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ABSTRACT: The cellulose industry depends heavily on water owing to the hydrophilic
nature of cellulose fibrils and its potential for sustainable and innovative production
methods. The emergence of nanocellulose, with its excellent properties, and the
incorporation of nanomaterials have garnered significant attention. At the nanoscale
level, nanocellulose offers a higher exposure of hydroxyl groups, making it more intimate
with water than micro- and macroscale cellulose fibers. Gaining a deeper understanding
of the interaction between nanocellulose and water holds the potential to reduce
production costs and provide valuable insights into designing functional nanocellulose-
based materials. In this review, water molecules interacting with nanocellulose are
classified into free water (FW) and bound water (BW), based on their interaction forces
with surface hydroxyls and their mobility in different states. In addition, the water-
holding capacity of cellulosic materials and various water detection methods are also
discussed. The review also examines water-utilization and water-removal methods in the
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fabrication, dispersion, and transport of nanocellulose, aiming to elucidate the challenges and tradeoffs in these processes
while minimizing energy and time costs. Furthermore, the influence of water on nanocellulose properties, including
mechanical properties, ion conductivity, and biodegradability, are discussed. Finally, we provide our perspective on the

challenges and opportunities in developing nanocellulose and its interplay with water.

KEYWORDS: nanocellulose, biomass, hydrogen bonding, water absorption, dewatering, mechanical property, ion conductivity,

biodegradability

ellulose, one of the most abundant biomass materials,
has been thoroughly investigated due to its inex-
pensiveness, sustainability, excellent mechanical prop-
erties, biocompatibility, and biodegradability.l’2 Cellulose can
be produced from a variety of sources, including bacteria, algae,
wood, hemp, and herbs. Wood, the most easily accessible of
these materials, has been broadly pulped to generate cellulose
fibrils (Figure 1A). Specifically, the process starts with cooking
and bleaching wood using water, which is the foremost
solution of chemicals and the medium for heat transfer for
facilitating lignin removal. The following steps involving
screening and washing rely on water to clean the pulp. The
production of pulp incurs significant water consumption; even
the thermomechanical pulp with the lowest water consumption
still necessitates 4 tons of water per ton of dried pulp (Figure
1B).”* Compared with unbleached pulps, the bleached pulp
requires more water to help further remove the residue lignin
and purify the cellulose. Furthermore, the production of pulp
from straw and bagasse requires more water than those made
from wood.
Water plays a crucial role not only in pulp production but
also in dispersion and transportation processes. Industries such
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as papermaking and textiles heavily rely on water to beat and
homogenize cellulose pulp, where water acts as an energy and
mass transfer agent, ensuring the formation of uniform and
stable cellulose fiber suspensions. However, a large amount of
water in cellulose suspensions must be removed while
producing dry cellulose products, leading to an additional
energy consumption. In these water-removal procedures, water
is potent. The surface tension of water in cellulose suspensions
helps remold interactions between cellulose, thus facilitating
the building of various cellulosic materials with different
microscopic and macroscopic structures.”

Furthermore, the properties of cellulosic materials are
closely related to their water content. As depicted in Figure
1C, cellulose fibers within plant cell walls exhibit a hierarchical
arrangement that includes cellulose fibrils ranging from the
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Figure 1. The relationship between water and cellulose in the cellulose industry is inseparable due to the hydrophilic nature originating from
the chemical structure of cellulose. (A) The cellulose manufacturing, processing, transport, and molding process relies heavily on water.
Reproduced with permission under Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/) from
ref 12. Copyright 2020 MDPI. (B) The overall water consumption amount in the production of waste paper deinked pulp (DP), chemi-
thermomechanical pulp (CTMP), thermomechanical pulp (TMP), natural sulfate bamboo pulp (NSBP), bleached sulfate bamboo pulp
(BSBP), natural Kraft pulp (NKP), and bleached Kraft pulp (BKP). Reproduced with permission for ref 3. Copyright 2018 Elsevier.
Reproduced with permission under Creative Commons Attribution 4.0 International (CC BY 4.0) license (https://creativecommons.org/
licenses/by/4.0/) from ref 4. Copyright 2015 Publications Office of the European Union. (C) The chemical constructions of cellulose chains

and schematic description of cellulose fibrils.

nanoscale to microscale. These microfibrils can be further
divided into elementary fibrils, each with a diameter of 1.5—3.5
nm, and exhibit both crystalline and amorphous regions. At a
finer scale, a single cellulose chain consists of numerous f-
glucopyranose rings linked to each other via 1,4-glycosidic
bonds. Abundant hydroxyl groups on f-glucopyranose rings
are dominant functional groups that provide hydrogen bonds
linking to other substances with polar functional groups,

typically referring to water molecules and other cellulose
chains in this system. As a result, water molecules tend to be
absorbed onto the surfaces of polar hydroxyl groups and
hydrate the surfaces of the materials. In addition, water
molecules can penetrate the gap and pores between cellulose
fibrils to alter the structure and other properties, such as

mechanical properties, ion conductivity, and degradability.
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Figure 2. Definition, properties, and detection of bound water and free water. (A) The diagram shows water aggregation around the cellulose
fiber. (B, C) Water molecules firmly bound on the surface of the fiber are BW (B), and those that are distant enough from the cellulose and
isolated from hydroxyl are FW (C). (D) Schematic description of the vibration of O—H under infrared light irradiation and a Raman laser.
(E, F) The vibration of the O—H bond of water can be detected, and the results are shown for (E) infrared and (F) Raman spectra. (E) is
reprinted with permission from ref 16. Copyright 2004 Elsevier. (F) is reprinted with permission from ref 21. Copyright 2009 AIP
Publishing. (G) Schematic description of the different mobilities of water in cellulosic materials. (H, I) BW and FW can be distinguished by
'"H NMR (H), DSC, and DTA (I) according to the different mobilities. (H) is reprinted with permission from ref 24. Copyright 2019
Elsevier. (I) is reprinted with permission from ref 26. Copyright 1988 Elsevier.

In recent years, studies of cellulosic materials have been
mainly focused on nanoscale materials, including cellulose
nanofibers (CNFs) and cellulose nanocrystals (CNCs) (in this
article, we use the general term “nanocellulose” to describe
them) with exceptional properties of both cellulose and
nanomaterials. In particular, nanocellulose has shown great
potential in various applications such as bioplastics,’®
medication and cosmetics,’ optical devices,® energy storage,9
environmental remediations,'’ water purification,'’ and so on.
However, the intrinsic hydrophilic feature of nanocellulose and
the substantial water consumption during its manufacturing
and processing bring critical challenges concerning trans-
portation, drying, storage, and lifetime. Addressing these
challenges is crucial to fully exploit the potential of
nanocellulose composites and advance their industrial
applications."" Hence, to reduce production costs and inspire
the design of nanocellulose-based functional materials, it is
crucial to have an in-depth understanding of the interplay
between nanocellulose and water.

22198

This review provides a comprehensive overview of the
fundamental understanding of free and bound water in
nanocellulose materials and the necessary analysis methods
to detect and differentiate them. Then, we describe the design
and processing principles of nanocellulose materials by adding
or removing water, emphasizing the interplay between
nanocellulose and water during material processing. Mean-
while, we summarize the significant influence of water (excess
water vs lacking water) on the properties and performance of
cellulose-based functional materials. Finally, future perspectives
on potential challenges and opportunities related to the
nanocellulose—water interplay are provided.

FREE WATER AND BOUND WATER

Due to its polarization, water absorbed on the surface of
hydrophilic materials is generally made of multiple layers.
Cellulose, as a typical hydrophilic material, has also
demonstrated a multilayered absorbed water structure.
Typically, the first hydration layer is bound to hydroxyl groups
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Table 1. Detection Methods Applied in the Identification of Free and Bound Water, Hydrogen Bonding Analysis, Moisture
Analysis, and Visualization of Water Hydrogen Bonding

materials methods water and hydrogen bonding analysis ref
paper FTIR TBW (3200 cm™") 16
moisture control LBW (3600 cm™)
deconvolution
bPEI/TOUS-CNFs FTIR-ATR O-D stretching (2000—2800 cm™") 17
deuterium labeling D—0O-D bending, 1210 cm™"
methylcellulose FTIR BW (1640.3 cm™) 18
moisture control FW(1655.8 cm™)
algorithm fitting O—H bending red shift with increasing moisture content
microcrystalline cellulose ATR/IR O—H stretching intensity decreased with bulk water evaporation 19
drying control
PCA, 2DCOS
microcrystalline cellulose NIR the intensity in the region of 7200—6200 cm™" increases with the increase in 20
moisture content
moisture control
PCA, 2DCOS
poly n,n-dimethylacrylamide Raman TBW (3050, 3233, 3401 cm™) 21
hydrogel
gaussian function fitting LBW (3514, 3630 cm™)
poly(vinyl alcohol) hydrogel Raman LBW (3612 em™) 22
Gaussian function fitting TBW (3240, 3411 cm™)
bacterial cellulose neutron scattering NFBW (250 K) 23
deuterium labeling FBW (265 K)
temperature control
corn straw cellulose powder LE-NMR BW (T, < 10 ms) 24
moisture control TBW (T, ~ 0.7 ms)
LBW (T, = 1.5 ms)
FW (T, = 40 ms)
bulk water (T, ~ 1000 ms)
filter paper TD-NMR TBW (T, = 1 ms) 25
moisture control LBW (T, = 3 ms)
FW (T, = 110 ms)
poly(hydroxystyrene) cellulose DTA, DSC, TGA, moisture control DSC (crystallization) 26
diacetate ¢
NFBW (first-order transition of water was not observed)
FBW (a small broad peak at about 235 K)
FW (sharp peak at about 255 K)
DTA (vaporization)
pure water (sharp peak around 270 K and broad peak around 330 K)
NFBW (broad peak at around 360 K)
NFBW and FBW (small peak at around 270 K, broad peak around 330 K with
shoulder at 330 K)
NFBW, FBW, and FW (sharp peak around 270 K, broad peak around 330 K
with shoulder at 330 K)
TGA (vaporization)
BW (second step of the weight loss)
Paper TGA-DSC, FTIR, moisture control content of FW, LBW, TBW 27
FW (3610 cm™)
LBW (3510 cm™)
medium strength hydrogen bounds (3360 cm™)
TBW (3070 em™)
paper HRI-TGA, temperature control hard-to-remove water 28
22199 https://doi.org/10.1021/acsnano.3c06773
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Table 1. continued

materials methods water and hydrogen bonding analysis ref
wood/CNF HRI-TGA hard-to-remove-water 29
wood NIR-HIS spatial resolution: 125 ym 30
drying control visualization of moisture distribution
dynamic change of FW and BW
apple and potato cells CRM spatial resolution: 1 ym 31, 32
visualization of hydrogen bonding states of water and moisture distribution
wood CRM spatial resolution: <0.3 ym 33
deuterium labeling moisture distribution
moisture control
soft wood neutron radiography spatial resolution: 80—100 ym 34
spatial distribution of moisture
nanocellulose treated cotton neutron radiography spatial resolution: 53 ym 35
diffusion of moisture
cellulose foam X-ray computed tomography spatial resolution: 90 ym 36
frozen density profiles of ice
sea cucumber NMR and MRI distribution of FW and BW 37
rehydration FW: T, weighted images
BW: T, weighted images
paper MRI spatial resolution: 10 um 38
moisture control diffusion of moisture
cellulose slurry NMR, MRI spatial resolution: 1 mm 39
drying control distribution of moisture, FW and BW
CMC/surimi gels NMR, MRI distribution of BW and FW 40
T, relaxation time profiles, water distribution
oil-paper terahertz time-domain distribution of moisture 41

spectroscopic imaging

on cellulose and introduces the absorption of the second layer,
which also increases the absorption of the third and more
layers of water. A previous simulation study reveals that the
first hydration layer extends up to 0.36 nm from cellulose,
while the second layer can reach up to 0.65 nm, and the third
layer can extend over 0.8 nm from cellulose."’ Although water
hydration is subdiffusive, the polarized water layer could be
extended from the nanoscale to the microscale.'* As illustrated
in Figure 2A, when a cellulose fibril is isolated and stably
dispersed in water, according to the electrical double-layer
model, the hydroxyl groups in cellulose would undergo slight
ionization in water, creating a negatively charged surface that
attracts counterions and inducing a diffusion layer composed
of hydronium and hydroxide ions, which are loosely associated
on the surface of cellulose.'> Water molecules absorbed on
cellulose through hydrogen bonding and polarization with less
mobility are named bound water (BW) (Figure 2B), while
water molecules that are sufficiently distant from polar groups
on cellulose with mobility and thermal properties close to
those of bulk water are categorized as free water (FW) (Figure
2C). It is worth noting that the mobility of BW at varying
layers differs due to interactions between water and cellulose.

According to the interaction strength between water and
cellulose, BW could be recognized as tightly bound water
(TBW) or loosely bound water (LBW). Differentiating
between BW and FW in cellulosic materials will be beneficial
for understanding the corresponding physical and chemical
properties of nanocellulose materials.

Detection Methods. To identify BW and FW, various
analysis methods have been developed, including infrared (IR)
spectroscopy, Raman spectroscopy, neutron scattering, nuclear
magnetic resonance (NMR), differential scanning calorimetry
(DSC), differential thermal analysis (DTA), and thermal
gravimetric analysis (TGA). Based on the detection mecha-
nism, these methods can be categorized into two groups:
spectroscopy methods that investigate the O—H vibrations and
other techniques that monitor water mobility. Table 1
summarizes the detection methods employed for the
identification of FW and BW, the analysis of water hydrogen
bonding, moisture analysis, and the visualization of water
hydrogen bonding.

Interactions between water molecules and water—cellulose
are predominantly governed by the hydrogen bonding of O—H
groups. Spectroscopy methods, including IR, Raman, and

https://doi.org/10.1021/acsnano.3c06773
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neutron scattering, have been used to investigate the O—H
vibration under the irradiation of certain types of light (Figure
2D). In particular, IR spectroscopy has been widely used to
study water dynamics and structure in hydrophilic polymers.
However, it is hard to distinguish the intermolecular hydrogen
bonding of cellulose and the hydrogen bonding between
cellulose and water due to the overlaépping peaks of O—H
stretching. For example, Olsson et al.'® recorded the Fourier
transform infrared (FTIR) spectra of water and paper under
different relative humidities (RHs). A computer deconvolution
analysis was introduced to give more precise information
regarding water assignment in the O—H region. As shown in
Figure 2E, peaks at 3200 and 3600 cm™' in the spectra
development are associated with TBW and LBW, respectively.
Besides, Watanabe et al.'"”*° combined a principal component
analysis (PCA), generalized two-dimensional correlation
analysis (2DCOS), and second-derivative analysis to analyze
the attenuated total reflection infrared (ATR/IR) spectroscopy
of wet microcrystalline cellulose (MCC) and study the water
dynamics during the drying process. A slight drop in the broad
band at 3390 cm ™' was identified during the first drying stage,
indicating the evaporation of bulk FW.

Raman spectroscopy, similar to IR spectroscopy, is a
valuable tool for investigating water by analyzing the scattering
of O—H bond scattering. It offers the advantage of studying
samples in aqueous environments, making it well-suited for
examining the water distribution in hydrogels. Ikeda-Fukazawa
et al.”"** incorporated computer deconvolution with Gaussian
function matching to analyze the O—H stretching mode of
water through Raman spectroscopy. The broad band at around
3400 cm™ is associated with the vibration of the water
molecules (Figure 2F). The O—H stretching mode is further
analyzed by Gaussian function fitting, and peaks at 3240 and
3411 cm™ are assigned to in-phase and out-of-phase modes of
the O—H stretching vibration of water molecules with four
hydrogen bonds.

On the other hand, the peak at 3612 cm™ represents the
weakly or non-hydrogen-bonded water’s O—H stretching,
where water’s hydrogen bonds are partly or entirely disrupted.
Neutron scattering is sensitive to hydrogen atoms and is used
to study the cellulose structure with a molecular dynamics
(MD) simulation. Quasi-elastic neutron scattering (QENS)
shows the relaxation and diffusive dynamics of water in
cellulosic materials and distinguishes rotational motions of
hydrated polysaccharides from long-range translational dif-
fusion of water."” ONeill et al.”’ recognized the nonfreezable
water absorbed on cellulose and the confined water
accumulating in narrow spaces between fibrils with the
combination of deuterium labeling, QENS, and MD. The
analysis of QENS shows that the water diffusion coefficient of
nonfreezable water doubles with a temperature increase from
250 to 265 K, while water molecules confined in cell lumens
remain frozen.

NMR, DSC, DTA, and TGA methods are often used to
investigate the structure, distribution, and quantity of water
molecules. As illustrated in Figure 2G, water molecules bound
to the cellulose surface are limited by hydrogen bonds, and
thus, they require more energy to be activated, causing lower
mobility. In comparison, water molecules that interact with
each other and are negligibly affected by the cellulose surface
show a higher mobility. NMR is commonly used to study
water in wood materials,"”** muscular tissue,” and hydro-
philic biocompatible polymers.** Different bonding strengths

between cellulose and water will induce different spin—spin
relaxation times (T,) in the '"H NMR spectra through low-field
NMR (LF-NMR) or time domain NMR (TD-NMR).*” With
tighter hydrogen bonding between water and cellulose, the
spectra show shorter T, values.”* Also, the mobility of BW
leaves a gentle peak shorter than 10 ms in the NMR relaxation
time ranges. In comparison, the mobility of FW exhibits sharp
and multiple peaks with T, values longer than 10 ms, as shown
in Figure 2H. In summary, T, relaxation analysis detects and
analyzes water in cellulosic materials according to its mobility
and therefore helps to locate and study the change of water
state during hydrolysis, drying, or wetting process.”

DSC can distinguish water by recording the exothermic and
endothermic peaks during the cooling and melting process. In
contrast, TGA and DTA can record weight and phase changes
during evaporation.””””*** In the cooling process, the
exothermic case of water was detected and recorded by DSC
with temperature cooling from 280 to 170 K.*° FW freezes at a
temperature similar to that of bulk water. Meanwhile, the BW
shows a supercooling phenomenon induced by the interaction
between water and cellulose, resulting in its freezing at a lower
temperature. To illustrate this, Figure 2I summarizes the
typical DSC spectra and peaks of water in hydrophilic
materials. Accordingly, water that is bound tightly to cellulose
and does not show the first-order thermodynamic phase
transition will not be detected by DSC and is named
nonfreezable bound water (NFBW). Water that freezes at a
temperature lower than the FW is recognized as freezable
bound water (FBW).

The melting process of water is more complicated than the
cooling and evaporation processes. Due to the non-first-order
thermodynamic phase transition behavior, NFBW also shows
no DSC curves during the melting process. With a water
content lower than 50%, the FBW shows a melting
temperature lower than that of bulk water. In contrast, FW
shows a melting temperature close to that of bulk water
(around 0 °C).**~>° When the water content becomes higher
(materials like hydrogel), the melting peaks of FBW and FW in
swollen materials gradually merge into a broad band at a higher
melting range.48_50 Similar to the cooling and melting
processes, FW evaporates like bulk water. Instead, BW shows
a superheating phenomenon and evaporates at temperatures of
>100 °C with more endothermic energy. The DTA result
shown in Figure 2I indicates that an endothermic peak
associated with FBW will appear at a temperature lower than
the peak of NFBW and shift toward the peak of FW as the
water content rises.

TGA is also expected to recognize and measure the water
content in hydrophilic materials. However, water starts
evaporating as soon as the ice melts, which results in water
contents calculated from TGA measurements that are less
reliable than those of DSC and DTA.”® Although water loss at
a temperature higher than 100 °C, recognized as BW, is more
reliable, it is more likely to be measured in materials with
strong hydrophilic groups, such as hydroxyl groups, on
cellulose. Therefore, the TGA of water is widely used in the
paper industry. Water determined by high-resolution iso-
thermal TGA (HRI-TGA) in the paper industry is called hard-
to-remove water, which is also a kind of BW achieved by
analyzing the first- and second-derivative curves.”®*” In brief,
the amount of BW calculated through DTA, DSC, and TGA
agrees fairly well when testing the strong hydrophilic groups,

https://doi.org/10.1021/acsnano.3c06773
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Figure 3. Visualization of hydrogen bond, moisture content, and distribution in cellulosic materials. (A) Investigating hydrogen bonding and
differentiating FW and BW by NIR-HIS assisted with PLS and PCA. Reprinted with permission from ref 30. Copyright 2021 Springer
Nature. (B) Combination of CRM and a moisturizing system with deuterium oxide to in situ map water distribution in wood under different
RH conditions. Reprinted with permission under Creative Commons Attribution license (CC BY) (https: //creativecommons.org/licenses/
by/4.0/) from ref 33. Copyright 2022 Frontiers. (C) Tracking moisture diffusion in untreated and nanocellulose-consolidated cotton
canvases by neutron radiography. Reprinted with permission under Creative Commons Attribution 4.0 International license (https://
creativecommons.org/licenses/by/4.0/) from ref 35. Copyright 2021 American Chemical Society. (D) Visualization of moisture diffusion in
oil paper insulation by THz. Reprinted with permission from ref 41. Copyright 2023 IEEE. (E) Investigating the capillary flow through the
micro pores in the cellulose foams via X-ray computed tomography. Reprinted with permission under Creative Commons CC-BY license
(https://creativecommons.org/licenses/by/4.0/) from ref 36. Copyright 2022 Elsevier. (F) Visualization of moisture content in gels added

with CMC by MRI. Reprinted with permission from ref 40. Copyright 2023 Elsevier.

such as hydroxyl groups. However, the results may vary when
testing weak hydrophilic groups such as acetoxyl.”®
Visualization of Water Hydrogen Bond. Based on the
practical and nondestructive detection of hydrogen bonding
and identification of FW and BW in cellulosic materials,
infrared techniques can also be used to visualize FW and BW
distribution. Ma et al.”® visualized the dynamic change in FW
and BW within wood using NIR hyperspectral imaging (NIR-
HSI). They employed partial least-squares (PLS) regression
analysis and principal component analysis (PCA) to generate
the maps of moisture content (MC), FW, and BW distribution.
Similarly, based on NMR and Raman, magnetic resonance
imaging (MRI) and confocal Raman microspectroscopy
(CRM) have been utilized to visualize moisture in materials,
especially cellular food materials.****”*" T, (spin—lattice
relaxation time) and T,-weighted MRI images,”” as well as the

CRM image processed using an iterative computational
algorithm,”" can effectively visualize the distribution of FW
and BW in cellular food. However, their application in
cellulosic material analysis requires further verification study.
Setting aside the purpose of discriminating between FW and
BW, as shown in Figure 3, MRI, X-ray topography, neutron
radiography, and terahertz (THz) time-domain spectroscopy
have found extensive use in visualizing water distribution and
moisture content within cellulosic materials.******** These
advanced techniques can visualize samples at a resolution of 1
pum and water at a resolution of tens of micro-
meters,313436,38,39,52-54

NIR-HIS and CRM are capable of assessing water content
and distinguishing between FW and BW in cellulosic materials,
but achieving a higher accuracy requires extensive data
collection and computational processing. THz and neutron
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radiography exhibit exceptional sensitivity to hydrogen
bonding, making them advantageous for moisture detection.
Furthermore, neutron radiography offers superior resolution
for determining the moisture content compared to MRI and X-
ray radiography. However, it is costly and needs access to
large-scale research facilities equipped with neutron sources. As
an emerging method, THz still demands further research and
development to enhance its capabilities in detecting hydrogen
bonding and moisture content within cellulosic materials.

Intermediate Water. Due to the stereo structure and
chemical and physical absorption phenomenon, the actual
status of water in cellulosic material is more complicated than a
simple model of a single cellulose fibril in water (Figure 2A).
Cellulosic materials with 3D porous and stable structures could
hold water weighing more than 10—100 times their weight and
maintain their figures without collapsing through chemically
hydrophilic and physical capillary absorption of water.
Therefore, a third part of the water molecule that interacts
weakly with the polymer network and bulk water was
proposed, named intermediate water (IW), as shown in Figure
4A. In contrast to FW molecules, which form four hydrogen
bonds with neighboring water molecules, the IW molecules are
characterized by being less attractive to each other, resulting in
fewer hydrogen bonds (as depicted in Figure 4B). This
properly renders IW an ideal material for solar-power water
evaporation material, giving its lower evaporation enthalpy
compared to bulk water.”® The IW interacts weakly with the
polymer network and bulk water. It can also be recognized as
LBW through Raman microscopy’’ and FBW through
DSC. 5056

For instance, Zhou et al.”” manufactured a hydrogel with
controllable hydrability and discussed the relationship between
IW proportion and vaporization enthalpy of hydrogels. The
prominent endothermic peaks in the DSC curve are attributed
to IW and FW, as shown in Figure 4C. In addition, the ratio of
IW to FW is calculated as the ratio of the experimental values
of IW (AQRY) and FW (AQSY) read from the fitted curves,

and this ratio increases with growing hydrability (Figure 4D).
Furthermore, after recording the weight loss of materials (mg)
and bulk water (m,) in a dark space with identical power input
(U,) by controlling temperature and relative humidity, the
equivalent vaporization enthalpy of water in the hydrogel
(Eequ) that is calculated refers to the vaporization enthalpy of
bulk water (E,,,) according to the following formula:

[Jin = EOmO = Eequmg

To summarize, a higher ratio of IW to FW correlates with a
lower equivalent vaporization enthalpy of water in hydrogels
(Figure 4E). This finding is supported by research from Guan
et al,>® who developed an advanced solar steamer using
bacterial cellulose, resulting in a reduction in vaporization
enthalpy. In particular, water in the CNTs/BC hydrogel is
investigated through the DSC melting process, revealing IW
and FW contents of 69% and 24%, respectively. The
evaporation rate tested in a dark chamber shows a 60%
lower equivalent vaporization enthalpy of water in the CNTs/
BC hydrogel than that of bulk water. These results further
support the effectiveness of the strategy to build a solar steam
generator using a cellulose-based hydrogel.

Water Holding in Cellulosic Materials. Since water is
ubiquitous in the environment, achieving completely dried
cellulosic materials can be challenging and requires precise
moisture control. Specifically, cellulose tends to absorb at least
a monolayer of water molecules, even under relatively dry
conditions.”” The number of layers increases with increasing
humidity in the environment and reaches its fiber saturation
point at a 100% relative humidity. This naturally absorbed
water from the air is mainly considered BW, as it will not swell
or destroy the appearance too much. In particular, water vapor
absorption of cellulosic materials was studied by dynamic
vapor absorption®® and calculated by the weight change of
materials stored in closed containers where the humidity level
was controlled by a saturated salt solution.”” The moisture
content of cellulosic materials exhibits characteristic sigmoidal
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isotherms in the absorption and desorption processes in
response to relative humidity. These moisture—humidity
curves of cellulosic materials show hysteresis, indicating that
water absorption and desorption processes in cellulose mainly
rely on capillary condensation and evaporation.®”®' Hakalahti
et al® investigated the water vapor absorption behavior of
TEMPO nanocellulose and evaluated it through the
quantitative Langmuir/Flory—Huggins/clustering model and
Brunauer—Emmett—Teller model. Figure SA provides a
representative water absorption model of 2D cellulosic
materials made by TEMPO nanocellulose film. They found
that the swelling of the film was induced by the penetration of
water between the nanocellulose rather than the swelling of the
nanocellulose itself. The swelling model shows that water
molecules absorbed on nanocellulose go through the following
three regions: the specific absorption in dry air (RH < 10%),
the multilayer buildup in humid air (10% < RH < 75%), and
the clustering of water molecules at high humidity levels (RH
> 75%). In addition, moisture absorption predominantly
occurs in the disordered regions and the surface of the
crystalline regions of cellulosic materials. For example, Guo et
al>® studied the water absorption of CNC and CNF with
cellulose I and II structures and found that their equilibrium
moisture contents increase with the decrease of crystallinity.
They also found that the cellulose II structure absorbed more
water than did the cellulose I structure during the absorption
process. Additionally, the swelling of cellulose is more likely to
happen in the cellulose II structure than in the cellulose I
structure, resulting in a longer running time and a higher
moisture content. The ratio of amorphous to crystalline
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regions affects the moisture resistance of cellulosic materials,
which attracts researchers to study and control the crystallinity.

However, the assembly mode of the cellulose macro-
molecule, which affects the specific area and content of
exposed hydroxyl groups, significantly impacts the moisture
absorption of cellulosic materials. First, the size of fibrils and
the distribution of amorphous regions mainly manage the
exposure of hydroxyl groups and distribution of BW and FW.
Hatakeyama et al.>> measured water distribution in CNF and
MFC by DSC and reported a higher BW content in
nanocellulose than in microcellulose. In another example,
Mihranyan et al.*” studied the moisture absorption of cellulosic
powder with varying crystallinity. They found that micro-
crystalline cellulose made from a weblike Cladophora green
algae with the largest pore volume and surface area showed the
highest moisture absorption capacity, even when it had a high
level of crystallinity, surpassing other crystalline cellulose
powders with lower specific areas. Second, cellulose can retain
more water with the designed scaffold and 3D structure after
sufficient swelling in water. In this case, the water holding
capacity (WHC), which contains both BW and FW in the
materials, was raised and measured by a sieve shake
method.®*** WHC of nanocellulose materials can be studied
by subjecting them to compression and monitoring the
subsequent weight change as well. However, this method
requires the material to exhibit a satisfactory compressibility. Li
et al.°® fabricated a nanocellulose aerogel with long-lasting
water durability and enhanced hydrophilic properties through
the ester cross-link. As shown in Figure 5B, the nanocellulose
aerogel can hold water weighing 120 times more than the dry
weight of itself and can release water quickly by compression.
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After about 20 cycles of water absorption and extrusion, the
WHC of the aerogel is slightly reduced but still very
impressive. Feng et al.%” fabricated highly porous nanocellulose
aerogels from rice straw. As shown in Figure SC—E, the aerogel
density and porosity can be as low as 1.7 mg/m® and up to
99.9%, which absorbed 210 times of water to its weight. The
nanocellulose aerogels show excellent resilient properties in
water and can cyclically absorb water without obvious
reduction at least 4 times. To be brief, the water absorption
capacity of materials mostly depends on the capillarity
influenced by the porous structure of materials. Thus, by
modification of the crystallinity and structure of nanocellulose
materials, the distribution of FW and BW and WHC can be
controlled or adjusted to meet the needs of different
applications.

USING WATER VS REMOVING WATER

Using Water. Nanocellulose Hydrophilicity and Water
Insolubility. Cellulose, assembled with pyranose rings via f-1,4
glycosidic bonding, has the ability to readily establish hydrogen
bonds with other dipoles through the three reactive hydroxyl
groups on glycoside. Therefore, cellulose is well-defined as a
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hydrophilic macromolecule. As removing all water from the
cellulose surface is difficult, the air-dried samples generally
contain 3—10 wt % of residue water.*® However, cellulose with
superhydrophilicity is insoluble in water without assistance
from high-temperature and high-pressure treatment.””’® From
a biological point of view, it is rational that cellulose is
insoluble in water: it serves as the primary support of plant cell
walls. Additionally, a strong hydrogen bond between cellulose
molecules was used to explain the dissolution of cellulose
fibrils. However, a recent study indicates that hydrogen
bonding between water—carbohydrate, water—water, and
carbohydrate—carbohydrate interactions shows no significant
difference.”’ In reality, interactions between celluloses involve
more than hydrogen bonding. As shown in Figure 6A, cellulose
chains are linked together by hydrogen bonding to form plates.
These cellulose plates tend to aggregate in order and stack into
crystalline structures with lower free energy due to the van der
Waals forces and hydrophobic aggregation, making cellulose
insoluble.”””® Another important reason is the amphipathic
nature of cellulose: the hydrophilic hydroxyl groups are on the
equatorial plane of the cellulose chain, while the C—H in the
axial direction is hydrophobic.”* Therefore, water aggregated
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around the cellulose matrix, and the formed hydrogen bond
with hydroxyl groups are exposed at the side face (Figure 6B).
Alternatively, water molecules tend to form hydrogen bonds
with each other and stay away from the highly hydrophobic
plane of the sugar ring.”> In addition, the single-molecule
experiments indicate that cellulose is somewhat hydrophobic
even if the chain is molecularly dispersed in water.”®

The hydrophobic aggregation of cellulose chains has been
widely recognized and accepted. It has been reported that the
cellulose chains aggregate and form elementary fibrils in three
modes, including 36, 24, and 18 chains shown in Figure
6C.”77% The elementary fibrils are the basic unit of cellulose
fibril, which combines lignin and hemicellulose to make up the
water-insoluble plant cell wall (Figure 6D). Although cellulose
fibrils are insoluble in water, their water swelling behavior is
considerable. Through sufficient water absorption, the
amorphous region and crystalline surface of cellulose are well
penetrated by water. Then, the increased distance between
chains makes cellulose softer and more accessible to other
water-soluble chemicals. In addition, metal hydroxides such as
LiOH, NaOH, and KOH are more efficient swelling agents
than water, making part of the crystalline cellulose
swollen.””~®" By disrupting the hydrogen bonding between
cellulose macromolecules, a cellulose supermolecule state is
formed. This state can be stabilized by introducing cooper ions
as metal ligands to reconstruct the cellulose polymeric chain
and open angstrom-scale channels for fast ion transport.*” The
steady coordination of copper ions inside cellulose super-
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molecule also benefits the facile fabrication of antiviral and
antibacterial textiles.*’

Generally, with the increased concentration of an alkaline
solution, the swelling degree will first increase and then
decrease due to the relatively small hydrated ion radius of
highly concentrated metal ions. Therefore, cellulose swells
limitedly rather than infinitely (dissolves) in both water and
metal hydroxide solvents without other assistance. A transition
metal and an amine or ammonium component have been used
to build cellulose solvents involving complex agents.**~*
However, this metal-ion-based aqueous solvent is highly
undesirable due to an acid—base reaction between the cellulose
and the basic metal cations,®® which will oxidize and degrade
cellulose. Alkali-based aqueous cellulose solvents, including
NaOH/urea, NaOH/thiourea, and NaOH/PEG, show great
promise in dissolving cellulose without degradation.”’~*’
However, the strength of the resulting products experienced
a significant decrease due to the formation of cellulose II
during the dissolution process.”””" Furthermore, the associated
environmental cost, chemical usage, and equipment corrosion
limit the development of water-based cellulose solvents.
Instead, a more favorable approach involves fabricating
cellulose I type fibrils through a disintegration process from
natural cellulose, enabling the creation of mechanically robust
cellulosic materials in a simple, cost-effective, and environ-
mentally friendly manner. The pure cellulosic materials with
the most impressive mechanical properties reported to date are
derived from natural fiber materials, achieved by carefully
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controlling water content and preserving the cellulose I type
structure. As exemplified by Li et al,” cellulose 1 type fibrils,
densely packed from naturally aligned bamboo cellulose
nanofibrils, exhibit an exceptional tensile strength of 1.90
GPa, surpassing the performance of most previously reported
filaments, including glass fibers and carbon nanotube fibers.

Water in Manufacturing Nanocellulose. The production
of nanocellulose involves the breakdown of the multilevel
structure of cellulose fibers through mechanical or chemical
treatment. However, the complex multilevel structures and
large size of cellulose fibers pose challenges in achieving
effective dispersion and stable suspensions because more
energy is required to open up the aggregation of cellulose
fibrils and obtain a stable cellulose suspension. Bacterial
cellulose (BC) fabrication offers a more direct way to produce
nanocellulose than wood pulp because of its high purity, high
aspect ratio, and nanoscale diameter (about 20—100 nm).”*
BC fabrication tends to directly exhibit membrane and
hydrogel properties instead of forming a uniform nanocellulose
suspension. Therefore, the dispersion processes are necessary
for producing nanocellulose suspensions that can be freely
assembled to ideal materials.

The mechanical methods to make microfibrillated cellulose
include high-speed shearing, ball milling, ultrafine grinding,
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microfluidization, homogenization, and sonication.””® During
these processes, input energy is transferred to the fluid,
forming cavitation, turbulence, and shearing effects and cutting
and breaking cellulose fibers into smaller fibrils. These
products, made from microfibrillated processes, named micro-
fibrillated cellulose (MFC) or nanofibrillated cellulose (NFC),
retain the crystalline and amorphous regions of the original
cellulose fibrils with a relatively higher aspect ratio. Therefore,
MEFCs are highly entangled and inherently connected fibrils
with aggregated mechanically strong networks and superior
hygroscopicity.”” The mechanical process for producing MFC
is quite simple but still faces challenges, including large energy
consumption and equipment clogging.

Researchers are now focusing on more energy-efficient
production methods by pretreating fibers with chemical and
enzymatic methods. It is known that introducing charge groups
will electrostatically induce the swelling of fibers as well as the
hydrolysis treatment of decomposing hemicellulose or
amorphous cellulose between microfibrils and elementary
fibrils to facilitate the release of nanofibrils. Therefore,
chemical and enzymatic pretreatments decrease fiber cohesion
and alleviate energy consumption during delamination.”
Previously, reports have demonstrated TEMPO-oxidation,
carboxymethylation, and enzymatic treatment as successful
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pretreatments to produce CNF suspensions with higher
hygroscopicity and superior rheology.”” """ In addition,
several emerging technologies, including phosphorylation,
sulfonation, periodate—chlorite oxidation, cationization, and
carboxymethyl cellulose grafting, have been tested to provide
CNF suspensions, for their potential to introduce charge
groups on cellulose and accelerate the swelling and nano-
nization of cellulose fibril.”*'**~'® Through chemical and
biochemical treatment, CNF exhibits a soft and long chain of
widths ranging from 10 to 100 nm and lengths ranging from a
few hundred nanometers to micrometers (Figure 7). Other
typical cellulose I nanofibrils are cellulose nanocrystals (CNC)
formed from acid hydrolysis and oxidation. The amorphous
region of cellulose fibrils is selectively degraded during
hydrolysis and leaves isolated highly crystalline nanowhiskers.
In addition, a negative surface charge usually comes up with
acid treatment, which facilitates the dispersion of CNC and
induces a stable CNC colloid in water. Sulfuric acid and other
acids were investigated, including hydrochloric, hydrobromic,
citric, phosphoric, oxalic, and maleic acids, to produce
CNC.”*'%7!% 1y brief, CNF and CNC production methods
are related to the chemical reaction on the surface hydroxyl
groups of cellulose in water, which either actively or passively
causes these materials to become highly hydrophilic. There-
fore, the production of CNF and CNC highly relies on water,
which plays a vital role as a solvent for chemical reactions and
nanocellulose dispersions.

Recently, aliphatic esters, rather than hydrophilic ionic
surface groups, were introduced on the cellulose surface to
fabricate cellulose nanofibers with hydrophobicity and water
stability.''~''* These modifications required dried cellulose
and organic solvents as reaction media to generate cellulose
with poor processability in water, bringing forth concerns
about its environment and cost. However, Beaumont et
al.''>'" found that the existence of water benefits the
regioselective esterification of cellulose, and esterified CNF
was fibrillated and suspended in water with fluid properties
similar to those of CNF. Furthermore, the esterification of
cellulose can be reversed by modifying functional groups on its
surface, enabling facile aqueous processing after esterification
and impressive recovery of natural nanocellulose performance
after ester hydrolysis."'” They also found that the water-
assisted surface functionalization of cellulose could come up in
humid environments, which induced surface-confined water
(bound water) as a reaction medium."'®

Rheology Properties and 3D Printing. Cellulose fibril
morphology and size changes will induce different degrees of
exposure to hydroxyl groups and thus influence the rheological
properties of fluids. More water will be absorbed on the
cellulose surface with smaller diameters and larger aspect ratios
due to the hydroxyl groups on the equatorial planes of the
cellulose chain. As shown in Figure 8A, it has been reported
that the size of nanocellulose will decrease with increasing
output energy of mechanical disruption while the content of
bound water increases.'”' Therefore, a cellulose suspension is
usually diluted before microfluidization to fabricate nano-
cellulose fibers with nanoscale size.'”> Nanocelluloses with
larger aspect ratios show an increasing attraction of BW, which
is positively related to the density multiplied by the intrinsic
viscosity of the cellulose suspension, as shown in Figure 8B. In
other words, nanocellulose fibrils entangle more than cellulose
fibers with the same concentration. Therefore, nanocellulose
can only be isolated without entanglement when the
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suspension concentration is low enough. Isogai et al.

measured the boundary concentration of TEMPO-oxidized
nanocellulose between dilute and semidilute regions. They
reported that the nanocellulose solution with a concentration
lower than 0.12% w/v was the diluted dispersion that could be
used to evaluate the length of nanofibers. With the increasing
concentration of cellulose suspension, cellulose entangles and
aggregates because there is insufficient FW to separate the
fibrils. During the concentration process, the cellulose
suspension transfers from dilute to semidilute and from
semidilute to gel solution with increasing viscosity. In addition,
the size and aspect ratio of fibers are closely related to the
gelation of cellulose suspension, because the intrinsic reason
for gelation is hydrogen bonding between cellulose. It has been
reported that the gelation concentration of a nanocellulose
suspension increased 4 times while the aspect ratio of
nanocellulose was reduced to half of what it was.'>
Furthermore, the solution showed excellent rheological
properties when the concentration of nanocellulose was higher
than 20 wt % (Figure 8C).

The combined interactions between cellulose and water give
the cellulose suspension excellent shear-thinning rheological
properties and gelation behavior above the critical concen-
tration. These capabilities make nanocellulose—water suspen-
sions a biocompatible, low-cost, and fascinating material,
serving as a building block, filler, matrix, and rheological
modifier in 3D printing. Gelation behavior originating from
entanglements of nanocellulose in water allows nanocellulose
to construct self-standing structures by 3D printing, which
permits the rebuilding of various fancy structures, as shown in
Figure 8D. With almost zero toxicity and genotoxicity against
cells, nanocellulose is considered a good supporter of tissue
engineering through 3D printing.'”* Furthermore, thanks to
the superior rheological properties and amphipathicity, nano-
cellulose can be utilized as a surfactant for dispersin
CNT,"?>"2¢ lithium metal,"*’ graphene oxide,"?’ graphite,n‘
carbon black,"*® and boron nitride.'?* Therefore, nanocellulose
slurries with printable properties enable accurate reconstruc-
tion of materials applicable in energy storage, solar steam
devices, water harvesting, and thermally stable ion conductive
materials. As a mechanically robust material, nanocellulose was
used as a filler to reinforce materials and humidity responses in
the soft matrix."** However, using nanocellulose in 3D printing
is not ideal, as the resolution ratio and structure stability of
building blocks are sensitive to the drying process and
environmental humidity. Different cross-linking methods,
such as ion and covalent bond cross-linking, were considered
to keep the shape from collapsing.'*" Thus, critical issues still
need to be considered to stabilize the structure, enhance
printing resolution, and control the humidity sensitivity of
nanocellulose-based 3D printing materials.

Rehydration and Reformation of Nanocellulose. Due to
the inherent hydrophilicity of nanocellulose, water can readily
permeate the material and establish bonds with the hydroxyl
groups present. Compared to the hydroxyl groups confined
within the cellulose macromolecule and influenced by its
configuration, water molecules, functioning as both hydrogen
bond acceptors and donors, exhibit greater flexibility. They
tend to organize into water clusters and create hydrogen
bonding networks encompassing water—water and water—
cellulose interactions. Consequently, the cellulosic fibrils
undergo swelling, and water assumes the role of a plasticizer,
lowering the material glass transition temperature, rendering it
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Figure 9. Water as a plasticizer to soften materials and assist deformation. (A, B) Schematic illustration (A) of the better compressibility of
cellulose nanofiber bulk materials with higher moisture content and (B) mechanical properties of compressed cellulose nanofiber bulk
materials at varied moisture content. Reprinted with permission from ref 138. Copyright 2019 Royal Society of Chemistry. (C—G)
Illustrations of CaCly-induced cross-linking and water adsorption in CNF monolith (C) and water molecules activated shape recovery
properties of cellulose fibers (D). Shape recovery properties of the CNF monolith om in-plane (E, F) and out-of-plane compression (E, G).
Reprinted with permission from ref 140. Copyright 2021 American Chemical Society.

more pliable and facilitating deformation. Water significantly
enhances flexibility, even in the presence of only a small
amount of moisture within the material. BW, in particular, has
been observed to contribute positively to the deformation®"*®
and mechanical properties'*®™"*® of cellulosic materials. As
illustrated in Figure 9A,B, Han et al."** rehydrated delignified
wood, allowing water to penetrate cellulose nanofibers and
establish additional hydrogen bonds. Subsequent compression
tests demonstrated that the density and mechanical strength of
the compressed wood exhibited a direct correlation with the
increasing content of BW. BW serves as a structural element
within the network, bridging cellulose nanofibers and
facilitating the interaction between wood cells and nano-
cellulose. Water molecules soften the materials during
rehydration and promote easier material reformation during
dehydration (compression). As reported by Han et al,'*® an
appropriate amount of water in dried wood aerogels fosters the
formation of additional hydrogen bonds among cellulose

nanofibers, making the wood more amenable to compression
and resulting in stronger materials.

When nanocellulose materials become fully saturated with
water, this has a beneficial effect on the shape recovery of these
cellulosic materials. By strategically designing nanocellulose
materials with wet resilience, we can permeate every pore
within the materials without causing them to collapse. Upon
full saturation in water, the FW within the hydrogen bond
network can swiftly exchange with water in the surrounding
solution. Meanwhile, BW acts as a supportive bridge between
nanocellulose components, providing a soft support to the
materials. In this case, with insufficient compression that does
not collapse the micro- or nanopores within the materials, the
water within the materials can readily respond to deformation
and facilitate shape recovery. Jiang et al.””'*° demonstrated
that CNF aerogels produced by freeze-drying exhibited wet
resilience and shape recoverability when subjected to
compression of less than 60% in an aqueous environment.
The excellent shape recovery attributes are attributed to
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Figure 10. Schematic description of methods for removing water from nanocellulose materials through diffusion (e.g., filtration and wet
press), evaporation (e.g., hot press and microwave), and sublimation (e.g., directional and spray freeze) of water, and reduction of cellulose—
water hydrogen bonds (e.g., solvent exchange and ion cross-linking). Sample of directional freeze-drying is reprinted with permission from
ref 178. Copyright 2019 Springer Nature. Sample of solvent exchange is reprinted with permission from ref 179. Copyright 2017 John Wiley
and Sons. Sample of ion cross-linking is reprinted with permission under Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0/) from ref 180. Copyright 2019 Springer Nature.

limited compression and a hydrogen bonding network capable
of rapid dynamic changes. Water plays a critical role in
mediating the flexibility of nanocellulose materials through
processes such as soaking and humidity control.

Nevertheless, controlling water content via soaking can be
challenging, and humidity-based methods for water content
control are influenced by the inherent structure and
hygroscopic properties of the material, rendering them
sensitive to environmental conditions. In a different approach,
Chen et al."* employed a hygroscopic salt (CaCl,) to regulate
water absorption in CNF monoliths (as illustrated in Figure
9C—G). This treatment significantly increased the water
uptake of nanocellulose materials at room temperature and
humidity (25 °C and 43% RH), elevating it from 8% to
approximately 75%. Consequently, a transition from rigidity to
elasticity in nanocellulose materials was observed, with water
acting as a plasticizer that enhanced the material shape
recovery capability by a factor of 100 under room-temperature
and -humidity conditions.

Removing Water. Motion of Water and Cellulose.
Thanks to the inherent hydrophilicity of cellulose, cellulose
fibers could be permeated by water and form nanocellulose
suspensions in an environmentally friendly and cost-effective

manner. However, water needs to be removed from the
nanocellulose suspension to manufacture biodegradable and
mechanically strong films, fibers, and foams through various
drying methods with exceptions for building hydrogel materials
or modified inks in 3D printing. During the drying process, the
intermolecular forces of cellulose and water play a significant
role and give water three states according to their mobility:
FW, LBW, and TBW. Removing water from a nanocellulose
suspension generally involves breaking the interaction between
cellulose and water. From this viewpoint, dewatering methods,
as shown in Figure 10, can be clarified into two major parts:
activating the movement of water and reducing the bonding
between cellulose and water. Table 2 provides an overview of
conventional approaches for water removal by triggering water
movement.

Activating Water—Liquid to Liquid. Generally, liquid
water can be removed from a nanocellulose suspension by
applying force (e.g, shear, press) to the suspension, inducing
the separation between water and cellulose. In this process, the
major type of water capable of traversing through channels in
the nanocellulose network is FW with high mobility, while a
substantial number of BW remains within the nanocellulose
slurry. This partial water removal, called dewatering, involves
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Table 2. Conventional Dewatering and Drying Method to Remove Water from Nanocellulose Materials

methods input and output materials water removal efficiency
filtration suspension to gel-like cake FW is removed in hours
shearing gel auxiliary dewatering of FW
pressing wet mat FW and partial LBW are removed in hours
air-drying CNF slurry FW and partial LBW are removed in hours,
with no energy input
oven-drying suspension/gel to bulk material FW and partial BW are removed in hours

hot-pressing

gel/mat to bulk material

FW and partial BW are removed in hours

microwave suspension/gel/mat to bulk FW and partial BW are removed in minutes,
material with high energy efficiency
spray-drying suspension to powder FW and partial BW are removed in hours

material structural characteristics

gravity and/or pressure drive FW removal and solid content

increase

internal stress induces fibril entanglement and phase separation

to form a flocculated gel

compression induces drainage and drives densification

capillary and diffusion forces drive densification

atomization reduces the size to form small droplets

freeze-drying  suspension/gel/mat to powder

or porous materials

spray freeze- suspension to powder or

drying aerogel
supercritical suspension/gel/mat to powder ~FW and partial BW are removed in hours
drying or porous materials

FW and partial FBW are removed in days.

FW and partial FBW are removed in days

capillary and diffusion forces drive densification to form micro-
and nanoparticles

ice growth induces fibril agglomeration and the formation of 2D-
sheet inner walls

ice sublimation forms a porous structure

atomization reduces the size to form small droplets

restricted ice growth induces less fibril agglomeration and the
formation of a filamentous inner wall

ice sublimation forms a porous structure

solvent exchange

suppressed capillary force induces less fibril agglomeration and
the formation of filamentous inner walls

Gasification of CO, forms a porous structure.

various methods, including filtration, shear stress, and wet
pressing. Filtration processing is commonly employed for
dewatering nanocellulose on a lab scale, but it typically requires
several hours due to the high water retention properties of
nanocellulose.'*" As reported by Rol et al.,'* filtering a 2 wt %
CNF suspension by gravity and aspiration proved ineffective in
increasing the solid content, because of the viscous and gel-like
behavior of CNF. A large number of water molecules remained
trapped within the nanocellulose network, resisting extraction
by a vacuum force. Although filtration cannot completely
remove water from the materials, it is the simplest and most
cost-effective method for removing predominant FW. More-
over, vacuum filtration is a facile approach for fabricating
sandwich-like nanocellulose composite membranes applied in
sustainable energy storage systems.'** The shear stress method
usually works as an auxiliary to the filtration method due to its
low efficiency. For example, the relationship between
dewatering and rheological behavior was investigated by
Dimic-Misic."*""**~'*” They found that ultralow shear might
cause phase separation and dewatering in the nanocellulose
solution, speeding up the vacuum filtration.""""**~'*" Wet
pressing is another standard method for MFC dewatering; it
could compress the nanocellulose suspension with a plate and
frame, resulting in a compressed pad with 18 wt %."*' To
summarize, these three dewatering methods are recognized

through capillary percolation by forcing the suspension
through mechanical, shear, and atmospheric pressure. These
processes mainly remove the FW, which barely interacts with
cellulose and has the best motility in the solution, leaving a wet
gel/mat rather than a dried film or web. The assistance of
evaporation or sublimation of water is required to achieve
complete dewatering of nanocellulose.

Activating Water—Liquid to Gas. The nanocellulose
materials can be dried thoroughly with air and heat by
transforming the FW and LBW from liquid to gas. TBW and
partially LBW would remain in the material because of
rewetting in the air. It is easy to accomplish air-drying by
placing the moist material in the dry air.'*® The humidity
differences and Brownian motion of molecules will induce the
release of water molecules from moist materials into the air.
Finally, the water content in materials comes to balance with
the relative humidity of air (Figure SA). Air drying is energy-
efficient with nearly zero energy consumption. However, it
generally takes a long time due to the slow water evaporation
process occurring under ambient conditions and is restricted
by environmental humidity.

The water evaporation can be sped up through the heating
process by absorbing energy from heat sources. In this process,
the nanocellulose suspension absorbs energy, reaching a high
temperature where the nanocellulose remains stable while
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Table 3. Water Removal Methods Applied to Nanocellulose Materials for Reducing Water—Cellulose Hydrogen Bonding

materials methods dehydration mechanism
CNF nanopaper  vacuum lactic acid modified hydroxyl groups and
filtration improved hydrophobization of nanofibers

lactic acid

modified
hot pressing

porous cnf vacuum filtration-based solvent exchange suppressed the
nanopaper filtration aggregation of nanofiber
SE (hexane)
holocellulose vacuum hexane evaporation enhanced inter-HCNFs
nanofibril film filtration hydrogen bonding interactions
SE (ethanol,
hexane)
AD
CNF/CNT FC FC induced aligned growth of cell walls

foam

SE (ethanol)
microstructure during AD

AD
CNF/pulp foam vacuum low surface tension of ethanol prevented uneven
filtration shrinking within the foam
SE (ethanol)
AD
CNF/alginate IC (NaCl, ions decreased the electrostatic repulsion
aerogels CaCl,) between nanofibers
SE (ethanol,
hexane)
AD
CNF xerogel IC (APP*) AP* cross-linking induced self-standing, stiff gel

SE (ethanol,
hexane)

AD

Low surface tension of ethanol stabilized the

mechanical properties application references

tensile strength ( higher CNF content and faster 169
~170 MPa) drainage

transparent and air-permeable 165
nanopaper

tensile strength high-haze transparent holocellulose 166
(84.8 MPa% nanofibril film

compression module electromagnetic interference 167
(85.9 kPa) shielding

compression modulus low cost, practicable, and scalable 168
(0.49—-2.96 MPa)

compression modulus energy storage, mechanical strain, 171
(97—-275 kPa) and humidity sensors

compression modulus light permeability, thermal insulation, 172
(170 MPa) and flame self-extinction

tensile strength
(8 MPa)

water undergoes a phase change from liquid to gas. Based on
the heating type, heat drying processes can be clarified into two
types: thermal transfer methods (oven heat, hot-plate heat, hot
press, and spray-drying) and dielectric heating methods
(microwave). In a laboratory setting, oven and hot-plate
heating are commonly used drying techniques, allowing rapid,
convenient, and shape-unrestricted drying of the moist
nanocellulose. On the other hand, hot pressing can effectively
densify materials and prevent curling by applying high pressure
during the drying process, especially in the longitudinal
direction. In other words, hot pressing builds nanocellulose
films with enhanced density and strength compared with the
outcomes of oven and hot-plate heating. Furthermore, the self-
assembly behavior of nanocellulose during drying plays a
crucial role in determining the morphology of the nano-
cellulose-based materials. For instance, CNC, characterized by
self-twisted and parallelepiped structures, can pack together
and form a liquid crystalline phase at specific concentrations.
By programming of the drying process, CNC suspensions can
be dried into colored films. Although limited research has
focused on the CNC—water interaction, it is believed to be a
pivotal factor in mediating self-assembly behavior during the

. . 1. 149
construction of nanocellulose materials.

22212

Another efficient thermal transfer method is spray-drying,
which can cause ultrafast drying of nanocellulose materials by
spraying them into small particles to increase the thermal
conversion area. The morphology and size of these nano-
cellulose particles are influenced by gas velocity, liquid input,
39 As for the dielectric
heating methods, microwave heating has been used in drying
wood and bamboo with fast and uniform heating, leading to
very different products with low porosity.'>' "%
only a few reports have applied microwave heating in drying
nanocellulose materials. For example, Rol et al.'** produced
nanocellulose objects through cellulose molding processes and
examined various drying strategies, covering thermo-pressing,

and the concentration of nanocellulose.’

Up to now,

oven, microwave, and freeze-drying. Although microwaves
could dehydrate materials in 5 min, it was found that the water
vapor generated during the microwave would damage the
cellulose mold and mat, create pores inside the material, and
easily cause hornification and degradation of cellulose.

In this evaporation process induced by humidity difference
and heating, water can be released from materials by breaking
the water—nanocellulose hydrogen bonding with a sufficient
time or energy supply. During this process, FW and most of
the BW in nanocellulose materials is removed, and numerous
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cellulose—cellulose hydrogen bonds will be generated to give
high strength to the nanocellulose materials."**

Activating Water—Solid to Gas. Another effective method
for removing water is freeze-drying, which transfers water from
the solid to gas. In this process, water freezes into ice and then
sublimates in a vacuum. FW and FBW will freeze and form ice
crystals, while NFBW remains bonded to the hydroxyl group.
Therefore, the freeze-drying process involves the primary
drying stage, which sublimes ice of freezable water, and the
secondary drying stage, which evaporates NFBW under a
vacuum.">* Unlike the heating process, capillary force and
surface tension are minimized in the freeze-drying process,
resulting in a porous dried nanocellulose material."*> Owing to
the separation of ice crystal and nanocellulose, nanocellulose
will aggregate in the 8P between ice crystals and form 2D-
sheet inner walls."*® After sublimation, ice crystals are
removed, leaving pores in the material. Thus, the freeze-drying
method is widely applied in constructing cellulose-based 3D
porous materials. The water content, nanocellulose morphol-
ogy, freezing temperature, and direction control the distribu-
tion and morphology of pores.

Nanocellulose aerogels built by freeze-drying are charac-
terized by low density and high porosity and thus have a high
specific surface area. The high content of hydroxyl groups on
the surface of nanocellulose and the high specific surface area
of the aerogel can efficiently absorb dyes, metals, and gases. It
can be used in wastewater and waste gas treatment, oil spillage,
and electromagnetic shielding.””">® Directional freezing
allows the ice to grow from the near side of the cold source
to the far side, creating aligned pore structures in the
nanocellulose aerogel. After constructing the aligned pores,
anisotropic nanocellulose aerogels become highly compressible
and are applied in various advanced devices, including oil
absorption,159 enersgy storage,l43’160 and thermal insulation.'®'
Jiang’s group'®>'®* has made outstanding progress in the
preparation and application of anisotropic aerogels fabricated
by directional freezing. Since the directional growth of ice
crystals is affected by heat transfer, the growth process shows a
gradient, and most of the reported directional growth materials
show partial structural anisotropy or an “inverted trapezoid”
structure.'®> Chen et al.'®” dropped the mold into the freezing
liquid at a slow speed, and the external velocity and ice crystal
growth driving force worked together to balance the ice crystal
growth and achieve the preparation of ultralong anisotropic
aerogels. Thanks to the rapid transport of dye and solvent
molecules through directional pores,'® this ultralong aniso-
tropic structure can transport liquids and achieve real-time
water purification. By incorporating silver nanowire and Fe;O,,
the anisotropic nanocellulose sponge yields better electro-
magnetic interference shielding performance in the transverse
direction compared to commercial standards.'®*

Spray-freeze-drying, a less frequently mentioned method, is
also applied as a sublimation drying method. Similar to spray
drying, spray-freezing sprays the materials into small particles
at first. Then, these small particles exchange thermally with the
heat source and freeze for sublimation in a short time. Jiménez-
Saelices et al.'*® manufactured a nanocellulose aerogel with
thermal superinsulating properties by spray-freeze-drying.
They discovered that the spray-freeze-drying process, which
involves rapid cooling of the droplets, effectively limits ice
crystal growth and results in aerogels featuring a three-
dimensional fibril skeleton morphology.

Decreasing the Bonding between Water and Cellulose. As
previously stated, a key step in water removal involves
disrupting the contact between cellulose and water. To achieve
this, various methods, such as solvent exchange (SE), ion
cross-linking (IC), hydrophobic modification, freeze cross-
linking (FC), and additive absorption, have been employed to
diminish water—cellulose hydrogen bonding, facilitate rapid
drainage, and enable ambient drying (AD). Table 3 provides
several examples of the application of these techniques. The
effectiveness of drying procedures, including air-drying and
heat-drying, can be improved by substituting low-boiling
solvents, including ethanol, acetone, and hexane, for FW and a
part of BW. This substitution not only accelerates the drying
speed but also leads to reduced energy consumption, thus
resulting in cost savings. For example, Huang et al.'®® applied
ethanol and hexane to exchange water in a nanocellulose
suspension before filtration, allowing the fabrication of
transparent and air-permeable nanopaper by fast filtration
and ambient drying. Han et al.'"*® applied hexane in SE drying
of manau rattan originated nanocellulose, and they found that
SE slightly increased the mechanical properties of nano-
cellulose films compared to air-dried films. Zeng et al.'®’
immersed frozen CNT /nanocellulose hydrogel in ethanol and
then dried the sample at 80 °C for 0.5 h, at 170 °C for 15 min,
and at room temperature overnight. Additionally, SE with
ethanol was found to prevent uneven shrinkage within the
foam, promotin§ the material to maintain a stable structure in
ambient drying.'®® Supercritical drying can be used for drying
nanocellulose by replacing ethanol with CO,. In this method,
ethanol replaces water before drying because cellulose will be
destroyed at the critical point of water (374 °C, 229 bar) since
water and CO, are immiscible. A filamentous skeleton can be
obtained due to the suppressed capillary force and aggregation
of nanocellulose in the gasification of CO,.">* However, high
energy, chemical, and equipment costs limit the development
of supercritical CO, drying in nanocellulose material
processing.

Another practical approach for removing water is reducing
water—cellulose hydrogen bonding by additives that can attract
nanocellulose or compress the hydration layer. This method
inhibits BW from forming in the system and converted into
FW, so the water can be removed more easily. For example,
Amini et al”’ reported “contact dewatering”, where the
majority of the absorbed water would be converted to FW
through the interaction of wood particles with nanocellulose,
enhancing the dewatering efficiency. Sethi et al."®” found that
adding lactic acid would decrease the drainage time from 4S5 to
29 min without heating and sonication. Sim et al.'” discovered
that nanocellulose could absorb cations, such as Na* and Ca*,
resulting in the electrical double-layer compression, nano-
cellulose aggregation, and acceleration of the dehydration. Salts
are more commonly reported in cross-linking nanocellulose to
assist the formation of a stiff and stable nanocellulose skeleton
in conjunction with FC and SE to achieve porous materials
enabling AD. Frangon et al.'”' applied FC, IC, and SE to
fabricate wet stable aerogels, allowing for their subsequent
drying under ambient conditions. They observed that cations
decreased the electrostatic repulsion between nanofibers and
helped keep nanocellulose/alginate foam from shrinking in
AD. Sakuma et al.'”* applied AP** cross-linking and FC to form
a self-standing and stiff gel and dried the gel under ambient
conditions by SE with ethanol and hexane. Thanks to the
amphipathicity of nanocellulose, adding hydrophobic sub-
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stances such as graphite in the suspension can also cause the
aggregation of nanocellulose and promote the dehydration.
Assisted by IC and a foaming agent (SDS), graphite—
nanocellulose foam can form a stable structure and be dried
under ambient conditions without SE.'” Interestingly, the
synergistic effect between graphite and Cu** during combus-
tion endows Cu*" ionically cross-linked graphite—nano-
cellulose with excellent fire resistance.'”* In addition to
graphite, it has been reported that the coordination interaction
between nanocellulose and bentonite can also be used to create
a strong building block.'"”® By freezing, nanocellulose and
bentonite further aggregated to form a stron% and stable inner
structure, thereby achieving this without SE."”®

Traditional drying methods, relying on the phase transition
of water, are straightforward but come with high energy
consumption due to strong hydrogen bonding and the high
transition enthalpy of water. Additionally, the substantial water
requirement to prevent nanocellulose entanglement during
processing while ensuring material uniformity necessitates
efficient and cost-effective drying methods. Therefore, the
prospect of combining strategies to decrease cellulose—water
bonding with the phase transition of water holds promise for
concurrently reducing both time and energy costs. For the
drying methods based on the phase transition of water,
cellulose molecules become close to each other, tangle, and
build more cellulose—cellulose hydrogen bonds, due to the
capillary and diffusion force and the freezing-induced cross-
link. As a result, the stable hydrogen bonds make the fibers
challenging to separate, leading to cellulose aggregation,
entanglement, and even hornification. Although the entangle-
ment and aggregation would densify the material into a more
stable structure, from the view of industrial-scale production,
avoiding the aggregation and hornification of fibers after
dehydration and improving the redispersibility of fibers is of
great value in reducing storage and transportation costs and
realizing the large-scale production and application of
nanocellulose. Surface charge modification, steric hindrance
enhancement, solvent exchanging, and controlled drying
processes have been studied to improve the nanocellulose
redispersibility, based on preventing the formation of
cellulose—cellulose hydrogen bonds.'”’

Depending on the method employed, the drying process can
modulate the type of interactions among cellulose fibers,
consequently influencing the overall structure and properties of
the cellulosic material. Conventional heating methods such as
oven-drying and hot pressing could form dense and strong 1D
and 2D materials, due to the water molecule bridging and the
capillary and diffusion force inducing the forming of nano-
cellulose intermolecular hydrogen bonds.'** Freezing methods
could form 3D porous materials with filamentous or 2D-sheet
inner walls by controlling ice growth. Ion cross-linking and
interaction between nanocellulose and 2D materials/polymers
improve the dewatering efficiency and negatively impact
material molding. However, they significantly affect the
structure, strength, and functionalization of materials.

EXCESS WATER VS LACKING WATER

Influence of Water on Processing. The production of
nanocellulose-based materials heavily relies on water due to the
hydrophilicity of cellulose molecules and the versatile use of
water. Water plays a critical role in swelling and dispersing
nanofibers, assembling and softening nanofibers, transferring
chemicals and heat, and transporting and storing nanocellulose.

During the nanocellulose production process, achieving
homogenization of the cellulose fibril is controlled not only by
the surface functionalization of cellulose but also by the water
content in the suspension. With enough water, fibers can fully
swell, soften, and isolate from each other, ready for fibrillation
into nanocellulose. Producing nanocellulose by high-pressure
homogenization is promoted by the high mechanical shearing
forces, the rapid pressure drop, the turbulent flow, and the
frictional forces of the particles against each other."*"'®* The
excess water would weaken the friction between fibers, reduce
the nanocellulose yield, and increase undesirable energy costs
and water consumption. Under conditions that lack water, the
feedstock will aggregate and block nozzles to reduce the
efficiency and lifetime of the equipment. Due to the clog-free
machine design, the grinding methods were reported to be
capable of grinding a fiber—water suspension with a
concentration of up to 2—5% w/v."*'

With enough water, evaporation and crystallization of water
would assemble nanocellulose by capillary force and ice
squeezing, enabling densified and porous bulk materials. In
addition, water flow could assist the assembly of nanocellulose
into filaments. Soderberg et al."*>'** applied a flow-focusing
method to the assembly of nanocellulose, aligned it with the
flow direction, and yielded a mechanically strong filament with
a tensile strength of 1.57 GPa. Excess water would isolate
nanocellulose, inhibit fiber-to-fiber contact, and induce uneven
and powdered products. Lack of water will lead to poor fiber
fluidity and an uneven internal system, making it difficult to
shape the material and control its structure. For nanocellulose
materials that have been dried, the appropriate rehydration can
soften the nanofibers and promote the deformation of the
material. The lack of water can cause structure collapse during
deformation, while excess water can break down fibrous
materials such as paper that are not sufficiently cross-linked.

Water also plays an essential role in transferring chemicals
and heat as well as transporting and storing nanocellulose in
the cellulose industry. Adequate moisture can promote the
uniform penetration transfer and distribution of chemicals and
heat in the fiber network during various chemical processes,
such as delignification and TEMPO oxidation, allowing
reactions to occur evenly. The lack of water will lead to
uneven reactions and reduced product yield and quality, while
excessive water will dilute the medicinal solution, increase
energy consumption, and reduce the product yield and quality
as well. In the transportation and storage of nanocellulose,
water can suppress the excessive aggregation of nanocellulose
and benefit the following material production.

Influence of Water on the Mechanical Properties. The
excellent mechanical properties of the nanocellulose material
are generally attributed to inherent strength. Cellulose
elementary fibrils show extraordinary mechanical properties
throughout the crystalline region. The elastic modulus of the
crystalline region in nanocellulose, estimated by X-ray
diffraction and Raman microscopy in the axial direction, falls
within a range from 130 to 250 GPa, comparable to that of
glass fibers."*>™'*® However, the nanocellulose material
comprises several elementary fibrils or microfibrils with
crystalline and amorphous regions. Hence, the natural
amorphous region, constitutive structure, intermolecular
hydrogen bonding, van der Waals force, and friction force
also affect the mechanical properties of nanocellulose materials.
Pure crystalline celluloses such as MCC and CNC made from
sulfuric acid treatments exhibit excellent strength but are
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Figure 11. Schematic description of the mechanical properties of cellulosic materials with different water content. The strain—stress
diagrams and the schematic stretching model were redesigned with permission from ref 196. Copyright 2021 American Chemical Society.

inferior to the CNF and BC due to the lower aspect ratio and
specific area.'® Packing cellulose on the nanoscale will reduce
the number of pores and defects in materials and increase the
strength. For example, the cellulosic materials made from
aligned and compact nanocellulose show modulus and strength
values higher than 60 and 1 GPa.'*’

Due to the moisture sensitivity of hydroxyl groups and the
complicated constitution of the source of strength, the
mechanical properties of nanocellulose materials are sensitive
to their water content. Influenced by the superior hydrophilic
properties of cellulose, water molecules absorb on the cellulose
surface, swell in the amorphous region, and diffuse between
cellulose crystals. Therefore, intermolecular hydrogen bonding
between cellulose molecules breaks with the formation of more
cellulose—water—cellulose bonds. These internal changes can
affect the mechanical properties and change the appearance of
the nanocellulose material. For example, Kuang et al.'”’
invented a high-performance soft actuator with tremendous
promise in soft robotics and biomimetic systems, by
controlling the moisture and alignment of cellulose to manage
the deformation of nanocellulose. In the moisture absorption
process, the swelling of fibers induced by moisture will soften
and inflate materials, increasing flexibility and ductility and
thus decreasing materials’ stiffness and strength. When the
water content becomes extremely low, cellulose fibers shrink
and crimp to higher stiffness and lower strain. However, the
shrinkage and crimping will reduce its evenness and overall
strength for materials made up of isotropic (or not strictly
aligned) nanocellulose. Thus, an appropriate moisture control
might slightly mitigate the stiffness but extend the strain of
materials to reach superior strength.

The influence of water on the mechanical properties of the
nanocellulose material is complicated. On one hand, it is
widely accepted that cellulosic materials have poor water
resistance because of the sharply reduced cellulose—cellulose
bonds and overall density. The occupation of water between
fibers will make fibers slip-like with a plasticizer and finally
separate with excess water.'”' Benitez et al.'”” investigated the
influence of pH and relative humidity on the tensile strength of
isotropic films. They found that an increased humidity
dramatically decreased strength and gently extended the strain
of materials. After the mixture is soaked in water, the strength
and modulus are even worse. However, on the other hand,

water contributes to cellulosic materials’ mechanical properties
beyond expectation. Petridis et al.'”® combined the MD
simulation and neutron scattering to investigate the stiffness
change of elementary fibrils (36 chains) in different environ-
mental humidities. It has beenreported that an appropriate
water content will retain the tg-conformation of hydroxymethyl
of inter chains, enhancing the core stiffness of elementary
fibrils. In addition, the formation of bridging hydrogen bonds
between interchains O6 and O2 through water molecules will
increase the amount of hydrogen bonding, improving the
stiffness and strength of the elementary fibrils.

Regarding the macroscale cellulosic material, the slip of the
fiber induced by the water absorption must be addressed. It has
been reported that the mechanical properties of cotton cloth
and flax fiber positively relate to the content of absorbed
BW."”*'” The tensile strength and elongation of cotton cloth
increased with a growing moisture content increase while the
Young’s modulus decreased.'”* Similar results were found in a
macroscale fiber constructed with nanocellulose. Mittal et al."**
reported that the nanocellulose macroscale fiber showed a
higher Young’s modulus and tensile strength at lower RH. In
another example, Hou et al.'”® simulated the interfacial slip
between CNC mediated by moisture through MD simulation.
They found that the (100) surfaces of CNC with buried —OH
groups were bridged to each other through CNC—water—
CNC hydrogen bonds, which increased the energy for tensile
failure. The CNC films show better tensile strength with no
loss in elastic modulus at 20% RH compared with 10% RH.
The combination of theoretical simulation and experiments
indicated that appropriate water absorption benefits the
mechanical properties of cellulosic materials.

In summary, with a water content of lower than around 3%,
nanocellulose materials are rigid and will break during elastic
deformation (Figure 11). The deformation in this elastic
tensile stage is mainly caused by the stretching of nanocellulose
without interfacial slipping. On the other hand, with a water
content between 3% and 10%, the deformation includes elastic
and inelastic stages, which prompts a strong and tough
nanocellulose material. In this process, the critical knee point is
mainly due to the deformation change from nonslipping to
interfacial slipping. During interfacial slipping, the humidity-
mediated interface assists in postponing strain localization
under single-axial stretching and preventing stress concen-

https://doi.org/10.1021/acsnano.3c06773
ACS Nano 2023, 17, 22196—-22226


https://pubs.acs.org/doi/10.1021/acsnano.3c06773?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06773?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06773?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c06773?fig=fig11&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c06773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

REVIE

A Stem layer Diffuse layer B o 4 Distancex C T 100 * Buk soluion
1*: ! S * Charged nanochannels 5
1 f 20T e
o, S 3 | ) T .
g ae . e = 2 1
Yol & + 2 2 )
+ @ + 2 S o
7 2 .
u _:;' + s + S oo1 .
T 3 ® . o 1E6  1E5 1E4 1E-3 001 01
Concentration (mol/L)
D Confined model E .- 104] —-fully wet
g 1 —-confined hydrated
(75 10,2] —&- bulk
e : CRCT
AEESSARER Hydration % Hydration SRSy & 199
T T = == —> e 8 &5 2 10+
e = === = e 5
i s e o e el | g w3
AR R Shnseeny: = ]
S Qi SIS °© 0. 5
SRR O 108

0% 10° 107 107 107 107 7
NaCl concentration

Figure 12. The electrical double-layer theory and its application in cellulose ionic conductors. (A) The electrical double-layer model. (B)
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Chemical Society.

tration. In other words, the humidity-mediated interface can
reach a substantially greater fracture strain and resistance than
dried nanocellulose due to its higher loading-transfer
capabilities.'”® With a water content higher than 10%, the
swelling of nanocellulose material reduces the strength.'#*'?
When too much water is present at the interfaces, the load
transfer is suppressed, and the interfacial strength is
reduced.””*'”” With a water content higher than 25% (the
fiber saturation point), the nanocellulose material becomes
extremely ductile due to the complete swelling of the nanofibril
and penetration of FW.

Influence of Water on the lonic Properties. Introduc-
ing charge groups on nanocellulose has been found to
effectively reduce energy consumption during homogenization
and convert nanocellulose into an ion-conductive material
suitable for various applications. Hydrophilic functional
groups, including hydroxyl and carboxyl groups, are electro-
negative after hydration. Then, these electronegative groups on
the cellulose surface attract positive ions by an electrostatic
effect. An electrical double-layer model can explain these
electrostatic absorption behaviors on the interface between
nanocellulose and water (Figure 12A). The first layer of
positive ions, closely attracted to the surface of nanocellulose,
is called the Stern layer. Under electrostatic force, the
concentration of positive ions aggregated near the surface of
nanocellulose decreases with increasing distance to the surface
and attracts negative ions. This layer, called the diffuse layer,
includes attracted ions and their counterions that diffuse from
the surface of nanocellulose to its far distance and finally reach
a position with zero electrical potential. The distribution of
ions in the electrical double-layer model will affect the
potential from the surface of nanocellulose to the water.

When the nanocellulose is immersed into an electrolyte, the
region of the ion impacted by the electrostatic effect of the
surface could be determined by the Debye length. As shown in
Figure 12B, the Debye length can be calculated as'”®

£,,kT
/1d = 2
2N, e’

where I is the ionic strength of the electrolyte, g, is the
permittivity of free space, €, is the dielectric constant, k is the
Boltzmann constant, T is the temperature, N, is Avogadro’s
number, and e is the elementary charge. When the diameter of
the microchannel between nanocellulose is larger than the
Debye length, ions will circulate in the microchannel like in
bulk water. When the diameter of the nanochannel between
nanocelluloses is comparable to or less than the Debye length,
ions in the channel will be controlled by the surface
electrostatic effect. To summarize, nanofluidic effects regulate
the transportation of ions in the nanochannel. The materials
show a constant ion conductivity in low-concentration
solutions, as shown in Figure 12C.

According to the mechanism of the electrical double layer,
Debye length, and nanofluidic effects, the ionic properties of
cellulosic materials could be regulated by adjusting the surface
charge properties, amounts, and scale of nanochannels.'””**°
For example, the swell of cellulosic materials in water will
separate fibrils from each other and thus increase the diameter
of the channels in nanocellulose. In a recent study, Zhou et
al.”>’" constructed a 2D tunable nanochannel for nanofluidic
ion transportation through the graphite—cellulose composite.
The graphite—cellulose composite shows more than 10 times
higher ion conductivity (1 X 107 S/cm) than that in the fully
swollen state by controlling the hydration degree to confine
about a 1 nm nanochannel for ion transportation (Figure
12D,E). Yu et al."*” prepared fibrous nanofluidic materials with
vertically aligned nanochannels constructed by the nano-
composite of nanocellulose and boron nitride nanosheets
through 3D printing. The printed aligned BN-CNF ionic cable
exhibits a good ionic conductivity of 1.8 X 10 ~* S/cm at low
salt concentrations (<10 ~> M). These ionic conductors using
cellulosic materials as templates followed by the absorption of
an electrolyte solution are also classified as ion reservoirs.”"”
Water, a commonly used electrolyte solvent, is also used to
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Figure 13. The degradation of cellulose through enzymatic hydrolysis and photo-oxidation. (A) Cellulose degrades through enzymes,
bacteria, and fungus catalyzing hydrolysis with sufficient water. (B) Main photo-oxidation reactions of cellulose without water.

construct solvent-containing nanocellulose-based gel ionic
conductors. The nanocellulose used to build gel ionic
conductors usually needs to be compounded with a polymeric
matrix or surface-functionalized to obtain a more stable
structure.””” The selective and rapid transportation on the
surface of the cellulose-water interface endows it with
extraordinary potential in applications such as batteries and
fuel cells. Huang et al’”’ built an ultrathin CNF ion
redistributor and applied it in aqueous zinc batteries. The
CNF thin films exhibit a negligibly negative effect on the ionic
conductivity of electrolytes and excellent performance in
addressing the dendrite formation, showing a promising and
sustainable route toward dendrite-free Zn anode for aqueous
zinc batteries.

In addition to nanocellulose materials applied as ionic
conductors, cellulosic materials have long been used in
electrical insulators, oil-filled power transformers, and paper-
insulated power cables due to their excellent breakdown

strength and resistivity.””* The dielectric properties of
materials are significantly affected by the frequency, temper-
ature, moisture, and density. Oil impregnation is commonly
used to reduce moisture adsorption and remove air to enhance
the dielectric properties of the insulation paper. Besides,
nanocellulose, as a nanofiller, can significantly improve the
paper density and insulation properties. The relative dielectric
constant (&,) of nanocellulose paper with a dense nanostruc-
ture reaches 5.3 (at 1.1 GHz), a value significantly higher than
the relative dielectric constant (1.3—4.0) typically found in
porous traditional paper.””™*"” Huang et al’*® introduced
nanocellulose as a nanofiller in softwood fiber to decrease pore
size and air voids and thereby dramatically improve the
dielectric breakdown behavior of insulating paper. In AC
breakdown results, the scale parameter increases from 10.6 to
13.5 kV/mm for nanocellulose-modified paper, while for DC
breakdown fields, the addition of nanocellulose to softwood
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fiber results in the highest breakdown strength, showing an
enhancement of about 21%.

Influence of Water on the Degradability. Cellulose is a
stable and strong material, yet its moisture sensitivity and
nature as a polysaccharide make it degradable to some fungi
and bacteria in the air, water, and s0il*®” In an aqueous
solution, cellulose could be hydrolyzed into glucose, levulinic
acid, and ethanol by microbial fermentation (Figure 13A). In
this process, water, as an indispensable part of the biological
system, mediates many biochemical reactions by acting as a
solvent and reactant. Water also plays a vital role in adhesion
medium, cell morphology, and other cellular functions.”*’
Therefore, water on the surface of cellulose nanofibers creates
a biofilm with heat and dirt in the air during the growth of
fungi and bacteria and causes biodegradation. After that, fungi
attack fibers from inside toward the outer layer of fibers, while
bacteria start attacking from the fiber surface toward the inner
part.”'" Therefore, the widely accepted approach to prevent
the growth of microorganisms and restrain enzymatic
hydrolysis is the application of water- and oil-repellent finishes.
These finishes can cause a significant drop in fiber
wettability.”>*'*~*'* In addition, since the amorphous region
is more accessible to water than the crystalline region in
cellulose, the biodegradation of cellulose is also highly related
to its crystallinity. For example, Park et al.”'® analyzed the
correlation of factors influencing the biodegradability of
cellulose fabric. They found that moisture regain was the
most influential factor, and the crystallinity negatively
correlated with enzyme hydrolysis.

Additionally, based on the understanding of the hydro-
philicity of cellulose—the interaction between water and
hydroxyl groups on the surface of cellulose—reducing the
exposure of hydroxyl groups through chemical treatment such
as a cross-linkage technique has been proved to have more
potential to hinder the biodegradation process of cellulosic
material>'* Moreover, cellulose is a preeminent feedstuff for
microbial fuel cells as a sustainable and biodegradable
polysaccharide with no food conflicts.”'~*"* Microbiological
degradation of cellulose depends on the enzyme catalyzing
breaking of the -1,4 glycosidic bond with glucose production,
as the energy supply of microorganisms can transfer electrons
to anodes by digesting the substrates.

Although nanocellulose materials are sensitive to moisture,
the controllable preparation of high-density nanocellulose
materials can achieve better water penetration resistance and
antibacterial functions while significantly reducing pores and
exposed hydroxyl groups. Moreover, after compounding with
other packaging materials, nanocellulose, as a nanofiller, can
improve the mechanical properties, water vapor barrier, and
antibacterial properties of the materials.””° In addition,
nanocellulose can also degrade when the water content is
low, further improving the degradability of the material.
Without water, nanocellulose can be slowly degraded by
photodegradation and photo-oxidation. Under the irradiation
of light, especially UV light, cellulose can be photo-oxidized
and degraded by the initiators that absorb energy during
irradiation.””' Some reports suggested that carbon-centered
radicals were generated during photo-oxidation. Oxygen is
then added to form peroxyl radicals, and the abstracted
hydrogen will subsequently form hydroperoxides.”*"*** After
the energy from UV light is absorbed, hydroperoxides
decompose into extremely reactive hydroxyl radicals, which
can oxidize cellulose by photodegradation. The oxidation of

cellulose has been widely studied, and possible oxidation
reaction sites and products are summarized and listed in Figure
13B. Because of their extreme reactivity, hydroxyl radicals react
with carbohydrates and abstract hydrogen atoms bound to
carbon in an essentially statistical way without showing any
preference.””"*’.

In summary, the fact that moisture absorption promotes
chemical and microbial hydrolysis of nanocellulose indicates
the degradability of nanocellulose and its limited material
stability and validity with water. However, the nanocellulose
material can achieve greater stability and an extended product
lifetime by enhancing water resistance, albeit at the cost of
reduced biodegradability. Li et al.” thoroughly discussed and
proposed strategies for striking a balance between enhanced
product stability and improved biodegradability. Techniques
such as ion cross-linking, intercalation, and reversible chemical
reactions and surface superhydrophobization treatment were
considered promising approaches to enhance the durability of
cellulosic materials without sacrificing their biodegradability.”

CONCLUSIONS AND PERSPECTIVES

Nanocellulose has garnered extensive attention and has been
applied in biomedical applications, energy storage, water
treatment, 3D printing, optical devices, textiles, and food
packing. However, its inherent sensitivity to moisture poses
challenges in terms of storage, transportation, and drying. An
in-depth understanding of the interplay between nanocellulose
and water holds the potential to not only reduce production
costs but also revolutionize the design of nanocellulose-based
functional materials.

By categorizing water into BW and FW based on its
interaction with nanocellulose, we can better understand the
critical role of water in influencing material properties.
Representative methods, including IR, Raman spectroscopy,
NMR, DSC, and DTA, can be used to analyze the distribution
of BW and FW and the water—nanocellulose interaction.
However, there is still some debate regarding water
distribution when these methods are combined with computa-
tional techniques. While visual monitoring vividly illustrates
the distribution and movement of water within materials,
current technologies are limited in resolution, typically at the
micrometer level, which lacks precision. Future trends in this
field are expected to involve in-depth analysis and
identification of water—cellulose interactions through monitor-
ing and computational modeling techniques like molecular
dynamics (MD), providing a more comprehensive under-
standing of water—nanocellulose interactions.””*

A deeper understanding of the crucial role that water plays
in regulating the - bonding network, dielectric properties, and
accessibility of active sites on nanocellulose can assist us in
purposefully tuning material properties, such as mechanical
characteristics, ionic conductivity, and biodegradability. How-
ever, current research still faces challenges in accurately
controlling the water distribution and achieving a profound
comprehension of water—nanocellulose interactions. Besides,
water could also be applied to manipulate cellulose dynamics
in multicomponent systems, including lignocellulose/DES/
water,”** cellulose/IL/water,”*® and cellulose/polyacrylamide/
water,””” and modulate the material ionic conductivity,
adhesion, and mechanical properties. Further research into
complex multicomponent systems is essential to expand our
understanding of the critical role of water in cellulosic
materials.
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Scheme 1. Critical Role of Water in (1) Dispersing, Transforming, and Assembling Nanocellulose, (2) Softening, Tangling,
and Bridging Nanofibers, and (3) Regulating the Hydrogen Bonding Network, Dielectric Properties, and Accessibility of
Active Sites within Nanocellulose”

| 11 |
Paper Water qﬁ,\Nare, d} Detection Multi-component
Industry recycle & '& and Model systems
Qv 0,
p,eexﬂ""' %
N s <
Ca > P"f,o [
et P QQ -H~?:“,“§‘ ‘“.p \A'i.;)
& b L sWe | Mechanical
; Drying O water o L ooy G \Valey on echanica
Saving water : o e
9 techniques Qk 55’ w :]\QHD - on é?’ v B conductivity property
Romon® mlacku‘
—>1s :
(- Properties \BV ﬂ‘
Flexibility Biodegradability

“An in-depth understanding offers benefits in investigating nanocellulose multicomponent systems, fine-tuning materials properties, conserving
water and energy resources, and ultimately enhancing environmental sustainability.

Water serves various vital roles in assembling and modifying
cellulosic materials, acting as a suspending and reaction
medium and a hydrogen bond bridge. Wet nanofibers maintain
the morphological structure of nanocellulose but come with
increased transportation costs and the risk of spoilage. Dry
nanocellulose, on the other hand, is affected by issues such as
fiber entanglement and hornification, making it challenging to
obtain dispersions that match the morphological structure of
raw materials. Current research predominantly focuses on
surface charge modification, steric hindrance enhancement,
solvent exchange, and controlled drying processes, yet further
investigations are required to find more economical and
practical solutions."””

Water plays multiple roles in the cellulose industry,
including acting as a suspending medium and swelling agent
for fibers, a solvent for chemicals and additives, a dispersant
and transport medium for fibers, and an aid in material-
forming processes. Despite the maturity of the modern
cellulose industry, water resource recovery has always been a
significant challenge faced by this sector. Currently, water
cycling in the industrial sector primarily focuses on processing
process water and wastewater,””® lacking innovation in
implementing water-saving techniques during production. In
the context of sustainable development, a profound under-
standing of the interactions between water and cellulose and
the subsequent application of this understanding in water-
efficient production, energy efficiency improvement, and
carbon emission reduction are of paramount importance.
This comprehension not only helps reduce the waste of water
resources but also promotes more sustainable production
methods in the industry, aligning with environmental
conservation and energy-saving requirements.

Furthermore, water-driven cellulosic material construction
and industrial development exhibit significant characteristics
during production, including sustainability, environmental
friendliness, low cost, and ease of scalability. By gaining an
in-depth understanding of the role of water in nanocellulose
material structures, properties, and processing, as shown in
Scheme 1, we can improve water’s efficient utilization and

circulation, reduce water consumption, lower material drying
and shaping costs, and further enhance the environmental

sustainability of the production and materials.
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VOCABULARY

bound water water molecules firmly bound

on the surface of fibers

free water water molecules surrounding
fibers with mobility and thermal
properties closely resembling
those of bulk water

hygroscopicity water absorption capacity of

nanocellulose materials, signifi-
cantly influenced by factors such
as the specific surface area,
dimensions, and surface func-
tional groups
rehydration and reformation the absorption of water by
nanocellulose materials, result-
ing in improved elasticity and
moldability, primarily due to the
plasticizing effect of water
the process of drying nano-
cellulose materials in the sur-
rounding environment with
minimal energy input, which
can be enhanced through tech-
niques such as solvent exchange,
ion cross-linking, freeze cross-
linking, etc.
the ability of nanocellulose
materials to transport ions
modulated by water, which
plays a role in constructing and
controlling the size of nano-
channels within nanocellulose
ion conductors

ambient drying

ion conductivity
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