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Abstract: The research program “Engineered Artificial Minerals (EnAM)” addresses the challenge of
recycling valuable elements from battery waste streams. These elements, such as lithium (Li), often
migrate in the slag phase, in some cases as crystals. EnAM crystals represent concentrated reservoirs
of these elements, which can only be effectively recycled if they are extracted from the slag matrix
and then separated. Selective wet agglomeration is a separation process based on a three-phase
system and is often used in coal and ore processing. The produced agglomerates in this process can
be easily separated from the remaining suspension. The precise quantification of the wetting proper-
ties and adhesion strength between suspended particles and binding liquid droplets is a scientific
challenge. An accurate technique suitable for adhesion force measurements in three-phase systems
with micrometer-scale particles is Fluidic Force Microscopy (FluidFM®). An experimental setup
with optical control is being developed to measure adhesion forces between droplets and flat/rough
surfaces. This will enable precise measurements of adhesion forces between solid EnAM crystals and
binding liquid droplets. Based on these measurements, optimal agglomeration conditions can be
selected in the future to improve selective wet agglomeration with respect to recycling processes.

Keywords: engineered artificial minerals; binding liquid; wetting properties; selective wet
agglomeration; contact angle; adhesion force; model surfaces; Fluidic Force Microscopy

1. Introduction

A key objective in battery recycling is to recover a high-quality metal phase rich in
cobalt and nickel. However, in pyrometallurgical recycling processes, essential elements
such as lithium (Li) become part of the waste stream, migrating into the slag phase and thus
remaining unrecovered [1,2]. The German Research Foundation (DFG)-funded Priority
Program SPP2315 entitled “Engineered Artificial Minerals (EnAM)—a geo-metallurgical
tool to recycle critical elements from waste streams” addresses this challenge. This program
has a strong focus on the slag phase as a critical carrier of essential technology elements.
Within the slag phase, these elements manifest either as a homogenous amorphous structure
or as crystals whose formation is thermodynamically dependent. These crystals are called
engineered artificial minerals (EnAMs) and act as concentrated reservoirs for the dilute
elements. Lithium aluminate (LiAlO;), known for its high lithium-storage capacity, is
a particularly promising EnAM candidate [1]. To enable recycling, EnAM crystals need
to reach a certain size and stability. The recovery of these crystals from the slag phase
is achieved by an adapted crushing process. The liberated EnAM crystals then must be
separated from the remaining slag phase.

A separation process commonly used in coal and ore processing is the selective
wet agglomeration, which is based on a three-phase system [3]. This system consists of
two liquid phases with a miscibility gap and a heterogeneous solid phase suspended
in the continuous phase, usually water. The second liquid phase, the binding liquid, is
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either dispersed in the continuous phase or added as an emulsion. The hydrophobic
binding liquid droplets adhere preferentially to particles with better wetting properties,
resulting in the formation of agglomerates [4-8]. These agglomerates can be easily separated
from the remaining suspension by solid-liquid separation. The process of selective wet
agglomeration focuses on the controlled manipulation of the wetting properties of the
suspended particles of interest (EnAMs).

One of the scientific challenges is to accurately quantify the wetting properties and
adhesion strength of the EnAM against droplets of the binding liquid. This is essential for
the effective control and modification of the selective wet agglomeration process. Therefore,
it is important to develop a measurement method designed for a three-phase system
with micrometer-scale particles. Fluidic Force Microscopy (FluidFM®) appears to be a
high-precision technique based on atomic force microscopy. Unique hollow cantilevers,
connected to a fluid reservoir with a pressure control system, allow the dispensing and
aspiration of fluids in the femtoliter scale [9-11]. Particularly in the field of biology, the
FluidFM® system has significantly advanced the approach of single-cell force spectroscopy
(SCEFS) on bacteria or cells [12-15]. In addition to quantifying cell-adhesion forces, this
technique has also allowed experiments to be carried out on biomolecule delivery, patch
clamping, and cell injection [10,11,16-21].

In 2021, Demir et al. first introduced the possibility to measure the interactions be-
tween air bubbles produced with the hollow cantilever and (bio)interfaces using FluidFM®
technology [22]. Thus, the characteristics and versatility of FluidFM® make it potentially
suitable for the study of wetting and adhesion, with a focus on binding liquid droplets
adhering to surfaces (particle layer) in a continuous liquid phase. This paper presents an
experimental setup with an optical control to extend the application range of the FluidFM®
system from biology to particle technology. The first attempts to measure adhesion forces
between droplets and flat and rough surfaces are described. As these are trials, the wetting
assessment results from the adhesion force measurements are compared with contact angle
measurements, and the suitability of the system is discussed based on these comparisons.
The aim of this attempt is to provide a basic platform for future adhesion force measure-
ments between EnAM crystals and binding liquid droplets to investigate and modify the
wetting properties with respect to selective wet agglomeration processes.

2. Materials and Methods
2.1. Model Material System

A representative model material system was chosen to measure the contact angle
and adhesion force between the binding liquid droplets on both flat and rough surfaces.
The flat surface was simulated via a 15 mm x 15 mm rectangular cover glass composed
of borosilicate glass D 236% (Paul Marienfeld GmbH & Co. KG, Lauda-Konigshofen,
Germany). Silicon carbide sandpaper (ATM Qness GmbH, Mammelzen, Germany) with
FEPA-standard P600 grit (25.8 & 1 um grit size) was used to simulate a rough surface
and thus fixed particles, as shown in Figure 1. The silicon carbide particles were coated
with synthetic resin by the manufacturer. Liquid paraffin oil with a density of 0.85 g/cm3
(Merck KGaA, Darmstadt, Germany) was used as a medium to generate binding liquid
droplets. Measurements were performed using deionized (DI) water as the suspension
liquid (continuous phase).
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Figure 1. Sandpaper surface used as substitute for a rough particle surface: (a) Image taken with a
digital microscope (Keyence, VHX-700FD); (b) height profile of the sandpaper surface taken using
the digital depth composition function (Keyence, VHX-700FD).

2.2. FluidFM® Measurements
2.2.1. Fundamentals of the FluidFM® Technology

FluidFM® technology is based on Atomic Force Microscopy (AFM) but is differenti-
ated by using specialized micro-channeled cantilevers (micropipettes) that are unique to
FluidFM®. These cantilevers have closed channels that are connected to a pressure control
system through tubing, enabling them to contain and deliver various types of liquids.
This technology enables the accurate dispensing of a fluid into a liquid environment by
controlling the pressure of the fluid channel through an aperture located at the tip of the
cantilever (see Figure 2) [9,23,24]. The hydraulic system provides an adjustable pressure
range that spans from —800 to 1000 mbar according to the manufacturer’s specification.
Negative pressure is useful for fixing cells or particles to the micropipette, while positive
pressure can be used to dispense controlled amounts of liquid from the micropipette. This
wide pressure range enables flexibility and control in the process of fluid manipulation and
dispensing, such as the creation of liquid droplets.

FluidFM®
Cantilever

B TiAﬁﬁrture o T
™ 100 pm

Figure 2. FluidFM® cantilever /micropipette with an aperture of 4 um in diameter seen through an
inverted microscope.

The deflection of the FluidFM® cantilever is precisely measured using an established
AFM laser detection system. This measurement, combined with the spring constant of the
cantilever, allowed the calculation and generation of force—distance curves [9]. A model
force—distance curve is shown in Figure 3.
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Figure 3. Exemplary approach (red) and retract curve (blue) with respective cantilever deflection of
an AFM measurement.

The cantilever first approaches the sample surface (D). As it approaches, a ‘snap-in’
phenomenon occurs due to tip—sample interactions, indicating the start of the measurement
@. The z-piezo, responsible for tip movement, continues to approach the surface until a
predetermined force setpoint (stop value) is reached. At this point, the cantilever starts to
bend upwards (3. During the following retraction of the cantilever, it bends towards the
surface due to adhesion forces. This bending continues until the “pull-off” event, which
represents the detachment of the cantilever from the sample (. After the pull-off event,
the cantilever returns to an unperturbed state as it continues to retract from the sample,
completing the measurement process ). The force—distance curves act as a fundamental
element for evaluating various interactions throughout the measuring procedure.

2.2.2. Experimental Setup

Adhesion force measurements were conducted using a FluidFM® system that inte-
grated a scan head (FlexAFM, Nanosurf GmbH, Liestal, Switzerland) and its microfluidic
system (Cytosurge AG, Opfikon, Switzerland). An inverted microscope (IX 71, Olympus
Corporation, Tokyo, Japan) was also linked to the setup, which was then placed on a vibra-
tion isolation system (Accurion Halcyonics i4, Nanosurf GmbH, Liestal, Switzerland) to
minimize any external disturbances and vibrations. To address the limited space between
the scan head and the microscope, either the cover glass or a small section of sandpaper was
attached to the lids of Petri dishes (52 mm X 4 mm, Plano GmbH, Wetzlar, Germany) using
double-sided adhesive tape. Projection images of the generated droplets were obtained by
placing a 0.70 mm rectangular reflective prism (Edmund Optics GmbH, Mainz, Germany)
adjacent to each sample, inspired by Demir et al. [22]. This prism was illuminated by an
external light source positioned on the opposite side. For measurements carried out in a
liquid environment, the Petri dish is filled with 4 mL of sterile filtered and degassed DI
water, resulting in a liquid height of about 3 mm. Figure 4 shows a schematic representation
of this configuration.
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Figure 4. Schematic representation of the setup. With the prism placed next to the samples, it is
possible to visualize the cantilever and the droplets produced. The red color line shows the laser
for measuring the deflection of the cantilever, the yellow color line represents the light path of the
external light source.

2.2.3. Methodology

In the experimental setup, micropipette probes with an aperture of 4 pm and a spring
constant of 2 N/m (Cytosurge AG, Opfikon, Switzerland) were used for all measurements.
It is important to note that the spring constant is a manufacturer-specified value and
can vary for individual cantilevers. To ensure precision, the actual spring constant was
automatically calibrated each time a cantilever was replaced. The actual spring constant in
air was calculated for the cantilever with thermal tuning in the static force mode, using the
C3000 data processing software from Nanosurf GmbH, Liestal, Switzerland.

Before immersing the cantilever in DI water, 10 uL of sterile filtered paraffin oil was
filled in the reservoir of the micropipette to act as a medium for droplet generation. After
immersing the cantilever in the liquid environment, the laser must be readjusted to obtain
a sufficient signal. A deflection sensitivity calibration was then performed automatically
by approaching a silica surface placed in the Petri dish. The sensitivity of the cantilever
was then set for following measurements based on the slope of five force-distance curves
recorded by the system. After calibration, the cantilever was placed next to the prism
to observe the droplet formation using lateral images. It is important to note that these
images are not exact representations and can be affected by various factors, including the
position of the cantilever and prism, as well as the position of the external light source. To
determine the scale of the images, the cantilever was moved in the z-direction at a known
speed of 10 um/s and video recordings were taken. Two specific images taken during this
movement were used to calculate the scale based on the known speed of the cantilever. For
droplet formation, a manual overpressure of approximately 45 mbar was set, considering a
target droplet diameter of 40 um. Under this applied pressure, the droplet size remained
stable for the duration of the measurement, as confirmed by video recordings taken over
a 30 min period prior to the start of the measurement. The calculation of the pressure
needed to maintain droplet stability was based on the Young-Laplace equation, where
AP represents the pressure difference between the inside and the outside of the droplet, v
represents the surface tension of the paraffin oil-water system, and R represents the radius
of the droplet, as given in Equation (1).
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The droplet was generated and approached the model surfaces with a constant force of
20 nN to ensure consistent results and to prevent the movement of the cantilever from being
influenced by the buoyancy of the surrounding liquid. The cantilever continued to move
towards the surface until it reached the predefined stop value of 40 nN. The force—distance
curves were then recorded. The maximum retraction length was limited by the system to
10.5 um and a measurement speed of 10.5 um/s. The force-distance curves were recorded
at different locations on the model surfaces, with the droplet size controlled between each
experiment. Five force—distance curves with the maximum adhesion force measured for

each surface were used for the discussion in Section 3.

2.3. Contact Angle Measurements

The sessile drop method is a fundamental technique for investigating the wetting
characteristics of flat surfaces, providing a flexible strategy that can be applied to both
planar and uneven surfaces, as described by Schreier et al. [25]. Instead of using individual
particles, the cover glass or sandpaper is attached to a carrier plate using double-sided
adhesive tape. The carrier plate is immersed in a water-filled basin and rotated to invert the
model surfaces during this process. The deionized water is degassed prior to measurement
in order to prevent the formation of unwanted gas bubbles on the surface, which could
have a negative effect on the results. To initiate the measurement, a droplet of paraffin oil is
dispensed using a needle attached to a micro syringe, which is released when the buoyancy
force is sufficient. As the droplet rises, it collides with the surfaces, enabling a complete
investigation of the wetting properties based on the contact angles at the three-phase
contact points (see Figure 5) [25].

carrier plate

1| <

|

droplet

|
—
R

Water filled basin
Y = — v
# #
_/ Three-phase contact
point

Figure 5. Schematic representation of the sessile drop method for evaluating the contact angle in a
three-phase system.

Dynamic contact angles, which transition to static contact angles, were measured
using a high-speed camera. The camera recorded at a rate of 7969 images per second. The
last 1000 images of each measurement were used to evaluate the averaged static contact
angle and capture the droplets in their equilibrium state. This process was repeated in five
separate experiments for each surface to ensure reliable and consistent results.

It must be recognized that due to the relatively large droplet size (~4 mm in diameter),
the measurements, even when based on a single droplet, usually cover a larger area than
that of an individual particle. Therefore, the measurement records an average wetted
perimeter, which may not accurately reflect the conditions encountered during the selective
wet agglomeration process. During the agglomeration process, the particles and binding
liquid droplets are initially isolated, and the droplets are noticeably smaller. For example,
when a paraffin oil-water emulsion is used in the agglomeration process, the droplets are
in the lower micrometer-range.
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The contact angle measurements serve as a supporting method for the adhesion force
measurements. The contact angles are used to obtain initial information on the wettability
of the model surfaces by paraffin oil droplets and to check whether the adhesion force
correlates with these results in relation to method development.

3. Results and Discussion

As the maximum adhesion force is to be discussed, only the retract curves of the
experiments and the values of the measured maximum adhesion force will be presented in
this section. The complete force-distance curves considered, including the approach curves,
can be found in the Appendix A (glass surface) and Appendix B (sandpaper surface).

The adhesion force measured in water between a paraffin oil droplet and a glass
surface is represented by the force-distance curves displayed in Figure 6a. The five distinct
curves show the interaction forces at different points on the surface model. Measurements
are taken at different positions to analyze the differences in surface texture. The retraction
begins when the predetermined stop value of 40 nN is reached. At this point, the cantilever
holding the droplet starts to separate from the surface and shows detectable adhesion in all
five experiments, as indicated by negative peaks in the measured force. The peaks were
identified by examining each curve individually, indicating the maximum adhesion forces
which range from —2.01 nN to —4.78 nN (see Figure 6c).

50
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G E3 — G_F4
—G_F5
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Retract
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(c) Experiment [-] Max. adhesion

force [nN]
G_E1 -2.57
G_E2 -4.78
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Figure 6. Adhesion force measurements between a paraffin oil droplet and a flat-glass surface
in water: (a) force-distance curves of five experiments at different positions of the glass surface;
(b) exemplary image of the micropipette with a droplet in contact to the flat-glass surface at a stop
value of 40 nN; and (c) values of the measured maximum adhesion forces for each experiment.

The consistent slope of the curves indicates that the surface is homogenous in terms
of its mechanical response. If there were variations in material composition across the
surface, variations in the slope are to be expected. Although the curves were generally close
together, it is important to note that there were slight variations in the maximum adhesion
forces. These variations may be due to the influence of several factors. One factor is the size
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of the paraffin oil droplet. To ensure a consistent droplet size, and thus the reproducibility
of the experiments performed, side images were taken to verify the measurements. After
the recording of a force—distance curve, the droplet size was checked before starting another
measurement. As shown in Figure 6b, the images also helped to ensure that the droplet was
in contact with the surface during the measurement process. To do this, the cantilever with
the droplet had to be moved manually to the next position in the focal plane of the prism,
with the resulting quality of the side image being limited by the resolution of the inverted
microscope. As a result, changes in size can only be observed to a limited extent. Another
important factor is that even apparently flat surfaces can have microscopic irregularities.
These microscopic irregularities on the glass surface can cause variations in the maximum
adhesion forces.

In summary, the first adhesion force measurements between the droplet and the glass
surface were successfully performed using the predefined parameters for the FluidFM®
system. The measured force—distance curves show an adhesion behavior primarily char-
acterized by uniformity and low maximum adhesion forces with only slight variations,
as expected for the flat surface. The low adhesion forces indicate a limited wetting of the
surface by the paraffin oil, which is confirmed by a high measured average contact angle of
145.45° for this system. The full comparison between adhesion forces and contact angles
will be discussed in detail later.

By way of comparison, force—distance curves were obtained between the droplet and
a sandpaper surface with roughness. Rough surfaces are more challenging to measure than
flat-glass surfaces due to their unevenness and varying voids. It is therefore likely that
there will be significant variations in both the maximum adhesion force and the trajectory
of the curve. These variations are supported by the force—distance curves from different
experiments carried out at different locations on the sandpaper, as shown in Figure 7a.
The experiments show a wide range of fluctuation in the maximum adhesion forces, from
—7.39 nN to —102.70 nN (refer to Figure 7b).

[ @ (b)
L Retract Experiment Max.
[-] adhesion

i force [nN]
I S El -24.38
I S B2 -7.39
i I S_E1 —_— S_E2 S_E3 '13.80

S E3 —S _E4 S F4 -24.51
[ — 5B S E5 -102.70

3 -2 -1 0 1 2 3

Distance / um

Figure 7. Results of adhesion force measurements between a paraffin oil droplet and a rough
sandpaper surface in water: (a) force-distance curves of five experiments on different positions of the
sandpaper surface and (b) maximum adhesion force measured for each experiment.

In one case, it was found that the force remained constantly negative over the entire
area of the retraction distance (see Figure 7a, Experiment S_E1). As the distance between the
paraffin oil droplet and the rough sandpaper surface increased, the side images show that
the droplet still adhered to the surface after the measurement (see Figure 8). In this case, the
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maximum retraction z-length was not sufficient to cause the droplet to be detached from
the surface. This results in a permanent capillary force, measured as an adhesion force.

During measurement

* | Stop position after measurement

e

Figure 8. Side image of the droplet stuck on the surface explaining the remaining negative adhesion
force over a longer retraction distance (Experiment S_E1).

Experiments S_E2 and S_E3 also showed a force distribution with fluctuations over
the retraction length but in the lower nanonewton range. The lowest value of the maximum
adhesion force was measured in experiment S_E2 at —7.39 nN and a value almost twice
as high was measured in experiment S_E3. In contrast to the first three experiments, S_E4
shows a classic progression of the force-distance curve with almost no fluctuations and a
maximum adhesion force of —24.51 nN. The measured curve of experiment S_E5 shows
a surprisingly high maximum adhesion force of —102.70 nN. One reason for this could
be the roughness and surface structure of the sandpaper. As measurements are made
locally, an experiment can be made on the tip of a single particle with a small contact
area, resulting in small values for the maximum adhesion force. On the other hand, a
measurement can be taken in a gap between several particles, resulting in multiple contact
points which can lead to a significantly increased maximum adhesion force. This could be
the case with experiment S_E5, but it is difficult to prove this hypothesis. The FluidFM®
system is equipped as standard with a camera for a top and a 45° view of the cantilever
and surface. Due to reflections from the water surface caused by the laser aimed at the
cantilever and the external light source, it is not possible to visualize the topography at
the measurement points from above or at a 45° angle. Due to these circumstances, the
experimental setup (see Figure 4) takes images in a plane—parallel view to the surface. It is
therefore not possible to obtain precise optical information about the surface topography of
the measurement points.

Besides the differences in the maximum adhesion forces, it is evident that the curves
have distinct gradients. The steepness of a force-distance curve can provide insight into
the deformation characteristics of the droplet during the interaction. If the roughness of
the sandpaper surface is non-uniform, as can be observed in the microscope images in
Section 2, the retraction curve may feature various slopes as the droplet interacts with
different irregularities on the surface. For liquid droplets, a force—distance curve that is
steeper indicates that the droplet has limited spreading on the surface. As a result, the
droplet retains a more compressed shape that resists significant lateral expansion (see
Figure 9a). A flattened curve signifies greater droplet deformation, spreading over a
larger area of the sandpaper and requiring a larger distance range to reach the stop value
force (see Figure 9b). Except for experiment S_E1, the droplet remained stationary at the
cantilever tip for all other measurements in the stop position upon competition, as shown
in Figure 9c exemplary.



Processes 2024, 12,99 10 of 16

During measurement

Spreading during
measurement

Figure 9. Exemplary horizontal images of the measurements against the sandpaper surface showing
different behaviors of the droplet in contact with the surface, resulting in different slopes of the
force—distance curves: (a) limited spreading of the droplet; (b) greater droplet deformation and
spreading; and (c) similar behavior at stop position after the experiment.

Both the regular retract curves, which clearly show a maximum adhesion force, and
the curves displaying an adhesion force distribution or even a distribution of capillary
forces, have occurred in the experiments. These effects can be attributed to the complex
interaction of the surface topography and wettability. The rough surface measurements
indicate a complex system with significantly higher adhesion forces than the flat surface,
as predicted. To verify this outcome, the maximum adhesion forces should be compared
to the results of the contact angle measurements regarding the wetting properties of the
model materials. Figure 10 shows the results for the adhesion force and contact angle
measurements of five experiments for each surface.
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Figure 10. Comparison of the results: (a) maximum measured adhesion forces for five experiments
carried out on the glass and sandpaper surface and (b) contact angles of five experiments for each of
the model surfaces.
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As previously stated, the maximum adhesion forces acting upon glass show minimal
values with slight variances. The maximum adhesion force, averaged over five tests, is
3.01 nN. Conversely, the sandpaper displays a greater average adhesion force overall
(Favg = —34.56 nN), with significant fluctuations in a wide range. These findings suggest
that the sandpaper surface exhibits improved wetting properties compared to the glass
surface when utilizing paraffin oil.

Examining the contact angle measurements taken on the glass, a clear trend can be
observed. The experiments indicate high contact angles, with an average of 145.45° (min:
140.39°, max: 147.67°). It is evident that the contact angle distribution in this case is
minimal. In comparison, the contact angles measured with sandpaper are lower but with
highly variable values (avg: 120.17°, min: 92.52°, max: 141.09°). These measurements
demonstrate good agreement with the higher adhesion forces and, hence, indicate better
wetting properties. The measurements against the flat glass serve as validation for this
purpose. From these initial experiments, it is therefore possible to compare the interaction
between immersed droplets and solid surfaces using both techniques.

In the case of rough surfaces, both contact angle and adhesion force experiments
show the complexity of interpreting the contact mechanics. For the contact angles between
droplets and rough surfaces, there are studies describing scattering results as a cause of
surface topography [6] and the contact angle elevation at the edges [26]. The edges occur
due to the irregular shape of the particles and their random orientation on the substrate.
Therefore, a contact angle or adhesion force distribution is to be expected because the
measurements are performed locally on the edges or smooth surfaces. In general, these
investigations should lead to a better understanding of the measurement behavior between
droplets and real particle surfaces using FluidFM® technology and the correlation of
wetting properties with the measured adhesion forces.

4. Conclusions

This work has demonstrated the potential for measuring adhesion forces between a
droplet and varied surfaces in a liquid environment with the help of FluidFM® technology.
In these initial trials, it has been demonstrated that adhesion force measurements can be
linked to contact angle measurements to investigate wetting properties in three-phase
systems. In more fundamental experiments, the effect of varying droplet sizes and spring
constants on the maximum adhesion force on flat-glass surfaces is investigated. These
factors are also studied on rough surfaces simulating real particle surfaces. This requires
an improvement in the accurate determination of the topography at each measurement
point and the use of this topography to better describe the measured force-distance curves.
Further fundamental studies are planned to transfer these measurements taken from model
surfaces to real measurements on a fixed EnAM crystal layer.

Higher adhesion forces are expected to result in the formation of more stable micro-
agglomerates during the wetting phase, which is the basis of the selective wet agglomera-
tion. Agglomeration experiments are being planned to use the knowledge obtained from
adhesion force measurements between binding liquid droplets and fixed EnAM crystals.
In the future, the outcome of the agglomeration experiments will be correlated with the
results gained from FluidFM®. The versatility of the FluidFM® system also allows for the
adjustment of parameters such as pH and surfactant type and concentration. This offers
the potential for a deeper understanding and description of the wetting behavior of EnAM
crystals under the influence of parameter variations, which is also part of the future work.
The results of the adhesion force measurements with the FluidFM® technology should
contribute to a broader understanding of the wetting behavior in three-phase systems and
pave the way for potential applications in a wide range of fields.
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Figure A1. Force—distance curve of experiment G_E1.
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Figure A2. Force—distance curve of experiment G_E2.
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Figure A3. Force-distance curve of experiment G_E3.
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Figure A4. Force—distance curve of experiment G_E4.
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Figure A5. Force—distance curve of experiment G_E5.
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Figure A6. Force—distance curve of experiment S_E1.
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Figure A10. Force-distance curve of experiment S_E5.
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