' Aalto University

Daghigh Shirazi, Hamidreza; Hakansson, Karl M.O.; Abitbol, Tiffany; Vapaavuori, Jaana
A facile spinning approach towards the continuous production of aligned nanocellulose films

Published in:
Colloids and Surfaces A: Physicochemical and Engineering Aspects

DOI:
10.1016/j.colsurfa.2024.134673

Published: 20/11/2024

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:

Daghigh Shirazi, H., Hakansson, K. M. O., Abitbol, T., & Vapaavuori, J. (2024). A facile spinning approach
towards the continuous production of aligned nanocellulose films. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 701, Article 134673. https://doi.org/10.1016/j.colsurfa.2024.134673

This material is protected by colpyright and other intellectual property rights, and duplication or sale of all or
part of any of the repository collections is not permitted, except that material may be duplicated by ?/ou for
your research use or educational purposes in electronic or print form. You must obtain permission for any
other tuhse: Elgctronic or print copies may not be offered, whether for sale or otherwise to anyone who is not
an authorised user.


https://doi.org/10.1016/j.colsurfa.2024.134673
https://doi.org/10.1016/j.colsurfa.2024.134673

Colloids and Surfaces A: Physicochemical and Engineering Aspects 701 (2024) 134673

Contents lists available at ScienceDirect e Esn

Colloids and Surfaces A: Physicochemical and
e Engineering Aspects

ELSEVIER journal homepage: www.elsevier.com/locate/colsurfa

Check for
updates

A facile spinning approach towards the continuous production of aligned
nanocellulose films

a,*

Hamidreza Daghigh Shirazi®, Karl M.O. Hikansson ", Tiffany Abitbol ¢, Jaana Vapaavuori

@ Department of Chemistry and Materials Science, Aalto University School of Chemical Engineering, Kemistintie 1, Espoo 02150, Finland
b RISE Research Institutes of Sweden , Drottning Kristinas vag 61, Stockholm SE-114 28, Sweden
¢ Institute of Materials, School of Engineering, EPFL, Lausanne 1015, Switzerland

HIGHLIGHTS GRAPHICAL ABSTRACT

e A wet-spinning method to produce cel-
lulose nanofibril (CNF) films is
developed.
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ARTICLE INFO ABSTRACT
Keywords: In this work, we present an alternative approach to cellulose nanofibril film (CNF) production, taking inspiration
Cellulose nanofibril from the wet spinning of fibers to wet spin films. During the spinning process, a CNF suspension is injected into a
f\i\ilgnment coagulation bath, where the partially aligned CNF network is locked. The CNF alignment of the dry films is then

detected by wide angle X-ray scattering (WAXS). The comparison between the ultimate strengths and strengths at
breaks of the films produced with different process parameters, including the suspension injection rate, bath pH,
and bath flow rate, indicated no significant change in mechanical properties, suggesting a reliable and constant
outcome for large-scale film fabrication. Furthermore, the produced films demonstrated high total light trans-
mittance of 93 % at the wavelength of 550 nm, making them suitable for optoelectronic applications. Polarized
optical microscopy revealed that even a low degree of CNF alignment can lead to anisotropic optical properties.
Moreover, an anisotropic response to humidity was observed, in which the films preferentially bend in the
perpendicular direction of the CNF orientation, thus opening a way for humidity-driven actuators.

Optical transparency
Humidity actuation
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1. Introduction

Anisotropy, a distinctive feature observed in a range of natural ma-
terials, such as bones [1] and wood [2], brings about
angular-dependency to material properties. In the case of wood, highly
oriented cellulose nanofibrils (CNFs) provide the mechanical strength
[3]. Zhu et al. [4] employed this inherent structure and produced
anisotropic and transparent CNF films in a top-down approach, with
potential green electronic applications. Their films exhibited a high
fracture strength of ~350 MPa —15 times higher as compared to when
measured in the direction perpendicular to CNF orientation — and op-
tical transparency with a total light transmittance of ~90 % in the
visible wavelength spectrum. Limitations posed by the dimensions of the
films and non-continuous production process, however, highlight the
need for alternatives to top-down approaches to fabricate such func-
tional CNF films.

CNFs have a heterogeneous distribution of diameters, from a few nm
up to bundles made up of 10-100 s of nm, and exhibit exceptional
characteristics in terms of mechanical and optical properties [5-7].
Alignment of CNFs by external forces can be a way to approach their
axisymmetric nanoscale characteristics within macroscale materials and
achieve state-of-the-art materials with improved mechanical, optical,
and swelling properties [8,9]. High alignment has been sought in
different ways, for instance, by unidirectional stretching [10-12], and
filament spinning [13]. The stretching approach consists of a step to
increase the CNF concentration and form a hydrogel film, for instance by
vacuum filtration, and then inducing the orientation using tensile testing
machines. Besides the extensive sequence of steps, this approach faces
inherent practical challenges in terms of the maximum strain of the
hydrogel and process scalability. In filament wet spinning, the CNF
suspension is injected through a nozzle into a coagulation bath [14-16].
The alignment can be achieved in three different processes: shear flow in
the nozzle before coagulation, stretching (drawing) of the coagulated
fiber, and shrinkage during drying. This alignment leads to improved
mechanical strength of the fiber in the aligned direction [15]. The final
properties are governed by several process parameters, such as con-
centration, injection rate, and nozzle geometry [17-19].

Nonetheless, CNF spinning processes have mainly focused on fila-
ment fabrication, and the feasibility of film production with a similar
approach remains to be explored. This gains greater importance espe-
cially when the potential capabilities of such an approach are compared
to approaches that are inflexible, energy-demanding, or limited to a
small scale, e.g., restraint drying [11], magnetic and electric fields [20]
and their coupling with mechanical stretching [21], and corona electric
poling [22]. For instance, while the coupling of the magnetic and elec-
tric field achieved desirable mechanical properties, it required an
intricate setup including a superconducting magnet to generate high
magnetic fields and avoiding interference in the electric field producing
system [20].

In this manuscript, we report a reproducible and straightforward
method to continuously prepare anisotropic CNF films. Carboxymethy-
lated CNFs go through a gel transition at a low pH due to charge
screening and protonation of the surface charge which in turn promote
increased interparticle interactions [23]. Thus, Hydrochloric acid (HCI)
solutions at different pH were used as the coagulation bath with
controlled flow rates, varying from 3 to 7 L min~'. The feasibility of the
process was investigated, and the mechanical and optical properties of
the films and their anisotropic humidity actuation properties are pre-
sented. Furthermore, we discuss the influence of process parameters,
namely, the CNF suspension injection rate, the HCI bath flow rate, and
the pH of the bath. The results show that the proposed method is a
promising choice for the fabrication of partially aligned CNF films
without post treatment, having the potential for continuous and scalable
production.
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2. Results and discussion

Cellulose nanofibril (CNF) films were fabricated in a wet spinning
process in which the CNF dispersion was injected through a submerged
nozzle into a co-flowing coagulation bath, such that the dispersion un-
derwent a gel transition in contact with the bath. The spinning setup is
illustrated in Fig. 1a. The bath flow carries the formed gel film which is
then collected to be dried in batches. During the drying process, the films
are constrained in a custom frame to maintain their shape, ensure uni-
form drying, and prevent warping. It is noteworthy that continuous film
fabrication can be enabled by using a winding collector for scale-up
overcoming the slow pace of common CNF film fabrication processes
[4,8-12]. Carboxymethyl groups on the CNF surfaces give rise to elec-
trostatic repulsion and thus promote CNF dispersion in aqueous sus-
pension [23]. The typical atomic force microscopy (AFM) height image
of the CNF used in this work is presented in Fig. S1. A degree of sub-
stitution (DS) of 0.1 was selected as a standard charged grade for car-
boxymethylated CNF due to good fibrillation and colloidal stability. A
lower DS could result in a loss of colloidal stability and inefficient
fibrillation, leading to a reduced nanofraction yield and lower overall
process efficiency. Conversely, a higher DS might decrease crystallinity
by essentially polymerizing the surface chains. Furthermore, changing
the CNF concentration may affect the processability and film formation,
which will require further studies. We hypothesize that the shear stress
exerted on the CNFs during the process leads to an alignment which is
locked during the coagulation in a similar manner as presented by
Hékansson (2021) [16]. As the CNF dispersion interacts with the HCI in
the coagulation bath, HCI effectively reduces the electrostatic repulsion
between the fibrils, enhancing cellulose-cellulose interactions. There-
fore, the free-flowing CNF dispersion turns into a gel or a
volume-spanning arrested state (VAS) [24]. In this state, the alignment
of CNFs is locked and preserved in the final dried films.

Fig. 1b shows a representative photograph of a film successfully
produced using the proposed wet spinning approach. SEM images dis-
playing the surface morphology and cross-sectional view of this film are
provided in Fig. S2. All films were produced using CNF suspensions at a
constant concentration of 3.5 g L™'. At lower concentrations, CNFs are
more likely to be individually dispersed, facilitating better alignment
during the spinning process, and therefore, improving the mechanical
properties of the obtained films. In contrast, higher concentrations in-
crease the proximity of the fibrils, leading to a higher probability of
entanglement, which can hinder alignment during spinning. The align-
ment of the dried films was investigated using wide-angle X-ray scat-
tering (WAXS). Fig. 1c-d shows the WAXS diffractograms of a wet-spun
film as compared to a reference CNF film prepared by casting and sub-
merging in the coagulation bath to directly go through a gel transition.
As compared to the reference film which shows a uniform intensity
distribution, an intensity variation along the crystal peak rings is
observed for the spun film, indicating an increased uniaxial orientation
along the machine direction. The corresponding azimuthal integration
plot (Fig. 1d) compares the orientation distribution of the CNFs. While
the reference film shows an almost flat orientation distribution, the spun
film displays a lower minimum from which it is concluded that cellulose
I crystals are more aligned in the machine direction (0°) in comparison
to the cross direction (90°). Due to limitations of the WAXS equipment,
the full 360° curve cannot be captured, however, because of double
symmetry only 90° is needed for this analysis. The slight variation
observed for the reference is attributed to the drying step. This is the
only step that is not symmetric for the reference, since rectangular strips
are produced and slight shrinkage in the cross direction upon drying was
observed. Throughout this article, the samples are denoted by adopting
anaming convention of X-Y-Z, in which X refers to pH, Y to injection rate
(mL min_l), and Z to bath flow rate (L min_l).

Fig. 2 presents the normalized intensities at 90° (which is where the
minimum intensities are found) from the WAXS curves of films and their
ultimate tensile strength. The minimum intensity is used to quantify the
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Fig. 1. a) Schematic presentation of the film fabrication process, in which the CNF suspension is injected into a flowing bath through a 20 mm wide nozzle, b)
photograph of a produced film showcased against a leaf background to highlight its transparency, and WAXS diffractograms of ¢) spun (1-5-50), and d) reference
films, and e) their azimuthal plot of the diffraction peak corresponding to the (200) crystal plane in cellulose I.
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Fig. 2. The minimum intensities in WAXS curves and the ultimate tensile
strength of films produced using different process parameters. The mean
strength values and standard deviations are calculated based on at least four
measurements.

CNF degree of alignment with a single value, where higher alignment
leads to a lower minimum intensity. Other single value quantifications
of the degree of alignment are used when a higher degree of alignment
can be achieved, such as the order parameter and orientation parameter,
f=(180°-FWHM)/180°. However, those are not suitable for our case
since for example the orientation parameter would be f, = 0 for all
samples with a minimum larger than 0.5 (FWHM = 180°). Therefore, to
show that there are differences in alignment, even if this alignment is
small, the intensity minimum is used.

Overall, the spun films show a lower minimum in WAXS curves (from
0.45 to 0.84) as compared to the reference film (0.89), indicating partial
CNF alignment stemming from the spinning process. Since no stretching
of the films was involved in the process, and the drying method
remained consistent across all samples, this suggests that the alignment
results from the shear flow in the nozzle or the shear forces in the co-
flowing coagulation bath. However, no clear trends can be identified
with regards to the flow rates of the bath nor the CNF injection rate.

Evaluating the ultimate strength of the films confirms the robustness
of the developed film fabrication method, in which the mechanical
properties are immune to changing circumstances. Even though varia-
tions between mean values are seen, the variation within each sample is
of the same order, which is similar magnitudes as in previous work [11,
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12,16]. It can be observed that this range of alignments does not
translate to any significant change in mechanical properties, as opposed
to the top-down approach of Zhu et al [4]. The highest strength was
recorded for the 2-7-50 film, measuring at 166 MPa, while the reference
film showed the lowest at 88 MPa. Note that the 2-7-50 film was pre-
pared from pH 2 coagulation bath and not from pH 1 as all other sam-
ples. Also noting that the strain at break is significantly larger compared
to all other samples gives an indication that this sample is different in
another way. It is known that HCI can induce hydrolysis of cellulose and
it is hypothesized that this is the reason for the lower ultimate strength
and lower strain at break for the pH 1 samples. Thus, low pH may also be
the reason why the mechanical properties reported here are lower than
in previous works [11,12,16].

Ultimate strengths of 123, 106, and 141 MPa were measured for
1-5-25, 1-5-50, and 1-5-75 films, indicating no discernible correlation
between injection rates and the mechanical properties. Moreover, while
the ultimate strengths of 1-3-50, 1-5-50, and 1-7-50 films hint at
enhanced mechanical properties achieved by decreasing the bath flow
rate, the overall values remain in the same range. Therefore, the small
changes in the minimum in WAXS curves and similarity of the ultimate
strengths suggest that the proposed film spinning method is capable of
producing consistent properties, making it suitable for upscaling.
Table 1 provides a detailed summary of the properties of the fabricated
films. (The comparison of the strain at break and the modulus is visu-
alized in Fig. S3, and the stress-strain curves of the films are presented in
Fig. $4.)

Translucent CNF films can be great candidates for bio-based opto-
electronics, such as substrates for solar cells and light-emitting diodes
[25]. Fig. 3a-b compares the total light transmittance and haze of the
1-5-50 film, which showed the lowest minimum intensity, to that of the
reference film (isotropic film). It is observed that the aligned film
maintains a transmittance of over 90 % in the visible spectrum. The
increase in transmittance and slightly lower haze of the aligned film
could be attributed to a reduced number of scattering events along the
path of light through the aligned film. This can be attributed to a slightly
shorter light path length (~20 % thinner film) and perhaps also to fibril
alignment, tentatively leading to a minor reduction of the density of
scattering centers [26].

In Fig. 3c-e, polarized optical microscopy (POM) visualizes the
birefringence of the films in between crossed polarizers, indicating the
CNF orientation. The orientation of the CNF film’s alignment director
and the polarization axes are schematically illustrated in Fig. S5. The
anisotropy of the aligned CNF film, including fiber fragments, allows
polarized light to pass through the film when the average CNF orien-
tation is at a 45 angle to the polarizers, causing the film to appear bright
(Fig. S5a configuration). When the average CNF orientation is parallel to
one of the polarizers, however, light transmission is minimized, result-
ing in the film appearing noticeably dark (Fig. S5b configuration).
Alternatively, the POM images of the reference film (Fig. 3f-h) appear
comparably dark and similar in different rotations, confirming the
random CNF orientation.

In nature, many plants utilize a specific alignment of cellulose

Table 1
Properties of the CNF films.

Strain at
break (%)

Ultimate Modulus
strength (MPa) (GPa)

Minimum intensity
in WAXS curve

1-3-50  0.66 121 +£19 109+ 1.2 1.4+0.2
1-5-25  0.69 123 £ 37 12.4 £2.0 1.1+0.3
1-5-50  0.45 107 + 35 11.2+1.1 1.2+0.5
1-5-75  0.50 141+ 2 10.5+ 1.6 1.9+0.2
1-7-25 0.84 127 £ 37 10.7 £ 2.6 1.5+05
1-7-50  0.74 100 + 31 9.6 £ 0.8 1.4+0.6
1-7-75  0.63 127 +9 10.9 £ 1.0 1.6 £0.1
2-7-50  0.51 166 + 28 10.1 £1.7 29+0.7
Ref. 0.89 88 +17 99+23 1.2+ 0.6
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microfibrils to control their swelling and shrinking behavior [27]. For
instance, in the case of pine cones [28], hygroscopic expansion of cells is
governed by the orientation of CNFs in the cells, which enables a
bending mechanism to release cone seeds. Similarly, the alignment of
the studied CNF films leads to an anisotropic response to humidity. Upon
exposure to humidity, elongation is restricted along the CNF alignment
axis, promoting the winding motion in the cross direction. Video S1
displays such effect by simply placing the films near the surface of water.
While a randomly oriented CNF film (isotropic film) shows low bending
angles, a ribbon cut perpendicular to the spinning direction of 1-5-50
film bends in its length direction. Fig. 4 reports the bending angle of the
ribbon as a function of time, in which the 1-5-50 ribbon with alignment
perpendicular to its length achieves a maximum bending angle of ~20°
in 5—6 s. In contrast, the ribbon cut in the spinning direction shows a
near zero bending angle. The reference film, on the other hand, reaches a
maximum of ~5°, highlighting how even small levels of alignment can
influence the humidity actuation of CNF films. This actuating behavior
has the potential to be used in a wide range of applications, including
humidity sensors for environment control, soft robotics, and smart
packaging [29,30].

3. Conclusion

A facile CNF film fabrication method was introduced, and the process
parameters were investigated. The produced films show a slight align-
ment stemming from the process, which is hypothesized to arise from a
combination of shear stresses in the nozzle and as the CNFs enter the co-
flowing coagulation bath. Within this partial alignment range, no sig-
nificant variation in the mechanical strengths of the spun films were
observed. Therefore, we propose a robust method for producing partial
alignment to CNF films without the hurdles related to the non-scalability
of top-down techniques nor the batch-wise nature of employing a film
stretching step. The partial CNF alignment achievable through this
spinning method was sufficient to endow anisotropic functionalities to
the films. The anisotropic alignment resulted in birefringence observ-
able by polarized optical microscopy. Furthermore, it was particularly
noticeable in the swelling of the film, imbuing an anisotropic response to
humidity. Actuators with different humidity-induced bending modes
could be produced by simply cutting film strips either parallel to or
perpendicular to the average CNF alignment direction. The unique
properties of these CNF films make them good candidates for flexible
optical devices, sensors, and actuators. Furthermore, despite the
continuous film formation, water removal and drying were done batch-
wise. Therefore, developing an online drying method and enabling a
roll-to-roll process will be the subject of future studies.

4. Experimental procedure
4.1. Materials

Cellulose nanofibrils (CNF) suspension was produced from a pulp
(Dissolving Pulp Plus, Domsjo) that was carboxymethylated to a degree
of substitution of 0.1, as previously described [31]. The pulp (0.4 wt%)
was then microfluidized to generate the CNFs by high pressure ho-
mogenization using a M-110 EH microfluidizer from Microfluidics at
1700 bar for 4 passes. Poly(ethylene imine) (PEI) was purchased from
Sigma-Aldrich and Mica discs from Ted Pella Inc.

4.2. Film fabrication

The CNF suspension with a concentration of 3.5 g/L is focused using
a syringe pump (WPI, Al-4000) to a nozzle submerged in the flowing HCl
bath (Fig. 1a). The nozzle tip has a dimension of 2 mm x 20 mm. The
injection rate was controlled by the syringe pump and the bath flow was
monitored using a flow meter. CNF suspension was injected with volu-
metric flow rate of 25, 50, and 75 mL min ! into the HCI bath (pH 1 and
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Fig. 3. a) Total light transmittance and b) haze of the aligned (1—5—50) and isotropic films (the lines and bands represent the mean values and standard deviations
of three measurements). The polarized optical microscopy images of the c-e) 1-5-50, and f-h) reference films at different rotations.

2) with flow rate of 3, 5, and 7 L min"%. A polymer mesh was placed on
the bottom of the bath and was used to lift and transfer the CNF gel. The
gels were then cut in 20 cm long pieces, placed on Durapore Membrane
filters (Merck, Ireland) and the edges were constrained to prevent
wrinkles. The CNF gels were then dried at 25 °C and 50 % humidity. The
reference film was produced by casting the CNF suspension on a flat
surface and dipping it in the coagulation bath at once to go through the
gel transition. The gel was then cut and dried similar to the spun films.

4.3. Wide-angle X-ray spectroscopy (WAXS)

The Wide-Angle X-ray Scattering (WAXS) was performed on the
same system as previously described [16]. In short, an Anton Paar
SAXSPoint 2.0 system (Anton Paar, Graz, Austria) was used, having a
Microsource X-ray source providing a wavelength of 0.15418 nm with

by CuKa radiation. The detector was a Dectris 2D CMOS Eigher R 1 M
with a pixel size of 75 um by 75 um. The beamsize was approximately
500 um in diameter and the sample to detector distance was 111 mm.
The exposure time was 13 h in total by 26 frames with each frame taking
30 minutes to complete. The transmittance was measured for all samples
and used in the normalization of the data, which was performed with the
SAXSanalysis 3.00.042 (Anton Paar, Graz, Austria) software and MAT-
LAB (Mathworks).

4.4. Tensile testing of films

The tensile properties of the films were measured with an MTS ten-
sile tester in combination with a Teststar ISS controller (MTS Systems
Corp., USA). The films were conditioned at 50 % RH and 23 °C for one
week prior to the tests in the same environment as the tests were
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b

Fig. 4. a) Bending angles of CNF strips over time, where the alignment of the 1-5-50 film is perpendicular to the CNF ribbon length, and b) a representative
photograph, comparing the bending behavior of 1-5-50 strips with different alignment directions.

performed. Test specimens were cut in a rectangular shape with a length
of 45 mm and a width of 6 mm, and their thicknesses were measured
using a digital caliper. The gap distance was 30 mm, and the speed was
set to 0.5 mm/s. Seven specimens per sample were measured.

4.5. Polarized optical microscopy (POM)

The orientation distribution of fibrils was visualized by placing the
films in between two glass slides to flatten possible wrinkles. The
characterization was performed by using a Leica 1090 optical micro-
scope under cross-polarized light.

4.6. UV-visible spectrophotometry

The optical properties of the films were measured using UV-2600
with ISR-2600Plus integrating sphere attachment, Shimadzu, Japan in
the range of 300 — 800 nm. The total light transmittance and haze were
calculated using the following equations and the average of 3 mea-
surements was reported:

T,
Transmittance(%) = T_z x 100 ()
1
T, T
Haze(%) = (= — =) x 100 3)
T2 T1

where T; is the transmission of light without the sample (as refer-
ence), Ty is the transmitted light through the sample, Tj is the scattering
of light by the device without the sample, and T4 is the diffusive
transmittance.

4.7. Humidity actuation test

The films were cut in strips of approximately 2 mm x 10 mm in
cross-directions. The strips were then clamped and placed adjacent to
the water surface, and the process was recorded using Sony IMX586 48-
megapixel sensor. The corresponding bending angles were extracted
manually by image analysis using ImageJ software (version 1.53e, Na-
tional Institutes of Health, USA).

4.8. Scanning electron microscopy (SEM)
The samples were first sputter-coated with a 5 nm Au/Pd layer (80/

20) and then analyzed using Tescan Mira3 scanning electron microscope
(SEM).

4.9. Atomic force microscopy (AFM)

Mica substrates were first dipped in a Poly(ethylene imine) (PEIL,
2.5 %) solution for 1 min and then carefully rinsed with water. The CNF
suspension was diluted to 0.001 wt%, and a 10 uL droplet was placed on
the mica substrate and allowed to dry at room temperature. AFM was
performed using multimode 8 AFM with Nanoscope V controller
(Bruker, Santa Barbara, CA) in tapping mode with non-contact AFM
cantilevers (NCHV-A, 8 nm tip radius, Bruker).
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