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ABSTRACT

The spreading of respiratory diseases through deposited saliva droplets is strongly dependent on the water evaporation process that may
determine the virus viability due to the increase in concentration of nonvolatile compounds that are harmful for the virus. The drying time
of a virus-laden droplet is influenced by environmental conditions, such as relative humidity and temperature, physical properties, such as
the features of the surface on which it is deposited, and the wetting regime. Under this perspective, we addressed the modeling of an evapo-
rating sessile droplet resting on a flat smooth surface, extending a previous diffusion-based model from the same authors. The evaporation
behavior of sessile droplets of aqueous sodium chloride solutions and the virus viability of a surrogate virus (MS2) have been simulated con-
sidering different wetting regimes to account for different types of surfaces, ranging from highly hydrophilic to highly hydrophobic, as well
as different ambient conditions, in terms of temperature and relative humidity. The results of calculations were given in terms of time evolu-
tion of contact angle, contact radius, mixture volume, and salt concentration, unveiling the importance of different wetting regimes for evap-
oration behavior and drying time. Longer evaporation times have been observed as temperature decreases and relative humidity increases.
With reference to a surrogate virus, we evaluated the virus viability at different selected conditions, observing the classical U-shape of relative
viability as a function of relative humidity of the environment at a certain temperature.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0143813

to a human body.”” As a matter of fact, enveloped and non-enveloped
viruses may survive inside expectorated respiratory droplets deposited
on surfaces for several days.”

With reference to a sessile droplet placed on a flat substrate, the
key parameters ruling the evaporation process and the time needed for

I. INTRODUCTION

Pandemic diseases are a threat of great concern in the twenty-
first century, as is the one caused by the well-known SARS-CoV-2
(Severe Acute Respiratory Syndrome Coronavirus 2) that already
took lives of millions of people. The rapid spread of SARS-CoV-2
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raised important questions regarding the transmission mechanisms
and the role potentially played by airborne transmission, indicating
that for this virus the contamination is primarily caused by virus
inhalation.’

Several works have been devoted to elucidating the spreading
mechanism of viruses, reporting that virulent diseases may be trans-
mitted via aerosols, which remain suspended in air long enough to be
inhaled, or droplets that may either directly affect a susceptible person
or get deposited on a substrate before being transferred from a surface

total or partial evaporation of the droplet are the type of surface and
its interaction with the droplet, e.g., substrates with different thermal
properties,” surface topography,” and chemical affinity between the
substrate and the droplet;”'” the types of different solutes present
within the droplet and their concentration;' "' the wetting regime,
e.g., total or partial spreading of the droplet on the surface;”” and,
finally, the environmental conditions, e.g., the relative humidity (RH)
and the temperature.'" ' Under this perspective, it is important to
assess which are the parameters that regulate the evaporation process
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to properly design new surfaces with the purpose of frustrating the via-
bility of viruses carried by the droplets.

In this regard, ambient humidity and temperature severely affect
virus viability in biological fluids. In fact, it has been reported that
some enveloped viruses,'” *’ included in respiratory aerosol as well as
in deposited droplets, are characterized by the so-called U-shape
behavior. Starting from very high values of relative humidity (RH), the
viral load displays a high viability that decreases as RH decreases
reaching a minimum value at intermediate RHs and then increases
again up to high values as the RH still decreases (RH < 50%). In this
way, three regimes of viability in terms of RH can be identified."”'* As
a consequence, when aerosols or droplets are exhaled into the sur-
rounding environment (containing unsaturated air, i.e., RH < 100%),
they may either fully or partially evaporate to allow the attainment, at
the aerosol (or droplet) interface, of a water vapor pressure in equilib-
rium with ambient conditions."”

The respiratory droplet is a complex mixture of several solutes,
such as salts and proteins, at variable concentration values that
increase as water evaporation proceeds. This event influences in a dra-
matic way the microenvironment in which the viruses are embedded,
affecting, therefore, their viability.”

Lifetime of virus-laden droplets is also dependent on the wetting
behavior and the type of substrate that is reflected in the dependency
on the contact angle (CA) formed between the solid surface and the
droplet. Bhardwaj and Agrawal’' modeled the evaporation of a pure
water sessile droplet placed on a partially wetted surface with a pinned
contact line (CL) and observed that the drying time was strongly
affected by the droplet volume, CA, ambient temperature, and humid-
ity. In a follow-up study,”” same authors observed that there is a dras-
tic difference between the drying time of respiratory droplets and the
survival time of the coronavirus on different surfaces (order of seconds
vs order of hours, respectively), attributing this discrepancy in the
timescales to a thin liquid film that remains after the evaporation of
the initial sessile droplet. A further development has been reported by
Kumar in Ref. 23, where the role of a stick-slip (SS) evaporation mode
on the lifetime of COVID-19 droplets has been investigated on materi-
als with a different wettability. However, despite the efforts made so
far, the physics underlying these phenomena is not yet fully under-
stood, and simple thermodynamic models capable of predicting and
describing the above-mentioned regimes have not been wholly
exploited.

To the best of our knowledge, most of the existing reports on
the drying time of virus-laden droplets have been devoted only to
the study of a pinned contact line mode (e.g., constant contact area)
in terms of wetting behavior and with reference to pure liquids (e.g.,
water, usually assumed to behave like saliva droplets, which are char-
acterized instead by a more complex composition™’). Starting from
these recent achievements in the literature, we adopted a mathemati-
cal model of a spherical cap droplet located on a flat substrate. We
essentially focused on two crucial points in developing our model:
(i) the introduction of a simple relation (already introduced in Ref.
24 but only used for pure liquids) that allows a global analysis of the
wetting regime on different substrates (e.g., from hydrophilic to
hydrophobic surfaces) and (ii) the analysis of the evaporation pro-
cess at different ambient temperatures. The points (i) and (ii) repre-
sent two major steps forward with reference to our previous work”’
and allow, with reference to the literature, the extension of the
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evaporation model with these new implemented features from pure
water systems to aqueous sodium chloride solutions.

We investigated the evaporation behavior, the wetting regime,
and the compositional evolution of sessile droplets in terms of CA,
contact radius (CR), mixture volume, and salt concentration. In this
way, it was possible to analyze the dependence of the virus viability on
the environmental conditions, such as RH and temperature (T, not
investigated in Ref. 25), and on the material surface characteristics,
through the initial CA (6,) and the receding CA (0g), by relating the
evaporation of saline sessile droplets to a proper measure of the so-
called cumulative dose (CD) of harmful compounds to which the virus
is exposed inside the droplet. The interesting final finding of this work
may provide insight about one of the key parameters ruling the inter-
action between the liquid droplet and the solid substrate, namely, the
wetting behavior that occurs when a sessile droplet is resting on a flat
smooth surface. However, it should be underlined that, in the current
version of the model, the effect of the chemical nature of the solid sub-
strate on the viability of viruses placed inside a sessile droplet standing
on it has not been considered.

Il. METHODS

A. Modeling the evaporation of a sessile droplet
on a flat substrate

In this work, a widely used model”***** of a sessile droplet of

saliva is adopted, which consists of an aqueous solution of sodium
chloride placed on a flat substrate. Important assumptions are that
both the Bond number [Bo = (p',,, ¢ RY)/a!,., with p! . and o’ .,
being the density and the surface tension of the liquid mixture, respec-
tively, g the acceleration of gravity, and R the contact radius] and the
capillary number [Ca = (| ,ulmix u,)/aim, with ulmix and u, being the vis-
cosity of the liquid mixture and the characteristic flow velocity within
the droplet, respectively] are much smaller than 1 during the whole
evaporation process.”” Therefore, the effect of the gravitational forces
over the surface tension can be neglected, and the internal flows are
too weak to alter the interface shape so that the droplet shape can be
considered as a spherical cap,”*”’

Viix = nR?g(0), (1)

where 0 and R, respectively, are the CA and the CR, and g(0) has the
following expression:

7c0593 —3cosl+2
N 3sin 0?

g(0) (2)
From Egs. (1) and (2), we obtain the geometrical parameters (i.e., CA,
CR, and V,,,;,). Based on this, the other parameter can be easily calcu-
lated. Accordingly, at the initial phase of the evaporation process, the
initial contact radius R, can be derived from the known initial mixture
volume Vo and initial contact angle 0. Overall, from the geometric
considerations, the volume evaporation rate dV,,,;/dt can be expressed
as a function of the time-derivatives of 0 and R as follows :

AViix R do 3R (6) dR
= —+3n —.

dt (1 + cos 9)2 dt g dt
We also adopted the widely used hypothesis that the evaporation pro-
cess is slow enough into the stagnant air so that the mass transfer is
solely limited by the water diffusion within the gaseous phase

3)
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surrounding the droplet. This assumption is fulfilled when the charac-
teristic time of diffusion is negligible with respect to the evaporation
time [i.e., when R%/(D,, t.,) < 1, with D,, and t,, being the water diffu-
sivity in air and the evaporation time, respectively].”* ** Data related
to the dependence of the water diffusion coefficient (m?/s) on temper-
ature T (K) were retrieved from Bhardwaj and Agrawal.”"** In addi-
tion, the slow evaporation rate allows to assume inside the droplet the
uniformity of the profile of temperature, which is equal to the environ-
mental temperature T.”"*° In addition, the quasi-steady state assump-
tion for the diffusion process allows a simple formulation of the mass
balance of water vapor within the gaseous phase, reducing the problem
to the solution of a Laplace equation in terms of water concentration
p;,. With the above-mentioned assumptions, a formal solution in
terms of instantaneous total mass evaporation rate was proposed by
Popov”’ as follows:

dmmix
dt
v,sat

where p}:** and p};>° stand for the water vapor concentration in the
surrounding air at the droplet-air interface and in the bulk of the air
phase, respectively, while f{(0) is the function that encloses the depen-
dence on the temporal evolution of the CA. The same author reported
an analytical form for £(0),"”

= —7RD, (p" — pi>)f(0), 4)

f(O) = anh[(nm — 0)7ldz.  (5)

sin(0) J“ 1 + cos h(207)
" 1+cos(0)

o sinh(2n7)

However, Eq. (5) is not in a closed form and needs to be calculated by
a numerical integration method. Among the several expressions pro-
posed as an approximation of Eq. (5),”*”*****' Hu and Wu reported
a closed-form expression of simple application that well fits the analyt-
ical form™

1

0) = ————. 6
1) V1 + cos(6) ©)
Equation (6) holds for 0 < 0 < 180°; thus, this analysis can cope with
several types of substrates (e.g., 0y < 90° for hydrophilic surfaces or 0,
> 90° for hydrophobic surfaces). If this approximation is used, the
instantaneous total mass evaporation rate of the mixture can be then

expressed as

Ay — _7RD (pvtsat _ pV«OO) ; (7)
dt A "1+ cos(0)

Environmental conditions, such as RH and T, play a crucial role in the
evaporation behavior of the sessile droplet. The relative humidity is
defined as the ratio of the actual partial pressure of water in the gas-
eous phase to the water vapor saturation pressure at the given T. The
water vapor concentration at the interface between the droplet and the
external gaseous phase is imposed to be determined by the water vapor
saturation pressure of the droplet aqueous mixture at the given T. We
assume an ideal gas behavior; therefore, the vapor water concentration
at the interface can be expressed as

ol
visat __ P MW

8
W R,T ®)

where M,, and R, are, respectively, the water molecular weight and the
universal gas constant, while P stands for the equilibrium vapor

ARTICLE pubs.aip.org/aip/phf

pressure of the water solution forming the droplet. In fact, if a nonvol-
atile solute (e.g., salt and proteins, in the case of a saliva droplet) is con-
tained within the drop, p!;** depends on P which, in turn, is
determined by the solute concentration that changes because of water
evaporation (or condensation from the surrounding environment). In
particular, P’ can be expressed in the following way:

P = (1= x)y, P, ©)

where x, is the salt (solute) molar fraction in the mixture, 7y,, is the
activity coefficient of water that depends on x,, and P*** is the equilib-
rium vapor pressure at the given T for pure water. The water vapor
concentration in the bulk of the gaseous phase far from the droplet
surface is assumed to be p);>** = RH p};**. The effect of droplet curva-
ture on P is neglected because, for a radius of curvature of 0.1 mm
(within the range of 0.1-0.5 mm for a droplet volume of 10 nl and the
observed initial contact angles), the increase in P determined by the
curvature of the surface is less than 0.1% as compared to that of a flat
surface. There are two notable values of the water-vapor pressure at
the droplet-air interface, P, at T=25°C (the ambient temperature
considered in the first part of this study). These two values are 3153
and 2387 Pa, related, respectively, to the values of the initial c;y and
saturation C;m salt concentration (with, respectively, x;, and xj“‘ being
the molar fractions). Obviously, these values change with ambient
temperature.

B. Evaporation regimes

Three different regimes can be identified based on the assigned
value of P**.'"'* In regime I, i.e., when the value of RH is greater than
RH, (the threshold relative humidity that would be in equilibrium
with the water activity, corresponding to the initial salt concentration),

RH > RHy, RHy = (1 — x,0) 7y, (10)

water condensates from the surrounding gaseous environment.
Therefore, the droplet volume increases, diluting the solutes and, thus,
promoting an increase also of the water activity [Fig. 1(a)]. In regime
II, i.e., when RH is comprised between RH, and RH** (the threshold
relative humidity that would be in equilibrium with the water activity,
corresponding to the saturation salt concentration),

RH* < RH < RHy, RHy = (1 — x5) 7y,
and
RH™ = (1—x") y3, (11)

water evaporates from the liquid droplet. This evaporation promotes a
gradual reduction of water activity within the drop due to the increase
in salt concentration and the evaporation stops as soon as the water
activity within the droplet matches the value that is in equilibrium
with the selected value of RH [Fig. 1(b)]. In regime III, i.e., when the
value of RH is smaller than RH**,

RH < RH™, RH* = (1—x") ", (12)

it is again expected that water evaporates from the droplet, and that
the volume decreases while the salt concentration increases with time
until it reaches the precipitation concentration staying at this value
until the water of the droplet completely evaporates [Fig. 1(c)].

Phys. Fluids 35, 057109 (2023); doi: 10.1063/5.0143813
Published under an exclusive license by AIP Publishing

35, 057109-3

pd€18e7L0'S L 6012G0/SEEBSELLICLBEY L0 G/E901L 0L/10p/spd-sjoniejod/die/Bio die'sqgnd;/:dny wody papeojumoq


pubs.aip.org/aip/phf

Physics of Fluids

Water condensation

RH = RH,

AL ! CSD ¥

\ | ,
Fo substrate time  feon

Water evaporation RHsat S RH < RHO

R, time t,,

substrate
RH < RH"%

(C) - Water evaporation

droplet

time t,
substrate

FIG. 1. Left panel of the figure details the scheme of a sessile droplet on a solid
substrate undergoing condensation in (a) regime | and evaporation in (b) regime |l
and (c) regime Il Right panel reports the graphs detailing the behavior of the salt
concentration cs in the different regimes.

The RH* corresponds to the relative humidity at which the phenome-
non of the deliquescence occurs, namely, the water-soluble salt (e.g.,
the sodium chloride) starts absorbing moisture from the surrounding
air and forms a saturated aqueous solution.” However, in most real
cases, the aqueous salt solutions tend to precipitate not at the true satu-
ration point, rather it forms supersaturated solutions. Indeed, salt pre-
cipitation occurs after the efflorescence, that is, nucleation and growth
of salt crystals formed in the supersaturated state.”” In our case, since
the choice of RH** value does not affect the qualitative conclusions,
we illustrate the following modeling results with the assumption that
the salt precipitation occurs at saturation point.
The instantaneous mass density rate can be expressed as follows:
dplmix Ldmmix - %dvmix

dt :Vm,»x dt Ve dt (13)

Data for aqueous solutions of sodium chloride were taken from
Ref. 33 in the case of 7, (salt activity coefficient) and y,, [data from
Ref. 33 have been fitted with the exponential relationship
7w = exp(E;-x2/3+Eyx2/2), where E; and E, are fitting parameters],
and from Poling et al.” in the case of P** and p!,, (data from Ref.
34 have been fitted using the linear relationship p!,, =C;-x,+C,,
where C; and C, are fitting parameters) in the range of x5y < x;
< x5 (salt molar fraction comprised between its initial value xy,
and the saturation value x{*) and the investigated range tempera-
tures (namely, 10-60 °C).

ARTICLE pubs.aip.org/aip/phf

C. Wetting regimes

We confine our attention to the case in which we are in regime II
or III, so that volume decrease in the droplet occurs by evaporation.
The evaporation process of a sessile droplet on a flat surface is also
influenced by the pinning behavior of the three-phase contact line
(CL) that may or may not move toward different metastable positions,
depending on the chemical and/or the structural heterogeneity of the
solid substrate. Typically, in the condition of pinned CL, the droplet
may undergo two dynamic CAs, namely, the advancing contact angle
(04, the maximum value of the CA at fixed wetting area) and the
receding contact angle (O, the minimum value of the CA at fixed wet-
ting area).”” These two values represent the limits in which the CA
ranges at fixed wetting area, and their difference (namely, 04 — 0p) is
widely known as contact angle hysteresis (CAH).

Generally, there may exist three typical wetting regimes, depend-
ing on the interaction between the sessile droplet and the substrate as
well as the chemical-physical characteristics of the surface: the con-
stant contact radius (CCR) condition, the constant contact angle
(CCA) condition, and the stick-slip (SS) condition.”””’

The CCR (fixed wetting area) is expected to occur in the case of
hydrophilic surfaces, the initial contact between the substrate and the
sessile droplet is characterized by a fast-spreading process during which
the evaporation can be neglected, and the CR reaches its maximum
value.” In the context of this work, the initial state of the droplet evapo-
ration is imposed right after the spreading process that is assumed to
occur instantaneously. Thus, we may assume 0= 0., imposing to the
drop an initial configuration corresponding to the static equilibrium
that would occur in the case of no evaporation. After the spreading, the
droplet evaporates with a constant CR (R = Ry, dR/dt = 0), while its CA
decreases from its initial value 0 to its final value 0,4 (0 in the case of
regime IIT) in a time span #ccg, namely, the time elapsed for the droplet
evaporation to attain the stationary state (i.e., a constant volume condi-
tion when we are in regime II, and a volume equal to zero when we are
in regime III), see Fig. 2(a).”” Therefore, for a sessile droplet evaporating
in CCR mode, dV,,;/dt and dm,,;/dt [Egs. (3) and (7), respectively]
can be rewritten as follows:

Ve TR dO

dR
R=Ry, and —=0, Gﬁmz<9<(90,

dt 7(1—i—cos9)2E7 dt
p (14)
rZ:ﬂx = —ﬂRODw(Pﬁw - p$°°)f(0)7 R=Ry, Opna <0< 0p.

(15)

Equations (14) and (15) evidence that the two quantities are exclu-
sively dependent on the CA, while the CR is a fixed parameter. By
applying the total mass balance (m,,,,=m; + m,, with m; and m,,
being the salt and water mass, respectively) and making explicit the
mass density (o, ), the water vapor concentration at the interface
(plr") as well as the water activity (y,,) in the instantaneous total mass
evaporation rate (dm,,;/dt), Eqs. (13)-(15), can be rearranged to
obtain the following set of equations:

d Vmix M w Hs dxs Cl Vmix dxs
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FIG. 2. Left panel of the figure details the scheme of a sessile droplet on a solid
substrate undergoing evaporation in (a) CCR, (b) CCA, and (c) SS modes. Right
panel reports the graphs detailing the behavior of the contact angle CA (solid line)
and the contact radius CR (dashed line) in the different wetting regimes.

X x2
S S
dt R, T ng 1+ cos(0) ’

In this case, the unknowns to be determined are V,,,;(2), 0(t), and x,(t)
that are all dependent on time (t). The set of Eqs. (16)—(18) provides a
full description of the CCR stage. It is worth noticing that the differen-
tial equations are characterized by the presence of non-constant coeffi-
cients and also some unknown functions to be integrated, like 0(t) and
x4(t) that appear nonlinearly; as a consequence, the system of (cou-
pled) differential equations is not amenable to an analytical solution,
and the set of equations describing each wetting stage is, thus, obtained
numerically. When solved by numerical methods, this set of equations
provides the results, which are shown in Sec. I1I.

When the sessile droplet is in contact with a hydrophobic surface
with negligible CAH, the CCA is expected to be dominant due to the
negligible CAH. Here, there is no spreading of the sessile droplet due
to the intrinsic nature of the hydrophobic substrate; thus, we may
directly assume 0, = 0., In CCA mode, the droplet evaporates with a
constant CA (0 =0, = 0y, d0/dt = 0) while its CR decreases from its
initial value Ry to its final value Rg,q; in a time span foca, namely, the
time elapsed for the droplet evaporation to attain the stationary state
(i.e, a constant volume condition when we are in regime II), see Fig.
2(b).” Therefore, for a sessile droplet evaporating in CCA mode, Egs.
(3) and (7) can be rewritten as follows:

AV dR do
"2 = 3nR%g(0r)—, 0=0,=10 d —=0
dt T g( R) dt’ 0 R an dt ’ (19)
Rﬁm,11<R<R07

pubs.aip.org/aip/phf

dmmix

T = —nRDW(p::”S“t — p:‘;"c)f(HR) 0 =0, = 0Oy,

(20)
Rjinat < R < Ry.

In a similar way, Eqgs. (19) and (20) indicate that these two quantities
are dependent on the CR, while the CA remains a fixed parameter.
Proceeding in the same manner as in the case of the CCR stage, Egs.
(13), (19), and (20) can be rearranged to have the following set of
equations:

deix - Mw ng % o Cl Vmix % (21)
dt (Clxs + Cz) x_% dt (C]XS + Cz)xsz dt ’
d£ _ 1 deix (22)
dt  3mR*g(Or) dt ’
at {exp (El ﬁ + E, x_f) (I —x)— 1}
%:nRDWPS 3 2 x52~ (23)

dt R, T'ng 1+ cos(0r)

In this case, the unknowns to be determined are V,,;.(t), R(t), and
Xs(t) that again are all dependent on time (t). The set of Egs.
(21)-(23) provides a full description of the CCA stage. When
solved numerically, this set of equations provides the results,
which are shown in Sec. I11.

Finally, the SS condition is characterized by an initial CCR fol-
lowed by CCA: at the beginning, the droplet undergoes the CCR con-
dition for which the CA decreases from its initial value 0, to the
intermediate value of 0, while the CR remains at its initial value R,.
The equations that describe this first part of the SS regime can be
rewritten as

AV 7R dO dR
= —, R=Ryand — =0, Or<0<0
(14 cos0) dt’ oand g = k==
(24)
Amypix _ v,sat v,00 _
dr = —TL'R()DW(pW — Py )f(@), R= R()7 0R <0 < 90.

(25)

When the CA reaches the value of the receding CA, 0y, the evaporat-
ing sessile droplet switches from the CCR to CCA condition, see Fig.
2(c). From that point onward, the CA keeps the value 0 and remains
constant, while the CR decreases from the initial value Ry to Rpq in
the span fccs, namely, the time needed for droplet evaporation to
attain the stationary state. The equations that describe the second part
of the SS condition are

AV i dR do
= 377:R2g(9R)E, 0 =0g and —-=0, Rju <R <Ry,
(26)
Ay v.sat v,00
b —7RD,, (p™ — p)f(0) 0 = Or,  Rpna < R < Ry.

27)

Analogous to the case of both the single CCR and CCA stages, in the
first part of the SS stage, V,,.x(t), 0(t), and x(t) can be determined
numerically by solving the set of Egs. (16)-(18) with the conditions
specified in Eqs. (24) and (25), while, in the second part, the variables
become V,,.(t), R(t) [instead of 0(t)], and x(t), and they can be
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determined numerically by solving the set of Eqs. (21)-(23) with the
conditions specified in Eqs. (26) and (27).

The time span that ranges from 0 to tss = tccr + foca comprises the
whole aforementioned process. The CCR and CCA regimes are generally
considered as the extreme cases of the SS regime when 0 = 0, in the
first case and 0 = 0, in the second case, with 0y, being the critical param-
eter that modulates the interconnection between these two regimes.””

The SS mode represents the wetting behavior of more actual rele-
vance, especially for hydrophobic surfaces, while the CCR is often
observed to be the dominant regime in the case of hydrophilic surfa-
ces.”"*" The evaporation process of a sessile droplet is characterized
by a final mixed stage in which both the CA and the CR decrease until
the droplet completely disappears. However, the elapsed time for this
stage is much smaller than the time required for a complete evapora-
tion of the sessile droplet and, thus, this stage can be neglected in com-
parison to the overall process.”

I1l. RESULTS AND DISCUSSION

In this section, we first validate the proposed model against some
experimental data reported by Soulié et al,” which measured the vol-
ume decrease in NaCl-H,O evaporating sessile droplets placed on
thermal silicon wafers. Figure 3 reports the comparison between the
experimental data and the theoretical curves provided by the model
for the normalized volume profiles at different RHs [Fig. 3(a)] and 6,
[Fig. 3(b)]. Modeling predictions are in good agreement with the
experimental data (with an average relative deviation lower than 5%
for each curve) and, in this case, an evaporation behavior of sessile
droplets characterized by a CCR™ is observed. This is quite remark-
able since no fitting parameters were used.

To provide a convincing theoretical interpretation of the evapo-
ration behavior of a sessile droplet under the different aforementioned
regimes and conditions, two case studies are analyzed in the following.
In the first case, the effect of the surface wettability, such as 0, and 0,
is examined while, in the second case, the effect of environmental
parameters such as RH and T is addressed.

A. Effect of the wetting regimes on the evaporation
process

As a first case study, we report an analysis of the behavior of an
evaporating sessile droplet aimed at providing an assessment of its

10 v RH=0
O RH=0.20

0.8 A RH=0.40
= O RH=0.60 =
X 06 X
g g
X ol 3
g
§ §

0.2

0 1 1 1 1 1 1 1 1 1 1 1

.0 0.0
0 250 500 750 1000 1250 0 250 500 750 1000 1250 1500
(a) time [s] (b) time [s]

FIG. 3. V,ix/Vimixo @s a function of time at (a) increasing RH and 0p=2° as well
as at (b) increasing 0, and RH=0. Model parameters were V.o =10 ul,
T=25°C, Dw=252 x 10° m?s, Py =3366Pa, and cs = 0.05844 kg/m”.
Red lines represent the theoretical curves provided by the model, and symbols rep-
resent the experimental results from Ref. 39.
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dependence on the relevant geometrical parameters. This is useful to
accurately design new surfaces with the purpose of modulating the
evaporation time and, thus, possibly reduce the virus viability. To this
aim, the cases of a droplet undergoing different wetting regimes have
been considered. In the case of CCR, simulations were carried out at
T=25°C and RH = 0.80 (regime II) and for five different values of 0,
(ie., 30°, 45°, 60°, 75°, 90°) to simulate different hydrophilic substrate
materials, for which the CCR behavior is the one that is typically
observed.”*” Then, in the case of CCA behavior, the environmental
conditions considered are T=25°C, RH=0.80 (regime II), and for
five different values of 0, (i.e., 105°, 120°, 135°, 150°, 165°) to simulate
surfaces with several degrees of hydrophobicity. "’

The initial value of droplet volume has been assumed to be
Vimixo = 10 nl, a typical value falling within the volume distribution of
saliva droplets (1-10 nl) originating from a sneeze or a cough that
could deposit on a surface.”’ As it will be discussed in Sec. 111 C, we
chose ¢,y =10 kg/m3 as initial value of salt concentration, that is, the
same value used to prepare the bulk lysogeny broth in which the virus
is suspended in the experiments performed by Lin and Marr.” The
two values chosen for V.o and ¢, have been used both for the cases
of the CCR and CCA behavior. Moreover, a relative humidity of 0.80
was chosen so that the analysis is conducted within regime IL In this
way, it was possible to better clarify the droplet behavior when no
water condensation from the surrounding atmosphere or salt precipi-
tation within the droplet occurs (see Fig. 1).

Results obtained for the cases mentioned above are reported in
Fig. 4 in terms of time evolution of the normalized CA (6 =40/6,), CR
(R = R/Ry), mixture volume (V = V,ix/Vyive), and salt concentra-
tion (¢; = ¢,/c™). The upper part of the panel [Figs. 4(a)-4(c)]
reports the results obtained in the case of CCR condition for a drop of
aqueous solution deposited on a hydrophilic surface. It can be seen
that 0 and V decrease linearly until the end of the transient, which is
in fact a behavior typically observed in the case of evaporation of ses-
sile droplets on hydrophilic surfaces.”’ Increasing values of 0, corre-
spond to a longer value of the time needed for the sessile droplet to
attain the stationary state, tccr. The higher is 0, the larger is the non-
linearity of the transient behavior, which is a typical feature of hydro-
phobic surfaces.”’ A similar behavior is presented by the salt concen-
tration at increasing values of 0y, which always reaches a final value
smaller than the saturation concentration (¢; < 1).

The lower part of the panel [Figs. 4(d)-4(f)] reports the results
obtained in the case of CCA condition for a drop of aqueous solution
deposited on a hydrophobic surface. In this case, the effect of 0, on the
geometric evolution of the droplet is less significant, and all the curves
display closer values. Notably, in contrast to the case of the CCR
mode, a shorter time is needed for the sessile droplet to attain the sta-
tionary state, fccy, at increasing values of 0. Figure 4(e) shows that
the mixture volume follows a —2/3 power law as a function of time,
which is typical for the CCA mode."’ The following equation, which is
typically utilized to describe the CCA mode of an evaporating sessile
droplet,”*”*** can be adopted to extrapolate the linear slope of a V }
vs time curve to evaluate the evolution of the CCA behavior at differ-
ent 0

V=V ke, (28)

where Vé/ ? and k are, respectively, the initial value of the normalized
mixture volume and the linear slope coefficient. The results of the
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FIG. 4. Results of model simulations of the evaporation process of a sessile drop of aqueous solution with V,,,i.o = 10 nl and ¢sp = 10 kg/m® at a RH=0.80 and T=25°C.
The upper part of the panel details the CCR regime in terms of time evolution of the normalized (a) contact angle 0, (b) volume V, and (c) the salt concentration Cs; the lower
part of the panel details the CCA regime in terms of time evolution of the normalized (d) contact radius R, (€) volume V, and (f) the salt concentration Cs. Results shown in

(a)~(c) were obtained from Egs. (16)—(18), while results shown in (d)—(f) were obtained from Egs. (21)—(23).

fitting procedure (applied in the time interval 0-115s) are reported in
Table 1, and R* coefficients indicate a good agreement with the
observed behavior, while k decreases with 0, thus, indicating a faster
evaporation rate of the sessile droplet with the increasing initial CA in
CCA mode. From Figs. 4(c) and 4(f), it is evident that ¢, always
approaches the same final value, thus, indicating that change of 0, (for
both the CCA and CCR modes and for the range of explored values) is
a crucial factor in only determining the instant in which the stationary
state is attained.

In the case of the SS condition, simulations were carried out at
T=25°C, RH=0.80, 0,=60°, and for several values of 0y (i.e., 30°,

TABLE I. Results of the fitting procedure applied by Eg. (28).

35°,40°, 45°, 50°, and 55°) to appreciate the effect of the receding CA
on the evaporation process. Also, for this case study, the assumed ini-
tial values for the droplet volume was Vo = 10 nl and for salt con-
centration, ¢,y = 10kg/m’. The initial stage of the evaporation process
is dominated by the CCR mode; therefore, the droplet evaporates with
a fixed CL (R = R), while the CA decreases from 0, to 0.

Figure 5(a) depicts the initial decrease in the CA down to the
value of 0y (violet-colored round marker), while the CR maintains its
initial value R, [Fig. 5(b)]. Then, after the initial CCR stage, the evapo-
ration proceeds according to a CCA regime, keeping a constant value
of the CA equal to Og, while the CR starts decreasing to approach a

CCA stage SS stage

0o (°) k(s™h) R 0o (°) Or (°) k(s R?

105 —7.58x107% (x1x107°) 0.999 60 30 —872x107% (£2x107°) 0.997

120 —7.71 %1073 (£2x 107°) 0.999 60 35 —8.52x 1073 (2% 107°) 0.998

135 —7.89x 1073 (2 x 107°) 0.999 60 40 —835x 1073 (2 x 107°) 0.998

150 —8.08 x 107° (2 x 107°) 0.999 60 45 —8.19x 1073 (=2 x 107°) 0.998

165 —8.19x 107° (x2x 107°) 0.999 60 50 —8.05x 1073 (2 x 107°) 0.999
60 55 —7.90 x 1073 (2 x 107°) 0.999
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stationary state. We may notice a non-linear behavior for the volume
that roughly follows a —2/3 power law, similar to the case discussed
before where evaporation follows a single CCA mode. Of course, the
lower is the O, the longer is the time needed for the start of the CCA
condition. Also, in this case, the same fitting procedure by Eq. (28)
was applied to calculations performed for the SS stage. As shown in
Table I, the accuracy of Eq. (28) in describing experimental data
increases (i.e., R? increases) as O tends to 0,. Moreover, the fact that k
increases with Oy indicates a reduction of the evaporation rate of the
sessile droplet as 0, increases as well.

Indeed, Figs. 5(a) and 5(b) show that the tccg inversely increases
with 0O, and, for each curve, a greater value of the final CA corre-
sponds to a lower value of the CR. Moreover, it can also be observed
that fcca increases with Oy, and this stage seems to affect the transient
more than the CCR stage. In fact, while V and ¢; always approach the
same final value [Figs. 5(c) and 5(d)], an increasing value of 0y appar-
ently induces a longer transient time span for both the mixture volume
and the salt concentration.

Figure 6 reports a sort of abacus that summarizes the results in
terms of the evaporation times as a function of 6, for a sessile drop-
let undergoing the three different evaporation modes: (a) tcca, in
the case of a single CCA condition, (b) tccr, in the case of a single
CCR condition, and (c) fss, in the case of the combined SS condi-
tion. The times related to the CCR curve are calculated when 0y =
0° and at different values of ), while those related to the CCA
curve are calculated when 0x = 0, and at different values of 0, and,
finally, those related to the SS curve are calculated at a fixed value

time [s]

of O and for different values of 6. In this latter case, several values
of O (5°, 10°, 20°, 30°, 40°, 50°, 60°, and 70°) have been considered
to determine the evaporation time on different wetting regimes.
The other parameters used in the simulations were T=25°C,
RH = 0.80, V,ixo = 10 nl, and ¢,y = 10 kg/m”.

160
140
120
100
80
60

time [s]

40
20

0 [ I I R B S
0 20 40 60 80 100120 140160180

6,[°]

FIG. 6. Evaporation time as a function of 0, when the sessile droplet undergoes
the CCA regime, fcca, the CCR regime, tccg, and the SS regime, tss. Parameters
used in the simulations were T=25°C, RH=0.80, V,ix =10 nl, and
Cso = 10 kg/m?.
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If one hypothetically includes also the hydrophilic surfaces into
the range of substrates on which it is possible to observe the CCA
regime (0 < 90°), from the graph it is possible to notice that fcc4 first
increases with 0, and starts to slightly decrease beyond a threshold
value located at around 90°. This observation suggests that, while for
hydrophobic surfaces, the tcc4 does not display a significant depen-
dence on 0,, the hydrophilic surface may be treated to modulate the
initial CA so that tcc4 would be minimized. In the same way, if one
includes the hydrophobic surfaces (6, > 90°) in the substrates applica-
ble to the CCR regime, it can be observed that tccr increases for
almost the entire range of 0, until a threshold value of about 150°.
This occurrence evidences that both the hydrophilic and the hydro-
phobic substrates may be re-designed to increase the droplet wettabil-
ity and consequently reduce the evaporation time. The graph suggests
that, for CAs greater than the observed threshold value (around 140°),
tcck would decrease if the droplet hydrophobicity is enhanced.
However, this observation may appear inconsistent as the wetting
behavior on the superhydrophobic surfaces (0, > 150°) is still not
well-clarified."’ Interestingly, curves of fss appear to be comprised
between fcca and fccg, giving more emphasis to the observation that
the pure CCA and the pure CCR regimes are the extreme cases of the
SS regime when 0 = 0, and 0 = 0°, respectively." The plot in Fig. 6
shows that fss increases with 0, according to the trends already
observed for tccy and tocg. Moreover, tgs increases at higher O,
revealing that the droplet undergoes primarily the CCA regime when
the receding CA gets progressively closer to the initial CA and

ARTICLE pubs.aip.org/aip/phf

confirming that the 0y plays a crucial role in the lifetime of the ses-
sile droplet. This behavior may further suggest that materials with
very high 0O could lead to longer evaporation times. Therefore, sev-
eral surfaces may be designed on purpose to decrease the 0 and,
thus, reduce f,.

B. Effect of the environmental conditions
on the evaporation process

As a second case of study, a systematic analysis has been con-
ducted on the different environmental regimes (namely, regime IT and
III) to evaluate the different physical phenomena that may take place
during the evaporation. In fact, a selected combination of T and RH
may lead to a significant difference in the timescales related to the
evaporation rate of the droplet (from a few hours to many days”') and
may determine if salt precipitation, which affects the virus viability,
does or does not occur. The results of this analysis are summarized in
Figs. 7 and 8 in terms of time evolution of the normalized CA
(0 = 0/0,), CR (R = R/Ry), mixture volume (V = V,i/ Viixo)> and
salt concentration (¢; = ¢;/c*) at different RHs and T. Here, simula-
tions were carried out by adopting a SS mode as it represents a case of
actual relevance.

For the assessment of the RH effect, the values chosen for the
parameters were T=25°C, 0, = 120°, O = 80°, and four different
values of RH (i.e., 0.20, 0.40, 0.60, 0.80) to simulate the different evapo-
ration behaviors in the conditions dictated by regime II and IIL
Hence, we consider here only conditions for which RH < RH,,
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I 0.5 FIG. 7. Results of model simulations of
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0.3 of aqueous solution submitted to different
02 o RH conditions  with  V,,;,0=10 nl,
: : (b) -- 0.60 cso=10kg/m®, T=25°C, and at 6,
0.1 0.1} 0.80 = 120° and 0r=280°, in terms of time
0.0 .- . 0.0 e evolution of the normalized (a) contact
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 angle 0, (b) contact radius R, (c) volume
time [s i V, and (d) the salt concentration C;.
[ ] time [S] Round markers in the upper two figures
1.0 indicate the instant in which the process
0.9l undergoes from CCR to CCA in corre-
08 _3:\ spondence to Og, while square markers in
Y (b)—(d) indicate the instant in which the
0.7, related profiles are truncated. Results
o6k shown for the first part of the SS stage
05l \“v ‘\ were obtained from Egs. (16)-(18), while
IS ',“ \ results shown for the second part of the
04r ‘.\ \ SS stage were obtained from Egs.
03l \ \\ (21)~(23).
0.2 '\
oAl <40
’ no b

00 1 1 1 1 1 L 1
0 20 40 60 80 100 120 140 160
time [s]

OO I 1 L 1 L L L
0 20 40 60 80 100 120 140 160
time [s]

Phys. Fluids 35, 057109 (2023); doi: 10.1063/5.0143813
Published under an exclusive license by AIP Publishing

35, 057109-9

pd€L8EYLO'S L 60LLG0/EEEBSELLIELBEYLO G/E90L 0L/I0P/pd-ajonej0d/die/Bio die'sgnd;/:dny woly papeojumoq


pubs.aip.org/aip/phf

Physics of Fluids

ARTICLE pubs.aip.org/aip/phf

FIG. 8. Results of model simulations of
the evaporation process of a sessile drop
of aqueous solution at different values of
T with Viio=10 nl, cg=10kg/m?,
RH=0.80, and at 0,=120° and
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i.e., when the volume of the drop decreases by evaporation. For the
assessment of the effect of T, the values chosen for parameters were
RH=0.80, 0,=120°, O = 80°, and five different values of T (i.e., 20,
25, 30, 40, and 50 °C). For both cases, the initial values for the droplet
volume was again assumed to be Vo = 10 nl and for the salt concen-
tration, ¢;y = 10 kg/mS.

As the relative humidity of the surrounding environment
increases, the driving force for evaporation of the sessile droplet
decreases. For this reason, longer evaporation times are observed at
greater values of RH. Figures 7(a) and 7(b), show that an increase in
RH leads to longer fccg, corresponding to a longer time elapsed for the
CA to attain the value of 0 and, consequently, to a delayed CCA
stage. Moreover, an increase in oy is also observed; thus, an increase
in the whole time of the process is expected [Fig. 7(c)]. The volume
profile is described by a non-linear behavior that becomes more prom-
inent as RH values increase and follows a decreasing —2/3 power law,
as already observed in the first case study [see Figs. 4(¢) and 5(c)]. The
most prominent effect of the relative humidity is reported in Fig. 7(d),
which shows that, for values of RH increasing from 0.2 to 0.6, the salt
concentration would exceed the saturation value and, thus, lead to salt
crystallization and precipitation (regime III, RH < RH* ), while, in the
case of RH = 0.80, no salt precipitation occurs (regime II, RH*** < RH
< RH,) as the concentration remains under the threshold value.
Therefore, as stated in Sec. II, we assumed that salt precipitation physi-
cally occurs at the saturation value (neglecting the supersaturation
state), and we consistently truncated all the profiles when the salt

concentration profile attained the saturation value at the red dashed
line (¢; = 1). Square markers indicate the instant in which the salt
concentration takes the saturation value.

Conversely, as T increases, shorter values of ¢ccy are predicted,
corresponding to a reduced time needed for the CA to attain the value
of 0 and, consequently, to an anticipated CCA stage and to a decrease
in tcca as well [see Figs. 8(a) and 8(b)]. We recall the expression given
in Eq. (7) for the instantaneous total mass evaporation rate (dm,,;/dt)
to better elucidate the effect of environmental temperature on the
evaporation rate. This quantity is dependent on both the water diffu-
sion coefficient (D,,) and the water vapor concentration (p!;**) that, in
turn, is dependent on the saturation pressure. As the saturation pres-
sure is related to the amount of water vapor held in the air at a specific
T, at higher temperatures, air can hold more water vapor considering
even the exponential relationship between T and P**.** This difference
contributes to a faster evaporation rate of the sessile droplet. As D,,
also increases with T,”"*” a further contribution to a faster evaporation
process is also expected.

Also in this case, the volume profile is described by a non-linear
behavior that becomes less evident at increasing T and follows a
decreasing —2/3 power law [see Fig. 8(c)]. The effect of temperature
on the salt concentration is manifested in a shorter transient interval
and the final value is always attained below the saturation threshold as
RH=0.8. In cases of RH < RH™, higher temperatures would decrease
the transient interval to arrive at ¢; = 1. Therefore, as explained in the
description of the three regimes, the temperature does not determine
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whether crystallization occurs or not but it influences the transient
interval.

Figure 9 reports the evaporation times of the sessile droplet under
regime II (curves included between the two limits of RH, and RH*)
and in the SS condition, as a function of RH. Several values of T (10,
20, 25, 30, 40, 50, and 60 °C) have been considered to determine the
evaporation times in different environmental conditions. Other
parameters used in the simulations were 0, = 120°, 0 = 80°,
Vimixo = 10 nl, and ¢ = 10 kg/mS. The graph shows that g5 monoton-
ically increases with the RH due to the decreasing driving force for
evaporation. Notably, the fgs is always monotonically increasing with
RH and decreases with T. The higher the temperature, and the lower
the relative humidity, the shorter is the evaporation time to reach
¢ = 1.

C. Relative viability (RV) of the virus

The illustrated behavior has obvious consequences on the viabil-
ity of the virus suspended within a droplet, as will be assessed in the
following. The virus present within the droplet is exposed to several
solute components of the mixture (e.g., salt), with a harmful cumula-
tive exposure that affects its viability. The longer the time of exposure
and the higher the solutes concentration, which are parameters whose
values are ruled by the drop evolution during exposure to the environ-
mental conditions, the lower is the virus viability. In fact, several stud-
ies have pointed out'® *’ that a solute concentration different from the
physiological value (difference induced by the water evaporation or
condensation) establishes an osmotic gradient between the inside and
outside of enveloped viruses. Therefore, the virus may shrink or swell,
depending on the solution being hypertonic or hypotonic,”' and com-
bined with several conditions such as temperature, pH, and exposure
time, may irreversibly damage the virus structure. Cordova et al.*”
pointed out that after certain exposure time (~ 15min for T-phage
virus), the high salt concentration is established inside the capsid and
that “during the rapid dilution [contact with the mucosae or experi-
mental dilutions] there is not enough time for the salt ions to leave the
capsid; rather, only more water diffuses in, resulting in an osmotic
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FIG. 9. Evaporation times (reported on a logarithmic scale of base 10) as a function
of RH when the sessile droplet undergoes regime Il and the SS mode. Parameters
used in the simulations were 0y = 120° and 0gr=280°, V.o =10 nl and
Cso = 10 kg/m®.
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pressure that ruptures the capsid at a critical value of the incubation
salt concentration.” As suggested by the previous discussion, by
numerically solving the set of equations analyzed in Sec. II, several
parameters of interest can be computed, such as the CA, the CR, the
mixture volume, and the salt concentration, which play a relevant role
in determining the virus viability. With the aim of estimating virus via-
bility, one should first introduce a quantitative indicator of the effect
of virus exposure to harmful factors. We introduce a quantity that
lumps together the effects of all the relevant factors and accounts for
exposure time and conditions. This is the so-called cumulative dose
(CD) that represents the integral over time of the salt concentration
and is used to measure the damage accumulation to the structure of
the virus,”

T
CD = J c(t) dt, (29)
0
where ¢, [kg m ] is the salt concentration, which can be calculated
from our previous model simulations, while 7 stands for the time at
which one evaluates CD [kg s m>]. When CD attains a critical value,
one can assume the virus to be inactivated. The criterion to select this
critical value depends on the virus and represents a threshold above
which the probability of virus survival is below a selected value. As
already reported in our previous work,”” we referred to the experi-
ments performed by Lin and Marr’’ to determine a reasonable viabil-
ity of the virus as a function of the CD. In their work, these authors
experimentally studied the viability of the virus MS2, a model for non-
enveloped viruses that is widely used in environmental engineering
studies, incubated in a bulk lysogeny broth at different ionic strengths
at 22°C. They reported the relative viability (RV) of MS2, defined as
the ratio of the MS2 post-exposure concentration to its pre-exposure
concentration, as a function of the CD of sodium chloride. Using a
power law function to fit these experimental data, we obtained the fol-
lowing expression describing the dependence of RV on CD:*

0.24
’

RV =1 —0.0095 (CD) (30)

where 0.0095 and 0.24 are parameters obtained to best fit the experi-
mental data. Under the assumption that such a relationship holds true
also at a temperature below and above 22 °C, we combined Eq. (30)
with the calculations performed with the proposed model for droplet
evaporation, to estimate the RV of a virus as a function of the CD, at
prescribed conditions of RH and T, for selected substrate materials
(i.e., at assigned 0, and observed 0y), and for a given initial volume
and salt concentration of the droplet. Based on these considerations,
we evaluated the CD and, in turn, RV for different substrate features
(Fig. 10) and environmental conditions (Fig. 11). Once the RV plot is
predicted, one can then exploit this information to estimate the sur-
vival time of the virus based on the threshold RV that has been
selected. Therefore, we neglect the possible dependence of Eq. (30) on
T and investigate the pure effect of T on the evaporative process,
which has as a secondary effect at different dynamics of ;. The specific
physicochemical mechanism of inactivation of various viruses in evap-
orating droplets is not yet fully understood,” but in future works, with
the implementation in the present evaporative model of other rela-
tions, which explicitly link the solution variables (c; and T') and the
time of exposure to RV of specific viruses, it will be possible to discern
the contribution of the different factors in the general dynamics.
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FIG. 10. Results of model simulations of the evaporation process of a sessile drop of aqueous solution in terms of cumulative dose (a) and (b), CD, and relative viability (c)
and (d), RV. (a) and (c) Report the different tested 0y with AQ = 25°. (b) and (d) Report the different tested 0 with 0y = 30°. Other model parameters were Vi, =10 nl,
Cso = 10kg/m®, RH=0.80, and T=22°C. Results shown for the first part of the SS stage were obtained from Eqs. (16)—(18), while results shown for the second part of the
SS stage were obtained from Eqgs. (21)—(23), while Egs. (29) and (30) were used for the whole SS stage.

For example, for an explicit dependence on T, assuming that a confor-
mational change of a viral protein renders the virus inert, the rate of
inactivation I has been described by the Arrhenius equation, Iyace %7,
where I, is the maximum inactivation rate at high temperature, E,
an activation energy, and kg the Boltzmann constant.***

1. Effect of the wetting regimes on the virus viability

Figure 10 reports the time evolution of the cumulative dose and
the relative viability at different 0, (i.e., 30°, 60°, 90°, and 120°) with a
fixed AO (0,-0r) of 25° [Figs. 10(a) and 10(c)], and different 0O (ie.,
5°, 10°, 15°, 20°, and 25°) with a fixed 6y = 30° [Figs. 10(b) and
10(d)]. Model parameters were Vixo=10 nl, ¢4 =10 kg/mS,
RH =0.80, and T'=22°C so that the virus viability can be assessed in
the case of regime II with no salt precipitation occurring. In this case,
it can be observed that an increase in the CD is accompanied by a
decrease in the RV and a sensible effect of the CA is present in the
early stages of the process.

Insets in Figs. 10(a) and 10(c) indicate, in the selected time win-
dow and adopted conditions, a slight dependence of CD and RV on 0y,
showing that these two parameters slow down with the increasing ini-
tial CA of the surface on which the droplet is deposited. This result is
in line with the recent experimental evidence that virus contained in
sessile droplets tends to survive more on commercial polymers than
on glass (usually characterized by lower CAs).” Nevertheless, we
underline that the proposed model, under the assumptions discussed
in Sec. 11, with the adopted conditions and the approach selected to
assess the virus viability, does not capture the experimental evidence of

a larger difference that may occur in the virus viability when the sessile
droplet is placed on different surfaces. For instance, in Ref. 47, the
authors measured the stability of SARS-CoV-2 in virus transport
medium (measured in log unit of 50% tissue culture infectious dose
[TCID50] per ml) and pipetted a 5 pl droplet of virus culture on the
selected surface at a room temperature of 22 °C with a relative humid-
ity of around 65%. It could be observed that the virus concentration of
a droplet placed on a plastic material was almost two times greater
than that of a droplet placed on glass after 2 days of incubation. In
addition, insets in Figs. 10(b) and 10(d) also indicate that CD and RV,
in a selected time window, tend to have a negligible dependence on
the receding CA.

Indeed, it is then inferred from these results that on hydrophilic
surfaces the virus viability is reduced, as the CCR mode, or SS mode
approaching toward the CCR, is often observed for those types of sur-
faces. This observation is also in agreement with the behavior of the
evaporation times observed in Fig. 6. Under this perspective, data
reported in Figs. 6 and 10 may be consulted as a combined map of the
evaporation times matching the requested RV values, at the exploited
substrate features and wetting regimes, for giving useful indications to
design new surfaces with the aim of reducing the virus viability. We
underline that the effect of a solid surface on the viability of viruses
placed inside a sessile droplet standing on it is not just limited to the
wetting behavior of the droplet itself but should also include the effect
of the chemical nature of the solid substrate, not accounted for in the
current version of the model that is then suited only for the case of
inactive substrates.
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FIG. 11. Results of model simulations of the evaporation process of a sessile drop of aqueous solution in terms of cumulative dose (a)—(c), CD, and relative viability (d)—(f),
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(21)~(23), while Egs. (29) and (30) were used for the whole SS stage.

2. Effect of the environmental conditions on the virus
viability

Figure 11 reports the time evolution of the cumulative dose and
the relative viability at three different cases: different RH (ie., 0.20,
0.40, 0.60, and 0.80) at T=22°C [Figs. 11(a) and 11(d)], and different
values of T (i.e., 10, 22, 40, and 50°C), at RH =0.40 [Figs. 11(b) and
11(e)] and RH=0.80 [Figs. 11(c) and 11(f)]. Model parameters for
this second case of study were V,xo=10 nl, ¢, =10 kg/m3,
0o=120°, and 0r = 80° so that the virus viability can be assessed
when the droplet evaporation undergoes the SS regime with and with-
out salt precipitation. In this case, the environmental conditions
appear to strongly influence the CD and, in turn, the RV. As expected,
an increase in the relative humidity leads to longer times needed to
reach a certain value of CD [Fig. 11(a)] and it always approaches dif-
ferent final values, while the RV dependence on the RH can be
observed in the inset reported in Fig. 11(d). The effect of temperature
on the CD and RV can be better appreciated in the other two cases,
reporting that an increase in T leads to shorter times elapsed for the
CD and RV to attain the same final values. In addition, Figs. 11(a) and
11(d) show that at RH of 0.20, 0.40, and 0.60, CD and RV curves are
truncated (in correspondence of ¢, = ). In fact, we recall that, with
a RH falling in regime III, the droplet completely evaporates before the
CD required for inactivation may be attained, and the virus survives as
it is no longer surrounded by a highly concentrated solution. In this
way, the rapid drying reduces the exposure time to osmotic stresses"’

and avoids achieving high salt concentration inside the capsid, which
would cause an osmotic shock. In the same way, the effect of tempera-
ture can be appreciated even on the occurring salt saturation and pre-
cipitation. In fact, in the case of RH = 0.40 [Figs. 11(b) and 11(e)] and,
therefore, regime III, it can be observed that CD and RV evolve faster
at increasing T, and curves are truncated at ¢; = c‘s“’ at progressively
decreasing times. Conversely, in the case of regime II at RH = 0.80, the
droplet settles in a condition of equilibrium with the surrounding air
without attaining the saturation concentration. Therefore, the virus is
subjected to high salt concentrations for a sufficient time leading to
lower RV and then a higher mortality. This observation is mirrored
by the experimentally determined U-shaped dependence on RH of
the relative viability exhibited by other virus models reported in
Refs. 17 and 19.

Also in this case, it would be useful to combine the information
gathered from Fig. 7 with that from Fig. 11 to find the conditions that
maximize the virus mortality and, therefore, reduce the infection
spreading.

An overall picture of the effect of RH and T on RV of the MS2
virus at several evaporation times, as predicted by the proposed model,
is reported in Fig. 12, where four temperature values have been consid-
ered (i.e., 10, 20, 22, and 40 °C). Model parameters were Vo =1 1,
¢s0 = 10kg/m>, and 0, = 86° (initial CA for a polystyrene substrate™®).
The notable results of the simulations are (i) the U-shaped dependence
of RV on RH with a minimum value located within the regime II
region (the same behavior occurs at each of the investigated values of
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FIG. 12. Results of model calculations of the evaporation process of a sessile droplet of aqueous solution in terms of relative viability, RV, of the MS2 virus as a function of the
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T) and (ii) an increasing trend of RV with increasing temperature. We
recall that a power law function was used, Eq. (30), to define a realistic
analytical relationship between RV and CD to be used in our simula-
tions. When the droplet is in regime I, Eq. (10), it has been observed
that it undergoes water condensation from the air, and the salt concen-
tration within the droplet decreases with a consequent reduced value
of the integral over time of the salt concentration, Eq. (29). According
to Eq. (30), this occurrence leads to a RV always approaching the value
of 1 during the evaporation process. Conversely, when the droplet is in
regime II, Eq. (11), a continuous decreasing RH leads to progressively
faster evaporation process and, therefore, to greater final values of salt
concentration when the equilibrium is established. This occurrence
translates into greater values of CD and then the transition in a region
when the RV is strongly reduced, Eq. (30). This transition generates
the U-shaped curve observed for the virus viability. Finally, as for
regime III, Eq. (12), it is again expected that water evaporates from the
droplet and that the volume decreases, while the salt concentration
increases, reaching its saturation value, and complete evaporation is
attained. In this case, the complete evaporation does not allow to
obtain high values of CD and, therefore, the RV dramatically increases
again to a value of 1, Eq. (30). This occurrence determines the discon-
tinuous transition from the U-shape behavior to a rather flattened RV.
Indeed, at RH values falling within the regime IIT region, the droplet
completely evaporates before a harmful CD is attained and the virus
survives as it is no longer encapsulated into a highly concentrated
solution."'

We underline that our simulations are based on Eq. (30), which
is intended to relate RV to CD at 22 °C. Hence, the behaviors predicted
at temperature values lower or higher than 22 °C do account only for
the physical effect of temperature on the evolution of the droplet and,
in turn, of salt concentration, that is, an indirect effect of temperature
on the RV of the virus. Actually, we disregard a possible direct effect of
temperature on the relative viability of the virus consisting in the tem-
perature dependence of the fitting parameters in Eq. (30), which we
can refer to as an “intrinsic” temperature effect on the relative viability

of the virus. This approximation would likely promote an underesti-
mation of the survival capability of the virus at temperature values
below 22 °C. If experimental evidence were available, model parame-
ters in Eq. (30) should be then properly modified to account for this
important temperature effect for making quantitative theoretical
predictions.

Unfortunately, there are no data available in the literature in a
form that allows a meaningful comparison with the theoretical results
of the proposed model. Recently, Prussin et al.'’ have reported some
interesting experimental results referring to the Phi6 virus, which rep-
resents a suitable surrogate of coronavirus. In this work, the authors
investigated the infectivity of the Phi6 virus at four different tempera-
tures (14, 19, 25, and 37 °C), reporting the “Relative infectious ratio”—
calculated as Ng/N¢, where Ni and N¢ are, respectively, the measured
Phi6 concentrations for the exposed and control samples—as a func-
tion of RH and T. The virus infectivity was assessed by plaque forming
units with 1 ul of droplets (prepared stock solutions of virus by sus-
pending propagated Phi6 in tryptic soy broth) on cell. After 2h of
incubation, it was observed that the highest Phi6 infectivity was at the
lowest tested temperature (14 °C), and there was a reduction in infec-
tivity of more than 6-log when the temperature increased to 37 °C as
well. Although no direct comparison can be made between theoretical
predictions illustrated in the present work and the results on Phi6, we
note, however, that also the experimental results reported by Prussin
et al.”” (curves at 25 and 37°C) display a U-shaped virus vitality as a
function of RH.

IV. CONCLUSIONS

In this study, a quasi-steady diffusion-controlled evaporation
model is extended to elucidate the evolution of aqueous sessile droplets
containing viruses, resting on a flat smooth surface, and, from that,
predict the viability of viruses.

The model rests on simple relations that allow a global analysis of
the wetting regime on different substrates and the prediction of the
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evaporation process at different ambient temperatures of droplets of
aqueous sodium chloride solutions assumed as simulant of saliva.

We first investigated the evaporation behavior of the droplet
when located on hydrophilic or hydrophobic surfaces, accounting for
the different wetting regimes. The results revealed that in the case of
CCR (constant contact radius, associated with hydrophilic surfaces)
condition, the evaporation time increases with the initial contact angle,
while in the case of CCA (constant contact angle, attributed to hydro-
phobic surfaces) condition, the evaporation time exhibits an opposite
trend. In the case of the SS (stick-slip) condition, it is shown that the
evaporation time increases with both the initial and the receding con-
tact angles, emphasizing that CCR and CCA represent the extreme
cases of this third wetting behavior.

Then, we analyzed the different evaporation regimes that may
arise depending on the selected ambient conditions. It has been shown
that the sessile droplet displays longer evaporation times at low tem-
perature and high humidity conditions, highlighting the importance of
the latter in the occurrence of salt crystallization and precipitation.

Although saliva droplets are characterized by a complex mixture
of several salts (including the sodium chloride), proteins, surfactants,
and some other nonvolatile components, we assumed that the sodium
chloride aqueous solution could account for a virus-laden sessile drop-
let, as we considered the salt concentration for being the discriminant
for the virus viability, as already reported in the literature. In this way,
it was possible to build interconnected charts of evaporation time and
relative viability related to the survival of MS2 virus, considered to be a
surrogate of the SARS-CoV-2. It was observed that the virus exhibits a
higher mortality when the surface, on which the droplet is located, is
characterized by a CCR regime or, at least, a SS regime approaching
the CCR. Regarding the effect of RH and temperature, the model pre-
dicts that the relative viability of the MS2 virus exhibits a U-shape as a
function of the relative humidity, with a viability that increases with
temperature when at low humidity. Notably, a similar U-shaped
behavior of the relative Infectious Ratio vs RH has also been recently
found experimentally and reported in the literature for Phi6, an encap-
sulated virus, contained in droplets exposed to environments at differ-
ent temperatures and RHs.

The developed model presents some limitations that will be
addressed in future studies, such as the interaction between the sessile
droplet and complex substrates (e.g., surfaces with certain topographi-
cal features and/or chemical heterogeneity), the complex composition
of the saliva droplets (e.g., the presence of also proteins, surfactants,
and some other nonvolatile compounds), and the interaction among
multiple droplets that would occur in the case of a cloud that is
expelled from mouth and/or nose and that deposit on the surface.
Moreover, due to the lack of experimental information, the model, in
the form presented in this contribution, disregards possible intrinsic
temperature effect on the relative viability of a virus, potentially lead-
ing to underestimated values of the RV from theoretical simulations at
low temperature (below 20 °C).
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