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With the goal of sustainable development, manufacturing continuous high-performance fibers based on
sustainable resources is an emerging research direction. However, compared to traditional synthetic
fibers, plant fibers have limited length/diameter and uncontrollable natural defects, while regenerated
cellulose fibers such as viscose and Lyocell suffer from inferior mechanical properties. Wet-spun fibers
based on nanocelluloses especially cellulose nanofibrils (CNFs) offer superior mechanical performance
since CNFs are the fundamental high-performance building blocks of plant cell walls. This review aims to
summarize the progress of making CNF wet-spun fibers, emphasizing on the whole wet spinning process
including spinning suspension preparation, spinning, coagulation, washing, drying and post-stretching
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scopic changes in the CNF dope from gels to dried fibers, effective methods and strategies to improve
the mechanical properties of the final fibers are analyzed and proposed. Based on this, the opportunities
rsc.li/nanoscale and challenges for potential industrial-scale production are discussed.

Introduction

Fiber materials have accompanied and promoted the evolution
of human civilization, from cloth, paper, and packaging in
daily life to cables, fillers and hoses in industry. Their unique
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With the development of the polymer industry, one corres-
ponding product, synthetic fibers, has been dominating many
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Fig. 1 Synthesis routes to different types of man-made fibers.

application areas, with a global market size valued at USD
66.11 billion in 2022." Compared to conventional natural plant
fibers, they have preferred mechanical performance and high
production rate with cheaper price, as well as easy to tune
surface properties.> One of the reasons for such superior pro-
perties is their production route: polymerization and melt
spinning. Controlled polymerization can give a preferred chain
structure, so that the basic chemical and physical properties
can be tailored precisely, while the melt processing ability
(related to rheology performance) can be tuned to benefit the
spinning process, inducing favorable chain alignment and
crystallization (Fig. 1).>*
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As an alternative choice, plant fibers actually have been
used for thousands of years, such as garments, paper, and
tools.” Compared to synthetic fibers which are produced using
a bottom-up assembling process all the way from the mole-
cular level, the production of plant fibers follows a top-down
approach, in which they are extracted or liberated from plant
tissues. Viewing it from a composite perspective, one single
plant fiber is made from cellulose nanofibrils (CNFs) as rein-
forcing fillers embedded in the hemicellulose and lignin
matrix.®*° Importantly, building blocks in the plants, fibers,
have evolved to the best extent. They synthesize glucose units
from C, H, and O atoms and polymerize them into cellulose
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molecules, which are then aligned and packed into crystalline
fibrils using favorable hydrogen bonding and van der Waals
forces.'™'? These CNFs have superior mechanical properties (a
Young’s modulus of 65-130 GPa,">'* and a strength of 1-3
GPa'), as well as a high aspect ratio (a width of ~4 nm and a
length up to a few pm), making them superior back-bone
fillers to provide mechanical strength to the plant fibers.
Moreover, they are constructed into different layers (primary
and secondary 1-2-3) to form the fiber cell walls (Fig. 1).'°

The most critical issue or drawback of plant fibers for
loading applications is natural defects including a limited
length/diameter, a hollow structure, and uncontrollable indi-
vidual differences. Nevertheless, the process of extracting plant
fibers is also challenging which may introduce damage during
the chemical and physical processes.'”'® For example, the
chemical pulping process intends to liberate wood fibers by
mainly removing the lignin-rich middle lamellae without
causing direct physical damage to the fibers.'® However, the
unwanted degradation of cellulose and hemicellulose actually
alters the fiber cell wall structure on the molecular- and nano-
scale.”®

To overcome these disadvantages of natural fibers, regener-
ated cellulose fibers such as viscose and Lyocell are developed.
It involves the complete dissolution of cellulose polymer
chains, followed by a regeneration process to repack these
chains into macro-size fibers. Such a process is termed wet
spinning.>’ The use of dissolved cellulose polymers greatly
boosts the processing ability to control the final fiber structure
and enable continuous production. However, such a process is
based on damaging the original crystalline cellulose structure,
resulting in relatively weaker mechanical properties (a
modulus of 11-16 GPa, a strength of 486-593 MPa),*>** com-
pared to many synthetic fibers. And yes, they have much
inferior mechanical properties compared to their original

"TEMPO-oxidized’ CNF
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sources - plant fibers. Moreover, harsh solvents are needed to
dissolve cellulose (NaOH and CS, for viscose and NMMO
hydrate for Lyocell) which causes environmental concerns.*

Under the scheme of making man-made fibers using sus-
tainable resources, CNFs have become an emerging building
block.>**® As discussed before, CNFs are the structural funda-
mental building blocks of plant fibers. With the development
of nanotechnology, CNFs can be obtained based on different
plants through a series of pretreatments and nanofibrillation
processes.”” > This leads to various widths/lengths, yet the
majority have a width <10 nm and a length >500 nm
(Fig. 2)**?°* and residual surface components including
hemicellulose and lignin. Among them, CNFs prepared using
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO)-mediated
oxidation have been the most classical method, which gener-
ates carboxyl groups at the C-6 position to give high colloidal
stability.***> Moreover, CNFs belong to the family of nanocel-
luloses, which contains two other members: cellulose nano-
crystals (CNCs) and bacterial celluloses (BCs). The most dis-
tinct difference is the dimension/morphology. Compared to
CNFs, CNCs and BCs have a large width of >5 nm, while CNCs
have a short length (normally <200 nm) and BCs have a much
longer length (Fig. 2).*%7*°

Nanocelluloses, CNFs in most cases, have been explored to
produce long fibers with a diameter in microns using the wet
spinning process.”® Note that the final fibers are also termed fila-
ments in the literature. Here, we choose to name them CNF
fibers to easily differentiate them from synthetic fibers, natural
fibers and regenerated fibers. Such a CNF fiber can be seen as a
long bundle of CNFs with a preferred assembling structure,
which utilizes the advantages of CNFs’ high aspect ratio and
high mechanical properties. From the CNF aspect, CNFs have
unique features crossing both semi-crystalline polymeric
materials and colloidal particles, resulting in a superior assem-

Fig. 2 AFM images of different types of nanocelluloses. Adapted with permission from ref. 122 and 123. Copyright 2021, 2019 Springer

Nature 82,122-124
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Fig. 3 Schematic of the continuous wet spinning process and the nanostructure changes from CNF suspensions to dried fibers.

bling ability.>*® Promisingly, such CNF wet-spun fibers have
superior mechanical properties (tensile strength and Young’s
modulus of up to 650 MPa and 40 GPa, respectively), compared
to regenerated cellulose fibers, natural fibers and even many syn-
thetic fibers. Thus, CNFs have great potential to be used as rein-
forcing fillers and special textiles and may even pave new appli-
cation areas where conventional fiber materials are incompetent.

In this review, we aim to first emphasize the wet spinning
process to prepare CNFs, including spinning suspension
preparation, the spinning/extruding step, coagulation, drying
and stretching (Fig. 3). From the nanostructure aspect, the
CNF networks experience a series of changes including ran-
domly distributed, deformed and oriented, crosslinked/com-
pressed, densified, and further aligned confirmations (Fig. 3).
The main purpose is to establish a deep understanding of the
relationships between the nano-scale assembling structure
and the macroscopic changes in the CNF dope from gels to
dried fibers. Moreover, the mechanical properties of the final
CNF fibers are selected as the main evaluating factor. Finally,
the industrial production perspective is analyzed.

Preparation of CNF spinning
suspensions

The first step of the wet spinning process is to prepare the
CNF spinning suspensions, which normally behave as a
viscous gel. Upon spinning, such a gel suspension is deformed
into a spinning flow by external forces (i.e., shear force), which
corresponds to the assembling structure of nanocellulose
fibrils from isotropic to oriented state at the nanoscale
(Fig. 4a). The ideal case is to orientate the CNFs as much as
possible without causing the discontinuity of the extruded
gels. In other words, it is to balance the deformation ability
and the fibril connectivity of the CNF networks within the

6386 | Nanoscale, 2024, 16, 6383-6401

spinning gels, which are essentially correlated to the visco-
elastic properties. Although it is hard to characterize such
dynamic structural changes of each CNF during the wet spin-
ning process, the rheological properties of the prepared gel
suspensions can be characterized easily, which can be used to
study the nano-structural changes and even predict the spinn-
ability of certain CNF spinning suspensions.

With high colloidal stability and high aspect ratio, CNFs
under aqueous conditions (suspension) share many attributes
close to dissolved polymers.”® Consequently, at low concen-
trations, CNF suspensions also exhibit a typical shear thinning
behavior (decreasing viscosity against increasing shear rate).*!
Typically, the apparent shear viscosity measured in a steady
shear flow (), as well as the dynamic modulus (storage
modulus G’ and loss modulus G”) measured from the small
amplitude oscillatory shear (SAOS) test are characterized,
which reflect the viscoelastic properties of the nanocellulose
fibril network.*' Examples of apparent shear viscosity and
dynamic modulus measurements for TEMPO-CNF suspen-
sions at various concentrations are shown in Fig. 4b and c.

The measured apparent shear viscosity can be fitted with
the Ostwald-de Waele power law:*>*

n=Ky"" (1)

where 7 is the apparent shear viscosity, 7 is the shear rate, and
K and n are the consistency and flow behavior indices, respect-
ively. K and n reflect the fibrillar crowding conditions and
shear thinning degree, respectively.

Importantly, both K and G’ have a positive linear correlation
with ¢*, where ¢ is the CNF concentration.** This is in agree-
ment with most studies that optimized the rheological behav-
ior of CNF spinning suspensions by changing the concen-
trations. However, the reported values of the power law expo-
nent x have a large range (2-5),"" indicating the contri-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Schematic of CNF extrusion using a syringe pump.>® Adapted and modified with permission from ref. 53. Copyright 2014 ACS.
Rheological behavior of TEMPO-CNF suspensions at different concentrations: (b) apparent shear viscosity as a function of shear rate, (c) storage and
loss modulus as a function of oscillatory frequency and (d) virtual flowability.>* Adapted with permission from ref. 51. Copyright 2023 Elsevier. (e)
Estimated trends in the deformation ability and fibril connectivity for CNF suspensions with increasing concentrations and aspect ratios.

butions from other contributing factors are affecting the rheo-
logical behavior of CNF suspensions.

As the rheological properties of CNF suspensions can be
treated as a network with rod-like particles, percolation theory
can be applied. Based on the volumetric concentration (@) and
geometrical aspect (4) of CNF, CNF suspensions can be
roughly divided into three regimes:*®

(1) Dilute regime (@ < A™?), where each fibril has almost no
chance to be in contact with each other, and is allowed to
freely rotate in three dimensions, thus leading to a liquid-like
(G' < G") and Newtonian behavior (constant viscosity against
changing shear rate). Note that suspensions in this regime are
unsuitable for spinning as there is no connectivity to support
the fiber structure.

(2) Semi-dilute regime (A™> < @ < A™"), where there are
increasing contacts and flocculation between fibrils, partially
limiting their mobility. In particular, a gel transition point
usually falls within this regime, as nanocellulose suspensions
change from the Newtonian fluidic state to the viscoelastic
state, which in rheological terms, reflects on the slope change
in viscosity-concentration linear curve and the cross-over at
which G’ surpasses G". Suspensions become increasingly gel-
like in this regime, nevertheless they can still be considered in
the flowing state as a stable gel is formed when G’ is at least
one order of magnitude higher than G".*°

(3) Concentrated regime (@ > A™"), where multiple contacts
between fibrils lead to an interconnected network with
minimal fibril mobility, thus giving rise to increasingly gel- or
solid-like behavior (G' > G"). In particular, when @ > 1.547",
suspensions evolve into a volume-spanning arrested state
(VAS), where each fibril is tightly “locked” in the network and
suspensions are non-flowing.>°

This journal is © The Royal Society of Chemistry 2024

To give a visual impression, the CNF suspension flow be-
havior at different concentrations is shown in Fig. 4d, where
CNF-0.2, -0.3, and -0.4 are in the flowing state, as in the semi-
dilute regime, CNF-0.5 and -0.6 are in the non-flowing state, as
in the concentrated regime.”! Furthermore, the spinnability of
CNF suspensions is balancing between the deformation ability
and fibril connectivity, which links to the CNF concentration
and aspect ratio (Fig. 4e). Instead of characterizing and evalu-
ating the rheological behavior in depth, or calculating based
on the percolation theory, most studies have relied on empiri-
cal values, for instance, using a CNF suspension with concen-
tration above 1 wt%,*>*>% or requiring an apparent shear vis-
cosity on the order of 1 Pas at the shear rate applied in spin-
nerets.’> Moreover, it is well known that CNF surface charges
and processing history also influence the rheological behavior
heavily, yet these have rarely been investigated.

Connecting CNF parameters to fiber properties in wet spin-
ning is important for fiber quality optimization, while elucidat-
ing the correlations by simply comparing each parameter from
different reported works is difficult and probably fruitless, as
it requires precise variable control for CNF attributes and spin-
ning conditions, which is impractical.”®> Here, we aim to
discuss the effects of concentration, aspect ratio, surface
charge and processing history in a comprehensive way, particu-
larly using rheology and percolation theory as useful tools to
emphasize the properties of CNF spinning suspensions.

Concentration of CNF suspensions

As a quick and easy controlling parameter, the concentration
of CNF suspensions has been the first choice to alter the vis-
cosity which links to spinnability. With a large attempting
range (1 to 10 wt%) based on unmodified CNFs, suspensions

Nanoscale, 2024, 16, 6383-6401 | 6387
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with a relatively medium concentration (2 wt%) were discovered
to produce fibers with the highest orientation, leading to
superior mechanical properties (Fig. 5a).°* These results were
explained by the following mechanism: (1) low concentration
(viscosity) favors flow-induced alignment during shear flow or
extensional flow, while the reduced interfibrillar interaction (too
low concentration) cannot support a rigid network or even
make CNFs dilute to “nothing” in the coagulation bath; (2) high
concentration (viscosity) means a high density of interfibrillar
interaction, which disturbs flow-induced alignment,>® or in
extreme situations, the CNFs in suspensions cannot be broken
up into the shear thinning state or possess a significant degree
of local fibril aggregation that remains in the spun fibers.”®

However, the fact that CNFs of different types vary drasti-
cally in rheological properties/interfibrillar interactions makes
it impossible to draw one suitable concentration range that
suits all. Here, using the regime classification mentioned
above instead of specific concentration values, it is found that
studies have generally used CNF suspensions in the concen-
trated regime, normally when CNFs form a strong gel network
(G" > G"), in order to sustain a stable fiber structure. For
example, unmodified CNFs (>2 wt%),”” " TEMPO-CNFs
(21 wt%),>**" and BCs (>1.8 wt%)®>** have been used for wet
spinning and essentially demonstrated higher orientation at
decreased concentrations (viscosity).

For negatively charged CNFs containing carboxyl groups, it
has been reported that suspensions in a semi-dilute regime
can also be used for fiber spinning, and can yield fibers with
even higher orientation and mechanical performance com-
pared to those in the concentrated regime.’® Though suspen-
sions in the semi-dilute regime are usually used in microflui-
dic spinning,®*®” one study has shown that wet-spun fibers
produced from carboxymethylated CNFs in the semi-dilute
regime (0.3 wt%, G’ =~ G") possess higher orientation and
mechanical properties than those in the concentrated regime
(1.2 wt%, G' > G") (Fig. 5b and c).*®

More recently, a new standard measured by the creep recov-
ery (CR) test was reported, in which it was discovered that
TEMPO-CNFs with a charge density of 820 pmol g™* form an
increasingly elastic network with a decreasing deformation
ability above the gel point concentration (G' ~ G"),>* which
links to the cross-point of the curves in Fig. 4e. The predicted
optimal concentration is between 0.3 and 0.4 wt%.’" The
lowest concentration to form a gel after coagulation is tested to
be 0.3 wt%, although it cannot maintain its regular shape due
to the delayed gelation time upon coagulation (Fig. 5e). In
comparison, 0.4 wt% balanced the spinnability and preferred
fiber orientation (Fig. 5f). Similarly, carboxymethylated CNFs
(degree of substitution of 0.1) with G’ » G" were successfully
spun into fibers using HCI as the coagulation bath.>®

Aspect ratio of CNFs

For polymers used in melt spinning or wet spinning, mole-
cular weight is a critical parameter of the starting materials.
For CNFs as spinning materials, their dimension, especially
the aspect ratio is equally important.

6388 | Nanoscale, 2024, 16, 6383-6401
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It is well known that the aspect ratio of CNFs depends on
the sources and preparation processes (chemical pretreatment
and mechanical fibrillation). Generally speaking, CNFs based
on tunicates have much higher aspect ratios (>500) than the
ones sourced from woods (<200), and therefore lead to higher
hydrogel viscosity.> Consequently, Iwamoto et al. reported
that fibers spun from tunicate CNFs have much lower orien-
tation indexes compared to those based on wood CNFs
(0.44-0.54 compared to 0.65-0.72), using a similar wet spin-
ning process (Fig. 52).>° Although CNFs with high aspect ratios
should be able to form more entanglements, it also drives up
the difficulty of being aligned along shear forces. Moreover,
CNFs with too high aspect ratios (i.e., BCs) tend to form a
locked system starting from a very low concentration, leading
to high porosity in the final fibers to harm mechanical pro-
perties, which is not preferred (Fig. 5h).®

Other than having a high threshold, the aspect ratio of
CNFs should also have a low threshold to ensure the connec-
tivity of fibrils maintaining a continuous network. For
example, cellulose nanocrystals (CNCs, a type of nanocellulose
with a much lower aspect, normally <50) have also been used
to obtain wet-spun fibers, yet need to be mixed with other
polymers like alginate®® or dissolved cellulose®® to allow con-
tinuous spinning. Although microfluidic spinning based on
acid-induced gelation has realized spinning from pure CNC
suspensions, the mechanical properties of the obtained fibers
are far from optimal, probably due to the lack of fibril entan-
glement in the fiber structure.”®’" Moreover, microfluidic
equipment is still under development for industrial scale
production.

One more interesting thing we want to do here is to predict
a suitable concentration for wet spinning based on percolation
theory. According to our previous discussion, CNF suspensions
should be in the semi-dilute regime (4> < @ < A™"). Using
CNFs with a typical aspect ratio of ~200 (a diameter of 5 nm
and a length of 1 pm), the preferred CNF concentration is pre-
dicted to be 0.004-0.75 wt%. Furthermore, in the optimized G’
~ G" state in which the deformation ability and fibril connec-
tivity are balanced, if each fibril has at least 3 contact points to
form a connected rigid network (¢ = 9047%),”> then the
optimal concentration is predicted to be ~0.34 wt%. This is in
very good agreement with the study using TEMPO-CNFs with
an aspect ratio of ~200.%'

Surface charge of CNFs

Beyond the concentration and aspect ratio, the surface charge
of CNFs is also very important for these colloidal suspensions.
CNFs without any surface charge have inferior colloidal stabi-
lity, which is not suitable for the wet spinning process due to
unwanted aggregation and low viscosity. Thus, most studies
used TEMPO-CNFs with high surface charges. The effects of
charge on CNF rheological properties are multifaceted. For
TEMPO-CNFs, with increasing charge density (380-1360 pmol
g™ 1), the viscosity first increases and then decreases (Fig. 5i).”>
The increase is attributed to the elevated fibrillation level by
induced electrostatic repulsion, leading to a higher aspect

This journal is © The Royal Society of Chemistry 2024
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with permission from ref. 54. Copyright 2019 ACS.
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ratio and narrower size distribution, giving rise to a stronger
network structure; the decrease is due to (1) the increased
osmotic repulsion force between CNFs, leading to lower
agglomeration propensity and (2) reduced fibril length (aspect
ratio) as a result of excessive chemical modification, leading to
a lower fibril crowding degree.”

Besides, charge density directly influences the flow-to-
nonflow transition behavior of CNF suspensions. In the case of
CNFs with low surface charges (i.e., unmodified CNFs or BCs),
their weak electrostatic repulsion may be overcome by attractive
van der Waals interactions at increasing concentrations, giving
rise to aggregation and earlier formation of a non-flowing VAS
state.”® The case is more complicated for CNFs with sufficiently
high surface charges. Screening electrostatic repulsion by increas-
ing ionic strength (adding salts) or adjusting pH can lead to VAS
formation, while the exception is when the counterion concen-
tration is too low to disturb colloidal stability, only to increase the
VAS threshold instead because of the reduced double layer thick-
ness and effective volume fraction.’®”>’* Notably, unlike VAS
systems dominated by repulsive forces (termed glasses) realized
by mobility constraints at high concentrations, VAS systems domi-
nated by attractive forces (termed gels) can resist re-dispersion by
dilution.>

Understanding surface charge as a factor for the gelation
mechanism of CNF systems is vital as it also concerns an inte-
gral part of the wet spinning process (i.e., coagulation). CNFs
with high surface charges tend to have high affinity to water
molecules due to the hydration effect, which prolongs the time
in the following coagulation and drying processes. Moreover,
when using HCI or CaCl, as the coagulation bath, the surface
charge of CNFs will affect the diffusion efficiency of ions into
the CNF network. For instance, for CNFs with low surface
charge, coagulation will not be sufficient. In other words, the
intensity of the transition from a flow state to the gel state with
the introduction of crosslinks is affected by the surface charge
density of CNFs.’®’>7® While for CNFs with high surface
charge, coagulation by organic non-solvents will not be suit-
able as the interfibrillar repulsion is too high to be overcome
by simple solvent exchange.””

Processing history of CNF suspensions

The distribution state of CNFs within the spinning suspension
is very important, which can be reflected in the rheological be-
havior. The processing history such as long time storage, con-
centration, or re-dilution will affect this. In most cases, CNFs
are disintegrated from pulps using high-pressure homogeniz-
ation, and the starting concentration should be neither too
low, which leads to inferior shearing/tearing on the pulps, nor
too high, which causes clogging issues.’>”®”? As discussed
before, the CNF concentration should be sufficiently high for
optimized wet spinning, and the as-prepared CNF suspensions
cannot be directly used. For the case of having too low concen-
tration, an up-concentration process is generally performed by
vigorous stirring or rotating under heating conditions (intro-
ducing vacuum in some cases) to evaporate water. However, it
is demonstrated that constant stirring and heating may cause
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local fibril alignment or aggregations,>®° reflected in a more
viscous response in rheological behavior.”® This suggests a
less stable structure of the fibril system in suspensions, thus
leading to worse spinnability (Fig. 5j). Note that up-concen-
tration can also be done by centrifugation or ultra-filtration,
but both are energy extensive which will be discussed later. In
the current state-of-the-art regime, disintegration of pulps has
also been done at concentrations as high as 1-2 wt%.
However, this is well above the VAS threshold for common
CNFs, which yields an inhomogeneous network, unless sub-
sequent dilution is performed (Fig. 5k).>*®** In contrast, CNF
suspensions prepared by direct fibrillation in a kitchen
blender, accompanied by gradual dilution, showed excellent
homogeneity and spinnability.’® It is expected that in indus-
trial practice, large quantities of CNF suspensions may be
stored for a long time, and the concentrating process seems
inevitable. How to ensure a uniform dispersion state of fibrils
in a bulk suspension remains a both scientific and engineer-
ing question.

Chemical composition of CNFs

The selective disintegration of lignocellulosic materials
renders CNFs with alterable residual native components (i.e.,
hemicellulose and lignin) and surface chemistry, which opens
up a new avenue for high-performance wet-spun fiber proces-
sing with tailored properties. However, most relevant studies
focus on the use of TEMPO-CNFs or carboxymethylated CNFs
which predominantly contain cellulose. Here, we attempt to
emphasize the wet spinning potential of hemicellulose-rich or
lignin-rich CNFs. And we do believe new types of CNFs will
broaden our research scope of wet-spun CNF fibers.

For hemicellulose-rich CNFs (also termed holo-CNFs), they
enjoy good colloidal stability due to (1) charged groups within
the hemicellulose layer and (2) steric hindrance by the hygro-
scopic hemicellulose layer swollen in water,*" which is a
favourable property for wet spinning. Moreover, their well-pre-
served crystalline structure and ultra-long fibril morphology
are expected to optimize the mechanical properties of ensuing
cellulosic materials.?*®* However, the drawback is their low
viscosity due to a low fibrillar crowding degree and especially
the inhibited coalescence of fibrils by hemicellulose during
coagulation, leading to inferior wet strength. Therefore, high
concentration suspensions or special designs of the coagu-
lation process are supposed to address this issue.®*

For lignin-rich CNFs (also termed L-CNFs), the utilization
of lignin is expected to increase the utilization of lignocellulosic
materials and endow fibers with unique functionalities including
hydrophobicity, UV shielding and antioxidation.*® However,
residual lignin significantly disturbs the nanofibrillation
efficiency, thus they usually exhibit thick and non-uniform mor-
phologies in most literature reports,®® unless chemical pretreat-
ments are performed to introduce charge repulsion before
mechanical fibrillation. Consequently, the large fibril bundles,
poor fibril binding capacity, and remaining lignin agglomerates
impair the spinnability, disturb fibril alighment and even result
in high roughness of the fiber surface.®**°

This journal is © The Royal Society of Chemistry 2024
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Spinning parameters

After the CNF spinning suspensions are prepared, they are
extruded into a spinning flow to initiate the wet spinning
process. The spinning scheme, in other words, the equipment
design determines how the spinning flow or the coagulation
process is applied. Regarding the controllable parameters, the
spinning rate has been the key one which can be easily tuned
and can be interpreted based on already established theory.

Spinning schemes

The most common spinning scheme for CNFs is wet spinning
using spinnerets (also termed needles or tips in some litera-
ture). The CNF spinning gel is extruded through the narrow
channels and is deformed to be shaped into continuous flow
like fibers before it reaches the coagulation bath (Fig. 4a). At
the nano-scale, CNFs are oriented and assembled into flowing
gels. Apparently, at a given spinning rate, the length of the
spinnerets determines the time that fibrils are under shearing,
which provides controllable shear thinning and orienting
effects on the spinning suspensions. Moreover, the inner dia-
meter of the spinnerets also influences the shear in terms of
flow profiles which will be discussed in detail later.
Microfluidic spinning using the flow focusing method is
another type of spinning scheme (Fig. 6). In this set-up, a flow-
focusing device containing coaxial channels is usually used,
where the flows in the sheath channels help generate accelerat-
ing flows to align CNFs in the core flow, and induce gelation
to lock their alignment simultaneously.”” Note that the first
sheath flow with pH larger than the pkK, of the anionic groups
on nanocelluloses promotes alignment, while the second
sheath flow with pH lower than pK, induces protonation and
coagulation (Fig. 6b). Different from the spinneret set-up
where CNF suspensions should be in a semi-dilute or concen-
trated regime (normally G' > G”), microfluidic spinning
requires the CNF suspensions in the first half of the semi-

b

2" sheath flow
pH < pK, )
Secondary alignment :

and coagulation

1% sheath flow
PH > pK,

¢ Primary alignment

Fig. 6 (a) Schematic of a typical flow-focusing device with double
channels used for CNF assembly.®” (b) The schematic presentation of
nanocellulose orientation and gelation in the microfluidic device.”*
Adapted with permission from ref. 71. Copyright 2019 Wiley.
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dilute or dilute regime (G' < G") to achieve intense defor-
mation.”* Note that suspensions at very high concentrations
with gel-like properties will be torn into fragments.”* The feasi-
bility of using flowing state suspensions may be attributed to
the fact that the second sheath flow consisting of gel-initiators
(usually acids) can quickly coagulate fibrils in the spinning
flow while they are still under extensional flow field, ensuring
there is enough fibril connectivity in fibers when they exit
microfluidic channels.

Spinning rate

To control the CNF assembly and modify fiber properties, one
key factor is the different applied forces/pressures through the
spinneret to give different shearing effects. A high rate is
expected to deform the CNF network and align CNFs through
the spinning flow more easily.>® As discussed before, CNF sus-
pensions at shear thinning fit the Ostwald-de Waele power law
(eqn (1)). Assuming the spinneret is a circular pipe and the
spinning flow is in the laminar state, the correlation between
the shear rate (7,,) and the shear stress (z,,) applied at the spin-
neret wall can be expressed as follows:

1

o= (52)" (2)

And the correlation between the shear rate applied at the
wall and the spinning rate can be expressed as follows:

3n+1Q (3n+1) 8v

— 3
Tw n IIR3 4n D (3)

where Q is the volumetric spinning rate, v is the spinning vel-
ocity, R and D are the radius and diameter of the spinneret,
respectively. From the equations above, it is known that shear
stress is a function of shear rate and suspension viscosity, and
shear rate is a function of spinning rate and capillary
radius."®®” Therefore, increasing the spinning rate or reducing
the spinneret diameter is expected to increase the shear stress
exerted on the spinning suspensions.

An increasing spinning rate has been demonstrated as a
universal route to promote nanocellulose alignment>®%%8%8%89
and thus increase the modulus and strength of
fibers.”®®3848789  However, when the spinning rate is
increased over a certain threshold, the tensile strength of
fibers is reported to reach a plateau level.>® For instance, too
high spinning rates (from 17 to 23 m min~") generate inferior
mechanical properties (modulus from 18.7 to 16.7 GPa).®’
Although the exact orientation indices are not provided, one
possible reason is that the CNF spinning flow may change
from a laminar flow to a turbulent flow at a high speed,
causing lower CNF orientation and defect in the final
fibers.>>>°

Other than increasing the extruding forces/pressures, which
may be limited by the equipment, reducing the spinneret dia-
meter is another way to increase the shear rate. However, so
far only one study has attempted to do so in which the spin-
neret diameter decreased from 960 to 380 pm and the Young’s
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Fig. 7 (a) Estimated shear stress profile and velocity profile within the spinning spinneret. Schematic presentation of special wet spinning spinnerets: (b)
convection focusing device.”® Adapted with permission from ref. 70. Copyright 2018 Elsevier. (c) Coaxial spinning device with compressed air as the inner
flow.* (d) Coaxial spinning device with coagulation batch as the inner flow.>> Adapted with permission from ref. 125. Copyright 2023 ACS.

modulus only increased by ~10% (from 21.4 GPa to 24.3
GPa).*” The reason has been already discussed that might be
the turbulent flow at very high spinning rates. This indicates
smaller spinneret diameter cannot amplify the orientation
effect in certain set-ups.

One curious finding is that the improved CNF orientation
by regulating spinning rates doesn’t compromise fiber extensi-
bility (aka strain at break) in most studies,>****”-%° though one
study has reported a controversial result.*® Two hypothesizes
can be proposed: (1) orientation is induced before coagulation
when nanocellulose is free-flowing, while after coagulation,
poorly connected regions may form and act as structural
defects to promote sliding; (2) non-crystalline regions or
residual hemicellulose of CNFs is the main plasticizer govern-
ing the deformation.

Challenges and opportunities

One thing that has been normally ignored in most CNF wet-
spun fiber studies is that the shear stress along the spinneret
radius is not evenly distributed in the spinneret, and the spin-
ning flow has a gradient of velocity along the radius. The shear
stress is in linear correlation with the radius, and its velocity
profile can be visualized in Fig. 7a, demonstrating the differ-
ences between Newtonian and shear thinning fluids. Shear
stress at the spinneret wall is the strongest, while it gradually
decreases to zero approaching the radius center. Note that
once the shear stress is lower than the yield stress of the fibril
network (CNF suspension), then it cannot break and disentan-

6392 | Nanoscale, 2024, 16, 6383-6401

gle the CNF network and only cause fibril flocculation other
than tangential alignment.** As a result, CNFs in the final wet-
spun fiber are not completely in the best orientated configur-
ation, especially those near the center. Summarizing the litera-
ture data, the upper limit of the orientation index for the wet-
drawing is  under  0.80
while fibers spun by microfluidic spin-
ning can easily surpass 0.80.”

One unique feature of the wet spinning process is that the
cross-sectional structure can be tailored by altering the mor-
phologies of spinnerets. For example, hollow-structured fibers
can be produced via coaxial spinneret set-ups, while the core
flow can be either compressed air (Fig. 7c) or the coagulation
bath (Fig. 7d) to hold the shell CNF flow. Moreover, fibers with
a torsional structure are achieved in a self-twist microfluidic
chip with a staggered channel structure, guiding the fibrils to
undergo a twist flow (Fig. 7b). These results highlight the pro-
spects and potentials of advanced system design via wet spin-
ning for utilizing nanocellulose as building blocks towards
advanced structural and functional materials.

spun  fibers  without
(~0‘79),42,53,59,86,88—90

Coagulation process

The coagulation process refers to the solvent or/and solute
exchange between the freshly extruded fibers and the sur-
rounding media, in order to enable solidification of the fibers
with certain shapes, as well as sufficient wet-strength so that
they can be lifted and transferred to the next processing stage.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Schematic presentations of the coagulation process using different coagulation baths and the corresponding still-wet fibers: (a) organic
non-solvents.>! Adapted with permission from ref. 51. Copyright 2023 Elsevier. (b) lon solutions containing acids or salts.*?® Adapted with permission

from ref. 126. Copyright 2013 ACS.

From the nano-structural perspective, nanofibrils are forming
a more rigid network. Note that the high orientation of nano-
celluloses induced by the high-shear extruding process should
be preserved as much as possible, to ensure favorable mechan-
ical properties along the fiber length axis. Currently, there are
two types of coagulation baths: organic non-solvents such as
acetone®”® and ethanol;”"*° ionic solutions containing either
acids (e.g. HC1)*"®? or salts (e.g. CaCl,).*”®

Organic non-solvents as the coagulation bath

The diffusion between the water within the extruded fiber and
the surrounding coagulant is critical, since it will affect the
internal structure and subsequent properties of the final
fibers. Upon coagulation, water will diffuse out to cause fiber
shrinkage, which also promotes the formation of a more
compact CNF network. This leads to the formation of fiber
shapes and increased wet-strength, allowing them to be lifted
and transferred to the next processing step, ie. drying
(Fig. 8a). Thus, a suitable organic non-solvent needs to have
the following properties: (1) miscible with water to promote
efficient dehydration and shrinkage of the fiber, (2) moderate
polarity and the ability to promote interaction between
fibrils,”* and (3) low surface tension so that it won’t demolish
the fibril network during the drying processes afterward. So
far, acetone and ethanol have been mostly used, while
isopropanol®>®* and tetrahydrofuran®®®> have also been
reported.

Although extremely important, it is challenging to investi-
gate the coagulation process since it is hard to track the
dynamic structural changes without disturbing the solvent

This journal is © The Royal Society of Chemistry 2024

exchange process. Mao et al.”' have made efforts to observe
the solvent exchange process in detail using optical
microscopy. TEMPO-CNF suspensions are colored with Nile
red, which can be preferably dissolved in ethanol rather than
water and display a blue-purple-pink color change in an
ethanol/water mixture with an increasing ethanol ratio.
Interestingly, the coagulation can be divided into two stages:
(1) the shrinking stage in which water comes out from the
fiber internals; (2) the solvent exchange stage in which ethanol
diffuses inside fibers to replace water. This agrees well with
the theory that the intra- and inter-polymer interactions are
initially suppressed and then recovered when the exchange
happens from a good solvent replaced subsequently by a poor
one,”® resulting in cross-linking to form a rigid network
structure.

Regarding the coagulation rate, it apparently depends on
the solvent exchange rate, which can be quantified using para-
meter T:°°

D:
T — 1n2 (4)
Doyt

where D;, is the diffusion coefficient of the coagulant into
water (into the fibers) and D, is the diffusion coefficient of
water into the coagulant (out of the fibers). As a quick demon-
stration, T for acetone bath is faster compared to that for
ethanol (5580 to 54630 s cm™?),”® which is consistent with
experimental results, in which acetone can lock the fibril
orientation in a faster manner compared to ethanol.”®
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Ionic solvents as the coagulation bath

Different from using organic non-solvents which intend to
promote the dehydration of extruded CNF fibers, the use of
ionic solvents is to facilitate strong gelation for solidification
(Fig. 8b).”%°” This often relies on the use of highly charged
CNFs particularly TEMPO-CNFs or carboxymethylated CNFs in
the sodium form (Na form), so that the interfibrillar inter-
action can be altered by either moderating the surface charge
or introducing crosslinks.

The use of acids such as HCI can protonate the carboxyl
groups of CNFs, so that the electrostatic repulsion between
neighboring CNFs is greatly reduced leading to aggregation and
gelation.”® In comparison, the use of Ca>* or other types of poly-
valent metal ions has two functions: (1) screen the surface charge
to lower the electrostatic repulsion and (2) diffuse and replace
Na* to introduce -COO™-Ca**~"0O0C- crosslinks.”® This leads to
a more rigid CNF network, as well as gelation in a macroscopic
6674 Other than using polyvalent metal ions, Na* can also be
used, yet the resultant gel-fibers tend to have inferior wet-strength
which is hard to handle.”® Note that the mass transfer rate of
water (from inside to outside) is lower than that of the coagulant
(H" and Ca®* solutions, from outside to inside), thus the fibers
swell after coagulation.”

The choice of different acids will affect the final CNF fiber
properties.®® Anions with high hydration capacity, such as
H,PO,", cannot efficiently diffuse into fibers. This slows the
coagulation process and gives inferior wet-strength. Moreover,
anions with larger sizes may also disrupt the fibril repacking
in the later drying and post-stretching processes.

Additionally, in most cases excess acid or salt is used to
promote a fast and efficient ion diffusion during coagulation,
and a large number of ions will be loosely adsorbed on the
fiber surface.® Therefore, a subsequent washing step is a must
to remove the residual cations, otherwise the salts will precipi-
tate after drying and interfere with the structure of the final
fibers.

Closer to an ion diffusion situation yet in a special gel
network, higher ion concentrations, higher temperature and
lower CNF concentrations lead to faster coagulation rates.’®

view.

Comparison between these two types of coagulation baths

Based on the previous discussion, the use of organic non-sol-
vents or ionic solutions follows totally different coagulation
mechanisms. This also leads to differences in the final fibers
including the cross-section shape and mechanical properties.

Regarding the size/shape after the coagulation, it has been
reported that organic solvent tends to give irregular cross-
section shapes compared to ionic solution.”® The hypothesis is
that the surrounding non-solvents (ethanol and acetone)
diffuse slower than the mass transfer in water, and a rigid
surface layer (compact CNF network structure) is formed on
the fiber, with a relatively soft core.”®®® The rigid surface layer
is not strong enough to hold the shape when the fiber is
settled on the bottom surface of coagulating containers, and
the fiber collapses to a thinner shape under gravity.
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The impact of the coagulation bath on the mechanical pro-
perties of the fiber is significant. It has been reported that
fibers coagulated in an ionic solution have higher tensile
strength compared to ones in organic non-solvents (315 + 31.7
MPa in CaCl,, 319 + 15.2 MPa in HCI and 198 + 13.8 MPa in
acetone) and Young’s modulus (18.6 + 3.7 GPa in CaCl,, 17.0 +
2.1 GPa in HCl and 16.9 + 1.4 GPa in acetone).’® This is attrib-
uted to the enhanced interfibrillar interactions and promoted
hydrogen bonding when using acid and newly formed cross-
links when using Ca*".

Drying process

After the coagulation process, the still-wet fibers contain a fair
amount of solvent which needs to be dried in a favorable
manner to guarantee the fully compact CNF network structure
- preferably with minimal porosity while maintaining the high
CNF orientation. For the case of using organic solvent as
coagulation baths, it is critical to not achieve a 100% solvent
exchange, since the evaporation of water can facilitate
sufficient shrinkage due to the high surface tension. Moreover,
the organic solvent will evaporate rapidly, which leads to the
rest drying process dealing with residual water. As for the case
of using ionic solvents as coagulation baths, it only needs to
remove water.

Different drying methods have been explored, and can be
divided into contact drying and non-contact drying (Fig. 3).
The former is often achieved using a heating roller, while the
latter can be done using hot air, infrared lamps, ovens or
microwaves, as well as a simple procedure in which the fibers
are just hanged in open air at room temperature. With the goal
of making fibers with regular shapes (preferably the original
round shape at cross-section), heating rollers will alter the
shapes drastically.®’ Room temperature drying may achieve
uniform drying, yet the long drying time is a critical dis-
advantage in actual practice. In comparison, drying at elevated
temperatures using hot air, infrared lamps, ovens or micro-
waves could introduce the horrification effect (co-crystalliza-
tion of neighboring CNFs), leading to increased modulus for
the final fibers. However, it is hard to achieve uniform drying
from all angles using hot air and infrared lamps, while oven
and microwave drying are often carried out in a closed system
which cannot be integrated into continuous production.

Although drying gel-like fibers is a classical and easy
process when glancing at, there is still plenty of room for
research. For example, higher heat transfer rates can shorten
the drying time, but whether it will cause unwanted non-
uniform drying regions or even CNF degradation needs further
investigation.

Stretching process

Achieving alignment at a higher speed is challenging for nano-
fibers with a high aspect ratio and concentration due to per-

This journal is © The Royal Society of Chemistry 2024
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sistent colloidal entanglement,® thus necessitating the intro-
duction of the stretching process.

In conventional synthetic fibers, a post-stretching process is
often induced while the polymer is still in the melting state, in
order to improve the polymer chain orientation and get rid of
some internal defects. For CNF wet-spun fibers, such an objective
is also preferred, but the stretching process needs to be done
while the fiber is under still-wet conditions. Thus, stretching can
be applied at different stages during the wet spinning process —
namely pre-drying, in-process drying and post-drying stretching
(Fig. 9b). Pre-drying is located between the coagulation and the
drying process, the in-process drying is typically located upstream
of the end collection roller, involving the implementation of
stretching techniques throughout the drying procedure, and the
post-drying involves rehydration of fibers using water or steam fol-
lowed by subsequent stretching.

Notably, the wet-strength of the fibers in the former two
situations is not that strong, so stretching in those two steps
cannot be too high, otherwise it will introduce defects or even
cause breakage of the entire fibers. To deal with this, Zhao
et al. developed a two-stage stretching system, in which it is
firstly stretched 30% and then 10%, resulting in enhanced
CNF orientation with fewer nanoscale defects compared to a
single stage stretching.®? Moreover, even if the CNF orientation
is introduced, it may not be maintained before the fiber is
transferred to the drying process to fully lock it. This has been
reported by Kim et al”® that the CNF orientation created
during the pre-drying stretching step will decline significantly
during the washing step, making the pre-drying stretching not
preferred or even useless.

Post-drying stretching has been the first choice to achieve
optimal CNF orientation, thereby enhancing the mechanical
properties of the fibers. Mao et al.>" reported a post-stretching

a
Stretching
b Dispenser Pre-drying In-process Drying
Stretching Stretching
1 !
| OO O g @
N /I "
\ Q O / O IR lamp
Coagulation bath Washing bath

c Post-drying

‘ a,s, Stretching

g 0 E
[ 1
Still-wet filament Dry filament CNF-PS filament

Fig. 9 Schematic presentation of (a) CNF network changes practically
the CNF orientation during the wet stretching process, (b) pre-drying
and in-process stretching processes and the (c) post-drying stretching
process.> Adapted with permission from ref. 51. Copyright 2023
Elsevier.
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(PS) at 25% will increase the mechanical properties by 120%
(567 MPa compared to 257 MPa), while no improvement can
be seen when using in-process drying. Regarding the stretch-
ing ratio, fibers achieved through continuous wet spinning
using an organic non-solvent or acid coagulation bath is
limited to 40%,%'7%*'% while in a discontinuous wet spinning
process with ion crosslinking treatment, the stretching ratio
can reach 50-100%.%*

Mechanical properties of CNF wet-
spun fibers

By developing or optimizing all the processes above, the
mechanical properties of the final CNF wet-spun fibers are one
of the most desired objectives. The majority of the reported lit-
erature indicates that the tensile strength of wet-spun CNFs
from spinnerets and syringes is predominantly concentrated
within the range of 200-650 MPa, while Young’s modulus is
primarily found in the range of 0-40 GPa, as illustrated in
Fig. 10b. Clearly post-treatments including stretching can
improve the mechanical performance, and a special discon-
tinuous production route may give better results as well. For
example, the best mechanical properties obtained in continu-
ous wet spinning (the two-stage stretching process) can have
tensile strength and Young’s modulus values of 659.8 MPa and
33.2 GPa, respectively,®® while such properties reach 972 MPa
and 84 GPa for a special discontinuous wet spinning process
involving a combination of dopamine doping, ion crosslinking
and wet stretching.’®* Note that the fibers partially spun by
microfluidic devices exhibit significantly enhanced mechanical
properties (with Young’s modulus of up to 50-85 GPa and
tensile strength of up to 1000-1400 MPa) due to their superior
orientation and denser assembling structure (Fig. 10a), thanks
to the flow-focusing system.

Regarding the objective to replace synthetic fibers,
natural fibers*>'**™''* or regenerated cellulosic fibers®*>*
certain applications, the specific strength and modulus are
plotted in Fig. 10c. Promisingly, CNFs do have competitive per-
formance, especially in the Young’s modulus. Note that the
maximum strength values are comparable to its source, wood
fibers, indicating a good assembling structure by the wet spin-
ning process. More importantly, its continuous feature can
overcome the length limitation of plant fibers, which is a huge
advantage in many applications. The last thing we want to
comment on is that, although CNF wet-spun fibers can utilize
the mechanical properties of CNFs themselves to a large
extent, there is still room for improvement, since a single CNF
can have strength and Modulus of 2-6 GPa and 130 GPa.">"”

109-111

in

Industrial production perspective

Based on the previous discussion, CNFs made through the wet
spinning process have superior mechanical properties and sus-
tainable features, indicating great development potential in
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high performance applications. Compared to regenerated cel-
lulosic or other polymeric fibers prepared using a well-estab-
lished wet spinning process, the continuous fabrication of
CNF wet-spun fibers remains in an early stage of development,
despite the extensive research on process parameters such as
spinning suspension, extrusion, coagulation and drying pro-
cesses on the laboratory scale.

As discussed before, the fundamental configuration of the
current continuous wet spinning device typically consists of an
extrusion pump, a coagulation bath, a washing bath, several
bobbin winders and drying devices (Fig. 11a). Upon reviewing
the literature on CNF wet-spun fibers, it is evident that con-
tinuous spinning has exhibited superior production efficiency
compared to discontinuous spinning, achieving a remarkable
production rate of 4-33 m min~".5"°%'% However, there is still
a considerable gap when compared to viscose yarn’s pro-
duction rate of 500 m min~".""> Diverse techniques such as
post-stretching,®>%*°° post-coating,>® ion exchange,®® and
alternating (AC) electric field'® have been
implemented to ensure production continuity (Fig. 11a and b).

current

However, despite these commendable efforts, the mechanical
properties of terminal fibers remain suboptimal compared to
discontinuous spinning. The biggest challenge is to improve
the production rate, while guaranteeing the stability, consist-
ency, and reliability of the final fibers. Moreover, the high pro-
duction rate translates into high spinning rates, which in turn
can promote efficient longitudinal alignment of
CNFs.°’"® And yes, this undoubtedly necessitates the corres-

axial

ponding matching requirements for each subsequent section,
encompassing a sufficient supply of continuous and robust
spinning suspension, rapid and stable coagulation, as well as
optimal drying conditions.

Spinning suspension

The concentration of the spinning suspension plays a crucial
role in ensuring spinnability and continuity, as it directly

6396 | Nanoscale, 2024, 16, 6383-6401

determines the ultimate fiber qualities. A CNF concentration
of 2 wt% and above is typically selected during the continuous
spinning process, yet it has not been systematically optimized
since it was first reported by Kim et al.°® As the beginning of
the wet spinning process, undoubtedly prioritizing the optim-
ization of spinning suspension can open up more avenues for
exploring the whole wet spinning process.

The first challenge is to have CNF spinning suspensions at
a stable quality level, since it is well known that CNFs can be
obtained from different sources, pretreatments and nano-
fibrillation processes, which provide different chemical com-
positions, aspect ratios, surface charges, etc.>'* Actually, this
is a common issue for the CNF production industry. In reality,
differences in CNFs from batch to batch will drive up the
difficulty of adjusting the wet spinning parameters, which can
be time consuming and financially unfavorable.

Secondly, as reported by many studies, the CNF concen-
tration needs to be above 1 wt% or even 2 wt%, and a re-con-
centration process is always needed.”®®'"*>'% Note that most
of those studies are using a normal type of homogenization
facility which can only produce CNFs with a concentration
<1 wt%. Such a reconcentration process is always carried out
through centrifugation,®®®'~*>'%> vacuum evaporation (often
with rotary facility)*"*'® or (ultra-)filtration.’"” The first two are
time-consuming and energy-intensive; while the last one
cannot be performed in conventional filtering machines
because: (1) CNF suspensions at high concentrations are very
viscous and require extremely high driving pressure, and (2)
CNFs with a thin width/diameter can either pass through the
filter (with a big mesh size) too easily or block the filter (with a
small mesh size) to significantly reduce the flux. Moreover, the
re-concentration process may cause unwanted aggregation.
Therefore, while aiming for a sufficient concentration for con-
tinuous spinning, it is essential to strike a balance between
the drawbacks to achieve optimal preparation efficiency and
economic benefits.

This journal is © The Royal Society of Chemistry 2024
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Additionally, when the concentration of the spinning suspen-
sion reaches a certain level, gases introduced during the stirring
or preparation process may become trapped in the high-viscosity
spinning suspension, forming bubbles. These bubbles can lead
to fiber breakage during the spinning process, making degassing
an essential consideration. So far, centrifugation,*®®>'%>''® plane-
tary centrifugal mixer,”'*® and vacuum oscillation®"”*** have
been reported. However, the limited degassing capacity and pro-
longed processing time per cycle pose a bottleneck issue in indus-
trial scale-up. Therefore, developing a large-scale and efficient
degassing method is highly desired.

Coagulation process

As discussed before, organic non-solvents and ionic solutions
are the two most used types of coagulation baths. For the
former one, solvent volatilization is an inevitable issue that
may result in safety and cost concerns, especially when using
ethanol or acetone. Furthermore, during continuous spinning
processes, the diffusion of water within the fibers leads to
dilution of the coagulant, thereby imposing higher demands
on the circulating supplement section. For the latter one, an
additional washing step is a must to remove the excess acids

This journal is © The Royal Society of Chemistry 2024

or salts, and the prolonged procedure may also introduce fiber
defects. Additionally, the concentration of ions also gradually
decreases with increasing running time which also needs a cir-
culating supplement section.

Another challenge is the long coagulation time, up to tens
of minutes.®>°>°® Therefore, in order to ensure continuous
spinning, elongating the length of the coagulation tank is
necessary. Assuming that the wet spinning rate of CNFs
matches that of viscose (500 m min™"), using a coagulation
time of 20 s (note that most studies didn’t report this value),
the length of the coagulation tank needs to be longer than
150 m. This becomes a large construction and the corres-
ponding transmission continuity between adjacent sections
needs to be specially designed to maintain the high spinning
velocity while dealing with excessive friction and gravity effect.
The introduction of conveyor belts®® was used to address this
issue, providing additional support and preventing fiber break-
age when hanging in midair, as well as facilitating the winding
process. However, it is important to note that an appropriately
extended coagulation time is still required to safeguard the
fiber’s round stiffness and protect it from excessive flattening
or collapsing when in contact with the conveyor belt.

Nanoscale, 2024, 16, 6383-6401 | 6397
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Drying process

The drying process is also a critical section in determining the
production rate of continuous spinning, however, it is often
overlooked in most literature. The ideal case will be drying the
fibers homogeneously and efficiently in a fast manner.
Traditionally, using external heating sources can do the job,
however, CNFs exhibit inferior thermal stability and typically
undergo thermal degradation at 230 °C especially with surface
carboxyl groups.'*' Also, there are challenges with the heating
methods: (1) contact drying using heating rollers will change
the cross-section shape; (2) non-contact drying such as infra-
red light at too high intensity, cannot work on volatile or even
combustible solvents like ethanol.

Equipment optimization

The selection and arrangement of equipment are crucial
factors in optimizing the system. Nechyporchuk et al'®
employed bobbin winders with a thickness of 5 mm attached
to the surface and alternating each 50 mm, enabling drying of
the fibers in air without direct contact with the winder surface
and preserving their equiaxed cross-sections. Kim et al,”® on
the other hand, adjusted the height of the collection bobbin
winders to optimize winder usage and minimize the contact
area between the fibers and winders. Additionally, the angle
between the collection bobbin winder and the penultimate
bobbin winder is optimized to be acute in order to achieve an
ideal position, thereby ensuring efficient fiber drying.®*

Quick remark

If we make production capacity, i.e. the spinning rate as the
main objective, all the manufacturing sections within the wet
spinning process need to coordinate with each other to be
optimized. The starting spinning dispersion needs to have the
right spinnability, the spinning process needs to be able to
orient the CNFs while maintaining a continuous flow, the
coagulation needs to be fast and give sufficient wet-strength,
and the drying process needs to be efficient. More importantly,
the optimization of continuous wet spinning equipment
involves strategically arranging the coagulation bath, washing
bath, bobbin winders, and drying devices, as well as taking
into account the economic, safety and environmental aspects.

Conclusions

In the light of engineering strong man-made cellulosic fibers
by reconstructing plant fibers, wet spinning of cellulose nano-
fibrils (CNFs) into continuous fibers offers great opportunities
and has broad prospects. To optimize the performance of wet-
spun CNF fibers, a comprehensive understanding and control
of each wet spinning section is needed, which correlates with
the changes in both macro and micro perspectives: (1) the
bulk material phase changes from viscous gels to dried fibers
and (2) the CNF assembling network changes from a dilute
and isotropic form to a densely packed and oriented
confirmation.

6398 | Nanoscale, 2024, 16, 6383-6401
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Starting with the CNF spinning suspension preparation, key
factors including concentration, aspect ratio, surface charge,
processing history, and chemical composition intricately influ-
ence the rheological behaviour. The careful balance between
the deformation ability and connectivity of CNFs is essential to
optimize the spinnability. Moving to the spinning section,
both the spinning rate and spinneret design are critical, as
they control the extruding flow profile to provide sufficient
shearing for CNF orientation, which unfortunately has been
simply treated as plug flow in the literature. In the following
coagulation process, organic non-solvents promote fiber
shrinkage and the formation of a compact CNF network, while
ionic solvents induce gelation through electrostatic inter-
actions and cross-linking. As the first and critical step to soli-
dify the extruding fibers into certain shapes with mechanical
wet strength, more in-depth studies are urgently needed on
this special mass-transfer process crossing the gel state. The
drying process aims to lock the oriented CNF networks, while
minimizing the generation of defects such as local CNF aggre-
gations and air gaps. Finally, post-drying stretching emerges
as the preferred choice for enhancing CNF orientation and
fiber mechanical properties.

Besides the need for improving the production capacity
(spinning rate) for industrial realization, challenges persist in
a holistic optimization approach for spinning suspension
stability and continuity, coagulation efficiency, drying
methods, along with the need for equipment adjustment and
development, in order to promote the CNF wet-spun fibers for
high-performance applications when compared to synthetic
fibers.

In essence, this review not only elucidates the intricacies of
the wet spinning process, but also emphasizes the structure—
property relationships between the CNFs and the final wet-
spun fibers. By utilizing the plant fibers’ own building blocks,
we stand at the forefront of a promising era in fiber science
from nanostructures to industrial applications, representing a
significant stride towards sustainable and innovative practices
in the world of fiber materials.
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