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Dehydration of a cellulose nanofiber (CNF)/water dispersion requires large amounts of energy and time due to
the high hydrophilicities and high specific surface areas of the CNFs. Various dehydration methods have been
proposed for CNF/water dispersions; however, an efficient dehydration method for individually dispersed CNFs
is needed. Here, electrodeposition of CNFs was evaluated as a dehydration method. Electrodeposition at a DC
voltage of 10 V on a 0.2 wt% CNF/water dispersion resulted in a concentration of ~1.58 wt% in 1 h. The

dehydration energy efficiency was ~300 times greater than that of dehydration by evaporation. The concen-
trated CNF hydrogels recovered after electrodeposition were redispersed with a simple neutralization process,
and clear transparent films were obtained by drying after redispersion. This work provides a new method for
dehydration and reuse of individually dispersed CNF/water dispersions and provides new insights into control of
the hierarchical structures of CNFs by electrodeposition.

1. Introduction

Cellulose nanofibers (CNFs) have attracted much attention as sus-
tainable nanomaterials due to their excellent properties, such as me-
chanical strength, transparency, thermal resistance, high surface area,
and biodegradability (Abe, Iwamoto, & Yano, 2007; Isogai, Saito, &
Fukuzumi, 2011; Yang, Reid, Olsén, & Berglund, 2020). Various appli-
cation studies with CNFs, including films, filters, hydrogels, aerogels,
electronic substrates, and composites, have been reported (Huang,
Kasuga, Nogi, & Koga, 2023; Kasuga, Mizui, Koga, & Nogi, 2023;
Kasuga, Yagyu, Uetani, Koga, & Nogi, 2019; Li, Hatakeyama, & Kitaoka,
2022; Nemoto, Saito, & Isogai, 2015; Sakuma et al., 2021; Sakuma,
Fujisawa, Berglund, & Saito, 2021; Zhu et al., 2022). CNFs are sustain-
able functional nanomaterials and are expected to be used as alterna-
tives to petroleum-derived materials. In recent years, industrial
production of CNFs has increased, especially in Japan, and CNF pro-
duction facilities are being expanded for mass production. To achieve
mass production and mass use of CNFs, it is important to consider the
entire life cycle, including the production process and the transportation
and storage costs.

CNFs are typically prepared from wood pulp via aqueous fibrillation
(Abe et al., 2007; Isogai et al., 2011; Yang et al., 2020). CNF/water
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dispersions have high viscosity even at low concentrations (Lasseugu-
ette, Roux, & Nishiyama, 2008), therefore, after preparation, the dis-
persions contain a large amount of water for effective fibrillation and
homogenization. To reduce the transportation and storage costs,
removal of large amounts of water from the CNF/water dispersions is
necessary (Isobe, Kasuga, & Nogi, 2018; Kasuga, Isobe, Yagyu, Koga, &
Nogi, 2018; Li, Kasuga, Uetani, Koga, & Nogi, 2020; Sinquefield, Cie-
sielski, Li, Gardner, & Ozcan, 2020; Yagyu et al., 2023). CNFs, which are
hydrophilic nanofibers, have a high affinity for water and a high surface
area (Abe et al., 2007; Isogai et al., 2011; Yang et al., 2020); therefore,
the removal of water from CNF/water dispersions requires enormous
amounts of energy and time. Various approaches have been explored for
dehydration of CNF/water dispersions, including filtration, evaporation,
osmotic concentration, freeze-thaw cycling, and centrifugation (Guccini
et al., 2018; Sekine et al., 2020; Sheng & Yang, 2019; Sinquefield et al.,
2020; Zhai, Kim, Kim, & Kim, 2020; Zhao et al., 2017). Vacuum filtra-
tion is a commonly used technique for dehydration of CNF/water dis-
persions. However, filtration is very time consuming because
independently dispersed CNFs, such as 2,2,6,6-tetramethylpiperidine-1-
oxylradical (TEMPO)-oxidized CNFs, form a fine network structure on
the filter, preventing dehydration. For example, if a 0.2 wt% CNF/water
dispersion was dehydrated by filtration, only 52.5 % water was
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dehydrated after 24 h (Fig. S1). Evaporation such as a cast drying
method and using a rotary evaporator can dehydrate faster than filtra-
tion with higher energy consumption due to the heat of evaporation.
Currently, there are two options: fast dehydration with high energy
consumption (e.g., evaporation) or low energy consumption for a long
time (e.g., filtration, osmotic dewatering). It is not easy to achieve both
high-speed dehydration and high energy efficiency.

Electrodeposition of nanocellulose, including CNFs, has attracted
much attention in recent years (Guo et al., 2020; Kasuga, Saito, Koga, &
Nogi, 2022; Kasuga, Yagyu, Uetani, Koga, & Nogi, 2021; Kim, Endrodi,
Salazar-Alvarez, & Cornell, 2019; Wilson et al., 2018). CNFs dispersed in
water are negatively charged (Isogai et al., 2011). When a DC voltage is
applied to a CNF/water dispersion, the CNFs are deposited on the anode
by electrodeposition (Guo et al., 2020; Kasuga et al., 2021; Kasuga et al.,
2022; Kim et al., 2019; Wilson et al., 2018). The deposited CNFs form a
hydrogel that is several times more concentrated than the dispersion due
to electroosmosis (Karna, Lidén, Wohlert, & Theliander, 2021; Kasuga
et al., 2022; Wetterling, Sahlin, Mattsson, Westman, & Theliander,
2018). Electrodeposition is a potential efficient dehydration method
because it does not require water evaporation, which generates energy
losses. However, the dehydration efficiency of electrodeposition for
independently dispersed CNF/water dispersions, which are the most
difficult to dehydrate, is still unclear. When CNFs are deposited elec-
trophoretically, electrochemical reactions on the anode surface convert
the counterions of the CNFs (Guo et al., 2020; Kasuga et al., 2021;
Kasuga et al., 2022; Kim et al., 2019). It has also been suggested that
there may be inhomogeneous cross-linking between CNFs during
hydrogel formation on the anode (Kasuga et al., 2022). Uncontrolled
orientations and cross-linking of CNFs limit their use after dehydration
(Isobe et al., 2018; Kasuga et al., 2018). Therefore, the structural and
chemical states of CNFs during electrodeposition should be evaluated in
detail. In addition, it is necessary to determine reuse of the concentrated
CNF hydrogels after electrodeposition.

Herein, we evaluated the electrodeposition of CNFs as a dehydration
method. We focused on the dehydration efficiency and the chemical and
structural characteristics of the concentrated CNF hydrogels at the
anode. In addition, a process for preparing transparent nanopapers from
concentrated CNF hydrogels formed on an anode was investigated.

2. Materials and methods
2.1. Preparation of CNF/water dispersions

TEMPO-oxidized cellulose pulp (carboxylate content: 1.8 mmol/g)
was supplied by DKS Co., Ltd. The 0.5 wt% TEMPO-oxidized cellulose
pulp slurry was homogenized using a high-pressure water-jet system
(HJP-25008, Sugino Machine Co., Ltd., Japan) equipped with a ball-
collision chamber. The slurry was repeatedly passed through a small
nozzle (diameter: 0.15 mm) under a pressure of 200 MPa. The resulting
dispersion was adjusted to a concentration of 0.2 wt% for subsequent
use.

2.2. Electrodeposition

Two 10 x 10 x 0.5 cm graphite electrodes were placed in an acrylic
cell (with a distance of 3 cm between the electrodes), and the cell was
filled with 2 L of a 0.2 wt% CNF/water dispersion. Voltages ranging from
1 to 10 V were applied with a source measurement unit (B2902A,
Keysight Technologies, USA). The CNF/water dispersion maintained the
ambient temperature (~25 °C) throughout the entire voltage treatment.
The concentration of the formed CNF hydrogel was quantified by drying
at 110 °C. Voltages of 2.5, 5, and 10 V were required for 1, 3, and 6 h,
respectively, to grow each hydrogel to a thickness of 5 mm. Squares (20
x 20 mm) were collected from the centers of the formed CNF hydrogels
and used for structural characterization. Fourier Transform Infrared (FT-
IR) spectra of CNF films prepared by drying the CNF hydrogels was
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obtained with an FT-IR spectrometer (Frontier TN, PerkinElmer Inc.,
USA). The cross-sections of the CNF hydrogels were observed through a
cross-sectional polarized optical microscope (ECLIPSE LV100N POL,
Nikon Corp., Japan).

2.3. Reusability test

CNF hydrogels prepared with a voltage of 10 V and a deposition time
of 1 h were used for the reusability tests. For redispersion, the CNF
hydrogels were simply homogenized at 8000 rpm for 10 min with a
homogenizing mixer (MARKII Model 2.5, PRIMIX Corp., Japan) and
diluted to 0.2 wt%. For neutralization, a 0.1 M sodium hydroxide so-
lution was added to the redispersed CNF dispersion until the pH of the
dispersion reached 7. The original, redispersed, and neutralized CNF/
water dispersions were then cast-dried at 10 °C and 90 % RH to prepare
CNF films (film thicknesses of ~18 pm). The total light transmittances of
the CNF/water dispersions and CNF films were measured with a UV-vis-
NIR spectrophotometer (UV-3600 Plus, Shimadzu Corp., Japan). The
hazes and total transmittances of the CNF films were measured with a
haze meter (NDH 8000, Nihon Dempa Kogyo Co., Ltd., Tokyo, Japan).
The surface roughnesses were determined with a laser microscope (VK-
X3000, Keyence Corp., Japan).

3. Results
3.1. Dehydration of CNF/water dispersions by electrodeposition

A 0.2 wt% TEMPO-oxidized CNF/water dispersion was used as the
dehydrating target. The graphite electrodes were placed 3 cm from each
other in a CNF/water dispersion, and DC voltages ranging from 1 to 10 V
were applied between the electrodes. The CNF hydrogels formed on the
anode were collected, and the CNF concentrations of the hydrogels were
measured (Fig. 1a-c). When 1 V was applied, no CNF hydrogel formed on
the anode, and the concentration of the CNF/water dispersion near the
anode remained the same as the initial concentration (Fig. 1c). When
2.5-10 V was applied, CNF hydrogels were formed on the anode
(Fig. 1c), and the CNF concentrations of the CNF hydrogels increased
beyond the initial concentration (0.2 wt%). When 10 V was applied
between the electrodes, CNF hydrogels with CNF concentrations of
~1.58 wt% were formed on the anode after 1 h, which was approxi-
mately 8 times more concentrated than the initial concentration. The
concentrations of the deposited CNF hydrogels increased slowly as the
electrodeposition time was extended beyond 1 h (Fig. 1c). During
electrodeposition, deposition of the CNFs at the anode and concentra-
tion via electroosmosis proceed simultaneously (Guo et al., 2020;
Kasuga et al., 2021; Kasuga et al., 2022; Kim et al., 2019). Therefore,
even if the electrodeposition time was extended, the overall concen-
tration of the CNF hydrogel did not increase substantially. The CNF
concentration after electrodeposition for 1 h at different voltages line-
arly increased with the rise in the applied voltage (Fig. S2). These results
suggested that repeated short-term electrodeposition at high voltage and
collection of the deposited CNF hydrogel was more effective than long-
term electrodeposition.

3.2. Comparison of the dehydration energy efficiencies for evaporation
and electrodeposition

The energy consumed in dehydrating 1 g of water was calculated
based on the amount of deposited CNFs, the CNF concentration and the
energy consumption (Table S1). As a result, the energy consumption was
~0.0021 [Wh/g] when 10 V was applied for 1 h. The vaporization en-
ergy of water (~0.63 [Wh/gl, @ 100 °C) was used for comparison
(Wetterling et al., 2018). These results suggested that electrodeposition
dehydrated the CNF/water dispersions ~300 times more efficiently than
evaporation (Fig. 2). When electrodeposition (@ 10 V) was used to
dehydrate a 0.2 wt% CNF/water dispersion, ~87 % of the water was
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Fig. 1. a) Overview of the electrodeposition system. b) CNF hydrogels were
formed on the anode by electrodeposition. ¢) Relationships between the applied
voltages, application times and CNF concentrations of CNF hydrogels prepared
by electrodeposition.

removed in 1 h with high energy efficiency, making this a promising
dehydration method for individually dispersed CNFs such as TEMPO-
oxidized CNFs.

3.3. Counterion exchange of CNFs by electrodeposition

During electrodeposition at applied voltages of 2.5V, 5 Vand 10 V,
the Na counterions (-COONa) of the CNFs were almost completely
replaced with H (-COOH) (Fig. 3) (Shimizu, Saito, & Isogai, 2016; Sone,
Saito, & Isogai, 2016). Protonation of the carboxy groups occurred
because of the low pH around the anode caused by water electrolysis
(Guo et al., 2020; Kasuga et al., 2021; Kasuga et al., 2022; Kim et al.,
2019,). The initial pH of the CNF/water dispersion was ~6.8. After
electrodeposition at 10 V for 1 h, the pH of the dispersion increased to
~10.7. The pH change was caused by water electrolysis and ion-
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Fig. 3. FTIR spectra of the deposited CNFs after 1 h with different
applied voltages.

exchange of protons (H") with the counter ion of carboxylate groups
of CNFs (Na™). It is thought that the hydroxide ions (OH™) produced at
the cathode became more abundant relative to protons HY by the ion-
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exchange, resulting in an increase in pH. In the case of electrodeposition
at 2.5 V, a peak was observed that appeared to be from the residual
sodium carboxylate groups (-COONa). This implied that some Na-type
CNFs were not immediately converted to H-type CNFs during electro-
deposition in the mild water electrolysis reactions. CNF hydrogels were
not formed by electrodeposition at 1 V, and the Na counterions of the
CNFs near the anode remained (Fig. 3). It has been reported that CNF
hydrogels were formed even at an applied voltage of 1 V when copper
was used as the anode (Kasuga et al., 2022). In this study, a graphite
electrode was used as the anode, and no hydrogel was formed at an
applied voltage of 1 V. With a copper electrode, CNF hydrogel formation
was possible because the CNFs were cross-linked and fixed by the copper
ions dissolved from the anode (Kasuga et al., 2022). On the other hand,
in the case of the graphite anode, supply of cations for hydrogel for-
mation did not occur; therefore, water electrolysis was essential for
hydrogel formation.

3.4. Structural effects of electrodeposition on deposited CNF hydrogels

The structural characteristics of the deposited CNF hydrogels were
then evaluated. The hydrogel deposited at 2.5 V had a clear appearance
with no bubbles and a smooth surface (Fig. 4 a, b). On the other hand,
the CNF hydrogels deposited at 5 V and 10 V had translucent appear-
ances containing bubbles, and the gel surfaces were not smooth (Fig. 4c-
). The bubbles were most likely generated at the anode during the water
electrolysis (Guo et al., 2020; Kasuga et al., 2021; Kasuga et al., 2022;
Kim et al., 2019). At an applied voltage of 2.5 V, the water electrolysis
was milder than those at 5 V and 10 V, suggesting that the oxygen

Applied voltage: 2.5V, 6 h
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diffused into the water before the bubbles grew, and the bubbles did not
grow to visible sizes (Besra, Uchikoshi, Suzuki, & Sakka, 2010). Cross-
sections of the CNF hydrogels showed that the interiors of the hydro-
gels deposited at 2.5 V tended to be uniform and oriented horizontally
with respect to the anode surface (Fig. 4b, Fig. S3). On the other hand,
the internal structures of the hydrogels prepared at 5 V and 10 V were
disordered and showed nonuniform tendencies (Fig. 4d, f, Fig. S3).
There are several possibilities for the changes occurring in the CNF
orientations and hierarchical structures with applied voltage. Bubbles in
the CNF hydrogels may be one factor; however, there was a report that
the out-of-plane CNF orientation was changed by an applied voltage
without bubbles (Kasuga et al., 2022). The hierarchical structures of the
CNFs in a hydrogel is an important parameter for several applications,
such as film preparation (Kasuga et al., 2022; Wilson et al., 2018), and
further investigation of the underlying mechanism is needed.

3.5. Reuse of concentrated CNF hydrogels by electrodeposition

Finally, the reusabilities of concentrated CNF hydrogels were
investigated. When a CNF hydrogel was simply diluted and homoge-
nized (Fig. 5a), light transmittance of the dispersion was maintained at
the original level (Fig. 5b). When large-scale CNF aggregates remained
in the dispersion, the light transmittance of the dispersion decreased
(Hsieh, Koga, Suganuma, & Nogi, 2017). This confirmed that after
electrodeposition, the CNF hydrogel was redispersed to some extent by
dilution and homogenization. CNF films were then prepared by drying
the redispersed dispersion (Fig. 6a). The appearance of the prepared
CNF film was clearly transparent (Fig. S4). The total transmittance of the
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Fig. 4. CNF hydrogels formed by electrodeposition at applied voltages of a), b) 2.5 V, ¢), d) 5V, and e), f) 10 V and cross-sectional polarized optical micro-

scopy images.
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Fig. 5. a) Concentrated CNF hydrogels formed by electrodeposition were
redispersed by a simple dilution and agitation process. b) The redispersed CNF/
water dispersion exhibited almost the same transparency as the orig-
inal dispersion.

dried CNF film prepared by drying of the redispersed CNF/water
dispersion did not decrease (Fig. S5). However, the haze of the film
increased, and the film became slightly translucent (Fig. 6b). The surface
roughness of the CNF film was also higher than that of the original
dispersion (Fig. 6¢). The carboxylate groups on the surface of the
deposited CNF hydrogels were protonated, and the CNFs formed a
network structure (Saito, Uematsu, Kimura, Enomae, & Isogai, 2011).
Therefore, simple dilution and homogenization of the CNF hydrogels
may have left small CNF aggregates, resulting in the increased haze
(Isobe et al., 2018; Kasuga et al., 2018). Neutralization was used to
disintegrate the CNF aggregates. A 0.1 M sodium hydroxide solution was
added to the CNF dispersion until the pH of the dispersion reached 7. As
a result, the haze and surface roughness levels of the dried CNF films
were returned to those of the original film (Fig. 6b, c). These results
confirmed that the concentrated CNF hydrogel obtained by electrode-
position could be redispersed via a simple neutralization process.

4. Conclusion

Electrodeposition is a promising dehydration method for CNFs. For
dilute CNF/water dispersions, dehydration by electrodeposition was
much more efficient than evaporation. Interestingly, the hierarchical
structures of the CNFs after electrodeposition varied with the applied
voltage. In addition, the concentrated CNF hydrogels were reused with
neutralization and homogenization processes, and clear, transparent
films were prepared. In a limitation of electrodeposition, it was found
that a long time was required to achieve a CNF/water dispersion with a
concentration above 2 wt%. Further studies are needed to increase the
concentration, such as by applying a higher voltage or changing the
distance between electrodes according to the degree of dehydration. In
the future, the effect of the type of CNFs also needs to be examine. While
this method is effective for highly charged and nano-sized CNFs, such as
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Fig. 6. a) CNF film preparation from a redispersed CNF/water dispersion. B)
Haze and c) surface roughness of the CNF films prepared from the original,
redispersed, and neutralized CNF/water dispersions.

TEMPO-oxidized CNFs, it might have limited effect on less charged and
micro-sized cellulose fibers, such as microfibrillated cellulose (MFCs).
These results provide new insights into dehydration via electrodeposi-
tion and the use of electrodeposition for hierarchical control of CNF
structures.
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