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Biomimicking spider webs for effective fog water
harvesting with electrospun polymer fibers

Joanna Knapczyk-Korczak 2 and Urszula Stachewicz (& *

Fog is an underestimated source of water, especially in regions where conventional methods of water
harvesting are impossible, ineffective, or challenging for low-cost water resources. Interestingly, many
novel methods and developments for effective water harvesting are inspired by nature. Therefore, in this
review, we focused on one of the most researched and developing forms of electrospun polymer fibers,
which successfully imitate many fascinating natural materials for instance spider webs. We showed how
fiber morphology and wetting properties can increase the fog collection rate, and also observed the
influence of fog water collection parameters on testing their efficiency. This review summarizes the
current state of the art on water collection by fibrous meshes and offers suggestions for the testing of
new designs under laboratory conditions by classifying the parameters already reported in experimental
set-ups. This is extremely important, as fog collection under laboratory conditions is the first step toward
creating a new water harvesting technology. This review summarizes all the approaches taken so far to

rsc.li/nanoscale

1. Introduction

For thousands of years, access to drinking water has been the
key to survival. This is the reason why water has become a
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develop the most effective water collection systems based on electrospun polymer fibers.

symbol of life. Water supplies are one of the global challenges®
due to climate changes® and the quality of water which may be
harmful to human health.? In spite of technological develop-
ments, people are still seeking new water collection strategies,
and many ideas are inspired by nature.*® A number of solu-
tions are based on animal and plant strategies for collecting
water from humid air, e.g. Namib Desert beetles (Stenocara gra-
cilipes and Onymacris unguicularis), Australian thorny devil
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lizards (Moloch horridus),”'® cactuses (Opuntia microdasys,
Copiapoa  cinerea, — Mammillaria  columbiana,  Parodia
mammulosa),"'> desert grass (Stipagrostis sabulicola, Setaria
viridis),>”"* and ferns (Nephrolepis auriculata)."* Certain vascu-
lar plants use their sunlight-driven systems to produce clean
water."> In addition to numerous plants, spider threads and
silk are fascinating materials:'®"” strong and extremely
tough,'®° wet-adhesive,”* but, most importantly, able to
collect water by combining hydrophobic and hydrophilic pro-
perties.”> The developing fog collection technologies show
great potential in water harvesting, which can certainly con-
tribute to and improve our living standards.>**” People started
imitating nature by creating fog water collectors (FWCs).>®?°
FWCs are enormous nets spread out on steel stands*>*! to
collect water from the humid air, e.g. fog or dew, and provide
it to regions where access to water resources is difficult or
greatly limited.>* The efficiency of FWCs may be high, but it is
dependent on environmental conditions such as wind, fog
flow, and the amount of water dispersed in the fog.**** The
efficiency of standard FWCs with an area of 48 m” can reach
3-10 L m™2 day '.?°?*?° The shade coefficient of standard
Raschel meshes is low and arrives at 35%>%°" (Fig. 1). In FWCs
a double layer of Raschel mesh is mounted where the area
open to the passing wind is from 40%.>° Existing FWCs are
still being modified to eliminate the pore blockage by collected
droplets, and the re-entrainment of the water collected from
ribbons by the wind.**~**

Nano- and microfibers produced via electrospinning are
characterized by a high surface area,® toughness,’*** and
mechanical strength.**** These qualities are beneficial not
only for water collection but also in other applications such as
tissue engineering, skin treatment, air filtration, water purifi-
cation, smart textiles, and optoelectronic devices.*>™>*
Electrospinning makes it possible to produce polymer fibers
from artificially obtained silk with high mechanical
properties.’*>® The electrospun silk includes non-crystalline
fibroin caused by rapid fiber formation and shows a lateral
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modulus reaching 8.0 GPa.” Electrospun fibers have generally
been investigated in terms of their super-hydrophobicity®”
and oleophobicity,”® which are related to their surface
roughness,””®  fiber ~ morphology,”>  and
modifications.®

The production of fibers by electrospinning is relatively
cheap and efficient.® Electrospun fibers used in filtration are
mass-produced for at least three decades. A relatively high cost
is only the purchase of electrospinning pilot equipment based
on a multi-nozzle system or free surface electrospinning, also
called nozzleless.*>®® Additionally, the cost of mass production
depends on the type and price of selected polymers and used
solvents. Therefore, the cost of producing fiber mesh for fog
collection is reasonable as mainly the commonly used poly-
mers are selected.

Water harvesting continues to be a global challenge.
Therefore, in this review, we showed how nano- and microfibers
can enhance the fog water collector technologies currently used.
We compared the efficiency of fog water collection by new fiber
structures to show the importance of their application. This
review also includes the guidelines for testing new design meshes
under laboratory conditions and points out the differences in the
currently used experimental settings. We also discussed the
important issue of droplet collection and drainage systems from
meshes by using hydrophobic and hydrophilic fibers and their
combinations, such as Janus systems. Importantly, the strategies
for designing biomimetic meshes inspired by spider webs®® and
many plants®” with a view to increasing the water collection
efficiency were described, thus paving the way for the future devel-
opment of new fog collector systems.

surface

2. Spider webs

Spider silk is an amazing material that spiders use for many
applications, such as building their cocoon, making a spider
web, and wrapping their prey.®® Silk fibers can withstand the

Images of (a) a typical double layer of a Raschel mesh and (b) water droplets collected on a Raschel mesh.
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Fig. 2

(a) Scanning electron microscopy (SEM) micrograph of spider spinnerets of Grammostola pulchra; (b) photograph of water droplets captured

on a spider web in nature; (c) the water droplet deposited on a Linothele Megatheloides web that was wrapped around a piece of wood, evidencing

the superhydrophobic property of this web.

spider’s weight and absorb the energy of the insect trapped in
the web.®®”° Spiders produce threads via special spinnerets on
their abdomen”"”> (Fig. 2a). The thread obtained is the
product of a secretion from the spider’s body.”*”* Initially, the
secretion is a high-viscosity fluid that becomes a solid thread
as it passes through papillary glands. The secretion is pro-
duced by many glands, depending on the spider’s sex.'®”’
Males develop five glands, while females have up to seven; the
difference is related to the females’ role of having and caring
for offspring. Spiders produce silk with different properties for
many purposes; ° % in particular, their thread strength varies
among the different spider species. The strongest fibers are
produced by Caerostris Darwini, reaching 1652 MPa while, by
comparison, Gramostola Rosea makes one of the weakest
fibers, with a strength of 20 MPa.®’

Spider silk consists of different proteins, often called spi-
droins, created by combining the words spider and fibroin,
which are the structural core of the silk. This name dis-
tinguishes spider produced by
silkworms.”®® A number of environmental factors affect the
extraordinary mechanical properties of silk.'®®® The chemical
composition of spidroins, which consist of variable repeating
amino acid motifs, strongly depends on spider species.>>®"%>
The majority of ampullate spidroins (MaSp), which are struc-
tural spidroins, make the dragline silk comprising MaSp1 and
MaSp2.** The core region of spider silk is covered by various
biomolecules like glycoproteins or lipids. The wetted silk often
shows different mechanical properties due to the presence of
proline. However, to enhance the silk properties, it is more
important to have a pair of hydrophobic-hydrophilic spi-
droins. Importantly, different spider species have shown that
the MaSp1/ADF4 combination exhibits more hydrophobic
character than MaSp2/ADF3.8*%! Additionally, some spiders
catch preys by covering the web with sticky glue or by using the
electric charge generated on the web.**® The sticky glue is
comprised of glycoproteins, a combination of hygroscopic low
molecular mass organic and inorganic compounds (LMMCs)
and water.”®®* This coating enables the fibers to adhere to one
another. Silk is spun not only by spiders but also many arthro-

fibroins from fibroins
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pods, like arachnids, insects and myriapods, which are able to
produce this biopolymer.®® Interestingly, silk produced by silk-
worms, e.g., by a Bombyx mori species, is significantly
different from spider silk. It consists of two main proteins:
silkworm fibroin and sericin. The content of sericin ranges
from 25 to 30% of silk proteins. It helps the cocoon formation
by forming the sticky layer around the fibroin fibers. Sericin is
hydrophilic as it contains a large number of amino acids with
neutral polar functional groups.?®°° Spider and silkworm silk
differ not only by the structure of the organization of the nano-
fibril clusters. The silkworm cocoon thread can be three times
bigger than the spider dragline.®®

The spider web is an excellent example from nature of how
fibers can collect water from the environment.>*>°" They can
collect water droplets from drizzle, fog, or condensation pro-
cesses (Fig. 2b). The spider web is hydrophobic, and water dro-
plets collected on the web create a round shape®” (Fig. 2c). The
droplet observed in this image lies on a cobweb produced by
Linothele Megatheloides. This is a fast arboreal spider that
belongs to the Dipluridae family, which lives in the tropical
forests of Colombia.”* " It grows up to 11 cm in length includ-
ing its legs, and is characterized by a slim silhouette.
Interestingly, this spider has the largest spinneret in the world,
which enables it to spin an enormous amount of silk.

The production of bionic spider silk is also possible thanks
to transgenic goats and silkworms, which were genetically
modified to produce spider spidroin.”®®® The spidroin is
secreted to goat milk, where they are later recovered and elec-
trospun. The genetic modification of silkworms made them
possible to spin spider spidroins instead of normal silkworm
silk, which consists of fibroin and sericin.

3. Micro- and nanofibers

New material technologies revolutionize the world, especially
at the micro- and nanoscale levels, thanks to the many new
application possibilities.*>'°°*°> Micro- and nanofiber poly-
mers boast state-of-the-art properties compared to raw

This journal is © The Royal Society of Chemistry 2021
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materials'®®'%” and are often produced using one of the most
versatile methods, such as electrospinning.”’>"'°® This
process makes it possible to obtain fibers from melt poly-
mers'® or polymer solutions using an electric field."' The
voltage is usually applied to a metal nozzle, from which the
material flows, forming a cone-jet. In electric fields, the
polymer jet starts to spin, producing fibers that are deposited
on the counter electrode, ground, or connected to the opposite
voltage'''™™'* (Fig. 3a). The advantage of electrospinning is
that various nozzles can be used, such as co-axial'** or side-by-
side,"”® as shown in Fig. 3b and c. The different designs of
nozzles and needles''*''® include the standard single nozzle,
which is commonly used to obtain fibers from uniform
polymer solutions*®**® or several solution blends.'*""*?
Standard nozzles are often multiplied to increase the efficiency
of fiber production.'*

Electrospun fibers can be produced from many, often
incompatible, solvents to obtain complex fibrous compo-
sites,"** including electrospinning a few polymers at the same
time or in a layer-by-layer process.*®*>'*> However, the com-
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Fig. 3 Scheme of electrospinning with (a) a standard nozzle; (b) a side-
by-side nozzle; (c) a co-axial nozzle, showing the principle of the
electrospinning process: high voltage is applied to the nozzle and depo-
sition takes place on the collector, which is presented here as a rotating
drum.
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patibility of solvents used in co-axial or side-by-side electro-
spinning is crucial to avoid the early solidification of
polymers.'>®127

The essence of electrospinning is relatively simple, but the
formation of fibers with specified morphology and desirable
properties requires extensive knowledge and research experi-
ence due to the many parameters affecting the stability of the
process.'?® 3% Fiber morphologies can be manipulated thanks
to many parameters involved in preparing the solution and the
process itself. The polymer concentration in the solution and
an appropriate selection of solvents make it possible to obtain
fibers that are either smooth and beadless or beaded™
(Fig. 4a and b). Usually, beads form in fibers when the
polymer concentration in the solution is too low.***> The fiber
diameter is affected not only by the polymer concentration
and molecular mass, but also by solvent volatility.'*”*33713¢
Three main parameters control the stability of electrospinning:
polymer flow rate, the distance between the nozzle and collec-
tor, and the voltage applied.’*”"* It is essential to have an
electrospinning setup equipped with an environmental
chamber with controlled temperature (7') and relative humidity
(RH) if reproducible results are to be obtained. A controlled
environment during the manufacture of polymer fibers makes
it possible to escalate the porosity or wrinkling of fibers by
increasing the RH level in the chamber."**"*® The high RH
slows down the evaporation of the solvent, which often leads
to a porous structure with regular pore size and arrange-
ments."*® One of the advantages of porous structures is their
high water absorption capacity, making them suitable for
water storage applications.

The voltage polarity applied to the nozzle is the other para-
meter controlling the surface and mechanical properties of
electrospun fibers.”>'*°%2 Using a positive or negative voltage
polarity causes the reorientation of the polymer chains, which
can tailor the surface electric charge of individual fibers.'>*7°¢
In addition, an external UV treatment for obtaining the in situ
cross-linking of the polymers,"”” magnetic field assistance for
controlling fiber alignment,'*® and ultrasound for generating
solution protrusion'®® can be incorporated into the electro-
spinning setup.

The range of electrospun polymers - including hydrophobic
and hydrophilic ones - is constantly growing.®"**° The wetting

Fig. 4 SEM micrographs showing electrospun PS fibers: (a) smooth and uniform; (b) with beads; (c) gutter shape PS-CA fibers produced with a

side-by-side nozzle.

This journal is © The Royal Society of Chemistry 2021
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properties of electrospun polymer fibers mainly depend on
surface chemistry, mesh geometry, and fiber
morphology.>”*®***> The combination and manufacture of

hydrophobic-hydrophilic structures are gaining
popularity,'®®'%® imitating a strategy often used by the
nature.”'®*"7' Janus structures are commonly used in

materials science, where the composite has different parts
characterized by hydrophobic and hydrophilic
properties."””>"”* A combination of fibers with different
wetting properties in the mesh can also be designed as a
layered or sandwich-type system.'”® Notably, hydrophobic-
hydrophilic composites can be produced directly via electro-
spinning using side-by-side, co-axial, or multi-nozzles."”®""”
The electrospun meshes with different wetting properties and
mechanical properties’’®'”® can strengthen composite
meshes">*"'®" and increase the water collection from fog."*' %
An image of side-by-side fibers from hydrophobic-hydrophilic
materials is shown in Fig. 4c.

The effective water collection from surfaces depends on the
material’s ability to remove water, roll off droplets, from them.
Fast water removal is necessary to reduce the blockage of pores
in meshes.*® These materials are often characterized by lower
contact angle hysteresis, which makes it easier to transport
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smaller droplets from the mesh to the container.'®*
Importantly, to decrease water contact angle hysteresis, the
combination of hydrophilic and hydrophobic properties is
necessary.'®'%¢ The hydrophilic part attracts more water from
fog, but it retains them on its surface much longer than the
hydrophobic part. The solution is the hydrophobic-hydro-
philic combination for designing effective meshes for water
collection, where the hydrophobic part has higher capabilities
in removing water. Electrospun fibers are often applied in the
biomimicking system of spider’s web due to their dimensions
and mechanical properties.'®**'®” Another advantage of using
nanofibers for water collection is the increased area used to
effectively collect water droplets.

Electrospinning makes it possible to mimic nature and
create structures similar to spider webs.”®> Natural fibers can
be successfully imitated by fibers obtained via electrospinning,
as electrospun fibers have a geometry similar to that of spider
threads (Fig. 5). The analysis of Linothele Megatheloides threads
shows that the bundles of silk fibers and electrospun individ-
ual polyvinylidene fluoride (PVDF) fibers have an identical
wrinkled surface. The 3D shape of spider bundles and PVDF
fibers was confirmed by their cross-sectional analysis using a
focused ion beam - scanning electron microscope (FIB-SEM),

Natural silk fibers

Produced electrospun fibers
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Fig. 5 SEM micrographs of (a), (b), and (i) silk fibers and bundles from a Linothele Megatheloides web and (e), (f), and (k) electrospun PVDF fibers;
(c) and (g) processed images for the calculation of the fraction of fibers; (d), (h) images of the droplet of water used to measure contact angles; (j),
(1), (m) contour images of a spider thread and PVDF fiber. Adapted and reproduced with permission.®?
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(Fig. 5m). The wetting properties of both kinds of fiber meshes
showed hydrophobic features with a contact angle of 128° on
PVDF and 130° on a Linothele Megatheloides spider web.”?

4. Water collection challenges and
key features for the meshes
Droplet sizes

Water collection from fog is more challenging than water har-
vesting from rain because the droplet size is smaller, ranging
from 15 to 20 pm,'®® but it can arrive at up to 50 pm,'®°
making it harder to collect than rainwater. Meshes with a
small fiber diameter have a wider surface area, thus catching
tiny fog droplets. In terms of laboratory research studies, it is
challenging to simulate the natural fog because the droplets
produced from ultrasonic humidifiers range from 200 to
1250 nm, while those from nano mist humidifiers measure
less than 100 nm.'?® Natural fog has a much larger average
droplet size because water particles have more time to coalesce
together. Droplets suspended in the fog are caught by the
fibers in meshes as they pass through. The captured droplets
merge into larger sizes to run down by gravity. Surface rough-
ness has great importance in wetting and shaping the water
contact angle.

Roughness of meshes

Spiders can optimize fibers and webs used for harvesting
water in order to maximize their water-collection capacity.
Similarly, spindle-bead microfibers with cavity beads were fab-
ricated to mimic the high efficiency of natural fibers in water
collection. The designs with the desired surface roughness
and mechanical strength show a long life and improved water
collection efficiency via controlled directional
transportation.’®**** Importantly, the droplet size, ie. its
volume, has a critical effect on wetting and water spreading on
fibers."® The transport of liquid droplets can also be con-
trolled via structured surfaces in many applications."”® In
terms of surface roughness, the fog deposition and water drai-
nage system can be enhanced in the same way as on a
Gunnera leaf,"®” which is roughly textured with asymmetric
fibers."*®'%? Designing rough surfaces of fibers with controlled
surface chemistry promotes the directional water transport
from them in bridging fog droplet deposition and importantly
improves the water drainage system.'®®

The wetting properties of polymer fibers also depend on
many factors such as geometry,'®> roughness and surface
chemistry,>*® voltage polarity, and surface potential."*® In
many cases, however, when we use electrospun polymer fibers,
the advancing contact angle (¢) can change because of surface
profilometry. Differences in material roughness can change
the wetting properties of this material without affecting its
surface chemistry.>>®"*° The best examples of this are hydro-
phobic fibers (127 + 3°) and hydrophilic smooth films (55 + 3°)
from cellulose acetate.’*® In that case, the water contact angle

water

This journal is © The Royal Society of Chemistry 2021
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only depended on mesh geometry because the polymer mole-
cular weight was the same for fibers and films.?">°?

Wetting of individual fibers

The spider web is covered with a special glue that creates
characteristic beads on individual threads.>*® This sticky glue
endows silk fibers with unique properties and enables them to
catch insects and collect water more effectively. Fundamental
studies of wetting on single fibers have shown a significant
influence of the fiber morphology on droplet behavior.>**
Research on spindle-bead microfibers has confirmed the sig-
nificant effect of cavity beads on increasing the water collec-
tion efficiency via a single fiber."”"*°> A specially designed
structure of a single fiber produces controlled surface rough-
ness, mechanical strength, and wetting properties,**®*°” as
shown in Fig. 6. The droplet adhesion ability is better on geo-
metrically designed thin fibers with beads than on smooth
fibers.'>?%% The special structure enables droplets to adhere
more strongly to fibers with beads: something which is also
dependent on the different tilt angles of the fiber.>*
Moreover, droplets move toward beads and coalesce
together.'”*?1%*!11 gyuch fibers are able to accumulate larger
droplets, so the fibers have longer contact with water, which
often results in a more effective way of catching droplets.>">

Surface geometry and differences in wettability play a key
role in the generation of Laplace pressure. The pressure differ-
ence at the boundary between the gas and liquid phases
occurs at surface bumps®'® and is determined as:

) 2 )
AP = — Jrl msmﬂdz (1)

where y is the water surface tension, r is the fiber local radius,
R is the droplet radius, £ is the half apex-angle of the bead, z is
the integrating variable along the diameter of the bead.***'*

The Laplace pressure affects water collection on spider
fibers covered with sticky glue beads, which are a more wetta-
ble region than hydrophobic threads®* and water droplets
maintain the spherical shape due to the surface
207214215 1mportantly, nano and microstructures at the
surfaces increase the Laplace pressure gradient. Therefore,
water droplet collection on the fibers with beads, where gradi-
ents of the Laplace pressure occur, significantly affects the
wettability of fibers. The droplet formed on a bead has a
different radius than that formed on a smooth fiber. The
pressure in the droplet formed on the fiber is greater than the
pressure in the droplet on the bead due to the fiber’s larger
curvature. Consequently, it results in a nonequilibrium
pressure difference, which causes directional movement of the
droplet towards the bead on the fiber.

tension.

Wetting of meshes: hydrophilic versus hydrophobic properties

Generally speaking, water collection rates are affected by the
wetting properties of the meshes. The mechanism of water
droplet collection was studied by Zhang et al.>'® on superhy-
drophobic silica microfibers with a carbon nanoparticle

Nanoscale, 2021, 13,16034-16051 | 16039
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Fig. 6 Water collection on a two-spindle bead fiber: (a) optical image and (b) model illustration. Adapted and reproduced with permission.

coating and an average diameter of 150 pm. A significant
difference in effective water collection between coated and
uncoated fibers was observed, as the water contact angle for
superhydrophobic coated microfibers was 152°, while it was
hydrophilic for the uncoated material, arriving at only 35°.
Water droplets on the coated superhydrophobic fiber took on
a hanging clamshell shape: one that grows and coalesces
together until it finally falls down. Conversely, hydrophilic
uncoated fibers collected droplets that were barrel-shaped,
holding the droplets on their surface longer than the superhy-
drophobic fibers did. This eventually led to two-fold higher
water collection efficiency for the coated silica microfibers
than for the uncoated ones. Interestingly, the changing of the
tilting angle from the horizontal position to 30° in 5° steps
almost increased the amount of water collected because the
droplets slid along the fiber, which increased their falling fre-
quency. Dong et al.>'” used fibers from artificial spider silks
(with an average diameter of ~#18 um) to prove the importance
of the angles between two adjacent fibers in fog collection
efficiency. The highest water collection efficiency was achieved
when the angle between the two fibers was 30°.

Hydrophobic and hydrophilic meshes are characterized by
a different droplet sliding system, as shown in Fig. 7. Droplets
collected on the hydrophobic mesh run down faster than they
do on the hydrophilic one.'®" In another case, to accelerate
droplet sliding from the meshes, the hydrophilic fraction of
PA6 nanofibers was added to the hydrophobic PS microfibers,
as indicated in the schematics in Fig. 8a and b. The contact
angle hysteresis was reduced as the surface roughness of the
PS microfibers was also reduced by adding the PA6 nanofibers.
Thus, the water collection process was improved, obtaining the
highest efficiency in water collection with PS-PA6 composite
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meshes."”® Hydrophilic surfaces are more effective in the con-

densation of water droplets, as indicated in many examples in
the nature,"””" where droplets rollover from the meshes with
hydrophobic properties.”'® The surface architecture and chem-
istry created by a hydrophobic matrix with hydrophilic
domains were copied using hydrophilic chitosan (CS) islands
attached to the hydrophobic surface of PVDF membranes for
desalination®'? and water purification processes.**°

The wetting of individual fibers or wires differs in compari-
son to the network of fibers or meshes. On individual fibers,
the water droplet grows only until the adhesion forces are
unable to hold it any longer. The growing water droplets on
meshes get in contact with more fibers, thereby increasing the
droplet-surface contact area, and it needs more time to run
down freely from the vertical mesh. Also, on hydrophilic
meshes larger agglomerates of water droplets tend to remain
between the fibers, which inhibits the fog flow through the
mesh, reducing the water collection efficiency. Despite the
decrease in the fog collection rate caused by blockage of pores,
the mesh has a sufficiently larger collection area and by
keeping them hydrophobic, it will still collect more water than
individual fibers. The wetting properties of the mesh affect
both the ability to capture droplets and the mechanism of
their removal from the surface. The size of the droplets shown
in Fig. 7 is the result of the capture of small water droplets by
the mesh and their coalescence together.

Current limitations in understanding wetting behavior at
fibrous arrays are often due to the use of wetting theories,
such as Wenzel®*' and Cassie-Baxter,”** that do not fully con-
sider the geometry of the wetted surface.*”*”>*> However, the
work by Duprat et al.'®® has used a description of capillary
force applied to fiber arrays from Princen et al.>*® to derive an

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Comparing the shape of droplets collected on the electrospun (a—c) hydrophilic PA6 and (d—f) hydrophobic PA1l meshes. Adapted and

reproduced with permission.*5*
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Fig. 8 Schematics of water droplets moving down on an electrospun: (a) hydrophobic PS microfiber mesh; (b) PS-PA6 composite mesh with hydro-
phobic PS microfibers and hydrophilic PA6 nanofibers; (c,d) PVDF-HFP fibrous nanomats; (e,f) PVDF-HFP fibrous nanomats impregnated with total

quartz oil; (g) on the double-grooved surfaces in different directions. Adapted and reproduced with permission.

energy balance approach whereby the spreading of liquid
lowers the energy of the system but also requires bending of
the wetted fibers, which requires energy. Importantly, it
suggested the main concept of liquids having a range of
wetting behavior across different length scales. For instance, a
liquid may spread at a solid fiber surface whereas a liquid
droplet, of considerably greater size than the liquid-fiber inter-
face, may exhibit non-spreading behavior.

Permeability

The permeability of the meshes used for collecting fog dro-
plets is another crucial parameter for tuning the water harvest-
ing efficiency. The pores in meshes can be clogged by the accu-
mulated water that has not drained, thus obstructing the space
for catching more droplets from the air.****”**” To increase

This journal is © The Royal Society of Chemistry 2021

125,165,184

the permeability of the nanofiber-based meshes, characterized
by a pore size of 1 um or smaller,*® the important part is the
incorporation of hydrophobic elements, thus permitting much
faster water drainage from the meshes.'®" The comparison
between the hydrophilic PA6 and hydrophobic PA11 shows
that the drainage system for hydrophobic meshes is more
effective, while the water collected is not reducing the per-
meability of the mesh for the further water collection process.

5. Designs of fog water collectors
with electrospun fibers

The continuous development and studies of various designs of
fog collector meshes in the past decade are shown in Table 1

Nanoscale, 2021,13,16034-16051 | 16041
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Fig. 9 Comparison of the water collection rate by various electrospun meshes (a) at different temperatures — adapted and reproduced with per-
mission;?* (b) with different average diameters of fibers — data taken from the following references: Lalia et al.,'®* Thakur et al.,?** Almasian et al.,?*°

Uddin et al.,?*° and Ganesh et al.2*°

from fog. They had a width between 317 and 2300 pm and
were grouped into profiles with widths smaller and larger than
1 mm. Fiber samples used for fog collection differed in shape
and cross-sectional view, but fibers covered nearly 55% of the
area, and the fog could flow freely through. The best water col-
lection rate was obtained for microgrooved surfaces with a rec-
tangular cross-section with round edges (~2100 pg per 30 min)
and smooth surfaces with an oval cross-section (~1750 pg per
30 min). In another study, the wrinkled PI fibers mimicked
artificial cactus spines.*”" To obtain their special designs, bare
silver needles were covered with electrospun PAA-PS composite
fibers, which were turned into nanogrooved PI fibers by
thermal imidization treatment. Water collection was demon-
strated on a model equipped with 180 artificial spines placed
on a spherical sponge. This cactus model collected 1.3 mL of
water in 15 min, with the water collection rate for a single
spine estimated to be 0.3 uL min~"'. Liang et al.'®® measured
the effect of grooved and double-grooved fiber structures on
fog collection ability, as shown in Fig. 8g. Double-grooved
fibers from poly(i-lactic acid) (PLLA) oriented parallel to the
direction of flowing droplets collected greater amounts of
water than single-grooved fibers.

In addition, the combination of fibers of different sizes is
crucial for effective water harvesting. Shigezawa et al.>*”
tigated a fiber-based system to collect water inspired by
Berkhera purpurea hairs. This amazing plant system combines
thick hydrophobic hair (60-80 pm) with thin hydrophilic fibers
(3-8 pm). To imitate this unique system, a nylon mesh
(Muramatu K601, from Muramatu Co. Ltd Japan) was covered
with electrospun cellulose acetate (CA) fibers with different put
times (10 s, 1 min, 5 min, 10 min). The highest water collec-
tion efficiency was obtained for the sample CA-1 min because
of the controlled size of the void, which provided an easy way
to drain droplets into the beaker (Fig. 10). Another approach to
efficient water harvesting is to modify existing FWCs with elec-

inves-

16044 | Nanoscale, 2021, 13,16034-16051

trospun fibers.”*>?*** The simple incorporation of PVDF and

PA6 fibers into a commercial Raschel mesh in the electro-
spinning process increased its water collection rate by 300%.
PS-PA6 composites showed a similar system based on hydro-
phobic PS microfibers and hydrophilic PA6 nanofibers.'>®
However, the composites obtained had a different structure
from that of the Shigezawa®** materials and did not have voids.
These electrospun meshes are filled with fibers, but their
structure has a high number of pores, resulting in their high
permeability. The addition of PA6 nanofibers to PS microfibers
reduces the blockage of pores. These combinations created
effective water drainage from the mesh, and collection on the
thicker hydrophobic fibers.

6. Summary of the key points of fog
collection parameters and
recommendations

The comparison of fog water collection results is challenging
due to the differences in experimental set-ups, parameters,
and conditions (Table 1). As shown in Fig. 9, many differences
in the experimental parameters, such as fog flow velocity or
distance between the humidifier outlet and mesh, have a
direct effect on water collection results. Importantly, the type
of humidifier and also the change in the fog flow velocity and
droplet size are crucial for an appropriate water collection
study when mimicking fog under laboratory conditions. In
Table 2 we compared the most important parameters in fog
water collection under laboratory conditions. This comparison
was based on the literature discussed previously in sections 4
and 5 and makes it possible to standardize the laboratory-
scale experiments of fog collection. In Fig. 11, the graphic
summary indicates the key elements to keep in mind when

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 The water droplets collected on CA fibers electrospun on nylon mesh in (@) 1 min and (b) 5 min. Adapted and reproduced with

permission.?*?

Table 2 The summary of the key parameters in fog water collection experiments performed at the laboratory scale

Parameters

Effect on the experimental result

Humidifier
Type of humidifier (vapor or ultrasonic)

« The ultrasonic humidifier produces fog, whereas the vapor humidifier creates vapor

« The vapor humidifier produces droplets much smaller than fog droplets, thus lowering the water

collection rate

« The droplets produced from vapor humidifiers need to condense to create fog

Fog flow velocity and humidifier
efficiency

« The effectiveness of fog collection depends on the humidifier’s fog production efficiency
« The fog flow velocity significantly affects the number of fog droplets passing through the mesh

+ A high efficiency of the humidifier and high fog flow velocity can significantly increase water

collection
Collection parameters

Distance between the mesh and
humidifier output

Humidity

Ambient temperature

« The water collection rate increases when reducing this distance, because the fog passing through the
mesh has a higher concentration of droplets (higher fog density, less diluted fog)

« Affects the evaporation of small droplets from the mesh before they flow down

« High temperature accelerates the evaporation of the passing and captured droplets, which reduces

the water collection rate
Collection time
the mesh

« The droplets start to run down or roll off only when they reach the critical volume of accumulation in

« Setting the right collection time, in relation to the water saturation of the mesh, is important

Mesh construction
Size and thickness

« The fog should pass through the entire surface of the mesh

» The mesh thickness significantly affects permeability
+ A mesh that is too thick can decrease the fog collection rate

Permeability of meshes

« Affects the velocity of the fog flow passing through the mesh

« In low permeability meshes, the blockage of pores by water is a problem
« Depends on the fiber diameter and pore size of the mesh

Fiber diameter and pore size

+ The accumulation of water droplets and the clogging of pores are related to the pore size

« Pore size often depends on the fiber diameter and fiber arrangement in the mesh

designing an experimental set-up, in order to facilitate com-
parisons among various fog water harvesting studies.

The efficiencies of the fog collection of various systems
based on polymer fibers were compared using the water collec-
tion rates expressed in mg cm™> h™". This unit provides infor-
mation of the water collected amount per unit area and it
refers to the collection time, which is needed for comparison
of efficient water collection in various systems. The collected
water can be measured both by weight and by volume.
Relatively small amounts of water are obtained at the labora-

This journal is © The Royal Society of Chemistry 2021

tory scale, compared to the research conducted in the field
studies, and therefore often the weight of the obtained water is
used. The water collected by commercial meshes is usually
expressed in L m™> day " due to the much larger scale. In the lit-
erature, the effectiveness of the fog water collection, e.g. water
collection rate, is often called collection efficiency or collection
performance, which is misleading, because the efficiency has to
be expressed as a fraction or percent. The use of the above terms
is correct if we do not provide specific values expressed in units
determining, e.g., the water collection rate.
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Fig. 11 The graphic illustration of the most important fog collection parameters in laboratory-scale experiments.

Obviously, fog collectors are effective in foggy regions,
however, their effectiveness depends on the wind speed which
pushes the fog through the mesh. The highest results obtained
by commercial Raschel mesh are achieved when the wind
speed reaches 1-2 m s™'.** Systems containing nano- and
microfibers significantly increase the water collection area.
Also the high porosity of the electrospun membranes retains
high permeability for the passing fog.*®'>¢3*23¢ Importantly,
these nanofiber based solutions are desired in the water collec-
tion under low wind conditions. Additionally, the efficiency of
meshes under such conditions depends on the amount of
water contained in the fog and the fast drainage system of
water droplets to the container.

By all means, the stability of polymers used in FWC systems
depends on the polymer structure and the mechanical charac-
teristics of electrospun membranes. The selection of the
polymer strictly depends on the requirements of its resistance
to atmospheric and chemical factors. The biodegradation
importance for the waste management issue and environmen-
tally friendly aspects should be taken into account in the FWC
designs as well. As mentioned above the weather conditions
limit the effectiveness of FWCs. Electrospun nanofibers help
in capturing more water, especially under low fog and wind
conditions. Strong winds are known for damaging FWCs, and
electrospun meshes. However, electrospun fibers can be easily
deposited even in the field of portable electrospinning devices,

currently used in wound care.>*’

7. Conclusions

Water harvesting continues to be a global challenge. Nano-
and micropolymer webs with unique fiber structures open new
paths in fog water droplet collection. In particular, electrospun
polymer fibers have great potential in water harvesting. The
versatility of production methods makes it possible to
combine hydrophobic and hydrophilic properties, which are
desirable for effective water collection. Moreover, their
mechanical properties also provide wind resistance, especially

16046 | Nanoscale, 2021,13,16034-16051

when they are combined with the existing FWC technologies
already available on the market. This review compares the fog
water collection efficiency in structures based on nano- and
microfibers. Importantly, we included the guidelines for
testing the new design meshes at the laboratory scale and indi-
cated the most important parameters to be considered for
testing FWC before field studies. The reviewed literature
reveals the current strategies used in designing spider web-
inspired biomimetic meshes to collect water effectively, paving
the way for the future development of new fog collector
systems. FWCs are excellent examples of a bioinspired and sus-
tainable technology that is evolving continuously to meet criti-
cal water harvesting challenges. However, the functional out-
comes of existing meshes used in collectors need improvement
as many studies show the inadequacies in the engineering of
surface microstructure and property designs. The ideal experi-
mental conditions in fog collection research should include a
precise position of the mesh in the fog stream, allowing the
fog to flow through the entire mesh. The relative humidity
close to the mesh region should approach 100%, as the
reduction of humidity around the mesh can decrease the
process efficiency due to a reduction in the water content in
the fog. Moreover, the obtained results of water captured in
fog collectors should be always calculated per area of mesh
and collection time.
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