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ABSTRACT
Visualization experiments with a microfluidic channel network (micromodel)
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were performed to study evaporation in the presence of colloidal particles.
Comparisons were then performed, changing the wetting properties of the
micromodel thanks to a plasma treatment. It was found that the most
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hydrophilic micromodel led to a faster drying and a different final distribution
of the deposited particles within the channel network compared to the less
hydrophilic micromodel. This is explained by the impact of capillary liquid
films forming in corners of the channels. The observations suggest that the
liquid corner films form a better-connected sub-network in the case of the
more hydrophilic network providing a pathway for the transport of particles.
As indicated by the longer drying, the corner film subnetwork is less well-
connected in the less hydrophilic network, which eventually leads to a quite
different final particle deposit pattern.
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1. INTRODUCTION

Drying of porous media has been the subject of several studies since the early works of Lewis (28) or
Sherwood (46). As reviewed in one study (52), the drying of a pure liquid in a porous medium is still a
very active research topic, not only because drying is a frequently encountered step in many industrial
fabrication processes, but also because predicting a full drying cycle is still a challenge from a scientific
and modelling perspective. However, in many cases, the situations of interest are not limited to the
consideration of a pure volatile liquid, and much more complex cases have been studied. These include
situations where a multicomponent liquid (9), one or more dissolved salts (12, 27, 32, 38, 41, 47), or other
dissolved species (42), polymers (13) or particles (22, 23, 39, 40) are present in the pore space. In a drying
problem with a pure liquid, the main objectives are to characterize the liquid distribution in the porous
medium during drying and the evaporation kinetics, i.e. the variation of the evaporation rate as a function
of the liquid content in the porous medium (52), considering situations where there is no structural
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impact on the porous matrix integrity during drying (8, 18). When a species is present in the liquid, an
additional major objective is the characterization of the distribution of the dissolved species during
drying (19, 43). When the species can precipitate (e.g. a dissolved salt) (10), or form agglomerates or
deposits (e.g. particles), the localization of the precipitated species (10, 42) or the particle clusters (39,
40) in the pore space becomes of great interest, especially in relation to applications (20, 42) where
control of the localization of the precipitated species within the porous medium is a major concern.

In this context, the present study aims at contributing a better understanding of the drying process in
the presence of colloidal particles. The focus being on the potential impact of corner liquid films on the
transport of colloidal particles within the porous medium during drying and the impact of this transport
on the final localization of the particles in the pore space at the end of drying. These films, also referred
to as capillary thick films (54), form in crevices or corners in the pore space. As reported in one study (4),
drying is much faster in a single capillary square tube compared to drying in a circular tube due to the
presence of capillary liquid films along the inner corners of the square tube. Such an enhanced
evaporation effect was also reported in a packing of grains confined between two plates (55), or in
micromodel experiments (26). Therefore, these films can presumably form a pathway for the particle
transport. However, as pointed out in another study (51), these films do not always form a well-
connected subnetwork in the pore space, and can instead take the form of isolated capillary rings (24,
44, 48) around solid blocks in micromodels (48), or in the contact areas between grains (24, 44).

To obtain insight into the possible impact of corner films on the transport of particles during drying,
evaporation experiments in the presence of a colloidal suspension are performed with a model porous
medium consisting of a square network of interconnected channels. As discussed in (52), micromodels
are a classical tool to study evaporation processes in porous media, (5, 6, 14, 15, 25, 26, 29, 32, 42, 44,
48, 49, 51, 53) with the advantage of allowing direct visualization of the evolution of the liquid and gas
phases during drying. Corner films are often discussed in these studies with micromodels. For instance,
the presence of the corner films is inferred in two studies (26, 36) from comparisons between
experiments and pore-network simulations, but without explicit visualizations of the corner films in the
experiments. Capillary rings and capillary bridges are visualized in (14) but the emphasis in this paper is
not on the film effect, which is limited in the considered experiments. Chains of capillary bridges between
pillars have also been visualized and studied (5, 6). It is shown that drying can be much faster when the
pillars are distributed to favor the formation of long capillary bridge chains. Liquid bridges and corner
liquid rings are visualized in one study (48) over a few channels, and a pore network model considering
the liquid rings is developed. Regions of the micromodel where corner films are present are identified
in another study (43) at the scale of the micromodel, however individual corner films are not visualized,
and the emphasis is on the salt deposition. A distinction has also been made between continuous and
discontinuous corner films (52). The former are corner films connected to bulk liquid whereas the latter
are not. The two types of corner films are inferred from visualizations in a small micromodel. A detailed
analysis of the impact of both types of corner films is proposed and a pore network model considering
the corner films is developed. The interplay between salt precipitation and corner films was studied by
Wu and Chen (53). It is shown that the impact of corner films on the salt deposition is significant.
However, the corner films are not directly visualized in the considered micromodels. The corner films
are the main focus in another paper by Geistlinger et al. (15). The corner flow region in the micromodel
is visualized, and corner flow paths are identified. It has also been shown that the corner films are
sensitive to the wetting conditions (15, 36). The lower the contact angle, the thicker the corner films are
for a given geometry, a principle valid for sufficiently low contact angles. Conversely, if the contact angle
is too high (above 45° in a right-angle corner of uniform wettability), the corner films cannot develop
(36). For this reason, comparisons are performed changing the wetting conditions in the micromodel
thanks to a plasma treatment.
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2. MATERIALS AND METHODS

2.1. Micromodel

As depicted in Figure 1, the model porous medium, also referred to as the micromodel, consists of a
square network of interconnected channels of rectangular cross section. As sketched in Figure 1b, the
depth of the channel is uniform and equal to T mm whereas the channel width varies between 80 um
and 910 um according to a uniform probability density function. The distance between two nodes
(channel intersections) in the network is 3 mm. The channel length varies between 2.6 and 3 mm. The
total dimension of the micromodel is 1.8 cm x 1.9 cm. As illustrated in Figure 1b, the micromodel is
composed of a SUEX™ dry film photoresists® layer in which the channel network is located. The
micromodel is closed with a polydimethylsiloxane® (PDMS) layer, covered in turn by a thin glass slide.
Therefore, the channels have three sides made of SUEX, while the top wall is PDMS. The micromodel is
held horizontally in all the experiments discussed in the present article. Thus, gravity effects on the liquid-
gas pattern forming in the micromodel are negligible.

L Reservoir
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(b)

Channel intersection
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Figure 1: (a) Top view of composite SUEX-PDMS micromodel with square network of interconnected
channels of the rectangular cross section. The image is with liquid (in black) in the channels. (b) Sketch
of a cross section of the micromodel with the various layers; the PDMS is colored grey for illustration, but
in reality it is transparent.

2.2. Experimental protocol

Evaporation experiments were performed by filling the micromodel with either pure water or a colloidal
dispersion of water with particles. The particles were carboxylate-modified fluorescent microspheres of
1 um in diameter© available in a solution of distilled water containing particles at a concentration of 2%
(g/mL). The particle concentration (in g/mL) in the considered experiments is 0.5 x 10-4 g/mL. This
concentration was obtained by mixing a given volume of the 2% (g/mL) solution with a selected volume
of water so as to obtain the desired concentration. The procedure for saturating the micromodel with
liquid is as follows. The micromodel was cleaned with ethanol, dried with compressed air, and closed
with the layer of PDMS. The latter was placed on the SUEX layer, paying attention to avoid any residual
bubble between the two layers. The PDMS material was chosen for its properties such as the optical
transparency and flexibility. As it is known that water can pervaporate through PDMS (31), the PDMS was
covered with a thin glass slide that stuck to it without requiring any surface treatment. Once the setup
is ready, the reservoir in front of the channels (Fig. 1a) was filled with pure water or the colloidal

a SUEX™ dry film photoresists: produced by DJ Mlcrolaminates (https://djmicrolaminates.com/); purchased from:
MicroResist Technologies (https://www.microresist.de/)

b PDMS (Sylgard 184, ref : DC184-1.1): Neyco (https://www.neyco.fr)

¢ Molecular ProbesTM Fluo 3 (maximum absorption 580 nm, approx. emission 605 nm, density of 1.05 g/mL):
produced by Life Technologies Corporation, but bought from ThermoFisher Scientific
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dispersion, thus closing all outlets. The micromodel was then placed in a vacuum jar in which the pressure
was reduced to 100 mbar for a few minutes. Next, as the pressure slowly rises back to the atmospheric
pressure, the liquid fills in the channels. This process, taking the micromodel under vacuum conditions
and slowly back to atmospheric pressure, was repeated two or three times until the micromodel was
completely saturated by liquid.

2.3. Drying setup

Drying experiments require controlling the temperature and relative humidity of the atmosphere in
contact with the micromodel. To this end, experiments are performed in a room where the temperature
is kept constant thanks to an automatized air conditioner set to 22°C. However, the air conditioner
control system leads to some fluctuations around the selected temperature value. To damp out these
fluctuations the micromodel was set in a box made of Plexiglas panels. One of these panels can be
opened to set the micromodel in the box. The other panels are hermetically sealed together. In the box,
the micromodel was set on a 10~* g precision balance? to measure the evolution of the liquid mass.
Mass data was recorded every 10 seconds. In addition, a thin support was set on the balance to hold the
micromodel, which was set horizontally on the support. In between, a back light triggered by the camera
(see below) was set for better visualization. The back light was set in such a way that it did not touch the
balance pan so as not to impact the weight measurements. More details and images of the set-up can
be found in a previous paper from Ghiringhelli (16).

The relative humidity (RH) was kept at 7-8 % in the box thanks to a saturated Lithium Bromide solution
filling two open channels along the sides of the balance. As soon as the box is closed a small fan is turned
on for about 10 minutes to speed up the process of decreasing the humidity to approximately 10%, after
which point the fan is turned off. Both the temperature and the relative humidity were recorded every
five minutes thanks to a sensor placed inside the box near the top panel.

The evolution of the liquid distribution in the micromodel during drying was recorded by a Nikon camera
D700 equipped with a macro lens. The camera was controlled by a computer via the Camera Control Pro
2 software, and the images were acquired at a time interval of two minutes. To increase the contrast
between air and water, namely, to obtain better visualization of the fluid distribution in the micromodel,
dye was added to pure water. More precisely, 0.0065 g of fluorescein is added to 45 g of water. This
corresponds to a concentration of 0.01% which is sufficiently low for the corresponding nanoparticles,
documented to be oblate ellipsoid with approximate volume of 0.4 nm?3 (37), and to not change the
dynamics of the drying process. It can be noted that the 3D structure of the corner films was not
considered when the overall saturation was determined from a 2D image. This introduces a slight
overestimate of the saturation.

2.4. Plasmatreatment

A plasma treatment was performed to improve the adhesion of the PDMS layer onto the SUEX layer. The
SUEX and PDMS layers composing the micromodel were set in the plasma cleaner chamber® for seven
minutes at high power using a temperature close to the ambient temperature, after which the treated
surfaces were assembled together.

A consequence of the plasma treatment is the modification of the wettability properties of the materials.
As reported in (17), the contact angle of water on untreated SUEX is approximately 75°. As indicated in
Figure 2, the plasma treated SUEX becomes much more hydrophilic, with an equilibrium contact angle
of 27.4° on average. The contact angle was also measured during the evaporation of a droplet right after
the plasma treatment. The contact angle was found to be equal to 34.6° at the very beginning of the
evaporation, after which it dropped to 4.6° in about 20 minutes, as shown in Figure 2,. Performing a
similar measurement after leaving the SUEX at ambient temperature and atmospheric pressure for 20

d Quintix Balance (Quintix224-1S): Sartorius Lab Instruments GmbH & Co. KG, Géttingen, Germany
¢ Expanded plasma cleaner PDC-002 (230V): Harrick Plasma, Ithaca, NY, USA
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Figure 2: (a) Equilibrium contact angle on SUEX right after the plasma treatment, after 20 hours, and
after 48 hours. (b) Evolution of the contact angle of an evaporating droplet of water set on a layer of
SUEX treated with plasma. The horizontal dashed line corresponds to the contact angle value (45°)
above which corner films cannot develop in a right angle.

hours led to the following results: the contact angle was 47° at the beginning of the experiment and
decreased down to less than 20° in 20 minutes (Fig. 2).

After 48 hours of exposition to the ambient conditions, the equilibrium contact angle was found to be
65°, approaching the value obtained without any treatment (17). As reported in one study (17), fresh
PDMS is hydrophobic (6 = 104° for pure water, where 8 is the contact angle) but the contact angle tends
to decrease over time and can become less than 90° in evaporative droplet experiments (17). As reported
in another study (1), the plasma treatment on PDMS considerably reduces the contact angle which can
become lower than 45°. As for SUEX, the contact angle then increases, and after a few hours, the impact
of the plasma treatment on the contact angle becomes negligible (1). As Prat discussed in one study
(36), the value of 45° for the contact angle is a limit for the corner liquid films to form in right angle
corners. Corner films cannot develop when the contact angle is greater than 45°. Based on the data
reported in Figure 2a for SUEX and in (1) for PDMS, it is therefore tempting to consider that corner films
can only form in experiments performed right after the plasma treatment. However, based on the data
reported in Figure 2b as well as experiments performed in a single SUEX-PDMS channel (17), it is
indicated that corner films can be present in experiments performed long after the plasma treatment
occurred as the receding contact angle can become less than 45° on SUEX after a sufficient time period
has passed (Fig. 2b). The results presented in (17) indicate that corner liquid films can indeed form in
the SUEX corners, but not in the SUEX-PDMS corners, when the experiment is performed after a sufficient
time period has passed since the plasma treatment. In other words, corner films can be expected both
in experiments performed right after the plasma treatment and long after the plasma treatment,
however, the thickness of the corner films is expected to be significantly greater in the experiments
performed right after the plasma treatment (the lower the contact angle becomes below 45°, the thicker
the corner film becomes) (36). However, it is possible that corner films form in the four corners of the
channel in the experiment performed right after the plasma treatment, whereas corner films are expected
only in the SUEX corners in the case of the experiment performed long after the plasma treatment.
Finally, it can be noted that the film continuity over the micromodel cannot be inferred from the
experiments in a single channel (17) because the corner continuity is not maintained in the channel
intersections in the micromodel.
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2.5. Imaging the deposit: particle depositimage processing

After the water has completely evaporated in the micromodel, and the particles have deposited, the
micromodel is opened and set under a microscopef equipped with a confocal green light, a 5x/0.16Phl
lens, and a camera? in order to obtain images of the final particle deposit in the micromodel. To this
end, the micromodel is scanned from the upper left corner row by row. For each row, the same number
of images is selected. Then, the Grid/Collection stitching plugin of Fiji" is used to recompose the image
of the deposit at the bottom of the whole channel network. Since the images at the microscope are
taken manually, different tile overlaps, usually around 50%, must be tested to obtain the whole image.
Additional information on this procedure is presented in Appendix A (available online), see also (16).

3. RESULTS

3.1. Overall saturation

variation
The variations of the overall liquid 1
saturation as a function of time for the 0.8 _

three considered experiments are
compared in Figure 3. As can be seen,
the saturation variation is quite similar
between the pure water case and the
case with particles for the experiments | tq
performed one month after the plasma
treatment. Thus, the impact of particles 0.4
on the drying kinetics is negligible for the
considered concentration in particles.
Interestingly, the drying is considerably 02
faster in the case of the experiments
performed right after the plasma

treatment. This is consistent with the ol . . L
expected effect of corner films based on 0 200 400 600 800 1000 1200 1400 1600 1800 200
Time (min)

06 C=05x 10" g/mL

(one month after...)

C=0.

(one month after...)

the consideration that lower contact

angles should lead to thicker films (Fig. | Figure 3: Variations of the overall liquid saturation as a
4) and a better-connected corner film | function of time for the experiments being performed one
sub-network with a greater hydraulic | month after the plasma treatment versus right after the
conductivity. This point is further | plasma treatment.

investigated in the next section.

3.2. Estimate of corner film spatial extent in the micromodel

The above considerations on the corner films can be further supported using the corner film model
presented in previous works and references therein (see 36, and references therein). For the values of
contact angle reported in Figure 2, and the measured evaporation rates, the objective is to explore
quantitatively whether the corner film flow can develop over the full micromodel extent, or at least over
a significant region of the micromodel. This model is analogous to a corner film model in a bundle of
straight channels of polygonal cross sections (rectangular here). This means that this model does not
consider the channel intersections, which are a place where the film continuity is less obvious than in the
individual channels. Nevertheless, it provides an indication and, at least, an upper bound in terms of film
thickness and film continuity over the micromodel. The model is summarized in Appendix B (available

f Zeiss Axio Scope.AT: ZEISS Microscopy
9 LaVision Image sCMOS: LaVision
h Available at: https://imagej.net/software/fiji/downloads
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Figure 4: Illustration of impact of contact angle on corner liquid films in a channel
with right angle corners. Quasi-static liquid-gas interface computed using the
open-source software “Surface Evolver” (2); Films are thicker for a lower contact
angle. Films can form in the four corners if the contact angle is lower than 45° on
both PDMS and SUEX.

(Software available at: https://kenbrakke.com/evolver/evolver.html)

online). The maximum spatial extent Lr;;, —mqx Of the corner film can be estimated from this model as a
function of the evaporation flux, contact angle and the channel geometrical properties (see Equation
10 in Appendix B, available online). The results are presented in Figure 5, where L is the micromodel
spatial extent (L =1.9 cm, see Fig. 1a)

As can be seen from Figure 5a, the maximum corner film length depends highly on the contact angle
and the channel width. For the contact angle nominal value of 30° (Fig. 2a), the corner film can develop
over the entire micromodel length for most of the channel width. The maximum extent of the corner
film is less than the micromodel length only for the channels with a width of less than 140 um. For a
contact angle of 10° or less (Fig. 2b), the maximum corner film extent is greater than the micromodel
length for all channel widths. For a greater contact angle (40° in Fig. 5a), the film corner can develop
over the full micromodel length only for the larger channel widths in the range of 600 pum - 910 pm.

The film thickness (see inset in Fig. 5b) can be expressed as shown in Equation 1, where R(y) is the
curvature radius of the corner film liquid-gas interface and y is the distance from the reservoir-
micromodel interface, Fig. 1a).

Wrim(z) = (cos 6 — sinB)R(Y) 1)

Considering again the nominal contact angle value of 30°, the variation of the film thickness (in pm) as
a function of y is shown in Figure 5b for a few channel widths. As can be seen, the maximum corner film
thickness varies between about 17 um for the narrowest channel considered in Figure 5b to 130 pm for
the largest channel. Roughly, the maximum film thickness (for one corner film) scales as w/6, where w

InterPore Journal, Vol. 1, Issue 1, 2024 DOI: Pending, will be updated once issued


https://doi.org/10.XXXX/xoxoxox.2023.NrXX
https://ipjournal.interpore.org/index.php/interpore/article/view/12/12
https://kenbrakke.com/evolver/evolver.html

Ghiringhelli, et al. Page 8 of 17

I.SU T T I T I T I T
T [ T " T I T [ T I T I T T
L w=2900pum
100 £ 125 - -
10 3 100 w= 600 }J,ITI _
~ 2 —_
~ - g - 4
I ~ 75k -
S i =
ST 2 - w = 300 um
0.1k
3 50F -
0.0l 3
g E 25 w= 100 Hm -
oYY I R R B R B B / e (o iR
0 100 200 300 400 500 600 700 800 900 0 N | N | ) | 7 "’." A X
w (Lm) 0 0.2 04 0.6 0.8 1

(a) (b)

Figure 5: a) Maximum length of corner films resulting from the competition between viscosity and
capillarity effects as a function of channel width for the three contact angle values. (b) The variation of
corner film thickness over the micromodel length for the various channel widths when 8 = 30°. Whenw
=100 pm, the film thickness distribution is shown when the corner films are about to recede into the
channel.

is the channel width. As illustrated in this figure, the film thickness varies little along the channel for w >
300um. As illustrated in Figure 5, the corner films cannot develop of the full length of the micromodel
when w < 140 um. Nevertheless, the narrower channels in the range [80 um — 140 pm] can sustain the
flow over a significant fraction of the micromodel length (Fig. 5). The mean channel width in the
micromodel is expected to be close to 495 um (the actual mean value can differ slightly due to the small
number of channels in the micromodel). Based on the results illustrated in Figure 5, and the fact that
the contact angle can be expected to be lower than 30° (Fig. 2b), one can conclude that the present
results are fully consistent with a corner film network stretching over the full micromodel in the case of
the micromodel right after the plasma treatment. The sensitivity of the results to the contact angle
illustrated in Figure 5 is consistent with the consideration that the corner films are significantly thinner,
and possibly much less well connected in the case of the micromodel two months after the plasma
treatment.

3.3. Drying pattern

Liquid and gas distributions (patterns) during drying between the case with particles one month after
the plasma treatment and the case with particles right after the plasma treatment are compared in Figure
6.In Figure 6, Sis the saturation, i.e. the volume fraction of the pore space occupied by liquid.

In the absence of gravity forces, two forces are expected to have an impact on the pattern: the capillary
forces and the viscous forces (35).

The competition between both forces is characterized by the capillary number, which is defined as Ca =
13
pycos@

evaporation flux. For the values of evaporation flux than can be deduced from the data shown in Figure
3, Ca~10 —9 in the case of the experiment performed one month after the plasma treatment and
Ca~10 — 8 for the experiment performed right after treatment with plasma. For such a low capillary
number value, the capillary forces are dominant. Under these circumstances, an invasion percolation (IP)

(35), where p is the liquid viscosity, y is the surface tension, p is the liquid density, and j is the
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pattern (30, 50), is expected in a hydrophilic network (3, 7).
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Exp. one month

Exp. right after

Then, as previously described (35), drying proceeds after plasma plasma treatment
according to a capillarity-controlled mechanism where the treatment

interfacial channels (the channels with a meniscus) of largest R (S
size are preferentially invaded. This is visible in Figure 6 (look 509 |

at the invasions in the first row of channels). Although the
pattern is still of IP type in the case of the experiment
performed directly after plasma treatment, and globally T_F e
quite similar to the patterns for the experiment performed X
one month following plasma treatment, some differences
are visible. For instance, with a saturation value of 0.5, in |
experiments performed one month after the plasma ! '

treatment, some channels were invaded with particles in the $=0.5
first row, whereas in the experiments performed directly ST

following plasma treatment, these channels are still liquid

filled. A more striking difference lies in the markedly

improved solid block edge sharpness in the images

corresponding to the experiment performed right after the

plasma treatment. This is more clearly illustrated in Figure 7 .

which shows a magnified view of the patterns for the two I:P !
-

experiments with particles for S = 0.4. The solid block edges $=03 ||

in the red dashed box in Figure 7 are evidently more sharply ;fg
defined in the experiment performed right after the plasma T
treatment. This is interpreted as an effect of the corner films. (R
According to the contact angle discussion from the Section $=01 Eétzj{:

2.4, corner films are expected in the experiment performed O
right after the plasma treatment. The prolonged presence of
thicker films could account for the enhanced sharpness,
potentially attributed to the existence of corner films in the
upper corners of the channels.

Figure 6: Comparison of drying
patterns for liquid saturation S = 0.9,
0.7 and 0.5 (from Lleft to right) for the
experiments performed one month
after the plasma treatment and the
experiment performed right after the
plasma treatment. The liquid phase is
shown as black and the gas phase as
white; vapor escapes through top edge
of micromodel. The cell is held
horizontally.

In complement, it can be seen in Appendix C (available
online) that the patterns for the case of the experiments
performed one month after the plasma treatment for pure
water and with particles respectively are quite similar. Thus,
the presence of the particles does not noticeably affect the
pattern for the considered particle concentration, which is
consistent with the weak impact of the particle presence on
the drying curves in Figure 3 (comparison of black and red
curves).

3.4. Drying kinetics

Drying is often discussed in terms of drying kinetics (21), which is the plot of the evaporation rate as a
function of the overall saturation. The idea with the drying kinetics is to combine the information on the
patterns (Fig. 6) and the associated saturation with the information on the evaporation rate (which can
be deduced from the results shown in Fig. 3). The drying kinetics for each experiment with particles is
shown in Figure 8. The latter is obtained from polynomial fittings of the overall saturation variations, as

shown in Figure 3 (blue or red curves). Then %, as shown in Figure 8, is obtained by deriving the

polynomial fitting corresponding to each experiment. The evaporation rate J is proportional to

%(] = ep,AH 'Z—f) where ¢ is the micromodel porosity (¢ = 0.5), p, is the suspension density, H is the
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Exp. one month after plasma treatment Exp. right after plasma treatment

r

Figure 7: Drying pattern for S=0.4 for the two experiments with particles. The solid block edges in the red
dashed box are much cleaner and more marked in the experiment performed right after the plasma
treatment. This is a signature of the corner film presence.

micromodel height (1.9 c¢cm, Fig. 1a) and A is the cross-
section surface area of the micromodel). The variation of J
can thus be discussed from the plots of % e Right after treatment

0.005 — —

The evaporation rate, i.e. % in Figure 8, is significantly

=]
o
E

L —

greater in the experiment performed right after the plasma
treatment. This is another illustration that drying is much
faster in the experiment directly following plasma treatment.

dSkdt (min”’)
e
(=3
2
T
by

0.002 — Omne month C!ff(‘r treatment
This is consistent with the patterns shown in Figure 6 and
Figure 7. For instance, once can compare the patterns
between the two experiments with particles for S = 0.4 in o o0z 04 06 o8 1
Figure 7. Based on the sharpness of the solid block edges in
the top row of the micromodel, the image for the experiment | Figure 8: Drying kinetics: variation of
right after the plasma treatment indicates that half the solid | drying rate as a function of overall
blocks in the top row (the three blocks on the left in the top | saturation for the two experiments
row in Fig. 7b) are surrounded by corner films. The | with particles.

evaporation rate can thus be approximated by Equation 2:

M, D )
]right—after = laR_;Fv(pvs — Do)

0.00L— —

In this equation, M, is the water molecular weight, R is the ideal gas constant, T is the temperature, p,
is the saturated vapor pressure, p,., is the vapor partial pressure in the surrounding air, a is the thickness
of the micromodel layer containing the channels (a = 1 mm), L is the active evaporation length along
the micromodel top edge (thus [ = 0.5W where W is the micromodel width [W = 1.8 cm, Fig. 1]), and
based on the region where corner films are present along the micromodel top edge in Figure 7b, & is
the external transfer characteristic length (§ = a from the results reported in [4]).

Based on the image in Figure 7a for the experiment performed one month after the plasma treatment,
let us assume that the evaporation front is within the micromodel (no film around the majority of the
solid blocks in the red dashed box in Fig. 7a). The evaporation rate is therefore expressed for this
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experiment as Equation 3, where h is the position of the evaporation front measured from the top edge
of micromodel.

M, ! 3)
]one—month—after = WaﬁDv (6 + E) (pvs - pvoo)

This expression is obtained using Equation 4, where p,; is the water vapor partial pressure the surface
of the micromodel, to express the diffusive mass transfer rate within the micromodel (tortuosity effects
are neglected for the square network considered) and by combining the vapor diffusive transport
external resistance and the resistance within the micromodel. This then leads to Equation 5.

M (Dvs — Pvi) 4
]one—month—after = WaR_;gDv% @

]right—after ~05 (1 +£) (5)
1)

]one—month—after

From the data plotted in Figure 8, this ratio is equal to 8.5 for S = 0.4, which leads to h = 8 mm, which
corresponds to an equivalent flat evaporation front position in the region of the third row of solid blocks
from the micromodel top in Figure 7a. This position is consistent with the pattern shown in Figure 7a,
suggesting that the zone in the dashed red box is dry in Figure 7a, whereas the significantly greater
evaporation rate for the experiment right after the plasma treatment is consistent with the visible
presence of corner films in the red dashed box in Figure 7b.

The variation of the drying kinetics in Figure 8 for the experiment performed right after the plasma
treatment is also consistent with the patterns depicted in Figure 6 and the impact of corner films. For
instance, there are less channels filled with liquid in the top row of the micromodel between the patterns
for S = 0.9 (5 fully filled channels out of 7 channels) and S = 0.7 (3 fully filled channels). This is consistent
with the decrease in the evaporation rate in Figure 8 between these two values of saturation, as the
evaporation rate from a channel is lower in the presence of corner films with the bulk invaded by the
gas phase compared to a channel fully filled with liquid (4). The decrease in the evaporation rate after
the relatively short plateau visible in Figure 8 (overlap with the black dashed line) is also consistent with
the pattern evolution, as the changes in the solid block edge sharpness in Figure 6 suggest that the
corner films gradually disappear in the top row as the saturation varies from 0.5 to 0.3.

3.5. Finaldeposit

The final particle deposit in the micromodel for both experiments with particles is depicted in Figure 9.
As can be seen from Figure 7b, the final deposit is quite different between both experiments. The final
particle deposit is much less spread over the network in the case of the experiment performed right after
the plasma treatment with two main horizontal lines of deposit. The deposit is localized in the top region
(entrance region) of the micromodel, primarily along the entire top edge of micromodel and in the next
row of horizontal channels.

It is well known that colloidal particles are transported by diffusion and convection in the liquid phase
during drying (11, 34). Diffusion tends to uniformize the particle concentration over the porous medium,
whereas the convective flow induced in the liquid by the evaporation process tends to cause the
accumulation of particles toward the evaporative regions (the open edge of micromodel at the
beginning of the experiments). The competition between both transport phenomena is classically
characterized by the Péclet number (19), which is defined and computed in Appendix D (available
online). The greater the Péclet number above 1, the greater is the convective transport dominant
compared to diffusion. The Péclet number estimate in Appendix D leads to a Péclet number value of
the order of 104 for the experiment performed one month after the plasma treatment, which is thus still
greater (by about a factor 6) in the case of the experiment performed right after the plasma treatment.
Based on the sole consideration of this high value, one would expect that the particles accumulate at
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Exp. one month after plasma treatment  Exp. right after plasma treatment the top surface of the micromodel (19). This is
consistent with the fact that a deposit is visible
along the entire top edge of the micromodel, i.e.
at the entrance of the micromodel. However, the
situation is in fact subtler. Since the convective
effect is strongly dominant, it is expected that the
particles are transported toward regions of the
B SO _ liquid—gas interface where evaporation takes
@ o (b) place. For this reason, the particle convective
transport is also expected to occur in the corner
films since evaporation occurs at the tip of the
corner films (4, 36). Accumulation of the particles
in the corner films is thus expected as observed
in a single channel (17). In other words,
preferential particle accumulation is expected at
the tip of the film region when films can develop
over a significant region of the micromodel.

N The two main lines of particle deposit in Figure

Figure 9: Final particle deposit (in bright light 9b are consistent with a significant effect of the
whitish/grey) in the micromodel for the corner films and the patterns shown in Figure 8.
experiment conducted one month after the | As also illustrated in Figure 9 ¢ & d, the top of
plasma treatment (a) and directly following the | the region with corner films stays at the top of the
plasma treatment (b). Images of the liquid micromodel over a significant duration in the
distribution for (¢) § = 0.7 and (d) S = 0.1in the | case of the experiment performed right after the
case of the experiment conducted directly after | plasma treatment (as shown in Figure 9c, this is
the plasma treatment. The red dashed lines the case for S as low as 0.7). Similarly, as
approximately indicate the position of the | 4 trated by the red line in Figure 9d, the top of

evaporation front (top of cor.nerfllm region) based the region with corner films stays along the top
on the sharpness of the solid blocks. The places . .
of the second row of solid blocks in the

where the particles accumulate correspond to the . L .
brighter and clearer zones in the images. micromodel over a significant period (up to at
least S = 0.1, as illustrated in Figure 9d).

As a result of particle accumulation in the upper region, there are noticeably fewer particles present in
the lower region over time. This should explain why there is a scarcity of particle deposition in the lower
region of the micromodel.

The deposit pattern obtained in Figure 9b is consistent with the consideration that the corner liquid
film subnetwork remains connected and attached to the micromodel entrance region for an extended
period of time in the case of the experiment conducted immediately after the plasma treatment.

The deposit is noticeably less localized in the upper region of the micromodel for the experiment
performed one month after the plasma treatment as particle deposits are visible in both the upper and
the lower region of the micromodel in Figure 9a. However, the deposit is quite heterogeneous, with
some channels having a clear and noticeable deposit whereas in other channels the particle deposit
seems quite weak. It can be noted that the deposit in a channel is often seen along one side of the
channel (Fig. 10b).

It is known that the considered micromodel structure favors the formation of “capillary rings” (48), which
refer to liquid trapped in the corners around the solid cube-like blocks in the micromodel (Fig. 10a).
Similar secondary capillary structures are expected in our micromodel. The consideration is that the
particle deposits visible in Figure 9a form when these pieces of corner films eventually dry out.
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The comparison between the drying pattern in Figure 7a and the deposit pattern in Figure 9a indicates
that the channel corner deposit occurs preferentially in channels invaded early, i.e. larger channels, rather
than in the narrower channels, which on average are invaded later by the gas phase. Consistent with the
discussion of the drying kinetics in Section 3.4, the deposit pattern in Figure 6a suggests that the corner
films do not form a well-connected subnetwork in the case of the experiment performed one month
after the plasma treatment. Some isolated corner films form in some channels. Deposit in a channel
corner would form when liquid trapped in the considered corners eventually evaporates. Due to the
wettability difference between the SUEX and PDMS cover plate, it is expected that the deposit is in the
SUEX corners (channel lower corners), as indicated by an experiment with a single channel (17). Due to
the convective effect, which is the transport of the particles toward the evaporative menisci and the
particle accumulation in the corner films, the concentration in particles is expected to decrease in the
narrower channels, which on average are invaded at a later time point than the bigger channels. This
would explain why the particle deposit is markedly less in the corners of the channels which are invaded
later in the drying process.

In summary, the difference in the corner film
subnetwork connectivity would explain the
striking difference between both particle deposit
patterns, as shown in Figure 9, consistently with
the difference in the wetting properties between
both experiments. The lower contact angles in the
experiment performed right after the plasma
treatment favor thicker films, and possibly the
formation of corner films in the channel’s four

iquid
ring

(a) (b)

Figure 10: (a) Schematic (artist view not based on
the computation of the liquid gas—interface) of the
liquid ring in the corners at the bottom of the solid
block in the micromodel. (b) Illustration of the
“corner deposit”.

corners (Fig. 5), which would lead to a well-
connected corner film subnetwork (as sketched in
Fig. 11). By contrast, the greater contact angles in
the experiment performed one month after the
plasma treatment lead to thinner films forming

only in the SUEX corners (Fig. 5), and resulting in
a poorly connected corner film subnetwork (as sketched in Fig. 11). This is also consistent with the
significantly faster drying in the experiment performed right after the plasma treatment (Fig. 3). In other
words, the comparison presented in this section illustrates the impact of liquid films on the distribution
of particles during drying in the relatively low concentration limit under consideration.

As final remarks, it's worth noting that only three experiments were presented in this study. That being
said, it should be emphasized that additional experiments were conducted, as detailed in reference (16),
which confirmed the reproducibility and robustness of the results, particularly in the case of experiments
performed one month or more after the plasma treatment. However, the experiment performed directly
after the plasma treatment was not repeated. Although it would be desirable to repeat the experiment,
it can be noted that the results on the particle localization in the micromodel in relation with the impact
of corner films are fully consistent with the film visualization in the micromodel (sharpness of solid block
edges), and with the observed faster drying, i.e. with a better-connected corner film subnetwork with
thicker films.

4. CONCLUSIONS

Drying experiments with a micromodel in the presence of particles were reported. The comparison with
a pure water experiment shows that the drying patterns are weakly impacted by the presence of the
particles in the considered experiments. This also holds for the drying kinetics. The consideration of the
Péclet number is not sufficient to infer the localization of the deposit in the micromodel. The Péclet
number is quite high (O[10%] at least) in the presented experiments. Nevertheless, the particles can be
present in channels located away from the very top of the network at the end of drying.
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Poorly connected corner film Well-connected corner film
subnetwork subnetwork with thicker films

Figure 11: Sketch of a poorly connected corner film subnetwork (in
red) with thinner films for the less wetting conditions, and of a well-
connected corner film subnetwork (in red) with thicker films for the
most wetting conditions.

As shown by the experiments after fresh or aged plasma treatment (that is with different wettability
properties), secondary capillary structures (corner liquid wedges in our case) can have a strong impact
on the final deposit distribution due to the particle transport in these secondary capillary structures. Even
when the corner liquid film subnetwork is not well hydraulically connected, the corner liquid films are a
preferred location for deposit, at least for the low particle concentration which was considered. In this
respect, it would be interesting to study the evolution of these corner films during drying in relation to
the particle transport in the films. This could help understand why corner deposit is noticeable in some
channels and negligible in others.

Only a low concentration in particles was considered. It would be interesting to vary the concentration
so as to study its impact on the results.

As a final remark, one has to keep in mind that drying in a quasi-2D network of interconnected channels
is different from drying in a 3D porous medium due to different percolation properties of the liquid
phase. The period over which the liquid phase fully fills pores and forms a percolating phase, without
considering the possible hydraulic connectivity associated with the corner films, lasts much longer in 3D
than in 2D (36). This should favor the greater accumulation of particles in the top region of the medium.
However, the fact corner films can be a pathway for particle transport, as illustrated in the present article,
is generic, i.e. a common feature in 2D and in 3D.

STATEMENTS AND DECLARATIONS

Supplementary Material

See Appendix A for information on "Imaging the Final Deposit”, Appendix B for information on
the"Corner Film Model”, and Appendix C for information on “Patterns — Comparison with Pure Water
Experiment”, and Appendix D with information on the "Péclet Number Evaluation”, which can be found
online with this paper here.
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