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Abstract

Airborne and deposited water microdroplets can carry viruses including coronaviruses. The
evaporation of microdroplets containing virus particles often leads to virus inactivation.
Microdroplet evaporation involves various mechanisms such as diffusion, the Kelvin effect,
infrared irradiation, and the role of solutes. For the evaporation of airborne water microdroplets,
temperature and relative humidity of ambient air are important factors. However, for sessile
droplets deposited on solid surfaces, wetting and porosity become important factors which control
evaporation on regular, superhydrophobic, and photocatalytic surfaces. Experimental study of the
effect of wetting properties and porosity on the evaporation rates on the polypropylene non-woven
medical fabric was consistent with the theoretical models. Highly porous tile surfaces exhibited

2.2 to 4 times faster evaporation rates than nonporous surfaces.

Keywords: superhydrophobic; photocatalytic; Covid-19; antiviral coatings; anti-bacterial
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1. Introduction

The current pandemic of Covid-19 has attracted attention of many researchers to spreading
mechanisms of infectious diseases caused by viruses. The airborne micro-droplets and aerosols are
the primary way of spreading many infections including Covid-19, which is caused by the SARS-
CoV-2 coronavirus [1-3]. A crucial question is for how long micro-droplets can survive when
airborne and when deposited on different surfaces subject to varying environmental conditions
including the air temperature, relative humidity (RH), and the electromagnetic irradiation, such as
the solar radiation [4-9]. Microdroplets which carry airborne viruses typically have diameters
between 1 um and 100 um, while deposited droplets may be even larger.

Form the physicist’s point of view, virus particles (virions) are nanoparticles, with the
typical linear size from dozens to several hundreds of nanometers (nm). Some viruses have an
almost spherical or icosahedron shell (a protein capsid), while others have more complex shapes.
Many viruses are also enveloped into a lipid bilayer membrane. The SARS-CoV-2 virion is a
sphere with a diameter of about 80 nm surrounded by the lipid envelope (membrane) with
structural proteins attached to it. The spike (S) proteins upon the membrane are up to 20 nm long,
and they make Scanning Electron Microscope (SEM) images of this virus resembling a solar
corona, hence the name “coronavirus.” The RNA is contained inside a capsid made of the
nucleocapsid (N) protein. The envelope (E) and membrane (M) proteins are attached to the lipid
bilayer membrane (Fig. 1).

Envelope (lipid
bilayer)

p. VMlembrane (M)
protein

Envelope (E)
protein

(2) (b)

Fig. 1. (a) Schematic of the SARS-CoV-2 coronavirus with the spike protein structure shown and

(b) electron micrograph of the virus (redrawn from Wikipedia).

Viruses do not have their own homeostasis and metabolism; therefore, they are dependent
on environmental conditions. There are numerous indications that viruses get inactivated in dry
environments, while in water environment they survive. Water is required for the self-assembly
of virus parts. This is because water facilitates the hydrophobic forces (attracting forces between
non-polar molecules or regions of amino acids), which direct the protein folding and the self-
assembly of both the protein capsid and the lipid bilayer envelope. While the self-assembly occurs
inside an invaded cell, the water environment is still needed to maintain the activity of many
viruses providing a more stable thermal environment and hydrophobic interactions [10]. Drying
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of microdroplets containing virus particles is an effective way of stopping the spread of many
viruses leading to protein denaturation and other processes that inactivate the virus [11-13].

Viruses are also inactivated with heating. Thus, coronaviruses are inactivated at
temperatures elevated to 55-60 °C [5]. The underlying mechanism is believed to be the
temperature-dependency of the kinetics of inactivation processes. Besides heating, the UV
radiation at the wavelength of about 253 nm is known to inactivate viruses [14-15].

Modeling droplet evaporation is a long-standing challenge in physics because the problem
is far from being trivial. Several mechanisms can be involved in the evaporation simultaneously,
including the heat transfer (an evaporating micro-droplet usually cools down), diffusion, molecular
kinetics in the boundary layer, and the curvature effect for small droplets [10,16]. It is even more
complex when the droplet is a solution of proteins and salts, containing nanoparticles, which is the
case for respiratory droplets containing viruses [12]. Moreover, evaporation analysis of such
droplets deposited on a rough, micro/nanopatterned, or superhydrophobic surface is even a more
challenging task, and it becomes even more complex when electromagnetic irradiation, such as
visible [17], ultraviolet (UV) [14-15], or infrared (IR) light is involved.

Antibacterial properties of self-cleaning, superhydrophobic [18-19], and photocatalytic
[20-21] surfaces have been well established. Typically, they rely on reduced adhesion between
bacteria proteins and the low energy surface or on certain bio-specific interactions between the
proteins embedded into the surfaces and the biological agents. A similar approach can be applied
to design of anti-viral surfaces [22-23]. Another approach that could be explored is the application
of water-repellent surfaces which may facilitate drying of droplets thus decreasing the amount of
water needed for virus survival.

In this paper, we will review approaches to modeling droplet evaporation and we will
develop a new model taking into consideration several effects in combination, with potential
application to virus-bearing droplets while airborne and while deposited on regular,
superhydrophobic, and photocatalytic surfaces. We will also check the rationality of the model for
practical substrates and demonstrate the effect of surface properties (wetting and porosity) on
droplet evaporation through experimental observations on novel hydrophobic coatings recently
developed by our group for potential civil engineering applications.

2. Models of microdroplet evaporation

In this section, we will discuss various mechanisms of microdroplet evaporation, and how
environmental factors affect these mechanisms.

2.1. Evaporation of airborne water droplets

Evaporation of a liquid involves the change of the liquid phase to the gas phase. At the
water-air interface, usually, both evaporation and condensation take place at different rates. Once
the air is saturated with water vapor (RH = 100%), the evaporation and condensation reach
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equilibrium. The evaporation prevails over condensation when the surrounding air is unsaturated
(RH < 100%).

Evaporation of airborne water droplets has been studied extensively using theoretical,
experimental, and numerical models [24-26]. These models are based on several assumptions
about the evaporation process, such as the constant temperature assumption which neglects, the
temperature distribution within a small droplet. Many models assume that the vapor molecules are
removed from the water-gas interface by diffusion. Some models also consider a thin boundary
layer referred to as the Knudsen layer with the size on the order of one micron (mean free path of
a vapor molecule) at the droplet boundary. For the Knudsen layer model, vapor transport in the
layer is governed by Boltzmann’s kinetics rather than diffusion [10]. However, the molecular
transport from the layer to the ambient is driven by diffusion and by the RH of the ambient. Here
we will develop a simple diffusion-based model without the consideration of boundary layer.

Let us consider a spherical water micro-droplet sprayed in the air. The droplet falling
through or floating in the air experiences a drag force which depends on the viscosity of air (,),
droplet radius (7), and relative velocity of the water droplet with respect to the air (v). According
to Stokes’ law, the drag force can be expressed as F; = 6mrnv. The weight of the water droplet is

W = gn(Zr)3pW g, where, p,, is the density of the water droplet and g is the gravitational

acceleration. Eventually, the drag force on the water droplet equals its weight. Then the water
droplet falls at a constant sedimentation velocity or it flows with the air so that the air velocity
relative to the droplet is zero. The relaxation time required to reach the sedimentation velocity for
water microdroplets is on the order of a second [27]. The water droplet floating in the unsaturated
air undergoes natural evaporation and decreases in size.

Evaporation of water .
Evaporation of water
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Fig.2. Schematics of evaporation of virus-containing (a) airborne water droplets and droplets on
(b) a hydrophilic and (c) a superhydrophobic substrate

Evaporation of a water droplet involves mass transfer from the droplet surface by molecular
diffusion. The mass transfer process is coupled with heat transfer. At the initial stage of droplet
evaporation, rapid and significant cooling is often observed. At this stage, the heat flux from
ambient air is smaller than the required heat for evaporation. Consequently, the droplet temperature
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is reduced. This initial cooling stage is followed by a longer intermediate evaporation stage when
the droplet temperature remains almost constant. At this stage, the heat flowing from ambient air
towards the droplet is equal to the energy required for the evaporation of water. At the final stage
of the droplet evaporation, a gradual or abrupt temperature rise is often observed [28].

Diffusive mass transport and conduction heat transfer combined with the laws of mass and
energy conservation are used to formulate the evaporation model. For the incoming heat flux and
the heat loss due to evaporation, the energy balance equation is

dr

o (1)

dr 3kq Pwlev
Pwlw 37 = r_z(Ta -T)+ ST

where T is the water droplet temperature T, is the air temperature, r is the radius of the water
droplet, ¢, = 4.18 kJkg~1K 1 is the specific heat of water, k, = 0.026 Wm~1K~! is the thermal
conductivity of air, and L,, = 2.26 MJkg~! is the latent heat of evaporation of water [10].
Initially, the temperature of the water droplet can be assumed to be the same as the ambient air
temperature. In the initial stage, the droplet radius decreases slowly, and a sharp decrease in
temperature is observed.

The mass evaporation rate of the water droplet varies significantly over time. It strongly
depends on the saturation vapor pressure and air temperature. It is also proportional to the
derivative of the droplet radius. The following mass balance equation presents the mass
evaporation rate of a water droplet

dm dr

= TPw (2)
dr Dpg p

a_ _ 1 3
dt PwTRaTq  Dsat ( )

dm . . . _ —1
where d—T is the mass rate of evaporation per unit of droplet’s surface D = 3 X 10™>m?2s~ ! is the

diffusion coefficient of air, R, = 286.5 Jkg~*K ™1 is the universal gas constant of air, and P, =
10° Pa is the ambient air pressure [10]. The rate of droplet evaporation in Eq. 3 does not involve
the droplet temperature determined from Eq. 1. This indicates that the diffusion model without the
boundary layer involves a significant simplification of the evaporation process.

More accurate models studied in the literature take into consideration the Knudsen layer
and, therefore, the effect of droplet’s cooling, which may be on the order of 10 K [10]. These
models suggested that evaporation is sensitive to both temperature and the RH of the ambient air.
However, at small and even at moderately high levels of RH, microdroplets evaporate within
dozens of seconds with the heat flux from the air being the dominant mechanism in every case.

2.2. Evaporation of submicron-scaled droplets
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While most aerosol droplets are larger than 1 um in diameter, due to evaporation, the
droplet inevitably becomes small. The curvature effect, also known as the Kelvin effect, is
significant for the submicron-scaled droplets.

Evaporating liquid molecules at the surface overcome the bonding and escape from the
liquid phase. At a convex curved surface, the bonding between the neighboring molecules of the
dense phase is weaker than that of a flat surface. Consequently, the energy barrier for evaporation
decreases. With an increasing curvature of a water droplet, the energy required for the surface
water molecules to escape decreases. Consequently, the evaporation rate increases.

For a curved water-air interface, the liquid-vapor equilibrium can be reached at a lower or
higher vapor pressure than the saturation vapor pressure. This depends on the sign of the curvature
(convex or concave). The sum of the principal radii of curvature referred to as the Kelvin radius
1/R, = 1/ry + 1/, is meant by the curvature radius. For a spherical droplet, the curvature is
always positive (convex interface) and the two principal radii of curvature are equal to each other
and to the radius of the droplet; however, for bubbles and concave menisci, the Kelvin curvature
may become negative.

The saturation vapor pressure at a convex curved liquid-vapor interface is higher than that
of a flat one. To evaluate the partial pressure at the spherical water droplet surface, vapor pressure
enhancement due to the droplet curvature needs to be considered. At a certain temperature, the
change of the vapor pressure due to the curvature effect is expressed by the Kelvin equation [29].

P 2 v
£ ZVvim (4)
Psat TRqTq

In

where y;y is the liquid/vapor surface tension and V;,, is the molar volume of the liquid. According
to Kelvin equation, the vapor pressure of the curved surface is inversely proportional to the radius.
Smaller droplets evaporate quicker than larger ones due to higher equilibrium vapor pressure. Note
that for droplet diameters larger than 1 um, the partial pressure of water vapor at the droplet surface
is very close to the saturated vapor pressure of the flat surface making the curvature effect
negligible. However, the Kelvin effect is significant for submicron-sized droplets [30]. At the
nanoscale, the Kelvin effect becomes dominant for evaporation or other mass diffusion processes
in droplets, water capillary bridges, and menisci.

For a spherical droplet, the equilibrium value of the RH is always greater than 100%, which
is the reason why small droplets evaporate even at 100% ambient RH. The rate of evaporation due
to the Kelvin mechanism increases proportionally to the difference of the actual curvature of the
droplet, 1/r, and the Kelvin curvature

dm 1 RT
— X - In& 5)
dt T 2YLy  DPs

2.3. Role of solutes in water droplet evaporation
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While the curvature effect is significant only for submicron droplets of pure water, it may
become pronounced for much larger droplets, if these contain solutes. Respiratory droplets usually
contain proteins and salts occupying a significant fraction of the droplet’s volume.

Solute molecules are evenly distributed in a water solution. At the surface, some solute
molecules replace some of the water molecules. Consequently, fewer water molecules are
available for evaporation at the water surface. Also, solute molecules are bound with the solvent
molecules, which may enhance hydrogen bonding of water molecules. Therefore, the presence of
solutes in a water droplet reduces the evaporation rate.

The effect of solutes on droplet evaporation can be interpreted as the diminution of the
saturation vapor pressure of the solvent. A solution in which the gas phase has analogous
thermodynamic properties of a mixture of ideal gases is called an ideal solution. The diminution
of vapor pressure due to the presence of a solute in an ideal solution follows Raoult’s law.
According to Raoult’s law, the vapor pressure of the solution, P can be expressed as

P = RHz0 Pgat (6)

NH,0+Ns

Here, ny,o and ng are molar amounts of water and the solute respectively, and Pgg; is the
saturation vapor pressure of water. Water solutions follow Raoult’s law in the cases of low
concentrations of the solute. The reduction of the vapor pressure caused by the dissolved solute
shifts the condensation-evaporation dynamic equilibrium at the droplet surface making the
saturation vapor pressure smaller than that of a pure water droplet. This also implies that the
evaporation rate of the water droplet will decrease with time with decreasing saturation vapor
pressure of the solution.

The curvature effect and the solute effect act simultaneously during the evaporation
counteracting each other. The Kdhler equation [31] describes these two effects in combination
correlating the droplet radius to the saturation vapor pressure ratio for a given solute

P _ H,0 (ZYLVVm) (7)

= exp
Psat ny,o0+ns rRT

The effect of the solutes is equivalent to increasing the interfacial curvature radius. For
typical values of NaCl and protein concentrations in the respiratory fluids, the equilibrium droplet
radius can constitute a=10 pm for RH=100% and a=1.9 um for RH=64%. Smaller droplets would
not evaporate. Moreover, for the 10 um radius droplet, the time to settle from the 1.5 m height is
8 minutes and an inhaled droplet has 81% probability to settle in head airways and only 2%
probability to reach the alveolar region of lungs. For the 1.9 um droplet, these parameters are 216
minutes, 57%, and 12% respectively [12]. Thus, the solute in respiratory microdroplets drastically
increases their pathogenic potential.

2.4. Surface wetting properties and evaporation of deposited droplets
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In this section, the effect of surface properties on naturally evaporating deposited (sessile)
droplets will be discussed. Relevant surface properties include the surface roughness, porosity,
water absorption capacity, contact angle (CA), and contact angle hysteresis (CAH). Wetting
properties characterized by CA and CAH can influence the evaporation process of a sessile droplet
significantly [32]. We will now consider naturally evaporating droplets on surfaces of different
wettability, such as hydrophilic, hydrophobic, and superhydrophobic surfaces. The surfaces are
assumed non-porous, so that the evaporation is the process leading to the disappearance of the
sessile water droplets under the isothermal conditions.

The wettability of a solid surface by a liquid is quantified by the contact angle (CA) [33].
From Young’s equation, the equilibrium value of the most stable CA, 6, is found

COSG — Ysv—Vsl (8)
Y

where ¥, Vi, and y; are surface tensions (or interfacial free energies) of the solid-vapor, liquid-
vapor, and solid-liquid interfaces respectively [34]. A hydrophilic surface is wetted by water, and
a water droplet on it forms a CA < 90°. For a hydrophobic surface, the liquid-solid contact area is
reduced, and wetting is characterized by a CA > 90°. Surfaces with high CA > 150° are called
superhydrophobic.
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Fig. 3. (a) A sessile droplet on a solid substrate (b) Constant contact radius (CCR) mode
and (c) Constant contact angle (CCA) mode of droplet evaporation on a solid substrate

Small droplets have a shape of a spherical cap with the diffusion of the vapor in the gas
phase dominates over the convection and other heat transfer processes [35]. For a spherical cap
shown in Fig. 3(a), the sessile droplet height can be expressed in terms of the contact radius and
the CA, 6 as follows

R? r
—1r2 ——— wherer <R,

h(T, t) - sin20 tan@ ®)

The volume of the evaporating water droplet, V(R, t) is given by

2—3cosf+cos36

VR, ) = "5a( ) (10)

sin30
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Based on the diffusion-controlled mass transfer in the gas phase and considering that the
liquid-vapor interface temperature is equal to the ambient temperature, the droplet evaporation rate can
be expressed as

av _ M
i 2nDAP pRTf(H)(

3V
1(2—3cos0+cos30)

= MRq f(6)
)? ~ 2mDAP 2 (1D
where D is the diffusion coefficient of the water vapor molecules in the air, AP is the difference
between the saturation vapor pressure and the ambient vapor pressure, M is the molar mass of
water, and f(0) denotes a geometric factor related to the sessile droplet’s shape. The polynomial
representation of f(6) is presented below [36]

f(6) = 0.00008957 + 0.63336 + 0.11662 — 0.0887863 + 0.010336* when 6 > 10°
f(8) =0.63660 + 0.0959162 — 0.0614463 when 6 < 10° (12)

The CA and the pinning of the CL of the sessile droplet influence the mass transfer and
evaporation process. Depending upon the dynamic behavior of the CA and the three phase contact
line (CL), Picknett, and Bexon [37] suggested two droplet evaporation modes. The first mode is
the constant contact radius (CCR) mode where the CR remains constant and the CA reduces. The
second mode is the constant contact angle (CCA) mode when the CA remains constant and the CR
decreases with time. Fig. 3(b-c) shows the two evaporating modes of a sessile droplet on a solid
substrate in ambient air. The transition of these two evaporation modes leads to the change of the
sessile droplet’s shape. During the transition, the CL is pinned momentarily and then slips to a new
position. Shaikeea et al. [38] reported that an intermediate stick-slip mode dominates the final
stage of the evaporation of a sessile drop on a solid substrate.

2.5. Evaporation of sessile (deposited) droplets on hydrophilic, hydrophobic, and
superhydrophobic substrates

The wetting and spreading processes are coupled with the natural evaporation of a sessile
droplet on a solid substrate [39]. For complete wetting, the CA is almost 0° and the droplet spreads
out completely over the hydrophilic substrate [40]. Lee and co-workers reported that the coupled
process of spreading and evaporation of a sessile droplet can be subdivided into two stages for the
complete wetting condition [41]. The first stage is short, and the spreading process dominates over
negligible evaporation. The volume of the droplet remains approximately constant throughout the
first stage. The second stage is comparatively longer, and the CA remains approximately constant.
This stage starts when the spreading process is almost over, and the evaporation process is
dominant at this stage.

The evaporation of a sessile droplet on a hydrophilic surface is influenced by the pinning
of the three-phase CL in metastable positions due to the chemical and structural heterogeneity of
the substrate [42]. The CL pinning is one of the causes of the CA hysteresis (CAH), the difference
between the advancing CA and the receding CA. The spreading and evaporation of a sessile droplet
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undergo four distinct stages [42]. When the droplet is placed on the hydrophilic substrate, the first
relatively short stage is characterized by a spreading process.

The evaporation of the sessile droplet can be neglected in this stage. The CA reaches the
value of the advancing CA and the contact radius hits its maximum value. This is followed by the
second stage when the CCR mode of sessile droplet evaporation is dominant. The CR remains
constant while the CL is pinned, and the CA decreases from the advancing CA to the receding CA
value. During the CL pinning, the droplet can have a wide range of CAs maintaining the same CR.
In the third stage, the CCA mode of droplet evaporation dominates. The CA remains constant
(close to the receding CA) and the CR of the droplet decreases. The fourth and final stage is known
as the mixed stage when both the CA and the CR keep decreasing until the droplet disappears. The
second and the third stage (CCR and CCA modes of evaporation) last significantly longer than the
other two stages constituting 90%-95% of the total drying time. For a hydrophilic substrate, the
CCR mode dominates over the CCA.

For a hydrophilic surface (CA< 90°), the volume reduction of the sessile droplet in CCR
and CCA evaporation modes can be expressed as

Vm=wu—§3 (13)

where Vj is the initial volume of the sessile droplet and tf is the total time of evaporation.

Recent micro/nanotechnological advancements have made it possible to design
superhydrophobic surfaces with such properties as water and ice repellence, self-cleaning, and
self-healing capacity. Low surface energy coatings combined with micro/nano roughness are used
to synthesize a hydrophobic or a superhydrophobic surface [43].

Sessile droplet on a non-wetting surfaces exhibit different evaporative characteristics
comparing with those of hydrophilic substrates. One noticeable difference of the droplet
evaporation process on a hydrophobic substrate is the negligible duration of the spreading stage
than a hydrophilic substrate. The CCA mode of evaporation dominates over the CCR mode due to
low CAH and weak CL pinning. CAH is a crucial factor for droplet evaporation especially on
rough surfaces. For the evaporation of sessile droplets on a hydrophilic substrate, the pinning time
of the CL takes 75% of the total evaporation time, whereas for hydrophobic substrates it takes only
40% [44]. For a hydrophilic substrate, the evaporation rate of a sessile drop is linearly proportional
to time. However, for hydrophobic substrates, the CCA mode of evaporation dominates, and the
evaporation rates are non-linear with respect to time.

Evaporation of a sessile droplet on a superhydrophobic substrate is less well understood.
Zhang and co-workers studied the sessile droplet evaporation on a superhydrophobic natural lotus
leaf and artificial polymer surfaces [45]. They suggested that the CCR mode of evaporation is
dominant on both superhydrophobic surfaces having a hierarchical surface profile. McHale et al.
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studied water droplet evaporation on a superhydrophobic patterned polymer surface. They reported
that the water droplet initially evaporated in a pinned CL mode (CCR mode) before the CL recedes
in a stepwise fashion [46]. Shin et al. reported that a sessile droplet evaporating on a
superhydrophobic surface does not have the three distinct modes of evaporation that are common
for a hydrophobic surface [44]. Kulinich and Farzaneh studied the effect of CAH on water droplet
evaporation from superhydrophobic surfaces [47]. Two types of superhydrophobic surfaces with
the same value of CA but significantly different CAH values were used. It was reported that the
evaporation of a sessile droplet on superhydrophobic substrates with a low CAH followed the CCA
mode. For substrates with a high value of CAH, the CCR mode of droplet evaporation was
observed. Droplet evaporation rate was non-linear with time on a superhydrophobic surfaces
similarly to hydrophobic ones.

The unique characteristic of droplet evaporation on a superhydrophobic surface is the
absence of CL pinning. A comparatively longer time is required for the evaporation of a sessile
droplet on a superhydrophobic surface than on other surface types. The reason behind this is that
the water droplet evaporates in CCR mode maintaining its spherical shape until the final stage of
evaporation. This is followed by a reduced evaporation rate when a thin layer is formed before the
droplet is completely evaporated. A droplet evaporating on a superhydrophobic surface has a large
contact surface area with the air due to the minimum CL pinning. Consequently, it is expected that
the evaporation time should be minimum for the superhydrophobic surface which is opposite to
the experimental finding. A likely reason for this is the presence of micro and nanoscale roughness
in a superhydrophobic surface. The surface characteristics and the thin layer formation at the last
stage of droplet evaporation become more influential in deciding the duration of the evaporation
process.

Porosity, surface patterns, and the wetting state of superhydrophobic surfaces influence the
droplet evaporation. The difference between the heterogeneous Cassie-Baxter (trapping of air
pockets between the droplet and the surface) and homogeneous Wenzel (complete wetting) states
can cause a significant difference in the droplet evaporation process on hydrophilic and
hydrophobic surfaces. Superhydrophobic surfaces often have both micro and nanosized asperities
forming the hierarchical roughness [33]. Small sessile water droplets (submicron-sized) suspended
on a superhydrophobic surface often get deposited between such asperities.

2.6. The effect of light radiation

Water is almost transparent for the visible light and it does not absorb electromagnetic
energy at these frequencies (400 nm-750 nm). The maximum water absorption spectrum is at the
wavelength of about A=2.7 microns. This Infrared (IR) wavelength corresponds to the natural
frequency of the O-H bond in the H2O molecule. However, the solar radiation is extremely weak
at this frequency, since the majority of the solar light energy is in the visible light and in the
ultraviolet (UV) part of the spectrum. Dombrovsky et al. [16] have estimated the average efficiency
factor of absorption of the solar radiation by microdroplets and found that it is less than 0.05 for
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droplets of the radius R=50 mm or smaller. Therefore, the solar radiation effect on the heating of
microdroplets is negligible.

While water is almost transparent, nanoparticles, solutes, and virus particles inside a
microdroplet can absorb light radiation and get heated. In this case, the heat exchange of the virus
particle with the droplet can become a stabilizing factor, preventing the heating of virions above
their inactivation temperature [14].

As far as the UV part of the spectrum, the wavelength close to A=253 nm is known to
inactivate microorganisms including viruses, because this is a resonance (natural) frequency of
nucleic acids. Therefore, solar UV radiation can be used for anti-viral purposes [14,15,17].

3. Modeling results

In this section, we will analyze the evaporation of airborne water droplets and sessile
droplets on hydrophilic, hydrophobic, and superhydrophobic surfaces using Eq.3 for airborne, and
Eq.11 for sessile droplets.

—e—Temp=20"C, RH=20% —e—Temp=20°C, RH=50% =o—=Temp=20"C, RH=50%  —#—Temp=30"C, RH=50%
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Fig.4. Evaporation rate vs droplet radius (a) at a constant temperature (20°C) for different RH
levels, (b) at a constant RH (50%) at different temperatures

The evaporation rates of airborne water droplets with respect to the corresponding droplet
radii at a constant temperature (20°C) at different RH levels (RH=20%. RH=50%) are presented
in Fig. 4(a). The evaporation rate (presented as the rate of the decrease of the radius with time)
increases with decreasing droplet radius. At 20°C and RH=20%, for an airborne water droplet of
an initial radius of 100 um, the evaporation rate was found to be 4.7 x 10~*m/s which is
consistent with the results found in other studies [48]. A noticeable decrease in the evaporation
rate was observed with decreasing RH. The change in the evaporation rate with respect to the
droplet radius at a constant RH level (50%) at different temperatures (20°C and 30°C) is shown in
Fig. 4(b). It is found that at the same RH, the evaporation rate is higher at a higher temperature.
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The evaporation of a sessile droplet on a surface is a more complicated topic. The
evaporation rates of sessile droplets on hydrophilic surfaces as a function of the CA at different
RH levels are presented in Fig. 5 (a).
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Fig. 5. (a) Evaporation rate and (b) evaporation time vs. CA of a sessile droplet (R=10um) on a
hydrophilic surface, (¢) evaporation rate vs. CA on hydrophobic and superhydrophobic surfaces
at different RH levels at 20°C, (d) evaporation time vs. contact radius of sessile droplets on a
superhydrophobic surface (CA=150°) at different RH levels at 20°C

The evaporation rate increases with increasing CA. It also increases significantly with
decreasing RH. For hydrophilic surfaces, the evaporation characteristics are dominated by the
pinning of the three-phase CL. With increasing CA, the contact surface area of air and the droplet
increases. Consequently, the evaporation rate also increases. The total evaporation time of sessile
droplets on hydrophilic surfaces as a function of CA is presented in Fig. 5(b). For the complete
wetting of a hydrophilic substrate (CA=0°), the droplet spreads out completely over the surface
and forms a liquid film which takes a significant time to evaporate. However, with increasing
initial CA, the total evaporation time decreases due to the increased water-air contact area that
intensifies the diffusion process. For hydrophilic surfaces, the CCR mode of sessile droplet
evaporation is dominant. In this mode, the contact radius remains constant as the CL is pinned
while the CA decreases from the advancing CA to the receding CA.

The evaporation rates of the sessile droplets on hydrophobic and superhydrophobic
surfaces as a function of the initial CA at different RH levels are presented in Fig. 5(c). For
hydrophobic surfaces (90°<CA<150°), the evaporation rate increases gradually with increasing
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CA. However, for superhydrophobic surfaces (CA>150°), the evaporation rate increases rampantly
with increasing CA. This implies the significant difference between the evaporation processes of
a sessile droplet on a hydrophobic and a superhydrophobic surface. For the droplet evaporation on
a hydrophobic surface, three modes of evaporation are reported. Among them the CCA mode is
dominant (CA remains constant and the CR decreases). However, for a superhydrophobic surface,
the three distinct phases of evaporation do not exist. Stauber and co-workers reported that for
strongly superhydrophobic surfaces (CA=180°), the CCR and CCA modes are not distinguishable
[49]. For a strongly superhydrophobic surface, the CA is the maximum (CA=180%), and the
contact radius is the minimum (R ~0). For the evaporation of such a sessile droplet in CCA mode,
as the CA remains constant at 180°, the CR is also constant (R=0). Both the CA and the CR remain
constant which makes the two extreme evaporation modes indistinguishable. Also, Fig.5(c)
indicates that RH level influences the evaporation rate significantly.

The total evaporation time as a function of the CR, R of sessile droplets on a
superhydrophobic surface (CA=150") at different RH levels at 20°C is presented in Fig. 5(d). The
total time for the complete evaporation increases notably with the CR. Also, the evaporation time
is higher at a higher RH level at the same temperature.

We studied droplet evaporation using theoretical models. We found that besides RH and
air temperature, the evaporation rates depend significantly on droplet size, and surface wetting
parameters (for sessile droplets). In the following section, the evaporation of sessile droplets on
porous ceramic surfaces will be studied experimentally.

4. Experimental analysis of evaporation of sessile droplets

In this section, we will investigate droplet evaporation on photocatalytic and hydrophobic
(with a potential to superhydrophobicity) surface. These coatings can be used, for example, as
paints on surfaces (such as walls) various public buildings, presumably reducing the rate of virus
transmission. Two different types of sessile droplets were considered in the experiments: droplets
of deionized water and droplets of NaCl-water solution (1.0 M concentration). Two different types
of surfaces were used: hydrophobic ceramic tile, and hydrophobic polypropylene non-woven
medical fabrics (fabric of N95 medical mask).

4.1. Superhydrophobic and photocatalytic coatings for concretes and ceramics

Superhydrophobic and photocatalytic coatings for concrete and ceramics are novel
technologies for countering the water and ice induced corrosion. Concrete and ceramic are porous
and hydrophilic materials with a high water absorption capacity. Incorporating two-layer coatings,
superhydrophobic and photocatalytic concrete and ceramic materials can be synthesized. The first
layer of the coating is used to chemically bind photocatalytic micro and nanoparticles (e.g., TiO2-
phosphate) with the substrate to incorporate micro and nano roughness. As the second layer, a low
surface energy coating like polymethylhydrogen siloxane (PMHS) or polytetrafluoroethylene
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(PTFE) is used. With the combination of the micro nano level roughness and a low surface energy
coating, the substrate achieves photocatalytic and hydrophobic or superhydrophobic behavior.

4.2. Preparation of hydrophobic ceramic tile and polypropylene medical fabric samples

Unglazed clay ceramic tiles (supplied by Blick) were used as the substrate in our
experiments. The preparation procedure was discussed in detail in the earlier publication [43].
Two coating layers were applied to flat ceramic tile samples cut to 50 mm X 30 mm size. The first
coating layer was a titanium dioxide (TiO2)-phosphate coating. The photocatalytic titanium
dioxide-phosphate coated materials are known for their hydrophilicity. When property combined
with the strong photocatalytic oxidizing properties of TiOz, the coated ceramic tiles may become
self-cleaning. Hydrophobic modifications were used to transform TiOz-phosphate coated concrete
and ceramic tiles to hydrophobic (CA>90") and superhydrophobic (CA>150°) states.

To facilitate the attachment of the TiO: particles to the substrate, phosphoric acid was used
as the binder material. A solution of P25 titanium dioxide (Ti0Oz), phosphoric acid (H3PO4), and
water was prepared. The ceramic tiles were dipped into the solution to ensure the application of
the first layer of the coating (TiO2-phosphate) evenly on the substrate. After applying the coatings,
the tile samples are heat-treated at 250°C for 1-3 hours in a muffle furnace. TiO2 particles on the
TiO2-phosphate layer produce a micro and nanoscale hierarchical roughness profile on the tile
surface.

A second layer coating of polymethylhydrogen siloxane (PMHS) is applied on the TiO:-
phosphate layer to make the ceramic tile samples hydrophobic. The siloxane emulsion is water-
based and has several components. For emulsion preparation, a dispersion medium of deionized
water was used. Polyvinyl alcohol (PVA) was used as a stabilization agent for the emulsion which
reduces the foam formation PVA was gradually added to deionized water and stirred to prepare
the solution. A magnetic stirrer with a hot plate was used to stir the mixture. 25% PMHS and 4.4%
surfactant by the weight of the emulsion was used. The concentrations of PMHS and surfactant
were maintained precisely. A high-speed mixing at 10000 rpm was required to stabilize the
emulsion. HSM, model L5M-A from Silverson (a high-speed mixer) was used for this purpose.
The emulsion attained hydrophobic properties after almost 24 hours of application. After that, it
was applied as the second layer of coating for the tile samples.

Five different types of hydrophobic tile samples (R2, RS, R7, R9, O2) were prepared with
different duration of heat treatment, water-acid ratio, and acid/TiO2 ratio used in the synthesis.
These samples were used for further evaporation of sessile water and NaCl-water solution droplet
experiments. Polypropylene non-woven medical fabrics (N95 medical face mask) supplied by
Koho Nonwoven Co. were used in the experiments. For preparing the samples, the fabric was cut
to 1 inch X 1 inch size. Following the above-mentioned procedures, the two-layer hydrophobic
coating was applied to the fabric samples (PP N95).

4.3. Equipment
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The Rame-Hart 250 goniometer was used for measuring the water contact angle (CA). The
goniometer has several components: high-speed camera, light source, micro-syringe, etc. Using
the micro-syringe, a sessile water droplet is placed on the sample surface. The camera captures the
droplet image and the “DROPimage” software of the goniometer analyzes the wetting behavior.
The contact angle, droplet radius, deposited volume, etc. can be known from the software.

4.4. Experimental procedure

For characterizing the wetting behavior of the samples, CA measurements were done.
Using the micro-syringe, three water droplets of the same size (4 pL) were placed on each sample
at different locations. The contact angle values were obtained from the “DROPimage” software of
the goniometer. The average value of the measured contact angles on each sample was considered.

For measuring the evaporation rates of sessile water droplets and NaCl-water solution
droplets on the hydrophobic tile samples, droplets of different sizes were placed on different
locations of the tile samples. Droplet sizes can be controlled by the micro-syringe. The contact
angle, droplet contact radius, and droplet volume were recorded from the “DROPimage” software
of the goniometer. The total evaporation time of different droplets was recorded. Finally, the
evaporation rates of sessile droplets on different samples were calculated. In the evaporation
experiments, water droplets and NaCl-water solution droplets of contact radius varying from 0.35
mm to 0.85 mm were used.

5. Results and discussions

Using the goniometer, the CA on each hydrophobic sample was measured. The CA
measurements were performed before the evaporation tests. The CA of different samples ranged
between 96° to 111°. Table 1 summarizes the CA results for different hydrophobic tile samples
and the polypropylene medical fabric sample.

Table 1. Contact angle results for different hydrophobic samples

Sample Heat Water/ HsPOs | TiO2/ H3PO4 Contact Droplet
Treatment Ratio RatiO Angle Image
Duration o
)
Hour

R2 1 20 4 105°+2° a
R5 1 30 4 107°£1.5° n
R7 1 30 2 96°+2° n
R9 3 20 4 111°£1.5° n
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Fig.6. (a) Evaporation rates of sessile water droplets on the O2 (ceramic tile), and PP N95
(non-woven medical fabric) samples vs the CR. The theoretical model is for an ideal nonporous
surface (CA=108°) at 20°C and 20% RH level, (b) Evaporation rate vs CA of water droplets of

the same CR (0.60 mm) on tile samples, (¢) CR vs time required for complete evaporation of
water droplets ( CR= 0.60 mm) on different ceramic tile samples, (d) evaporation rate vs CA of
water droplets and NaCl-water solution droplets (CR = 0.60 mm) on the hydrophobic tile
samples, (e) CR vs time required for complete evaporation of the NaCl-water solution droplets (
CR = 0.60 mm) on different ceramic tile samples
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The theoretical and the experimental evaporation rates of sessile water droplets on the O2,
and PP N95 samples (coated with TiO2-phosphate, and PMHS hydrophobic layers) are plotted
against different CR in Fig. 6(a). The evaporation rate was estimated as a slope of the volume
change with time. From the theoretical model, a linear increment of the evaporation rate is
expected with increasing CR (in the range of 0.3 mm to 0.9 mm). The evaporation rates from the
experimental observations also followed the increasing linear trend with increasing CR. The R?
values of 0.8885, and 0.6873 indicate that the linear increase of the evaporation rate is a statistically
significant approximation for both samples. The experimental evaporation rates on the
polypropylene non-woven medical fabric were consistent with the theoretical model. However,
the experimental evaporation rates for the highly porous ceramic tiles were observed 2.2 to 4 times
greater than the theoretically calculated values for nonporous surfaces.

The water absorption capacity of the highly porous ceramic tile samples is responsible for
the deviation between the experimental and theoretical evaporation rates. As far as the imbibition
of porous material, the capillary effects play significant role only when the external pressure
gradient is small enough as compared with capillary forces [50]. The water absorption rate is an
important measurement for ceramic tiles. The unglazed ceramic tile samples used in our
experiments are highly porous with a high water absorption capacity (more than 6%). During the
experiments, two processes (evaporation and water absorption of the tile surface due to porosity)
contributed to the disappearance of the droplets. The water absorption capacity of the tile samples
also contributed to the reduction of the volume of the sessile droplets. So, less time was required
for the disappearance of the droplet due to the additional effect of water absorption of the ceramic
tiles. However, in both theoretical modeling and experimental calculation, the effect of porosity,
imbibition or other water absorption processes on the evaporation rate was ignored. Therefore, the
experimental evaporation rates of the sessile droplets were higher than the theoretically predicted
values. The size range of the sessile droplets considered in the experiments is also a reason behind
the deviation. The theoretical model of evaporation developed here is more effective for small
sessile droplets (CR of micrometer range or less). From Fig. 6(a), it is observed that the
experimental evaporation rates converge to the theoretical rates with a decreasing CR.

The experimental evaporation rates of the sessile water droplets on different tiles samples
are plotted against their corresponding CAs in Fig. 6(b). The theoretical model predicts a
noticeable increase in the evaporation rates with increasing CA. The range of the CAs of the
sample tiles was not wide (99°-111°). Yet the increasing trend of the evaporation rates with
increasing CAs was observed from the graph. The evaporation rates on the highly porous tile
samples (experimental) were observed 2.96 to 3.15 times greater than the nonporous surfaces
(theoretical). The water absorption capacity of the porous ceramic tile samples was the reason
behind the higher evaporation rates.

Total time required for the complete evaporation of sessile water droplets on different
ceramic tile samples is presented in Fig. 6(c). Water droplets of the same size (CR = 0.60 mm)
were placed on different ceramic tile samples to find the evaporation time. For the same CR, the
volume of the sessile water droplet increased with increasing CA. The evaporation rate also
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increased with increasing CA. The graph shows that with increasing CA (in the range of 99°-111°),
the time required for the complete evaporation was also increased.

The experimental evaporation rates of the sessile water droplets and NaCl-water solution
(1.0 M) droplets on the ceramic tile samples were plotted against the corresponding CAs in Fig.
6(d). In both cases, the evaporation rates increased with increasing CAs. The presence of solutes
in a water droplet decreases the evaporation rate. For the same droplet size (CR=0.60 mm) and the
same ceramic tile samples, the evaporation rates of the NaCl-water solution droplets were slightly
lower than those of the water droplets.

The time required for the complete evaporation of sessile NaCl-water solution droplets on
different ceramic tile samples is presented in Fig. 6(e). NaCl-water solution droplets of the same
size (CR = 0.60 mm) were placed on different ceramic tile samples. For the same CR, the volume
and the evaporation rate of the droplet increased with increasing CA. From Fig. 6(e), it is seen that
with increasing CA (in the range of 99°-111°) the time required for the complete evaporation of a
sessile NaCl-water solution droplet increases.

The experimental study demonstrated that apart from RH, temperature, and droplet size
evaporation is greatly influenced by surface properties (wetting, porosity). Surface coatings with
desired properties can potentially prevent the spread of viruses by repelling the virus bearing
droplets, and inactivating viruses by facilitating microdroplets evaporation.

6. Conclusions

Evaporation of water microdroplets can prevent the spread of viruses because drying
causes protein denaturation and other processes which eventually inactivate the virus. We have
reviewed modeling approaches for mechanisms of droplet evaporation including diffusion, the
Kelvin effect, and the effects of solutes and light radiation for airborne and sessile droplets.
Evaporation rates of sessile droplets on a hydrophobic polypropylene non-woven medical fabric
and highly porous ceramic tiles were studied experimentally. Both theoretical modeling and
experimental observations demonstrated that temperature, RH, and droplet size affect the
evaporation rate. However, besides these factors, such surface properties as wetting and porosity
were also significant. The experimental droplet evaporation rates on the hydrophobic
polypropylene non-woven medical fabric (coated with TiO2-phosphate, and PMHS layers) were
consistent with the theoretical model. However, evaporation rates on highly porous samples were
2.2 to 4 times higher than on nonporous surfaces. Since both porosity and wetting properties affect
droplet evaporation, modifications and control of these properties can help to inactivate viruses
and prevent their spreading.

The observed phenomena show the complexity of interactions involved into the
evaporation of liquid droplets on surfaces. These interactions involve those inherent to the
evaporation itself (heat and mass exchange, diffusion, the dynamic balance of the vaporization and
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condensation) and those typical for the interaction of liquid with rough and porous surfaces
(adhesion, pinning, heterogeneous and homogeneous interfaces). The control of these interactions
and surface properties can allow the optimization of droplet evaporation for such objectives as the
prevention of spreading of infectious diseases through droplets.

Data availability statement. The data that support the findings of this study are available from
the corresponding author upon reasonable request.
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levels, (b) at a constant RH (50%) at different temperatures

Fig. 5. (a) Evaporation rate and (b) evaporation time vs. CA of a sessile droplet (R=10pum) on a
hydrophilic surface, (c) evaporation rate vs. CA on hydrophobic and superhydrophobic surfaces at
different RH levels at 20°C, (d) evaporation time vs. radius of sessile droplets on a
superhydrophobic surface (CA=150°) at different RH levels at 20°C

Fig.6. (a) Evaporation rates of sessile water droplets on the O2 (ceramic tile), and PP N95 (non-
woven medical fabric) samples vs the contact radius. The theoretical model is for an ideal
nonporous surface (CA=108°) at 20°C and 20% RH level, (b) Evaporation rate vs CA of water
droplets of the same contact radius (CR= 0.60 mm) on tile samples, (c) contact radius vs time
required for complete evaporation of water droplets ( CR= 0.60 mm) on different ceramic tile
samples, (d) evaporation rate vs CA of water droplets and NaCl-water solution droplets (CR = 0.60
mm) on the hydrophobic tile samples, (¢) Contact radius vs time required for complete evaporation
of the NaCl-water solution droplets ( CR = 0.60 mm) on different ceramic tile samples
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—&— Evaporation without porosity (model)
= <= Evaporation experiments on a highly porous ceramic tile
= <= Evaporation experiments on a non woven medical fabric

—e— Evaporation without porosity (model)

- & - Evaporation and water absorption with porosity (experiment)
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