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Abstract

For solid particles it is energetically favorable being situated at the interface of fluid phases
and removing a particle from an interface requires a high force. The capillary force affects at
the particle and causes an interfacial deformation during detachment. In this study the
detachment force of hydrophilic and hydrophobic particles is measured via CP-AFM. In order
to calculate the detachment force, a simple analytical model is developed and compared with
the classical capillary force model. The new model is grounded on an energetic approach in
compliance to the interfacial deformation and wetting of the particle. A model spring is assumed
for both sub-processes and the force affects onto these two springs. The calculated force in
the new model referred to goes better with experimental values than the capillary force model
which does not consider interfacial deformation.

Research highlights

o CP-AFM measurements of the detachment force of colloidal particles from liquid
interfaces

e Spring model for calculating the detachment force by respecting interfacial deformation

¢ Comparing the measured and calculated forces with the capillary force model

Abbreviations

AFM, Atomic Force Microscopy; A-AW, air to air-water-interface; TPC, three phase contact;
W-WA, water to water-air-interface;

Keywords: AFM; capillary force; detachment force; energy of adhesion; interfacial deformation;
spring model



1. Introduction

Interfacial processes play a key role in many industrial processes. Especially the attachment
and detachment of particles at fluid interfaces strongly effect the overall performance of
processes like agglomeration [1], froth flotation [2] and filtration [3]. Froth flotation uses the
selective attachment of hydrophobized particles to the gas-liquid-interface of the bubble.
Agglomeration applies liquid-bridges between solid surfaces to generate high attractive forces.
Interaction forces e.g. control the adhesion of particles at the filter surface of deep bed filters.
In the case of deep bed filtration of metal melts for instance, the collection of non-wetted
particles in porous ceramic foam filters is increased if the filter surface has the same surface
properties. The higher the welling angle, the surface energy respectively, of the solid surfaces
becomes, the higher is the probability for the presence of nano-bubbles [4]. The latter create
attractive gas bridges, which lead to agglomeration of dispersed particles [5] or the collection
of dispersed particles onto the inner filter surface [3]. Capillary interactions are also important
in the flotation process and have as well been studied with colloidal probe atomic force
microscopy [6,7].

From a thermodynamic point of view, for particles it is energetically favorable being placed at
the interface of two fluid phases. Compared to molecular surface-active substances like
surfactants the adsorption of particles is not a reversible process. Therefore the adsorption of
particles cannot be described as adsorption equilibrium for small particles. That is due to the
magnitude of the energy of adhesion, which is much larger than the thermally induced kinetic
energy k - T [8,9]. Thus once a particle is trapped in an interface, it is difficult to remove it from
there.

Many authors have measured and reported capillary forces acting on microspheres, which are
in contact with a fluid interface, either if the particle has been moved from the gas phase (air)
into an air-water interface (drop, system A-AW) [10-12] or in the opposite direction from a
water phase into a water-air interface (bubble, system W-WA) [10,12—-19]. Also investigations
using particles with sharp edges can be found in literature [20]. All these measurements
provide knowledge considering the behavior of particles at fluid interfaces, the forces acting
on the particle during attachment and detachment and the surface properties of the particle.
Numerical models for calculating the process are reported as well [21,22]. In this paper, we
report on the measurements of the capillary forces between hydrophilic and hydrophobic
particles, respectively, and fluid interfaces. Furthermore, a simple spring model, based on
energetic considerations, is presented to calculate these forces. This model describes the
physics of the process much better than the simple capillary models used so far. Finally, a
comparison between measured and modelled forces is given.

2. Materials and Methods

An atomic force microscope (AFM) XE-100 from Park Systems is used throughout this
investigation. An external data recording system, which extends the standard system of the
AFM, collects the force acting on the cantilever while it is moved by the stepper motor instead
of the piezo-system. This is necessary to reach moving distances far above 10 um, which is
the largest operation distance of the piezo element of the z-scanner. Tipless cantilevers (ACL-
TL from AppNano) with a high spring constant of 65 N/m are being used. The fluid interface is
generated in the corresponding liquid cell. The air-water interface is created with an aqueous
drop, which is placed onto a hydrophobic surface. The water-air interface uses an air bubble,
which is introduced with a syringe in an aqueous environment onto this hydrophobic surface
as well. For all measurements, the volume of the drop or bubble is set to a constant. A spherical
silica particle of about 30 uym is used as the hydrophilic probe (figure 5). In order to vary the
surface properties, i.e. wettability, a second spherical silica particle (40 um) was coated with
Dynasylan® F8261 (Evonik).



To vary the interfacial energy of the fluid, ethanol is added to the liquid phase (from 1 to
15 wt. %). This effects the wetting behavior of the particle. The ethanol content, the surface
energy respectively, can be correlated to the measured interaction forces. The surface energy
derives from a calculation using the surface tension of water and water-ethanol mixtures, which
are taken from the literature [23].

Figure 1: SEM image of a used ACL-TL cantilever with a 30 pym silica colloidal probe

The measuring procedure is presented in figure 2 and will be discussed subsequently.
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Figure 2: Scheme of the measuring process of a colloidal probe at a cantilever attaching and detaching at
the air-air/water interface with the positions: (1) attachment, (2) snap-in and (3) deformation, (4) equilibrium
point, (5) deformation and change of direction of movement and (6) deformation until detachment (7); in
this case the high stiffness of the cantilever causes a neglectable amount of bending of the cantilever

At first, the cantilever is moved to the interface with a constant velocity of 5 um/s. The distance
between cantilever and interface is large enough that no forces are acting on the particle
(position 1). At a certain proximity to the interface, the particle will suddenly come in contact
with the interface (position 2), which deflects the cantilever. An attractive capillary force can be
measured acting nearly instantaneously on the particle, due to the fast wetting process and
the deformation of the interface. This phenomenon is called snap-in. The dynamics of the snap-
in were investigated by Chen et al. [24] and McGuiggan et al. [25]. While the cantilever moves
further with constant velocity the deformation of the interface is reduced (position 3) until the
particle passes a position where the forces acting on the particle are zero (position 4). This

equilibrium position is energetically favorable and depends on the surface energies 7, 7,,and

7\, at the three-phase-contact-line (TPC). A common method to quantify the surface energies

is the method of van Oss et al. [26] via drop shape analysis. A method to determine the
dynamic hysteresis of contact angles on a single particle via AFM is described by Ecke et al.
[10]. In this study the dynamic contact angles are calculated from the snap-in-distance and the
radius of the particle. The moving velocity of the particle influences the dynamic wetting, but
the resulting dynamic contact angle is barely influenced by the penetrating velocities of about
5 um/s, as used in these experiments [16].

Moving the cantilever further in the direction of the drop/bubble will deform the interface in the
counter direction. Thus, a repulsive force is acting on the particle against the direction of
movement (position 5). At this point, the direction of movement is reversed and the cantilever
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is moved away from the interface until the detachment of the particle occurs. After passing
through the equilibrium point, once again, the interface is deformed again in the opposite
direction (position 6). Finally, at large forces, detachment of the particle from the interface
occurs and the force measured becomes zero again (position 7). Figure 3 illustrates a force
distance curve obtained from the AFM measurements.
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Figure 3: scheme of the force distance curve resulting from AFM measurements
3. Theoretical Approach

For the investigations some assumptions have to be taken into account. The Laplace pressure,
which forces the particle out of the drop/bubble is neglectable for the system used. This is
because of the small size of the particle compared to the size of the drop/bubble of
approximately 1-2 mm. Repulsive viscous forces during the attachment can be neglected as
well, due to the low particle velocity applied [27]. Because the drop or bubble is much larger
than the particle, a planar interface can be assumed. To investigate wetting and adhesion
processes it is convenient to use relatively small particles. Thus, buoyancy and gravitational
forces can be neglected as well and thus, only interfacial interactions are considered [9].

The maximum force of detachment, obtained by the analytical model of the acting vertical
capillary force, can be found in literature and is shown in the following eq.1 (for detachment
from the air/water interface into the water phase) and eq. 2 (for detachment from the water/air
interface into the air phase) [13,15,17,18,28,29]. R is the radius of the particle, & the contact

angle on the TPC measured through the water phase and y,, the interfacial surface energy
between the liquid and the gaseous phase.

Faanimae =27 1ig " R- COSZ[%j (1)
i Ha v
Fiv-wamee =277 "R sz[de (2)

To calculate this force, the dynamic contact angle at the TPC has to be known. It is assumed,
that during the detachment of a particle from a drop a receding contact angle and during the
detachment from a bubble an advancing angle is formed. The formation mechanism and the
true nature of the contact angle at the TPC are not widely understood. Some research groups
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report, that the TPC of the particle is pinned for the first part of the detachment and the contact
angle between the liquid and the surface is changing from a static angle to the dynamic
hysteresis contact angle. At the second part of detachment the behavior is reversed and the
contact angle remains constant, while the TPC is moving along the particle until
detachment [11]. The particle size of the reported system was about 300 ym. Thus, it might
not be comparable for smaller particles. It seems obvious, that the contact angle has to change
during the detachment process and that the dynamics of this change cannot be measured
exactly for the presented detachment process. The apparent contact angles, which are present
during this process certainly differ from the constant dynamic contact angle calculated using
the snap-in distance of the AFM measurement, as presented by Ecke et al. [10]. Nevertheless,
this method is still more appropriate than using static contact angles measured on planar
surfaces because one takes the non-planar geometry of the sphere into account. Furthermore,
such macroscopic contact angles are difficult to interpret and can be influenced by chemical
and physical inhomogeneities on the surface. Therefore, they appear in a wide range [30,31].

Another approach for calculating the force of detachment is a free-energy analysis [11,21].
Figure 4 shows a spherical particle at an air-water (A-AW) interface at the equilibrium point
with the radius R, the position angle &, the interfacial areas Ay, Asg and Asand the penetration
distance h, which is the equilibrium distance heq in this case. The following equations are
presented for this A-AW interface. From a thermodynamically point of view, it is well known
that the free-energy of a system has to be minimized to reach a steady state. The change of
the Gibbs free energy can be assigned with respect to each position of the particle at the
interface described by the angle &, while the contact angle remains theoretically constant. This
is plausible by the Young equation, where the surface energies are strictly connected to the
surface energies which are not changed during the approach or detachment.
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Figure 4: scheme of a particle at an air-water interface located in equilibrium position

The energies Wy, Wy, and Wiy between each bulk phases result from the geometry of the
sphere and the associated interfacial energies:

W, =2aR* -y (1-cosa) (3)
W,, =272R* -y ,(1+cos ) (4)
W, =R* -y, sin’ o (5)
h(ar) = R(1-cosa) (6)



The free Gibbs-energy can be calculated as the sum of these energies with the condition that
the interfaces between solid/gas and solid/liquid are summarized while the liquid/gas interface
is defined as an interface, which will be reduced and has to be subtracted.

ZW :WGibbs = VVs| - VVIg + Vng (7)

The force, which is needed to change the vertical position of the particle within the interface,
can then be calculated by:

aw, h
_F:$:—2ﬂR(%g(1_Ej_7ﬂ+7/sgj ©

To simplify equation 8, a connection to the Young-equation (eq. 9) is inserted. By this the
contact angle is solely considered as a relationship of the three different surface energies as
defined by Young [32]. Thus, it is not implicitly comparable with a geometric orientation of the
TPC for any other vertical position but the equilibrium position.

cos @ = M (9)

7Ig
Finally the linear force-distance trend is:

IWoipbs
dh

_F - = —2;zRy,g(1 - % +CoSs 9) = —27zR;/,g(cos(x +cos6) (10)

The two presented calculation models, the vertical capillary force model (eq. 1) and the Gibbs
free-energy analysis (eq. 10) lead to different shapes of the forces-distance curves during
detachment and thus, different values of maximum forces needed to completely remove the
particle from the equilibrium position, as presented in figure 5. The Gibbs free-energy approach
leads to a linear function of the force and with an absolute maximum value located at h =0 pm.
This is the distance, when the particle is barely in contact with the interface. The value of
maximum force from the Gibbs free energy approach is much higher (12 uN) than the force
obtained from the capillary model (6 uN). Similar values are only obtained, by either model, in
the vicinity of the equilibrium position (location of zero force).
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Figure 5: calculated force trend of the vertical component of capillary force and the force from the approach
of Gibbs free energy, model system with a 30 pum sized spherical silica particle going through an air-
air/water interface (interfacial energy of 0,0727 N/m), with an advancing contact angle of 44° calculated from
the snap-in-distance while this particle attaches a bubble

The large forces obtained using the Gibbs free-energy approach derive from the fact that the
model (eq. 11) only regards the particle movement through the interface. A second effect,
which cannot be neglected for the calculation is the deformation of the interface itself.

This paper will show the difference of the classical calculation models of the detachment force
of particles from interfaces and provide a simple analytical model, which is based on energetic
considerations, in order to calculate detachment forces while considering the deformation of
the interface.

Extended spring model

The total energy of adhesion is the difference of the Gibbs free energies between the state,
where the particle is being situated at the equilibrium position and when it is completely
surrounded by one of the bulk phases (air at the A-AW-system or water at the W-WA system,
respectively). It can be calculated discretely by eq. 11 for the system A-AW and eq. 12 for the
opposite direction W-WA [8,33].

Wanaw =7 R27I9(1 +cos 0)? system A-AW (11)
Wiw.wa =7 R*y(1-cos 0) system W-WA (12)

The contact angles used in eq. 12 and 13 define the equilibrium position of the particle.

As mentioned before, when calculating the force curve using the Gibbs free-energy approach
(figure 5), any deformation of the interface is not considered, but rather the wetting progress
on the particle surface. Therefore, the forces obtained follow a linear trend with respect to the
vertical distance. Due to that fact, an effective spring constant can be matched to model this

behavior. The slope of the force curve amounts to 27y, . Furthermore, it is reported in the

literature, that the deformation of interfaces follows a linear function as well and that an

effective spring constant k. for the interface can be assigned [27,34-38]. Taking this into

account, we consider a black box of deformation, where the spring constant is not exactly
7



known for the interface. It depends on various parameters like drop size, particle size and
interfacial tension. When expecting a constant force acting during both micro processes,
deformation or wetting, a serial connection of two modeled springs can be assumed. The
spring constant of the cantilever is much higher compared to both of the single spring constants
Therefore its influence on the overall spring constant can be neglected. Calculating the total

spring constant k., of the system gives:

1.+ 1 (13)
ktot Zﬂ%g k

I
Combining the linear force-distance curve with the total deflection of the system of springs
yields to:

Fokysm— s (14

2727/Ig ki

With eq. 14 the force trend in dependence of the total deflection s of the spring system is given,
which leads to the maximum force Fmax, is the only unknown parameter. Therefore, an
integration of eq. 14 over the maximum distance smax is necessary and gives a value of the
energy, which is stored in the spring system.

S,

W, = r]'ades=1 L .82

es A~ 4 4 Pmax (15)
g : 2 1 1

2727/Ig ki

The assumption is made, that the maximum value for the energy, which can be stored in the
spring system, is equal to the total energy of adhesion. If this value is reached, the particle will
definitely detach from the interface. The spring of interfacial deformation can store more energy
than the spring of wetting, due to its lower spring constant assuming equal acting forces on
both springs. Thus, the required distance for complete detachment is enlarged. The total
deflection smaxcan be calculated by the following equation:

Wges = %% Sriax = Wadh = 7Z'}/|9R2(1 + COS 9)2 (16)

2rry K

2
Smax = %H-R-(Hcos@) (17)

Combining the maximum distance smaxwith eq. 14 gives the maximum detachment force of the
particle:

2
F— s \1.R.(14c0s0)- — (18)
" ki 1 +i

2ry, K

In the opposite direction when a particle detaches from a gas bubble, a sign has to be turned
in the term of the energy of adhesion and the force can be calculated with eq. 14.



2
F = |7, 1.R.(1-cos) — (19)
ki 1 +l

2ry, ki

4. Results and discussion

Figure 6 shows the force-distance-curve for a 30 um sized hydrophilic silica particle, which is
attached and detached at the air/water interface. A certain deviation from the expected linear
force curve is visible during the end of the detachment process. It is not completely clear, which
micro process causes this deviation. A possible reason could be the strong deformation of the
interface and a transition from interface bending to an elongation because of the increased
length of capillary bridge. In this case the assumption of the linear spring behavior of the
interface in no longer valid.
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Figure 6: measured force distance curve with a 30 pm hydrophilic silica particle, which is moved in a water
drop; the maximum force acting on the particle during detachment is 3,3 uN

Comparing the distance s, which the particle needs to detach completely from the interface, to
the particle geometry itself, it is obvious that a significant deformation of the interface occurs.
With this it can be stated, that the detachment process must be crucially influenced by the
deformation of the interface. The AFM measurements provide values for maximum forces of
detachment of the single particles from a liquid interface. In figure 7 (left) a comparison of the
measured forces with those values obtained from the extended spring model (eq. 14) is
presented. For this measurement the hydrophilic particle is detached from a water drop without
ethanol. There is a good agreement between the slopes of the measured and modelled force

curves. For the interfacial spring constant k the surface energy 7, 0f 0,0727 N/m is assumed

[21,34,35]. The vertical dotted line illustrates the calculated distance, which has to be
overcome in order to completely detach the particle from the interface. The total distance
calculated by eq. 17 is in the range of the measured one. Calculated (hatched area in figure 7,
left) and measured (grey area in figure 7, left) values of the detachment energies are quite
equal. The calculated force follows the linear function, while the slope of the measured force
decreases at the detachment point and leads to the small difference between measured and
calculated force values. The method to calculate the distance of detachment is shown in figure
7 (right) as well. Here the calculated energies from eq. 6 and 17 are plotted and additionally,
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the total energy of adhesion for the particle, gained by integral energy analysis (eq. 11) is
displayed. The intercept point, where the total energy curve of the spring system reaches the
value of the total energy of adhesion, provides the detachment distance.
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Figure 7: left: comparison of the measured force with the force calculated with aid of the extended spring
model, right: determination of the total distance via energy argument; detachment of a 30 ym hydrophilic
silica particle from a water drop, a receding contact angle of 44° and an assumed interfacial spring constant
of 0,072 N/m; the calculation fits the measurement

Applying the spring model to other systems than the previously presented ideal water-air
systems yields to larger differences between the detachment forces. In figure 8 the measured
and modelled detachment of the hydrophobic particle from an aqueous drop is illustrated. The
effective spring constant of the interfacial deformation in this case should amount a value of
0,6 7, fitting the measured slope.

The assumption of a fixed deformation spring constant in the measured systems and the
contact angles calculated from the snap-in-distance cannot be assumed here. These two
values have the main influence to the accuracy of the fit:

e The spring constants of drops and bubbles are neither equal nor can be assumed as
the value of the exact interfacial surface energy. During the measurements with
bubbles and drops the spring constants of interfacial deformation appears in a range

of 0,5to 1,4 Vg - This value determines the slope of the detachment force and has to

be measured for each system.

e The contact angle which is used to calculate the energetic situation of the particle and
is constant at any state of detachment in this model. The real behavior of the contact
angle in correlation with the deformation of the interface cannot be measured and is
still unknown. For this model the contact angle is required to determine the theoretic
total distance until the particle leaves the interface.

A possible reason for the correlation of the detachment of a hydrophilic particle from a drop
could be the high energy of adhesion. The particle attaches deep into the drop due to the
distinctive wettability. Therefore, the accuracy of the energy measurement of particles with
small contact angles is quite better compared with larger ones.
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Figure 8: left: comparison of the measured force with the force calculated by the extended spring model
and the calculated force with 0,6 Vg @s spring constant of interfacial deformation, right: determination of
the total distance via energy argument; detachment of a 40 ym hydrophobic silica particle from a water

drop, a receding contact angle of 85° and an assumed interfacial spring constant of 0,072 N/m; the
measurement does not fit the calculation

Nevertheless, in the case of a detachment of a hydrophilic particle from a drop the calculated
forces with the assumption k; =y, and the receding contact angle of 44° fits better to the

measured ones compared to the classic calculation model of vertical capillary force as
presented in figure 9. The detachment force is a function of the chemical composition of the
interface, which changes with the ethanol concentration in the liquid phase. The ethanol is
used to reduce the interfacial energy between air and aqueous phase [23] as well as the
forming contact angle. Thus, the forces measured decrease slightly with increasing ethanol
concentration, as presented in figure 9 as well.
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Figure 9: comparison of measured and calculated forces in correlation with the concentration of ethanol in
a water droplet; the forces calculated with the receding contact angle measured via AFM for a hydrophilic
particle with a diameter of 30 ym
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5. Conclusion

The paper presents an alternative model for calculating the force needed to pull a particle out
of a droplet. The main assumption of the model is a theoretic spring system of two springs
which deflect during the detachment process. The springs represent the deformation of the
interface and the wetting of the particle. The real values of the interfacial spring constant and
the change of the contact angle during the detachment are unknown and need to be assumed.
Nevertheless, this work gives a contribution to the understanding of the detachment of micro
particles from deformable liquid interfaces and shows the deviation of measured and
calculated forces from the commonly used model of vertical capillary force in this case.
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