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and entanglement of the �brils causes highly viscous
suspensions to be formed. There is a risk of clogging during
mechanical disintegration if disintegration is achieved by
means of high-pressure homogenizers even at low solid
concentrations, and means that dilute process streams are
necessary for this process step. A considerable amount of water
therefore needs to be removed prior to transportation from the
production site (thereby reducing the cost of transportation)
and to enable further modi�cation. The removal of water is,
however, challenging because of the large surface area of the
material and its unique three-dimensional network structure in
water that results in a gel-like structure. Methods currently
suggested include thermal drying (e.g., spray drying), freeze
drying, and super-critical drying,17 all of which require an
extensive amount of energy as the heat of evaporation of water
is high at atmospheric pressure. Moreover, conventional drying
techniques may lead to morphological changes (such as
particle aggregation), commonly referred to as horni�cation.18

This may result in reduced redispersibility, which, in turn,
limits the end use of the material. It is therefore of great
interest that as much water as possible is removed prior to the
drying step.

A common method employed for reducing the total energy
demand is to add a mechanical dewatering step prior to the
drying step, with �ltration being most commonly used.
Unfortunately, this method is not suitable for dewatering
MFC suspensions since the large surface area being subjected
to the liquid �ow along with inter�brillar interactions provides
extensive resistance to �ltration. A viable option for improving
dewatering may be the use of an electroassisted �ltration
technique that has been used extensively to dewater hard-to-
�lter materials, such as sludge19�25 and clay.26,27

Electroassisted �ltration of cellulose in the form of
microcrystalline cellulose (MCC) has been investigated by
Wetterling et al.,28,29 who showed it to be an e�cient method
with an energy demand that was not only reasonable but also
lower than that of thermal drying. Although MCC and MFC
are both cellulosic materials, their inherent characteristics
related to particle morphology and �exibility may give rise to
di�erent �ltration behaviors, for example, in terms of the �lter
cake structure.30 MCC has a cylindrical shape and high
crystallinity, which make them rather sti�, whereas MFC has a
much larger aspect ratio and contains both crystalline and
amorphous regions, which make them �exible. These di�er-
ences, along with those related to surface charge, confer special
properties to the viscosity and stability of the respective
suspensions. How these variations, in turn, a�ect �ltration
behavior in the presence of an external electric �eld is not yet
fully understood and hence it becomes interesting as well as
important to study the electroassisted �ltration of MFC.
Although Heiskanen et al.31 expressed the potential of
electroassisted �ltration as a means of dewatering MFC in a
patent taken out in 2014, no studies on the matter have been
published since to the best of the authors’ knowledge. Thus,
further research is required in the quest to uncover the full
potential of electroassisted �ltration as a means of dewatering
MFC.

Most of the studies regarding the electroassisted �ltration of
various hard-to-�lter materials found in the literature are
experimental, often combined with some classical mathemat-
ical modeling (e.g., refs 20, 29, and 32). These models
describe, for example, how the electric �eld strength in�uences
the dewatering rate: they do not, however, describe various

mechanisms on the micro/nano/ molecular scale, which
implies that the underlying dewatering mechanisms have not
been completely investigated and understood yet. Classical
models are suitable for describing dewatering on the
macroscale, but it is important that molecular interactions on
the nanoscale are also considered when enhancing the
understanding of dewatering. Furthermore, the dewatering
mechanism of systems with charged surfaces, e.g., MFC
suspensions, becomes even more complex as �bril��bril and
�bril�water interactions at the molecular level play an
important role during the removal of water and should be
addressed adequately. These types of complex systems exhibit
a broad hierarchy of scales, such as the atomic scale, which
becomes important at the solid�liquid interface, the electrical
double layer (EDL), which can extend to a few nanometers,
and the characteristic size of the MFC, which can extend into
the micrometer range.

It is therefore very challenging to study the phenomenon on
all of the length scales using a unique methodology that
describes all of the physics included in the system. A feasible
strategy could be to study a microscopic part that represents all
of the particle groups, and forces that exist in the system,
separately. In this context, molecular dynamics (MD)
simulations can act as a “computational microscope” that
allows visualization of the molecular motions at high spatial
and temporal resolutions. New windows may thereby be
opened for developing a deeper understanding of the
mechanisms and dynamics of complex systems on the atomic
scale where no experimental techniques are currently
applicable. Although MD simulations have been used
extensively to study the electroosmotic behavior of �uids in
nanocon�ned spaces,33,34 most MD studies have been
performed to describe the e�ect of system properties such as
EDL,35,36 surface charge,37 and ion-speci�c e�ects34 on
electroosmotic �ow (EOF) behavior. The authors are unaware
of any MD studies that explain the electroassisted dewatering
behavior of MFC suspensions that might entail any
phenomena related to electric �eld and pressure, as described
above.

The e�ect of electroassisted �ltration of MFC is not fully
understood at the present moment. The aims of this study are
therefore to study the electroassisted dewatering of MFC
produced via TEMPO-mediated oxidation experimentally and
further enhance the understanding of the dewatering
mechanism at the molecular level through all-atom MD
simulations.

2. THEORY
Several electrokinetic phenomena occur, including electro-
phoresis, electroosmosis, ion migration, ohmic heating, and
electrolysis, when an electroassisted �ltration technique is
employed (see Figure 1). While some of these are bene�cial to
dewatering, others are not.38 A detailed review by Mahmoud et
al.39 provides further details of the di�erent mechanisms
involved during an electroassisted dewatering process.

The phenomenon described below applies to a suspension
of particles carrying a negative surface charge, as is the case for
MFC suspended in an aqueous medium, due to deprotonation
of the acidic groups originating from the pulp.40 Moreover, the
negative surface charges may also stem from chemical
pretreatment prior to the mechanical disintegration of the
�ber, for example, the introduction of carboxylate groups by
TEMPO oxidation.
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Electrophoresis, illustrated in Figure 1a, can be bene�cial to
dewatering if the cathode is placed underneath the �lter
medium: the relative electrophoretic movement of the
negatively charged MFC toward the anode counteracts the
buildup of a dense �lter cake with high �ow resistance.41 The
disturbed formation of the cake results in its �ltration
resistance being reduced. However, as the particle movement
becomes restricted by, for example, the �lter cake, the e�ect of
electrophoresis becomes less pronounced. Furthermore, in the
absence of external pressure, the only force counteracting the
electrophoretic movement of charged cellulose �brils toward
the anode is the weak gravitational force, which is negligible as
compared to electrostatics force exerted by an external electric
�eld onto the �brils.

Electroosmosis is also considered bene�cial under the same
conditions as described above. In the solution, a layer of
counterions surrounds the negatively charged MFC and forms
an electrical double layer, which, upon application of an
electric �eld, is transported toward the cathode along with the
bulk water, thereby facilitating dewatering. Helmholtz�
Smoluchowski’s equation (eq 1) is often used to express the
electroosmotic �ow of water42

E
0� �� �
�

=
(1)

where � is the electroosmotic velocity, E is the strength of the
electric �eld applied, � is the relative dielectric constant of the
�uid, �0 is the permittivity of vacuum, � is the � potential, and �
is the dynamic viscosity of the dispersion medium.

Ohmic heating will occur since there is an electrical
resistance and an electric current passing through the system,
resulting in an increase in temperature. The temperature
increase is proportional to the current and resistance, leading
to a reduction of the viscosity and thereby aiding �ltration.
However, overheating can lead to the destruction of electrodes
and the �lter medium, for example, and thus have a negative
e�ect.20

In addition, ions migrate to the electrode of opposite charge,
as shown in Figure 1c. The ions are present in the original
suspension and also formed during electrolysis reactions.

Electrolysis reactions take place at the respective electrodes.
The extent of the electrolysis reactions is highly in�uenced by
the ionic species present and the materials of the electrodes.39

Corrosion is prevented by using “nonconsumable” electrodes
made from either mixed-metal titanium meshes, entire graphite
plates, or noble metals.43 The major reactions that occur are
related to water electrolysis44

n
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� +

� �

+ �

where M represents the material of the electrode and Mn+

represents its cation.
A pH gradient thereby develops between the electrodes due

to the formation of hydrogen ions and hydroxide ions when
water is being decomposed at the respective electrode. The
ionic products may migrate into the �lter cake45 and can thus
alter the properties of the material, such as the surface charge,
in�uencing the e�ciency of the dewatering process. The
electrolytic reactions also have other consequences, including
the formation of a nonconducting gas at the electrodes that
causes an electrical resistance to arise.46

3. METHODOLOGY
The section describes the methodology employed in the
experimental and simulation work.

3.1. Experimental Section. 3.1.1. Materials. Dissolving
pulp from a Scandinavian pulp mill, NaClO (10�15% available
chlorine) from VWR, and TEMPO (98%) and NaBr
(>99.5%), both from Sigma-Aldrich, were used for the
TEMPO-mediated oxidation experiments (see Section 3.1.2).
NaOH (purity >98%, Sigma-Aldrich) was used to regulate the
pH during the oxidation process.

3.1.2. TEMPO Oxidation. The method employed is based
on Brodin et al.47 A 40 g (dry basis) sample of dissolving pulp
from a Scandinavian pulp mill was immersed in deionized
water overnight to swell. A homogeneous suspension was then
made by �rst disintegrating the swollen pulp using a standard
disintegrator (Noram model G3-13, Lorentzen and Wettre,
Canada Inc.) for 60 000 revolutions, followed by treatment in a
household blender for 5 min. NaBr (1 mmol/g pulp) and
catalytic amounts of TEMPO (0.1 mmol/g pulp) were
dissolved in water and added to the pulp suspension in a
ba�ed vessel under stirring with a four-pitch blade impeller.
The reaction was initialized by the dropwise addition of
NaClO carried out at 1 wt % and at room temperature.
Protons are generated during the reaction, so the addition of
0.5 M NaOH was required to maintain the pH of 10.1 ± 0.1.
The reaction was quenched after 70 min had passed by adding
200 mL of 99% EtOH.

The oxidized �bers were separated by vacuum �ltration; to
retain the smaller �ber fragments, the �rst volume of the �ltrate
was recycled. The pulp was then washed thoroughly with
deionized water, resulting in the �ltrate having a conductivity
of <20 �S/cm. The pulp was stored in plastic bags at 4 °C,
awaiting further treatment and analysis.

3.1.3. Fibrillated Material. The TEMPO-oxidized pulp was
dispersed mechanically to form micro�brillated cellulose,
referred to as TEMPO-MFC, using an IKA Ultra-Turrax T50
with a dispersing element (S50 N-G45F) and a dispersing unit
operating via the rotor/stator principle.48 Dispersion was
performed at 10 000 rpm for a 4 min/g TEMPO-oxidized pulp.
The temperature increased during the mechanical treatment,
so the suspension was kept in an ice bath to limit evaporation
losses. The mechanical treatment took place at 1 wt % to
prevent the suspension from becoming too viscous. The dry

Figure 1. Schematic diagram of the electrokinetic phenomenon that
occurs when an electrical �eld is applied in a suspension with particles
carrying a negative surface charge (white circles). Cations: light gray
dots; anions: dark gray dots; a: electrophoretic movement; b:
electroosmotic dewatering; and c: ion migration.
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content was determined using a Sartorius Moisture Analyser
performed in a minimum of duplicates.

3.1.4. Characterization. The raw materials, the TEMPO-
oxidized pulp and TEMPO-MFC, were analyzed as described
below.

3.1.4.1. Compositional Analysis of the Dissolving Pulp.
The composition of the pulp was determined using a method
devised by Theander and Westerlund,49 whereby acid
hydrolysis, using sulfuric acid, is followed by quanti�cation of
the monomers using high-performance anion-exchange
chromatography with pulsed amperometric detection
(HPAEC-PAD). Lignin was quanti�ed as being either acid-
soluble lignin (ASL) and Klason lignin (KL). The amount of
ASL was calculated from its absorbance, as measured with UV
at 205 nm (Specord 205, Analytik Jena) using an absorptivity
constant of 110 dm3/(g cm), whereas the amount of KL was
determined gravimetrically. Further details can be found in
Wojtasz-Mucha et al.50

3.1.4.2. Attenuated Total Re�ectance Fourier Transform
Infrared Spectroscopy (ATR-FTIR). Both the dissolving pulp
(unoxidized) and the TEMPO-oxidized pulp were dried at 60
°C for at least 24 h prior to analysis to remove any residual
moisture. The pulp sample was placed on top of an attenuated
total re�ectance (ATR) crystal and secured with a clamp to
ensure even pressure. A PerkinElmer Frontier, equipped with
an ATR, was used to record the infrared spectrum in
transmittance mode with a resolution of 4 cm�1 from a
wavenumber of 400�5000 cm�1, once a sample of background
of air had been collected.

3.1.4.3. � Potential. A Zetasizer Nano ZS (Malvern
Instruments) was used to measure the � potential of the
TEMPO-MFC. Prior to the measurement, the TEMPO-MFC
was diluted to 0.05 wt % and the ionic strength was adjusted to
5 mM using NaCl. The measurements were performed in
triplicate at 25 °C in capillary-folded cuvettes.

3.1.4.4. Carboxylate Content. A method described by
Mautner et al.,51 based on the work of Saito and Isogai,52 was
employed to determine the carboxylate content of the
TEMPO-MFC. In brief, 0.15 g (dry basis) TEMPO-MFC
was diluted to 60 mL using deionized water, before the
conductivity was adjusted by adding 5 mL of 0.01 M NaCl.
Protonation of the sample was achieved by the dropwise
addition of 0.1 M HCl until a pH of 2.5�3 was reached. The
suspension was allowed to stabilize before titration with 0.04
M NaOH using an automatic titrator (TitroLine 7000, SI
analytics) with a dosing rate of 0.1 mL/min. The conductivity
was monitored using a digital conductivity meter (model CO
301, VWR), and the titration was aborted at a pH of 11. N2
was purged through the suspension for the duration of the
titration to limit the in�uence of CO2. The carboxylate content
was calculated according to eq 2; thus

n
v v c

m
( )1 0 NaOH=

�
(2)

where n is the carboxylate content (mmol/g TEMPO-MFC),
v1 and v0 are the volumes of NaOH (mL) at the intersection
points between the plateau and the linear regions and are
determined graphically, cNaOH is the concentration of NaOH
(mmol/mL), and m is the mass of TEMPO-MFC (g). The
titrations were performed in duplicate.

The carboxylate content of the dissolving pulp was
determined according to the protocol described by SCAN-

CM 65:02 using eq 2, in which m is changed to equal the mass
of the pulp and thereby makes n equal to mmol/g pulp.

3.1.4.5. Brunauer�Emmett�Teller (BET) Surface Area.
The speci�c surface area was determined using nitrogen
adsorption at 77 K using an 8-point BET method (Micro-
meritics TriStar 3000). Irreversible collapse of the pores of the
TEMPO-MFC upon drying was prevented by employing a
solvent exchange procedure.53 The suspension was dewatered
carefully before being subjected to displacement washing and,
�nally, shaken in acetone �ve times. The procedure was
repeated with cyclohexane, whereafter the sample was dried in
a nitrogen atmosphere for 8 h. The sample was degassed at 75
°C for 18 h prior to analysis.

3.1.4.6. Morphology. The morphology of the TEMPO-
MFC was analyzed by scanning electron microscopy (SEM)
using an FEI Quanta200 ESEM operating at an acceleration
voltage of 3 kV. Prior to analysis, a droplet of 0.005 wt %
TEMPO-MFC was placed on top of a polished SEM stub and
allowed to air-dry overnight, whereafter the sample was
sputtered with palladium for 60 s.

3.1.5. Filtration Equipment. A pneumatically driven, bench-
scale, �ltration setup (see Johansson et al.54 for details) was
modi�ed so that electroassisted �ltration could take place
(Figure 2).29

The �lter cell has an inner diameter of 60 mm and a total
height of 175 mm; the lower part, made of plexiglass (h = 115
mm), is placed upon a perforated bottom plate of plastic. A
supporting rack with a height of 30 mm is placed at the lowest
part of the �lter cell, thereby reducing the internal diameter to
50 mm. The pressure capillaries, which are made of
per�uoroalkoxy alkene (PFA), are mounted through the
bottom plate and have circular holes, 0.6 mm in diameter,
located perpendicular to the �ow at a distance from the �lter
medium of 2, 4, 6, and 8 mm, respectively. The pressure
capillaries are connected to pressure transducers (Kristal
Instrument AG, an accuracy of 10 kPa). The mass of the
�ltrate is logged using a balance (Mettler Toledo SB 32000)
with an accuracy of 0.5 g.

Two electrodes, separated at a constant distance of 25 mm,
are connected to a DC power supply (EA-PSI 5299-02 A,
Elektro-Automatik). The bottom electrode is a platinum mesh
(Unimesh 300) placed on the bottom plate, beneath the

Figure 2. Schematic diagram of the �ltration unit. 1: Piston press with
its position recorded. 2: Plexiglass �lter cell, with four pressure
capillaries located at di�erent heights. 3: Close-up of the anode (a
mesh of platinum wires with square openings). 4: Thermocouples. 5:
Power supply (current, voltage, and power recorded). 6: Pressure
transducers. 7: Balance. 8: Data acquisition unit.
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support �lter and the �lter medium; the upper electrode is a
mesh of platinum wire of diameter 0.25 mm placed on the
supporting rack inside the �lter cell.

LabVIEW (software version 15.0, National Instruments)
logs the absolute hydrostatic pressure, the position of the
piston, the mass of the �ltrate, current, power, voltage, and
temperature. The temperature in the �lter cell is measured by
two PFA-coated K-type thermocouples placed at distances of 5
and 20 mm, respectively, from the �lter medium.

3.1.6. Experimental Conditions. The day prior to the
experiment, a 1 wt % slurry was prepared from the TEMPO-
oxidized pulp (see Section 3.1.3). An approximate mass of 500
g was used for each experiment.

All experiments were performed at room temperature using
a hydrophilic poly(ether sulfonate) (PES) membrane (Supor
100, PALL corporation) as the �lter medium. According to the
manufacturer, this membrane has a nominal pore size of 0.1
�m and a typical water �ow rate at 0.7 bar of 5 mL/(min cm2).
In addition, Munktell �lter grade 5 was used as a support.

The electroassisted �ltration experiments were run at a
constant applied pressure of 3 bar. The electric �eld strength
was examined at four levels: 0, 6, 12, and 24 V/cm, referred to
as P, L, M, and H, respectively. Supplementary experiments,
referred to as E, were also performed: these had an electric
�eld of 24 V/cm, and no pressure was applied. All experiments
with electric �elds were run in constant voltage mode.

3.2. Computational Method. All of the MD simulations
were performed using GROMACS2019 software, which has
been used extensively to study the atomistic details of systems
involving biomolecules55,56 and polymers;55,57 a time step of 2
fs and a cuto� distance of 1.1 nm for truncating the van der
Waals force were applied. Long-range electrostatic interactions
were calculated using the smooth particle mesh (SPME)
method.58 All of the simulations were performed in canonical
ensemble (NVT) at 298 K. Systems involving electric �elds
may exhibit statistically di�erent temperatures and give rise to
athermal e�ects,59 so the temperature was controlled by a
velocity rescaling thermostat (V-rescaling): this is a modi�ed
version of the Berendsen thermostat, which has been shown to
enforce the correct canonical ensemble.60,61 Periodic boundary
conditions were applied in every direction throughout the
simulations. Water molecules were described using the SPC/E
model62 due to its close agreement with experimental
hydrogen bond dynamics63 and surface tension.64 The bonds
and angles of the water molecules were conserved using the
SETTLE algorithm.

The TEMPO-oxidized cellulose (TOC) was constructed
based on an atomistic model65 of a cellulose chain composed
of 12 glucose molecules. Every second hydroxymethyl group
was substituted with a carboxylate group to represent the TOC
chain.66 A TOC slab was modeled as a slab of nanocrystalline
cellulose (CNC)67 where every alternate hydroxymethyl group
on the CNC chain on one of the free surfaces was substituted
by a carboxylate group, as shown in Figure 3.

Although there are several force �elds (FFs), such as
AMBER,68 CHARMM,69 and GROMOS,70 that can be used
to describe carbohydrate molecules, GLYCAM0671 FF was
implemented in this study to describe the cellulose chains. It
has been employed in various condensed phase simulations of
biomolecules72�74 and has been proved to predict the surface
and mechanical characteristics of nanocrystalline cellulose and
its interaction with aqueous media.67,75 The interaction

parameters between water and cellulose chains were described
using Lorentz�Berthelot mixing rules.

4. RESULTS AND DISCUSSION
4.1. Characterization of the Dissolving Pulp. Prior to

oxidation, the dissolving pulp had a carboxylate content of
0.025 ± 0.002 mmol/g pulp, with the majority being
composed of glucose followed by minor amounts of xylose
and mannose: a typical composition of the dissolving pulp. The
percentage (including standard deviation) of the respective
constituents is reported in Table 1.

4.2. Characterization of TEMPO-MFC. The overlapping
ATR-FTIR spectra of the unoxidized and TEMPO-oxidized
pulps in Figure 4 show a noticeable di�erence at a wavenumber
of around 1603 cm�1, marked with a red dashed line. This has
been reported to correspond to the stretching of COO� in the
sodium form, thereby conforming to the successful TEMPO
oxidation.76 The remaining peaks can be found in the
Supporting Information.

Conductometric titration con�rmed a carboxylate content of
1.08 ± 0.02 mmol/g TEMPO-MFC. The presence of the
carboxylate groups on the �brils makes them negatively
charged, thereby resulting in a � potential of �42.3 ± 1.5 mV.

The TEMPO-MFC had a large speci�c surface area of 218 ±
12 m2/g, obtained using the BET method after undergoing the
solvent exchange described. A wide range of surface areas have
been reported for micro�brillated cellulose in the literature:
199�420 m2/g77 and 41.8�375 m2/g.78 The wide span is due
to inherent di�erences between the �brillated materials related
to the raw material and the production method, along with the
di�erent analytical techniques employed for determining the
surface area. It is therefore di�cult to make comparisons with
the values presented, although they are all on the same order of
magnitude. Table 2 shows a summary of the characteristics of
the TEMPO-MFC, including � potential, carboxylate content,
and BET surface area.

The SEM micrographs in Figure 5 show a network of �brils
with a wide size distribution. Some �ber structures remain even
after oxidation and disintegration. The larger structures
observed in Figure 5a may also have been formed due to the
aggregation of �brils upon drying. Smaller �brils can be
detected, too: Figure 5b shows a cellulose �bril with a length of
approx. 14 �m.

4.3. Experimental Results: Electroassisted Filtration.
Figure 6 shows the dewatering rate vs time for the di�erent
cases: with only applied pressure (P), only applied electric �eld
(E), and with a combination of the two with varying electric
�eld strengths (L, M, and H). It is evident that the dewatering

Figure 3. Schematic image of a slab of surface-modi�ed TOC �bril.
Blue dots: water molecules. Pink dots: sodium ions. Green spheres:
oxygen atoms of carboxylate groups on the TOC surface.
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rate is very low when just pressure is applied and improves
slightly when only an electric �eld is applied, as can be seen by
comparing the yellow squares (P) with the blue triangles (E).
However, when mechanical pressure and electric �eld are
combined, the dewatering rate increases substantially (H, M,
and L).

Clearly, mechanical pressure alone is insu�cient to promote
dewatering of the TEMPO-MFC suspension. When the
�ltration cell was dismantled after 24 h of �ltration, it was
observed that a thin and compact �lter cake had been formed:
this may be due to the initial layer of particles deposited on the
membrane being densely compacted. In combination with the
large surface area of TEMPO-MFC subjected to the liquid
�ow, it can lead to an extensive �ltration resistance and, as a

consequence, virtually nonexistent dewatering after less than
30 min. Amini et al.79 also found that the dewatering rate
decreased early on when they evaluated the pressure �ltration
of cellulose nano�brils. It is not only the presence of a highly
compact initial layer that can contribute to the extensive
�ltration resistance: it is also important that the mechanical
interlocking between the �brils and/or friction between the
�brils is taken into consideration.

When only an electric �eld was applied, the dewatering rate
was observed to be improved at �rst compared to solely
applying pressure, but dewatering ceased after less than 20
min. A rapid decline in current density was seen (Figure 8),
indicating the development of extensive electrical resistance
within the system. The reason behind this high resistance is
not fully understood and will be the topic of our upcoming
studies.

Moreover, the dewatering rate increased considerably when
the mechanical pressure and electric �eld were combined (cf.
L, M, and H in Figure 6). The �gure also displays the e�ect of
increasing the strength of the electric �eld: an increase in the

Table 1. Composition of the Dissolving Pulp Expressed as %, Including Standard Deviations n = 5

glucose xylose mannose ASL KL others

[%] 91.7 ± 1.3 1.7 ± 0.06 1.0 ± 0.06 0.5 ± 0.03 1.2 ± 0.19 3.9 ± 1.25

Figure 4. ATR-FTIR spectra of the unoxidized (black) and TEMPO-oxidized (blue) pulps. The red dashed line at 1603 cm�1 marks the stretching
of COO�.

Table 2. Summary of the Characteristics of the TEMPO-
MFC

� potential
(mV)

carboxylate content (mmol/g
TEMPO-MFC)

BET surface area
(m2/g)

�42.3 ± 1.5 1.08 ± 0.02 218 ± 12

Figure 5. SEM micrograph of TEMPO-MFC at magni�cations of (a) 1124× and (b) 5401×.
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applied voltage generates an increase in the dewatering rate, as
reported previously, e.g., by Olivier et al.80 and Go�zke et al.81

The dewatering rate is proportional to the strength of the
electric �eld, which can be expected from Helmholtz�
Smoluchowski’s equation (eq 1).

The increase in dewatering is not caused solely by the
electrokinetic phenomenon that occurs when a combination of
an electric �eld and mechanical pressure is used. A noteworthy
observation was made when studying the dewatered structure
presented in Figure 7: the formation of channels. This type of
structure enables high overall permeability and an enhanced
�ow of water upon the application of mechanical pressure. The
meshed design of the anode gives rise to sections with a
localized electric �eld. Previous studies have shown that
TEMPO-oxidized cellulose �brils tend to align themselves
parallel to an external electric �eld,82�84 so the TEMPO-MFC
may align in the direction of the localized electric �eld between
the electrodes in the �lter cell. In addition, the electrophoretic
movement of the TEMPO-MFC causes aggregation onto the
platinum wires of the anodic mesh. The �ow of water takes
place through the square openings of the mesh, an example of
which is indicated by the red arrow in Figure 7b. TEMPO-
MFC that enters the lower part of the �lter cell is dragged
along with the water and thereby the channeled structure is
stabilized, as these cellulose particles are stacked onto the
existing �bril clusters due to the electrophoretic movement
toward the anode and potential alignment in the electric �eld.
A schematic diagram of the suggested development of the
structure is shown in Figure 7c.

The density of the current increased during the course of the
electroassisted �ltration, as can be seen in Figure 8. A higher
concentration of TEMPO-MFC, in combination with an
increased concentration of ionic species from the electrolysis
reaction, contributes to the increasing trend. The increase in
current density was only slight for the two lower voltages, while
it was more pronounced for the higher voltages. It should be
noted that the current density is expected to be higher locally,
in the immediate vicinity of the platinum wires of the anode,
because of the design of the electrode. Although the formation
of char has been observed at the anode at high current
densities in previous studies,85 no such observation was made
in the present study.

The passage of a current through the system causes ohmic
heating, which, in turn, leads to an increase in temperature

(27�32 °C for L, M, H) (see Figure S1). This ohmic heating is
related to the current density, i.e., it is expected that the

Figure 6. Dewatering rate vs time, including standard deviation (shaded area) obtained from duplicate measurements. H = 24 V/cm, M = 12 V/
cm, L = 6 V/cm, and P = 0 V/cm, all with an applied pressure of 3 bar. E = 24 V/cm, but with no applied pressure.

Figure 7. (a) Photograph, showing a frontal view of the formed
structure (12 V/cm and 3 bar), with the locations of the electrodes
(+, anode and �, cathode). (b) Overhead view, as seen from the
cathode. Red arrow: example of a �ow channel. (c) Schematic
diagram of the suggested development of the channeled structures.
Gray arrows: liquid �ow through some of the square openings. Pink
arrow (FE): electrophoretic force. Turquoise arrow (FD): drag force
on the TEMPO-MFC. Inset: close-up of the lower part of the �lter
cell, seen from the front. The gradient shows the electric �eld: the
darker the color, the higher its intensity.
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increase in temperature will increase with increasing current
density. An increase in temperature reduces the viscosity of the
liquid in the suspension and thereby aids dewatering.38

4.4. Simulation Results: Electroassisted Filtration. The
simulation systems used in this study employ TOC slabs,
sodium ions, and water molecules. The main interest here is
the behavior of TOC, ions, and water molecules under the
in�uence of the external electric �eld and pressure to
understand the dewatering phenomenon. In this study,
di�erent simulation systems are studied, as described in the
respective sections, to observe the aforementioned e�ects.

It is generally accepted that the water molecules con�ned in
complex colloidal systems such as MFC suspensions can be
categorized into four di�erent groups: (a) free water or bulk
water that is not attached to the particles or in�uenced by
surface forces, (b) interstitial water that is trapped between the
cellulose �brils, (c) surface water that is held on the surface of
the cellulose surfaces by adsorption and adhesion, and (d)
intercellular and chemically bound water. The latter is,
however, of no interest in this simulation study because it is
impossible to remove these water molecules using �ltration
techniques.

4.4.1. In�uence of Electric Field and Pressure on the Fibril
Movement. The simulation setup for investigating the
in�uence of electric �eld and pressure forces on the movement
of the TOC �brils was constructed as follows: two surface-
modi�ed TOC slabs 6.38 × 2.52 × 6.22 nm3 in size were
placed in a periodic simulation domain of 15 × 12.6 × 6.22
nm3. The TOC �brils were aligned in parallel with the 110
crystal plane, facing each other, as shown in Figure 9. The
simulation box was then �lled with 35 625 molecules of water,
and the surplus charge in the domain created due to the
carboxylate groups was neutralized by adding an adequate
number of sodium ions. The system was energy-minimized and
equilibrated in an NVT ensemble at 298 K for 2 ns. The
temperature of the systems was maintained constant
throughout the simulation by a V-rescaling thermostat with a
time constant of 1 ps. An acceleration of 0.00112 nm/ps2 was
subsequently applied to all carbon atoms of the �brils on the
top TOC �bril to generate a simulated pressure acting on it in
a positive Y-axis, such that the ratio of force exerted by the
highest magnitude of the applied electric �eld (Fe) to the force
exerted by pressure e�ect (Fp) was 250. This ratio was
maintained constant throughout the study and is lower than

those calculated for the experiments. The bottom �bril was
maintained �xed by imposing position restraints in the X- and
Y-axes. Similarly, the oxygen molecules in the water were also
subjected to an acceleration of 0.00018 nm/ps2 to generate a
similar force per unit area as that of cellulose �bril in the
positive direction of the Y-axis. This acceleration �eld
technically simulates a �ow under a pressure di�erence of 20
bar (20B). An electric �eld was applied in the perpendicular
direction (+ve Y-axis) to the TOC �brils. The trajectory of the
center of mass (COM) was then calculated at di�erent �eld
strengths (see Figure 10).

The COM movement of the mobile �bril relative to the �bril
at rest is in�uenced directly by the strength of the external
electric �eld applied, as shown in Figure 10. While the average
velocity of the TOC �bril increases with the increasing electric
�eld, the di�erence in velocities between the cases where the
combined electric �eld and pressure is applied compared to
those where only an electric �eld is applied remains
approximately constant. It is worth noting that the velocity
ratio of the TOC slabs in the case with only pressure applied to
that where the combined pressure and an electric �eld of 1 V/
nm are applied is approximately 10-fold. Therefore, it can
safely be stated that the applied pressure has a negligible e�ect
on the COM movement, suggesting that the main driving force
of the electrophoretic movement of the negatively charged
TOC toward the anode is the applied electric �eld.

Figure 10 also suggests that the intermolecular repulsive
forces between the �brils become signi�cant at the distance

Figure 8. Current density vs mass of �ltrate, including standard deviation (shaded area) obtained from duplicate measurements. H = 24 V/cm, M =
12 V/cm, L = 6 V/cm, all with an applied pressure of 3 bar. E = 24 V/cm, but with no applied pressure.

Figure 9. Schematic diagram of the setup used to study the in�uence
of an external electric �eld and pressure on the movement of �brils.
Purple dots: sodium ions. Pink dots: carboxylate group on the TOC
surface. Blue dots: water molecules.
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below 1 nm from the TOC surface,66 as indicated by the
nonlinear acceleration in the opposite direction to the �bril
movement, which eventually vanishes.

4.4.2. Velocity Pro�le of Water between the TOC Fibrils.
The negatively charged TOC experiences electrophoretic
movement toward the anode during the dewatering process.
Moreover, the negative surface charge on TOC gives rise to a
well-de�ned electrical double layer with a net charge. A general
picture of EDL suggests an immobile layer of counterions near
the solid surface and a di�use mobile layer of counter and co-
ions away from the charged surface.86 In addition, the water
molecules experience a hydrodynamic drag force toward the
cathode due to the overall movement of cations toward it,
which causes the movement of water molecules that are
“trapped” between the TOCs. Having already observed that
the applied pressure makes a negligible contribution to the
movement of �brils, it became of interest to investigate the
movement of water molecules between the �brils under the
in�uence of pressure and an external electric �eld. For this, a
2.1 nm wide channel was constructed in a simulation domain
of 6.38 × 10.8 × 6.22 nm3, as depicted in Figure 11. The
channel was �lled with 2754 water molecules, and the system

was neutralized with 120 Na+ ions. Periodic boundary
conditions were applied in all directions, and the temperature
of the system was maintained at 298 K. The system was then
equilibrated at NVT for 2 ns, and the system was relaxed for 1
ns at the NVE ensemble. Subsequently, an external
acceleration was applied to each oxygen atom of the water
molecules in the direction parallel to the wall�water interface
in the X-axis for 50 ns to simulate the �ow of water. The
magnitude of Fe/Fp at an applied �eld of 1 V/nm was
maintained to be 250. The �rst 20 ns were excluded from the
analysis; the velocity pro�le of the water molecules along the
channel width was extracted from the last 30 ns.

The velocity pro�le of the water molecules in the channel is
shown in Figure 12, where the external electric �eld is 0.5 V/

nm; the case with an applied electric �eld of 1 V/nm can be
found in the Supporting Information (Figure S2). The velocity
pro�les in Figure 12 indicate that there are layers of Na+ ions
adjacent to the walls. The velocity pro�le of the water
molecules with only an acceleration �eld to simulate pressure
e�ect (20B) and no electric �eld applied shows a general
parabolic pro�le characteristic of Poiseuille’s �ow, with a
negative slip length of approximately 0.8 nm. This indicates
that the hydrated Na+ ions are strongly attached to the
negatively charged TOC walls and resist any movement, which
is in line with Stern’s theory of EDL, where a molecular layer
of counterions adjacent to a charged surface remains immobile
and resists any movement and the �ow is primarily due to the
movement of water molecules and ions in the bulk and di�use
part of EDL. Similarly, when only an electric �eld is applied to
the system, shown by black open circles in Figure 12, the ions
adjacent to the walls start moving and drag water molecules
along them. The center of the channel shows a plug-�ow
pro�le, however, characteristic of the electroosmotic �ow
(EOF) of water molecules.

The results indicate that the velocity pro�le of the water
molecules under the combined e�ect of an electric �eld and
pressure e�ect, simulated by the acceleration �eld, has
characteristics from both a pure Poiseuille’s �ow and EOF.

Figure 10. Simulated movement of the COM of a TOC �bril relative
to a �xed TOC �bril. Open circles: only the electric �eld applied.
Filled circles: both the electric �eld and pressure e�ect (20B) applied.
The lower TOC is �xed in all directions using position restraints,
while the upper TOC is free to move under the in�uence of the
applied forces.

Figure 11. Schematic diagram of the setup used to study the
electroosmotic �ow. Pink spheres: Na+ ions. Green spheres:
carboxylate group on the TOC surface. Both the acceleration �eld
to simulate the pressure and the electric �eld are applied to the
positive X-axis.

Figure 12. Velocity pro�les of water molecules within a 2.1 nm wide
TOC channel. B: pressure e�ect (semi�lled red circles). Black open
circles: pure EOF velocity pro�le. Blue-�lled circles: both electric �eld
and the pressure e�ect applied. Dotted black lines: location of the
TOC channel walls. Green lines: number density of sodium ions
across the channel with no applied electric �eld.
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