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Abstract In this study, we perform a comprehen-
sive examination of the ultrasonic dewatering of cel-
lulose nanofibril (CNF) suspensions, with particular
emphasis on the role of fines content. The produc-
tion of CNFs involves mechanical fibrillation which
leads to the presence of different percentages of fines
(fibrils under 200 pm) in the final product. Although
fines have demonstrated mechanical advantages in
composite materials, they also increase water reten-
tion by the fibrils, leading to increased dewater-
ing time and energy. We selected two distinct CNF
samples with 60% and 90% fines, respectively, and
subjected them to ultrasonic drying until 100 wt%
CNFs is reached. We found that the 90% fines sam-
ples displayed 20% longer drying times, indicating
a higher water retention capacity than the 60% fines
samples due to increased hydrogen bonding sites.
Both fines types exhibit a biphasic pattern in water
removal, with the second phase, commencing upon
the elimination of half the water, displaying similar
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rates regardless of the fines content. As dewatering
and drying processes often induce agglomeration in
CNFs, we systematically dewatered both the suspen-
sions until concentrations of 15, 25, and 35% were
achieved and then redispersed to 0.01 wt% CNF. To
evaluate the stability of redispersed samples, we mon-
itored their settling behavior and conducted UV-vis
transmittance analyses. Results showed that while
60% fines samples could be redispersed in 1 min, the
90% fines samples required up to 5 min to reach a
similar level of stability to their original suspensions.
Notably, UV-vis transmittance values remained con-
sistent across both the 60% and 90% fines samples
and their initial suspensions, indicating a lack of sig-
nificant agglomeration following redispersion. These
findings provide critical insights regarding the impact
of fines percentages in CNFs on dewatering duration
and suspension stability during ultrasonic dewater-
ing, contributing to improved processing strategies in
industrial cellulose applications.

Keywords Ultrasounic dewatering - Dewatering -
Cellulose nanofibrils - Redispersion - Cellulose fines
Introduction

Cellulose nanomaterials (CNMs) possess a unique
set of properties that have been harnessed in a range

of applications, including composite materials, bio-
degradable and renewable packaging, biomedical
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applications, and rheology modification (Moon et al.
2011; Rebouillat and Pla 2013; Jang et al. 2015; Gha-
semi 2019; Patel et al. 2019; Nigmatullin et al. 2020;
Chen et al. 2021; Lai and Yu 2021). Two predomi-
nant categories of CNMs are cellulose nanocrystals
(CNCs) and cellulose nanofibrils (CNFs). CNFs are
characterized as complex, fibril-like particles forming
extensively branched networks (Moon et al. 2023),
whereas CNCs primarily display a spindle-like non-
branching structure. These differences arise due to
the respective manufacturing processes: mechani-
cal fibrillation for CNFs and chemical extraction for
CNCs (Moon et al. 2011; Rebouillat and Pla 2013; de
Assis et al. 2018).

Mechanical fibrillation during CNF manufacturing
results in the formation of fines within the suspen-
sion, the quantity and characteristics of which depend
on the type and duration of fibrillation employed
(Stelte and Sanadi 2009; Colson et al. 2016; Ghasemi
2019; Kelly et al. 2021). Fines are defined either as
fibrils with lengths and/or fibril agglomerates with
diameters <200 pm (ISO 2014), or as fibrils capa-
ble of passing through a 76 pm diameter round hole
(ISO 2012). Higher fines percentage typically cor-
relates with greater fractions of smaller fibrils, lead-
ing to increased mechanical bridging and hydrogen
bonding (facilitating network formation) within the
suspension (Stelte and Sanadi 2009). This increased
fines percentage has been shown to enhance strength
and surface properties in pulp non-woven materi-
als (Zambrano et al. 2020). For instance, paper hand
sheets incorporating CNFs as an additive exhibited
an increase in tensile index proportional to the fines
percentage, reaching a plateau at approximately
77% (Johnson et al. 2016). This study also noted an
increase in internal bond strength and decrease in sur-
face roughness of hand sheets as the CNF fines per-
centage increased. The fines percentage has also been
observed to affect the adhesive strength when CNFs
is used as a sole adhesive on filter paper joints, with
higher adhesion achieved for CNFs with higher fines
percentage (Kelly et al. 2021). A higher fines per-
centage can contribute to improved packaging dur-
ing web formation in papermaking, thereby reducing
pore sizes and increasing resistance to air permeance
through paper (Johnson et al. 2016).

Although these enhanced mechanical proper-
ties are desirable, a higher fines percentage can
affect the dewatering properties of a suspension
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negatively, leading to increased dewatering times
during wet pressing (Johnson et al. 2016; He et al.
2017). As traditional dewatering and drying pro-
cesses are inherently energy-intensive (Miller et al.
2015), a higher fines percentage can contribute to
increased energy consumption during the manufac-
turing process.

Ultrasonic dewatering offers a more energy-effi-
cient method for water removal from CNFs, with an
estimated 50% energy reduction compared to tradi-
tional spray drying (Ringania et al. 2022). Previous
work has explored the influence of system parame-
ters such as the number of transducers used and the
CNF flow rate on ultrasonic dewatering efficiency,
providing valuable insights for process optimization
and future scale-up (Ringania et al. 2022). However,
the impact of material properties, particularly fines
content, on ultrasonic dewatering efficiency remains
uninvestigated. Given that material properties such
as fines content can significantly influence dewa-
tering times, it is crucial to examine their potential
impact on the efficiency of ultrasonic dewatering, a
technique recently applied to CNM suspensions.

In this study, we explore the influence of the
fines percentage in a CNF suspension on the effi-
ciency of ultrasonic dewatering and drying. We
aim to assess the role of fines content on the water
retention behavior and the dewatering rate. As fibril
agglomeration during dewatering can pose chal-
lenges, we conduct redispersion of the dewatered
samples to evaluate the extent to which dewatering
and redispersion can be achieved without inducing
irreversible CNF agglomeration. We investigate the
efficiency of redispersion based on parameters such
as CNF fines percentage, final dewatered weight%,
and redispersion time. We further assess the stabil-
ity of redispersed suspensions using gravitational
settling experiments and UV-visible spectrometry
determining the settling time, height, and potential
CNF agglomeration of the fibrils.

This study aims to provide insights into the
impact of fines percentage on the ultrasonic

Table 1 Specifications of the CNF samples obtained from
University of Maine

% fines Lot # Concentration (Wt%)
60% fines Ul136-K 34+02
90% fines U103 31+04
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Fig. 1 Phase contrast microscopy images of CNF samples
captured using optical microscope (Nikon ECLIPSE Ti2-U,
using 20X objective lense and phase 1 contrats filter). The
samples are at 0.01 wt% CNF diluted using DI water. Higher

dewatering and drying process, thereby furthering
our understanding of water retention based on CNF
suspension parameters and optimizing the process.
Additionally, our exploration into alternative dewa-
tering processes and redispersion techniques could
pave the way for innovative strategies for shipping
and handling CNFs, enhancing accessibility for var-
ious industries.

Materials and methods
Cellulose nanofibers

Cellulose nanofibrils (CNFs) produced using
mechanical fibrillation are provided by the Process
Development Center, University of Maine, Orono
(UMaine 2021). Based on the ISO specification (ISO
2014) which states ‘fines’ as fibrils with a length less
than 200 pm, samples with 60% fines and 90% fines
are used in the present work. Figure 1 shows the opti-
cal microscopy images for both fines percentages at
0.01 wt% dilution, with arrows demonstrating the
difference in fibril lengths observed in both samples.
These CNF suspensions have a solids content ranging
between 3 and 3.5 wt%, as confirmed by oven drying
experiments performed by us (with at-least 3 repeats
for each). The specification of fines percentage, lot

density of smaller fibrils observed in 90% fines as compared to
the 60% fines. The red arrows point toward longer fibrils seen
in 60% fines while higher density of smaller fibrils is seen in
90% fines sample

number, and solid weight content for these CNF sam-
ples are provided in Table 1.

Ultrasonic dewatering technique

The ultrasonic dewatering of CNF suspensions is
achieved using a piezoelectric vibrating mesh trans-
ducer (VMT) that comprises a metal mesh connected
to a piezoelectric crystal, as described in our previous
study (Ringania et al. 2022). By applying voltage to
the piezoelectric ceramic, high frequency vibrations in
the range of the resonance frequency of the transducer
(110-113 kHz) are generated in the metal mesh, which
help remove water from the CNF suspension (Fig. 2a).
In this work, a custom-build static ultrasonic dewater-
ing platform as shown in Fig. 2b is used to perform
two studies. (i) We dewater' the samples to achieve
100% CNF solid weight content (complete drying)
to help understand the impact of fines percentage on
water-retention by fibrils during the ultrasonic dewa-
tering process. (ii)) We dewater the as received CNF

! Dewatering in our work is defined as concentrating the sus-
pension by removal of water from the system to various solid
wt%.

Complete drying in our work in defined as the state of the
sample when all the water has been removed from the system
and the final wt. is equivalent to the solid wt. content of the
initial suspension.
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Fig. 2 a Schematic demon- (a)
strating the ultrasonic water

removal process using a

vibrating mesh transducer CNF
(VMT). High frequency
vibration of the metal mesh
pushes the water through
the mesh leaving the fibrils
behind. b Schematic of

the static ultrasonic drying
platform. ¢ Timelapse of
the drying process for both
fines percentages at various
time points. The timepoints
are at 0, 0.1, 0.5 and 1 frac- (C)
tion of the total time taken

As received

Fibrils retained
on top surface

Water removed
from suspension

Progressive water removal
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Completely dried

to dry each sample. The

red line depicts the CNF
sample circumference as the
drying process progresses
with higher shrinkage
observed for 60% fines. The
yellow dotted circle and
box represents the mesh
circumference

t=0s

60% fines

t=0s

90% fines

suspension (specifications in Table 1) to various solid
weight percentages: 15 wt%, 25 wt% and 35 wt% to test
their subsequent redispersion and suspension stability
thereby. The platform includes a horizontal transducer
stand holding the VMT, which is powered by a function
generator and a power amplifier. Due to the vibration-
induced interference of ultrasound with the weighing
system, continuous measurements of the CNFs weight
are unfeasible. Therefore, we adopt interval-based
weight assessments to ensure accurate data collection.
First, the weight of the unconnected static VMT plat-
form is tarred on the weighing scale. We then weigh
the CNF sample (for both 60% fines and 90% fines, as
received) by placing them on the VMT’s metal mesh.
The initial weight of the CNF suspension samples was
~200 mg. After removing from the weighing scale,
we connect the VMT setup to the amplifier and initi-
ate ultrasonic vibrations on the CNF sample. We dis-
connect the setup every 30s, weighing the sample until
we achieve the desired CNF wt%. At least 3 runs are
conducted for each final CNF wt% for the 60 and 90%
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fines samples. The dewatering process was monitored
and recorded using a camera (Logitech) at 2 fps, and
timelapse images of the samples are shown in Fig. 2¢c
(see SI-Movie 1, SI-Movie 2 and Online Resource 1
for details). The change in area covered by the CNFs
as drying progressed is calculated through these images
and presented in Online Resource 1: SI-Fig. 1.

Characterization

CNF concentration calculation

Using the initial concentration (C;) of the CNFs in these
suspensions (from Table 1), the initial weight of CNF
solids (F,in mg) in the sample suspension of initial

weight W(mg) is determined:

F—C"xW 1
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W, can also be denoted as W,_, where t=0 represents
the start time point for the dewatering process.

To determine the amount of water removed
between two time points, where time point represents
the time elapsed from start in seconds, and assuming
only water passes through the pores, we use the fol-
lowing formula:

water removed between n and m time point

@

=W._,—W_,; where n<m

where w,_, and w,_,, indicate the weight of the sample
at time n and m seconds respectively.

Finally, assuming that the solid content of CNFs
in the suspension remains constant (as determined in
our previous study (Ringania et al. 2022), CNF wt%
at time point n is calculated by:

F,
CNF wt% = Wl x 100 3)

n

Normalized weight for the samples at any given
time point is calculated against the initial sample
weight as below:

Normalized weight at time point n = W 4)
=0

Redispersion

The samples dewatered to different solid weight per-
centages (15 wt%, 25 wt%, and 35 wt%) are diluted
and redispersed using deionized water to achieve a
final solid weight% of 0.1% CNFs. A vortex mixer
(VWR Analog Vortex Mixer No. 10153-838) operat-
ing at a speed of 8, redispersed the diluted samples in
two stages. In stage I, the samples were initially redis-
persed for 1 min and used for gravitational settling
and UV-vis transmittance experiments. In stage II,
the samples were redispersed for an additional 4 min
(i.e., a total of 5 min), followed by another round
of gravitational settling and UV-vis transmittance
experiments. As received CNFs suspensions were
diluted with D.I water to 0.1 wt% CNFs by stirring
for 30 s using a vortex mixer. This diluted as received
CNF suspension is named “original” and was used to
provide a comparison to none dewatered material.

Gravitational settling experiment

To evaluate the suspension stability of the redis-
persed samples compared to the original samples,
we conducted gravitational settling experiments.
Glass vials (20 mL total volume) containing both
sets of redispersed samples (approx. 6mL in volume
each), i.e., those redispersed for 1 min and total of
5 min at 0.1 wt% for both 60% fines and 90% fines,
were allowed to settle for 2 and 12 h, respectively. We
captured images every 5 s using a Logitech webcam
to record the settling process. To quantitatively ana-
lyze the settling behavior, we calculated the height
of the dispersed suspension state, characterized by
the white area, using Imagel] (see Online Resource
1: SI-Fig. 2), and plotted the data against time. We
used an exponential fit equation to fit the data (Online
Resource 1: SI-Fig. 3, SI-Fig. 4, and SI-Fig. 5), with
the asymptote y, representing the final settling height
of the samples. We also calculated ty, for each sam-
ple, which is defined as the time taken to reach 90%
of the final settling height.

UV—vis transmittance

Transmittance data of the redispersed suspensions for
both redispersion times (1 and 5 min) along with the
original suspension of 60% and 90% fines at 0.01 wt%
dilution is measured using the UV/Visible spectro-
photometer (Ultrospec 2100 pro). Transmittance data
are recorded in reference to DI water for wavelength
sweeps from 350 to 800 nm at 41 nm/s speed. At least
3 sweeps are conducted for each sample using dispos-
able cuvettes (Fisherbrand disposable cuvette, semi-
micro methacrylate cells) with path length 10 mm.
Transmittance sweeps for CNF samples with various
fines % (between 60% fines and 100% fines) are also
recorded. All the transmission sweep data are pre-
sented in Online Resource 1: SI-Fig. 6, SI-Fig. 7, SI-
Fig. 8 and SI-Fig. 9.

Results and discussion
Ultrasonic drying

We examined the influence of fines percentage on the
water retention behavior of CNFs and the efficiency

@ Springer
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Fig. 3 a Normalized wt. of CNF sample, b water removed
measured at 30 s intervals for both fines percentages as dry-
ing progressed. Two phases for water removal are observed: in
phase I water removed from 60% fines is higher than 90% fines
sample whereas in phase II the water removed from both fines
percentage becomes similar. The shift from phase I to phase

of ultrasonic dewatering in removing water in this
study. CNF suspensions with varying fines percent-
ages were subjected to ultrasonic drying, resulting in
100% CNF solid content, and the drying process was
monitored through timelapse imaging (Fig. 2c). We
observed a reduction in the transducer area covered
by the sample as water was removed from the system.
Specifically, suspensions with 60% fines showed an
area reduction of ~30%, while the 90% fines demon-
strated a~11% size reduction. This variation in area
reduction provides insight into fibril packing within
the sample; greater shrinkage may suggest a sparser
fibril distribution in the suspension, which might lead
to faster water removal from the network. Previous
studies have suggested that the contact area between
samples and the transducer can influence the amount
of water removed from the system (Ringania et al.
2022). However, given that the mesh portion of the
transducer remains covered throughout our experi-
ments (indicated by yellow dotted circles in Fig. 2c,
we assert that changes in the contact area did not
impact overall water removal for both 60% fines and
90% fines samples in these investigations.
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IT coincides with the point when 50% of the water is removed
from the system. The points when the system reaches 15 wt%
(between 180 and 240 s), 25 wt% (between 210 and 270 s),
and 35 wt% (between 240 and 300 s) CNFs are also marked
showing the non-linearity of wt% fraction change with water
removed from the system

Water retention and drying times in fines suspensions

We found that the 90% fines suspensions
required ~20% longer drying times compared to 60%
fines suspensions to reach complete dryness. This
suggests higher water retention in suspensions with
larger fines percentages. The normalized weight of
each sample at every time point during ultrasonic
water removal is depicted in Fig. 3a. The 90% fines
suspensions consistently displayed a higher normal-
ized weight at any given time point, indicating greater
water content.

Phases of water removal during ultrasonic drying

We further investigate the amount of water removed at
30-s intervals during ultrasonic drying for both sam-
ples (Fig. 3b). Our results reveal a two-phase process
of water removal. Phase I, marked by greater water
removal from the 60% fines suspension than from
the 90% fines suspension during the initial 120 s,
can be potentially explained by considering the types
of water present in the system: bound, unbound and
intermediate water. Bound water refers to water mol-
ecules attached to the fibrils via hydrogen bonding,
while unbound water remains free and unattached.
Intermediate water refers to the water molecules that
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interact with the bound water but are not themselves
in contact with the fibrils (Zhou et al. 2019; Xu et al.
2022). We propose that the water primarily removed
in Phase I is unbound water. Given that a higher fines
percentage provides more sites for hydrogen bonding,
we anticipate a reduced quantity of unbound water
in the system. Consequently, we observe less water
removal from the 90% fines at each step compared to
the 60% fines during Phase I, which results in greater
water retention in the 90% fines suspension. This also
accounts for the longer drying times for the 90% fines
compared to the 60% fines.

Phase II commences when the amounts of water
removed at each time interval for both suspensions
become similar and remain consistent over time. This
transition occurs between 90 and 120 s for both sys-
tems, as indicated by the 50% water removed line (in
black) in Fig. 3a. We propose that as the quantity of
unbound water in the systems decreases, the dewater-
ing of the intermediate and bound water begins with
intermediate water removed primarily during transi-
tion. Ultrasonic energy is primarily utilized to break
the hydrogen bonds before dewatering the tightly
packed fibrils. As a result, the system’s depend-
ence on the fines percentage diminishes, and water
removal from both samples becomes analogous. It is
important to note that quantifying the types of water
in these systems falls outside the scope of this paper,
and these interpretations remain speculative. Never-
theless, this understanding of water removal behavior
can be crucial in designing systems specifically tai-
lored to particular suspensions, ultimately enabling
optimized water removal.

Ultrasonic dewatering

After investigating the complete water removal
behavior for both fines percentages, we next explore
ultrasonic dewatering to achieve various CNF wt%
and their subsequent redispersion and suspension sta-
bility. Previous research has demonstrated excellent
redispersion for CNF samples dewatered up to 11 wt%
solids without causing irreversible CNF agglomera-
tion (Ringania et al. 2022). Additionally, dewatering
can significantly reduce water content in the system,
thereby lowering shipping and handling costs without
the high energy demands associated with complete
water removal. Thus, dewatering is recommended for

optimizing the system from both energy consumption
and material integrity perspectives.

We compare samples from both 60% fines and 90%
fines in terms of their redispersibility and suspen-
sion stability. The dewatering time needed to reach
CNF wt% of 15, 25, and 35 wt% for both systems are
shown In Fig. 3a. Subsequent dewatering experiments
are conducted using these times as a reference for
designing the dewatering times necessary to achieve
these desired CNF wt%.

Normalized weight% versus time plots for indi-
vidual samples dewatered to various weight percent-
ages are presented in Online Resource 1: SI-Fig. 10
and SI-Fig. 11. As these data indicate, the dewatering
behavior follows a similar trend to complete drying,
with the 90% fines requiring longer dewatering times
than the 60% fines. The time needed to reach various
CNF wt% for 60% fines is shorter than for 90% fines,
evidenced by the time step where the system crosses
these solid weight% lines in Fig. 3(a). The nonlinear
gaps between these lines, despite a constant increase
in CNF wt%, are a consequence of the nonlinear
relationship between CNF wt% to the amount of
water removed from the system, as shown in Online
Resource 1: SI-Fig. 12.

For example, when dewatering the suspensions to
a CNF solid wt% of 15, 25, and 35 wt%, a change of
10 wt% solids content for each case, corresponded to
a total water removal percentage from the system of
82, 92.7, and 94.2%, respectively. This shows that a
much smaller amount of water removal is needed to
increase the solids content from 25 wt% to 35 wt%
(~1.5% water removed) than when going from 15 to
25wt% (~10.7% water removed). Achieving CNF
weight percentages between 35 and 100wt% proved
experimentally challenging due to this relationship,
as the change in CNF wt% is exponential for even
the slightest amount of water removed (see Online
Resource 1: SI-Fig. 12). It is worth noting that if
dewatering is performed to remove only 50% of the
initial water, i.e., to achieve between 6 and 7 CNF
wt%, the system remains in the Phase I regime alone.
Whereas, for dewatering to 15, 25, and 35 wt% CNF,
both water removal phases are observed.

Redispersion

The nanoscale dimensions of CNFs impart unique
properties desirable for various applications, such

@ Springer
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Fig. 4 Redispersed suspensions at 0.1 wt% dilutions are
shown for samples dewatered to various wt% CNF along
with the original sample for both fines percentages. On vis-

as composite materials, bioproducts, and packaging,
which often necessitate the use of these materials
in suspension form. Therefore, dewatered and dried
CNFs must be redispersed in suspension for industrial
applications. However, drying and dewatering fre-
quently lead to irreversible agglomeration of fibrils,
resulting in the loss of their nanoscale dimensions
and corresponding unique properties. Redispersing
these agglomerated fibrils can incur high energy costs
associated with breaking strong interfibrillar bonds.
Consequently, it is crucial that the dewatering method
does not promote significant agglomeration of fibrils
and allows for successful redispersion into solution
while retaining their properties (Déléris and Wallecan
2017; Posada et al. 2020).

Previous work by Ringania et al.(Ringania et al.
2022) demonstrated that samples dewatered up to 11
wt% CNFs could be successfully redispersed after
1 min of vortex mixing without any change in CNF
particle morphology. As we dewater the samples to
higher CNF weight percentages in this study while
also varying the fines percentage, it is essential to
examine the impact of these variables on redispersi-
bility and evaluate the efficacy of the ultrasonic dewa-
tering method. We thus redisperse the samples in two
stages, i.e., 1 min followed by an additional 4 min (5
min in total), to also investigate the effect of redisper-
sion time on redispersibility.

Figure 4 displays images of ultrasonic dewatered
samples to 15 wt%, 25 wt%, and 35 wt% CNFs, for
both fines percentages redispersed for 5 min and
diluted to 0.1 wt%, alongside their original samples
(e.g., as received CNF suspension diluted to 0.1 wt%).
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ual inspection, the dewatered suspesnions looked very simi-
lar to the original suspesnion with no visible agglomeration
observed. Scale bar: the diamter of each beaker is 2.27 cm

On initial visual inspection, we did not observe any
large agglomerated fibrils, and redispersed samples
appear qualitatively similar to the original samples.

While SEM and TEM are commonly employed
to assess redispersion quality, these methods present
inherent challenges associated with sample prepara-
tion that can induce agglomeration in fibrils. In this
work, we confine ourselves to evaluations in suspen-
sion/wet state, which are more easily applicable from
an industrial perspective. Therefore, besides visu-
ally inspecting the suspensions, samples are evalu-
ated through gravitational settling experiments and
UV-vis transmittance and compared to the original,
never-dried samples.

Suspension stability

Achieving stable redispersed suspensions with low
energy requirements is crucial for industrial applica-
tions. Suspension stability can be assessed through
settling behavior, which is measured by the change in
the dispersed phase’s height over time. Past research
has shown that suspension stability is influenced by
the size of colloidal particles, where larger particles
settle faster (Kumagai et al. 2019). The equilibrium
height of the suspension further provides insight into
its stability, with smaller height changes indicating a
more stable suspension (Li et al. 2020). In our study,
we evaluate suspension stability using two parame-
ters: (a) the fractional change in height at equilibrium,
and (b) the time it takes to reach 90% of the equi-
librium height or ty;. We also consider the effect of
redispersion time using these parameters.
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Figure 5a, b shows the normalized change in height
over time for 60% fines and 90% fines suspensions,
respectively. These graphs reveal a general trend
where the height change follows an exponential curve
and asymptotically approaches the equilibrium height
in approximately 0.5 h for 60% fines and 6 h for 90%
fines. Interestingly, the 90% fines samples display a
delayed settling initially, unlike their 60% counter-
parts, visible as an extended “tail” at the graph’s start.
We extract the fractional change in height at equilib-
rium and ty, from these experimental data for further
analysis.

Fractional change in height (h/H) at equilibrium

To establish a baseline for these suspensions, we
compare the suspension stability of the original 60%
and 90% fines samples (at 0.1 wt% CNFs). Figure 5c,
d illustrate the height changes for 60% fines and
90% fines, respectively. We find that the normalized
change in height, h/H, for 60% fines is 0.45 + 0.05,
while it is 0.24 + 0.03 for 90% fines. A higher height
change for 60% fines implies weaker suspension sta-
bility compared to the 90% fines suspension due to
the presence of higher percentage of larger fibrils. It
must also be noted that the change in height of sedi-
mentation can be impacted by the compactness of the
sediment as well as the gelation point based on the
flexibility and aspect ratio of the fibrils respectively
(Varanasi et al. 2013; Raj et al. 2016). Higher per-
centage of smaller fibers may result in the formation
of tighter network faster due to the presence of higher
sites available for inter-molecular bonding restrict-
ing the particle movement and impacting the settling
height.

As we conducted redispersion in two steps, we ran
settling experiments at both stages to understand the
influence of redispersion time on suspension stabil-
ity. Figure 5c¢ show the fractional change in height at
equilibrium for the dewatered samples of 60% fines
redispersed for 1 and 5 min. For suspensions redis-
persed for 1 min, we find that the equilibrium change
in settling heights for the dewatered samples aligns
within 1 standard deviation of the original samples’
values. Two-population t-tests confirm that we can-
not statistically differentiate the means of the dewa-
tered samples from the original sample at the limit of
p value <0.05 (see Online Resource 1 for details). For
the 5-min redispersion, the height change in settling

for all dewatered samples stays within the statistical
bounds, similar to the original sample.

yFor 90% fines, we notice that 1 min redisper-
sion leads to a suspension with stability inferior to
the original suspension. This inference is based on
the higher fractional change in equilibrium height
observed in the dewatered samples, as shown in
Fig. 5d. When we redisperse these samples for 5 min,
the suspension stability matched the original sample,
as seen in Fig. Se and confirmed by the two- popu-
lation t-test (see Online Resource 1: SI-Table 2). We
speculate that samples with higher fines percentages
form stronger hydrogen bonds among fibrils, requir-
ing more energy for complete redispersion compared
to the 60% fines samples.

Time to reach 90% of equilibrium height: t,

The 60% fines settle much more quickly compared
to the 90% fines, showing ty, values of 0.22+0.05 h
and 5.06 + 0.20 h respectively. This can be attrib-
uted to the higher percentage of fibrils in dimen-
sions >200 pm in the 60% fines. As larger particles
settle faster, this leads to quicker settlement times
to reach equilibrium, indicating lower suspension
stability.

Figure Se present the ty, values for all dewatered
samples redispersed for 1 and 5 min for 60% fines.
For 1 min redispersed samples, the ty, values for 15
wt% and 25 wt% samples align within 1 standard
deviation of the original 60% suspension. Two-pop-
ulation t-tests with respect to the original suspension
verify that their means are similar within the statisti-
cal limit (see Online Resource 1: SI-Table 2). How-
ever, we note that the mean for the sample dewatered
to 35 wt% (redispersed for 1 min) falls outside the
lower bound of 1 standard deviation of the original
suspension. This suggests that the 35 wt% samples
reach the equilibrium height relatively faster than the
original sample. However, the two-population t-test
suggests that we can still consider the means similar
within the statistical limit, so we cannot definitively
claim that redispersed suspension of samples dewa-
tered to 35 wt% has poor stability.

The ty, values for 5-min redispersion for 60% fines
samples show similar behavior to their correspond-
ing 1-min data. Hence, a higher redispersion time
does not affect the suspension settling time for the
60% fines samples. In the case of 90% fines samples,

@ Springer



Cellulose

(a)

0.6 1

60% fines dewatered to 25 wt.% CNF

0.2 4 I h —— original
H ——1min
——5min
— —
too
00 T T T T T
0.0 0.5 1.0 1.5 2.0
t(hr)
(c) 11 min (h/H)
1.0 [ 15 min (h/H)
0.9 1
0.8 4
0.7
0.6
=
£ 0.5 I T
*l' 5 %
0.4 | T :
0.3 1
0.2+
0.1 1
0.0 T T T T
original 15 wt.% 25 wt.% 35 wt.%
e
O
* 1min
® 5min
0.4
L,
=034
~— 1
o
Q
= E
0.2 l ® !
‘ G
0.1
0.0 T T T T
original 15 wt.% 25 wt.% 35 wt.%

@ Springer

Dewatered CNF wt.% for 60% fines

(b)

0.6 1
0.5

0.4

h/H

0.3 1

0.2 1

0.1+

0.0-

(d)

0.9 1
0.8
0.7

0.6

h/H

0.5

0.4

0.3

0.2+

0.1+

0.0

90% fines dewatered to 25 wt.% CNF

—— original
—— 1 min
—— 5 min

2 4 6 8 10 12

11 min (hH)
[ 15min (h/H)

HH

T T T T
original 15 wt.% 25 wt.% 35 wt.%

* 1min
¢ 5min

T

¥ T T
original 15 wt.% 25 wt.% 35 wt.%
Dewatered CNF wt.% for 90% fines



Cellulose

«Fig. 5 Gravitational settling experiments for samples dewa-
tered to various wt% and redispersed for 1 and 5 min. General
trend for fractional change in height of the suspension as set-
tling progressed under gravity for the original sample com-
pared to samples dewatered to 25 wt% CNF for a 60% fines,
b 90% fines. The inset in a shows H: the original height of the
suspension, and h: change in height of the suspension as set-
tling progressed as depicted by the clear liquid at top. Frac-
tional change in height at equilibrium ¢ 60% fines and d 90%
fines. Time taken to reach 90% of the equilibrium height e 60%
fines and f 90% fines. The blue bar represents the standard
deviation for the original data sample. The grey dotted lines
represents the approximate tq, points

after redispersion for 1 min, the dewatered suspen-
sions reach equilibrium height faster than the origi-
nal samples. This results in lower ty, values for these
suspensions compared to the original suspension, as
shown in Fig. 5f. For samples redispersed for 5 min,
we observe settling times comparable to the origi-
nal sample. The tqy, values for all dewatered samples
align with the original 90% fines, as confirmed by the
two-population t-test for these samples (see Online
Resource 1: SI-Table 2).

Impact of redispersion time

Based on the above discussion, we note that for 60%
fines, both the change in height at equilibrium and ty
for all dewatered samples statistically align with the
original sample for both 1-min and 5-min redisper-
sions. Thus, 1 min redispersion suffices to achieve a
suspension with stability comparable to the original
suspension for 60% fines. A longer redispersion time
does not enhance suspension stability.

For 90% fines samples, 1 min of redispersion for
all dewatered samples results in higher fractional
changes of equilibrium height with lower ty, values,
indicating inferior suspension stability to the original
suspension. However, 5 min redispersion times yield
statistically similar fractional changes in height at
equilibrium and tg, for the dewatered sample suspen-
sions, compared to the original suspension. We must
note here that for samples dewatered within 10 wt%, 1
min redispersion times are sufficient to achieve stable
suspensions comparable to the original suspension, as
reported in our previous work (Ringania et al. 2022).
Thus, for samples dewatered above 15 wt% CNFs, we
recommend a 5-min redispersion to achieve stable
suspensions.

UV-vis transmittance spectroscopy

UV-vis spectra are instrumental in evaluating sus-
pension quality by assessing its transparency and
opacity. The interaction between incident light and
particles within a suspension—either through scatter-
ing or absorption—determines the amount of UV-vis
light transmitted through the suspension. Factors such
as particle size, concentration, pH, and temperature
influence the UV—-vis transmittance and a higher par-
ticle concentration often results in decreased light
transmission (Masy and Cournil 1991). Assuming
constant conditions, UV-vis transmittance spec-
tra can help detect particle agglomerations, as they
directly relate to particle width (Carr and Hermans
1978). Recent studies have used turbidity and/or
UV-vis transmittance to compare the quality of CNF
suspensions and films (Shimizu et al. 2016; Desmai-
sons et al. 2017; Sharma et al. 2021; Bréinnvall and
Aulin 2022). We adopt this robust and fast method
UV-vis transmittance method in our work to com-
pare and detect agglomeration in redispersed dewa-
tered suspensions with original samples. However,
it is important to note that secondary absorption and
scattering can obscure transmittance readings in high-
concentration suspensions. Therefore, we work with
low concentrations of CNFs (0.01 wt% CNFs) to
avoid such complications.

To elucidate the effect of fines percentage on
transmittance spectra, we first conducted wavelength
sweeps on samples with various fines percentages
(see Online Resource 1: SI-Fig. 6). The transmittance
exhibited a wavelength-dependent increase from 350
to 800 nm. However, it must be noted that there is no
linear dependence of transmittance on fines % as evi-
denced by the data at 550 nm, i.e., approx. midpoint
of the wavelength sweep (Online Resource 1: SI-
Fig. 7). The 90% fines sample had a lower transmit-
tance than the 60% fines sample, likely due to higher
particle density and morphology in the former, result-
ing in increased scattering (see Fig. 1). Transmittance
is influenced by various system properties including
particle density, size, pH, and temperature. While we
might control these parameters during our experi-
ments, differences in particle size and level of fibril-
lation due to varying fines percentage in our samples
might significantly impact transmittance in ways
beyond this study’s scope. Therefore, we compare
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Fig. 6 UV-vis transmittance % at 550nnm wavelength for
samples dewatered to various CNF wt% and redispersed for 1
min and 5 min for a 60% fines and b 90% fines along with the
original suspension. All suspensions are diluted to 0.01 wt%

redispersed suspensions with original samples to
accurately assess potential agglomeration.

We present the transmittance values at 550 nm
for 60% fines samples dewatered to 15 wt%, 25
wt%, and 35 wt% CNFs, then redispersed for 1 min
and 5 min are presented, in Fig. 6a. Transmittance
data for wavelength sweep from 350 to 800 nm is
presented in the Online Resource 1: SI-Fig. 8 and
SI-Fig. 9. We observe that the transmittance for all
the dewatered samples remains identical, reinforc-
ing our earlier finding that a 1 min redispersion
is sufficient for 60% fines. Statistical limits con-
firm the similarity in transmittance for all dewa-
tered samples (two-population t-test in the Online
Resource 1: SI-Table 2), implying no significant
agglomeration and successful redispersion compa-
rable to the original suspension.

Figure 6b shows the transmittance value at 550 nm
for the 90% fines samples, dewatered to various final
CNF wt% and redispersed for 1 min and 5 min. We
find similar transmittance values for a given dewa-
tered sample at both redispersion times, contrasting
the different settling behavior observed at these times
(two-population t-test in the Online Resource 1: SI-
Table 2). Even at 1 min redispersion time, no agglom-
eration is triggered for dewatered samples. However,
based on settling experiments, we recommend a 5
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CNF before performing the transmittance experiments. The
blue bars represent the standard deviation of the original sam-
ple data

min redispersion for these samples to achieve stabil-
ity similar to the original suspension. Thus, for accu-
rate evaluation, it is recommended to perform vari-
ous tests in conjunction when comparing suspension
stability for redispersed samples with the original
suspension.

Conclusion

This study examined the effects of fines percentage in
CNFs on ultrasonic drying and dewatering efficiency
using a custom-built platform. We found that the
90% fines samples took 20% longer to dry, suggest-
ing higher water retention than the 60% fines samples.
The water removal process unfolded in two phases,
with the higher fines percentage suspension demon-
strating lower water removal rates in the first phase
due to increased hydrogen bonding sites. The water
removal rate, however, became invariant with fines
percentage in the second phase, when about 50%
of the water was removed. We speculate this occurs
because accessing higher hydrogen bonding sites
becomes challenging as fibrils pack together with
progressing dewatering.

Our systematic dewatering and redispersion study
assessed redispersibility and suspension stability
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based on settling behavior and UV—vis transmittance.
We took as-received suspensions of both 60% and
90% fines, dewatered them to 15, 25, and 35 CNF
wt%, and redispersed them to 0.01 wt% CNFs. Our
results showed a difference in the normalized change
in height for 60% and 90% fines suspensions, indi-
cating varying suspension stability which might be a
result of various factors such particle size, gel point,
and fibril compactness. For 60% fines, a 1 min redis-
persion suffices to achieve suspensions with stability
similar to the original suspension, while we recom-
mend a 5-min redispersion for 90% fines samples
dewatered above 15 wt% CNFs to attain stable sus-
pensions. This difference in redispersion time require-
ments could be attributed to higher hydrogen bonding
among fibrils in samples with a higher fines percent-
age. Therefore, we recommend that the highest solid
wt% achievable through ultrasonic dewatering while
still maintaining successful redispersion to original
suspension stabilities for both fines percentages is 35
wt% CNFs.

We also employed UV—vis transmittance spectros-
copy to detect agglomerations in redispersed suspen-
sions. The transmittance values for both 60% and 90%
fines samples were found to be similar to their respec-
tive original suspensions, thereby suggesting that no
significant agglomeration was triggered upon dewa-
tering and subsequent redispersion of these samples.
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