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Liquid marbles refer to droplets that are covered with a layer of non-wetting particles. They are observed in
nature and have practical significance. These squishy objects bounce, coalesce, break, inflate, and deflate while
the liquid does not touch the substrate underneath. Despite the considerable cross-disciplinary interest and
value of the research on liquid marbles, a unified framework for describing the mechanics of deflating liquid
marbles—as the liquid evaporates—is unavailable. For instance, analytical approaches for modeling the
evaporation of liquid marbles exploit empirical parameters that are not based on liquid—particle and particle—
particle interactions. Here, we have combined complementary experiments and theory to fill this gap.
To unentangle the contributions of particle size, roughness, friction, and chemical make-up, we investigated
the evaporation of liquid marbles formed with particles of sizes varying over 7 nm-300 pm and chemical
compositions ranging from hydrophilic to superhydrophobic. We demonstrate that the potential final states of
evaporating liquid marbles are characterized by one of the following: (I) constant surface area, (Il) particle

Received 20th May 2021, ejection, or (lll) multilayering. Based on these insights, we developed an evaporation model for liquid marbles

Accepted 12th July 2021 that takes into account their time-dependent shape evolution. The model fits are in excellent agreement with
DOI: 10.1039/d1sm00750e our experimental results. Furthermore, this model and the general framework can provide mechanistic insights

into extant literature on the evaporation of liquid marbles. Altogether, these findings advance our fundamental
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Introduction

Liquid marbles are commonly composed of water droplets
covered with a layer of hydrophobic particles.™ This arrangement
prevents direct contact between the liquid and underlying
substrate. Thus, a liquid marble is a “non-wetting soft object’”
that rolls and bounces like a marble when gently displaced.
Curiously, aphids residing inside confined plant galls prepare
liquid marbles to preempt life-threatening risks of getting wet by
their own sugary secretions. To mitigate this, aphids coat the
sticky secretions with wax particles to produce ~0.1 mm-diameter
non-sticky marbles for waste disposal.>’ Aussillous and
Quéré were the first to report liquid marbles in laboratory."
Subsequently, many reports on the fundamental characteristics
of liquid marbles have appeared, such as on their evaporation,®
coalescence,’ physical partitioning,® viscous dissipation during
rolling,”'° and exposure to electromagnetic fields.> Several
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understanding of liquid marbles and should contribute to the rational development of technologies.

potential applications of liquid marbles have also been explored,
such as for detecting water pollution,'" monitoring environmental
gases'” and interfacial reactions,"? bioreactors for blood typing,'*
cell culturing and screening,">™® polymerase chain reaction
assay,'® electrochemistry,”® micellar self-assembly,'*>'7192122
and magnetic translocation®*2® among others.>*" > Majority
of these fundamental and applied studies evaluate liquid
marbles thermo/electro/mechano/magneto-statically. Despite the
considerable interest and value of the above research, a unified
framework for describing the mechanics of stressed liquid
marbles, especially as they deflate, is unavailable. Analytical
approaches for modeling the evaporation of sessile liquid
marbles®** exploit empirical parameters that may not provide
physical insights into the role of liquid-particle interfacial tension,
particle surface roughness,* particle-particle friction coefficient,*®
and other attributes such as interfacial electrification.**°
Particles constituting the shell of a stationary spherical
liquid marble experience coupled forces owing to weight (F),
buoyancy (F), liquid-particle adhesion (F.qn), capillarity that
exerts a compression force (F.) on the particles, and interparticle
friction (Fy) that depends on F. and interparticle friction coeffi-
cient. Particles at the bottom also experience the weight of the
drop (hydrostatics), which pushes them inside the liquid. If an

This journal is © The Royal Society of Chemistry 2021
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external stimulus, e.g., mechanical collision® or liquid withdra-
wal via evaporation,® stresses the liquid marble, additional
forces may appear. In practice, when the liquid is withdrawn
from a liquid marble, drastically varying scenarios may occur
including the physical distortion of liquid marbles such as
buckling and crumpling,®*>*' particle multilayering,®”* or even
the ejection of some particles from the liquid marble into the
air.*>*? Even though the liquid-particle and interparticle forces
dictate these outcomes, a generalized framework for analyzing
liquid marbles based on these interactions is lacking. Herein, a
complementary experiment and theory are combined to fill this
gap. First, the study investigates the evaporation of liquid
marbles formed using particles of sizes varying from fumed
silica with characteristic dimension of 7 nm to silica particles of
300 um and chemical compositions ranging from hydrophilic to
superhydrophobic (Table 1 and Fig. 1-3). Then, the general
framework for analyzing liquid marbles is presented, which
considers forces generated through liquid-particle and parti-
cle-particle interactions as well as an ejection force resulting
from liquid removal (Fig. 4-6). Finally, this study constructs a
single-parameter evaporation model based on these insights to
describe the potential final states of the variegated liquid
marbles introduced above and detailed below (Fig. 7 and 8).

Results
Liquid marble preparation and characterization

This study uses batches of silica particles with a characteristic
dimension, d;,, ranging from 7 nm to 300 pm, to disentangle
the effects of particle size and roughness on liquid marble
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behavior (Fig. 1 and 2). Silica surfaces enabled the precise
control of their chemical composition via silanization reactions
(Fig. 1A, B and Table 1, Methods). Thus, the wettability of
particles could be tuned from hydrophilic to hydrophobic by
varying the length of alkyl chains, e.g., from octyl (C8) to
octadecyl (C18), that were chemically grafted onto them. To
quantify the water repellency of the coatings, we measured the
advancing, 0,4y, and receding, 0., contact angles on flat and
smooth silicon wafers functionalized under identical condi-
tions as the particles (Methods). Glaco Mirror Coat™ was
applied onto 128 pm-sized silica particles that were already
coated with C18 to render them superhydrophobic at grain-
level.

To create a liquid marble, a 10 pL droplet of water was
placed on a ~2 mme-thick layer of hydrophobic particles on a
glass slide. Then, the hydrophobic particles were gently poured
(from top) over the drop; they initially slid down the drop’s
surface, and the particulate layer grew bottom-up and even-
tually covered the entire water droplet (Fig. 1C and Movie S1,
ESIT). The surface particle density, o, which is defined as the
mass of the particles divided by the liquid surface area, can be
obtained by comparing the mass of the water droplet before
and after creating the liquid marble.

We studied ¢ as a function of the particle size by fixing the
particles’ chemical make-up to octadecyltrichlorosilane, C18
(Table 1). A linear relationship was observed between the
particle size, d;,, and the surface particle density, according to
the relationship, o oc A-p,-d,/A, where p;, is the bulk density of
the particles, and A is the droplet’s surface area (Fig. S1A, ESIf).
In addition, ¢ was measured as a function of the particles’
chemical composition (Table 1) by fixing particle size to 57 pm.

Table 1 Material characterization of the functionalized silica particles used in this study: characteristic dimension, apparent contact angles, surface

particle density, and angle of repose of cones formed with particles

Surface particle Angle of repose,

Particle code Particle size, Adv. angle, Rec. angle, density, ¢ & std.  Orep = Alrep/2 (°)
Exp. (coating]|size) Functional group dp, (um) Oaav (°) Orec () error (kg m?) [friction]
Varying coating Water [Water droplet] 0 135 (H-glass) 110 (H-glass) — — — —
(57 um) C8|57 Octyltriethoxy 57 81 50 0.042 + 0.000 43.0 =+ 3.0
C18|57 Octadecyl 57 114 102 0.030 £ 0.003 403 £ 2.5
C6|57 Phenyl 57 101 73 0.039 £ 0.004 473 + 2.3
C6-C2|57 Phenethyl 57 98 59 0.048 £ 0.004 42.7 £ 3.0
C11|57 10-Undecenyl 57 99 50 0.056 £ 0.004 44.8 + 2.5
C11-Br|57 11-Bromoundecyl 57 107 58 0.052 0.000 415 £ 2.5
Varying particle Water [Water droplet] 0 135 (H-glass) 110 (H-glass) — — — —
size (C18) C18|0.007 Octadecyl 0.007¢ 114 102 0.023 £ 0.000 76.5 =+ 205
C18|0.5 Octadecyl 0.5% 114 102 0.064 £ 0.009 505 £ 7.6
C18|3 Octadecyl 3 114 102 0.006 £ 0.000 44.1 £+ 3.0
C18|57 Octadecyl 57 114 102 0.030 £ 0.000 403 =+ 2.5
C18|90.5 Octadecyl 75-106 114 102 0.145 £ 0.006 421 £+ 3.0
C18|128 Octadecyl 106-150 114 102 0.179 £ 0.009 40.5 =+ 3.0
C18|181 Octadecyl 150-212 114 102 0.255 £ 0.006 403 =+ 3.0
C18|231 Octadecyl 212-250 114 102 0.233 £ 0.007 42.5 + 3.0
C18|275 Octadecyl 250-300 114 102 0.370 £+ 0.019 442 £ 2.5
C18|300 Octadecyl 300 114 102 0.309 £+ 0.036 415 =+ 3.5
Super-hydrophobic SH|128 Octadecyl + Glaco™ layer 128 >150 >150 0.076 + 0.001 40.5 <+ 3.0

(SH)

¢ Highly branched fumed silica particles, where the described particle size corresponds to the smallest dimension of these particles, which they are

also commerecially labelled with.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Fabricating a liquid marble. (A) Silanization process. (B) Various hydrophobic surface compositions obtained using silanes. (C) Snapshots from
Movie S1 (ESIT), where the hydrophobic particles are poured onto a water droplet to create a liquid marble. The particles slide along the air—-water

interface and cover the liquid surface bottom-up, thus covering the droplet.

A reasonable correlation was observed between ¢ and the
receding contact angles, (Fig. S1C, ESIt) because during the
rolling of liquid marbles, particles are slightly pushed into
the liquid, and the lower receding angles prevent them from
being expelled, thereby increasing o. Next, the interparticle fric-
tion was characterized, which arises from their chemical compo-
sition, topography (Fig. 2), and loading.>>** The angles of repose,
Orepy Of the particulate cones formed by dropping the particles
from a funnel (Table 1) were measured, and the tangent of the
highest values of those angles yielded the static friction coeffi-
cient, p = tan Oy.p,. Further, particle compressibility, defined as the
change in the volume of a mass of particles under applied stress,
was characterized. Compressibility can also be correlated with the
variance in the angle of repose measurements for a given particle
type (A0ep). For example, fumed silica particles with fuzzy nano-
structure (Fig. 2C) and characteristic size of 7 nm presented a
wide range of angles of repose (A0, = 41°) depending on how
tightly they were packed, whereas all other particles exhibited
significantly lower compressibility. Hereafter, the particles are

7630 | Soft Matter, 2021,17, 7628-7644

referred to with a simple code X|Y, where X refers to their
chemical composition (e.g;, C8 and C18) and Y refers to the
particle size in microns (Table 1).

Fates of deflating liquid marbles

Next, water loss was induced in the liquid marbles by allowing
them to evaporate under laboratory conditions: temperature of
23 £ 1 °C and 60 £ 2% relative humidity. A precision mass-
balance was used to monitor time-dependent changes in the
water content, which was tracked as the liquid mass fraction,
m/my, where m and m, denote the instantaneous and initial
masses of the liquid, respectively. This experimental setup was
essentially equivalent to slowly removing water from a liquid
marble with a capillary such that only the liquid was removed
and not the particles. In addition to monitoring the mass, the
concomitant structural changes in the stressed liquid marbles
were observed via time-lapse imaging (Fig. 3). The curved
particle-laden surface of a liquid marble was observed to
experience a tangential compression as the liquid evaporates,

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Representative scanning electron micrographs of a subset of particles used in this study. Scale bars are in micrometers. The last column presents
the nomenclature pertaining to the particles based on their chemical composition and size (Table 1). (A) Liquid marbles formed with these particles result
in Case | on deflation; (B) liquid marbles formed with these superhydrophobic particles result in Case II; (C) liquid marbles formed with fuzzy nanoscale
particles that tend to agglomerate result in Case III; (D) liquid marbles formed with these particles result in hybrid properties between Cases | and Ill. Note:
The cases are extensively discussed in the following sections, and representative electron micrographs for the remaining particles are presented in the

ESI¥ (Fig. S2).

which is analogous to the compression of a flat liquid-particle-
vapor interface induced by a Langmuir-Blodgett trough reported
previously.*® Interestingly, the gradual deflation of liquid marbles
herein, which are formed from a wide range of particle sizes
and drastically different chemical compositions, revealed three
general cases. These cases could be classified on the basis of
liquid-particle (L-P) adhesion, interparticle (P-P) friction. These
general cases are described below followed by examples.

e Case I—constant surface area (Fig. 3B): this case involves
liquid marbles formed with particles with high liquid-particle
adhesion (intermediate to low 6, values) and moderate to low
interparticle friction (0cp). As they lose the liquid, the marbles
maintain the particulate monolayer and preserve their surface
area, resulting in significant structural deviation from sphericity.

e Case II—particle ejection (Fig. 3C): this case involves liquid
marbles formed with superhydrophobic particles having low

This journal is © The Royal Society of Chemistry 2021

liquid-particle adhesion (highest 6., values) and low inter-
particle friction (0Orep). As the liquid is lost, the marbles maintain
high sphericity and particulate monolayer. To accomplish this,
they eject particles from their surface.

e Case III—thickening of the particle layer (Fig. 3D): this
case involves liquid marbles formed with particles having low
liquid-particle adhesion (highest 6,.. values) and high inter-
particle friction and compressibility. As the liquid is lost, the
liquid meniscus dewets particles, which remain adhered to
their neighbors, thereby thickening the particle layer and
increasing ¢; marbles maintain high sphericity.

Time-lapse imaging experiments revealed that in Case I,
particles exhibit high adhesion to the liquid, which keeps them
stuck to the interface until the very final stages of evaporation
(m/my < 0.10). By then, the liquid marble is so deformed that
the meniscus recedes, possibly even detaching completely from

Soft Matter, 2021,17, 7628-7644 | 7631
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Fig. 3 Representative snapshots and image analysis of evaporating liquid marbles formed with particles of varying sizes (7 nm-300 um) and drastically
different chemical compositions. (A) Control case: evaporating water droplet placed on a hydrophobic glass slide (H-glass). (B) Case I: evaporating liquid
marble maintains constant surface particle density and surface area, which requires its shape to deviate from that of a sphere. (C) Case II: evaporating
liquid marble maintains high sphericity and constant surface particle density. In doing so, it ejects particles from its surface as the surface area decreases.
(D) Case IlI: evaporating liquid marbles maintain sphericity as they shrink and the surface particle density increases owing to the compression and layering
of particles at the liquid interface. After the liquid evaporates, a hollow shell is left behind. (E) Hybrid Cases |-III: the liquid marble behaves as a hybrid in
Cases | and Il and exhibits significant deviation from sphericity and thickening of the particulate layer. Schematics of the (F) experimental setup and of
(G) a liquid marble depicting the particles and liquid within. (Note: additional time-lapse data for the remaining liquid marbles are shown in Fig. S3 and
Movie S2, ESI.{)
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small patches of wet particles. Another striking feature of Case I
is the manner in which the marbles deform. For larger particles,
the stiffness and weight of the particulate monolayer is so
high that it results in the marbles’ collapse, followed by the
deflation of the hemispherical object (Fig. 3B top). For smaller
particles (<57 pum), the dome collapses first, and the marble
subsequently wrinkles as it deflates (Fig. 3B bottom).

In Case II, the apparent contact angles at the particle-
liquid-vapor interface are the highest (e.g., SH|128—Table 1
with 6,4, > 150° and 6. > 150°). SH|128 exhibits super-
hydrophobicity because silica particles are functionalized with
a C18 silane layer followed by multiple Glaco™ coats (Fig. 2B
rightmost frame). Thus, the combination of the hydrophobic
coating and nanoscale roughness resulting from the use of
Glaco™ renders the particles superhydrophobic, yielding ultra-
low liquid-particle adhesion.*>*® In addition, the interparticle
friction is low, 0, = 40.5°. As the liquid volume decreases, the
particles get compressed against each other, generating an
ejection force that expels some particles from the marble
surface (discussed in detail in the next section). Consequently,
the sphericity of the marble does not significantly deviate from
its initial shape during evaporation (Fig. 3C).

Case III differs from the previous two cases owing to the
high interparticle friction and compressibility, i.e., their ability
to form dense particle layers under compression (Fig. 2C).
Indeed, high compressibility is evidenced by the high variance
in the angle of repose of the particles as a function of particle
compression (0rep = 76.5° and Al,, = 41° - Table 1). As liquid
marbles formed with these particles evaporate, particles are
pushed against each other and a fraction get dewet. Due to the
high interparticle friction, these particles are not ejected and
they result in multilayering, increasing the packing density.
This can be easily observed in the 7 nm fumed silica particles in
Fig. 3D wherein the small black cotton fiber on the marble
provides a contrasting object that becomes gradually buried as
the layer thickens. Although coated with the same hydrophobic
molecule (C18: 0,q, = 114°, 0, = 102°) as the other particle
sizes, these particles display superhydrophobicity owing to
their nanoscale roughness, which is characterized by the
contact angles 0,4, > 150° and low hysteresis.*”"*® This occurs
because they are highly branched, which traps air between
the particles*® (Fig. 2C). During this process, liquid marbles
maintain highly spherical shapes.

Analytic framework

Here, the analytic framework is described for predicting the
potential final states of liquid marbles (Cases I-III) that are
based on liquid-particle (L-P) and particle-particle (P-P) inter-
actions. First, note that liquid marbles are typically formed at
length scales below the capillary length, ic = \/yiv/(pL X &),
where y;y denotes the surface tension of the liquid-air
interface, p;, denotes the density of the liquid, and g denotes
the acceleration due to gravity (for water, Ac &~ 2.7 mm).*® For
length-scales <Ac, the contributions of weight and buoyancy
are negligible compared to those of capillary forces. Thus, a

This journal is © The Royal Society of Chemistry 2021
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freshly made liquid marble assumes a spherical shape under
the influence of tensions at the liquid-vapor and liquid-solid
interfaces (Fig. 4). Owing to evaporation, the liquid interface in
contact with the particles tends to recede, such that the
apparent contact angles at the solid-liquid-vapor (S-L-V) inter-
face transition from 0,qy — 0Ore.. The receding meniscus pulls
onto the particles with its surface tension, thus applying an
interfacial force, Fi,. This force compresses the particles
against one another, generating the compression force, F..
Owing to the particles’ finite size, irregular packing and surface
topography, this compressive force results in an ejection force,
F¢j, which tends to expel the particle away from the liquid
surface, and an interparticle friction force, Fy,, which counteracts
the ejection force.

For simplicity, we considered a force balance along the
tangent at P-P contacts (Fig. 4B). The magnitude of the
compression force, F, relates to the interfacial force as, F. =
—Fine = —Yv X 2Mrwer X €OS0°, where 1y, is the radius at the
particle’s wetting perimeter, which is maximum when 7y = 7p
(coincident with particle radius, at the equator), and the angle
is 0° because the force is locally tangential to the liquid-air
interface. F. can be projected on the P-P contact axis, giving
rise to the ejection force, Fj = F. X sina, or:

Fej = =YLy X 2MTye X Sina (1)

where « is the particle relative position, given by the angle
between the particle being ejected and its neighboring particles
(Fig. 4B). For perfectly aligned horizontal particles, o = 0°,
which gives no ejection force, whereas, the higher the particle
misalignment, the higher the ejection component of the
compression force.

The adhesion force, F.gqn, or L-P adhesion force is the
projection of the Fj,, onto the P-P contact axis:

Fadh =Yv X znrwet X COos eadh (2)

Conversely, unlike for the compression force derivation, in this
case, Fi is tangential to the local liquid meniscus at the S-L-V
contact point (Fig. 4C). 0,qn is the meniscus angle relative to
the axis tangential to the P-P contact point. It relates to the
wettability of the particle, and can be approximated by the
receding angle, 0,... However, since the liquid meniscus can get
pinned at reentrant or doubly reentrant features®®>' on the
particle surface, 0,4y, can assume values below 0., thus
maximizing F,gn.

The friction force, Fy, is given by the normal component of
the compression force projected onto the P-P contact axis, Fy,
multiplied by the coefficient of static friction between particles, p.
And, u is equal to the tangent of the angle of repose, p = tan Op,
where 0, is the experimentally measured angle of repose of the
particles (Table 1, Methods).>® Thus, Fi = u x Fy, which on
substituting Fy = F. x cosa yields,

Fpy = (tan Orep) X (v X 2Mryee X COS &) (3)

Together, these forces dictate the fate of the particles (Fig. 5
and 6) and the potential final states of the liquid marbles
(Fig. 4D-F). We introduce the total normalized force, Fr, as the

Soft Matter, 2021,17, 7628-7644 | 7633
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Fig. 4 Analytic framework: interfacial force balance for a simplified system of spherical particles placed on an evaporating liquid marble. (A) lllustration of
the initial state of a liquid marble. (B) Force balance for the center particle applied at the contact point between two particles. As the water evaporates, the
receding liquid meniscus pulls onto the particles owing to water’s surface tension, generating a tangential force, F;, which compresses the particles, F,
such that F. = —Fin. This compression force results in the ejection force, Fe;. The ejection force is countered by the forces of liquid—particle (L-P)
adhesion, Fagh, and interparticle (P—P) friction, F¢. (C) Shows the actual microscopic local curvature of the liquid meniscus at the particle interface, which
gives rise to F,gn. Note that Fi, assumes different directions in B and C due to different liquid interfaces being considered for each case. The possible
outcomes for the center particle based on the force balance are: (D) the particle stays pinned to the liquid, characterizing Case |, (E) the particle gets
ejected, Case Il, and (F) the particle gets unpinned from the liquid but is held by the neighboring particles due to high P—P friction, Case Ill. Illustration
created by Ivan Gromicho, Scientific Illustrator, Research Communication and Publication Services, Office of the Vice President for Research, King

Abdullah University of Science and Technology.

sum of these forces (eqn (1)-(3)) normalizeld by the liquid wet
perimeter, Pye; = 2Mrye, Such that Fr = ——(Fgj + Faan + Fir),
which after some rearrangement yields ~

Fr =1y (cos Oaan + cosa X tan Oy, — sina) (4)

When Fr < 0 the total normalized force points away from the
liquid. In this case, as the meniscus starts to recede, the
adhesion force plummets to zero, and F; launches the particle
off, characterizing Case II. Conversely, if Fr > 0, the particles
are not ejected, and we can have Case I, which is characterized
by high liquid-particle (L-P) adhesion, or Case III where the
interparticle (P-P) friction dominates. Fig. 5 shows a compilation
of possible scenarios for different L-P and P-P properties,
where the colored areas indicate the regions of properties for
each of the Cases I-III. For instance, as the meniscus relative

7634 | Soft Matter, 2021,17, 7628-7644

angle, 0,4n, increases, meaning that effectively the hydro-
phobicity increases, the total normalized force goes from
positive to negative, or from a region where Case I prevails to
a region of Case II (Fig. 5A). However, if P-P friction increases,
the scenario shifts towards the Case III region. Case II is
characterized by the highest hydrophobicity (6. > 150°, note
that we assume 0,qn, X 0Orec), but moderate to low P-P friction
(Orep = 40.5° £ 3.0°), conferring to its particles extreme low L-P
adhesion, and low enough P-P friction that the particles can
easily detach from the liquid and be ejected outwards without
being stuck to neighboring particles. The next important factor
into consideration in our force balance, is the particle position
relative to its neighbors, o. The more aligned the particles
are, the lower the magnitude of the ejection force, F;.
Consequently, the higher the contribution of L-P adhesion
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and P-P friction to a positive (towards liquid) resultant force
(Fig. 5B-D and F).

Interestingly, hybrids of Cases I & III are also possible, e.g.,
C18]0.5 lying in the overlapping regions (Fig. 5A and D-F). This
hybrid case has a 0., = 50.5° + 7.6° (Table 1), effectively not as
high as Case III marbles (e.g., C18]|0.007 with 0., = 76.5° &
20.5°), but higher than Case I marbles (all coatings with 40° <
Orep < 47°). The high P-P friction of C18]|0.007 and C18|0.5 is
caused by their nanoscale roughness, which also contributes to
their hydrophobicity due to air entrapment.

The generality of our model (eqn (4)) is confirmed by
comparing the resultant force for a wide range of particles
studied (Table 1), as function of the measured 0;.. and 0,ep,
and o (Fig. 6). As the particle relative position, «, increases,
the resultant force tends to decrease, i.e., towards expelling
the particle (Fig. 6A). Although « was not experimentally
measured, we could estimate the maximum possible misa-
lignment with the following logic: when m/m, = 1, i.e., when
the loss of liquid has not translated to particle compression,
the apparent S-L-V contact angle at the particle interface
could range from 0,4, for a particle least immersed, to 0.,
for a particle most immersed. Thus, the greater the contact
angle hysteresis, the greater the «. Amongst, the particles we
studied, we noticed that C11-Br|57 had the greatest contact
angle hysteresis (0nys = 49°), which yielded ooy = 24° (Fig. S4,
ESIt). Next, assuming a moderate misalignment of o = 10°,
we visualized how the model (eqn (4)) correlated with the
experimental points in terms of 0. and 0,.p. As presented in
Fig. 6B, the experimental points lay on very distinct
regions for each of the three general cases. Case II is clearly
defined by the red region (negative). Note, the boundary
between the Cases I and III could not be precisely delineated
by our experiments. Additionally, we present an analytic frame-
work diagram for o = 24° in Fig. S5 (ESIt). Although « captures
the misalignment between larger particles in a small marble,
the model may lose its validity when the liquid marble is
formed by a low number of very large particles due to curvature
effects.

Modeling of liquid marble evaporation

In this section and the next we apply the insights from Cases I-1II
of the present study’s analytic framework to capture the potential
final states of evaporating liquid marbles using a model that
harnesses a single geometric parameter, k.

In the simplest control case, the evaporation rate of a water
droplet evaporating under normal temperature and pressure
(NTP) conditions is limited by the diffusion of vapor in the
surrounding air.**>* Analogously, this is also the limiting step
for Cases I-III until a certain moment during the evaporation
(details in the Discussion section). Following those reports, the
local radial evaporation flux from the liquid marbles can be
expressed asj = jo/R, where R is the droplet/marble radius, and
Jo depends on the diffusion coefficient of water in air (D) as
well as the saturated and ambient vapor concentrations, pgy,
and at a long distance from the droplet, p.,, over the liquid
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density of water, py:

jo _ Dw (psatp_L poo) (5)

Thus, the evaporation rate can be expressed as the product of
the radial flux and the droplet or marble’s exposed surface area, A.

dV_ Psat — Poo A
v «o( ) ©)

Next, we write the equation in terms of liquid mass fraction, m/ms,
where m represents the mass at a given time, and m, represents
the initial mass of the liquid.

dv mo \ d(m/m)
ar =) e ©)
pL t

Considering the structural deformation of the marble as the water
is removed, e.g,, in Case I, A/R is expressed as a function of a
characteristic diameter, Dy, Approximating the liquid marble to
be a virtual hemisphere, where A is area of the hemisphere
exposed to air, we obtain

R R

A 2nR?
= = nDchar (8)

Thus, the characteristic diameter is representative of the apparent
size of the liquid front in the marble, ie., not considering the
particles’ contribution to the volume. Next, consider the concept
of sphericity, @opject, which describes the dissimilarity in the area
of an object from that of a sphere of the same mass and density as
Qobject = Asphere/Areal. Analogously, a dissimilarity factor, v, is
introduced to describe the deviation in the characteristic
diameter of the liquid front inside the marble from that of the
hemispherical droplet as = Dhemisphere/Dehar, Where Dhemisphere =
[12m(m/m)/(p )], Thus, ¥ represents the deflation and dis-
tortion during the lifetime of a liquid marble. Based on our
experimental data on the evaporation of liquid marbles (Fig. 3
and 7B, D) and the emergent power law observed in the ratio of
particle to liquid masses (Fig. S9, ESIt), we considered that iy may
adopt the following functional form, y = (m/mo)k°, where k. is a
geometric parameter related to the evolution of the shape of the
marble and the particulate layer. Simply put, this means that the
more advanced the stage of evaporation, the greater the deviation
in the shape of the marble. Notably, for the control case of a
spherical droplet that evaporates with a constant contact angle,
k. = 0, implying that the shape of the exposed interface is not a
function of the mass fraction, ie., constant sphericity (Fig. S6,
ESIT). Applying this logic to liquid marbles, the characteristic
diameter at any stage of evaporation is given by

1-3ke

1
12mo\3/m\ 3
D char = ( 0) <_) (9)
pLT M,

Substituting eqn (7)-(9) in eqn (6), the final expression for
the evaporation of liquid marbles in terms of liquid mass
fraction, ambient properties, and the geometric parameter is

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sm00750e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 19 July 2021. Downloaded on 5/2/2026 1:01:10 AM.

(cc)

Fixed pérticle éize: 57 um

Fixed functionalization: C18

Paper
A 10 Mass fraction B Evaporation rate
Particle coating 1.0
water =
0.8 =08 z
Eo — C18 § 0.8+
= —C6 TS
S —cC6C2 ||® E
g 0 —c11 |l Eos;
B Ci1-Br ||= 2 Particle coatin,
3 § < ] droplet
i’:’ 04 g i 04 water
o ] o (530 2,
1] —
= S droplet E o8
3 0.2 Q02 C6-C2
- —_—C11
E = C11-Br
tC : :
g Particle size (um) 1.0
— 0 (water) =
[ 08 = 0.007 ]
Q o —05 ;’f‘go-ﬁ
ws —3 g%
g Ga | — 57 '§ g Particle size (um)
= — 90.5 c 506 0 (water)
,g SH — 128 _g 5 = 0.007
§ H. 181 g = —2.5
< 04f —231 8304} —=
@ —_— 275 > £ ——9%05
2 — 300 TR —128
g — 181
L ——— 128(S.H.) =
0.2 $0.2 231
- —275
— 1300 Case Il (0.007) at transition
——128(SH) to interparticle-limited diffusion
0.0 - - - 0.0
0 50 100 150 200 0.8 0.6 0.4 0.2 0
Time (min.) Mass fraction, m/m0
E 10 Predicted mass fraction Predicted evaporation rate
Particle coating
water (Fi2=0.997) _
08} ——— C8 (R?=0.995) £
—— C18 (R?=0.991) g‘
o — o
£ C6 (RP=0.999) 2=
g 06 ——Ce-C2 (FF=0999) |8 &
& — C11 (R?=0.998) c &
S ——Ci1-Br (F=0.996) | |2 T .
B E — Particle coating
g 0.4 1 8.§ 0.4 water (R?=0.86)
P Vs C8 (R?=0.97)
o wE —— C18 (R?=0.89)
c 02 §, C6 (R?=0.95)
] ) 202 cec2 (-080) | [ Case |
..6 C11 (R?=0.96)
S C11-Br (R?=0.71)
© Gy, H
a Particle size (um) 1.0
= 0 (RP=0.997)
o 08 ——— 0.007 (RP=0.996) 5
(<] - — 0.5 (P=0.999) _£08
N ——— 3 (P=0.999) § Particle size (um)
& ——— 57 (FP=0.991) % < 0 (R?=0.86)
£ 06 —— 905 (RP=0999) || & E 06 0.007 (2=099)[} Case IlI
g ——128(F=0999) || § E ——os5(=09) [FHybrid I, lll
b — 181 (FP=0999) || R 2, 3(R?=097)
S g4 — 231 (RP=1) 5= 57 (R?=0.89)
i SH —— 275 (F=0.999) § 3 0.4 f|——905 (;rf:o.w)
1] ik e _ S 128 (R=0.88)
S B ol wE — 181 (R%=0.82) Casel
= ——— 128 (FP=0.983) g
0.2 =02 231 (R?=0.91)
- 275 (R?=0.86)
= 300 (R?=0.9)
128 (R°=0.28) |} Case Il
0.0 - 0.0
0 50 100 150 200 0.8 0.6 0.4 0.2 0
Time (min.) Mass fraction, m/mo
Fig. 7 (A-D) Experimental results and (E-H) model fits for the liquid mass fraction and evaporation rates of liquid marbles formed with 10 uL water

Fixed functionalization: C18

Fixed particle size: 57 pm
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and evaporated at 23 + 1 °C and 60 + 2% RH. (A, B and E, F) Effects of varying the chemical make-up of 57 um silica particles. (C, D and G, H) Effects of
varying the particle size from 7 nm to 300 um while keeping the chemical make-up fixed to the C18 coating (except for the superhydrophobic case
that received an additional coating of Glaco™). The legends “water” and “0" refer to sessile water droplets placed on the smooth hydrophobic
glass surfaces (H-glass). The mass fraction data was truncated at m/mqo = 0.02 owing to the disintegration of liquid marbles and ensuing complications

(Fig. S9, ESI4).
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obtained as
d 1272\ 3 =
_ ; 3
(m/mo) — Dw(psatz poo)( T ) (ﬁ) (10)
ds M3 oL mg

Experimental results and model fit for the evaporation of liquid
marbles

As described in Fig. 1-3 and Table 1, we formed liquid marbles
with 10 pL of water using functionalized silica particles in the
size range of 7 nm-300 pm; the particles’ receding contact
angles for water varied in the range of 50°-150°, and P-P
interactions were characterized by repose angles in the range
of 40°-76°. During their evaporation, some liquid marbles
exhibited higher evaporation rates compared to the controls
(10 pL water droplets), whereas at other instances, the marbles
exhibited lower evaporation rates (Fig. 7B and D). By fixing the
particle size to 57 pm and varying their chemical composition,
we observed higher evaporation rates compared to those of the
controls (Fig. 7A and B). For Case I, the wiggling behaviors
corresponded to actual variations in the evaporation rates
owing to particle compression and adjustment together with
the structural deformations caused by water loss that can
momentarily affect the vapor gradients close to the marble
surface. Clearly, this effect was absent in the case of water
droplets.

Next, the effects of particle size on evaporation rates were
studied by fixing the chemical composition to C-18. While there
was no clear dependence on particle size, liquid marbles
formed with 7 nm fumed silica particles consistently exhibited
slower evaporation than others (Fig. 7C). Interestingly, for these
marbles, the evaporation rates decreased to even below that
of the control cases (water droplets) at m/m, < 0.3 (Fig. 7D).
The experiments revealed that this was caused by the transition
of water evaporation from an air-limited vapor diffusion to a

View Article Online

Paper

particulate-layer-limited vapor diffusion. This resulted from the
thickening of the particle layer, which constricted vapor
transport. Moreover, this feature underlies a decrease in the
evaporation rates of 7- and 500 nm-sized marbles in contrast to
other marbles in the range of m/m, ~ 0.75-0.65. Finally, the
evaporation rates for the liquid marbles formed with super-
hydrophobic particles (SH|128 um, in pink) were punctuated
with significant oscillations owing to particle ejection.

Our model, equipped with a single geometric parameter, &,
accurately described all potential final states of the liquid
marbles during evaporation, i.e., Cases I-III, along with their
hybrids (Fig. 7E-H). The predicted m/m, values ranged within a
coefficient of determination of R> > 0.98 with respect to the
experimental data (Fig. 7E and G). In its ability to capture the
evaporation rate as a function of m/m,, the model satisfactorily
correlated with the experimental data, yielding R* > 0.85
(Fig. 7F and H) in most cases. Finally, the model adequately
captured the average behavior of liquid marble evaporation in
Case II (for SH|128 um). The poor correlation (R* = 0.28) was
caused by the high instantaneous variance in the evaporation
rate owing to particle ejection, as explained above.

The marbles in Case I exhibited a fitted geometric parameter
of k. = 0.16 with a standard deviation of 0.04 (Fig. 8A), which is
independent of the apparent contact angles pertaining to the
particle’s chemical composition (Fig. 8B and C). Thus, Dcpay >
Dhemisphere and the evaporation rates were higher than that of
water droplets, which is reasonable owing to the significant
structural deformation of the liquid marbles during evaporation
resulting from high L-P adhesion.

Case II has k. ~ 0 because of the minimal structural
deformation of liquid marbles when the compression in the
particulate layer is released via particle ejection; low P-P
friction preempts multilayering. Thus, in this case, Dchar =

Dhemisphere-

0.3 A Particle coatings: C18 (except for Case II) B Particle sizes: 57 ym C Particle size§: 57 ym

& :
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Fig. 8 Correlations between the geometric parameter, ke, and key particle characteristics. Shaded regions represent Cases |-lll. (A) Effects of particle

size, maintaining the chemical composition as fixed at C18 with the exception of SH|128 that had the Glaco

™

coating on top of a C18 layer. (B) Advancing

and (C) receding intrinsic contact angles for 57 um-sized particles with coatings ranging from hydrophilic to hydrophobic. Black-filled squares are points
obtained with the mean values of evaporation runs, whereas white-filled squares represent replicates. Note: In these plots, ke = O represents the perfectly
hemispherical case, which the control case (water droplets, dotted blue line) approaches. The 0.5 um (fumed) particles are the hybrid/intermediate
between Cases | and lll, wherein the deformation behavior is more pronounced than the layering behavior, thus exhibiting positive ke.
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For Case III, k. is negative; thus, the effective evaporation
rate is lower than that of a bare hemispherical droplet, ie.,
Dehar < Dhemisphere- This is reasonable considering the limiting
effect of the diffusion barrier created by multilayering because
of high P-P friction.

Through this modeling approach, we were also able to
pinpoint the behaviors of hybrid liquid marbles that
simultaneously exhibited features of Cases I and III. For the
500 nm fumed silica particles, the k. value was intermediate
relative to those of Cases I and III (Fig. 8A). These liquid marbles
underwent structural deformation and experienced thickening
of the particulate layer; since k. > 0, the contribution of the
former dominated the latter.

Discussion

This study developed an analytic framework based on L-P and
P-P interactions to predict the potential final states of liquid
marbles when the liquid is gradually removed. Based on these
insights, a single parameter model is developed that accurately
captures the evaporation of liquid marbles formed with particles
of sizes varying from 7 nm to 300 pm and chemical compositions
ranging from hydrophilic to superhydrophobic. This section
discusses some peculiarities of the observations and discusses
associations with existing literature on this subject. The most
commonly reported liquid marbles in the literature are formed
with water and belong to Case I because common hydrophobic
particles exhibit intermediate 0,.. and intermediate P-P friction
(Table 1).® These particles do not have hierarchical, reentrant,
and/or nanoscale features, which prevents them from robustly
entrapping air at the L-P contact or exhibiting particle-level
superhydrophobicity.>* It should be noted that we are discussing
the particle-level wetting behavior; at the macroscale, a flat
surface with a layer of these particles will, obviously, exhibit
superhydrophobicity owing to the entrapment of air between the
particles. Thus, in the liquid marble configuration, the L-P
interface for these particles would be in the Wenzel state,>
and the L-P adhesion would dominate over the ejection force
(Case I). Then, these liquid marbles maintain constant surface
area and monolayer during evaporation by undergoing
significant structural deviation from sphericity. Thus, they exhi-
bit faster evaporation rates than that of bare droplets along with
k. > 0 (Fig. 7B, D and 8A-C).

In contrast, if nanoscale surface roughness is realized onto
the particle surface, e.g., if SH|128 particles are coated with
Glaco™, they exhibit superhydrophobicity even at the particle
level, which is characterized by 6,45, > 150° and 0. > 150°
(Table 1 and Fig. 2C). Thus, in the liquid marble configuration,
the L-P interface for these particles would entrap air between
nanoscale asperities (Cassie state).’® Interestingly, we were
unable to find reports on liquid marbles formed with super-
hydrophobic particles, presumably because their extreme water
repellence complicates their preparation, and even faint
mechanical vibrations can damage them owing to the ejection
of patches of particles. For example, a liquid marble formed
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with SH|128 particles lost a patch of particles as excess particles
were swept off the evaporation plate (Fig. 3C). Then, the bare
patch gradually filled up through particle rearrangement owing
to evaporation, the compression force built up with further
evaporation, and the particle ejection began. Notably, particle
ejection ceased in the final stages of evaporation. This can be
explained based on the inhomogeneities among the particle-
s—in terms of structural and surface coating—such that the
particles with higher water-repellence were ejected first, leaving
behind less hydrophobic particles. Particle ejection due to low
L-P and P-P friction ensures that the liquid marbles maintain a
monolayer of particles and remain spherical (Case II). Thus, the
evaporation rates are similar to those of the control cases (water
droplets) and k. ~ 0 (Fig. 7H and 8A). Furthermore, ejected
particles landed on the mass balance, and their impacts caused
instabilities in the recorded data (Fig. 7C and D). However,
most fluctuations are caused by particle rearrangement, which
can locally and momentarily change the vapor gradients near
the surface of the marble.

If superhydrophobic particles have high P-P friction, the
outcome is markedly different. Fumed silica particles
(C18|0.007) with a dendritic structure formed larger, fluffier
particles owing to their high P-P friction (Fig. 2C and
Table 1).>” Thus, in the liquid marble configuration, the hairy
L-P interface entrapped air.”® When the liquid is removed,
some particles dewet but remain connected to neighboring
particles causing multilayering.’®>° Interestingly, interparticle
friction was so robust for these particles that, in one of the
replicates, the liquid completely detached from the particle
structure at m/m, < 0.1, leaving a free-standing particulate
dome (Fig. 3D). Remarkably, the increase in particle layer
thickness was so pronounced due to multilayering that the
interparticle vapor diffusion became the limiting step for
evaporation.® This was experimentally evidenced at m/m, ~
0.3 when the evaporation rate of the C18|0.007 liquid marble
dropped below that of bare water droplets (Fig. 7D). Although our
model did not directly predict this bottleneck transition—from
vapor diffusion in air to interparticle vapor diffusion—it yielded
negative values of k., signifying multilayering (Fig. 8A) and the
reduction in the evaporation rate (Fig. 7H).

To summarize, L-P adhesion dominates over other forces in
Case I; ejection force dominates over L-P adhesion and P-P
friction in Case II, and P-P friction acts dominant in Case III
(Table 2). Our model (eqn (4)) could precisely identify the sharp
boundary between Case I (mostly green) and Case II (red) in a
diagram plotted between 0., and 0,qn for a moderate o = 10°
(Fig. 6B). However, the boundary between Case I and III appears
to be less well-defined and it is possible that particles in that
region present a mixed behavior. For instance, the hybrid Case
I-1II (for the C18|0.5 marbles) displays a combination of
structural deformation (Case I) and multilayering (Case III)
(Fig. 3E). This can be attributed to mild L-P adhesion and
higher P-P friction, as indicated by the highest value of 0., =
50.5° + 7.6° among the particles in the middle green region in
Fig. 6B. Consequently, its k. value is positive (Fig. 8A) but lower
in magnitude compared to typical Case I values, indicating a
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Table 2 Case summary and outcomes of evaporation
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Case Geometric parameter, k. L-P adhesion P-P friction [0, Dominant force Particle outcome Evaporation outcome vs. droplet
1 >0 High Moderate-Low [ < ~45°] L-P adhesion  No layering Faster

I ~0 Low Low [ < ~40°] Ejection force  Ejection Same

111 <0 Low High [> ~50°] P-P friction Layering Slower

Droplet ~0 — — — — Same

“ Typical values. Refer to Fig. 6B for better visualization.

more pronounced structural deformation behavior (Case I)
than multilayering (Case III). Accordingly, the evaporation rate
for the hybrid Case I-III was higher than that of the water
droplet but not as high as that in Case I (Fig. 7D and H).
Ultimately, the pure Case III marbles should be dominated by
friction forces over adhesion forces, i.e., Fr, > Faqn. Next, we
examine some of the reported data in the literature through the
framework of L-P and P-P interactions developed herein. For
example, Bhosale et al.®® have measured the evaporation rates of
liquid marbles formed with a microscale polytetrafluoroethylene
powder (UPTFE) and fumed silica nanoparticles coated with
hexamethyldisilazane (nHMDS) and dimethyldichlorosilane
(nDMDCS). They observed that the former evaporates faster,
and the latter behaves similar to water droplets. pPTFE results
can be classified as Case I based on the significant structural
deformation of the liquid marble during evaporation, whereas
both nHMDS and nDMDCS can be classified as Case III, wherein
the larger surface area of nHMDS than nDMDCS caused severe
reduction in vapor diffusion through the particle layer. Rouyer
et al® reported higher evaporation rates of liquid marbles
formed with polystyrene particles (140 pm) silanized with
perfluorodecyltrichlorosilane (FDTCS) compared to bare water
droplets. Additionally, they reported significant structural
deformation of marbles during evaporation, evidencing Case I.
Erbil et al® investigated the evaporation of liquid marbles
prepared with polytetrafluoroethylene (PTFE) powder (5-9 pm)
as a function of relative humidity. They reported structural
deformation but with an overall lower evaporation rate
compared to that of bare water droplets, indicating a hybrid of
Cases I and III, in which the increased resistance to vapor
diffusion results from the particle layer’s thickening. Notably,
they also reported that an increase in relative humidity (RH)
resulted in higher resistance to evaporation compared to that of
water droplets. This was attributed to the fact that PTFE particles
tended to aggregate more in high humidity conditions, which
could be due to the reduction in interfacial electrification.**®
Markedly, Case II is the least common in the scientific literature;
to the best of our knowledge, it has only been reported by
McHale et al,*? for spherical silica particles (75-1180 pm in
size) coated with trimethylsilylchloride. Since spherical particles
are expected to have quite low 0., < 30° and P-P friction, they
can get expelled from the liquid marble’s surface, even without
the need for the superhydrophobic coating for the extremely
high 0,qn. Although their 0,., was not reported, we predict that
their system falls in the red region (Case II, Fig. 6B). Note how
the yellow boundary between the Cases I and II positively
correlates Orep, with Oaan, Le., higher O,qp, leads to Case II, while
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higher 0., tends toward Case I (and eventually to Case III at the
extremely high 0,.,). Experiments with different particle shapes,
sizes, and surface chemistry and liquids are needed to extend
this analytic framework for identifying precisely the boundaries
between the cases and hybrids.

Lastly, we tested the model on larger liquid marbles (1222 pL)
shown in Fig. 3 and Fig. S3 (ESIt). We utilized the same k. values
as obtained from 10 pL marbles to model the shape evolution
shown in the image analysis in Fig. S10 (ESIt). These findings
demonstrate that k. values are robust at capturing P-P and L-P
interactions and, hence, predicting the fates of liquid marbles
irrespective of their initial volume. Nevertheless, the volume
should not be too large to create a flattened liquid marble or
too small to create a marble with extremely few particles. In those
cases, the model would not apply anymore.

To conclude, we developed a general framework for predicting
the potential final states of liquid marbles based on L-P and P-P
interactions. These key L-P and P-P characteristics can be easily
quantified via contact angle goniometry, optical imaging, and
forming (particulate) cones by pouring particles. To unentangle
the contributions of the particle size, friction, and chemical
make-up on the fate of evaporating liquid marbles, we compared
the effects of particles of varying sizes (7 nm-300 um) and
chemical compositions ranging from hydrophilic to superhydro-
phobic (Table 1). Remarkably, the behaviors of all those evaporat-
ing liquid marbles collapsed into the following three cases or their
hybrids (Table 2):

e Case I (high L-P adhesion and moderate to low P-P
friction): in this case, liquid marbles deform to maintain
constant surface area.

e Case II (low L-P adhesion and low P-P friction): in this
case, liquid marbles eject particles to maintain sphericity.

e Case III (low L-P adhesion and high P-P friction): in this
case, expelled particles remain in the particulate layer and
thicken it.

Based on these insights, we developed a model for predict-
ing the time-dependent evaporation rates based on the Fick’s
theory of diffusion.® The model exploited a geometric
parameter based on the sphericity/distortion of liquid marbles
as their shapes evolved over time. The fits of this model
matched accurately with the experimental observations of the
evaporation rates of the liquid marbles formed with the
variegated particles described in Table 1. Furthermore, this
model and the general framework developed herein draw
together this interdisciplinary research field by providing
mechanistic insights into previous studies, where only a subset
of the three general cases and/or the hybrids have been

This journal is © The Royal Society of Chemistry 2021
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explored. Taken together these findings advance our basic
understanding of liquid marbles to utilize them to probe
complex liquids such as dry water®® and Pickering
emulsions**””*** and also explore their applications as simple
and low-cost platforms in engineering®® and educational
contexts.

Materials and methods

Fumed silica particles with diameters of 0.007 pm and 0.5 pm
were obtained from Sigma Aldrich (CAS 112945-52-5). To
remove their original coating, they were exposed to three cycles
of piranha treatment described below. The resulting surfaces
exhibited superhydrophilicity toward water. Then, they were
silanized following a protocol described below. Particles in the
size range of 3-57 um were obtained from Davisil (Grade 633-
CAS 112926-00-8) with 60 A pore size (purchased from Sigma-
Aldrich). For the particles in the size range of 75-300 pum, silica
sand was used, purchased from a rural Saudi supplier. The
sand was sieved using stainless steel meshes with ranges
specified in Table 1. All silanes (Fig. 1) and chemical reagents
(including toluene, chloroform, methanol, sulfuric acid, and
hydrogen peroxide) were purchased from Sigma Aldrich.
Glaco™ was purchased from Soft99. Deionized Milli-Q water
was used for all evaporation experiments, i.e., for water droplets
and liquid marbles.

Silanization of particles

Silanization reactions were utilized to chemically graft oxide-
terminated ceramic/mineral surfaces with molecular species of
interest, e.g., hydrocarbons and perfluorocarbons.®®®” First,
particles were washed to remove surface contaminants. The
particles were stirred in a beaker with acetone for 1 h, then
filtered and rinsed with ethanol and dried at 100 °C for 6 h in
an oven. Subsequently, the particle surface was activated in a
freshly made piranha solution (3:1 volume ratio of 99.9%
sulfuric acid and 30% hydrogen peroxide) for 10 min at
130 °C. The activation step created hydroxyl groups on the
surface of particles, which were the binding sites for the silane
molecules (Fig. 1A).°® Then, the piranha solution was removed
by thoroughly rinsing the particles several times with deionized
water. Next, the particles were dried at 100 °C for ~2 hours and
cooled down. Immediately after, silanization reactions were
performed with 1 g of particles and 70 mL of a 1% solution
(by volume) of silane in toluene in a stirred beaker at 40 °C and
300 rpm for 3 h. The particles were subsequently rinsed in
toluene several times to remove the unreacted silanes, oven
dried at 100 °C, and stored in glass vials. To quantify the
coating methodology’s effectiveness, a small piece of silicon
wafer was introduced into each batch of particles. At the end of
the process, the wafer was separated and washed with water
and dried in nitrogen to remove any particles from its surface.
Then, the surface advancing and receding contact angles were
measured in a Kruss Drop Shape Analyzer (DSA100) with a

10 pL droplet of deionized water at flow rates of 16 pL s .
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In few cases, we used Glaco™ to render particles superhydrophobic
(S.H.). This coating renders superhydrophobicity by depositing a
layer of hydrophobic nanoparticles onto the surface, ie., the
particles are physisorbed. For such cases, Glaco™ was added on
the particles that were previously silanized with C18 to guarantee
superhydrophobicity. The contact angles for the superhydrophobic
case were less homogeneous owing to the variability of this coating
protocol, which depends on the thickness of the film deposited on
the surface. Values for Glaco™ particles are shown in Table 1 as S.H.
The angle of repose was measured by gently pouring the particles
over a glass slide and measuring the angle the pile formed with the
horizontal plane. For the 7 nm fumed silica particles, the angle of
repose exhibited high dependence on interparticle compression.
Thus, the reported value for this case is the medium value, and
the error represents the difference between the maximum and
minimum angles divided by two.

Preparation of liquid marbles and evaporation experiments

A layer of the hydrophobic particles was spread onto a glass
slide or onto a superhydrophobic paper coated with Glaco™
(S.H-paper—for cases that required more vigorous shaking to
attach the particles) and then placed a 10 pL droplet of water on
top of the particles. Next, we gently poured more hydrophobic
particles until they completely covered the droplet (Fig. 1C).
Then, excess particles were swept away with a brush by moving
the marble around until only the particles attached to the liquid
marble were present. The marble was subsequently transferred
to another glass slide (or S.H.-paper, ie., paper coated with
Glaco™), and the process was repeated twice for obtaining a
total of three liquid marbles. The glass slide (or S.H-paper) with
the three liquid marbles of the same type was placed on a
microbalance for evaporation (Mettler Toledo, New Classic MF,
ML104/03, readability of 0.1 mg), which recorded the mass
every 1 s. The experiments were performed in a lab-controlled
atmosphere at 23 &= 1 °C and 60 + 2% RH. Note that this
variance in temperature and humidity was more pronounced
between different runs performed on different days while being
relatively stable and constant during each evaporation experiment.
The evaporation of water droplets was performed by placing them
on Glaco™-coated glass slides (H-glass). After complete evaporation
of water, the final weight of dry particles was measured to consider
the surface particle density, which was normalized by the mass of
particles by the initial mass of water (Table 1 and Fig. 3).
The evaporation time-lapse videos were recorded using a digital
microscope (Dino Lite, Edge - AnMo Electronics Corporation).

Model

In our model, D.y, can be interpreted as the characteristic
diameter of a virtual hemispherical water droplet that exhibits
the same evaporation rate as the liquid marble. In addition, the
normalization of evaporation rate by the initial rate helps
eliminate the significantly large contributions of small daily
deviations in atmospheric conditions (£1 °C and +2% RH) and
exclusively focus on the effects related to marble particles and
liquid interactions. In addition, the precision of absolute values
calculated using the absolute form of eqn (10) was considerably
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enhanced when we considered the saturated vapor concentration,
Psat, At temperatures between the ambient value (23 °C, 60% RH)
and that of a wet-bulb (17.7 °C). This occurs owing to the
evaporative cooling effect, which has been discussed in detail by
Kozyrev and Sitnikov.*® Although we opted to normalize our data,
the parameters we used in our original calculations are the
following: Dy = 0.282 cm? 57!, p(23 °C) = 0.02 kg m 3, at wet
bulb pg¢(21 °C) = 0.018 kg m 3, py, = 997 kg m .

The model parameter, k., was optimized by the minimization

of an error function in the form Error = Y (y; — f;)?, where y; is
i

the experimental data point, and f; is the model point. The curves
calculated using our model (Fig. 7E-H) accurately capture our
experiments (Fig. 7A-D). This is evidenced by the high values of

coefficient of determination, R* = 1 — >(»; ffi)z/ 20—
1 1

where y is the mean of the data points. The error in the fit
of the evaporation rate is higher than that in the mass
fraction because the model does not describe the wiggling
effect created by particle movement and rearrangement on
the interface.

The data used to adjust parameter k. were obtained during
separate runs as the data used to obtain the image fit data for
Fig. S10 (ESIt) to prevent the heat generated by LED lights from
increasing temperature during evaporation. However, this does
not affect the image data fit that only correlates the apparent
volume of the marbles with the actual mass of liquid. The mass
data was smoothened using a quadratic polynomial fit with a
moving period of 500 data points (8.3 min). The evaporation
rate was further smoothened with a moving average of 100 data
points (1.67 min). The smoothening parameters were chosen to
remove the noise introduced by the microbalance and did
not affect the general trend of the data. All data processing
was performed in Matlab (R2019a). A list of symbols and
abbreviations is provided in Table 3.

Note

We chose to normalize the data in a manner that reduced
biases in the analysis. Evidently, temperature, and relative
humidity are crucial variables in determining the concentration
of water vapor in air because they govern the magnitude of
concentration gradients driving the evaporation. Even though
the lab environment is controlled at 23 + 1 °C and 60 + 2% RH,
daily variations are unavoidable. Small variations of 1 °C and
2% RH can account for deviations in the initial evaporation
rates on the order of 20%, as can be observed in Fig. S7 and S8
(ESIT). Therefore, the data must be analyzed in a manner in
which the daily variations in such environmental conditions
can be neglected. Thus, the evaporation rates were normalized
by the initial evaporation rate for each run. Instead of
normalizing time by the total evaporation time, the data are
viewed in terms of liquid mass fraction (m/m) to reduce biases
toward environmental deviations. Moreover, mass fraction is
an easily and precisely measurable parameter, which can be
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Table 3 Symbols and abbreviations

Symbol Meaning

g Surface particle density

A Area of droplet or marble

Ayer Particle wet area

Pyt Particle wet perimeter

Twet Radius of the particle wetting perimeter

Jc Capillary length

Pp Bulk density of particle

oL Bulk density of water

dp Diameter of particle

Fint Interfacial force along the particle wetting perimeter tan-
gential to the liquid surface

Faan Adhesion force between the particle and liquid

Fg Friction force between one particle and its neighboring
particles (tangential to P-P)

Fc Compression force experienced by a particle (tangential to
liquid)

Fg Ejection force experience by a particle (tangential to P-P)

Fr Resulting total maximum force experienced by a particle
(tangential to P-P)

y Liquid-air surface tension of water

R Droplet or marble radius

0a Apparent contact angle at the triple phase interface

0aav Advancing contact angle at the triple phase interface

Orec Receding contact angle at the triple phase interface

Onys Contact angle hysteresis

0adn Contact angle at the triple phase interface relative to the
P-P tangential direction

Orep Angle of repose of particles

u Coefficient of friction between particles

Jj Evaporation flux

Jo Evaporation parameter

w Diffusion coefficient for water vapor in air

Psat Concentration of saturated water vapor

0o Concentration of water vapor in the room

oL Liquid density of water

m Mass of water

mg Initial mass of water

mj/mg Liquid mass fraction

ke Geometric constant of the evaporation model

Denar Characteristic diameter of the marble or droplet

4 Dissimilarity factor (analogous to sphericity)

Via Apparent volume of the liquid front

Vp Volume of particles

Vm Apparent volume of liquid marble

Hy Height of liquid marble

Dy Equatorial diameter of liquid marble

D Diameter

d Base diameter of liquid marble

d, Particle characteristic dimension

VMo Initial marble apparent volume

RH Relative humidity

NTP Normal temperature and pressure

SH Superhydrophobic

L-P Liquid-particle

P-P Particle-particle

directly connected to the shape of the liquid marble or droplet.
In addition, the direction of mass fraction axis was reversed to
follow a more intuitive direction of time in the evaporation
process.
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