Cellulose
https://doi.org/10.1007/s10570-022-04626-2

ORIGINAL RESEARCH

q

Check for
updates

Dewatering of cellulose nanofibrils using ultrasound

Udita Ringania - Joseph Harrison -
Robert J. Moon® - M. Saad Bhamla

Received: 12 February 2022 / Accepted: 27 April 2022

© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract Although cellulose nanomaterials have
promising properties and performance in a wide
application space, one hinderance to their wide scale
industrial application has been associated with their
economics of dewatering and drying and the ability to
redisperse them back into suspension without intro-
ducing agglomerates or lose of yield. The present
work investigates the dewatering of aqueous suspen-
sions of cellulose nanofibrils (CNFs) using ultrasound
as a potentially low-cost, non-thermal, and scalable
alternative to traditional heat-based drying methods
such as spray drying. Specifically, we use vibrating
mesh transducers to develop a direct-contact mode
ultrasonic dewatering platform to remove water from
CNF suspensions in a continuous manner. We dem-
onstrate that the degree of dewatering is modulated
by the number of transducers, their spatial configura-
tion, and the flow rate of the CNF suspension. Water
removal of up to 72 wt.% is achieved, corresponding
to a final CNF concentration of 11 wt.% in 30 min
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using a two-transducer configuration. To evaluate the
redispersibility of the dewatered CNF material, we
use a microscopic analysis to quantify the morphol-
ogy of the redispersed CNF suspension. By devel-
oping a custom software pipeline to automate image
analysis, we compare the histograms of the dimen-
sions of the redispersed dewatered fibrils with the
original CNF samples and observe no significant dif-
ference, suggesting that no agglomeration is induced
due to ultrasonic dewatering. We also perform SEM
analysis to evaluate the nanoscale morphology of
these fibrils showing a width range of 20 nm—4 um.
We estimate that this ultrasound dewatering tech-
nique is also energy-efficient, consuming up to 36%
less energy than the enthalpy of evaporation per kilo-
gram of water. Together with the inexpensive cost of
transducers (< $1), the potential for scaling up in par-
allel flow configurations, and excellent redispersion
of the dewatered CNFs, our work offers a proof-of-
concept of a sustainable CNF dewatering system, that
addresses the shortcomings of existing techniques.

Keywords Dewatering - Ultrasonic dewatering -
Cellulose nanofibrils - Energy-efficient - Continuous
platform

Introduction

Cellulose nanofibrils (CNFs) are nanosized cellulose
particles (20-100 nm in diameter, microns in length)
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that have a unique combination of characteristics:
renewable, sustainable, biodegradable, low toxicity,
high aspect ratio, high surface area, high mechani-
cal properties, transparency, self-assembly, indus-
trial scale production, etc., which gives them util-
ity across a wide range of applications in composite
materials, coatings, membranes, biomedical, rheol-
ogy modifiers, etc. (Moon et al. 2011; Rebouillat and
Pla 2013; Geng et al. 2018; Patel et al. 2019; Coli¢
et al. 2020; Nigmatullin et al. 2020). Although CNFs
present many promising properties, one hinderance
to their wide scale industrial application is associated
with the economics of their processing and handling.
Due to their hydrophilic nature, CNFs are processed
in aqueous form with the final suspension of about
90-97 wt.% of water (Rebouillat and Pla 2013), lead-
ing to high shipping costs. This cost can be circum-
vented by shipping a dewatered (i.e.., concentrated)
or dried form of these materials. However, drying is
a cost intensive process (Miller et al. 2015), and can
cause permanent changes to CNF nano-dimensional
particle morphology, and thus performance. As the
water is removed from the system, hydroxyl groups
of neighbouring particles get closer resulting in
strong hydrogen bonds and triggering agglomeration.
Redispersion of these dried particles into stable sus-
pensions that are comparable to that of the original
particle dimensions is an ongoing challenge due to
the high energy requirements to break these hydrogen
bonds (Beck et al. 2012; Missoum et al. 2012; Beu-
guel et al. 2018). Traditional drying methods such as
oven drying, spray drying, freeze drying, suffer from
loss of nanoscale dimension due to agglomeration of
fibrils associated with inter-particle hydrogen bond-
ing (Peng et al. 2012a). Supercritical drying (Zim-
mermann et al. 2016) and solvent replacement dry-
ing (Hanif et al. 2018) are two methods that has been
observed to retain the nanoscale dimensions. How-
ever, high cost of operations and complexities asso-
ciated with scaling up has limited their wide scale
application. The advantages and disadvantages of dif-
ferent drying methods used for cellulose nanomateri-
als (CNMs) is summarized in Table 1.

Apart from drying, which aims at removing all
the water from the suspension, a partial drying
approach that concentrates a suspension, referred to
as “dewatering’, has also been employed for CNMs.
One advantage of dewatering is that it can avoid
CNM agglomeration challenges. Examples of a few
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common dewatering techniques (Sinquefield et al.
2020), summarized in Table 2, include centrifugation,
filtration, shear-induced dewatering and pressing,
with variable success in CNMs. Centrifugation and
filtration are widely used laboratory scale processes;
however, scale-up issues inhibit their integration in
industries. A main disadvantage of filtration is the
long time required for dewatering (1—-4 h/100 ml sus-
pension) (Iwamoto et al. 2005; Sehaqui et al. 2010).
Electro-assisted filtration for microfibrillated cellu-
lose (MFC) helps tackle this issue (10-30 min/100 ml
of diluted suspension) but only through an increase
in the overall energy consumption (Wetterling et al.
2017). Electroosmotic filtration for CNCs has been
demonstrated to be energy efficient as compared to
the thermal methods, however, higher dewatering
rates increases these energy requirements and their
applicability to CNFs remains unknown (Wetter-
ling et al. 2018). Other methods using filtration have
employed additives such as salts (Sim et al. 2015) and
wood pieces (Amini et al. 2019) to assist in phase
separation for CNFs, however their recovery is either
not feasible or economically unviable. Application
of ultralow shear stress to CNFs and MFCs slurry
is another approach through which phase separation
and dewatering has been achieved (Dimic-Misic et al.
2013, 2017, 2018). However, the approach requires
long durational stress application and also results
in auto flocculation of the fibers. Finally, subjecting
MEFCs to high pressure pressing also helps dewa-
ter the slurry (Rantanen and Maloney 2015). This is
at times assisted with heat (Clayton et al. 2006), or
using a plate and frame type pressing mechanism.
Thus, with the availability of the present dewatering
techniques (Table 2), a low cost, scalable, energy-
efficient method is still lacking for dewatering CNMs.

The hypothesis of this study is that ultrasonic
approaches can be applied to the dewatering of CNF
suspensions. To the authors knowledge ultrasound
approaches have not been reported for the dewatering
of CNF suspensions, however, ultrasound has been
used as a low heat drying method for food, fabric and
variety of other solid materials with defined structure
(Boucher 1959a; Garcia-Pérez et al. 2015; Musielak
et al. 2016; Peng et al. 2017a; Sabarez et al. 2019).
The first acoustic drying, as performed by Boucher
(1959b, a) and Greguss (1963), used mechanically
generated sound in the sonic and ultrasonic range to
dry cotton fiber and a wide variety of other materials.



Cellulose

Table 1 Drying methods used for CNMs

Drying method Advantages Disadvantages References
Air drying Low cost High agglomeration (Peng et al. 2012b; Penttila et al.
Low energy requirements Poor redispersibility (irrevers- 2012)
ible)
Loss of nanoscale dimensions
Oven drying Economical and scalable High agglomeration (Quiévy et al. 2010; Peng et al.

Established industrial technol-
ogy

Nanoscale dimensions main-
tained in parts of the fiber

Relatively stable process

Well established and scalable
process

Freeze drying/ Lyophilization

Spray drying Scalable and fast process

Re-dispersible to a certain
extent (in micro-nanosized
particle range)

Continuous process

Supercritical extraction*® Efficient drying

Maintains the nanoscale

Solvent replacement drying
(t-BuOH)

Accelerated drying rates (~3
time for oven drying and ~
3-20 times for freeze drying)
than drying rates for original
solution

Reduced shrinkage during dry-
ing process

Easy redispersion

Maintains the nanoscale
structure

Poor redispersibility
Loss of nanoscale dimensions

Agglomeration to a certain
extent can occur

Slow process

High energy requirement

High installation and mainte-
nance cost

Energy intensive

Some extent of agglomeration

Loss of nanoscale dimension
(particle size ranges from
nano to micrometers)

Expensive method

Complex process

Hard to scale up

Not applicable to cellulose
nanocrystals (CNCs)

100% solvent replacement not
achieved

Presence of t-BuOH on the cel-
lulose particles after drying

2012a; Zimmermann et al.
2016)
(Peng et al. 2012b, 2013; Han

et al. 2013; Zimmermann et al.
2016)

(Quiévy et al. 2010; Peng et al.
2012b; Park et al. 2017; Al
Zaitone 2019)

(Peng et al. 2012a, 2013; Peng
and Gardner 2013; Zimmer-
mann et al. 2016)

(Hanif et al. 2018)

*Applicable to CNFs only

The extremely small 1-2 °C increase in temperature
during the drying process suggests applicability to
drying of heat-sensitive materials and high value-
target. However, poor energy efficiency and high
sound levels due to the air-jet sirens used decades ago
hindered the potential applications of mechanically
generated acoustic drying. Nevertheless, increasing
availability of modern piezoelectric transducers in the
recent decades, producing ultrasound energy at signif-
icantly lower power inputs, lower audible sounds and
with high energy efficiency, rekindled an interest in
ultrasonic acoustic drying. Since then, ultrasonic dry-
ing has been successfully demonstrated for a variety
of food products with a significant reduction in both
drying time and energy used (Gallego-Juarez et al.

2007; Garcia-Pérez et al. 2015; Musielak et al. 2016).
Recently, ultrasound has also been implemented in
fabric drying showing approximately 10 times reduc-
tion in energy use as compared to traditional heat
based dryer (Peng et al. 2017a, b).

The mode of application of the ultrasound to the
sample plays an important role on the final drying
efficiency achieved. The two primary modes of appli-
cation are (i) non-contact mode (or air-borne ultra-
sound) where the ultrasound is applied to the sample
through a medium, usually air, and (ii) direct-contact
mode where the ultrasound is directly applied to the
sample. Air-borne ultrasound has been observed to
assist the convectional air drying but suffers from
significant energy attenuation due to mismatch in
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Table 2 Dewatering methods for CNMs

Dewatering method Advantages

Disadvantages Ref

Centrifugation Easy availability

Difficult to scale up
High energy requirement

(Astorsdotter 2017; Amini et al.
2019; Zhai et al. 2020)

Batch process

Filtration*
Electro-assisted filtration**
Electro-osmotic filtration***

Easy availability*
Faster dewatering times™**

Long dewatering time*,***
Difficulty to scale up
Higher energy requirements

(Iwamoto et al. 2005; Sehaqui et al.
2010; Wetterling et al. 2017,
2018; Sethi et al. 2018)

Batch process

Shear induced dewatering

High dewatering efficiency Induces agglomeration

(Dimic-Misic et al. 2013, 2017,

Long dewatering times 2018)
Batch process

Pressing
Can be redispersed

High dewatering efficiency High pressure requirements
Applicable mainly for longer fiber

(Clayton et al. 2006; Rantanen and
Maloney 2015)

dimensions (microfibrillated
cellulose)
Batch process

Ultrasonic dewatering Continuous process
Energy-efficient
Easily Scalable

Fast dewatering times

Needs modification for application This study
to CNCs

*, %% and *** represent the methods Filtration, Electro-assisted filtration and Electro-osmotic filtration respectively as also seen in

column ‘Dewatering method’

impedance between air and solid/liquid media. In
contrast, direct-contact mode ultrasound ensures a
better transfer of energy from the piezoelectric trans-
ducer to the solid/liquid in contact (Gallego-Juérez
et al. 1999). For highly shrinkable food products
during ultrasonic drying, applying a static pressure
to the sample ensured constant contact during the
entire process effectively reducing the drying time by
65-70% as compared to heated air drying (Gallego-
Juarez et al. 2007). More recently, direct-contact
mode has been used for dewatering knitted fabrics
(Peng et al. 2017a). The low cost and easy availabil-
ity of piezoelectric transducers used to produce ultra-
sound motivates this current work to explore the pos-
sibility for designing a low-cost direct-contact mode
dewatering platform for CNFs.

In this study, ultrasound as a potential low-cost
dewatering technique for CNF suspensions is investi-
gated. A direct contact mode approach is undertaken
and the effect of system parameters such as suspen-
sion flow rate and transducer configuration on the
dewatering rate and amount of water removed is stud-
ied. The viability of the ultrasonic dewatered material
to be redispersed back in suspension is tested along
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with potential changes in CNF particle morphology.
A quick effective and quantitative image analysis
approach is developed for visualizing the fibrils in the
solution phase using phase contrast microscopy com-
bined with image analysis via a MATLAB code. His-
tograms generated thereby are compared with origi-
nal fibrils to identify any changes in morphology or
fibril dimensions as a result of dewatering.

Materials and methods
Cellulose nanofibers

Cellulose nanofibers (CNFs) at a concentration
of 3 wt.% solids in water (Lot# U-103, 90% fines
retained) are procured from University of Maine,
Orono, ME, USA (UMaine) (UMaine The Process
development Center 2021). These CNFs are gener-
ated through mechanical fibrillation of wood pulp
and are often branched or forked with dimensions
about 20-500 nm in width and several microns in
length. Measurements of the solid content for the
CNF suspension by us confirmed a concentration of
3.1 + 0.4wt.% solids.



Cellulose

Vibrating mesh ultrasonic transducer

Ultrasound is produced using a piezoelectric vibrat-
ing mesh transducer (VMT) (WHDTS, 20 mm diam-
eter, rated power 1.5-2.5 W, rated voltage 70 V(max)
and resonance frequency of 113 +3 kHz) which com-
prises of a metal mesh attached to a piezoelectric
ring at the bottom as shown in Fig. 1. The vertical
vibration of the metal mesh on application of volt-
age across the piezoelectric ring generates an acous-
tic pressure difference that pushes water through the
tapered pores of the metal mesh generating a cold
mist ejected from the back surface of the transducer
(as seen in Fig. 1d and g).

Ultrasonic dewatering

When a CNF suspension is placed on the VMT top
surface, the water from the suspension is removed
as cold mist while the fibrils does not pass through
the metal mesh thereby resulting in the dewatering of
the suspension. This system is different from systems
such as an ultrasonic spray dryer where the ultrasound

Schematic
Top View

Top view

Metal Mesh i

Back view

Fig. 1 Vibrating mesh transducer (VMT) comprises of a metal
mesh attached to a piezoelectric ceramic ring at the bottom. a
top view of VMT and b back view of VMT. ¢ Schematic of the
top view of the VMT depicting the metal mesh at the center
whereas d is the side view schematic of the VMT with CNFs
placed on the top surface and water removed from the back

g
v

SEM of Mesh

CNF on VMT

r-.:l

is used to atomize the entire CNF suspension thereby
forming microdroplets of the CNF suspension. These
are then passed through a drying chamber where fur-
ther thermal evaporation of the solution is carried out
to achieve dried CNFs. However, water removal in
the present ultrasonic dewatering method is mechani-
cal in approach and does not employ thermal energy.
A direct-contact mode ultrasonic dewatering set-
up (Fig. 2) is designed such that CNF suspensions
can flow over multiple transducers allowing for con-
tinuous dewatering. The setup comprises of a syringe
pump (kd Scientific 78—0100) to control the flow rate,
a 10 ml syringe (inner diameter of the outlet: 1.6 mm),
an acrylic transducer stand, VMT, a function genera-
tor (RIGO1 DG 1022 Function/Arbitrary Waveform
Generator) and a power amplifier (Krohn-Hite Model
7602 M) to drive the VMT, a scraper blade pully sys-
tem operated via external DC motor and finally a col-
lection box to collect the dewatered CNFs. The dewa-
tering that occurs as the CNF suspension flows over
the transducers results in a higher viscosity CNF gel-
like or paste-like material, thus a scraper blade sys-
tem is incorporated to assist the gravity driven flow
of the CNF material over the transducer plates. The

CNF placed on top
side of VMT

Direction of mist flow

surface of the metal mesh. e SEM image of the metal mesh
with pore size of ~18 um on the top surface. The pores have a
tapered geometry with 3—5 um pore diameter on the back sur-
face. f Image of CNF suspension placed on a VMT. g Image
of a water droplet placed over a VMT actively producing mist
from the back surface

@ Springer
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(a) (b)

Syringe with CNF,
equipped with
syringe pump
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Dewatered
CNFs collected

Fig. 2 a Schematic corresponding to the experimental setup
for the continuous mode ultrasonic dewatering of CNF sus-
pension using VMT. The setup consists of transducer stand,
VMT, power source to operate the transducers, scraper with
external DC motor to aid the downward flow of the CNF sus-
pension, syringe pump (for controlled dispensing of CNF sus-

velocity of the blade is maintained at 10% higher than
the flow rate of the CNFs to achieve a consistent flow
over the plate (Online Resource 1: SI-Table 1 and
SI-Fig. 1). The flow rate of the CNFs at the syringe
outlet and the transducer configuration are varied to
assess their effects on the dewatering rate and the
amount of water removed. Four flow rates are studied:
60, 30, 15 and 10 ml/hr; and two transducer configu-
rations are used: single transducer configuration (1 T)
and double transducer (2 T) configuration (Fig. 2c).
At least 4 runs are conducted for each flow rate at
each transducer configuration with the initial sample
size of 5 ml each (loaded in a 10 ml syringe and ini-
tial weight (W,) recorded using a weighing machine
(METTLER TOLEDO MEOQ204TE/00)). The trans-
ducers are operated at 113-117 kHz and 60 Vpeak.
The final dewatered samples are collected in the box
at the bottom and its final weight is recorded (Wy).
Temperature measurements during the continuous
flow experiments indicated ~20 °C rise in the sus-
pension temperature over the transducer (see Online
Resource 1 SI-Fig. 1). This level of temperature rise
is inconsequential for our system as it is below the

pension), 10 ml syringe and a collection box. Inset represents
the schematics of the transducer configurations tested. Single
transducer configuration (1 T) uses a single VMT for dewater-
ing and double transducer configuration (2 T) uses two VMT
stacked vertically one above the other. b Image of the experi-
mental setup with the same components. See SI movie 1

Characterization
CNF concentration calculation

The initial concentration of the CNFs in the suspen-

sion is ~3 wt.% (C,;). This is used to calculate the

initial weight of the CNF solids (F; in mg) in the

sample suspension of initial weight W, (in mg)

F, = 3 X W 1
1 ]00 L ( )

The percent of water removed from the system is
calculated as follows:

i~
—— X 100
X @)

L

%water removed =

Here, W; is the final weight of the CNF suspen-
sion collected after dewatering. The final concentra-
tion of the CNFs (Cy) are calculated by assuming
that CNF solid content in the suspension remains
constant and that no CNFs are lost during dewater-
ing. Hence final CNF solids weight, F, = F;

thermal degradation temperature of CNFs and does Fy
not drastically affect the evaporation rates. Crwt.% = W, x 100 3
A

@ Springer
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For example, let us start with initial CNF suspen-
sion weight of 100 mg with 3 mg of CNF solids.
Let us assume that the final weight of the dewatered
CNF suspension is 30 mg. Hence, percent water
removed = ((100—30)/100) *100=70%. The final
CNF concentration = ((3/30)*100) =10 wt. %.

Dewatering rate

Dewatering rate, in this study, is defined as the
amount of water removed from the system in the
time taken for processing 5 ml of CNF suspension at
a given flow rate. It is calculated using the following
equation:
. Wi W

Dewatering rate(mg/ min) = 7 @

Here, t is the time required for processing 5 ml of
CNF suspension and is equal to 5, 10, 20 and 30 min
for 60, 30, 15 and 10 ml/hr flow rates, respectively.

Redispersion

The dewatered samples are diluted using DI water
to 1, 0.1, 0.01 and 0.001 wt.% of CNF solids and
redispersed via a vortex mixer (VWR Analog Vortex
Mixer No. 10153-838) at speed 7 for 30 s. The origi-
nal CNF sample with initial 3 wt. % is also diluted
using DI water to the above weight percentages and
mixed using vortex mixer to form a homogeneous
suspension and act as a reference sample.

Microscope imaging

Phase contrast microscopy images of the fibrils for
redispersed dewatered samples and diluted original
CNF sample each at 0.01 wt.% are taken using an
optical microscope (Nikon ECLIPSE Ti2-U). Phase
contrast microscopy is a contrast enhancing optical
technique that works by converting the phase shifts
in light passing through a specimen into changes
in brightness in the image. This technique can be
directly applied to CNF suspensions thereby provid-
ing a fast and easy characterisation tool for analysing

fibril distribution and dimensions. The specimens for
imaging are prepared by placing a 15 pul droplet of
the 0.01 wt% sample in a channel (created by placing
double sided tape (thickness: 88.9 um) ~1.5 cm apart)
on a glass slide (VWR VistaVision™ Cat.No. 16004-
430 (76.2%x25.4x 1) mm) and covering using a glass
cover slip (Thermo Scientific™ Gold Seal™ Cover
Glass (25x25) mm Nol). Images are taken using the
20x objective lens and the phase 1 contrast filter. At
least 3 sets of microscope samples are prepared for
each dewatered sample and at least 5 images at vari-
ous points of each microscope sample are taken.

Image analysis and microscale redispersion
assessment

The phase contrast microscopy images are selected
for image analysis on account of their desired con-
trast, clarity, and fibril density. Original CNF sam-
ples (reference sample) and dewatered samples
are analysed via modified version of a MATLAB
code (GTFiberUND), which is uploaded in GitHub.
Changes in fibril lengths and widths induced by ultra-
sonic dewatering relative to the original sample are
assessed. The resulting length and width data are
compiled into histograms.

Contrast scanning electron microscope imaging

Contrast Scanning electron microscopy (SEM)
images for redispersed dewatered fibrils and diluted
original fibrils at 0.001 wt % are taken using benchtop
SEM (Phenom Pure). As CNFs are non-conductive
material, these images are taken using contrast SEM
imaging technique by placing the fibrils on a highly
conductive substrate. The benefit of this technique is
that coating of the CNF material is not needed and
facilitates analysis of the nano-sized fibril structures.
As SEM cannot image non-conductive materials, a
high contrast image is generated between the con-
ductive imageable substrate and the non-conductive
fibril. The specimens for imaging are prepared by
placing 3 droplets of 2 ul each of the 0.001 wt. %
sample at 3 locations on a silicon wafer, and left to
air-dry overnight. At least 3 images are taken for each
droplet at three different magnifications and repeated
for all the samples.

@ Springer
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Image analysis and nanoscale morphology
assessment

The SEM images are used to measure the fibril width
using ImagelJ to assess the nanoscale morphology of
the fibrils before and after ultrasonic dewatering. Due
to the lack of a better method (automated) for measur-
ing these dense networked fibrils, the measurements
are done manually. Every fibril is followed along its
length and fibril width is measured for each branch-
ing. Measuring the same branch at multiple points
is avoided as best as we could. At least 3 images for
each sample are measured and the resulting width
data are compiled into histograms.

Results and discussion
Mechanisms of ultrasonic dewatering

For this study vibrating mesh transducer (VMT) is
used to generate high frequency pressure waves. The
main distinguishing feature of these transducers is
the presence of a metal mesh at the center (Fig. 1a,
¢, e) supported by a piezoelectric ceramic ring at the
back (Fig. 1b), which vibrates at high frequencies
(resonance frequency: 113-117 kHz) on application
of voltage. The metal mesh has a tapered geometry
with the smaller diameter opening at the back surface
(diameter: 18 um at top surface and 3-5 pm at back
surface). When a water droplet is placed on a VMT,
the vibration of the metal mesh creates a pressure gra-
dient that pushes the water through the pores result-
ing in the ejection of water through the back surface
as a mist (Fig. 1d and f). The vibrations also result
in surface instabilities generated at the air-water inter-
face of the droplet at the front surface of the trans-
ducer, resulting in droplet atomization. Thus, the
VMT helps eject water as a combination of mist ejec-
tion from the mesh and droplet atomization from air-
water interface.

To evaluate if water could be separated from a
CNF suspension (instead of a pure water droplet),
we place a droplet of CNF suspension (~200 mg) on
the VMT and subject it to ultrasonic vibrations. We
observe that the liquid from the system is ejected
through the back surface of the metal mesh (Fig. 1d
shows a schematic representation of the water ejected
through the mesh) while a secondary liquid removal
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via atomization is observed from the top surface at the
CNF suspension-air interface. This secondary atomi-
zation is verified using a ‘glass slide test’” (Online
Resource 1 SI-Fig. 3) as the atomization intensity is
small compared to that of a pure liquid making it dif-
ficult to detect via visual inspection.

The presence of CNFs in the water ejected through
the mesh is tested by analyzing the solids content
of the ejected water (i.e., the water was collected,
allowed to dry, and the solids weighed). It is found
that the fibrils ejected through the system in the water
is insignificant. However, a very small quantity of
CNFs was seen on the back surface of the transducer
mesh stuck to the plate at the end of the runs; their
measured weight is insignificant (~0.001 times the
initial CNF weight in the starting suspension). Here
we hypothesize that, as water is removed from the
system, the fibrils come closer together creating a net-
work that prevents the passage of CNFs through the
metal mesh. Thus, the ultrasonic waves act to remove
the unbound excess water in the CNF suspension.

Continuous ultrasonic dewatering of CNF
suspensions

Having established the feasibility of ultrasonic dewa-
tering of CNF suspensions using VMT, we designed
an ultrasonic dewatering platform that can operate as
a continuous system (Fig. 2). A continuous platform
allows for faster operation times compared to a batch
process and potential incorporation into an existing
industrial process. The present design allows precise
control of the CNF suspension flow rate by using a
syringe pump, as well as an easy means of changing
the transducer configuration. It must be noted that we
control the flow rate of the suspension at the syringe
outlet rather than at the transducer surface which can
get effected by various parameters such as gravity-
effects, scraper blade velocity and changing viscosity
of the suspension undergoing dewatering. Dewatering
experiments focused on the effect of suspension flow
rates and transducer configurations (e.g., 1 and 2 T)
on the extent of dewatering of CNF suspensions.

Effect of flow rate
For the single transducer configuration water

removal from 3 wt.% CNF suspension is 16.3 + 0.9,
23.6 + 4.0, 364 + 3.4 and 55.6 + 11.7wt.% for
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Fig. 3 a wt. % of water removed and b the final concentration
of CNFs in wt.%, at various flow rates during the continuous
flow ultrasonic drying using VMT. The data were collected for

60, 30, 15 and 10 ml/hr flow rates, respectively (1 T,
Fig. 3). The percentage of water removal demon-
strates an inverse relation with the flow rate of the
CNF suspension over the transducer, increasing with
lower flow rates. The highest final CNF concentration
(at 1 T configuration) of 7.1 + 1.8wt.% is achieved at
the lowest flow rate of 10 ml/hr. These results suggest
that lower flow rates ensure higher contact time (resi-
dence time) between CNF suspension and the trans-
ducer surface, thereby ensuring higher exposure to
the ultrasonic waves and higher extent of dewatering.

For the 2 T configuration, a similar inverse trend
between flow rate and percent water removal is
observed, but the level of water removal is higher.
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two transducer configurations: single transducer (1T) and dou-
ble transducer (2T). ¢ Dewatering rate of the various flow rates
and transducer configuration

Water removal for 60, 30, 15, and 10 ml/hr flow
rates are 19.5 + 3.5, 35.6 + 2.9, 454 + 2.5, and
71.9 + 8.3wt.%, respectively. The highest water
removal of 71.9 + 8.3wt.% (Fig. 3a) (for 2 T config-
uration) occurred at 10 ml/hr flow rate, and resulted
in a final CNF concentration of 11.2 + 2.8wt.%
(Fig. 3b).

However, at lower flow rates (10 ml/hr and lower),
a low-pressure induced seperation of CNFs from the
water is observed within the syringe. This leads to the
water being pushed out of the syringe while the CNFs
form a compact network in the syringe making it dif-
ficult to pass through the syringe nozzle (see Online
Resource 1: SI-Fig. 4). An inhomogeneity in the
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initial CNF concentration exiting the syringe occurs,
resulting in the higher error bars for these experimen-
tal sets (at 10 ml/hr, Fig. 3). Such phase separation
becomes severe for the 5 ml/hr flow rate experiments
and hence, flow rates below 10 ml/hr are not feasible
for the present setup.

Effect of transducer configuration

Understanding the effect of transducer configuration
on dewatering at any given flow rate can help deter-
mine the optimum operational conditions and give
insight into scale-up potential of this platform. For
any given flow rate, the amount of water removed
and dewatering rates are higher for the 2 T configu-
ration as compared to the 1 T configuration (Fig. 3).
This is attributed to the higher contact area achieved
between the CNF suspension and the transducer for
the 2 T configuration. Interestingly the amount of
water removed at the fastest flow rate of 60 ml/hr is
similar for both the configurations, suggesting that
there exists a critical residence time between the sus-
pension and the transducer surface for the effects of
the vibrations to significantly manifest in the system.
Thus, below this critical residence time, increas-
ing the contact area (through additional transducers)
does not significantly affect the extent of dewatering
for the system. Transducers can further be arranged
in a sandwiched configuration, with the two transduc-
ers facing each other and CNF suspension flowing in
between them (Online Resource 1: SI-Fig. 5). The
increase in the dewatering extent with an increase in
the number of transducers suggests the potential for
further scale-up of the system as arrays of transduc-
ers can be leveraged to increase dewatering amount at
faster flow rates.

Dewatering rate

Dewatering rate for each flow rate at 1 T and 2 T con-
figuration are calculated using Eq. 4 and presented
in Fig. 3c. Although higher extent of dewatering is
achieved at lower flow rates due to prolonged contact
time with the transducer surface (as seen in Fig. 3a),
dewatering rates follow a reverse trend. The dewa-
tering rate is directly proportional to the flow rate
with highest dewatering rates (161.0 + 8.9mg/min
for 1 T and 192.0 + 33.9mg/min for 2 T) achieved
corresponding to 60 ml/hr flow rate. The dewatering
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rate decreases to 108.0 + 14.0, 82.0 + 6.0 and
80.9 + 11.0mg/min for 1 T configuration and to
134.0 + 14.0,107.0 = 9.0 and 102.0 = 10.7mg/min
for 2 T configuration at flow rates 30, 15 and 10 ml/
hr, respectively. This trend can be explained by the
non-linear dewatering behaviour seen for VMT at
static dewatering experiments (Online Resource 1:
SI-Fig. 6). A direct dependence of the dewatering rate
on the transducer number is also observed. Higher
dewatering rates are observed at 2 T configuration as
compared to the 1 T configuration for all flow rates.
Thus, dewatering rate can be leveraged as a design
parameter, along with the transducer configuration
and flow rates, for future scale-up of our system.

Redispersion of dewatered CNF's

Agglomeration of CNFs triggered by the removal
of water is a major disadvantage of dried CNFs, as
the particles lose their nano-dimensions and high
surface to volume ratio. As many CNF applications
require a homogenously dispersed suspension of the
fibrils at the nanoscale, successful redispersion of the
dewatered samples to attain pre-dewatered dimen-
sions become a crucial processing step. Transmis-
sion electron microscopy (TEM) and scanning elec-
tron microscopy (SEM), although widely used for
assessing redispersion quality due to their nanoscale
resolution, comes with inherent challenge associated
with deconvoluting the effect of the drying needed
in TEM and SEM sample preparation, which often
lead to agglomeration triggered by droplet evapora-
tion. Despite this they are acceptable techniques to
measure the nanoscale features of CNFs (Kelly et al.
2021). In current work we use contrast SEM imaging
technique to visualize and assess the fibril morphol-
ogy at higher resolution to ascertain the presence of
nano-dimensions.

To assess the dispersion state and the potential of
agglomeration within redispersed CNF suspensions,
a suspension-based characterisation technique is
needed. One such technique is Dynamic Light Scat-
tering (DLS), which has been used for calculations of
hydrodynamic radius of CNMs (Foster et al. 2018).
However, the fibril dimensions used in our study
exceeded the size range of operation by DLS, thereby
rendering this technique unapplicable in this study.
Consequently, we use visual inspection and optical
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microscopy imaging of the suspension to evaluate the
level of CNF agglomeration.

The extent of CNF agglomeration in the suspen-
sion state is assessed in two modes: macroscopi-
cally via visual inspection and microscopically via
phase contrast optical microscopy. By comparing
the original never dried CNF suspension (refer-
ence sample) to the redispersed dewatered CNF
suspensions, it is considered here that any differ-
ences would likely be attributed to the dewatering
and redispersion processes. Large agglomeration of
the fibrils (> 1 mm in size), identified by the pres-
ence of opaque clump like structures in the sus-
pension, are assessed by direct visual inspection
of the suspension. This provided a fast and easy
initial screening for agglomeration in the redis-
persed system. Finer scale agglomeration of the
fibrils is assessed using phase contrast microscopy
imaging to inspect fibril distribution and potential
agglomeration in microscale range (between 1 and
1000 um). Unfortunately, assessing the fibril fea-
tures and agglomeration in the nano-scale (below
1 um) is not feasible by optical microscopy, hence,
our claims are restricted to the microscale range.

Macroscopic redispersion

Images of the redispersed samples for various flow
rates along with reference sample (original 3 wt.%
CNF sample diluted to desired wt.%) at 1 and
0.1 wt.% for 2 T configuration are given in Fig. 4
(images for 1 T configuration are presented in

. ¢ .
——— S —— -

ve—o

e ¥
60 mi/hr = 30 ml/hr = 15 mi/hr 10 ml/hr

Online Resource 1: SI- Fig. 7). Set A are samples
at 1 wt.% and Set B are samples at 0.1 wt.%. Visual
inspection of the redispersed samples looked very
similar to the reference CNF suspension suggesting
that no drastic changes in the CNFs due to agglom-
eration occur in the redispersed state. Even the
highest dewatered CNF concentration (i.e. Figure 4
Set A and B, 2 T setup at 10 ml/hr flow rate, cor-
responding to~11 wt. % CNFs as seen in Fig. 3b)
resulted into a well redispersed suspension using
the vortex mixture.

Microscopic redispersion

The micro-scale dispersion state and the level of CNF
agglomeration is assessed by phase contrast opti-
cal microscopy. To assess if dewatering altered the
level of CNF agglomeration, the redispersed suspen-
sions were compared to the reference CNF suspen-
sions. Images obtained for the redispersed samples
using the phase contrast microscope are presented
in Fig. 5 (and in Online Resource 1: SI-Figs. 8 and
9). For each sample, the images were taken at mul-
tiple different locations to rule out user bias (~15
images per sample). A comparison with the refer-
ence sample revealed that the images for different
dewatered samples are visually indistinguishable
from each other. At 1 and 0.1 wt.% concentration,
the fibril density was quite high forming intertwined
networks. Although the fibrils looked well dispersed,
at these high densities it was difficult to judge if any
agglomeration is taking place (see Online Resource
1: SI-Fig. 8). Hence, suspensions with higher dilution

Set B

—— —— —— o

30 mi/hr 15 mi/hr = 10 ml/hr

Ref 60 ml/hr

ti—ny Fars) 6o ) Fe="P

e

Fig. 4 Redispersed suspensions of ultrasonic dewatered CNFs at various flow rates along with the diluted reference CNF sample for

2 T configuration. Set A: 1 wt.% samples. Set B: 0.1 wt.% samples
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(i.e. 0.01 wt.%) are used to obtain sparsely packed
fibril images thereby allowing us to analyse the fibril
arrangement and potential agglomeration using the
phase contrast mode for imaging.

Optical microscopy images at 0.01 wt.% for a
diluted original CNF sample along with a redispersed
dewatered sample are shown in Fig. 5a and b respec-
tively (and in Online resource 1: SI-Fig. 9). Long
branched fibrils as well as short individual fibrils are
seen throughout the suspension in all the samples.
The images for the ultrasonic dewatered samples are
visually indistinguishable from the original sample.

Hence, a more statistical approach is undertaken to
assess the potential agglomeration on redispersion of
the dewatered samples through analysing the changes
in fibril width and length for these samples.

Manual calculation of the length and width of
individual fibril is tedious time-consuming work and
leads to user bias and manual errors. Hence a com-
putational approach is adapted in this work where
all fibrils in each image are analysed using a modi-
fied MATLAB code originally designed to analyse
fibre dimensions in high contrast imaging techniques
such as TEM and SEM (Online Resource 2). The
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Fig. 6 Histogram data for length and width of the redispersed
samples subjected to ultrasonic dewatering at 2 T configura-
tion and various flow rates. At least 10 images (> 600 fibrils)
for each sample are analyzed. a Fibril length for 10 ml/hr. flow
rate samples plotted along with the reference sample. Fibril
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length data for samples dewatered at b 15 ml/hr. ¢ 30 ml/hr.
and d 60 ml/hr. flow rates. e Fibril width for 10 ml/hr. flow rate
samples plotted along with the reference sample. Fibril width
data for samples dewatered at f 15 ml/hr. g 30 ml/hr. and h
60 ml/hr. flow rates
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phase contrast optical microscopy imaging technique
used in this study successfully generated high con-
trast images that are compatible to be used with the
code. Thus, phase contrast microscopy in combina-
tion with the MATLAB code provided a fast and easy
fibril characterisation technique for CNF suspensions.
At least 10 images (> 600 fibrils) for each sample are
analysed. The length and width data for each flow
rate and the reference sample are then compiled into
histogram graphs as presented in Fig. 6. The length
and width histograms have similar distributions for
both the redispersed dewatered CNF suspensions
and the reference CNF suspension, suggesting mini-
mal microscopic agglomeration effects. The general
trend displayed by this analysis for all the flowrates
and transducer configurations (Fig. 6 and Online
Resource 1: SI-Fig. 10) exhibits that fibril lengths and
widths are widely conserved during the ultrasonic
dewatering process. This dimensional conservation
suggests that the ultrasonic dewatering technique pre-
sented in this study successfully removes water from
CNF suspensions without inducing much if any per-
manent agglomeration.

Nanoscale fibril morphology

The nano-scale fibril morphology of CNFs, before
and after ultrasonic dewatering, is assessed by con-
trast SEM imaging. A word of caution here, the dry-
ing step necessary for SEM image sample prepara-
tion may collapse the fibrils into agglomeration, so
the morphology that is measured may not be what is
observed in the wet state. Despite this, SEM analy-
sis is used here to confirm nano-size scale features
of the CNFs. Contrast SEM images for the diluted
original sample at 0.001 wt.% and at various mag-
nification are shown in Fig. 7a and b. These images
show the forked, branched nature of CNF samples.
The complex nature of the CNFs lends to the dif-
ficulty associated with their dimension characterisa-
tion and reporting a single width dimension is not a
true representation of these morphology. The his-
togram in Fig. 7e shows that majority of original
CNF samples width ranges between 20 and 500 nm.
Images for redispersed ultrasonic dewatered samples
(dewatered to 11 wt. %) diluted to 0.001 wt.% pre-
sented in Fig. 7c and d shows a similar trend in fibril
width and is shown in the histogram in Fig. 7f. SEM
images along with the width histograms for rest of the

samples are present in Online Resource SI-Fig. 11.
Thus, these analysis confirm the presence of nano-
structure in these fibrils while also confirming that no
significant morphological changes occur during the
dewatering process.

Benchmarking study

A preliminary benchmarking study is completed to
assess the redispersion performance of our ultra-
sonic dewatered samples with filter-pressed samples
(alternate dewatering method) and freeze-dried sam-
ples. Filter-pressed CNFs dewatered to 15 wt.% and
freeze-dried CNFs, were obtained from the Process
Development Centre at UMaine. Microscopy images
of the redispersed samples are presented in Online
resource SI-Fig-12 (optical images), and SI-Fig-13
(SEM images), and also includes brief description of
the findings. In general, the filter-pressed and freeze-
dried samples did not redisperse as well as the ultra-
sonication method used in the current study. The high
level of CNF agglomeration complicated image anal-
ysis (optical and SEM) of filter-pressed and freeze-
dried samples and could not be completed with cur-
rent approaches used in this study.

Energy consumption to dewater

The existing dewatering and drying methods for
CNFs are highly energy intensive, thereby making it
important to develop energy-efficient and economi-
cally sustainable dewatering/drying methods. Ultra-
sonic dewatering system for CNFs is developed with
these goals in mind and estimation of its energy con-
sumption is conducted. Based on the power rating
for a single VMT used in this study i.e. 2.4 J/s, the
energy consumed by the ultrasonic dewatering plat-
form is estimated for per kilogram of water removed.
For this calculation, we assume that the system is
operating at 1 T configuration and 10 ml/hr flow rate
of the CNFs, which takes 30 min to dewater 5 g of
a 3 wt.% CNF suspension. The dewatering time is
extrapolated for removal of 1 kg of water from CNF
suspension and the energy consumed by the system is
estimated to be ~ 1543 kJ/kg of water removed (sum-
marized in Table 3). A comparison of the 2 T system
with the 1 T system is also presented in Table 3.
Energy consumption data for CNM dewatering
processes such as centrifugation, filtration, shear
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«Fig.7 Contrast SEM images of a, b original CNF suspen-
sion diluted to 0.001 wt.% ¢, d CNF suspension dewatered to
11 wt. %, redispersed and diluted to 0.001 wt.%, at different
magnification. Scale bars are 10 um. Histogram of the widths
of the e original fibrils, f ultrasonic dewatered fibril to 11 wt. %
and redispersed to 0.001 wt.%, both showing most of the fibril
width ranging between 20 and 500 nm. The insets show fibrils
width ranging between 20 and 4 um, a demonstration of the
complex nature of these fibrils

induced dewatering or pressing is not available in lit-
erature to the best of our knowledge. While energy
consumption comparison with these methods would
have been ideal, we evaluate our system based on
thermal drying systems to offer a rough estimate.
The enthalpy of evaporation of water at 25 °C is
2441.7 kJ/kg (Engineering Toolbox 2010), which is
the minimum energy that must be supplied for any
thermal drying system. The average energy con-
sumption value for an industrial spray drier, the most
widely used drying technique for CNMs, is ~ 5469 kJ/
kg of water removed (Baker and McKenzie 2005)
which is significantly higher than the estimated
energy consumption for the ultrasonic dewatering
system. It is also worthwhile mentioning that the
transducers used in this study are inexpensive (<$1
each) and are easily available for bulk purchase.
Thus, the low energy requirements of these transduc-
ers along with their low capital cost makes ultrasonic
dewatering a promising energy efficient and economi-
cally viable alternative for dewatering of CNFs.

Conclusion

A new dewatering technique that uses ultrasonic
transducers to remove water from the CNF suspen-
sion is introduced in the present work. The custom
build ultrasonic dewatering platform is shown to effi-
ciently remove water from the system without trigger-
ing agglomeration of the fibrils. The flow rate and the
spatial transducer configurations are varied to study
their effect on the dewatering performance. Decreas-
ing the flow rate of the CNF suspension resulted in
an increase in the amount of water removal for the
system. This is due to the increased residence time
of the suspension over the transducer surface. How-
ever, the trade-off for increased dewatering is longer
dewatering durations (due to lower flow rates) along
with the higher inconsistency in the amount of water
removed (higher error bars) due to the low-pressure
induced phase separation within the syringe at lower
flow rates. On the other hand, increasing the number
of transducers increases the amount of water removed
for all flow rate through an increased working contact
area between the transducer and the suspension. The
dewatering rate for our system is found to be directly
dependent on the flow rate as well as the trans-
ducer number as a result of the non-linear dewater-
ing behaviour of the transducer. Up to 72% of water
removal is achieved, corresponding to a final CNF
concentration of ~ 11 wt.%.

The redispersion of the dewatered samples
achieved via vortex mixing resulted in homogene-
ous suspensions with no additional agglomeration
observed on visual inspection. Further analysis using

Table 3 Overview of operational and economical parameters for the ultrasonic dewatering platform

System Initial weight Dewatered water % Time taken Final CNF con-  Energy consumed

centration
1T 5 g of 3wt.% CNFs ~56 wt. % 30 min ~7 wt.% ~1543 kJ/kg of water removed
2T 5 g of 3wt.% CNFs ~72 wt.% 30 min ~11 wt.% ~2400 kJ/kg of water removed
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phase contrast microscopy provided a fast and easy
technique for microscale visualisation of these fibrils.
Dimensional analysis of the fibrils revealed a simi-
lar histogram distribution for the redispersed sam-
ples when compared to the original sample. Finally,
energy estimations revealed that the proof-of-concept
system operates at reduced energy requirements when
compared to thermal drying systems thus presenting
a promising prospect for an energy-efficient and eco-
nomically sustainable alternative for CNF dewatering.
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