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ABSTRACT: Scaling or mineral fouling occurs due to the presence of dissolved
minerals in water. Scaling is problematic in numerous industrial and household
plumbing applications where water is used. The current methods of scale removal
often utilize harsh chemicals that are not environmentally friendly. The evaporation
of a saline droplet provides a platform to study the role of the substrate in the
dynamics of crystallization during scaling. In the present work, we show out-of-plane
growth of crystal deposits during the evaporation of saline droplets of aqueous
potassium chloride on a heated smooth and microtextured hydrophobic substrate.
These out-of-plane deposits, termed as “crystal legs”, are in minimal contact with the
substrate and can be easily removed from the substrate. The out-of-plane evaporative
crystallization of saline droplets of different initial volumes and concentrations is
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observed irrespective of the chemistry of the hydrophobic coating and the crystal habits investigated. We attribute this general
behavior of crystal legs to the growth and stacking of smaller crystals (size ~10 ym) between the primary crystals toward the end of
evaporation. We show that the rate at which the crystal legs grow increases with an increase in the substrate temperature. A mass
conservation model is applied to predict the leg growth rate, which agrees well with the experiments.

B INTRODUCTION

Mineral fouling, also called scaling, occurs in numerous
industries including thermal powerplants,' * desalination
plants,s’6 evaporative depositions on ship hulls,” and household
applications such as reverse osmosis system membranes.®
Inorganic fouling creates resistance to thermal and fluid
transport, resulting in reduced system efficiency.”'" The
scaling on heat exchangers is primarily caused by salts such
as calcium sulfate and calcium carbonate with negative
solubility with temperature, while the scaling during desalina-
tion and deposition on ship hulls are also attributed to salts
such as sodium chloride and potassium chloride that have
positive solubility with temperature.”” Mechanical and
chemical methods typically used to remove the scale deposits
result in significant downtime of equipment, high maintenance
costs, and negative environmental impacts.11 It is therefore
important to devise methods for mitigation and easy removal
of inorganic fouling. The evaporation of a saline sessile droplet
depends on the water activity coefficient, relative humidity,
substrate properties, and temperature.”'*~'® The evaporation
of a saline droplet on a heated substrate offers a simple
platform to understand crystallization-induced scale formation
and their remedies by taking into account the influence of salts
and the underlying substrate on crystallization.

During evaporation of a saline droplet, crystallization occurs
at a critical supersaturation depending on the interfacial surface
energies. ™'’ The evaporative deposition pattern of saline
droplets depends on the initial contact angle and contact angle
hysteresis that determine the droplet evaporation mode.'® The
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evaporative deposit morphologies range from coffee-ring
deposits on hydrophilic substrates' to condensed deposits
on hydrophobic and liquid-impregnated surfaces.””*' On
hydrophilic surfaces, the in-plane orientation of crystal growth
along the substrate and pinning of salt crystals at the droplet
triple contact line make removal of crystalline deposits
difficult.”® Localized salt deposits on hydrophobic surfaces
are relatively easier to remove from the substrate due to lower
adhesion between the deposits and the substrate compared to
that on hydrophilic substrates.

Varying crystal deposit shapes and characteristics arise from
saline drops evaporated on hydrophobic and superhydropho-
bic surfaces of different coatings and textures.””** Evaporation
of droplets of aqueous sodium chloride (NaCl) on a heated
hexamethyldisiloxane-coated polypropylene textured super-
hydrophobic substrate resulted in igloo- and pebble-shaped
deposits.”” Self-lifting salt deposits during evaporation of a
saturated sodium chloride solution droplet were observed on a
octadecyltrichlorosilane (OTS)-coated smooth hydrophobic
substrate at room temperature but not for substrates coated
with polydimethylsiloxane (PDMS).** The absence of self-
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Table 1. Different Salts and Initial Saline Concentrations, Test Substrates, and Temperatures Used in the Experiments

substrate
substrates salts (solubility g/mL) concentration temperature
ROPDMS, ROSilane, ROOTS, ROTeflon, R10Silane, KCl (0.35), NaCl (0.36), KNO,;(0.31), 0.00625C,,, — Cq,, for KCl, C,, for 25, 50, 70, 80, 95
R100Silane NH,Cl (0.38) other salts °C

lifting behavior on PDMS was attributed to the lower
hydrophobicity of PDMS compared to OTS.”* On specific
nanotextured superhydrophobic surfaces with non-communi-
cating air gaps, crystals of NaCl grown from evaporating drops
self-eject from the underlying substrate at elevated temper-
atures.”* Long vertical crystalline deposits were reported to
form due to the metastable Cassie—Baxter state of the droplet
on the substrate with local Wenzel contacts, which led to
localized crystallization and eventual lifting of the entire
deposit.”* Vertical growth of crystals was also demonstrated for
different salts including NaCl, KCl, NH,Cl, Na,SO,, and
CuSO, on heated superhydrophobic nanotextured substrates
while being absent on smooth silanized [trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane] hydrophobic sub-
strates.”* The discrepancy in the nature of evaporative salt
deposition on the smooth hydrophobic substrate was
attributed to the difference in the initial volume of the droplet
and the amount of dissolved salts.””** A saturated saline
droplet with a higher initial volume has more crystallizing mass
and was reported to cause crystallization along the substrate,
thus reducing the extent of out-of-plane growth of crystals.”*

Crystalline self-ejection has garnered significant attention
because of the potential to facilitate self-cleaning of salt
deposits from underlying substrates. So far, investigations into
this effect have been restricted to the formation of crystal legs
on smooth OTS-coated” or Teflon-coated substrates™ and on
a specific nanotextured substrate™* for a given initial volume of
a saturated saline droplet. A general mechanism of the self-
liftoff of the salt crystals during evaporation of saline droplets,
which is independent of the orientation of nucleated crystals™’
and the initial volume of the droplet™* on different hydro-
phobic substrates at different temperatures, is lacking.

Here, we systematically investigate the formation of out-of-
plane crystal deposits (aka, crystalline self-liftoff) on hydro-
phobic substrates as a function of (1) the droplet volume, (2)
the crystal morphology, and (3) the specific chemistry of the
hydrophobic coating. We show that the time instants for
crystal nucleation and that for crystal leg growth are dependent
on the substrate—air surface energy and the temperature of the
substrate. The crystal deposits are composed of primary
crystals of size on the order of 100 ym and secondary crystals
of size ~10 pm that make up the crystal legs. We propose a
mechanism regarding the formation of the crystal legs based on
the relative affinity between the saline solution with the salt
crystals versus the underlying substrate and propose a model
for the leg growth rate based on liquid transport through a
porous crystal network and evaporation at different substrate
temperatures.

B MATERIALS AND METHODS

Evaporative deposition of droplets of aqueous solutions of different
salts’ morphology—sodium chloride (NaCl, cubic), potassium
chloride (KCl, cubic), potassium nitrate (KNO;, orthorhombic),
and ammonium chloride (NH,Cl, cubic)—on different hydrophobic
substrates is investigated. These salts show different crystal habits
such as cubic (NaCl and KCl), acicular or needle-like (KNO;), and
dendritic (NH,Cl) during evaporative crystallization on heated
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hydrophobic surfaces (Supplementary Information).”® Saline sol-
utions with different initial concentrations (Cg, 0.5Cg, 0.1Cy,
0.05C,,, 0.0125C,,, and 0.00625C,,,) are prepared using deionized
(DI) water and salts (purity > 99.9% from Merck Emparta). In the
present study, the saturation concentration (C,) of the aqueous
solution is defined at 25 °C.

Smooth hydrophobic and microtextured superhydrophobic sub-
strates are used here. Four different kinds of hydrophobic coatings—
PDMS, trichloro(1H,1H,2H,2H-perfluorooctyl)silane (fluorosilane),
Teflon (Dupont AF-2400X), and octadecyltrichlorosilane (OTS)—
are used to render smooth glass substrates hydrophobic. The
substrates are referred to as RXC, where X is 0 for smooth substrates
and represents the spacing between the micropillars for the textured
substrates and C represents the hydrophobic coating used on the
substrate. The corresponding substrates are referred to as ROPDMS,
ROSilane, ROTeflon, and ROOTS. The glass slide is initially cleaned by
sequentially ultrasonicating in acetone, isopropyl alcohol (IPA), and
DI water. For the PDMS coating, a mixture of silicone elastomer and
a curing agent (Dowsil 184 Silicone Elastomer Curing Agent) in a
ratio of 10:1, respectively, is spin-coated on a glass substrate (6000
rpm for 1 min) and subsequently baked in an oven at 95 °C for 90
min. For the silane coating, a precleaned glass slide is plasma-cleaned
(Plasma Cleaner PDC-002, Harrick Plasma) for 15 min. The plasma-
cleaned glass slide is vapor-deposited with fluorosilane for 12 h in a
desiccator. The excess silane coating is removed via ultrasonication in
acetone and IPA. ROTeflon is prepared by using the 2% wt/vol Teflon
solution (prepared by dissolving Teflon particles in FC40) spin-
coated on the glass slide at 6000 rpm for 1 min and cured at 90 °C for
10 min. The ROOTS substrate is fabricated by immersing the glass
slide into a mixture of 0.33 vol % silane in toluene and sonicating it for
2 min and then adding a 0.65 vol % emulsion of DI water and toluene
and sonicating for 2 min. The excess OTS is removed through
ultrasonication in acetone and IPA. The contact angles (CAs) of a
water droplet (3 uL) on the ROPDMS, ROSilane, ROTeflon, and
ROOTS substrates at room temperature are measured using a contact
angle meter (Dataphysics OCA 15A) to be 108 + 3°, 115 +2°, 125 +
3° and 109 + 2°, respectively.

The textured superhydrophobic surfaces comprise a silicon pillar
array hydrophobized using fluorosilane, which has a thickness of <2
nm.”” The textured silicon substrate is prepared using a standard
photolithography technique to create square pillar arrays of width w =
10 pm, height h = 12 pm, and interpillar spacing d = 10 and 100 pm.
The textured substrates are referred to as R10 (d = 10 ym) and R100
(d = 100 um). The textured silicon substrate is rendered hydrophobic
by vapor deposition of fluorosilane (method discussed earlier) and is
referred to as R10Silane and R100Silane. The CAs of a water droplet
(3 uL) on the R10Silane and R100Silane substrates at room
temperature (=25 °C) are measured to be 153 + 3° and 152 + 2°.

The side-view evaporation experiments are conducted by gently
placing a saline droplet using a micropipette on the test substrates
maintained at different temperatures (50, 70, 80, and 95 °C) using a
hot plate (Thermo Scientific, Cimarec) with a temperature variation
of around +1 °C (Table 1). In the case of the smooth hydrophobic
ROPDMS substrate, additional experiments are conducted by placing
the test substrates on a clean indium tin oxide (ITO)-coated glass
substrate maintained at specific temperatures by resistive heating
using a DC power supply (GW Instek, GPE-2323). For all the
experiments, the temperature at the top of the test substrate is
measured using a K-type surface thermocouple (Omega) with an
accuracy of 0.75% of the measured value and a hand digital
temperature logger (Omega). For the experiments on pillared
surfaces (R10Silane and R10Silane), the surface thermocouple is
attached beside the textured portion of the substrate to measure the
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temperature of the substrate. The transparency of ITO glass (90%
transmissivity) and PDMS coating gives an opportunity to visualize
the crystallization process in the saline droplet from the bottom
(Figure 1). Simultaneous side- and bottom-view images of evaporative

Light source

Hydrophobic coating

1 1
i Glass slide E
L {__ITOCoated glass _ !

DSLR Camera
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v(V)

DC Power supply

DSLR Camera Temperature reader

Figure 1. Experimental setup for the side and bottom visualization of
salt crystallization during evaporation of a saline droplet on the test
substrate heated using an ITO-coated heating surface connected to a
DC power supply.

crystallization are obtained using DSLR cameras (Nikon D850 and
Nikon Z7-I) coupled with Navitar zoom lenses (Navitar 6X and
Navitar coaxial-12X) with front light illumination (Dolan Jenner MI-
152). During the experiments, the ambient temperature and relative
humidity are maintained at 25 + 1 °C and 50 =+ 5%. Saline droplets of
different initial concentrations with initial volumes of 3 uL
(0.00625C,,, — Cyy), S HL (Cyyy), or 1S uL (C,,) are gently placed
on the test substrate, and evaporation is monitored in terms of the
variation in contact radius, height, time instant of nucleation, and
crystallization behavior. Experiments for each variable are repeated at
least three times.

B RESULTS AND DISCUSSION

Effect of Salt Morphology. The experiments are initially
performed on a heated ROPDMS substrate (T = 80 °C) with
saturated aqueous solutions of different salts (NaCl, KCI,
KNO;, and NH,Cl) (Supplementary Video S1). In general, on
a hydrophobic surface, droplet evaporation initially occurs in a
constant contact radius (CCR) mode and then in a constant
contact angle (CCA) mode where the contact diameter
reduces along with the reduction in the droplet height (Figure
2a—e).”®” The evaporation of droplets of the saturated
aqueous solution of all the salts considered in our study on the
ROPDMS substrate at T = 80 °C occurs in the CCR mode
(details in Supplementary Figure S2). Crystallization initiates
near the triple contact line and at the liquid—air interface when
the droplet reaches a critical supersaturation that ranges from
1.1 to 1.6 for different salts (Table 2 and Supplementary
Videos S2, $3).”>! The crystal nucleation is observed to occur
at a supersaturation greater than 1 because of the higher free
energy barrier for nucleation in the case of hydrophobic
substrates.'* The free energy barrier for heterogeneous
nucleation depends on interfacial surface tension between
the substrate and the crystal, solution, and air along with the
temperature of the substrate,”®*? AG./,

2
#‘:‘r‘:s)zy&LS(Z + m)(1 — m)*, where yc, is the interfacial
surface tension between the crystal embryo (Cr) and the saline

%ubL, ~ YCrsub

solution (L), m = , where ycgp is the interfacial

e
surface tension between the crystal (Cr) and the substrate
(sub), and yg,,. is the interfacial surface tension between the
substrate (Sub) and the solution (L), S is the supersaturation
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V.

of the solution, V, is the molecular volume of the crystal
embryo, kg is the Boltzmann constant, and T is the
temperature of the solution.

The nucleated crystals are vertically oriented at the liquid—
air interface due to the hydrophobic nature of the substrate.”’
The growth of crystals near the triple contact line leads to
outward wicking of the saline solution in the horizontal
direction, leading to an increase in the footprint area of the
droplet and crystal deposition on the substrate.””** Toward
the end of evaporation, the crystals are observed to grow out-
of-plane upward at several locations from the base of the
droplet (Figure 2a—d). The out-of-plane growth of the crystals,
forming a leg-like structure, lifts the accumulated crystal
deposit and is observed for all the conditions tested (i.e., all
four hydrophobic chemistries and the four salts considered).

Sodium chloride and potassium chloride have cubic crystal
habits and similar solubility at room temperature (~0.35 g/
mL) but nevertheless exhibit different final leg heights during
evaporative crystallization at 80 °C (Figure 2a,b,ef). Figure
2e,f shows the contact diameter and height of the evaporating
droplet till it forms the crystal deposit and shows liftoff during
the evaporation of sessile droplets of aqueous KCl and NaCl
on the ROPDMS substrate. The contact diameter is measured
till distinct crystal legs are observed, and the deposit height is
calculated from the base of the deposit to the topmost point of
the deposit (inset in Figure 2e). During evaporation of a sessile
droplet of aqueous NaCl, the crystal deposit grows in the
horizontal and vertical directions to form a cauliflower-like
structure' %7 (Figure 2b,f) (further details in the Supple-
mentary Information). However, in the case of the aqueous
KCl droplet, the crystal deposits primarily grow in the vertical
direction (Figure 2a,e), resulting in higher heights of the
crystal legs compared to that of NaCl (Figure 2c). In the case
of KNO; and NH,CI salt solutions, the crystals first cover the
outer liquid—air surface of the droplet (Figure 2c,d). The
presence of the salt shell at the liquid—air interface inhibits the
evaporation rate and leads to an increase in time duration
before which the growth of the crystal legs is observed. For
instance, during evaporation of a 3 uL droplet of saturated KCI
and NaCl solutions, the crystal legs are observed at ~47 and
~62 s, respectively, while in the case of NH,Cl and KNO,
solutions, the crystal legs are observed at ~94 and 106 s. In the
case of a saline droplet with NH,Cl and KNOj, the formation
of the crystal shell inhibits visualization from below. Because
KCl exhibited the most dramatic liftoff behavior, we use
aqueous KCl for the remainder of the experiments presented
here to probe the out-of-plane crystal growth phenomena at
different initial concentrations, drop volumes, and on different
substrates.

Dynamics of Crystallization. Simultaneous top- and
bottom-view imaging is used to visualize evaporative
deposition of the droplet of aqueous KCl on the heated
ROPDMS substrate (T = 70 °C as the visualization was more
clear in this case) to provide a better understanding of the
transport behavior at the liquid—solid interface (Figure 3a,b)
(also shown in Supplementary Movie S1). During evaporation
of the sessile saline droplet, crystals nucleate as the local
supersaturation exceeds critical supersaturation, and the
corresponding time instant is marked as f,ygeaion (=35 s in
Figure 3a,b). These crystals are termed as “primary crystals”.
Because of the hydrophobic nature of the substrate, the
primary crystals orient vertically and are not pinned to the
triple contact line and move freely in the droplet due to
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Figure 2. Representative images showing evaporation and out-of-plane crystallization of a 3 uL saline droplet with different salts (a) KCI, (b) NaCl,
(c) KNO;, and (d) NH,CI on a heated PDMS substrate (T = 80 °C). The contact diameter (black square) and height (red triangle) of an
evaporating droplet of aqueous saturated (e) KCl and (f) NaCl on the ROPDMS substrate at T = 80 °C corresponding to the experimental dataset
shown in Figure 2a,b, respectively. The inset in Figure 2e shows the contact diameter and height of the KCI crystal deposit.

Table 2. Supersaturation and Nucleation Time Instant for a
Droplet (Initial Volume of 3 uL) of Saturated Aqueous
Solutions of Various Salts (KCl, NaCl, KNO;, and NH,Cl)
Averaged over Three Experimental Datasets on the
ROPDMS Substrate at T = 80 °C

salt supersaturation nucleation time (s)
KCl 14 + 0.1 27 + 4
NaCl 1.1 + 0.06 10+1
NH,CI 1.55 + 0.05 30 + 11
KNO; 1.5 £ 0.07 35+S

. . 35,36 .
u Vi o0
buoyancy and Marangoni convection These prima

crystals agglomerate and eventually settle on the substrate
due to the volumetric growth (¢ = 57 s, Figure 3a,b) and form a
crystal network while the droplet evaporates.'**’~** Once the
crystals settle down and the crystal form a network, further
movement of the liquid in the primary crystal network is not
expected to be influenced by the internal convective flows
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inside the droplet. The time duration over which the primary
crystal deposit forms and the arrangement of the crystals on
the substrate depend on the surface energy of the hydrophobic
coating.*>*' The liquid dewets from the hydrophobic surface
while remaining pinned to the hydrophilic crystals (t = 70 s
marked as dashed lines in Figure 3b) due to the lower contact
line pinning of the liquid on the hydrophobic surface.””*
During dewetting, the thin liquid film between the primary
crystals and the substrate forms capillary liquid bridges
(marked by yellow dashed lines at t = 87 s in Figure 3a).
Volumetric losses from the liquid bridge due to evaporation are
compensated by continuous wicking of the liquid between the
primary crystals from the top of the deposit toward the
substrate (Figure 3d). Due to the high evaporation rate in the
thin capillary liquid bridges, small crystals** with a size (<10
um) significantly smaller than the size of primary crystals
(~100 ym) are formed (Figure 3c,d). These smaller crystals
are termed as “secondary crystals”. The continuous stacking up
of the secondary crystals between the primary crystals and the
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Figure 3. Simultaneous (a) side and (b) bottom visualization of the evaporation of a saturated aqueous KCl droplet on the ROPDMS surface at T =
70 °C. Nucleation of crystals near the contact line is observed at t = 35 s; t = 57 s marks the formation of the primary crystal deposit. In (b), the
dashed light blue curve and the yellow arrows at t = 70 s show the dewetting of the liquid from the substrate. The marked circular region (yellow
dashed) in the bottom view and the square marked region in the side-view image at t = 87 and ¢ = 109 s show the rupturing or merging of the
capillary liquid bridge. (c) Scanning electron microscopy (SEM) image of the crystalline deposit comprised primary crystals and secondary crystals
forming the crystal legs (inset, marked in blue dashed line). (d) Close-up view at the crystal—liquid—substrate interface showing dewetting of the

thin liquid film and formation of the crystalline leg.

substrate leads to the formation of crystal legs and vertical
lifting of the entire crystal network (Figure 3d). The capillary
liquid bridges detach from the substrate as the deposit lifts
after which we observe the final crystal legs (as can be observed
in the dashed square in the last two panels in Figure 3a,b). The
time instant when the lifting of the primary crystal deposit
starts is marked as tjocpment (=70 s in Figure 3a,b). Toward the
end of evaporation, the average size of secondary crystals
reduces due to the low availability of the solution** and the
legs taper off (Figure 3c inset). These pointed legs are
minimally and weakly attached to the hydrophobic substrate
and can be removed easily.

The formation of the crystal legs depends on the dewetting
of the liquid from the substrate and the wicking of the
dewetted solution into the porous crystal networks. The
absence of a primary crystal network during saline droplet
evaporation of low-solubility salts (i.e., calcium sulfate, 0.003
g/mL) or a dilute salt solution (0.1 M or 0.005 g/mL) of
sodium chloride on hydrophobic substrates is one reason why
crystal legs have not been observed for those composi-
tions' "*>°%*  (details are included in the Supplementary
Information, Figure S4). The formation of a primary crystal
deposit is necessary to form crystal legs as it enables the liquid
to dewet from the hydrophobic substrate to the hydrophilic
crystals. We expect a similar mechanism for the formation of
crystal legs in the evaporative deposition of droplets of aqueous
NaCl, KNO;, and NH,CIl solutions. The bottom-view
visualization of crystallization and the liquid dewetting at the
base of the droplets of saturated KNO; and NH,Cl solutions is
challenging because of the presence of the salt crystal shell,
while dewetting similar to that in the KCl solution droplet is
observed in the bottom-view visualization of a droplet of
saturated aqueous NaCl (Supplementary Information).

Effect of Surface Coatings and Roughness. The surface
energy of the substrate is a combination of polar and dispersive
energy components (y,, = 72 + ydspersive) 1o surface energy
coatings like fluorosilane, PDMS, and Teflon inhibit crystal
nucleation on the substrate due to the low ratio of the polar to
dispersive surface energy components, yPolr/ydispersive < g 1 40
The crystals grown on these materials do not pin to the
substrate, and we observe formation of crystal legs and crystal
liftoff on all the test substrates investigated (ROPDMS,
ROOTS, ROSilane, ROTeflon, and R100Silane) except for
R10Silane (Figures 2a, 4a—c, and Sa,b). The surface energy of
the substrate influences the time instant of initiation of the
crystal leg (fgetachment at Mg = 0 in Figure 4d) when the primary
crystal starts lifting from the substrate. For the smooth
substrates at 80 °C, crystal legs form at an earlier time
(tetachment = 48 and 49 s) on ROPDMS and ROOTS compared
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Figure 4. Representative images showing evaporative crystallization in
a saturated saline droplet (3 L, KCI) on (a) ROSilane, (b) ROTeflon,
and (c) ROOTS substrates maintained at T = 80 °C; the scale bar
represents 0.5 mm. (d) Growth of the crystal legs toward the end of
evaporation on different substrates at T = 80 °C corresponding to the
experimental dataset shown in Figure 4a—c; time corresponding to
heg = 0 marks the time instant corresponding to detachment
(detachment) Of the crystal deposit.
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Figure S. (a) Evaporation of a droplet of aqueous KCl (initial volume = 3 L) on the R10Silane substrate at T = 80 °C; the SEM images are taken
after removing the top portion of the deposit and show the secondary salt crystals formed in the space between the pillars; the zoomed inset of the
SEM image shows the crystallization around a single micropillar. (b) Side-view images of evaporative crystallization of a droplet of aqueous KCl on

the R100Silane substrate maintained at T = 80 °C.

Table 3. Measured Values of CA of the Droplet on Different Substrates at Room Temperature and CA, Supersaturation,

Instant of Nucleation, and Detachment of Crystals at 80 °C*

substrate 6. (room temperature) 0. (heated surface) supersaturation nucleation time #,,qeation (S) detachment time, fochment (S)
ROPDMS 108 + 3° 107 + 3° 1.31 + 0.03 22 +1 48 + 8
ROSilane 115 + 2° 115 + 3° 1.51 = 0.17 33+3 79+ 9
ROTeflon 125 + 3° 125 + 3° 142 + 0.1 49+ S 91 + 4
ROOTS 109 + 2° 107 + 2° 1.3 + 0.06 22 +2 49 +2
R10Silane 155 + 3° 140 + 7° 1.3 +0.15 22+ 6
R100Silane 154 +2° 117 + 2° 1.28 + 0.08 16 +1 46 + 2

“The data is averaged over three experimental datasets.

to ROSilane (tyerachment = 79 ) and ROTeflon (t4eachment = 91 )
(Figure 2a4a—c and Table 1).">'®** The difference in the
time of detachment of the primary crystals from the various
hydrophobic substrates can be attributed to the difference in
the nucleation time of the crystals. The nucleation of crystals
occurs when the saline droplet evaporates on the hydrophobic
surface and reaches an average supersaturation of approx-
imately 1.31 + 0.03, 1.3 & 0.05, 1.42 + 0.11, and 1.51 + 0.17
on ROPDMS, ROOTS, ROTeflon, and ROSilane, respectively,
which is attributed to the difference in the surface energy of the
coatings and the CA of the droplet on the substrate (Table
3).*%% The variability in the time instant of detachment of the
crystal deposit from the substrate is due to its dependence on
the time instant of nucleation and the agglomeration of the
crystals to form a crystal network. The experimentally
measured crystal leg radius and the crystal leg growth rate
are calculated when distinct crystal legs are observed after the
detachment of the crystal deposit in the experiments. The
radius of the crystal legs and the rate of growth of crystal legs
are observed to be dependent on the underlying substrates
(Figure 4d). For instance, at T = 80 °C, the crystal leg has a
radius of ~10 ym and a growth rate of ~40 ym/s on ROSilane,
while the crystal leg radius and the growth rate on ROTeflon
are ~100 ym and ~S pm/s, respectively (details in the
Supplementary Information). For a given initial volume of the
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saline droplet (3 uL), using the vapor-diffusion model, the
evaporation flux is inversely related to the droplet CA
(Supplementary Section S6)."”** At higher CAs, evaporative
flux is lower (see Supplementary Figure S6), so the time
required for a droplet to reach critical supersaturation is also
higher. The lower rate of evaporation on ROTeflon (CA ~
125°) compared to that on ROPDMS (CA ~ 108°) and
ROOTS (CA ~ 107°) in conjunction with higher super-
saturation for salt nucleation results in a higher ¢, jcaton ~ 49 s
on ROTeflon compared to ROPDMS and ROOTS that exhibit
tudeation ~ 22 s on both the substrates. Subsequently, f3.q,chment
on ROTeflon, ROPDMS, and ROOTS is 91, 48, and 49 s,
respectively (Table 1). Similarly, £,uqeation On ROSilane (CA
—115°) is ~33 s, and teachment i ~79 s, which lies between the
tetachment O ROPDMS, ROOTS, and ROTeflon.

The introduction of microtextures on a hydrophobic
substrate renders it superhydrophobic with the droplet sitting
on top of the pillared structures [also known as the Cassie—
Baxter (CB) state]. Substrate heating alters substrate
wettability as well as the droplet wetting state, which can
induce a transition from the CB to the Wenzel state.”” The CA
of a 3 uL droplet on the textured substrates maintained at T =
80 °C is measured to be lower than that at room temperature
(Table 3). The CA of the saline droplet on heated R10Silane is
measured to be ~140° (Figure Sa), which is closer to its CB
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Figure 6. Evaporation of droplets of saturated aqueous KCl with initial volume (V;) equal to (a) 15 L and (b) S uL. (c) Phase diagram for the
formation of visible crystal legs during evaporation of droplets of saturated aqueous KCI with V; = 3 yL and varying the solute concentrations on
the ROPDMS substrate at various temperatures. Evaporation of a droplet (V; = 3 uL) with initial concentrations equal to (d) 0.1C,, and (e)
0.0125C,, on ROPDMS at T = 80 °C. The dashed lines in (a), (b), and (d) indicate the vertical growth of the legs.

CA (6° = cos™ (@,(1 + cos By) — 1) = 148°, where ¢, is the
solid fraction of the pillared surface = w*/(d + w)*) and 6y is
Young’s CA of the droplet on a smooth substrate.””" The CA
of the droplet on heated R100Silane (CA ~ 117°) (Figure Sb)
is closer to the Wenzel CA (6% = cos™(r,, cos Oy) = 115.7°,
where r,, = 1 + 4wh/(d + w)* = 1.04 is the Wenzel roughness
factor (actual area/projected area), suggesting that the droplet
is in the Wenzel state. The pinning force on the droplet
increases when the droplet transitions from the CB state to the
Wenzel state. The pinning force (F,) on the droplet per unit
contact line length (I) can be defined as F,/I = r, sin 6",
where 0 is the receding CA of the liquid droplet on the plain
substrate of similar chemistry and y,, is the surface tension at
the liquid—air interface.”’ The Wenzel roughness factor (r,,)
for R10Silane is 2.2, while that of the R100Silane substrate is
1.04, which is comparable to the roughness factor of a smooth
substrate (r = 1).

Despite having similar surface chemistry, crystal legs are
observed on R100Silane and not on R10Silane (Supplemen-
tary Video S4). This behavior can be attributed to the
difference in wetting transitions on the two substrates due to
the onset of crystallization (Figure Sab). In the case of the
R10Silane substrate, the droplet is initially in the CB state
which has multiple nucleation sites due to the presence of air
pockets in the microtextures.”® The crystals nucleate near the
edge of the pillars (at the solid—liquid—vapor interface) and
provide a path for the liquid to creep inside the microtextures
causing the transition from the CB to the Wenzel state, which
increases the contact diameter of the deposit (details in the
Supplementary Information).”* These crystals (size < 10 ym)
get pinned between the microtextures (d = 10 ym) and
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continue to grow between the pillars (shown in the inset of
Figure Sa). The pinning force in these crystals is high
compared to crystals that grow on an R100Silane substrate due
to the higher roughness factor and thus leg formation is
inhibited. The superhydrophobic substrate used by Shin et
al.** comprises textures of size ~5—10 ym, and the crystals are
pinned in between the textures, which explains the absence of
crystal leg formation. Crystal leg formation on the specific
nanotextured surface occurs due to non-communicating pore
structures where the droplet is in the metastable Cassie and
Wenzel state, leading to preferential leg formation from the
Wenzel contacts.”

Effect of the Droplet Initial Volume and Concen-
tration. The height of the crystal legs depends on the stacking
of the secondary crystals formed after the liquid in the droplet
dewets from the substrate and wicks inside the primary
crystals. Thus, the final height of the crystal legs is limited by
the amount of the saline solution present in the primary crystal
deposit, and out-of-plane growth continues until complete
evaporation of the liquid. At a particular temperature, the final
crystal leg height depends on a number of parameters related
to the crystal formation, growth, and arrangement of crystals
on the substrate, which is a stochastic process.'******
Experiments with saturated saline droplets with different initial
volumes (V;) are conducted to investigate the effect of
crystallizing mass on the formation of crystal legs. During
evaporative crystallization in a saturated saline droplet of
higher initial volumes (15 and S uL) on the ROPDMS
substrate at T = 80 °C, the number of crystal legs increases,
and the legs are not distinct (Figure 6a,b). These deposits are
cleaned easily from the substrate, which suggests that even
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Figure 7. Effect of temperature on the evaporation of a 3 L droplet of aqueous KCI on the PDMS substrate at (a) S0 °C and (b) 95 °C; the
marked areas (red and blue dashed lines) in the insets show the SEM images of the legs formed from stacking of secondary crystals. At 95 °C, the
formation and rupture of capillary bridges can be observed at t ~ 66 s. (c) Representative experimental datasets showing the temporal variation of

the crystal leg height on the ROPDMS substrate at different temperatures.

though legs are not distinct, the contact area of the deposit on
the substrate is limited. Distinct leg formation is visible at a
lower volume (3 uL) of saturated saline droplets on ROPDMS
at T = 80 °C (Figure 2a).

The effect of low crystallizing mass is explored in a saline
droplet with V; = 3 yL on the ROPDMS substrate. The amount
of crystallizing mass is varied by reducing the concentration of
the solute in the aqueous solution. The formation of distinct
crystal legs at different initial concentrations (C) is dependent
on the temperature of the substrate, which can be observed
from the phase diagram plotted for V; = 3 yL on the ROPDMS
substrate (Figure 6¢). For instance, at T = 80 °C, distinct
crystal legs are observed at concentrations C, 0.5C,, 0.1C,
0.05Cy, and 0.0125C,, (Figure 6d,e), while no legs are
observed when the concentration is reduced to 0.00625C,,. At
lower salt concentrations (0.0125C,,) (Figure 6e), the droplet
volume reaches as low as 1.6—2% of their initial volume (V; =3
uL), which is around 50 nL, before crystal nucleation is
observed. The lower initial concentration of the saline solution
results in a lower amount of the liquid present in the primary
crystal deposit, which leads to a reduction in the crystal leg
height. For instance, at T = 80 °C, the crystal leg height
observed in the case of a 3 uL droplet of saturated aqueous
KCl is 1.1-3 times the height observed when the
concentration was reduced to 0.5C, and 0.1C,, (Figures 2a,
6d). For 0.0125C,,, a ring-shaped crystal network is formed,
and crystal legs are observed toward the end of evaporation
(inset of Figure 6e). This suggests that the mechanism of the
formation of legs on smooth substrates is only due to the
formation of a crystal network and can be observed even when
the initial volume of the droplet is low (50 nL), unlike that
reported earlier.”* At the lowest concentration (0.00625C,,,),
crystal deposition shows a ring-shaped crystal network without
the formation of crystal legs even at a substrate temperature of

95 °C (details in the Supplementary Information, Figure S4c).
Interestingly, a higher droplet volume (V; = 6 uL) with the
initial concentration ~0.00625C, at 95 °C shows the
formation of crystal legs (details in the Supplementary
Information, Figure S4d). This suggests that a minimum
amount of salt is required for visible crystal leg formation at
each temperature. For instance, at 80 °C, the minimum
amount of salt in the aqueous solution that shows visible leg
formation is ~0.00125 g. It is worth noting that the aqueous
solution of calcium sulfate (CaSO,) does not exhibit crystal
legs even when the initial volume of the droplet is 400 uL, i.e.,
~0.0013 g dissolved salt (details in the Supplementary
Information).

Effect of the Substrate Temperature. The effect of the
substrate temperature on the formation of the crystal legs
during evaporation of a 3 uL droplet with a saturation
concentration is investigated on the ROPDMS substrate
maintained at SO, 70, and 95 °C (Figure 7ab) At room
temperature, the distinct crystal legs are not visible on
ROPDMS; however, we do observe the formation of secondary
crystals (details in Supplementary Figure S8), and the final
deposit can be easily removed without leaving any crystal
residue on the substrate. Due to the lower evaporation rate at
room temperature, there is a preference for crystal growth over
nucleation of new crystals,'”>* which leads to a larger size and
a lower number of primary crystals. As a result, there is also a
reduction in the formation and stacking of secondary crystals
in the vertical direction. At room temperature, evaporative flux
remains almost constant for different CAs greater than 90°
(Supplementary Information), and thus, dewetting of the
liquid from the crystals is a function of crystal arrangement on
the surface. Heating increases the evaporation flux on the
droplet and reduces the tz.;,cpment Causing earlier dewetting of
the liquid compared to room temperature and thus forms
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Figure 8. (a) Schematic of the saline solution present between the initial primary crystals and the secondary crystals; the wicking of liquid in the
crystals and its evaporation lead to the stacking of secondary crystals forming crystal legs. The black dashed square represents the 1D control
volume for evaporation of the liquid. (b) Experimental image of crystal legs on a heated ROPDMS substrate at T = 70 °C, with red arrows pointing
to varying leg diameter (=2R,), black arrows to the wicking speed (dh,,/dt), and white arrows to the growth of crystal legs (dh./dt). (c)
Experimental and predicted crystal growth rate (dh./dt) at different substrate temperatures; the inset shows the maximum and minimum crystal leg

radius observed at different temperatures.

secondary crystals and crystal legs. The time instants f,caion
and fgachment are lower at a higher substrate temperature due
to the high evaporation rate. For instance, at 95 °C, t,,deation ~
18 s and tgeuchment ~ 05 s compared to f,ujeation ~ 97 S and
taetachment ~ 300 s at S0 °C (Figure 7a,b).

The substrate temperature influences the size of primary
(Figure 7a,b) and secondary crystals and the average diameter
of the crystal legs (inset, Figure 7a,b). The crystal legs initiate
in the gaps between two adjacent primary crystals. With an
increased substrate temperature, the number of crystals
nucleating increases, which leads to the formation of smaller
crystals.”® The smaller gap between the primary crystals at a
higher temperature leads to formation of thinner capillary
bridges, which either rupture or merge to form thinner crystal
legs (at t = 66 s, Figure 7b). For example, the average leg
thickness reduces from 180 + 93 pm at 50 °C to S0 + 16 pum
at 95 °C (details in the Supplementary Information, Figure
S9). Deviations in the crystal leg radius are due to the
stochastic nature of crystal nucleation, which influences the
final height and diameter of the crystal legs. However, the
average rate of growth of the crystal leg increases with an
increase in temperature (Figure 7c).23’24

Leg Growth Rate. After the formation of the localized
crystal deposit, the liquid is in contact with the substrate only
at portions that eventually form the crystal legs. To formulate
the average growth rate, we consider the evaporation of the
liquid that forms thin liquid capillary bridges between the
substrate and primary crystals (Figure 8a). The evaporation
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near the liquid—solid interface is assumed to be diffusion-
driven and depends on the substrate temperature. Assuming
quasi-steady evaporation and the crystal legs to be cylindrical
(Figure 8a), the concentration field around legs can be written

as
22
rj)or\ or

where C is the concentration of water vapor at temperature T
and D (m?/s) is the diffusion coefficient of water vapor at
temperature T. The evaporation flux (j, = —D(dC/0r)) can be
obtained from eq 1 using the boundary conditions: at r = R, C
= C,(Ts) and at r = R, Co, = @ C,(T,,); here, R, is the radius
of the leg, R, is the distance where the vapor concentration
reaches the far-field vapor concentration (C,,), @ is the relative
humidity, and C,(Ts) and Cu(T,,) refer to the saturation
vapor concentration (in kg/m®) at T, and T,.. We obtain

(1)

o p% L DOG=C)
or r ln(é) s
Substituting r = R, in eq 2, we get
j _ D (9C, - C)
. = T
SR I“(%) ®)
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where ji is the evaporation flux (kg/m” s) at the outer edge of

the crystalline legs (R,) and is dependent on R,. We take R,
= S00R, since at Ry, > R, jr becomes independent of R

The saturation concentration C, and D are assumed to
correspond to the substrate temperature.

After the formation of the secondary crystals, the saline
solution wicks continuously into the crystal voids and forms a
porous network due to high evaporation rates. We assume the
porosity of the formed crystalline network as €, = 0.5.%%%% The
movement of the liquid necessary to compensate for the
evaporated liquid from the pores can be calculated from the
evaporation flux taking into account the porosity of the crystal
network as

jRD = ePpsol(thOI/dt) (4)

where p, is the density of the saturated solution and dh,,/d¢
denotes the wicking speed of the liquid into the crystal. The
liquid that wicks into the pores forms secondary crystals as the
solution is already in a saturated state. The rate of growth of
the crystal height h. at the interface of crystal legs can be
written as

perzd—hC =C ﬂdehs"l
< gt R (s)

where C; is the w/w concentration of salt in water and p, is
the density of salt crystals at room temperature. Substituting
for dhg,/dt in eq 5, we get the crystal growth rate as

dhc/dt = Csol(psol //)C)(]Ro /psolep) (6)

The evaporation flux (j; ) reduces with an increase in the leg

radius (eq 3). We experimentally determine the leg radius (R,)
during the evaporation of a 3 uL droplet of saturated aqueous
KCl on the PDMS substrate at different temperatures (inset of
Figure 8c) (details in the Supplementary Information). The
evaporation flux (eq 3) and the rate of growth of the crystal leg
(eq 6) are calculated using the maximum and minimum radius
of the crystal leg observed at different temperatures (shown as
an inset in Figure 8c). The experimental values of the growth
rate of the distinct crystal legs are calculated at different time
instants of each experiment performed at different temper-
atures, and the average value is taken. The experimental growth
rate is comparable with the calculated growth rate (Figure 8c).
The formation of crystal legs on hydrophobic substrates
suggests the possibility of removal of fouling caused by
evaporative deposition by the use of the hydrophobic coating.

B CONCLUSIONS

We report on the out-of-plane growth of crystal deposits
during evaporation of saline droplets with high solubility on
smooth and textured hydrophobic substrates with low contact
line pinning. The liftoff behavior is shown to be independent of
the type of salt, consistent across three different crystal habits,
invariant to the chemistry of the hydrophobic coatings, and
invariant to various initial droplet volumes at different
substrate temperatures. The self-liftoff phenomenon is
attributed to the formation of a network of primary crystals,
which provides a pathway for preferential wetting and wicking
of the saline liquid and results in dewetting of the underlying
substrate. The evaporation of the capillary liquid bridge
between the porous crystal network and the substrate leads to
the formation and growth of secondary crystals that eventually

stack up to lift the crystal deposit from the substrate. Our
model that takes into account the imbibition of the liquid into
the porous crystal network and subsequent evaporation gives a
good estimate for the growth rate of crystal legs with the
substrate temperature.
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