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Abstract Efficient dewatering is necessary to
achieve an economically sustainable large-scale pro-
duction of microfibrillated cellulose (MFC) because
the low solids content of the final product (<3 wt.%)
results in high costs related to transportation and stor-
age, and problems for products with water incompat-
ibility. Mechanical dewatering is preferred to thermal
drying due to its lower energy demand, but MFC has
a very high filtration resistance, which implies that an
excessive filter area is necessary. Thus, to improve the
dewatering, electro-assisted filtration may be used.
In this study a bench-scale dead-end filter press was
modified and the electro-assisted filtration of MFC,
with two degrees of fibrillation, was investigated.
The impact of the degree of fibrillation was clear
when either pressure or electric field were applied
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separately. It was more challenging to dewater MFC
with a higher degree of fibrillation using conventional
filtration due to a greater surface area being subjected
to the liquid flow. The opposite was found when using
an electric field alone: the more fibrillated material
has a higher surface charge and thereby is impacted
more by the electric field. A combination of pres-
sure and electric field resulted in a greatly improved
dewatering rate, but no significant difference could be
observed between the two qualities. After dewater-
ing, the water retention value was slightly decreased,
but the material still showed a gel-like behaviour,
although the network strength was slightly reduced,
as seen by a reduction in yield stress, storage and loss
moduli. This was plausibly due to a decrease in the
surface area and/or deformed network.

Keywords Dewatering - Electro-assisted filtration -
Microfibrillated cellulose - Water retention value -
Rheology

Introduction

With the increasing use of sustainable bio-based
resources, such as cellulosic materials, it is important
to explore and use cellulose efficiently at all length
scales available: from fibre to polymeric units.
Nanocelluloses, cellulose structures with dimensions
in nanoscale, have attracted much attention in this
context. One type of nanocellulose is fibrillated
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Cellulose

cellulose, which can be separated from the cellulose
fibre via mechanical methods (e.g. high-pressure
homogenizers, microfluidizers or grinders), typically
in combination with enzymatic (Pddkko et al. 2007)
or chemical pretreatment (Wagberg et al. 1987; Saito
and Isogai 2004), to reduce the total energy demand.
Mechanical treatment results in microfibrillated
cellulose (MFC), or nanofibrillated cellulose (CNF),
if the isolation of elementary fibrils is complete.
The nomenclature of such fibrillated material is
inconsistent in the literature so, in this paper, the
distinction is made between the two types above:
MEFC and CNF.

MFC has received attention due to its unique
properties that include a large specific surface area,
a high number of hydroxyl groups exposed on the
surface and a large aspect ratio. It is suggested for use
in a wide range of applications such as food products
(Aaen et al. 2019; Heggset et al. 2020), mechanical
strength agents in paper products (Balea et al. 2020;
Jele et al. 2022), barrier films (Belbekhouche et al.
2011; Lavoine et al. 2014) and paint coatings (Salo
et al. 2015) to mention but a few. The list of potential
future applications is nevertheless long and includes,
for example, bioplastics and high-performance
nanocomposites for use in optoelectronics (Hamedi
et al. 2014; Hajian et al. 2017; Tian et al. 2019) and
the suchlike.

The raw material and production method used
affect the properties of the MFC, such as its surface
charge, aspect ratio and specific surface area: this
means that MFC is a diverse material rather than just
one. It is therefore necessary not only to know which
raw materials and process parameters result in a
certain quality of MFC, but also how these influence
the entire production process.

One important process parameter is the degree of
fibrillation achieved by mechanical methods, because
the more excessive the fibrillation, the more energy-
demanding the process. This results in an MFC with
a higher specific surface area and, consequently,
both increased water holding capacity and bonding
strength; it is important to take this into consideration
when, for example, using MFC as an additive in
papermaking (He et al. 2017) or in oxygen barriers
and films (Sir6 et al. 2011; Padberg et al. 2016;
Wakabayashi et al. 2020; Hasan et al. 2021).

The degree of fibrillation does not only affect
the production in terms of influencing the energy
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demand needed for the mechanical treatment: it also
has implications for the dewatering of the resulting
MFC suspension. MFC is produced in dilute
suspensions (typically around 2-3 wt.% (Sinquefield
et al. 2020)) and hence water removal is necessary
to facilitate economically feasible transportation,
storage and/or application in various products with
water incompatibility. Although water removal can
be achieved through various drying techniques, these
have been found to result in the partially “irreversible”
aggregation of the microfibrils known as hornification
(Minor 1994), which cause difficulties pertaining to
re-dispersibility (Peng et al. 2012). Moreover, the
excessive energy demand of thermal drying makes
large-scale operation economically unfeasible.

Mechanical dewatering has the advantage of
requiring less energy than thermal drying but
filtration, which is the most commonly-used method
for mechanical dewatering, has unfortunately proven
to be challenging (Karna et al. 2021). Filtration is
difficult partially because of the very large surface
area of the material exposed to the liquid flow, i.e.
excessive drag, and thus the high flow resistance of
the filter cake being formed. Also, it has been shown
that, in certain conditions, a very thin, yet dense,
initial layer of particles forms on top of the filter
cloth: this so-called “skin” has an resistance excessive
to flow (Karna et al. 2021).

Thus, increasing the degree of fibrillation will
have implications for filtration: it causes a reduction
in the particle size (in this case fibril dimensions)
which, in turn, leads to a higher specific surface area
being subjected to the liquid flow and, consequently,
more drag, i.e. higher flow resistance in the filter cake
being formed. In addition, the particle size and aspect
ratio may also impact the porosity of the filter cake
formed, and thereby the resistance of the filter cake.

Assisted dewatering-techniques may be used
to enhance the filtration of MFC: electro-assisted
filtration, for example, has been shown to dewater
MFC (Heiskanen et al. 2014; Karna et al. 2021) and
microcrystalline cellulose (Wetterling et al. 2017a,
b) successfully. Electro-assisted filtration involves an
electric field being applied across a part of the filter
chamber and various electrokinetic phenomena being
introduced that aid the filtration, namely:

e Electrophoresis, which is the movement of
charged particles relative to a surrounding fluid.
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The electrophoretic velocity is proportional
to the strength of the electric field and the
electrophoretic movement of charged particles
according to the Helmholtz-Smoluchowski
Eq. (1) (Wall 2010):

vpr _ £eof
i )
where vgp is the electrophoretic velocity, E is
the strength of the electric field applied, € is the
relative dielectric constant of the fluid, g, is the
permittivity of vacuum, ¢ is the zeta potential
and n is the dynamic viscosity of the dispersion
medium.

Electrophoresis may disturb the formation of
a compact initial layer (i.e. a skin) of particles
deposited on the filter medium and thereby affect
the resistance of the filter cake. It is, however,
important that the particles can migrate freely and
not become locked in certain positions or hindered
by, for example, an electrode or the presence
of a filter cake if electrophoresis is to result in
the actual migration of particles. The particles
in the network nevertheless experience an
electrophoretic force in the presence of an electric
field.

e FElectroosmotic flow of water, which results in a
filtrate flow. This effect can also be described by
the Helmholtz-Smoluchowski equation, although
the movement of the liquid is in the opposite
direction to the electrophoretic movement of the
particles.

e Ohmic heating: an effect of the passage of a
current through a system that has an electrical
resistance. This, in turn, leads to an increase in
temperature, which can be considered beneficial
since it reduces the viscosity of the liquid (Weber
and Stahl 2002), although too high a temperature
increase may damage the material or the filter
medium. In addition, ohmic heating incurs higher
electrical heating costs.

e FElectrolysis reactions at the electrodes (Lockhart
1983a, b; Mahmoud et al. 2010):

Anode:
2H,0(l) —» 4H* + O,(g) + 4e” (2)
M — M"™ + ne” 3)

Cathode:
2H,0(l) + 2¢~ — 20H™ + H,(g) “
MY +ne” - M ®)

where M is the material of the electrode and M™*
is its cation. Reaction [A2] dominates in the case
of oxidising metals (Citeau et al. 2012).

An acidic environment is created at the
anode where hydrogen ions are formed, whilst
alkalinity increases at the cathode where
hydroxide ions are formed. This change in
pH could affect dewatering as it may alter the
surface charge of the solid particles; this, in
turn, depending on the pH sensibility of the
solid particles, may cause their aggregation.
Moreover, the presence of ionic compounds
affects the conductivity of the suspension.

Electrokinetic phenomena are highly dependent
on the surface charge of the solid particles in the
suspension, which is affected by the degree of
fibrillation. More excessive fibrillation means more
surface charges are uncovered, which allows the
electrokinetic phenomena to have a greater impact.

Increasing the degree of fibrillation leads to both
an increased surface area and surface charge, so the
question is what the outcome would be when electro-
assisted filtration is employed. On the one hand, MFC
with a larger surface area will experience more drag but,
on the other hand, will be subjected to a greater impact
of the electrokinetic phenomena because of the higher
density of the surface charge. This interplay between
pressure and electric field during electro-assisted filtra-
tion are examined in this study using a commercially
available MFC with two different degrees of fibrilla-
tion. The experiments performed employ pressure and
electric field alone, but also combine the two by using
electro-assisted filtration.

In addition, there is always a risk of the partial
aggregation of cellulose microfibrils during dewa-
tering (Ding et al. 2019). It is therefore important
that the dewatering process does not compromise
the quality of the product, so the dewatered material
is analysed in terms of water retention value (WRV)
and rheological features.

@ Springer
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Materials and methods
Material

Commercially available MFC (dry content approx. 2
wt.%) with two degrees of fibrillation were supplied
by Borregaard AS, Norway.

Characterisation of the raw material
Compositional analysis

The compositional analysis was conducted according
to the procedure described in Jedvert et al. (2012) that
is based on the work by Theander and Westerlund
(1986). In brief, 3 mL of 72% H,SO, was added to a
portion of 200 mg freeze-dried MFC, whereafter the
sample was kept under vacuum for 15 min followed
by a 30 °C water bath for 1 h. The sample was diluted
with 84 g deionised water and then placed in an
autoclave at 125 °C for 1 h, followed by filtration
through a glass microfibre filter (Whatman GF/A).
The resulting filter cake was dried at 105 °C and the
amount of Klason lignin determined gravimetrically.
The hydrolysate, containing monosugars and acid-
soluble lignin, was quantified using HPAEC-PAD
(Dionex ICS-5000) and UV/Vis spectrometry
(Specord 205, Analytik Jena) at a wave length of
205 nm. Fucose (8 mg/L) was added as an internal
standard in the analysis of the monosugar.

Morphology, particle size and specific surface area

Scanning electron microscopy (SEM) was used to
evaluate morphology. 0.01 wt.% MFC was deposited
onto a nanoporous aluminium oxide membrane
(FlexiPor 20 nm, SmartMembranes GmbH),
whereafter it was sputter coated (Leica EM ACE600)
with a 4 nm thin layer of gold and analysed by LEO
Ultra 55 SEM operating at an accelerating voltage of
3kV.

The larger fibrils and/or fibril aggregates were
analysed with kajaaniFS300 Fibre Analyzer (Metso)
after dilution and dispersion. As the equipment
cannot measure fibrils with a length <0.02 mm, laser
diffraction (Microtrac S3500) was used to capture the
smaller fragments (detection limit: 0.02-2800 um).
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Surface charge and total charge

The surface charge of the MFC was determined
using polyelectrolyte titration. MFC was diluted
to 1 g/l with deionised water and titrated with
poly(diallyldimethylammonium chloride) (pDAD-
MAC) with a known surface charge using a Stabino
Polyelectrolyte titrator (Particle Metrix Gmbh, Meer-
busch). The surface charge was also measured as a
function of pH, in which case the pH of the suspension
was adjusted with 1 M HCl or 0.5 M NaOH.

The total charge was measured by conductometric
titration according to a method described by Larsson
et al. (2019), whereby 0.5 g (0.d) MFC was dispersed
in 80 mL of deionised water, and the pH was adjusted
to 2 with 1 M HCI to protonate the sample. The vol-
ume of the sample was increased to 500 mL by the
addition of deionised water, after which the solution
was titrated with 0.1 M NaOH using an automatic
titrator (TitroLine® 7000, SI analytics); the conduc-
tivity was logged continuously by means of a conduc-
tivity meter (model CO 301, VWR). The solution was
purged with nitrogen throughout the titration to limit
the influence of carbon dioxide.

Filtration equipment

A schematic illustration of the pneumatically-driven
filter press set-up used to dewater the MFC filtration
is shown in Fig. 1. Further details can be found in
Wetterling et al. (2017b).

The cylindrical filter cell has an inner diameter of
60 mm and total height of 175 mm, where the lower
115 mm is made out of Plexiglas. To allow for electro-
assisted filtration, an electric field (DC) is applied across
the lower 25 mm of the filter cell by connecting two
electrodes to a power supply (EA-PSI 5200-02 A, Ele-
ktro-Automatik). The lower 30 mm of the filter cell is
modified with a rack and the diameter reduced to 50 mm
to accommodate an anode platinum mesh (10x 10 mm,
thickness 0.25 mm). The cathode, a Unimesh 300 plati-
num electrode, is placed on top of the bottom plate,
underneath the filter support and filter medium.

Labview™ is used to log the mass of filtrate,
temperature (measured by two PFA-coated K-type
thermocouples located 5 and 20 mm from the filter
medium), hydrostatic pressure, power, voltage and
current.
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Fig. 1 Schematic illustra-
tion of the filtration set-up.
(1) piston, (2) anode mesh,
(3) filter cell, (4) thermo-
couples, (5) power supply, 2
(6) balance and (7) data
acquisition unit

The water removal was calculated according to
Eq. (6):

Mgy

water removal[%] = 100 *
msusp ( I xMFC)

(6)

where mg;, is the amount of filtrate [g], m,,, the
amount of suspension added to the filter cell and xz-

the concentration of MFC in the suspension.

Experimental conditions

The suspension used in all filtration experiments was
1.0 wt.% MFC. It was produced the day prior to the
experiment by dilution of the MFC received, followed
by mechanical treatment using an IKA Ultra-Turrax®
T50 with a dispersing element (S50 N-G45F)
operating at 10 000 rpm for 4 min (per 300 g).

The filter medium used was a polyethersulphone
membrane (PES) with a nominal pore size of 0.45 pm
(Supor, PALL®), according to the manufacturer.
Munktell Grade 5 filter (Ahlstrom-Munksjo) was
used as the underlying support. All experiments were
conducted at room temperature.

The effect of pressure was evaluated at three differ-
ent levels: 0.3, 1.7 and 3.0 bar. Two levels of electric
field were used: 16 and 32 V/cm.

The filter cakes obtained were mixed to form a
homogeneous suspension, whereafter the dry content
(d.c) was determined gravimetrically after drying
overnight at 105 °C.

Quality analysis after filtration

Prior to quality analysis, a 2.0 wt.% suspension was
prepared from the filter cake by dilution with deion-
ised water and dispersion using IKA Ultra-Turrax®
T50 with a dispersing element (S50 N-G45F) oper-
ating at 10,000 rpm for 4 min. The pH and conduc-
tivity of the sample were adjusted to 5.1+0.1 and
92+9 pS/em, respectively, corresponding to that
of the original suspension, using 0.05-0.5 M NaOH
and 0.05-0.2 M NaCl, respectively. The sample was
allowed to stabilise overnight.

@ Springer
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Water retention value

Suspensions of 0.3 wt.% were prepared by diluting
a predetermined amount of the 2.0 wt.% suspension
with milliQ water, which was then disintegrated for
4 min at 8000 rpm with the IKA Ultra-Turrax® T50
with a dispersing element (S50 N-G45F). A known
amount was poured into 50 mL centrifuge tubes
and the suspension was left to cool before being
centrifuged (5810 R, Eppendorf) for a set time at 1
000 g at room temperature (23 °C). The supernatant
was discarded thereafter, and the bottom phase and
centrifuge tube were weighed to calculate the WRV
(g water/g MFC).

Rheology

The rheology of 0.4 wt.% suspensions were measured
using a Physica MCR-301 (Anton Paar GmbH)
rotational rheometer equipped with a sandblasted bob
and cup. Analysis was conducted in the semi-dilute
regime of 0.4 wt.%; a minimum number of duplicate
measurements were performed.

A sample volume of 17 mL was transferred to
the cup and allowed to equilibrate for 15 min before
amplitude sweeps were performed at 1 Hz and an
oscillation strain ranging from 0.01 to 100%, to
determine the linear viscoelastic regime (LVE).
The sample was then left to equilibrate for 15 min
whereafter flow sweep measurements were performed
from 0.001 to 1000 s~'. After a 15-min long rest, the
time sweep measurements were performed for 20 min
at 1 Hz and 1% oscillation strain.

Results and discussion
Characterisation of the raw material

The compositional analysis reveals that glucose is
the major component, being 97% of the monomers
detected, and < 3% is mannose and xylose. The lignin
content is < 1%.

Table 1 summarises the characterisation of the
two batches of MFC: the more fibrillated material
is smaller in size compared to the less fibrillated
material. It is important to recognise that MFC is a
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Table 1 Summary of the characterisation of the two batches
of MFC using laser diffraction (Microtrac) and fibre analyser
(Kajaani)

Degree of fibrillation Low High
Particle size d,, [pm] 6.58 6.26
Particle size ds [pm] 34.30 20.37
Particle size dg [pm] 137.7 64.08
L, (length-weighted) [mm)] 0.14 0.12
Width (length-weighted) [pm] 22.1 18.6

The subscripts 10, 50 and 90 indicate that x vol% of the
particles are smaller than the value stated; the values
correspond to averages of three replicates

polydisperse material with fibrils in many different
size classes, which can be seen clearly in the micro-
graphs in Fig. 2.

The total charge of the two batches is low: 62+5
and 69+4 peqg/g for the low and high degrees of
fibrillation, respectively. The surface charges for the
unadjusted pH (around 5.7) are reported in Table 2
and are 10.9+1.2 and 13.9+2.2 peq/g for the low
and high degrees of fibrillation, respectively. The
surface charge is sensitive to changes in pH: Fig. 3
shows that reducing pH leads to a decrease in the sur-
face charge due to the protonation of carboxyl groups
(Fall et al. 2011). It should be noted that when pH < 3,
the surface charge was too low to measure.

Dewatering microfibrillated cellulose

Dewatering 1.0 wt.% MFC suspensions was achieved
via filtration (applied pressure alone), electroosmotic
dewatering (applied electric field alone) and electro-
assisted filtration, which is a combination of the two.

Filtration: pressure alone

Using just pressure resulted in low filtrate fluxes early
on, see Fig. 4. As the particle size is larger in the less
fibrillated material (cf. Table 1), it is not unexpected
that the filtrate flux is slightly higher compared to the
material with a higher degree of fibrillation: a smaller
particle size means that a greater specific surface area
is exposed to the liquid flow and there is thus more
drag.

The average filtration resistance at different applied
pressures was calculated through the differential form
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Fig. 2 Micrographs of MFC with a low (A) and high (B) degree of fibrillation

Table 2 Surface charges of the respective degrees of fibrilla-
tion at unadjusted pH

of the classical filtration Eq. (7) (Ruth 1935), the
results of which are presented in Table 3.

ca R
d K “VV+ﬂ’"

£ - 7
dV  A2AP AAP @

Here, u is the dynamic viscosity, ¢ is the mass of
solids per unit of filtrate volume, a,, is the average
specific filtration resistance, A is the area of the fil-
ter cell, AP is the pressure drop across the filter cake
and filter medium, V is the filtrate volume obtained at
time ¢ and R, is the resistance of the filter medium. ¢

Degree of fibrillation Low High
Surface charge [peq/g] 109+1.2 13.9+2.2
Fig. 3 Surface charge of
MEFC with a high degree 4
of fibrillation as a function X
of pH 0

_5 -

x

|
[
W

1

Surface charge density [Lleq/g]
= S
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Fig. 4 Filtrate flux vs.

water removal. Black line:
less fibrillated material.
Grey line: more fibrillated 40 1
material
35 A
~7 30 A
=
=
)
= 254
*
=
=
o 20 1
st
= 151
10 4
5 -

Filtration 3.0 bar

— Low degree
—— High degree

Table 3 Average filtration resistances, including standard
deviations from duplicate measurements

o, #1071 [m/kg]

AP [bar] High degree of Low
fibrillation degree of
fibrillation
0.3 0.37+0.12 0.27+0.01
1.7 1.96 1.12
3.0 2.95+0.83 2.05+0.06

No standard deviation is reported where the experiment was
performed in single replicate

was calculated based on the dry mass of MFC and the
total volume of filtrate collected, and was assumed to
be constant.

It is important to note that Eq. (7) assumes that
the filter cake is incompressible, i.e. its properties
do not vary with distance from the filter medium.
MEC is, on the contrary, a rather compressible
material so the data presented in Table 3
should therefore be regarded as a reasonable
approximation of the average filtration resistance.
The table shows that the average resistances are
the highest for the higher degree of fibrillation,
and that the filtration resistance increases as the
applied pressure increases: this behaviour is typical
for compressible filter cakes (Tiller et al. 1987).

@ Springer

20 30 40 50 60 70
Water removal [%]

Increased pressure may lead to compaction of the
particulate structure or the formation of highly
resistant layers closest to the filter medium.

Increasing the applied pressure not only increases
the driving force but also causes an increase in the
filtration resistance and the action may thereby have
an adverse effect on dewatering. This can be observed
in Fig. 5, where increasing the applied pressure from
1.7 to 3.0 bar does not improve the filtrate flux when
dewatering MFC with the low degree of fibrillation.
The same trend is observed for the higher degree of
fibrillation (see Fig. S1).

Electro-osmotic dewatering: electric field alone

The use of an electric field alone, i.e. electro- osmotic
dewatering, allows the highest filtrate flux to be
observed for the MFC with the highest degree of
fibrillation, see Fig. 6. This concurs with expecta-
tions, since the surface charge is higher than that
of the MFC with a lower degree of fibrillation (cf.
Table 2). Electric field alone is insufficient to achieve
much dewatering, having a degree of water removal
of around 50%. In this scenario, the filter cake is not
compacted to any large degree: electrophoresis makes
the filter cake less dense whereas electroosmosis
(to some extent) compacts it. These two opposing
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Fig. 5 Filtrate flux of

Filtration, low degree of fibrillation

MFC, with a low degree of
fibrillation, at the applied
pressures of 0.3, 1.7 and 40
3.0 bar
35
&30
5
— 25
%
=
2 20
<
=
—= 15
=
10
5
0 T T T T T T T
10 20 30 40 50 60 70
Water removal [%]
Fig. 6 Filtrate flux vs. Electro-osmotic dewatering 32 V/cm
water removal during
electro-osmotic dewater- 80
ing. Solid line: MFC with —— Low degree
a low degree of fibrillation. 20 High degree
Dashed line: MFC with a
high degree of fibrillation
- 60
E
E,’ 50
z
= 40
2
g 30
=
20
10
0
10 20 30 40 50
Water removal [%]
mechanisms do eventually reach an equilibrium that Electro-assisted filtration: a combination of pressure
depends mainly on the properties of the solids and the and electric field

electric field applied.

Neither pressure nor electric field alone was sufficient
in achieving effective dewatering. A combination

@ Springer
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Fig. 7 Filtrate flux vs.

Electro-assisted filtration at 3.0 bar

water removal during
electro-assisted filtration
gt 3'.0 bar. Shaded areas 140 - 32V/em
indicate standard deviation. Hieh
The line styles shown in the '
legend refer to the degree of . 120 1 Low
fibrillation o2 16V/cm
E ........ “igh
100 A
\B’ == Low
%
= 80 - W
2] A 2\
g A S
= 604 7\ )
- )
40 - ™A,
. —
s
20 A N e e s
0 10 20 30 40 50 60 70 80
Water removal [%)]
Fig. 8 Filtrate flux vs. Electro-assisted filtration at 0.3 bar
water removal during
electro-assisted filtration 140 A
at 0.3 bar. Shaded areas
indicate standard deviation. 120 - S?V/ an
The line styles shown in the - -=== High
legend refer to the degree of — Low
fibrillation & 100 4 N 16V/cm
E B seesesee ”lgh
\
E \ == Low
w 80 1 1
= \
z \
s 60 1
=
40 -
20 A
0 10 20 30 40 50 60 70

of the two, however, yields greatly improved filtrate
flux, as Figs. 7 and 8 show (see Table S1 for filtra-
tion times). Unlike earlier scenarios, where either
pressure or electric field were applied separately, no
significant difference can now be observed regarding
the degree of fibrillation. In this case, it is the MFC
with the highest degree of fibrillation that benefits the
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Water removal [%]

most from using electro-assisted filtration rather than
filtration.

The influence of the electric field strength is
pronounced and, just as predicted by the Helmholtz-
Smoluchowski Eq. (1), the highest filtrate flux is
achieved with the higher electric field strength. The
influence of the electrophoretic movement is greatest
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in the initial phase of dewatering, when the movement
of the particles is less restricted: this is what may
disturb the formation of the aforementioned “skin”.

Pressure is required to press out the bulk of free
water molecules (Karna et al. 2021) and some pres-
sure is therefore essential: given the compressible
nature of the material in the interval investigated,
too high a pressure is however not really desirable
(cf. Table 3). In the case of electro-assisted filtra-
tion, the role of electrophoresis must nevertheless be
taken into consideration. It means that the effect will
possibly not be the same as that observed in Table 3,
where the effect of pressure during conventional fil-
tration was examined. The filtrate flux of electro-
assisted filtration at 32 V/cm and 0.3 bar (blue line)
and 3.0 bar (pink line) are compared in Fig. 9. The
difference is less distinct when < 10% of the water is
being removed, which is where the electrophoretic
movement of MFC dominates but, as dewatering pro-
ceeds, the difference becomes more pronounced. The
time required to obtain a filtrate mass of 100 g only
differs to a minor extent with applied pressure (see
Table S1).

Images of the resulting filter cakes are shown in
Fig. 10: a completely different filter cake structure is
observed when electro-assisted filtration (B) is used
compared to conventional filtration (A). The struc-
ture of the filter cake in the former is channelled, with

Fig. 9 Filtrate flux vs.
water removal during elec-

Fig. 10 Images of filter cakes after filtration with an applied
pressure of 3.0 bar and filtration time of 430 min (A), and elec-
tro-assisted filtration at 3.0 bar 16 V/cm and filtration time of
140 min (B)

indications of microfibril alignment in the direction
of the electric field. This alignment is not, however,
as pronounced as in the case of MFC produced via
2,2,6,6-tetramethylpiperidinyl-1-oxyl-mediated  oxi-
dation (TEMPO) (Lidén et al. 2022). Nevertheless, it
is plausible that the somewhat channelled structure of
the filter cake is one reason for its improved dewater-
ing, as this structure has a high overall permeability.
Figure 11 presents the average dry content of
the filter cakes (height 2.5 cm). The average dry
content spans from 4.1 (high degree of fibrillation
0.3 bar) to 8.2% (low degree of fibrillation, 3.0 bar
and 32 V/cm). It should be emphasized that the dry

Low degree of fibrillation

3.0 bar, 32 V/cm
— 0.3 bar, 32 V/cm

tro-assisted filtration with 140 - )
an applied electric field of ‘
32 V/cm and applied pres-
sures of 3.0 (pink line) and 120 1
0.3 bar (blue line). Material
used: MFC with a low iy ]
degree of fibrillation NE 100
C
< 80 A
=
=
)
g 60 T
=
40 A
20 A
0 T
0 10

30 40 50 60 70 80

Water removal [%]

@ Springer



Cellulose

d.c [%]

0V/ecm
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Fig. 11 Average dry content of the filter cakes. The green bars represent MFC with low degree of fibrillation and the blue hatched

bars a high degree of fibrillation. The number presented on the bar refers to average dry content

content is not constant across the filter cake, but
highest closest to the filter medium. The dry content

could in these regions be > 10%.

70

Water removal [%]

W

Step-wise increasing the pressure
In an attempt to increase the dry content further, an

incremental method was evaluated in which the pres-
sure was increased every 15 min from 0.3 to 4.5 bar,

Electro-assisted filtration 32 V/cm

Pressure [bar]

Filtrate flux [g/m?s]

0 10 20 30 40

Time [min]

Fig. 12 A Water removal (purple line) and applied pressure
(black line) vs. time. B Filtrate flux vs. water removal during
electro-assisted filtration with applied electric field of 32 V/
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MEC with high degree of fibrillation
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see Fig. 12A. This approach was chosen because
it would minimise the risk of compaction being too
severe but, as can be seen in Fig. 12B, very little
improvement could be detected compared to the case
of constant pressure at 3.0 bar. This way of achieving
a gentler compaction of the filter cake was thus found
to be unsuccessful, possibly due to the influence of
electrophoresis.

Effect of temperature

The temperature rises between the electrodes due to
Ohmic heating, see Fig. 13. Although increasing the
strength of the electric field results in an increased
temperature, it did not rise more than 15 °C. Moreo-
ver, it did not cause the formation of any char, as was
observed by Wetterling et al. (2018) during electro-
osmotic dewatering of cellulose nanocrystals.

The temperature rise affects the liquid viscosity,
see Eq. (8) (Fox et al. 2004). Raising the temperature
from 20 to 35 °C reduces the viscosity of the liquid
by almost 30% which, in turn, gives an increased
filtrate flux.

U =2414 % 107 % 10>¥78/T-140) @)

Effect of electrolysis reactions  Electrolysis reactions
taking place at the electrodes impact the pH and con-
ductivity of the filter cake and filtrate, see Table 4. The
pH of the filtrate is high during electro-assisted filtra-

A Temperature S mm from filter medium
32V/em
35.0 — 16 Viem
25
300
o
£ s
[

25
20.0

2000

0 1000 3000 4000 5000 6000 7000

Time [s)

TrC)

Table 4 Summary of the pH and conductivity of the initial
suspension, filtrate and filter cake (average)

pH Conductivity
[pS/em]
Initial suspension (1.0 wt.%) 5.2+0.1 49+3
Filtrate
Electro-assisted filtration
32 V/em 10.0+0.1 67 +
16 V/cm 9.5+0.3 61+5
Filtration 6.4+0.4 56+4
Electro-osmotic dewatering 8.7+0.5 55+7
Filter cake redispersed (2.0 wt. %)
Electro-assisted filtration 33+0.1 204+26
Filtration 5.1+0.1 24+5

tion due to the formation of hydroxide ions at the cath-
ode. Electrolysis reactions at the cathode cause the
pH of the MFC to decrease, which affects the surface
charge of the material (Fig. 3). As with the dry con-
tent, the pH differs locally within the filter cake: the
most acidic part is found in the vicinity of the anode.
Conductivity and pH during electro-assisted filtra-
tion were also studied (3.0 bar, 32 V/cm): samples of
filtrate were collected continuously and the pH and
conductivity were logged. The results, displayed in
Fig. 14, show that the pH is high right from the start,
indicating that the electrolysis reactions are swift.
As time passes, the pH decreases, i.e. the acid front

Temperature 5 mm from filter medium

— 32 Vicm
35.0 == 16 V/icm

4000 6000

Time [s]

0 2000 8000

Fig. 13 Temperature profiles measured 5 mm from the filter medium with an applied pressure of 3.0 bar (A) and 0.3 bar (B). Mate-

rial used: MFC with a low degree of fibrillation
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formed at the anode propagates through the filter
cake.

Energy demand Electro-assisted filtration requires
an additional energy demand but, as can be seen in
Fig. 15, it is significantly less than that required for
thermal drying (dashed black line) even at the higher
level of applied electric field. It should be empha-

@ Springer

Mass of filtrate [kg]

sized that the energy demand presented is for the
bench-scale set-up.

The higher the electric field strength, the higher
the current intensity needed to maintain a constant
voltage, see Fig. 16 (Fig. S2 for applied pressure
of 0.3 bar). Current intensity increases as dewater-
ing proceeds as the concentration of MFC between
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Fig. 16 Current intensity required to maintain a constant voltage vs. water removal. Shaded area: standard deviation. The line styles

described in the legend refer to the degree of fibrillation

the electrodes increases and due to the formation of
ionic compounds in the electrolysis reactions.

The quality of dewatered MFC
WRV

There is always a risk of hornification (the “irrevers-
ible” aggregation of microfibrils) occurring during
dewatering (Ding et al. 2019) and thus a loss of WRV.
The WRV measured before and after dewatering
is presented in Fig. 17. It shows the same trend for
both degrees of fibrillation: the WRV decreases with
increasing dry content (Fig. 11). This could indicate
that, after dewatering, not only is less surface area
accessible but also fewer hydroxyl groups are acces-
sible, which explains the reduced ability to hold water
despite the dry contents being modest. It should be
noted that, in this study, redispersion was achieved
using an IKA Ultra Turrax operating at 10,000 rpm;
other redispersion techniques may be available that
can result in less of a reduction.

Rheology

MEC displays a classical shear thinning flow profile
before and after dewatering (Fig. 18). This behaviour
has been reported recurrently in the literature (e.g.
Agoda-Tandjawa et al. 2010; Iotti et al. 2011; Cinar
Ciftci et al. 2020) and is attributed to the structuring
and alignment of MFC in the direction of the shear,
which thereby decreases the viscosity at high shear
rates (Hubbe et al. 2017).

The yield stress was determined from the
amplitude sweep profile from a 10% decline of the
storage modulus from the plateau value of the LVE
region (Mezger 2020)(see Fig. S3) and is tabulated
in Table 5. The values should be evaluated in relative
means rather than absolute numbers, as there are
many different ways of determining yield stress. The
dewatered materials display slightly more delicate
gels with lower yield stress, i.e. less force is needed
to deform the elastic structure after dewatering and
redispersion.

The equilibrium moduli after 20 min determined
from time sweep measurements in the LVE-region are

@ Springer
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Fig. 17 WRY, including standard deviation. Upper bars: applied
number on each bar refers to the average WRV

Fig. 18 Flow sweep profile

of 0.4 wt.% MFC with a ;
low degree of fibrillation,
presented as average values
of three separate replicates

Viscosity [Pa-s]

pressure of 0.3 bar. Lower bars: applied pressure of 3.0 bar. The

Low degree of fibrillation

®  original
3 bar

3 bar 32 V/cm

Table 5 Yield stress of MFC with a low degree of fibrillation,
including standard deviation from triplicate measurements

Original 3.0 bar 3.0 bar 32 V/
cm
Yield stress 0.079+0.005 0.054+0.001 0.046+0.002

[Pa]

All suspensions were analysed at a concentration of 0.4 wt.%
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10'
Shear rate [1/s]

presented in Fig. 19: the 0.4 wt.% MFC exhibits a gel-
like viscoelastic behaviour because the elastic modu-
lus (G’) is larger than the loss modulus (G’”) for all
samples analysed. The values of G’ and G’ do, how-
ever, decrease as the dry content increases (Fig. 11).
This reduction may, once again, be an indication of
less surface area being accessible after dewatering. A
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decrease in the amount of surface area available could
mean fewer contact points for the fibrils and, conse-
quently, a weaker fibril network.

Final remarks on quality after dewatering

Both the WRV and rheology measurements
indicate that the microfibril network is weaker
after dewatering. The full reason behind this is
not understood as yet, but one plausible reason is
related to the partial aggregation or reshaping of the
microfibrils/fibril bundles, which makes redispersion
more difficult (even though no visible aggregates
could be detected). This, in turn, could mean less
surface area is available and therefore there are fewer
contact points, or the network is deformed and its
strength is thereby reduced.

A fibril network that is reduced in strength could
have implications for the final usage of the product.
It should, however, be recognised that if MFC is to
be used in combination with another material, e.g. in
a bio composite, this additional ingredient could also
affect the rheological properties of the final product.
On the other hand, there are alternative avenues that
can be explored if a reduction in network strength is
not allowed: Cinar Ciftci et al. (2020), for example,
showed that the rheological features could be tailored

0V/em -
32 V/em

by mixing MFC of different size fractions. Also, the
chemical environment could be finetuned (Fall et al.
2022), but this lies beyond the scope of the present
study.

Conclusions

This study has evaluated the dewatering of
commercially available MFC with two degrees of
fibrillation using pressure and electric field. Filtration
of the MFC was challenging and the resulting filter
cakes were compressible in nature; the average
filtration resistance increased with increasing applied
pressure, in the pressure range evaluated. The impact
of the degree of fibrillation was clear when the effect
of pressure alone was evaluated, and the dewatering
rate decreased with increasing degree of fibrillation.
This is related to the increasing total surface area
of the material subjected to the liquid flow, causing
more drag. When an electric field alone was applied,
the opposite was true: the more fibrillated material
had a higher dewatering rate. This was due to a higher
surface charge, resulting in the electric field having a
greater impact.

When a combination of pressure and electric
field was used, i.e. electro-assisted filtration, the
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dewatering improved significantly; moreover, it
required less energy than thermal drying. The effect
of electro-assisted filtration was greater for the
higher degree of fibrillation compared to filtration,
although no significant differences were observed
between the two degrees of fibrillation investigated.
After dewatering, the WRV and rheology of a
redispersed suspension (10 000 rpm) were assessed.
The WRV decreased after dewatering, with the
decreasing trend appearing to be slightly related
to an increasing dry content of the filter cake. The
MEC still showed gel-like behaviour (G’ >G’’)
after dewatering using filtration and electro-assisted
filtration, albeit that a reduction in the yield stress
and equilibrium moduli (G’ and G’’) indicated a
weakening of the network strength. It is plausible
that this is due to the partial aggregation and/or
reshaping of the microfibrils/fibril bundles.
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