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Abstract

The wetting of hydrophobic material via water droplet condensations by means of electronic microscopy and synchrotron
computed tomography is investigated in this paper in order to better understand the mechanisms controlling the interaction
of hydrophobic granular media and water. In literature so far the behavior has been investigated only by 2D means. In this
study, sand and glass beads with similar grain size distribution were made hydrophobic via PFA-C6 cold plasma poly-
merization. A miniature cooling device based on the Peltier effect for in situ synchrotron computed tomography experi-
ments controlled by a Raspberry Pi was designed and used to induce droplet condensation on the material’s surface during
CT scanning. The tomograms allow to count droplets and measure their contact angles. Results show that the condensation
of those small droplets feature contact angles usually greater than 90° at the beginning of the process, but as time advances,
those droplets coalesce, increasing in volume and decreasing in quantity, while their contact angles get progressively
smaller. Although hydrophobic behavior and convex menisci were expected in the pendular and funicular regimes, the
contact angles of these water structures were closer to 60° at this phase, indicating hydrophilic tendencies. Similarly to
wetting via water inflow, the hydrophobicity is lost after a specific degree of local saturation. Unfortunately, the results
gathered in this study point in an unfavorable direction for the applications of the hydrophobization technique used here in
the macroscale, given their low efficiency in repelling water after reaching the funicular state of the unsaturated regimen
and the current discussions about their environmental implications.
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1 Introduction of pavements where repeated wetting and drying cycles can

lead to erosion [24] and slope stabilization, where water

Research on hydrophobic materials and soils in particular
has been conducted for more than a century [11]. In civil
engineering, hydrophobic soils have attracted attention
because of their potential to act as water-resistant barriers.
Typical applications include cover layers for tailings
reservoirs during mine closure [5], base, and subbase layers
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infiltration may increase the unit weight of the soil and
reduce effective stress, potentially triggering failure
[23, 26, 27, 54]. In mining engineering, modifying the
wettability of soils can also enhance material processing
efficiency [7].

Hydrophobicity is commonly characterized by the con-
tact angle (CA), which is defined by the balance of surface
tensions at the three-phase contact line where solid, liquid,
and gas phases meet. A material is considered water
repellent when the contact angle exceeds 90°, and wet-
table otherwise [26]. The sessile drop method is typically
used to measure this angle using a goniometer [2]. In this
method, a microscope captures an image of a water droplet
immediately after it is placed on the surface of the material,
allowing the contact angle to be determined. For granular
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materials, the test is commonly performed by attaching a
single-grain layer to a glass plate before placing the dro-
plet. In addition to contact angle measurements, several
other methods are used to assess hydrophobicity at differ-
ent scales and persistence levels, including the water dro-
plet penetration time (WDPT) test, the ethanol molarity
test, the capillary rise method, and the Wilhelmy plate
method [12, 16, 21, 47, 48].

An illustration of hydrophobic behavior is shown in
Fig. 1, where artificially colored water droplets rest on the
surface of hydrophobic sand. Food dye was added to the
water to enhance visual contrast.

Beyond macroscopic descriptions, several studies have
applied particle-scale micromechanical frameworks to
investigate the behavior of hydrophobic soils. These stud-
ies suggest that suction (AP) in unsaturated hydrophobic
materials may become positive [5, 17, 18, 22]. This is
attributed to the formation of convex menisci between
particles, which, by definition, exhibit contact angles
greater than 90°. According to the Young-Laplace equa-
tion (1), a convex meniscus corresponds to a positive mean
radius of curvature (7), implying that the liquid pressure
inside the meniscus (P;,) exceeds the gas pressure outside
(P,u)- Here, 7y, denotes the surface tension at the liquid—
gas interface.

AP =P, (1)
Under these conditions, a repulsive force may act on the
surrounding particles, potentially increasing interparticle
spacing. The net force results from the balance between
suction forces (F,) and surface tension forces (Fy), and
repulsion occurs only when the magnitude of the negative
suction force exceeds that of the surface tension force [25].
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Fig. 1 Artificially colored droplets resting on a hydrophobic sand
surface
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In fact, convex menisci have been observed in hydrophobic
soils using two-dimensional imaging techniques, particu-
larly electron microscopy [5, 17, 18, 25]. However, despite
this microscale evidence, the literature reports no strong
indication of positive pore water pressure at the macroscale
[9].

In contrast to these observations, preliminary investi-
gations conducted by the authors [45], which motivated the
synchrotron proposal underlying the present study,
revealed that menisci formed between grains via water-
vapor condensation often exhibit contact angles smaller
than 90°. This indicates that, beyond a certain degree of
saturation, the system behaves effectively as hydrophilic.
The objective of this paper is therefore to improve the
understanding of this wetting mechanism and to identify
the processes responsible for the apparent loss of
hydrophobicity, despite the existing evidence of convex
menisci that could induce repulsive interparticle forces.
Specifically, the wetting of hydrophobic granular materials
through water-vapor condensation is investigated.

Previous studies on hydrophobic soils have mainly
focused on wetting through liquid water imbibition or
drying through drainage [4, 8, 9, 49]. These studies con-
sistently show that wettability increases with increasing
water content, implying a gradual loss of hydrophobicity as
the material interacts with water. In some other cases, this
loss has been attributed to the breakdown of hydrophobic
coatings associated with plant-derived oils or extreme
drying. Those mechanisms are however not the focus of the
present work. Detailed investigations of wetting induced by
water-vapor condensation, particularly using three-dimen-
sional imaging techniques, remain scarce. To the authors’
knowledge, existing studies are limited to analyses based
on two-dimensional imaging [18, 25, 45]. Importantly,
wetting through vapor condensation can differ significantly
from wetting by direct liquid deposition, even though both
processes involve similar physical mechanisms such as
surface tension, fluid pressure, contact angle hysteresis, and
gravity. These differences can lead to markedly different
wetting behaviors and contact angles [31, 35]. Comparable
investigations on wettable materials using synchrotron
imaging to study evaporation and condensation of menisci
have been reported by [38].

To address these gaps, the present study employs high-
resolution two- and three-dimensional imaging techniques,
namely environmental scanning electron microscopy
(ESEM) and synchrotron computed tomography (CT), to
investigate wetting processes at the microscale. These
methods provide sufficient spatial resolution to resolve
individual grains and their associated water structures. A
miniaturized in situ cooling device capable of inducing
water-vapor condensation was developed and deployed at
the High Energy Materials Science (HEMS) Beamline P07
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at PETRA III, operated by the Deutsches Elektronen-
Synchrotron (DESY) in Hamburg, Germany. This setup
enabled controlled condensation of water droplets on the
surface of hydrophobic granular materials, with droplet
growth captured over time. The resulting sequential three-
dimensional datasets allow quantification of droplet for-
mation, temporal evolution of contact angles, and subse-
quent development of menisci and water clusters within the
granular assembly.

2 Materials and methods

2.1 Granular materials and their hydrophobic
coating

Hamburg Sand, a model sand frequently used at Hamburg
University of Technology, and soda-lime glass beads with
an equivalent grain size distribution were used in this
study. Figure 2 presents their similar grain size distribu-
tion. The reason for using two different types of material is
to observe the influence of angularity, sphericity, and sur-
face chemical composition and roughness on the observed
behavior. This sand has a grain density (p,) of 2.64 g/cm?,
a grain diameter at 10% passing (djo) of 0.45 mm, a grain
diameter at 50% passing (dso) of 0.68 mm, and a maximum
grain diameter (d,,,) of 2.00 mm. The maximum void ratio
(€max) 18 0.805, while the minimum (e,;;,) is 0.520. For the
equivalent glass beads, p, is 2.50 g/cm?, d} and ds are the
same as of sand, and d,,,,, is 1.30 mm. Glass beads have as
emax Of 0.679 and an e,,;, of 0.555. Figure 1 presents the
sand and artificially colored droplets resting on its surface.
The food colorant that makes the droplets more visible on
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Fig. 2 Grain size distribution of Hamburger Sand and equivalent
glass beads

the figure was employed only for the production of this
specific photo and not at any other point in this study.

Another characteristic that distinguishes the two chosen
base materials is their thermal behavior, represented by
their thermal capacity and conductivity. Although glass
beads have a specific thermal conductivity of 1.129 W /(m -
K) and a specific thermal capacity of 1.329 kJ/(kg-K)
[39], the values for sand are around 0.250 W/(m - K) and
0.830 kJ/(kg-K), respectively [14]. Since sand has a
natural origin and thus a heterogeneous composition, the
values are approximated and not exact. In addition, those
values represented both materials on the dry state, and they
would increase in case the material was wet, as a result of
the higher thermal conductivity of water.

For coating the granular materials, the cold plasma
technique was used, similar to that performed in
[1, 28, 37, 53]. This technique is widely used in some areas
of industry, as icing control in aerospace industry [19],
creation of medical devices [30], manufacturing of
hydrophobic textiles [51], and manufacturing of non
sticking food-related instruments [29]. In this context,
[15, 41] describe other possible fluoropolymers used for
surface coating and how they develop and are used in
industry. To date no mention of its application for
geotechnical engineering has been found by the authors,
since usually the employed coating material is
dimethyldichlorosilane [33]. Wax has also been employed
as a coating material to induce hydrophobicity artificially
in [3], and some organic compounds can as well lead to
hydrophobicity naturally, normally related to forest fires or
sewage contamination [13]. Because of that lack, the
authors decided to coat granular materials with the fluo-
ropolymers and study its effects. The process to coat the
particles in this study consists of inserting the liquid
monomer of the polymer, which for this study is the
1 H,1 H,2 H,2 H-perfluorooctylacrilate ~ presented  in
Fig. 3, and the uncoated grains in a plasma chamber. The
materials were air dried before this step. As a result, a
monolayer of the organic polymer is deposited on the
surface of the material, making it hydrophobic. All mate-
rials were coated with the same polymer.

While this approach is effective in achieving the desired
hydrophobic properties, its application at an industrial scale
may be limited by economic factors. In particular, the high-
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Fig. 3 1 H,1 H,2 H,2 H-perfluorooctylacrilate molecular structure
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energy demand of plasma-based processing contributes
significantly to overall costs. Additional concerns relate to
potential environmental impacts, as the production of
coating agents may result in atmospheric emissions and
contamination of surface soils [10]. Moreover, when
applied in situ, there is a possibility that the coating may be
partially removed through interaction with groundwater
[42]. Nevertheless, toxicity assessments reported by [15]
suggest that per- and polyfluoroalkyl substances (PFAS)
fall under the category of “polymers of low concern”
(PLC) and therefore are not subject to standard polymer
regulatory frameworks.

Previously to the execution of this study, the settings for
the coating technique were varied and the samples pro-
duced during this process were compared in terms of
hydrophobicity and durability of the applied coating. These
results are described in [44]. In that study, the sand samples
used for the present study are referred to as “material V7~
and “material V8, while the glass beads sample is “ma-
terial V5. The first sand sample was kept in the plasma
chamber for 60 min without pretreatment, while the second
for 20 min, after giving it an oxygen pretreatment to pre-
pare the surface for receiving the coating. The glass beads
sample was kept in the chamber for 20 min, but without the
pretreatment. The index test employed for those compar-
isons is the water drop penetration time test, and according
to the classification proposed by [6], both sand samples are
extremely hydrophobic, while the glass beads sample is
severely hydrophobic. Those classifications denote that
droplets rested on the surface of the sand longer than
3600 s and between 600 and 3600 s on the surface of glass
beads.

The contact angle of those materials was measured using
the sessile drop method as proposed in [2] using a drop
shape analyzer from the company KRUSS GmbH of
Hamburg, Germany. The values obtained are 113° for both
sand samples and 93° for the glass beads, according to
Fig. 4. However, for beads, the angle changes quite dras-
tically in the first seconds after the droplet is placed on the
sample, stabilizing at an equilibrium value of 71°. Based on
the four different measurements taken for each material,

the standard deviation for the sand contact angle is 2.6,
while the one for glass beads is 7.5.

Figure 5 presents 2D ESEM images of PFA-C6 coated
and uncoated glass beads, obtained with a Thermo Fisher
Quattro microscope with a resolution of 2 nm owned by the
Betriebseinheit Elektronenmikroskopie (BeEM) of the
TUHH. Both samples were dry when the image was
obtained. On them, it is noticeable that the coating is not
visible, even at 250 x magnification.

2.2 Raspberry Pi controlled cooling device

A cooling device controlled by a Raspberry Pi single board
computer was designed and built for the experiments. It
was mounted on the rotation stage of the beam line. The
objective of this device was to induce water condensation
on the sand grains surface via cooling of those grains and
thus lowering the dew point of the air around the particles,
according to the phase diagram of water, similarly to when
a soda bottle is taken out of the fridge and left at room
temperature for a while.

The built device is presented in Fig. 6 and consists of a
sample holder, a Peltier element, a Raspberry Pi single
board computer, two temperature sensors, one at the base,
which also measures relative humidity, and one at the top, a
DC power supply with an output of 9 volts, a heat sink and
a fan, both from an old desktop computer. Thermal paste
was placed between the sample holder and the Peltier
element and also between the temperature sensor and the
Peltier, which is visible around the thermometer in Fig. 6.
The base plate, on which the pieces were mounted, was cut
out of HDPE (high density Polyethylen) on a CNC
machine. The diameter of the plate is 30.45 cm and its
thickness is 1 cm, aiming at compatibility with the rotation
stage of the beam line, as well as the placing of the screw
holes. The pieces were attached to the plate with hook and
loop tape and transparent adhesive tape.

The Peltier element is a small device able to induce a
temperature delta between its two ceramic parallel plates,
one turning hot and the other, cold, because of the Peltier
effect. In the created device, the thermometer was placed
on the cold side of the Peltier, and its reading was used by

(a) V7 sand sample

(b) Glass beads sample immedi-
ately after droplet is placed

(c) Glass beads sample two sec-
onds after droplet is placed

Fig. 4 Goniometer contact angle [°] measurement of PFA-C6 coated sand (a) and glass beads immediately after placing the droplet (b) and 2 s

after (c)
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(a) PFA-C6 coated

Date 20 Jul 2022

(b) Uncoated

Fig. 5 Thermo Fisher Quattro ESEM 2D images of dry PFA-C6 coated (a) and uncoated (b) glass beads. No difference can be seen between the

coated and uncoated samples

the Raspberry Pi to track a target temperature by using a
proportional integral derivative (PID) feedback controller.

The hot side of the Peltier was coupled with thermal
paste to a heat sink, which was ventilated by a fan, in order
to dissipate the heat it produced and enable the further
cooling of the cold side. In order to avoid vibrations from
the fan to get to the sample, this part of the system was
uncoupled, meaning that the fan was not attached to the
heat sink, but only to the circular base plate. The sample
was mounted on the cold side of the Peltier inside a tubular
sample holder made of Plexiglas with 1 cm internal
diameter. In order to elevate the sample in a way that the
X-ray beam would not hit the thermometer on the Peltier, a
small cylinder of aluminum with compatible diameter was
also inserted in the sample holder. The choice of aluminum
is due to its elevated thermal conductivity. The electronic
part of the final developed device was covered with small
lead spheres and plates to protect against radiation before
starting the imaging.

The 200-line code written in Python to read the tem-
perature sensors and control the fan and Peltier is available
on GitHub in [43]. A humidity control feature was not
included in the design, although during the beam time, we
realized that it could have been useful and led to finer
control over the formation of the droplets.

2.3 Synchrotron computed tomography
and image acquisition

The pCT imaging was conducted at the High Energy
Materials Science (HEMS) Beamline PO7 of PETRA III,
which is located at the Deutsches Elektronen-Synchrotron
(DESY) in Hamburg, Germany, and operated by

Helmholtz—Zentrum Hereon. Propagation-based phase
contrast tomography was performed at a sample-detector
distance of 0.2 m, acquiring 5101 projections over a 180°
fly-scan. The scans were carried out with a photon energy
of 44 keV and an exposure time of 60 ms. Detection was
achieved through an indirect detection system, utilizing a
CdWO4 scintillator and a CMOS sensor-equipped camera.
The raw images had dimensions of 7919 x 3000 pixels,
with an effective pixel size of 0.92 pm, owing to a fivefold
magnification in the optical system. For the tomographic
reconstruction, filtered backprojection using a Ram-Lak
filter was applied, according to the workflow outlined in the
reconstruction and analysis tools for tomographic data
provided by HEMS [32]. A raw binning factor of 4 was
used, followed by a two-fold binning process during data
processing, resulting in a final voxel size of 7.36 x 7.36 x
7.36 um’.

In order to analyze the formation of water droplets and
the evolution of their contact angles, the temperature on the
cold side of the Peltier element was fixed to 5° Celsius and
sequential tomograms were obtained, each of them
requiring around 10 min. Since the chamber had no
humidity control feature, it was necessary to artificially
increase humidity by placing a wet paper towel inside a
“hat” covering the sample top. One tomogram, referred to
as time step 1, was taken for the dry state of each sample,
before turning the cooling device on. After that, seven
tomograms were obtained of each sand and nine of the
glass beads while cooling the samples. Those allowed
analyzing the amount of droplets on each grain and the
contact angle between those water droplets, air in the pore
space, and the solid grains. Other tomograms were
obtained after turning the cooling off, which are not
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(a) Top view

(b) Side view

(c) Zoom on sample holder filled
with sand

Fig. 6 Device created to induce water condensation on grain surface. (1) Raspberry Pi, (2) breadboard for cable and resistor connection, (3) relay
module for the fan, (4) dual MOSFET switch drive module, (5) power supply, (6) DHT22 relative humidity and temperature sensor at the base,
(7) DS18B20 digital temperature sensor at the Peltier, (8) 4x4 cm Peltier element (white) and plastic sample centralizing tool (red), (9) base plate,

(10) sample holder + sample, (11) heat sink, and (12) fan

presented here. The whole dataset from the beam time is
available in [46].

2.4 Image analysis

In order to be able to refer to the same grains in different
stacks throughout the study, a first segmentation was exe-
cuted, isolating only grains, which were later labeled.
Given that only at some time steps there is a very small
grain displacement from one tomogram to the next, it was

@ Springer

possible to easily find these same grains on the subsequent
time steps and keep referring to them by the same label
value. For most time steps, no displacement is observed
when a registration between them is done. Although the
glass beads could rotate precisely around their center and
still remain in the same position in the tomograms, the
authors believe it is unlikely that this pure rotation without
any translation occurs, and so this type of movement was
not addressed. The labeling was executed with spam [40]
and the MorphoLiblJ extension [20] of ImageJ [36].
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Figure 7 presents one slice of the tomogram, of both
sand samples and glass beads, respectively, in which the
labels corresponding to the grains used for the analysis in
Subsect. 3.2 were superposed on the greyscale image, and
are represented by a color and the number written on the
grain. Only the grains that were used for the subsequent
analysis in Sect. 3 have a label in Fig. 7, although all
grains received a unique label in the beginning. Since for
the sand samples not all grains could be found in one single
slice, the slice containing the majority of them is the one
presented.

To enable visualization of the relative position of these
grains analyzed within the sample volume, a 2D view of
the 3D representation of only the grains studied is pre-
sented in Fig. 8. The scale in the bounding box of the

image is in pixels, and each pixel measures 7.36 x 7.36

um?.

With respect to segmentation, working with the whole
image was challenging, given that the size of the droplets is
very small compared to that of the grain, especially in the
initial time steps. This made it almost impossible for the
usual algorithms or automatic processes to segment it in its
original size. The solution was to work on specific grains
after separating them from the whole image by extracting a
subvolume and then segmenting the three phases inside
these subvolumes. For that, the Avizo software segmenta-
tion editor was used along with a watershed algorithm in
this same software, which requires manual marking as a
first step. Segmentation process was thus slow and labori-
ous. Also, since every full sample scan takes around
10 min, in some cases, they are not very sharp and induce
artifacts originating from droplet growing during image
acquisition.

The manual counting of droplets on the selected grains
followed. The contact angle of the droplets was also
measured at selected droplets of the previously selected
grains using the angle tool from ImageJ [36] at the 2D
slices of the tomogram for each time step. The meniscus
and water clusters that formed involving those particles
were also analyzed. These results are presented in
Subsect.3.2.

3 Results and discussion

As stated in Sect. 1, this paper aims to describe the wetting
mechanism of hydrophobic granular material through
water-vapor condensation. This is done in two stages: the
first one is concerned with the formation, growth, and
coalescence of the liquid water droplets on the surface of a
single grain and the second regards the formation of a
water bridge between two or more grains.

3.1 ESEM findings: 2D analysis

Figures 9 and 10 present 2D environmental scanning
electron microscope (ESEM) images of the wetting of the
hydrophobic and hydrophilic Hamburg Sand, respectively,
obtained with a Thermo Fisher Quattro, an electronic
microscope able to regulate relative humidity inside its
sample chamber by changing pressure and temperature. By
increasing the relative humidity and lowering the temper-
ature, water condensates on the surface of the material. The
gaseous secondary electron detector was employed, along a
beam voltage of 15 kV. In Figs. 9 and 10, the mechanism
of wetting hydrophobic granular material via water droplet
condensation is clear, but only qualitatively. It is noticeable

(a) V7 Sand, slice 8 of 360, show-
ing 7 of the 12 grainson which the
analysis is based

(b) V8 Sand, slice 30 of 360,
showing 11 of the 12 grains on
which the analysis is based

(c) Glass beads, slice 6 of 360,
showing all the 12 grains on which
the analysis is based

Fig. 7 Superposition of labeled image and greyscale CT slice. Only the labels of grains used for the analysis in section 3.2 are presented, but not

all of them are shown, since this is a 2D slice of a 3D tomogram

@ Springer
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100

(a) V7 Sand (b) V8 Sand (c) Glass beads

Fig. 8 3D visualization of the labeled grains that were used for the analysis inside of the volume of the samples
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% HV spot | det mag ® pressure humidity temp % HV spot | det mag ® pressure humidity temp |————100 um——
3 15.00kV 4.5 GSED 300x 765Pa 100.0% 3.1°C Quattro S 13 15.00kV 4.5 GSED 250x 766Pa 100.0% 3°C Quattro S

(a) Development of water droplets. (b) Development of meniscus between grains.

Fig. 9 2D ESEM images of wetting via water condensation of hydrophobic sand

%, HV spot det mag® pressure humidity temp F——100 pm—— HV spot  det F——100 pm——

o 15.00kV 4.0 GSED 300x 765Pa 100.0% 3°C Quattro S 3 15.00kV 4.0 GSED 298x 628Pa 889% 2.1°C Quattro S

(a) Development of water droplets. (b) Development of meniscus between grains.

Fig. 10 2D ESEM images of wetting via water condensation of hydrophilic sand

that at first small water droplets with contact angles larger  the hydrophilic counterpart in Fig. 10, the formation of the
than 90° form and, as they grow in volume as more water  droplets is not very expressive and, where visible, the
condenses and they coalesce, their contact angle becomes  contact angle is apparently smaller than 90°.
progressively smaller and, eventually, smaller than 90°. For
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(a) Time step 2

(b) Time step 3

(c) Time step 4

(d) Time step 5

(e) Time step 6

(f) Time step 7

(g) Time step 8

Fig. 11 Three phase (grain, water, and background) segmentation of a single V7 sand grain (label 672) and the water around it at the subsequent
8 time steps. All grains are shown from the same perspective, but on subfigures (f) and (g), in which it was rotated so that the grains it connects to
would not prevent the view of the meniscus. The biggest dimension of the presented grain is 1.15 mm, and the time step from one subfigure to the

next is around 10 min

Regarding the meniscus, when the hydrophobic grain
connects to its neighbor in Fig. 9b, the meniscus observed
between them is apparently concave, similarly to the
hydrophilic sample in Fig. 10b, which characterizes
hydrophilic behavior. The contact angle of the meniscus
between the hydrophobic grains appears to be larger than
the one between the hydrophilic grains, although both seem
to be smaller than 90°. Since Laplace pressure is dependent

on radial and azimuthal radius, it is impossible to say
whether the suction is positive or negative.

Although condensation of water droplets on the
hydrophobic surface was already investigated using an
environmental scanning electronic microscope (ESEM) in
[17, 18, 45], the phenomenon was not investigated with a
technique that produces 3D images. Given that the ESEM
is only able to provide 2D images, it is not possible to

@ Springer
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(a) Time step 2

(b) Time step 3

(c) Time step 4

(d) Time step 5

(e) Time step 6

(f) Time step 7

(g) Time step 8

Fig. 12 Three phase (grain, water, and background) segmentation of a single V8 sand grain (label 47) and the water around it at the subsequent 8
time steps. Grains are shown from the same perspective on Subfigs. (a—c) and then again from Subfig. (d—g), in which it was rotated so that the
grains it connects to would not prevent the view of the meniscus. The biggest dimension of the presented grain is 1.07 mm, and the time step

from one subfigure to the next is around 10 min

count droplets or measure their contact angles. This creates
the necessity of a 3D analysis, using a method that enables
the quantitative analysis.

3.2 (T findings: 3D analysis

3.2.1 Droplet formation

Figures 11, 12 and 13 present each a single particle of each
analyzed hydrophobic material for all different consecutive
time steps. The label of the sand grain depicted in Fig. 11 is

672, the one in Fig. 12 is 47, and the one for the glass bead
in Fig. 13 is 110, according to the values presented in

@ Springer

Fig. 7. Water is presented in blue and solids in yellow. The
visualization presented was created using the 3D Suite [34]
of Imagel. It is noticeable that for all particles the droplets
are concentrated on one side of its surface. This is the top
of the particles, closer to the moist paper placed on top of
the samples to increase relative humidity. In addition, for
all three materials, the first time step is not shown, because
it only shows the dry particle before the cooling system is
switched on.

Qualitatively, regarding the V7 sand grain, one can
notice that from time step two in Fig. 11a to step six in
Fig. 11e, the droplets coalesce and increase in volume,
creating one larger water body that later connects to the
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(a) Time step 2

(d) Time step 5

(e) Time step 6

(c) Time step 4

(f) Time step 7

(g) Time step 8

(h) Time step 9

Fig. 13 Three phase (grain, water, and background) segmentation of a single glass bead (label 110) and the water around it at the subsequent 9
time steps. The grain was rotated from subfigure (f-g) and kept at the same position everywhere else in order to facilitate viewing of the water at
its base. The diameter of the presented bead is 0.52 mm, and the time step from one subfigure to the next is around 10 min

neighboring grain between Fig. 11e and f. A very similar
process is also observed on the V8 sand sample and on the
glass beads, presented in Figs. 12 and 13, although initially
fewer droplets are present.

For a quantitative understanding of the process, the
amount of droplets and their contact angles, both at each
imaged time step, were obtained and plotted in Figs. 14
and 15. The identification number of each grain still cor-
responds to the labels presented in Fig. 7.

The plots presented in Figs. 14 and 15 confirm the
observations from the preliminary studies described in the
introduction and also the inferences from the qualitative 2D
analysis. The averaged amount of droplets for all studied
grains, indicated by the solid red lines in Fig. 14, starts at

higher values and monotonically decreases. Although the
tendency is the same for all materials, less droplets con-
densate on the surface of the V8 sand (Fig. 14b) at the
beginning, around half of the amount measured on the V7
sand (Fig. 14a). Although they both consist of the same
base material, the second is left for a longer time in the
coating chamber, as described in Subsect. 2.1, which then
makes it a more hydrophobic material in terms of persis-
tency, even though they have the same contact angle as
described in Subsect. 2.1. When comparing the V8 sand
and the glass beads (Fig. 14c), which are kept in the
coating chamber for the same time, the initial amount of
droplets is almost the same. This reinforces the conclusion
that more droplets tend to form on the surface of materials
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are more persistently hydrophobic when they are wet via
water condensation.

Regarding contact angles (CA), of which the average
value is shown by the solid red lines in Fig. 15, the initial
value is larger than 90° for V7 sand and glass beads,
depicting their hydrophobic behavior in terms of the classic
definition. V8 sand, presented in Fig. 15b, induces the
condensation of droplets that have a CA smaller than 90°
already at the beginning. This is then no classical
hydrophobic behavior, but the data still agree with the
trend observed for the other samples and the contact angle
is still much higher than the original value for uncoated
sand, which is around 30°, even though it is not larger than
90°. After the initial time step, CA of the V8 sand mono-
tonically decreases over time for all samples while droplets
coalesce and increase in volume, until they reach a final
CA value around 40°, closer to that of uncoated sand. This
result is compatible with the differences in coating time
each sample was subjected to, as described in Subsect. 2.1.
While the V8 sand was kept in the chamber for 20 min
after oxygen pretreatment, the V7 sand was kept for

@ Springer

60 min, 3 times longer, which made it more hydrophobic.
Although contact angle has been shown to be time
dependent [50, 52], the time spans investigated in these
studies are usually much longer than the one used here.
Also, in this paper, there is an ongoing condensation of
liquid water on the materials surface, which is then
assumed to be the leading mechanism affecting the contact
angle. Because of that, the time dependency is not
approached in detail.

3.2.2 Water bridges connecting grains

The second stage of the analysis focuses on the grains
connecting to their neighbors via water bridges. 26 of the
36 evaluated grains connected with their neighbors, con-
sidering both sand samples and glass beads. For most of
them, two grains connected first and then these menisci
connected to a grown droplet from a third grain. There is
no statistical significance relating sample composition and
bridge development. Over time, during the last third of the
total test time span, larger water clusters were formed
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connecting the cooling plate at the bottom of the sample
and some of the grains closer to it. As those greater clusters
start saturating the sample from the bottle, the CT imaging
was interrupted, since the focus of this study is the con-
densed droplets and subsequently developed menisci.
Grains that connected to two or more neighbors for two
or more time steps were selected for the bridge contact
angle analysis. The angle was again measured using the
ImagelJ [36] angle tool on the 2D slices of the tomogram.
Although the values present high variability, the contact
angle between these water structures and the glass beads
and sand grains averages around 60°. For glass beads, a
contact angle of 60° is compatible with the value presented
in Fig. 4c. While the small droplets at the beginning of the
wetting process occur with CA values of around 120°,
according to the plot in Fig. 15c, this angle drops closer to
the equilibrium value measured by the goniometer as the
droplets coalesce and join to form a meniscus at the end of
the wetting process. For the sand counterpart, the droplets
at the beginning of the process have contact angles com-
patible with the 113° measured by the goniometer and
presented in Fig. 4a, which also progressively decrease,
reaching a similar final value. Even though the analysis in
this study is focused on contact angle, it is important to

remember that for a small bridge, the contact line and the
available liquid volume are also crucial for its shape.
According to the literature review presented in Sect. 1, it
could be expected that the coated particles would still
behave as hydrophobic in the pendular and funicular reg-
imens and form convex menisci until achieving a higher
local saturation degree and amount of liquid water in
contact with them. Nevertheless, the obtained average
contact angle values for sand and glass beads is around 60°,
which is smaller than the 90° threshold and thus charac-
terize hydrophilic behavior according to the microscopic
criterion. The explanation for this observed behavior could
be that as the condensed water droplets multiply, coalesce,
and grow in volume, they tend to form a thin water film
spread on the surface of the particle, and then, this film
dictates the properties of the interaction between the water
in the meniscus and the other solid particles. However, this
film is not seen in the CT data (Figs. 11, 12 and 13), only in
the 2D ESEM images presented in Fig. 9. In them, the
mentioned film is being formed around the grain from the
coalescing droplets, especially visible in Fig. 9b.
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3.2.3 Further inferences

Comparing the analyzed behavior of hydrophobic sand and
glass beads, no significant difference is observed. On both
small droplets with higher contact angles condense, and
then coalesce to form larger droplets with lower contact
angles, which in turn can connect to a neighbor and form a
meniscus with a contact angle that indicates hydrophilic
tendency. This shows that the overall behavior is general
for particle media and probably not related to peculiarities
of the grain, like shape, angularity, texture, or thermal
behavior. To make it a statement, however, those effects
would need to be investigated individually in samples
prepared with this aim, which was not performed in this
study.

4 Conclusion

This paper investigates the wetting of hydrophobic material
via water droplet condensations by means of electronic
microscopy and synchrotron computed tomography. Sand
and glass beads with similar grain size distribution were
made hydrophobic via cold plasma polymerization, which
coated them with a PFA-C6 monolayer not visible by
ESEM. An in situ Peltier based miniature cooling device
controlled by a Raspberry Pi was designed to induce dro-
plet condensation on the material’s surface during CT
scanning.

Although hydrophobic behavior and doubly convex
menisci were expected in the pendular and funicular
regimes, the contact angles of these water structures were
closer to 60°, indicating hydrophilicity. Contact angles
above 90° were observed only at the beginning, while
small droplets condensed on the material’s surface and
coalesced between themselves. Similarly to wetting via
water inflow the hydrophobicity is lost after a specific
degree of local saturation, although the mechanism con-
trolling both wetting processes is different, as described in
Subsect.3.2. Unlike previous studies that made qualitative
statements based on 2D imaging techniques in which it is
not possible to count droplets or measure contact angles,
this study employs CT imaging, which provides qualitative
inferences.

Unfortunately, the observations point in an unfavorable
direction for the general applications of this type of
hydrophobic materials on the macroscale for higher local
saturation degrees, given their low efficiency in repelling
water in and after the funicular state. The properties could
be tuned for specific application involving less condensa-
tion and lower saturation degrees, however. The tech-
nique’s economical viability at large scale is also

@ Springer

discouraging, given the high-energy demand for coating
the particles, as described in Subsect. 2.1.

For future research, a humidity control feature should be
added to the created device, enhancing the control over the
relative humidity inside the sample and thus over the for-
mation of the droplets, menisci, and clusters. Other coating
technologies could also be investigated, focusing in par-
ticular on the eco-friendliness of the substance.
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