions between individual CNFs due
to the protonation of carboxyl (COO−) groups and promoted
the sol−gel transition of the biopolymer, forming well-ordered
macroscopic filaments.31,41,42 These results reveal that the
upstream field-assisted alignment of the core flow offers a
unique opportunity to improve the downstream ordering of
nanoparticles induced by extensional flows.
The continuous filaments made by the field-assisted flow-

focusing process were cut into small sections and air-dried
under tension for further characterization. Electron microscopy
analysis revealed that all filaments exhibited similar ribbed
textures with a mean diameter of 17.7 ± 4.3 μm regardless of
the applied voltage (Figure 2A). The representative cross-
section image of a filament in Figure 2B shows that CNFs were
tightly packed into a well-defined layered structure. This was
consistent with the XRD pattern of macroscopic filaments
(Figure S3), which was similar to that of CNFs with a much
lower intensity of cellulose peaks, suggesting a compact layout
of CNFs. Observations at higher magnifications indicated that

Figure 2. Morphological characterization of the prepared biobased filaments. (A) Representative SEM image of a cellulosic filament with the
diameter distribution shown in the inset. (B) SEM image of the cross section of a filament showing a layered structure with dense CNF packing.
Histograms representing the orientation degree of CNF threads on the surface of macroscopic filaments prepared (C) without and (D) with an
external electric field. High magnification SEM images of the filament surfaces are shown in the insets.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c07272
ACS Appl. Mater. Interfaces 2020, 12, 28568−28575

28570

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c07272/suppl_file/am0c07272_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07272?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07272?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07272?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07272?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c07272?ref=pdf


each filament was composed of multiple CNF bundles of 1−3
μm in diameter forming aligned threads throughout the
filament.11 To assess the degree of alignment of these
striations, the orientation index, fc, was computed on the
basis of eq S2 using ImageJ software.43 This microscale
orientation factor was determined for filaments prepared under
the same flow conditions but at different applied voltages. The
high ordering of CNF bundles was confirmed by orientation
factors higher than 0.9 in each case. When an external electric
field was applied (Figure 2D), the orientation index slightly
increased from 0.92 to 0.94 compared to the baseline filament
without applied voltage (Figure 2C). However, there were no
statistically significant differences between the orientation
factors measured at various applied voltages.
While the above results provided an estimate of the

microscale directionality of CNFs on the external surface of
the filament, polarized Raman spectroscopy was conducted at
ambient conditions to better examine the bulk orientation and
the quality of the alignment of individual CNFs within the
filaments.44,45 Samples were mounted on silicon dioxide
wafers, and all spectra were collected at an excitation
wavelength of 785 nm and normalized using the silicon
dioxide signature peak at 521 cm−1. The characteristic peak at
1095 cm−1, commonly associated with the C−O vibration of
the cellulose backbone parallel to the molecular chain
axis,46,47was studied due to its strong dependence on the
polarization angle.48 Since the Raman intensity of randomly
oriented fibrils remains constant regardless of the polarization
angle, a systematic deviation from this can serve to characterize
the degree of fibril alignment. Figure 3 shows that, when the

long axis of the filament was parallel to the incident laser
polarization (//), a large enhancement of the Raman intensity
was observed for all specimens. Rotating the filaments from 0°
to 90° reduced the intensity of the 1095 cm−1 band more
dramatically for the filament prepared with the assistance of an
external electric field. The filaments produced under applied
voltage retained only 15.6% of their maximum intensity, while
the filaments synthesized without an AC external field retained
more than 30% of their maximum intensity. This significant

change in intensity indicates that greater optical anisotropy was
achieved when the applied voltage reached 600 V.
Furthermore, the absence of shift in the main cellulose peaks
revealed that the structural integrity of the filament was
preserved under applied voltages up to 600 V (Figure S4). The
combination of electron microscopy and image analysis with
polarized Raman spectroscopy revealed that an externally
applied electric field improved the alignment of CNFs both on
the filament surface and in the bulk. In the absence of an AC
electric field, however, bulk ordering was significantly reduced,
while surface ordering was only slightly affected. This may be
attributed to the radial velocity profile of CNFs from the core
flow toward the channel walls.32 Besides enhancing to some
extent the magnitude of CNF ordering, the utilization of an AC
electric field ensures a more uniform CNF orientation across
the macroscale filament.
To evaluate the influence of the amplitude of the electric

field on the CNF ordering, filaments prepared at different
applied voltages were characterized by 2D-XRD (Figure 4).
The characteristic peak of the (200) crystallographic plane of
cellulose at 2θ = 22.4°, commonly attributed to the d spacing
between crystal regions of individual cellulose chains, was used
to assess the CNF orientation in the filaments.49,50 CNF
orientation was analyzed both in the planes perpendicular (Ψ)
and parallel (Φ) to the filament axis, as illustrated in Figure 4E.
Parts A−D of Figure 4 report the evolution of the (200) band
intensity as a function of the in-plane rotation angle for
filaments produced under different conditions. Each specimen
exhibited two distinct peaks at 0° and 180°, revealing the
uniaxial orientation of CNFs along the filament axis. These
peaks are obviously sharper in the case of the filaments
prepared at 600 V, while only minimal variations of the peaks’
full width half-maximum (fwhm) are observed for the other
samples. This was consistent with the short appearance rate of
the (200) band in the diffractogram of the 600 V filament
compared to the other samples. The orientation index, fc, was
computed on the basis of eq S2 to quantify the quality of CNF
alignment in the different filaments.31,7 Note that the slight
differences between the fc values determined at 0° and 180°
might be attributed to the difficulty of mounting perfectly
stretched filaments onto the XRD stage. The averages between
the fc values calculated at 0° and 180° were considered for
comparison purposes. The fc values followed an upward trend
and slightly increased from 0.815 to 0.865 when the applied
voltage increased from 0 up to 400 V. Beyond this point, the fc
culminated to 0.945 at 600 V, representing a 16% increase
from the baseline filament synthesized without an AC external
field. These results reveal that, while the addition of an external
electric field can improve CNF ordering, its effects become
significant once a threshold voltage is applied to the core
channel of the flow-focusing setup. This is consistent with
previous batch experiments where no obvious alignment was
observed in nanocellulose samples exposed to an electric field
lower than a certain value.24 In the out-of-plane direction
(Figure 4F), however, the (200) band remained clearly visible
in each diffractogram when the filaments were tilted from 0° to
90° without any obvious differences between filaments
prepared at various applied voltages. This indicates the
absence of preferential out-of-plane CNF orientation, suggest-
ing that the CNFs were packed isotropically in-the-plane, Ψ,
but parallel to the plane, Φ.
The influence of CNF orientation with respect to applied

voltages on the mechanical response of the filaments was

Figure 3. Raman spectra of cellulosic filaments prepared with (red)
and without (black) an external electric field. The voltage applied in
this case was 600 V. Each spectra was collected at an excitation
wavelength of 785 nm in parallel with (solid line) and perpendicular
to (dashed line) the filament axis.
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evaluated using stress−strain measurements. One meter long
filaments were prepared at various applied voltages and were
cut into 3 cm long sections. For statistical soundness, over 30
tensile tests were conducted for each condition and the results
were subjected to one-way analysis of variance (ANOVA) and
Tukey tests based on a 5% α level (i.e., 95% confidence).

Statistical significance in tensile strength, strain-to-failure, and
toughness were determined with p-values <0.05. As shown in
Figure 5A, the tensile strength and strain-to-failure for the
filaments prepared at 600 V were significantly larger than those
for the others samples. This was consistent with the XRD data
since the largest orientation enhancements were expected to

Figure 4. 2D XRD analysis of CNF alignment within the cellulosic filaments. (A) Azimuthal integration of the (200) scattering plane of the
diffractograms with respect to Φ rotations for cellulosic filaments prepared at (A) 0, (B) 200, (C) 400, and (D) 600 V. (E) Schematic illustrating
the axis of rotations with respect to the filament layout on the XRD stage for the in-plane, Φ, and out-of-plane, Ψ, directions. (F) Diffractograms of
cellulosic filaments prepared at various applied voltages with respect to Ψ rotations.

Figure 5. Mechanical properties of cellulosic filaments. (A) Bar graph showing the ultimate tensile strength, strain-to-failure, and Young’s modulus
of filaments prepared at different applied voltage. (B) Triplicate stress−strain curves of representative filaments prepared at 0 (black) and 600 V
(red).
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yield the greatest effects on the mechanical properties.
Compared to the baseline filaments made without an electric
field, the filaments at 600 V exhibited more than 63% and 46%
augmentations in tensile strength and strain-to-failure,
respectively. Such simultaneous increases in both tensile
strength and strain-to-failure at 600 V yielded an impressive
improvement of the material’s toughness, with nearly 120%
augmentation compared to the baseline filament prepared
without an AC external field. It is noteworthy that this increase
in toughness did not sacrifice the material’s stiffness, as changes
in the filaments’ modulus of elasticity were not statistically
significant. The Young’s modulus hovered around 20 GPa,
which is among the highest values reported for biobased
materials.32,51−53 In addition, the yield point, delineating the
region when the material begins to deform plastically, was
raised drastically when the applied voltage increased from 0 to
600 V, as depicted in Figure 5B. This reveals that important
improvements in mechanical resilience can be achieved for
structural materials with highly ordered nanofibrils. The good
mechanical properties obtained at elevated voltages can be
attributed to the anisotropic nature of the filaments combined
with the tight CNF packing and limited electric field-induced
structural defects.

■ CONCLUSION
In summary, macroscopic filaments comprising highly ordered
TEMPO-oxidized CNFs were produced from renewable wood
pulp using an innovative field-assisted flow-focusing process.
Polar moieties on the CNF surface enabled strong polarization
and spontaneous alignment of dipoles under an applied
external electric field, which significantly improved the
downstream nematic ordering of CNFs despite diffusion
caused by Brownian motion. While the upstream field-assisted
alignment enhanced the CNF ordering both on the filament
surface and in the bulk, its effect became dominant once a
threshold voltage was applied. Filaments produced at 600 V
had greater optical anisotropy and exhibited a 16%
augmentation in orientation index compared to filaments
prepared without an AC external field. Despite the relatively
high voltages that incurred, there were no signs of either
electric field-induced structural defects or water electrolysis.
2D XRD analysis also revealed that the CNFs were randomly
aligned in the plane along the filament length but oriented
parallel to the filament axis. The high orientation degree of
CNFs combined with their dense packing yielded impressive
improvements in the mechanical properties of the resulting
filaments, with up to 120% increase in toughness without
compromising the material’s stiffness. These results demon-
strate for the first time that an external electric field can be
applied in a continuous flow process to control the structural
ordering of anisotropic materials. Future optimization of the
biobased filaments can be made possible through the
functionalization of CNFs with charged molecules and/or
magnetic nanoparticles to tune the material response to an
electromagnetic field and adjust interparticle interactions for
multifunctional applications.
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