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1 Introduction

Capillary forces exerted by a water bridge on
cellulose nanocrystals: the effect of an external
electric fieldy

Nabin Kumar Karna, (2 *?® Jakob Wohlert, €2 ° Anna Hjorth (2 2° and

Hans Theliander®

Capillary forces play an important role during the dewatering and drying of nanocellulosic materials.
Traditional moisture removal techniques, such as heating, have been proved to be deterimental to the
properties of these materials and hence, there is a need to develop novel dewatering techniques
without affecting the desired properties of materials. It is, therefore, important to explore novel methods
for dewatering these high-added-value materials without negatively influencing their properties. In this
context, we explore the effect of electric field on the capillary forces developed by a liquid—water bridge
between two cellulosic surfaces, which may be formed during the water removal process following its
displacement from the interfibrillar spaces. All-atom molecular dynamics (MD) simulations have been
used to study the influence of an externally applied electric field on the capillary force exerted by a
water bridge. Our results suggest that the equilibrium contact angle of water and the capillary force
exerted by the water bridge between two nanocellulosic surfaces depend on the magnitude and
direction of the externally applied electric fields. Hence, an external electric field can be applied to
manipulate the capillary forces between two particles. The close agreement between the capillary forces
measured through MD simulations and those calculated through classical equations indicates that,
within the range of the electric field applied in this study, Young-Laplace equations can be safely
employed to predict the capillary forces between two particles. The present study provides insights into
the use of electric fields for drying of nanocellulosic materials.

fibers during the pressing and drying operations. Although the
total volume of water decreases during dewatering, the water-air
surface area increases, resulting in a significant increase in the

Capillary forces are dominant when particles are in contact with
each other via liquid bridges."* These liquid bridges induce an
adhesive force due to the pressure difference between the liquid
and the gas phases and due to the surface tension of liquid-gas
interfaces.’ Surface forces have a great influence on particle-
particle interactions and hence the behavior of bulk materials
like agglomeration, powder flow, etc. These effects are very
important in many scientific and technological areas like materi-
als science,®® colloids'®"" and other engineering processes such
as drying'>'® and evaporation."*'>. For instance, the gradual
removal of water from wet pulp fibers during the formation of
sheets creates liquid bridges with a specific radius between the
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capillary forces.'® This leads to higher adhesive energy, and
results in high process energy.'” Yet, another such example is
the drying process of two phase materials such as cellulose
nanofibril gels'®'® and cellulose foams. The formation of
particle-liquid bridges creates high capillary pressures which
may induce shape deformation of foams upon drying and
generation of cracks.?’

Nanofibrillated cellulose (CNF) has attracted great attention
in materials engineering and technology due to its exceptional
properties such as high specific strength and elastic modulus, a
large specific surface area, a low coefficient of thermal expansion,
a high aspect ratio, low cost and biodegradabilty. Many suitable
applications have been proposed based on the mentioned
properties.>** One of the major challenges in the production
of commerecially feasible CNFs, irrespective of the fiber disintegra-
tion methods applied, is the necessity to dewater the CNF solu-
tions. The conventional dewatering process, which involves the
gradual removal of water through filtration, or assisted filtration
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techiques and subsequent evaporation, may create an air-water—
CNF interface, which can give rise to a sufficient attractive capillary
force to displace the CNFs from their original positions.>® This,
among other phenomena, may result in the collapse of CNFs and
agglomerate irreversibly*® which makes it difficult to redisperse in
solvents of interest. These phenomena are inherent to nanoscale
systems where the surface forces are the dominant forces.>”*

As the characteristic length of the system decreases to the
nanoscale, the capillary forces created between two particles
due to a liquid bridge can be of several orders of magnitude. It
has previously been shown that the classical equations which
describe the capillary forces are still valid at the nanoscale.>*™"
The generation of capillary pressures as described using the
Young-Laplace (Y-L) equation depends on the surface tension
of the air-water interface, yi,, and the radius of the liquid
bridge meniscus as shown in eqn (1).

AP =7, (im) 1)

Consider a system consisting of two parallel slabs with a water
drop forming a capillary bridge in between them as shown in Fig. 1.
In the system, [, is the width of the slabs and the separation
between the slabs is 2d. Similarly, [, represents the length of the
particle that is in contact with water and 6 is the angle made by the
water meniscus with the slab walls. Furthermore, if the pressure
inside the liquid meniscus is uniform, the slabs are subjected to a
force (F,) due to the water pressure and is given by eqn (2).

Fy, = A-AP (2)

In eqn (2), A. is the area of contact of water molecules with the
cellulose slabs. Similarly, the surface tension force acting in the
z-direction (F,,) on the top slab is given by eqn (3).

Fy, = —y-le-sin0 (3)

Combining eqn (1)-(3), the total capillary force exerted by
the liquid bridge under this configuration on the top slab is
given by'

Fo= gl {Sin 0 +%~cos 9] 4)

Eqn (4) suggests the dependence of the capillary force on the
contact angle, surface tension of the liquid-gas interface and
dimensions of the slab. These parameters have important roles

Fig. 1 Schematic of a meniscus between two parallel CNC particles.
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in determining the physiochemical properties such as
wettability,sz’33 adhesion,** and ﬂowability.35’36. In this context,
many surface treatment methods such as chemical modifica-
tion and grafting have been employed to modify the wettability
of cellulose surfaces.>'

The application of an external electric field across the
interfaces seems to be an effective method to tune the wett-
ability of a surface.**?” This induces a change in the surface
tension of a liquid-gas interface and the interfacial free energy
at the solid-liquid interface.*® The contact angle made by the
liquid-gas interface with the solid under the influence of an
external electric field can be predicted using the Young-Lip-
mann equation (YLE) as shown in eqn (5), and has been
discussed elsewhere.**™*!

Ysg = Vsl + <808|E|2D>

cos 0=
Vlg 2?lg

(5)

In eqn (5), 0 is the equilibrium contact angle, D is the
thickness of the solid-liquid interface, y is the surface tension,
E is the applied electric field strength, ¢ is the dielectric constant
of the liquid and ¢, is the permittivity of the free space.
The subscripts 1, g and s refer to the liquid, gas and solid,
respectively, and the angular bracket stands for the average over
D. The Young-Lipmann equation, as shown above, predicts the
lowering of the contact angle with an increase in the electric
field independent of the field direction; however, deviations
from this behavior have been reported at the nanoscale.’”*! The
externally applied electric field not only affects the solid-liquid
contact angle, but also affects other properties such as
viscosity,*” surface tension,**™** and dieletric constant*® which
makes it challenging to predict the effect of electric field on a
hydrated system. Moreover, phenomena related to hydrogen
bond stretching which is inherent to high electric field at the
interfaces are neglected using the YLE equation. For a more
detailed explanation of YLE, the readers are referred to an
extensive review on electrowetting by Mugele and Baret.*”

In this work, we explore the effect of an externally applied
static electric field on the capillary force exerted by a water bridge
between two chains of cellulose nanocrystals (CNCs) using mole-
cular dynamics (MD) simulations. The strength of the applied
E-field ranges from 0 to 0.75 V nm ™' and is applied in parallel
and perpendicular directions to the CNC slabs. The range used in
this study is found in biological ion channels, charged
electrodes,’® AFM studies,”® and electroporation processes.’® It
has been shown elsewhere" that the range of the electric field
used in this study does not cause disintegration of water
molecules.

2 Methodology

A series of MD simulations have been conducted using
GROMACS2019, an MD package that has widely been used to
investigate the molecular interaction phenomena for systems
involving biomolecules.?*>*"* A time step of 2 fs (2 x 10~ "° 5) was
used in all simulations. It has been suggested that the cut-off
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distance for truncating the van der Waals force should be greater
than 0.8 nm;" hence, we used a cut-off distance of 1 nm in our
study. Long range electrostatic interactions were calculated using
the Smooth Particle Mesh Ewald (SPME) method.** All the equili-
bration and production simulations were carried out in the cano-
nical (NVT) ensemble at 300 K, unless otherwise mentioned. The
temperature was controlled using the velocity rescaling version of
the Berendsen thermostat® to isolate athermal effects as much as
possible®*>® and the periodic boundary condition was applied in
all directions throughout all the simulations.

Two rectangular crystalline cellulose slabs were placed in a
computational domain of 6.96 nm x 20.44 nm x 24.91 nm”’ as
shown in Fig. 1. The initial distance between the slabs (2d) was
maintained constant at 7 nm. Cellulose 1/ cystals were mod-
eled with chains formed by repeating cellobiose units as shown
in Fig. 2 and was based on the structure predicted by Nishiyama
et al.>® Apart from the atomic configurations for the initial
system, it is also very important to choose a forcefield (FF)
based on the nature of simulation systems. Although various
FFs like AMBER,*® CHARMM,®*' and GROMOS®* have been
reported for carbohydrate systems, we chose to implement the
GLYCAMO06°® FF, which has been reported to be consistent with
a larger biomolecular context. This FF has also been employed
in condensed phase simulations of biomolecules in aqueous
media to represent biopolymers and crystalline lattice proper-
ties in previous studies and has been proved to successfully
predict the surface and mechanical characteristics of nanocrys-
talline cellulose and its interaction with an aqueous medium.**

Water molecules were described using the simple point
charge SPC/E model®® which has successfully been used in
studies involving water-cellulose systems.®® We have chosen
the SPC/E water model not only to give consistency to the
previous studies®®*"*”%® but also due to its quantitative agree-
ment with experiments to yield water reorientation and hydro-
gen bond (HB) dynamics.®® Moreover, it has been shown that
the value of the surface tension for the SPC/E model is in good
agreement with the experimental results.”

To create a drop of water, a fixed number of water molecules
were energy minimised. After energy minimization, the system was
subjected to the NVT ensemble at 300 K for 3 ns and subsequently
to the NVE ensemble for next 3 ns. The water—cellulose interaction
parameters were described using Lorentz-Bertholet (LB) mixing
rules.”" For further details of the potentials used here, we refer
readers to Matthews et al.”* and Kirschner et al.®*

To study the effect of an electric field on the capillary force
exerted by a water bridge confined between two cellulose

OH
0 OH
HO O
OH O
OH
Fig. 2 Schematic representation of the cellobiose unit.
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particles, we first of all construct the CNC slabs composed of
cellulose chains. The CNC slabs were then equilibrated in the
NVT ensemble for 5 ns and the output was subjected to the NVE
ensemble for the next 5 ns. Two CNC slabs were then put in a
computational box with the chain axis parallel to the y-axis of
the box (¢f. Fig. 1).

Thereafter, we proceed to calculate the capillary force exerted
by a water bridge under the effect of an externally applied electric
field and confined between two CNC slabs separated by prede-
termined spacing. We first equilibrate the cellulose and the water
systems separately, and subsequently introduce water between
the CNC slabs. During this time period, the water drop spreads
on the internal CNC walls and hence creates an equilibrated
water bridge. Subsequently, we run further equilibration under
the NVT ensemble at 300 K for 3 ns. After equilibration of the
water bridge confined between two CNC surfaces, we apply
electric fields of varying strength in parallel and perpedicular
directions (along y and z axes respectively in Fig. 1) to the water
bridge for 3 ns. During these steps, we restrict the motion of the
CNC slabs in all directions using position restraints.

To measure the capillary force between two slabs connected by a
water bridge, we anchored the surface C6 atoms of the cellulose
chains of the top CNC slab at one end forming a parallel combi-
nation of springs whose other end is fixed, as shown in Fig. 3. The
water bridge draws the top slab towards the bottom under the
influence of the capillary force which can be directly calculated from
the Hookes law (eqn 6), i.e. the force (F) exerted by the bridge is the
product between the elastic constant of the spring (k) and the
stretching of the i-springs due to the capillary force (0x).

F:fZK-Ax,- (6)

The details of this method is elaborated in the study by
Valenzuela et al 2016.%

3 Results and discussion
3.1 Measurement of contact angles on cellulose surfaces

The 2D density profile was plotted based on the average
molecular density profile of the water bridge averaged over

Fig. 3 Schematic representation of the strategy considered to calculate
the contact angle of water with the CNC slabs.
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the last 5000 configurations divided into 5 blocks to estimate
the deviations in the measurement. The points in the air-water
interface where the density was less than 0.6 g cm > were
discarded. An arc was fitted to the points near the interface
where the water density was equal to or above 0.6 g cm™? as
shown in Fig. 4. The contact angle of the water bridge with
the slabs was assumed to be the tangent to the arc at the
“apparent” contact plane. The adsorbed water molecules at the
solid-liquid interface form a rigid layer of highly structured
molecules. In the present study, this layer was assumed to be
solidified layers and the height of this layer was substracted
from the actual height of the CNC channel. The apparent
contact plane is, thus, made at the imaginary plane parallel
to the CNC surface (Fig. 3). The effective contact angle was
taken as the mean value of angles made by the water bridge on
the top left side and the bottom left side of the CNC slab. The
errors bars correspond to the contact angle deviation over the
last 5 blocks as mentioned above. These errors correspond to
the thermal and mechanical fluctuations of the interfacial
water density.

Eqn (5) suggests a gradual reduction of the contact angle of a
liquid on a solid substrate with an increasing magnitude of an
external electric field. However, it should be noted that at the
nanoscale, the direction along with the magnitude of an electric
field has a significant effect on the formation of the contact angle
and is shown in Fig. 5.*" The physical mechanisms behind the
dynamics of capillary bridge formation under the effect of an
electric field can be rather complex owing to the interplay of
factors like the dipole-electric field interactions, the hydrogen
bond dynamics at the interfaces in the presence of an electric
field, surface tension and viscosity effects and each term may
affect the contact angle formation in a particular way. Therefore,
to assess the overall effect of an applied electric field on the
capillary bridge formation, the dynamic contact angle (DCA)
during the formation of a stable capillary bridge was measured
(¢f: Fig. 6).

The DCAs measured, both, in the presence and absence of
an external electric field are consistent with the WCA value
reported in our previous study.’® However, it seems that a
higher the magnitude of the externally applied electric field
reduces the time required to attain the equilibrium contact

Fig. 4 Graphical representation of the contact angle determination from
the 2D water bridge density profile. The color bar on the right hand side of

the above figure is expressed in kg m~>.
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Fig. 5 Contact angle of the water droplet on CNC walls under the
influence of external static electric fields. The filled square dots represent
the WCAs at the perpendicular applied electric field while the circular filled
dots represent the same at the parallel electric field applied to the CNC
surface.
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Fig. 6 Dynamic contact angle of the water droplet on CNC walls under
the influence of external static electric fields. The electric fields are applied
parallel to the CNC slab.

angle. Nevertheless, the equilibrium contact angle is attained
approximately 1 ns after the application of the external field.
The main reason behind the faster response of the DCA at a
higher electric field may be understood by relating the ultrafast
reorientation of the water dipoles with the applied field and
also the subsequent change in the hydrogen bond structure.”®
It is well established that the water molecules orient in the
direction of the applied electric field with the water dipole
pointing towards the field direction.*>*”*® Using DFT-based ab
initio MD to explore the structural and dynamic responses of
the hydrogen bond (HB) network in water, Elgabarty et al.”®
showed that in the field-dipole interaction that is much
stronger than the HB potential energy well (~ 8kgT, kg =
Boltzmann constant and T = temperature), the molecules will
reorient in a ballastic manner. This preferential orientation of
water molecules with respect to the externally applied electric
field results in the change in interfacial free energies of the
system which affects the overall wetting properties and hence
causes variations in the observed water contact angle.*®

Phys. Chem. Chem. Phys., 2023, 25, 6326-6332 | 6329
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3.2 Capillary force measurements

The force balance eqn (4) is dependent principally on the
following factors: (i) surface tension of the air-water interface
(71g), (ii) separation between the CNC slabs (2d) and (iii) the
contact angle made by the water droplet with the walls of the
CNC slabs (0).

The surface tension of water varies depending on the
magnitude and direction of the applied electric field and has
been shown in our previous studies.*® The values of surface
tensions at various external electric fields from our previous
study have been used in eqn (4) to calculate the theoretical
values of the capillary force.

3.2.1 Effect of spacing between the slabs and validity of the
Young-Laplace equation. In this section, we investigate the
effect of the separation between the CNC slabs in the capillary
force exerted by the water bridge. For this, we prepared four
systems with different separation distances and performed
equilibrium simulations under the NVT ensemble at 300 K for
4 ns. Subsequently, we extracted the force exerted by the water
bridge on the CNC slabs as described above. The contact angle
made by the water droplet with the walls was measured and the
force predicted by eqn (4) was calculated. We observed that the
water contact angle remains the same despite the variation in
spacing between the CNC slabs which was ~42°. It suggests that
the capillary force exerted by the water droplet depends on the
contact area of the drop with the CNC walls and their separation
distance (2d), as the other factors remain constant at a particular
temperature.’ The values of the contact length and separation
distances were extracted from the last 1000 configurations and
the average value was inserted in eqn (4). The capillary forces
extracted directly from the simulations are in close proximity
with those predicted by eqn (4) as shown in Fig. 7.

The observed decrease in the force is due to the increase in
the radius of the curvature (r,,) of the capillary bridge as the
remaining parameters are maintained constant. This increased

)

2.0

Force (nN)

0.5 MD =

3.0 4.0 5.0 6.0 7.0 8.0 9.0
Channel height (nm)

Fig. 7 Force on the bottom CNC slab in the z-direction due to a liquid
bridge for different separation distances. The filled square dots are the
values of forces extracted from MD simulations, while the empty ones are
those predicted by eqgn (4). The results above corresponds to the averages
over 5 reruns of each simulations.
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rm contributes to a decrease in the capillary pressure exerted by the
bridge that in turn results in the decrease in the capillary force.

3.3 Influence of the external electric field on the capillary force

In this section, we are mainly interested in the forces due to non-
bonded interactions of the drop of water molecules and the CNC
slabs. For this purpose, we choose a system with a CNC separation
distance of 7 nm. After the steady state equilibrium is reached, ie.
after the fluctuations in the force becomes neglible, the forces are
calculated based on Hooke’s law at different applied electric fields.
The maximum extension of the “harmonic spring” was observed to
be less than 0.27 nm which preserved the approximate radius of the
curvature of the water bridge between the slabs; hence the capillary
forces calculated for different cases could be compared. CNC slabs
are hydrophilic; hence, a film of adsorbed water was always present
at equilibrium when a stable water bridge was obtained. This
physically adsorbed film influenced the theoretical calculation of
forces using eqn (4) and has been considered as solidified water
layers; hence, the effective height of the CNC channel is considered
to be the total height excluding the height of the adsorbed water
layer ie. 2(H — h.) as shown in Fig. 3. Similarly, the area of the
adsorbed film was excluded from the total wetted area.

The capillary force measured directly from simulations
showed lower variations with the different field strengths when
the external field was applied in the direction parallel to the
CNC slabs and are shown in Fig. 8. This could possibly be due
to the relatively lower variation in contact angles at the range of
applied field.*® The other factor that might also have influ-
enced the lesser variation observed in the capillary forces is the
low variability in the surface tension of the air-water interface
of the water bridge in the applied field range.*®

We found that the average force in the perpendicular direction
for the CNC slabs decreases with the increasing magnitude of the

1.3
1.2
1.1

10 %

09 | +

08 ‘

0 '

06 | i
05

0.4

@ ——

Force (nN)

00 01 02 03 04 05 06 07 038
Electric field (V'nm'l)

Fig. 8 Average capillary force exerted by the water bridge on the CNC
slabs under the influence of an external electric field. The filled dots are the
simulated values of the capillary forces while the hollow dots are the values
calculated using egn (4). Similarly, the round dots are the cases where the
electric field is applied in the parallel direction to the CNC slabs while the
square dots are the cases with the electric field applied perpendicular to
the CNC surface. The results shown above corresponds to the averages
over 5 reruns of each simulations.
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electric field as shown in Fig. 8. However, the decrease in the
average force is not linear. The average values of the forces under
various magnitudes of the electric field is inline with those
predicted by eqn (4). This suggests that the determining factor
for the capillary force of a water bridge under the influence of an
static external electric field depends on the characteristics of the
system like separation between the particles and solid-liquid
contact areas together with the interfacial tensions.

While a study performed at the molecular level can be useful to
gain deeper insights into the influence of an external electric field
on the interparticular capillary forces which directly affect the
drying process, its application in an industrial process requires the
experimental validation and optimization of the field strength and
direction during the process design. Furthermore, a CNF matrix is
a complex structure with plethora of fibril orientations, large
variations in interfibrillar distances and fibril-fibril entangle-
ments. Hence, the direct extrapolation of MD results to such a
complex material matrix is not straight forward. Nevertheless, the
capillary forces obtained by MD simulations of two extreme cases
of the external field suggest that the overall decrease in capillary
forces is larger under a perpendicular applied field as compared to
the increase in capillary forces under a parallel field applied to the
CNF surface at the same field strength (c.f Fig. 8) which indicates
that a higher magnitude of the electric field when directed
perpendicular to the CNF surface, which might be possible by
the continuous change of the cake orientation, is suitable for the
removal of the trapped water between the cellulosic surfaces.

4 Conclusions

By employing the MD simulation techniques, we have studied the
effect of an externally applied electric field on the capillary force
exerted by a bridge of pure water between two CNC slabs at 300 K.
We found that the contact angle of water on a CNC slab is
dependent on the magnitude and direction of the applied electric
field.*>”* We attribute this to the preferential orientation of water
molecules in the electric field.*® Our results suggest that the
variation in the capillary force with an increase in the magnitude
of the applied electric field is primarily due to the variation in the
contact angle of the water drops on the CNC surface. The variation
in the capillary forces when the electric field was applied in the
perpendicular direction to the CNC surface was more pronounced
as compared to the cases where it was applied in the parallel
direction. The results predicted by the classical force balance
equation including the Young-Laplace equations indicate that the
Young-Laplace equation remains valid at the nanoscale. Although
the direct extrapolation of the MD results in the drying process
might not be trivial, the present study paves a path for an
experimental exploration of the effect of electric field in the drying
process of hard-to-dewater materials like CNFs.
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