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Using Paper as a Biomimetic Fog Harvesting Material

Carina Breuer, Cynthia Cordt, Benjamin Hiller, Andreas Geissler,* and Markus Biesalski*

This study identifies important factors for designing an effective biomimetic
paper-based fog harvesting substrate by examining the harvesting properties
of different surfaces, including glass, polyethylene, and superhydrophobic
paper. In laboratory-scale fogging tests, the wetting behavior of the substrates
is characterized, and the importance of the tilt angle of the respective surface
relative to the fog flow is elaborated. Because successful fog harvesting
requires both efficient accumulation of water droplets on the surface (by
condensation and collision) and sufficient but not excessive roll-off of the
liquid, the amount of water finally collected is clearly related to the pinning
effect, which should prevent the smallest droplets from being carried away by
the wind but must not lead to full and permanent wetting of the surface.
Coalescence is identified as a major phenomenon to improve droplet roll-off.
In this context, superhydrophobic paper indicates to be a more effective water
collector than glass or polyethylene, especially when oriented vertically, since
it allows the droplets to roll off very efficiently. Finally, the addition of glass
particles to the superhydrophobic coating is proposed as a means of
enhancing pinning and improving the fog harvesting efficiency.

1. Introduction

The collection of pure water from fog or humid air as an ad-
ditional water resource has gained tremendous attention in re-
cent years.['l In 2002, the United Nations announced that “The
human right to water is indispensable for leading a life in hu-
man dignity”;!?! however, in 2022, 2.2 billion people still lacked
safely managed drinking water.l*! Inhabitants of such areas are
often forced to use water resources that are unhygienic and, fur-
thermore, not easily accessible. Therefore, the amount of water
per day is minimal, barely sufficient for cooking and drinking,
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without leaving much for hygiene or cul-
tivation of food.[*®1 At present, water
scarcity in these regions is particularly
severe due to population growth, the ex-
pansion of agriculture, and rising indus-
trial demand as well as increased drought
periods caused by global warming.!*7-11]
This makes the availability of clean, reli-
able, economically feasible, and easy-to-
operate water resources one of the great-
est challenges in our century and espe-
cially important for developing countries
in arid and semiarid regions. For this
reason, especially compared to other re-
cently developed fresh water collection
strategies such as desalination, osmotic
membrane, and sewage treatment, fog
harvesting is the most promising way to
alleviate water shortages.!!l Thus, since
certain of these climatic areas have sub-
stantial amounts of fog, which accounts
for up to 10% of all fresh water on
earth,1213] fog collection has become a
relevant alternative to alleviate shortages of water.[!114]

For these reasons, fog collection has been investigated as a
potential natural water source in arid or semiarid areas since
the beginning of the 19th century."* As early as 1969, pioneer-
ing work was carried out in South Africa on the construction
of an artificial fog collector. This fog collector consisted of two
large plastic meshes with dimensions of 28 x 3.6m each and
collected 31 m? water per month, that is, 11 L m=2 d-1.1"%
Due to the collision of fog droplets from the foggy wind pass-
ing through the mesh, followed by coalescence and formation of
larger droplets, water flowed from the mesh via a gutter into a col-
lecting channel.[] Such early artificial fog collectors were made
out of plastic meshes; however, to enhance the efficiency, a num-
ber of studies have been performed to modify the design of the
fog collectors as well as the fog collecting materials themselves.[]

Artificial fog harvesting materials can be nature-derived and
are very often bioinspired by the structure and chemistry of ani-
mal or plant surfaces that are capable of collecting water from fog.
Biological surfaces, for example, spider silk, cactus, Nepenthes,
or Namib desert beetles, control the interaction with water us-
ing a variety of surface chemistry and morphological charac-
teristics that enable water collection from the atmosphere even
in arid environments.[1#1617] They all share common heteroge-
neous surfaces with varying chemistry and topography, although
the final water affinity is different.”]

The backs of some Namib desert beetles, such as the promi-
nent Stenocara gracilipes species, consist of bumpy regions
with varying surface wettability. The structures were previously
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believed to be an arrangement of nonwaxy hydrophilic bumps
~0.5 mm in diameter and 0.5-1.5 mm apart, surrounded by wax-
coated hydrophobic regions.!'8] Water from humid air and from
fog that touches the beetle’s back was believed to accumulate
at the hydrophilic part and form droplets that increase continu-
ously. Finally, the droplet would reach a critical size, and the sur-
rounding areas with low water affinity would promote drainage
from the beetle’s back into its mouth once the growing droplets
overcame capillary adhesion.[®918] Later, however, this mecha-
nism was challenged by Nergaard et al.,['¥) who found that the
entire bumpy surface is covered with hydrophobic waxes. In ad-
dition to the varying surface wettability of the beetles back, re-
cent studies highlight the role of the geometry of the convex
millimeter-sized surface structures in condensation effects.[20-2]
In addition to surface chemical and morphological properties
that promote fog harvesting, some species of Namib desert bee-
tle also exhibit special fog-basking behavior. For instance, beetles
of the Onymacris unguicularis species turn their rumps upward
into the fog-laden wind on dune crests in the early mornings, let-
ting the fog deposit on their carapaces and the collected water
roll down their body into the mouth.['*?] Applying this behav-
ior to artificial fog collectors implies that not only the material
itself but also the substrate orientation into the fog is an impor-
tant criterion.!?! Although the individual importance of different
factors influencing the fog harvesting efficiency of Namib Desert
beetles is still under discussion,!1%2°] the hybrid wettability pat-
tern has been proven to promote water collection out of fog by
many hybrid wettability patterned artificial surfaces.!'”]

Currently, researchers investigating such hybrid patterned sur-
faces focus on material development by mimicking the surface
chemistry and morphology of natural models.'2202728] Ag re-
viewed by Sun et al.,[?! Wang et al.,’”) and Yu et al.,?" several
researchers have mimicked biosurfaces, such as spider silk,[32-34]
cactus, 32342 gcallop shell, ] or Namib desert beetle, 184671
and multi-bioinspired approaches have also been used.[!320:68-72]
As in the approach presented here, various artificial fog harvest-
ing surfaces are inspired by the Namib beetle. Therefore, a variety
of approaches were investigated using different substrates, mate-
rials, and preparation methods, which, however, all have in com-
mon surface regimes of contrasting surface wettability as well as
morphology, resulting in patterned water affinity, as in the natu-
ral model.

One common method is the deposition of hydrophilic struc-
tures in the order of micro- and nanoscales onto a (su-
per)hydrophobic background, for instance, via spray coating of
nanoparticles.*>°%%* Another approach to achieve a contrast in
wettability is a combination of hydrophobic microparticles with
hydrophilic nanoparticles and induced formation of hierarchic
structures by thermal treatment.[”3] Instead of directly using par-
ticles with different wettabilities, particles with different reac-
tivities toward silanes are applied to the surface and then func-
tionalized to obtain hybrid wetting properties.[’*7>] The creation
of hydrophilic/hydrophobic patterns is also achieved by using
masks combined with an etching or deposition process.®*¢l In
addition to inorganic nanoparticles, polymers offer the possibil-
ity of creating domains with different wettabilities. For instance,
polyelectrolytes or polymer solutions are applied on a superhy-
drophobic background using a pipet,>**!l inkjet printing,[®?! or
plasma deposition.l>?] Hydrophilic polymers are coated onto su-
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perhydrophobic substrates>*°26177] and are then removed selec-
tively using a laser to receive the hybrid surface.l*’] Additionally,
the dewetting behavior of hydrophilic polymer films on a hy-
drophobic polymer surface by thermal annealing is exploited to
obtain hybrid wettability.”®7°! For these purposes, mainly inert
substrates such as glass or silicon are used. Furthermore, cot-
ton fabrics are also available as harvesting materials.[647580-82]
Interestingly, to date, no functional beetle-like paper substrates
for water harvesting applications have been studied in detail, al-
though paper is very similar to cotton fabrics among material
resources. Yet, paper materials are used by Bai et al. forming
cactus-inspired kirigami structures, whose geometry promote
water collection.®]

The physical process of collecting fog is highly complex and
combines several factors whose individual relevance for fog col-
lection efficiency has not been elucidated to date. The process
of water collection consists of three fundamental steps: 1) mois-
ture is transported toward the surface, 2) accumulates there, and
3) rolls off in a collection tank. The transport to the surface is de-
pendent on the air circulation and its moisture content. The ac-
cumulation mechanism can be divided into two categories: col-
lision and condensation. During collision, small air-suspended
water droplets are carried to the surface by an air stream, collide
on the surface and adhere to it. Most droplets are held regard-
less of the wettability of the surface due to the low inertia of the
colliding drop and the adhesion between it and the surface.l®
Condensation can be described in three steps, that is, genera-
tion of supersaturation, formation of the droplet, and growth,
which are dependent on the wettability of the surface as well
as on the temperature. In general, hydrophilic surfaces exhibit
lower energy barriers, which promote water condensation. In the
case of fog collectors, collision has a higher impact on the col-
lected amount of water compared to condensation.[#*#] There-
fore, the wettability of the surface is of secondary importance.
For the droplets draining off, the efficiency of water collection
depends on the frequency as well as the mass of droplets during
droplet removal.8%87] This is influenced by the wetting regime,
and the deposition of moisture can occur dropwise or filmwise.
The latter is promoted by hydrophilic surfaces, while wetting be-
comes increasingly dropwise as the surface turns from hydropho-
bic to superhydrophobic. Filmwise wetting and thus completely
hydrophilic surfaces are disadvantageous for water harvesting, as
water drops have lower mobility, resulting in reduced drainage
as the surface is covered and blocked for further water accu-
mulation. In comparison, dropwise wetting, that is, on super-
hydrophobic surfaces, characterized by a small dynamic contact
angle, results in efficient water roll-off and thereby increases the
fog collection efficiency.!*6#3%¢] To combine the advantages of the
better condensation behavior of hydrophilic surfaces with the su-
perior roll-off behavior of superhydrophobic surfaces, hybrid sur-
faces, inspired by nature and outlined above, are very promising.
In addition to increasing the condensation capacity, the intro-
duction of hydrophilic spots on superhydrophobic backgrounds
enables droplet pinning at the hydrophilic spots. This prevents
the droplets from being carried away into the wind, which would
reduce the collection efficiency.¥#9 In addition, small droplets
can agglomerate at the hydrophilic spots to form larger droplets,
which roll off the surface sooner due to their higher weight, in-
creasing harvesting efficiency.*]
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Figure 1. a,b) Schematicillustrations (a) and SEM images (b) of a native paper substrate followed by functionalization of this paper with a nanostructured
superhydrophobic EGDS/CSE coating (1) and incorporation of spherical silica particles into this coating to achieve a hybrid wetting behavior (2).

Supplementing the many approaches on laboratory scale
water-harvesting materials, our approach is specifically designed
for a large-scale application as fog collector using paper as highly
recyclable and additionally compostable material. Paper pro-
vides interesting properties for use as a substrate for water har-
vesting; however, it has not yet been developed for this appli-
cation. Recently, we introduced functional paper materials in
which the outer surfaces of paper fibers and sheets are modified
with a superhydrophobic coating consisting of a nanostructured,
semicrystalline polysaccharide-wax composite.®®! In this contri-
bution, we extend this approach to turn water-repellent, super-
hydrophobic paper materials into efficient fog harvesting materi-
als in a first step toward an entirely new design of fog collectors
made of semifinished paper materials. Using paper instead of
plastic meshes as a fog collector material is a great advantage,
as paper is not only universally available and inexpensive but
also a sustainable material that can be recycled or recovered after
its lifetime on-site. In addition, our superhydrophobic approach
using a water-based dispersion of bio-based cellulose polymers
and waxes complements the advantages of paper as it can be ap-
plied with conventional paper machines on large scale while at
the same time not interfering with the recycling of paper. We
start by investigating the water harvesting properties of super-
hydrophobic wax-polymer—coated laboratory-made model papers
based on ethylene glycol distearate (EGDS) and cellulose stearoyl
ester (CSE) and then turn our focus to the water harvesting of
hybrid coatings that contain regions of contrasting surface wet-
tability adjacent to the superhydrophobic wax materials by im-
plementing coating-embedded silica particles on the surface. To
learn more about the mechanism of the fog collecting properties
of our paper, we designed an apparatus in a climate-controlled
chamber, where the collected water volume per surface area and
time as well as the tilt angle of the substrate relative to the impact
of the droplets from a fog machine can be varied and studied in
detail.

2. Results and Discussion

The design and investigation of paper-based materials water har-
vesting are divided into two parts that are schematically shown
in Figure 1a. In brief, the first part of this study focused on in-
vestigating the fog harvesting properties of a superhydrophobic
paper coating based on EGDS and CSE in comparison to vari-
ous model substrates. In the second part, the superhydrophobic
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surface coatings were transformed into surfaces with hybrid wet-
tability by incorporating hydrophilic silica particles (Figure 1b),
and the results were quantified and used to compare to the water
harvesting capabilities of different models and the newly devel-
oped paper-based water harvesting devices.

With regard to the materials design, lab-made papers made
from unbleached kraft pulp (UKP) were prepared and used.
Due to the relatively long softwood fibers and the high degree
of delignification, this pulp and the papers produced from it
possessed high mechanical strength. To obtain superhydropho-
bic properties, the paper was treated with a previously devel-
oped superhydrophobic paper coating!*®! consisting of a combi-
nation of a low-molecular-weight wax (EGDS) and a hydropho-
bic cellulose-based polymer (CSE). The polymer-wax compos-
ite formed well-defined nanoscale semicrystalline structures, as
shown in Figure 1b. For details of the structure formation and
investigations of the coating itself, we refer to our recent publi-
cations and to the Supporting Information (SI-1, Supporting In-
formation) accompanying this contribution.

2.1. Fog Harvesting Mechanism and Properties of
Superhydrophobic Paper Substrates

In the first step, the fog harvesting efficiency of a superhydropho-
bic paper with a rough waxy surface was compared with that of
model substrates. As a hydrophilic reference with a smooth sur-
face, a glass slide was selected, while polyethylene (PE) was cho-
sen as a hydrophobic model substrate since it is a common mate-
rial used for standard fog collector meshes. The wetting behavior
of all samples was investigated by measuring their static and dy-
namic contact angles, which are shown in Figure 2a. The glass
model substrate had a hydrophilic character with a static contact
angle of 64° and a hysteresis of 45°, which indicated the strongest
droplet pinning due to the interaction of water with hydroxyl
groups of the surface. With a contact angle of 93° and a hysteresis
of 22°, PE revealed a hydrophobic character due to its lower sur-
face energy. The paper substrate was coated with an EGDS/CSE
mixture with a mass ratio of 95/5 based on the work of Cordt
et al.l® as an aqueous dispersion. This resulted in wetting be-
havior in the superhydrophobic regime with a static contact angle
close to 180° and a corresponding contact angle hysteresis of ~0°
resulting from its low surface energy combined with its surface
roughness at the low micro scale.

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a—c) Wetting behavior of superhydrophobic paper substrate compared to PE and glass reference substrates: contact angles of water droplets
(10 L) sitting on surfaces (a), dependency between droplet volume and roll-off angle with allometric fit functions (ypg = 372.19 x x%%4, y ... =
4423.76 x x4, Ysuperh. paper = 19.69 X x~070) with coefficients of determination of R%p¢ = 0.81, F\’2g|ass =1.0and stupe,h paper = 0.63 (b), and from
these fit functions calculated values for minimum water droplet volume for roll-off from the surfaces at tilt angles of 30° and 90° (c).

For efficient fog harvesting, the optimum between the adher-
ence of the droplets to the surface and their roll-off is decisive,
and the latter depends on the surface tilt and the size of the co-
alescing droplets. Therefore, the minimal droplet volume V,,,,
for rolling-off depending on the surface tilt angles ¢ (which cor-
responds to the roll-off angle during the contact angle measure-
ment) was calculated by measuring the contact angle with varying
droplet volume (Figure 2b).

The dependence of the necessary tilt angle on the droplet vol-
ume was obtained by an allometric fit function. The general allo-
metric fit function with the variables a and b is given in Equa-
tion (1) and leads to the mathematical transformation for the
needed droplet volumes for roll-off from surfaces with given ori-
entations with x = Vand y = ¢ given in Equation (2). The equa-
tions with the values for the surfaces are given in SI-3 (Support-
ing Information).

—b
Ysurface = @ X xsurface (1)
-1
b -1
Vdrop, surface = < d)surface X (a) > (2)

The resulting minimum drop volumes for different substrates
with surface tilt angles of 30° or 90° are shown in Figure 2c. As
already indicated by the results of contact angle measurements,
the superhydrophobic paper exhibited the weakest droplet pin-
ning, which results in even tiny droplets with volumes below 1 pL
rolling off at a surface tilt angle of 30°. Glass, with a smooth and
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hydrophilic surface, exhibited the strongest pinning, resulting in
relatively high droplet volumes of 30 and 80 uL rolling off at sur-
face tilt angles of 90° and 30°, respectively. For PE, a smooth hy-
drophobic surface, the necessary droplet volume for roll-off was
9 uL at a 90° surface tilt angle and 51 uL at a 30° tilt angle.

The static contact angle measurements and the correlation
with the roll-off needed droplet volumes showed a roll-off of
minimal droplet volumes from the low-microstructured super-
hydrophobic paper compared to the smooth hydrophobic PE sur-
face. Therefore, it was expected that the superhydrophobic paper
would have a high fog harvesting efficiency due to the efficient
roll-off behavior of the droplets, but at the same time, there was
a risk that droplets would be swept away by the wind due to their
low adhesion. The strong droplet adhesion on the smooth hy-
drophilic glass substrate compared to the superhydrophobic pa-
per revealed this material to be optimal for water pinning areas
to reduce droplet redeposition into the wind and promote droplet
growth on the surface.

For measuring the fog harvesting properties of all three sur-
faces under controlled conditions (i.e., climate control), a labo-
ratory setup was developed, as shown in SI-4 (Supporting Infor-
mation) and schematically represented in Figure 3a, wherein the
amount of water draining from the surface was measured gravi-
metrically. To observe the effects of droplet adhesion onto the sur-
face and therefore the droplet roll-off efficiency, the fogging was
processed with two different surface orientations: a tilt angle to-
ward the fog stream of 90° and 30°. A linear regression of the wa-
ter amount collected per time (see SI-5, Supporting Information,
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Figure 3. a—c) Schematic representation of the harvesting measurement setup (a), collected water volume per surface area and time at tilt angles of 30°
and 90° (b), and photographs of wetted surfaces showing the different wetting properties (c).

for details) was used to calculate the fog collection rate expressed
in water volume per time and surface area, which is shown for
the three surfaces in Figure 3b. As one can infer from the data,
the tilt angles of 30° and 90°, respectively, did not significantly in-
fluence water collection with glass or the PE substrate. However,
for a superhydrophobic paper substrate, water collection at a tilt
angle of 90° was almost twice the amount collected at a tilt angle
of 30°. This difference can be explained by the excellent roll-off
behavior of the surface, as discussed before. To enable a droplet
to run off the surface, the droplet’s gravitational force must over-
come the capillary adhesion forces arising from the interaction
with the surface. The capillary equation®®! (Equation (3)) gives
the relationship between these two forces. The relevant parame-
ters in this context are the density of water p,,, the gravitational
constant g, the diameter of the contact area Dy, the surface en-
ergy of water y, and the receding contact angle 0,
pw X g X Vyop= 7 X Dy X 7 (1+cosb,.) 3)

This equation shows the dependence of the gravitational force
and therefore the droplet roll-off on the wettability of the sub-
strate, given by the receding contact angle. Additionally, pictures
of the befogged surfaces were taken and are shown in Figure 3c.
The picture of the superhydrophobic paper surface indicates
a dropwise wetting, where the water can run off the surface
more efficiently than in filmwise wetting. In addition, heteroge-
neous condensation effects are expected to be more important for
droplet growth, as dropwise condensation is known to be more
than ten times more efficient than liquid film condensation.!!
For a tilt angle of 30°, the difference between the superhydropho-
bic surface and the reference surfaces in terms of the fog har-
vesting efficiency is small compared to that at 90°. However, the
relative performance is still enhanced by 80%. The reason may
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be attributed to particularly small droplet volumes, which can
move on the surface by convection forces, even against gravity,
in low air fluxes, thus decreasing the total yield in the measure-
ment setup. Therefore, we believe that a slight but not too strong
pinning is advantageous, especially on single spots, to suppress
filmwise wetting, as addressed in the second part of this work
outlined below.

The hydrophilic glass slides, whose film-like surface wetting is
shown in Figure 3c, can be regarded as the counterpart to the pa-
per substrate in terms of wetting behavior. Filmwise wetting was
shown to be inefficient for fog harvesting, which was consistent
with the literature findings.[! Once the surface was saturated, no
further water could adhere to the surface, and the liquid was held
strongly to the surface by interaction forces, which is referred to
as pinning. This led to less efficient fog harvesting than on the
superhydrophobic paper surface, but the results at a tilt angle of
90° were still better than for PE. According to the expectation re-
sulting from previous contact angle measurements, the harvest-
ing of hydrophobic PE should be larger because the droplet size
needed for rolling off is smaller and surface wetting is dropwise.
However, as shown in Figure 3¢, more pronounced coalescence
occurred on the glass surface, and the droplets grew faster. Due
to this mechanism, the needed drop volume was exceeded more
quickly with glass than with PE for a surface tilt of 90°. In ad-
dition, condensational effects can lead to higher harvesting. Ac-
cording to Volmer’s classical nucleation theory, the free energy
barrier for the formation of a liquid nucleus AG on a flat surface
is defined via Equation (4) with the liquid-vapor surface energy
oy, and the critical radius r* and depends strongly on the wetta-
bility of the surface.[*?]

AG = moy,r** (2 —3cosf + cos’0) x 37!

)
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Figure 4. Confocal microscopy image of the paper coating with superhy-
drophobic waxes (blue) and implemented rhodamine B-stained glass par-
ticles (red).

This dependence shows that the nucleation energy barrier con-
tinuously increases with contact angle and is therefore larger for
PE than for glass. PE had the least efficient harvesting abilities
among the tested surfaces.

Overall, superhydrophobic paper at an orientation of 90° ex-
hibited the highest efficiency of fog harvesting among the tested
surfaces. The major advantage of the superhydrophobic paper
surface and, according to our research, the decisive criteria for
efficient water harvesting out of fog is the ability to remove wa-
ter droplets from the surface more efficiently than the glass and
PE surfaces, thus freeing the surface for further water adhesion.
Moreover, this indicates that the effect of roll-off outweighs that
of droplet accumulation. However, to further optimize the water-
collecting tendency of the superhydrophobic surface, the advan-
tages of effective dewetting of the superhydrophobic paper as well
as the advantages of the glass surface (good accumulation and
pinning to avoid droplet removal into the wind) are combined in
a hybrid surface in the second part of this paper. Therefore, natu-
ral Namib desert beetle surfaces are mimicked by incorporating
smooth glass particles as pinning centers in the superhydropho-
bic paper coating.

2.2. Improving Fog Harvesting Properties by Turning
Superhydrophobic Papers into Hybrid Surfaces

In the second part of this study, a paper surface with hybrid wet-
tability, as shown in Figure 1a (upper right scheme), was investi-
gated. Smooth hydrophilic silica particles were incorporated by
mixing them into the superhydrophobic dispersion, and scan-
ning electron microscopy (SEM) analysis (Figure 1) as well as the
confocal laser scanning microscopy (CLSM) analysis shown in
Figure 4 shows the embedding of the particles and the existence
of smooth areas on the surface of the superhydrophobic paper
coat. The smooth areas were created by the glass particles, which
appear red in the confocal microscopy image due to staining with
rhodamine B, whereas the reflection of the wax coating crystal-
lites appears blue.

Based on the microscopy analysis alone, no insights can be
gained into the surface energy of the incorporated particles and
the hybrid surface. An important question was the amount of
coverage of the particles by wax molecules during the coating
process. In particular, it was important to know whether the par-
ticles were modified with a thin hydrophobic layer of wax. This
was determined by a numerical approach based on contact an-
gle measurements using the Cassie equation!®® (Equation (5)).
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According to this equation, the resulting contact angle 6 of a het-
erogeneous surface can be calculated via the contact angles of the
pure components 6; and their respective surface fractions x;.

X cos 0

cosf = +x

xsuperh.surface superh.surface particle superh

X cos eparticle superh (5)

The wetting properties of the hydrophobic wax coating with
suppressed crystallization were examined by the following pro-
cedure: The coating was applied on paper in the same manner as
for the creation of superhydrophobic paper, but instead of cool-
ing to room temperature under ambient conditions, the samples
were quenched in liquid nitrogen from the molten state to sup-
press the crystallization process. The static contact angle of the
quenched wax-coated paper was determined and compared to
that of the superhydrophobic paper, as shown in Figure 5a. To
gain insights into the pinning properties of these quenched sam-
ples (quenched coating (q.c.)), the roll-off angle was also deter-
mined (see Figure 5b). The quenched wax coating exhibited hy-
drophobic surface properties with a static contact angle of 0
= 102° and strong pinning properties compared to the superhy-
drophobic paper. This showed that even if the glass particles were
covered with a thin hydrophobic wax layer, the wettability of the
hybrid paper surface would be very heterogeneous due to the to-
pographical effect alone.

The results of the Cassie equation are shown in Figure 5c,d.
The curves indicate the dependency between the resulting con-
tact angle of the hybrid paper and the respective contact angle of
the glass beads. In this context, the red graph represents a sur-
face fraction of 1% and the blue graph of 17% glass beads in the
coating. The measured resulting contact angles of the substrates
0,c, and 0., are highlighted horizontally in the graph, with their
errors considered. If the two options for the contact angles of the
glass particles are used in the calculation, which can be 64° for
pure glass (6,,.) or 102° for wax-coated glass (6, ), conclusions
can be drawn by comparing the measured and theoretical data.
For a fraction of 1%, there is no significant difference (A6) in
the calculated results using 0, = 64° and 6, = 102°, espe-
cially considering the error of the measured value. For the sub-
strate with a 17% surface fraction of glass beads, the difference
between the measured and calculated values was much larger
with A0, = 13° assuming uncovered glass particles than for
covered hydrophobic glass particles with Ag . = 1°. This clearly
indicated that the particles were covered by a thin layer of wax,
which, according to the latest findings, also corresponds to the
Namib desert beetle surface as a natural model.[*”]

To investigate the influence of the pinning centers in more
detail, hybrid surfaces with different SiO,-particle coverages of
~1% (0.75%) and ~17% (17.32%) were prepared. The determi-
nation of the surface coverage with silica particles is described in
SI-6 (Supporting Information). The wetting behavior and the fog
harvesting properties of the hybrid paper surfaces were studied
as before by contact angle measurements and laboratory fogging
tests, respectively, and directly compared with those of plain wax-
coated superhydrophobic paper as well as the reference material
PE. Figure 6a shows the results of contact angle measurements.
The incorporation of glass particles into the coating decreased
the static contact angle from 180° to 169° for a particle surface
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Figure 5. a) Schematic preparation path and static contact angle comparison of papers with crystallized and quenched (g.c.) CSE/EGDS coatings.
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coverage of 1% and further to 152° for a coverage of 17%. Addi-
tionally, the contact angle hysteresis increased with the addition
of particles, which substantiates the pinning effects of the parti-
cles. The necessary minimum droplet volumes for roll-off from
the surface at tilt angles of 30° and 90° are illustrated in Figure 6b
and were obtained again by fit functions of the measurement of
roll-off angles, shown in Figure 6¢. In comparison to the superhy-
drophobic paper containing no silica particles, a different roll-off
behavior was observed as a result of the particle implementation.
The latter was expected to increase the efficiency of the fog col-
lection. Whether this was achieved by the particle and whether
low or high particle loading with consequently few or many pin-
ning centers resulted in efficient fog harvesting was then inves-
tigated by performing laboratory fogging experiments. The orig-
inal measurement data are shown in SI-7 (Supporting Informa-
tion), and the results of the fog collection experiments carried out
in comparison with polyethylene and superhydrophobic paper
for surface tilt angles of 30° and 90° are shown in Figure 6d, re-
spectively. As already discussed, the superhydrophobic paper per-
formed 80% better than PE at a tilt of 30° and 240% better at a tilt
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152° (d).

of 90°, as the droplets rolled off more efficiently. The difference
in the performance at 90° and 30° can be attributed to a potential
loss of water because the air stream removes droplets from the
surface, as discussed before. The latter interpretation was further
supported by the low contact angle hysteresis, which showed a
lack of pinning, as well as the minimum droplet volumes needed
for the roll-off. By equipping superhydrophobic papers with hy-
brid wetting properties, the effectiveness of fog harvesting can
even be improved. For a tilt angle of 90°, hybrid paper with a
surface coverage of 1% SiO, particles can collect 8% more wa-
ter than superhydrophobic paper, and for a surface tilt of 30°, the
enhancement is 4%. The improvement can be explained by coa-
lescence, which at least compensates for the potential deteriora-
tion due to the larger drop volume needed for roll-off. The coales-
cence leads to faster droplet growth and thus also to accelerated
droplet roll-off, which is clear from the photographs in Figure 6e.
As reported in the literature, coalescence is strongly affected by
surface heterogeneity.®* This makes the removal of water from
the surface efficient, even though the droplet volume needed for
roll-off is 1 to 5 pL larger than that for superhydrophobic paper.
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The small improvement in fog harvesting of 4% at a tilt angle of
30° can be attributed to coalescence and therefore a faster droplet
growth speed; however, this effect is attenuated by stronger pin-
ning. This is evident from the higher contact angle hysteresis and
the larger drop volume needed for roll-off (Figure 6¢). The fog
droplets settle on the smooth domains on the substrate, which
act as pinning centers; grow there, facilitated by coalescence; and
finally roll down very efficiently because of the superhydrophobic
background. At higher wind speeds, this protection mechanism
caused by pinning could further improve harvesting efficiency
due to the prevention of droplet loss in the fog stream and could
strongly influence the harvesting efficiency for flat surface orien-
tations. Looking at the hybrid papers with 17% particles on the
surface, there was an increase in the collected amount of water of
14% for the surface tilt of 90° compared to the superhydrophobic
paper but a decrease of 11% for the surface tilt of 30°. The droplet
volume needed for roll-off at a 90° tilt angle was 7 pL higher than
that for superhydrophobic paper, although this can be overcom-
pensated in the vertical orientation by increased coalescence. At
a surface tilt angle of 30°, the droplet volume needed for roll-off
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was almost 75 uL higher, which could no longer be compensated
for by coalescence. The droplet pinning was too strong, reflect-
ing the distinct influence of droplet roll-off on harvesting. As a
result, these studies confirm that slight but not too strong pin-
ning is important for optimal fog harvesting surface properties.
In this context, the pinning zones provide local immobilization
of the water droplets, but the adhesion forces, which depend on
the surface coverage of these zones, should not be too high, so
that the droplet roll-off remains efficient and can be compensated
by coalescence. Likewise, the photos of the befogged paper sub-
strates (Figure 6e) demonstrate the even more efficient fog col-
lection of the hybrid compared to the superhydrophobic paper
surface. It is evident that the smooth spots of the hybrid surface
do not prevent dropwise wetting but rather cause faster growth
of the droplets due to coalescence, allowing more water to ad-
here on the surface. Due to the faster droplet formation as well
as increased volume, initial water drainage occurs at an earlier
stage within the experimental setting (after 12 min for hybrid pa-
per vs 20 min for superhydrophobic paper). This creates free ar-
eas for additional water accumulation, resulting in more efficient

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

a)
259
24 -
O 23
°
2 224
Jud
o
e 214
(5}
(a4
20 |
- M- -R1 Superhydrophobic paper Siiiizaag
--@--R2 Hybrid paper - hs
199 _a— C1 Superhydrophobic paper N
—w— C2 Hybrid paper .
18 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Time / min

www.advmatinterfaces.de
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Figure 7. a,b) Surface temperature development, measured with a thermographic camera, of the superhydrophobic paper (green) and the hybrid paper
(blue) during befogging (a) and the thermographic image of both samples after 15 min of befogging (b).

fog harvesting by faster droplet roll-off as well as larger draining
droplets.

The wetting and fogging studies carried out revealed that, in
addition to efficient drainage of the collected droplets, the pro-
cess of water accumulation on the surface is also crucial. For
the initial contact of water with the surface, two basic scenar-
ios can be distinguished: collision and condensation. In the first
case, droplets collide with the surface due to their kinetic energy
and adhere there, while in the second case, the driving force is
a temperature difference between the surface and the environ-
ment (T, pce < Tenvironment), Which causes gaseous water to con-
dense on the surface. The extent to which condensation effects
contribute to water accumulation and thus fog harvesting is in-
vestigated by thermographic camera experiments with a high-
performance photonic inspection system (Figure 7). For conden-
sation, the temperature of the surface during fogging is critical.
To identify a possible condensation-influencing effect of the SiO,
particles in this context, a superhydrophobic surface and a hybrid
surface with 1% particle coverage were monitored with a ther-
mographic camera during fogging. The thermographic camera
showed an overall cooler surface for the hybrid paper and cooler
parts of the hybrid surface after 15 min, which could further en-
hance condensation. The decrease in temperature after 15 min of
befogging in Figure 7a occurred due to evaporation effects. How-
ever, the absolute differences in temperature were rather low, and
therefore so was the amount of condensation in the overall effi-
ciency of water harvesting out of fog. Condensation plays a minor
role compared to collision in water collection from fog, which al-
ready consists predominantly of small water droplets.

This supports our earlier hypothesis that fog harvesting on
superhydrophobic paper is significantly improved compared to
smooth hydrophilic and hydrophobic reference surfaces due to
efficient droplet roll-off. Additionally, depending on the surface
tilt angle, the water harvesting properties of superhydrophobic
paper can be further improved by introducing water pinning cen-
ters. As the thermographic camera experiments demonstrate, a
small proportion of the improvement is attributable to better ac-
cumulation of water due to condensation but a larger proportion
to the pinning of water droplets, which prevents water from being
lost into the wind and simultaneously promotes the nucleation of
small water droplets into larger droplets that can overcome adhe-
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sion forces and roll off. However, the positive effect of pinning is
limited, and should not be too high (as is the case on the plain
glass model surface) and thus suppress efficient roll-off of the
water into a collecting vessel.

Mechanistically, the efficient water collection with function-
alized paper materials can be described as follows: Once small
water particles transported by the fog stream are hitting the sur-
face, water accumulates on the surface. Due to the low wettabil-
ity of superhydrophobic surfaces, the water is forming spherical
droplets, thus wetting the surface in a dropwise manner. Dur-
ing the ongoing fog stream, more water hits the surface, coalesc-
ing with the surface droplets and increasing their volume. Once
the droplets reach a certain (surface specific) volume, the gravi-
tational forces exceed the adhesion forces, whereas the drops roll
off the surface and can be collected. Implementing areas with
contrasting surface wettability, for example, without nanostruc-
ture, as in the case for the smooth spots on the hybrid paper sur-
faces, water droplets tend to pin at these areas resulting in co-
alescence of neighboring droplets at these areas thus leading to
droplet growth. Due to the faster droplet growth relative to the su-
perhydrophobic paper, the critical roll-off volume is reached ear-
lier (even though it is higher for hybrid surfaces) and therefore
more water can be collected at same time span.

3. Conclusion

In this work, the wetting behavior and fog harvesting ability
of superhydrophobic paper substrates coated with a mixture of
CSE and EGDS were examined. For comparison, a hydrophilic
smooth glass substrate and a hydrophobic smooth PE substrate
were investigated as model reference substrates. The coated pa-
per material resulted in excellent water droplet roll-off behavior
even for small tilt angles and droplet volumes due to the high
static contact angle and very low contact angle hysteresis. The
smooth reference surfaces possessed a stronger pinning effect
for water droplets due to their lower static contact angle and cor-
respondingly larger contact angle hysteresis. The experiments
in this study demonstrated a correlation between surface wetta-
bility expressed by contact angles and the ability to harvest wa-
ter out of fog. Efficient harvesting properties were observed for
the superhydrophobic paper surface, especially for a tilt angle
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of 90°. The fog droplets collided with the surface, grew on it,
and rolled off with very high efficiency, which was highlighted
as a key factor by the fog harvesting studies. For a small sur-
face tilt of 30°, the harvesting was still more efficient than for
the smooth model surfaces, but with a smaller difference. With a
surface tilt angle of 30°, the loss of water droplets through air flow
was much more pronounced than at 90°, which is why, in addi-
tion to efficient rolling, a certain pinning effect of the droplets is
also beneficial. However, these are opposing effects that must be
reconciled to find optimal surface properties. Therefore, super-
hydrophobic paper showing perfect roll-off is optimized for fog
harvesting by implementing water pinning spots. For that pur-
pose, smooth glass particles were incorporated onto the surface.
As the fog harvesting experiments indicated, these smooth do-
mains exhibited a pinning effect, but the whole surface still pro-
vided rapid water roll-off, resulting in efficient water collection.
In addition to the protective mechanism of pinning, the particles
further improved the efficiency of fog harvesting by coalescing
the tiny water droplets on the spots, resulting in faster droplet
growth and more efficient roll-off. Concurrently, the experiments
showed a minor effect of condensation capabilities on the hybrid
paper surface. However, with gaseous water collected from water
vapor rather than from fog, which consists mainly of liquid water
droplets, the relevance of the factors influencing the efficiencies
may vary, which is the subject of ongoing research to extend the
range of possible areas to introduce fog collectors.

While this study discovered that the optimal coverage of the
superhydrophobic surface with pinning centers is between 1%
and 17%, the optimal amount of water pinning centers influenc-
ing the roll-off behavior for different surface orientations to ob-
tain the optimal harvesting capacity will be further investigated
by varying the amount of silica particles. Therefore, the surface
orientation is of great interest since hybrid paper surfaces pro-
vide great potential for use in paper-based fog collectors by incor-
porating such functionalized materials into different 3D and cir-
cular semifinished papers. Therefore, not only the paper surface
itself but also the increased surface area promotes efficient water
harvesting. Therefore, semifinished 3D water harvesting paper
products in the form of honeycomb structures(®! can be used,
in which the 3D structure can be easily used to adjust and en-
hance the fog collection rate. The incorporation of such surfaces
into composite materials, for example, as lightweight constructs,
is also conceivable.

4. Experimental Section

Materials: Demineralized water, ethylene glycol distearate (Car-
bosynth Ltd, United Kingdom, >85%, microcrystalline cellulose (Avicel,
Sigma-Aldrich, 50 um particle size), stearoyl chloride (>97%, TCl), toluene
(99.85%, Thermo Scientific), pyridine (>99%, Carl Roth), ethanol (99.8%,
Carl Roth), cationic starch (HI-CAT 21 370, Roquette), sorbitan monos-
tearate (Span-60, synthesis grade, Sigma-Aldrich), glass bubbles (0.12 g
cm™3, white, R&G Faserverbundwerkstoffe), glass spheres (9-13 mm par-
ticle size, Sigma-Aldrich), rhodamine B isothiocyanate (mixed isomers,
Sigma-Aldrich), 3-aminopropyl-dimethylethoxysilane (95%, Alfa Aesar).
The paper material was pure UKP made from softwood without additives,
basis weight of 100 g m~2, produced on a pilot paper machine at PTS Hei-
denau.

Superhydrophobic Coating and Hybrid Surfaces: A 95:5 wt% mixture of
EGDS (SI-1, Supporting Information) and CSE (SI-1, Supporting Informa-
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tion) was dispersed into water. In preparation, CSE with a degree of substi-
tution (DS) of three was synthesized according to the literature:[°%%¢1 1 g
of dried cellulose was suspended in 30 mL pyridine and heated to 100 °C.
A total of 13.83 mL (6 mol per mol anhydroglucose units of cellulose) of
stearoyl acid chloride was dropped into the suspension. The reaction was
stirred at 100 °C for 1 h and poured into 200 mL of ethanol. The crude CSE
was separated by centrifugation and purified through repeated boiling in
ethanol. The slightly yellow product was dissolved in toluene and dried un-
der vacuum. Yield: 5.60 g. Complete substitution (DS = 3) was confirmed
by IR spectroscopy (SI-2, Supporting Information). To produce the aque-
ous dispersion with an EGDS/CSE content of 22 wt%, 23.75 g of EGDS
and 1.25 g of CSE were premixed by stirring the molten substances at
85 °C for 4 h. Cationic starch (0.78 g, 3.18 wt%, related to EGDS) and
sorbitan monostearate (0.5026 g, 1.17 mmol, 2.07 wt%, related to EGDS)
were refluxed in 100 mL of water for 1 h. The hot EGDS/CSE mixture and
the hot starch solution were poured together and mixed using an Ultra-
Turrax at 20 000 rpm for 10 min (IKA, T 25 digital ULTRA-TURRAX®).
Afterward, the dispersion was poured into a cooled beaker. The superhy-
drophobic dispersion was applied to 5 X 5 cm paper slices via dip coating
using a velocity of T mm s~. If applicable, glass particles were added to
the dispersion prior to coating. Therefore, 16.7 mg mL™" glass spheres
and 2.5 mg mL™" glass bubbles were used. To obtain superhydrophobic
properties, the coating was melted at 85 °C for 2 min and subsequently
cooled under ambient conditions.

Smooth Hydrophobic Paper. The aqueous EGDS/CSE dispersion with
a solid content of 22 wt% was applied onto paper via dip coating using a
velocity of 1 mm s~'. The paper was stored in an oven at 105 °C for 5 min
to melt the coating. Immediately afterward, the paper was put into liquid
nitrogen to suppress coating crystallization.

Labeling of Glass Particles with a Chromophore: According to the
literature,[*’] rhodamine B isothiocyanate (RITC) was functionalized with
3-aminopropyldimethylethoxysilane (APTMS). Therefore, 13.31 mg (7.42
x 1073, 10 eq.) APTMS and 4.00 mg (7.42 umol, 1eq.) RITC were refluxed
in 7 mL dry ethanol for 1 h. The remaining solution was used without fur-
ther purification and diluted with dry toluene to obtain a 0.01 wt% solution.
The glass particles were placed in dry toluene and refluxed for 1h after the
addition of 0.1 mL dye solution g~". The glass particles were purified with
toluene and ethanol.

Confocal Laser Scanning Microscopy: CLSM images were acquired us-
ing a Leica Microsystems TCS SP8 instrument with Leica Application Suite
X software. The objective used was the HC PL APO CS2 (20x/NAO0.75
DRY). Excitation was performed on three channels with Agx = 405, 488,
and 552 nm. The detected wavelengths were Agy, = 415-465 (autofluores-
cence of paper), 483-493 (reflection), and 565-610 nm (rhodamine B).

Fog Harvesting Measurements: For the measurement of the fog har-
vesting abilities, substrates of 5.0 X 5.0 cm were placed in a closed box
(56.0cm % 50.0cm x 32.0 cm) in an oven at T =30 °C (Memmert, UF 160)
and isolated from the surrounding temperature using a Styrofoam board
(SI-4, Supporting Information). An ultrasonic humidifier (TaoTronics, T-
AH002) with a volume stream of 3.8 mL min~") was used as the standard
fog source, and substrates were befogged from a distance of 5 cm. The col-
lected water was led out of the chamber via a glass bridge and dripped into
a beaker. The collected amount of water was automatically measured with
a balance (Adam, NBL 254i, software Adam DU). Each substrate was be-
fogged for 1h, and the fog harvesting efficiency expressed in water weight
per time was calculated via the slope of the linear relation of the water
weight per time and surface area whereas the error of collected water re-
sults is based on the slope error of linear regression.

Contact Angle Measurement: Static contact angles were measured
with a contact angle device OCA35 from Dataphysics under standard cli-
mate conditions (23 °C, 50% RH) with a 10 pL ultrapure water droplet
(Milli-Q, Advantage A10, Millipak Express 20, Merck Millipore) and fitted
with the Young-Laplace model. At least five droplets were measured for
each surface, and an average value was determined, whereby the error
represents the standard error of the mean, which is the standard devia-
tion divided by the square root of the sample size. For dynamic contact
angle measurements, the tilt unit TBU 90E from Dataphysics was used,
and the analysis of drop shape was performed by elliptical fit. Via these
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measurements, contact angle hysteresis was obtained by calculation using
the advancing and receding contact angle of the drop immediately before
roll-off.

Scanning Electron Microscopy: The samples were sputtered with 10 nm
Pt/Pd (80/20) in argon plasma using a Sputter Coater 208 HR from Cress-
ington. An SEM Type XL 30 from Philips equipped with a field emission
gun and a secondary electron detector with an acceleration voltage of 5 or
10 keV were used.

Thermal Camera: For comparison of temperatures of a superhy-
drophobic paper and a hybrid paper during befogging, a photonic high-
performance inspection system XGA was used. The camera contained a
self-cooling measurement system to reduce the influence of the camera’s
self-heating on the measurement result by means of a Stirling rotary cooler.
The detector format was 1.280 X 1.024 infrared pixels. The high thermal
resolution was in the range of <30 mK, and the frame rate was 180 Hz in
the full frame (up to 2601 Hz online) due to the low integration time (expo-
sure time) of the camera. A sample half coated with a superhydrophobic
coating and half with a hybrid coating was befogged with an ultrasonic
humidifier (TaoTronics, T-AH002) with a volume stream of 7.2 mL min~")
for 15 min, and the temperature of the surface was measured after 0.5, 1,
2,5, 10, and 15 min as well as 1 and 5 min after the end of befogging at
room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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