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Impact of coating particles on liquid marble
lifetime: reactor engineering approach
to evaporationt
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Liquid marbles are soft matter objects characterised by a liquid droplet enclosed within a hydrophobic
particle coating, preventing wetting. This distinctive structure serves as active sites for solid—-liquid—gas
reactions. However, the impact the chosen coating material has on liquid marble stability, particularly
regarding the number of coating layers and material wetting, remains uncertain. There is a need for a
modelling approach to predict the overall lifetime considering these coating characteristics. This study
reveals that for PTFE liquid marbles evaporating at ambient temperature, smaller coating particles
(250 nm) extend their lifetime by forming a multilayered coating. Conversely, using larger particle sizes
(200 um) results in the formation of monolayer liquid marbles with shorter lifetimes than their equivalent
naked droplets. Additionally, a higher number of particle layers and a larger contact angle generally
enhance the liquid marble’s lifetime. For multilayered liquid marbles comprised of smaller particles
(250 nm), the particle contact angle is found to have a more significant impact than the number of layers
on lifetime extension, whereas the opposite holds true for larger particle sizes (20 pm). A modelling approach
using the reactor engineering method for liquid marble evaporation demonstrates excellent agreement with
experimental results, yielding an R? of 0.996. The implementation of this specific model, capable of assessing
lifetime across various physical modifications, will enhance our understanding of liquid marble properties

rsc.li/soft-matter-journal

1. Introduction

The liquid marble (LM) phenomenon, initially reported in 2001
by Aussillous and Quéré," describes a water droplet coated with
hydrophobic powders. This encapsulated droplet behaves as a
non-wetting soft solid, reducing adhesion to solid surfaces. The
versatile behaviours exhibited by LMs have facilitated their
integration into commonplace applications like microreactors,
bioreactors, and bioassays, as well as innovative technologies
such as water remediation, cell mimicry, and unconventional
computing.”® Understanding the physical barriers separating
the internal liquid droplet from the external environment
enables the customisation of LM properties for specific scenar-
ios, delivering targeted functionalities. LM lifetime is signifi-
cantly influenced by the coating material; thus, it is critical for
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before their application in biomedical, microreactor, and green technologies.

this parameter to be understood and managed accordingly as it
directly impacts LM stability. The naturally porous LM shell
allows gas exchange, whilst beneficial for liquid—-gas phase
reactions, precise control of water vapor loss through evapora-
tion from the liquid droplet requires careful engineering."'™"”
Insights from this work could then be applied to “dry water”,
a similar phenomenon to LMs but a magnitude smaller in
size, commonly used in firefighting and the transportation
and storage of hazardous materials.'®'® In this paper LM
lifetime refers to complete evaporation; it is pivotal that con-
stant terminology is used as literature frequently describes
it in various contexts, often at early stages as buckling or
collapse.”'*'32923 gince buckling can occur early in drying,
considering this as the endpoints may not capture the full
evaporation profile. Total evaporation allows comparison with
the reactor engineering approach (REA) to drying. Key coating
characteristics, including particle size, wetting angle, fluorine
content, and the number of layers are discussed.
Experimental results are directly compared to evaporative
modelling via the REA for drying, assessing the applicability of
this approach. While LM evaporation has been predominantly
explored experimentally, any computational approaches have

This journal is © The Royal Society of Chemistry 2024
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often relied on diffusion-based modelling.""** The REA is
commonly employed to model the drying process of various
substances, from liquid droplets like milk to solids, where
evaporation is considered as an ‘‘activation” process where
an energy barrier must be overcome.>*”>° Utilising this semi-
empirical drying model enables the prediction of the evapora-
tion profile and overall lifetime of sessile drop LMs coated in
various powders with diverse properties, including particle
material, size, and wetting characteristics.

2. Materials and methods

Polytetrafluoroethylene (PTFE) powders (200 pm, 1 pm), iron(u)
oxide (Fe,0;), methanol and hexadecyltrimethoxysilane (HDTMS)
were purchased from Sigma Aldrich. PTFE 20 pm, PTFE 0.25 um,
perfluorodecyltrimethyoxysilane (PFDTMS) and silanamine
(fumed SiO,; 1,1,1-trimethyl-N-(trimethylsilyl)) were purchased
from Alfa Aesar, Polysciences, Manchester Organics and Cabot,
respectively. The coating powders were used as received and
without any further chemical treatment. Deionised water (DI)
was produced at Newcastle University with a resistivity of
18.2 MQ cm.

2.1. Particle size distribution

Depending on the size of the particles present, either a light
(VHX-970F Keyence Digital Microscope for observing particles
in micron scale or greater) or a scanning electron microscope
(SEM, JSM-IT510 for particles in nanometre scale) was used to
assess particle size distribution and aspect ratio. An image
processing software, Image], utilising the particle counter
function was used to analyse the obtained images.>*

2.2. Particle contact angle

The apparent contact angles were measured using a sessile
drop method (Fig. S1, ESI{).>*°? Pellets of each particle type
were formed using uniaxial compression via a hydraulic hand
press (SPX Power Team SPM256C) at 2500 psi for 10 min. Next,
a 10 pL sessile drop of the liquid to be examined was placed on
the surface of the pellet. An image of the side profile of the
droplet on the pellet was taken (RS Pro Polarized USB Micro-
scope with 200x magnification). The contact angles were found
using a DropSnake plugin in Image].>* The observation was
repeated 5 times for each particle type.

2.3. (Super)Hydrophobic particle formation

To investigate highly hydrophobic particles, we adhered to the
protocol outlined by Grbic et al.>* for the synthesis of hydro-
phobised iron nanoparticles. Hydrophobic coatings of two
varying degrees were achieved using HDTMS (technical grade
>85%) and PFDTMS (97%). 400 mg of Fe,O; nanoparticles
(>50 nm) were introduced into a solution comprising 200 mL
of methanol (Fischer analytical grade, >99.9%) along with
2 mL of either HDTMS or PFDTMS. This mixture underwent
stirring in a round-bottom flask, employing a magnetic stirrer
set at 200 rpm (Stuart US152 Hot Stirrer) for 24 hours.
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Following the stirring process, the resultant mixture was trans-
ferred into five 50 mL scintillation vials. To retain the now
coated magnetic Fe,O; particles, a magnet was positioned at
the vial’s base, facilitating the rinsing of the solution with DI.
This rinsing procedure was repeated three times to ensure
thorough washing of the particles, which were subsequently
stored in DI.

2.4. Liquid marble formation

LMs were synthesised following established procedures as
detailed in prior publications.>">*>™*% A soda watch glass was
coated with particle powders, subsequently, a 10 pL droplet of
DI water was dispensed onto the powder-coated surface using a
mechanical pipette. The droplet volume was subject to varia-
tion, with a maximum volume of 100 pL explored in this study.
Achieving complete encapsulation of the droplet involved man-
ual agitation of the watch glass for 60 seconds, ensuring a
uniform powder coating (Fig. S2, observed under a light micro-
scope, ESIf). In standard experiments the powder bed
remained uncompressed, and the agitation duration was set
at 60 seconds. However, for investigations into coating thick-
ness, compressed powder beds were utilised, accompanied by a
reduced agitation time of 10 seconds.

2.5. Coating mass and number of layers

To ascertain whether enhancements in lifetime for multilayer
LMs are contingent upon the number of layers, a comparison
was conducted involving LMs composed of the same powder
but different thicknesses. To manipulate the thickness of the
coating, a water droplet underwent rolling on either com-
pressed or non-compressed powder beds for durations of either
10 or 60 seconds, resulting in various thicknesses. The com-
pressed powder beds were created through uniaxial compres-
sion, accomplished using a hydraulic hand press (SPX Power
Team SPM256C) at 2500 psi for 10 minutes, ultimately forming
a pellet. The determination of layer thickness and subsequent
calculation of the number of layers were executed employ-
ing methodologies established by McEleney et al®® and
Chandan et al.** These methods involved utilising the observed
droplet diameter and density to calculate the unknown coating
properties.

2.6. Evaporation rate and lifetime

A LM was transferred onto a weighing boat and subsequently
placed on an analytical balance (A&D HR-250AZ). Weight mea-
surements were systematically recorded at 10-minute intervals
until complete evaporation was observed, with the final time
documented. Concurrently, during the evaporation experi-
ments, the buckling times of the LM were noted. Buckling is
defined as the moment when the upper surface of the LM is no
longer convex. This is determined when the upper curvature is
lost, and the smoothed surface becomes either flat or exhibits
an internal angle greater than 180 degrees (Fig. S3, ESI{).***?
To complement these measurements, images of the LM profile
were captured at the same time intervals. This enables the
documentation of changes in surface area and volume over the
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course of the evaporation process at ambient conditions
(T =18.5 £ 0.4 °C, relative humidity = 18.8 £ 2.3%).

3. Results and discussion

3.1. Impact of coating

The selection of the appropriate coating particle is critical in
ensuring a LM will form and remain stable for a useable
amount of time with controlled wetting properties.' Therefore,
it is imperative to use oleophobic particles for an internal oil
droplet and hydrophobic particles for an internal water droplet.
For the case of water droplets, the addition of the hydrophobic
particles to the droplet causes the particles to coat its exterior,
preventing the internal liquid from contacting the external
surface/environment. This behaviour is reminiscent of aphids
in nature; these insects coat excreted honeydew with a powdery
hydrophobic wax, creating a LM and thereby avoiding infection
or drowning.** The impact of particle size and hydrophobicity
on LM lifetime was investigated using PTFE particles of four
different sizes and eight particles with varying hydrophobicity,
respectively (Table 1 and Table S1 also provides information on
buckling times, ESIt). Hydrophobicity levels are described in
terms of contact angle (6.) and categorised into three broad
groups: hydrophilic (f. < 90°), hydrophobic (6. > 90°), and
superhydrophobic (0, > 145-150°).">*¢ As illustrated in
Table 1, each contact angle obtained from the powder bed
experiments surpasses those associated with equivalent solid
surfaces. This phenomenon is attributed to the observed wet-
ting occurring in the Cassie-Baxter regime rather than the
Wenzel regime, owing to the presence of air pockets between
the phobic particles.*”*®

3.1.1. Coating particle size. Fig. 1a illustrates two distinct
evaporation profiles associated with LM drying. The linear
profile, exhibited by monolayer LMs coated with 200 pm PTFE,
deviates from the curved evaporation profile of naked droplets
which follows the d@* law. The 0.25 um PTFE multilayer LM
follows a trajectory similar to a naked droplet but to a greater
extent. Both naked droplets and multilayered LMs follow the d*
law of evaporation which describes the reduction in surface
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area as a linear process. Two primary factors contribute to the
deviation of monolayer LMs.”" Firstly, when coarse particles
(=50 um) are present, the likelihood of forming a monolayer
is higher, providing minimal resistance to evaporation.'* This
was observed with the 200 um PTFE, and due to the “speeding-
up”’ effect, the LM evaporated approximately 12 minutes faster
than its equivalent naked droplet."** This effect is attributed
to monolayer incompressibility leading to droplet elongation,
and a locally curved liquid interface between coating parti-
cles.''?1”123 gecondly, the presence of fine particles (<20 pm)
generally results in the formation of multilayer LMs. In contrast
to monolayer coatings, multilayer coatings offer evaporative
resistance, leading to lifetimes greater than the equivalent
naked droplet (Fig. 1b).

This is particularly noticeable with nanoparticle PTFE,
extending the lifetime by approximately 30 minutes compared
to the two microparticle PTFEs achieving a ~15 minute exten-
sion. This phenomenon is attributed to the degree of parti-
cle coating coverage on the liquid droplet surface, with
smaller coating particles providing a higher degree of surface
coverage.'®>"> Smaller particles also enable tighter packing
and a greater number of particle layers.">°% Additionally,
unlike fine particles, larger particles tend to protrude more into
the air phase rather than the liquid phase, resulting in lower
surface coverage.’® In general, the overall reduction in evapora-
tion depends on the volume of the droplet, packing density,
and the number of layers present. However, when the same
coating material is utilised, it underscores the significance of
coating particle size in determining LM lifetime (Fig. 1c).""""

LMs in this work were only analysed if they formed stable
structures, ensuring collapse shortly after formation was
avoided. When collapse, the complete loss of a uniform sphe-
rical structure, occurred it was for a relatively short period of
time at the end of a stable LMs lifetime (Fig. S3, ESIT). Change
in shape of the LM over time will impact the surface area to
volume ratio and in turn the area of the internal droplet
available to evaporation. In these instances, the earlier buckling
occurs the shorter the LMs overall lifetime, indicating that
regardless of the presence of the concaved surface the evapora-
tive resistance still remains dependent on the properties of the

Table1 Properties of the coating particles used within this study. Contact angles from literature for the plastics are based on a solid plastic surface. Fig.

S1 (ESI) shows example particle contact angles and sizes

Water contact angle

Water contact angle

Experimentally determined Particle diameter

MP literature/°***° powder (this study)/° particle diameter/um (for reference in text)/um
PP 101.1 111.2 £ 2.8 49.0 £ 3.6 50
LDPE 98.1 115.7 £ 3.2 55.1 £ 2.9 50
PS 86.9 93.1 £ 4.0 51.3 £ 2.5 50
pPVC 87.6 88.1 £ 1.7 52.3 £ 4.5 50
PTFE 114.5 130.2 £ 3.1 0.27 + 0.08 0.25
128.4 £ 1.8 1.2 + 0.4 1
127.1 £ 3.3 19.7 £ 1.1 20
126.9 £+ 4.0 195.1 £ 2.5 200
Fe/HDTMS — 141.4 +£ 3.0 0.25 + 0.10 0.25
Fe/PFDTMS — 156.6 + 2.1 0.27 £ 0.09 0.25
Untreated Fe,O3 29.0-74.0 68.8 £ 4.4 0.059 £ 0.010 0.05
Fumed SiO, — 160.8 = 1.6 0.23 + 0.059 0.25
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Fig. 1 (a) Evaporation curves for two 10 uL PTFE LMs and the equivalent naked droplet showing deviation, reducing lifetime for the monolayer LM and

extending the multilayer LM. Inset: Evaporation curves for the whole-time frame. The LMs comprised of 1 and 20 pm were also multilayer and as such
followed a similar profile as is observed for 0.25 um. (b) Impact of PTFE particle size on lifetime of a 10 pL water droplet vs. an equivalent naked droplet.
Dashed lines indicate the standard deviation of the naked water droplet. (c) Images of the loss of water over time for a 200 um PTFE monolayer LM.

particle layer (Table S1 and Fig. S4, ESIt). In general, the change
in shape when buckling occurs only slightly impacts the surface
area to volume ratio, with an increase of just 3% from 2.24
(sphere) to 2.30 (buckle). This suggests that while the shape
change does affect the evaporation rate, the impact can be
considered minimal when compared to coating composition
(Fig. S5, ESIt). Upon consideration as to how the Nusselt
number, the balance between conductive and convective heat
transfer, changes with LM shape we can see that when buckling
occurs these forces remain unchanged when compared to a
spherical LM (Fig. 2). When compared to total collapse and the
formation of a ‘“puddle” the Nusselt number is noticeably
larger, suggesting a greater impact from convective heat trans-
fer. As previously mentioned, collapse occurs towards the end
of LM lifetime, at these smaller LM sizes the impact the
different shapes have upon the Nusselt number is much less
pronounced - almost negligible (Fig. 2). From this, Nu also
becomes close to 1 suggesting that the heat transfer occurring
is largely due to conduction, as supported by an initial and final
Biot number of 1.34 and 1.06, respectively.

This journal is © The Royal Society of Chemistry 2024

3.1.2. Monolayer and multilayer coatings. To validate
whether the observed enhancement to lifetimes for multilayer
LMs depended on the number of layers, a comparative analysis
of LMs composed of the same powder but with varying thick-
nesses was conducted (Fig. 3a). This approach follows proce-
dures outlined by Li et al.,>® where a soot LM was formed using
the same powder but different formation methods, resulting in
diverse coating thicknesses. In this study, to manipulate the
coating thickness, a water droplet underwent rolling on either a
compressed or non-compressed powder bed for durations of
10 or 60 seconds, yielding four distinct coating thicknesses. The
determination of layer thickness and subsequent calculation of
the number of layers were carried out using methodologies
established by McEleney et al.*° and Chandan et al.,*" considering
particle and droplet diameters and densities.

Analysis of Fig. 3a indicates that LMs formed from the two
largest powders (PTFE 1 and 20 um) exhibit the most significant
benefits in terms of increasing the number of coating layers.
LMs formed on the compressed PTFE 20 pm powder bed
formed as monolayer LMs. In contrast, for the two 0.25 um

Soft Matter, 2024, 20, 5822-5835 | 5825
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Fig. 2 Change in Nusselt number with height for the 3 shapes commonly
observed within LM evaporation. This hypothetical plot assumes that each
shape is maintained for the duration of evaporation and demonstrates the
relationship between conductive and convective forces during this. As the
aspect ratio (c:a) becomes greater the droplet becomes more like an
oblate spheroid, as is observed towards the end of LM lifetime when
collapse occurs, initially starting as a spherical drop (c:a = 1).

powders, the lifetime changed to a much lesser degree, with
a 7 and 23 minute increase observed for 0.25 um and 20 pm
PTFE, respectively. Upon consideration of the fumed silica,
the number of layers insignificantly changed across the four
different formation methods, owing to the ease with which
silica particles adhered to the water droplet’s exterior.
Comparatively, the 0.25 um PTFE particles displayed a consid-
erably wider range of particle layers due to the presence of
agglomerates on the LM surface, inherently increasing the total
coating particle mass. Despite forming fewer layers than the
PTFE 0.25 pm particles, the fumed silica particles exhibited a
longer lifetime. This observation suggests that while the life-
time depends on the number of multilayers, other particle
characteristics such as packing density and hydrophobicity
contribute to the variation in lifetime.

3.1.3. Particle hydrophobicity. The investigation into par-
ticle hydrophobicity encompassed two distinct ranges: low
hydrophobicity (<120°) and high hydrophobicity (>120°).
The less hydrophobic particles comprised larger-sized common
plastics (low-density polyethylene (LDPE), polypropylene (PP),
polystyrene (PS), polyvinyl chloride (PVC); 50 um), while the
more hydrophobic group consisted of either treated or fluorine-
containing smaller particles (PTFE, Fe/HDTMS, Fe/PFDTMS,
fumed SiO,; 0.25 pm).

When considering each pre-specified group individually, it
is evident that the less hydrophobic group is not as positively
influenced by an increase in contact angle as the more hydro-
phobic group (Fig. 3b). Among the common plastics, the

5826 | Soft Matter, 2024, 20, 5822-5835
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PVC-LM exhibited a contact angle of 88.1 £+ 1.7°, categorising
it as a weakly hydrophilic coating particle. The ability to still
form a LM is attributed to the particles existing in a metastable
state with the droplet surface. This metastability denotes a
condition where it would be energetically unfavourable for the
particles to move from the droplet surface into the bulk liquid,
with graphite particles observed to form stable LMs.'>?7%°
However, the PVC-LM’s lifetime is considerably lower than
the other three LMs in this group due to early collapse. The
remaining three LMs exhibit relatively similar lifetimes, with
an improvement of only ~4 minutes for a ~23° increase in
contact angle, from the PS to LDPE-LM.

In contrast, there is a more prominent improvement in
lifetime with contact angle in the higher hydrophobicity group
(Fig. 3b). The fumed SiO,-LM (160.8 + 1.6°) has a ~15-minute
longer lifetime than the PTFE-LM (130.2 + 3.1°). The difference
between the two groups is primarily attributed to the variation
in particle sizes. As discussed earlier, the use of nanoscale
powders allows for a higher degree of coating particle density
and droplet surface coverage.

3.2. The reactor engineering approach (REA) to liquid marble
evaporation

The REA to drying, initially proposed by Chen in 1996 as a semi-
empirical model, represents a middle-ground strategy. In this
approach, two competing “reactions,” namely evaporation and
condensation, coexist.”" Positioned between empirical and mecha-
nistic models, the basis of REA offers a balanced perspective.
Empirical models, despite their relative simplicity in mathematical
formulation, often fall short in providing a thorough explanation of
the physics of drying and are typically restricted to specific drying
conditions. On the other hand, mechanistic models, derived from
fundamental phenomena, lack precise dynamic measurements
and can be overly intricate, featuring numerous independent
parameters that necessitate extensive experimental determination
and validation.”” The strength of the REA method lies in its ability
to streamline mathematical formulation, requiring only a handful
of experimental parameters for observation and fitting. This charac-
teristic enables the development of a simple, accurate, and robust
model for systems that would otherwise be considered complex.
REA has demonstrated its applicability in various forms of drying,
particularly in the food industry, where investigations into milk
droplets and vegetables have been conducted.””>*** Furthermore,
its utility extends across different industrial applications, including
the use of spray dryers and waste treatment. REA excels in model-
ling variable conditions involving inconsistent temperatures and
intermittent drying processes.®***

3.2.1. Development of the model. The REA to drying looks
at the problem as if it were an ‘“‘activation” process; in order for
evaporation to occur, an energy barrier must be overcome.>®
Using this concept, it is possible to predict the lifetimes of LMs.
In the traditional REA framework, each material undergoing the
drying process possesses its own apparent activation energy,
establishing a unique relationship with moisture content. This
principle remains applicable to LMs, where variations in coating
types, diameters, and thicknesses contribute to altering this

This journal is © The Royal Society of Chemistry 2024
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formation criteria. (b) LM lifetime for 8 different 10 uL water droplets, of which 4 are fine particles and 4 are coarse particles.

energy barrier. The vapor concentration at the LMs particle-gas
interface can be estimated through moisture content, allowing
for the drying rate to be described. The calculation of this
parameter follows a standardised process (eqn (5)), involving
the determination of activation energy in terms of surface
temperature, dry mass, moisture content, surface area, vapor
concentrations, and time. Within this work, the material being
dried was a pure water droplet rather than a water-based fluid
such as milk that has a dry residue and thus, the equilibrium
free moisture content (X,) was therefore assumed to be
negligible,®*°® whilst the evaporation curves, droplet tempera-
ture and droplet diameter were recorded experimentally.
The drying rate is described as:

dXx
Msqr = —hmA (pv,s - pVb) @

This journal is © The Royal Society of Chemistry 2024

where my is the dry basis mass (kg), X is the moisture content
on a dry basis (kg kg™"), ¢ is time (s), Ay, is the mass transfer
coefficient (m s™'), A is the surface area of the droplet (m?)
which is assumed to remain spherical throughout, the con-
cave surface that occurs following buckling is considered to be
negligible, p, s is the vapor concentration at the material-
air interface (kg m~*), p,, is the vapor concentration in
the drying medium (kg m™>). Generally, the mass transfer
coefficient (h,,) may be found via the Sherwood number
correlations for specific geometry and flow conditions.®”
Surface vapor concentration (p, ) can be found through its
relationship with the saturated vapor concentration (py st
expressed by:

— exp( 2L )
Pys = p RTq Py sat

Soft Matter, 2024, 20, 5822-5835 | 5827
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where AE, describes the additional activation energy required
to remove moisture beyond the free water effect and is
dependent on the moisture content (X). R is the universal
gas constant (8.314 ] mol ' K™') and T represents the surface
temperature of the material being dried. For the case of water
the p, ¢a¢ values can estimated using the following:®®

Posat = 4.844 x 107°(T, — 273)*—1.4807 x 107 7(T, — 273)°
+2.6572 x 1073(T, — 273)*—4.8613 x 107°(T, — 273)

+8.342 x 1073
(3)

From this, the mass balance (eqn (1)) can be combined with
eqn (2) to obtain the following expression:

dx —AE,
ms$ = 7hmA |:6Xp (W) pv,sal(TS) - pv4b:|

Once in its rearranged form, the activation energy (AE,) can be
experimentally determined by using dX/d¢, A and T:

dx 1
SAr hpd PR

pv,sat ( Ts)

4)

AE, = —RT,In (5)

As described by Chen and Lin.®” the activation energy (AE,)
can be normalised against the equilibrium activation energy
(AE, ) resulting in the relative activation energy (AE,/AE, )
and be further corelated to the moisture content on a dry
basis (X):

AE,

AE., =f(X — Xy)

(6)
where X;, is the equilibrium free moisture content and can be
assumed to be negligible when full LM evaporation occurs
(~0).

Fig. 4 highlights the process on how REA was applied, and
the form of the equations obtained for LM drying. Due to the
various types of LM coatings employed, different AE,/AE,}, vs.
X — X, plots were obtained. To allow for direct comparison
between LMs, normalisation of the X — X variable can be
achieved through the use of the initial moisture content on a

Data Collection Parameter Generation

Drying experiment AE. = AE,
and thermophysical F(Tormg, oy A, AE,,
d property ] pv,b'pv,sat) N = f(X _Xb)
etermination ; :
XA T Equation (5) Equation (6)
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Fig. 5 (a) The normalised equilibrium activation energy vs. the moisture
content on a dry basis for a 10 puL water droplet coated with 1 um PTFE of 4
different thicknesses with the fitted curve. (b) The normalised equilibrium
activation energy vs. the normalised average moisture content for LMs
comprised of multiple different powders at multiple thicknesses.

dry basis ((X — X,)/X;). Fig. 5a shows the normalised activation
energy and fitted curve for LMs coated with 1 pm PTFE powder,

Equation Fitting

Standardise Predictior) of Equation (7)
moisture general rpmsture Figure (6)
content profiles 8By X=X
X, X%, X, 202240 s

Account for specific initial
moisture content, X;

Pr?‘?idio'f of Equation (8)
specific moisture || Figure (7)
profile AE, _
X, X, t s vs X — X,

Fig. 4 Pathway for the generation of REA parameters resulting in the formation of moisture content profiles, standardisation can be applied if large

variations in initial moisture content are present.
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Table 2 Various equations developed to describe the relationship
between the relative activation energy and the difference in moisture
content for different materials

Material Equation Constants
LM (this work) aexp[—b(X — Xp)] — (a— 1) ab,c
Milk?>?7 aexp[-b(X — Xp)‘] a, b, ¢
Carrot>® X - X X -X a, b,c d,e
aexp + cexp +e
b d
64

Effluent [1 Fa(x - Xb)b] exp [—c(X _ Xb)d] a, b, c d
Mango® —a(X = Xo) +b(X — Xo) —c(X — Xp)+d @b, ¢ d
Cream”® a—b(X — Xp)" a, b, c
Whey protein™ a — bexp[(X — X;)] a, b, c
‘A/OOd71 a, bv ¢, d

Uﬂ“*&ﬂﬁﬁ%“*&ﬂ

with the resulting correlation:

AE,
AEvb

= 1.01452exp [—4.246(){ - Xb)0‘9987] —(1.01452 — 1)

)

The constant b (Table 2) varies for each LM depending on X;,
with the general fit for 10 pL water LMs formed of various
particles (equation developed from non-compact 60 s LMs)
observed to be:

AE,
AE,

= 1.01452 exp[70.1698(){ - Xb)0'9987] —(1.01452 — 1)

(8)

When applying eqn (7), the relative activation energy obtained
from a single run can be effectively employed to model LM
drying under different conditions, provided that the same
material (PTFE 1 um) and a comparable initial moisture con-
tent are maintained. Essentially, this relative activation energy
serves as the distinctive ‘fingerprint’ of the REA, elucidating the
physics of drying as outlined by Chen and Xie.®" The relation-
ships between energy and moisture, derived from eqn (7) and
(8), are significant. At high water content, the removal of
moisture is easy, as indicated by the low activation energy.
Conversely, as water content decreases during drying, the
process becomes more difficult, resulting in a higher activation
energy, as depicted in both Fig. 5a and b. Notably, in the

View Article Online
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normalised Fig. 5b, various particle types, sizes, and shell
thicknesses were investigated, yet the results consistently fol-
lowed a similar drying profile.

The relative activation energy is intricately linked to trans-
port properties, akin to diffusivity in the diffusion model, solely
dependent on materials, facilitating the description of barriers
and system physics.>>”? In the initial stages of the process, the
relative energy tends to be 0 due to the predominant presence
of free water evaporation. As free water depletes, the evapora-
tion of bound water commences, requiring higher relative
energy, given its internal attachment to the LM structure. This
increased energy demand correlates with decreasing water
availability. Ultimately, as equilibrium is achieved, the equili-
brium free moisture content (X},) is attained, signalling the
conclusion of the drying process.

Throughout the application of the REA to diverse systems,
the resultant activation energy equations have demonstrated
significant variability (Table 2). Various mathematical func-
tions, including polynomial, exponential, and logarithmic
operations, have been employed for fitting the REA models.
In this study, the final equation utilises an exponential func-
tion, determined to offer the most optimal fit to the data.
Notably, when characterising the evaporation of LMs in terms
of energy and moisture, a quadratic fit, exemplified by the
mango equation in Table 2, did not align well with the data.
It yielded inferior values for R*, sum square error (SSE), and
root mean square error (RMSE).

Table 2 reveals that the fitted equations exhibited notable
similarities to those associated with the drying of milk droplets,
with the incorporation of an additional condition. Employing
this approach (Fig. 6) allows for a reliable estimation of the
droplet’s surface characteristics, particularly vapor concen-
tration. Fig. 7 presents a comparison between the experimental
LM evaporation results and the developed REA model in terms
of the drying profile evolution and overall lifetime. This
was achieved via back calculations of eqn (8) and (10) using
MATLAB ordinary differential equation (ODE) solver, ode23s.”®
Ode23s was chosen as it can undertake more work per step
to get to the solution of the ODEs. When ode45 was used
for comparison, complex imaginary numbers propagated the
solution. Therefore, using ode23s was preferential as these

Specific coating N N
contact angle |— Equation (9) Initial conditions
V, T, p,X
and layers
MATLAB ODE Compare vs the Elguresio)
Equation (4) — Equation (10) 23s, solve for |—»| experimental |—» asr,1d (10)
mass vs time results

4

Equation (8)

Account for
dimension
changes, 4

Fig. 6 Pathway for modelling mass loss vs. time for LMs of varying compositions.
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imaginary numbers did not form due to the additional steps.
For each of the modelled results, a fitted correction factor
(Ctim) is added to account for the coating powders charac-
teristics:

1
Cf‘LM — g _ 00.107 +1 (9)

The values 0.031 and 0.107 within the correction factor were
obtained through fitting utilising the system available within
MATLAB. Where N is the number of coating particle layers and
0 is the contact angle of the particle material. The incorporation
of eqn (4) and (9) results in:

dx E,
}’71S$ = 7hmAnyLM |:€Xp( RT. )pv,sat(TS) - pv,l7:| (10)
s

3.2.2. Feasibility for liquid marbles. Firstly, evaluating the
model’s precision in producing an accurate drying profile,
indicating the model’s agreement with both the constant and
falling rate periods over time (Fig. 7a—c). Secondly, the duration
required for complete drying to occur, thereby assessing the
model’s accuracy in predicting the maximum lifetime of the LM
under specific coatings (Fig. 7d-g).

Overall, both criteria were generally met, with the model
demonstrating excellent agreement with both the final value of
LM lifetime and the associated evaporation profile. This align-
ment is evident for both 0.25 uym PTFE and SiO, (60 s com-
pressed, see Fig. 7b and c), where the model accurately captures
both the constant and falling rate periods. The linear section
concludes after approximately 60% of the initial liquid mass
has been lost. The model also exhibits a satisfactory fit with
1 um PTFE (60 s compressed, see Fig. 7a), accurately identifying
the start of the non-linear phase of evaporation. However, there
is a slight underprediction of the steepness during the constant
falling rate period.

When the REA model was employed to evaluate the overall
lifetime of the LMs, it demonstrated excellent agreement with
experimentally determined lifetimes. This is evident from the
predicted values falling within the experimental standard
deviations. Instances where model values deviate more signifi-
cantly from experimental results were observed for PTFE LMs
rolled for 60 s in the non-compressed powder bed. This
discrepancy arises primarily from uneven coverage on these
LMs, leading to an overestimation of LM lifetime. Specifically,
for the 0.25 pm PTFE LM, large aggregates of particles attached
to the powder coating resulting in a greater particle mass,
leading to an overestimation of the number of particle layers.
This observation is illustrated in Fig. 8, where all experimen-
tally investigated LMs closely align with the respective pre-
dicted results. However, a cluster of three LMs deviates from
the y = x line, each exhibiting numerous particle aggregates on
their surface, as depicted in the inset of Fig. 8 with prominent
iron oxide groupings. The additional mass from particle aggre-
gates compromises the accuracy of the model by overpredicting
the number of insulating particle layers and, consequently, the
overall lifetime. It is suggested that LMs should be rolled on a

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Direct comparison between the experimental lifetimes and values
obtained by the REA alongside an x = y line, with an average 2% deviation
and a maximum 12.2%. The inset represents an example of the abundance
of particle aggregates on the surface of certain LMs, shown is a 10 pL water
droplet coated in 0.25 um Fe/HDTMS LM, formed on a non-compressed
powder bed for 60 s.

uniform (compressed) powder bed devoid of particle aggregates
to obtain a more accurate overall lifetime estimation.

The model’s precision in determining the maximum life-
time and evaporation rate is enhanced through the incorpora-
tion of the correction factor (eqn (9)). This factor, dependent on
both the number of coating layers and particle contact angle,
accommodates variations in surface area. Notably, in studies
employing the REA, the degree of material wetting is less
frequently documented. The ‘real’ determination of surface
area across multiple coating layers poses a challenge in drying
studies and remains an underexplored aspect. Given its sig-
nificance as a governing factor in the formation of stable LMs,
the consideration of contact angle becomes pivotal. An inverse
relationship has been proposed between particle hydrophobi-
city and buckling time, and the degree of particle extrusion
from the water interface must also be considered, directly
influencing the available surface area of the liquid droplet.'?
Furthermore, the number of coating layers is a critical para-
meter influencing the barrier to evaporation.>>* To adequately
represent these factors with appropriate weighting, eqn (10)
assumes a specific form that incorporates the correction factor.
A comparative analysis with existing studies employed for LM
lifetime predictions reveals the robustness of the results
obtained in this study. Out of the 14 predictions, 13 fall within
the standard deviation of experimental results (Fig. 7d-g).
Consequently, the REA not only offers an excellent estimation
of the final lifetime but also provides a comprehensive repre-
sentation of the drying curve—the evolution of liquid mass
over time.

As discussed in the literature, variations in certain fluid
parameters can influence the lifetime of LM, with two key
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Fig. 9 The ability for the REA to be used to model what if scenarios for variations in (a) the external environments relative humidity and (b) the internal
droplets volume. 0.25 um SiO, formed on a non-compressed powder bed for 60 s.

factors being the relative humidity of the external environment
and the volume of the liquid droplet.’* Multiple studies
have indicated that an increase in relative humidity tends
to enhance the lifetime of LMs.”?*°%>” For instance, research
by Tosun and Erbil®® demonstrated that elevating humi-
dity from 36% to 74% resulted in a remarkable 140%
increase in the lifetime of a ~ 10 pL water droplet coated with
5-6 um PTFE. When comparing the variation in relative
humidity with the REA model, an increase from 20% to 80%
corresponds to approximately a 36% improvement in lifetime
(Fig. 9a).

5832 | Soft Matter, 2024, 20, 5822-5835

The developed model also facilitates straightforward
exploration of initial droplet volume variations, showcasing
that a 100 pL droplet (a magnitude increase) achieves a lifetime
of approximately 450 minutes (Fig. 9b). Subsequent drying
experiments conducted at varying humidity levels and volumes
corroborated the REA model’s capability to consistently gener-
ate accurate predictions. However, in instances of droplet
volume variation, deviations started to emerge as the droplet
volume increased. This divergence was likely attributed to the
droplet no longer maintaining a spherical shape, elongating
lengthwise under the influence of gravity. Consequently, this

This journal is © The Royal Society of Chemistry 2024
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change in shape resulted in a different surface area-to-volume
ratio available for evaporation.

4. Conclusion

Throughout this study, it has been established that particle
characteristics, the number of coating layers, and the degree of
wetting collectively influence the overall lifetime of LM. The
extension of droplet lifetime reached a maximum of 42% when
a 0.25 um fumed-silica LM was employed. The LMs with the
longest lifetimes were comprised of small, highly hydrophobic
particles capable of multilayer packing. Conversely, water
droplets coated with larger particles formed monolayer LMs,
which provide little evaporative resistance. Furthermore, they
suffer from a ‘“‘speeding-up” effect, attributed to monolayer
incompressibility, droplet elongation, and a locally curved
liquid interface between coating particles. These factors cause
a 200 um PTFE LM to exhibit a lifetime shorter than its
equivalent naked droplet (11.5% less). The study demonstrated
the variability in the number of particle layers, depending on
the state of the powder bed and the duration of water droplet
agitation. Droplets rolled on compressed beds consistently
resulted in fewer particle layers, irrespective of the duration.
Prolonged rolling increased the likelihood of particle aggre-
gates attaching to the LM’s surface, elevating the total mass,
and leading to overestimations of the number of layers, as
observed in the case of 0.25 pm PTFE. It was found that for
multilayered LMs coated with fine particles (1, 0.25 pm), the
contact angle of the particles improved lifetime to a greater
extent than the number of layers present. On the other hand,
when multilayers of coarse particles are used (2, 20 um) the
opposite is true, with the number of layers having a greater
impact on lifetime, showcasing a nuanced interplay between
particle characteristics and coating layers.

This study has also successfully demonstrated the applica-
tion of the reaction engineering approach (REA) for drying in
the evaporation of 10 uL multilayer LMs. A general model for
AE,/AE,y, vs. X — Xp/X; can be effectively applied for multilayer
LMs, as they follow the same evaporation profile when compared
using normalised moisture content (R* = 0.996). The model incor-
porates a correction factor (Cgpp = 1/N*" — 0% + 1), accounting
for the number of particle layers and the contact angle of the
particles. Across all four powder types at four different thicknesses,
the developed model exhibited excellent agreement with the experi-
mental values within the standard deviations. It is important to
note that the models’ limitations were observed for LMs with
uneven particle coatings, particularly in the form of particle
aggregates, where the increased mass would overpredict the num-
ber of coating layers. Overall, the model demonstrated an excellent
fit for LMs rolled on a compressed powder bed for 60 s, with
0.25 pm, 1 pm, and 0.25 pm SiO, achieving R* values of 0.999,
0.997, and 0.997, respectively. The utilisation of such a model offers
a valuable tool for providing a general indicator of LM lifetimes for
customised coatings, eliminating the need for extensive trials, and
optimising operational times.

This journal is © The Royal Society of Chemistry 2024
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